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ABSTRACT OF THE DISSERTATION 

 

Many Facets of PNPase - Uncovering the Role of PNPase in the Mitochondria 

by 

 

Eriko Christine Shimada  

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2018 

Professor Michael Alan Teitell, Chair 

 

 

PNPase is a conserved 3’-5’ exoribonuclease localized in the mammalian mitochondria. 

Its expression is essential for embryonic development and mitochondrial homeostasis. PNPase 

has been recently implicated in regulating mitochondrial RNA import. Utilizing yeast mutants 

and knockdown systems in human cell lines, we show that porin or VDAC may function as a 

possible import channel in the mitochondria. The radiolabeled RNA that is imported into the 

purified mammalian mitochondria crosslinks specifically with VDAC1 suggesting that the 

imported RNA may go through this outer membrane channel.  

In order to further study the role of PNPase, we attempted to create a knockout cell line 

by adjusting the culture conditions to allow cells to survive without functional mitochondria. 

Interestingly, the resulting cell lines did not have any mitochondrial DNA shown by the lack of 

signal from the PCR performed using probes designed to detect the mitochondrial DNA, and 

these cells also did not respire. Overall, PNPase knockout cells showed a transcriptional profile 
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that was similar to rho0 cells that lack mitochondrial DNA. Further, PNPase knockout cell lines 

showed changes in genes involved in cholesterol biosynthesis and regulating neuronal function. 

This study underscores the unexpected role of PNPase in affecting mitochondrial DNA 

maintenance.  

Finally, we characterized endogenous RNA targets of PNPase, its effect on steady state 

levels of mitochondrial RNA when PNPase expression is knocked down, and its interaction 

partners. We find that PNPase binds all mitochondrial tRNAs, mRNAs and rRNAs but specific 

regions that include tRNAs are enriched in the PNPase CRAC assay. When PNPase expression 

is knocked down, the steady state levels of sense strands RNAs do not change significantly, but 

specific antisense strands RNA transcribed from the mitochondrial DNA accumulate at high 

levels. Using the proximity based BIOID2 biotin labeling system and mass spectrometry 

analysis, we identified that PNPase may interact with mitochondrial ribosome assembly factors 

such as FASTKD2, DDX28, and DHX30, and other members of the FASTKD family. Our 

research suggests that PNPase plays an essential role in the mitochondria where it may regulate 

mitochondrial DNA maintenance and mitochondrial RNA levels, and it interacts with specific 

mitochondrial ribosome assembly factors and RNA processing proteins.  
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Chapter 1: Introduction –  
PNPase function in bacteria, plants and 
mammalian systems 
 

 

Introduction 

 If one were to choose an organelle to study in the cell, the mitochondria would be 

the most curious one to select.  Because of its proteobacterial origin, the mitochondria 

hold its own genetic material, transcribe and translate it and even possess the machinery 

to repair DNA damage (1).  The organelle also undergoes fusion and fission, which 

allows itself to connect to other mitochondria in the cell to intermix its content or to 

sequester a piece of the organelle (2).  Since the mitochondria do not encode enough 

material in its DNA to function self sufficiently, it must also coordinate with the gene 

expression and translation machinery to import the majority of its proteins into the 

mitochondria (3,4).  In addition, the mitochondria regulates essential cellular processes 

such as, oxidative phosphorylation, metabolic regulation, heme synthesis (5), cellular 

apoptosis (6), and antiviral response (7).  It is no wonder that researchers are drawn to 

study this organelle.  

 The Teitell Lab has been specifically interested in understanding the 

function of a protein called polynucleotide phosphorylase, which is an exoribonuclease 

localized in the mitochondria. Its biochemical activity and cellular function has been 

classically studied in the bacteria.  It was initially mistaken to be the RNA polymerase 

and has been part of the research that was awarded a Nobel Prize. More than 50 years 

later from its initial discovery, the PNPase was found to strongly interact to an 
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oncoprotein T cell leukemia 1 (TCL1) in an immunoprecipitation experiment, though this 

interaction has not been confirmed to occur endogenously inside the cell. Regardless of 

this finding, PNPase proved to serve essential roles in the mitochondria and development 

processes and has captured more attention to be studied in mammalian systems in recent 

years.  

 
Biochemical characterization of PNPase 
 

PNPase is an evolutionarily conserved protein that is expressed in bacteria and 

most of eukarya but is not expressed in archae (1,2).  It can catalyze an RNA degradation 

reaction, degrading its substrate from the 3’ to 5’ direction utilizing inorganic phosphate 

and polymerize RNA by adding any of the four available ribonucleotide diphosphates 

(3,4). In vitro, PNPase activity can be modulated by the amount of inorganic phosphate 

or ribonucleotide diphosphates and triphosphates (5,6) and the human PNPase has been 

shown to require significantly lower levels of inorganic phosphate to degrade RNA (7). 

E. Coli and chloroplast PNPase exhibit high binding affinities to polyadenylated RNA 

where as the human PNPase has not been shown to do the same (6).  However, opposing 

results have been reported on the preference of PNPase on degrading polyadenylated 

RNA (7,8). Thus, human PNPase has been shown to degrade and polymerize RNA like 

its bacterial and chloroplast counterpart despite minor differences in cofactor requirement 

and binding affinities to polyadenylated RNA.  

Structurally, PNPase contains 5 defined domains in the following order: the first 

RNase PH domain, α-helical domain, the second RNase PH domain, the KH and S1 RNA 

binding domains (2,6,9-11). The crystal structures of PNPase expressed in E. coli, S. 
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antibiotics, C. crescentus, and H. sapiens have been solved and all of these structures 

show a trimeric complex where the catalytic PH domains assemble into a doughnut shape 

(12-15).  The KH and S1 domains reside on one side of the doughnut shape to allow 

threading of the single stranded RNA through its central cavity formed by the RNase PH 

domains (12-16).  In bacteria and humans, the main catalytic activity is derived from the 

second RNase PH domain (7,14,16), whereas in spinach chloroplast, both the first and 

second RNase PH domains have been shown to participate in RNA degradation (6). In 

addition to the inorganic phosphates and nucleotides, several metal ions and citrate have 

been shown to modulate PNPase activity.  In E. coli, the metal chelated citrate has been 

shown to inhibit enzymatic activity whereas lower concentration of metal-free citrate 

enhances polymerization and high concentration of citrate increases degradation activity 

(17). Magnesium chelated citrate also inhibits degradation activity of H. Sapiens and S. 

Solfataricus PNPase (18). Bacterial PNPase requires Mg2+ for RNA degradation and its 

activity can be inhibited by high amounts of Mn2+ (19), however the bacterial 

polymerization activity can be stimulated by Mn2+, or Fe 2+ and is inhibited by Mg2+ (20-

23). In contrast, human PNPase degradation and polymerization occur in vitro in the 

presence of Mg2+ (7).  

Interaction partners of PNPase have been studied most heavily in bacteria and 

limited information is available about proteins binding to chloroplast and human 

PNPases. In bacteria, PNPase exists in many different complexes.  It can function as a 

homotrimeric complex on its own, interact with the RhlB helicase for degradation, or 

exist as a large canonical degradosome complex by interacting with RhlB, RNase E, and 

enolase (24-26).  During coldshock, the RhlB helicase can be replaced by CsdA in the 
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RNA degradosome (27). In D. Radiodurans, PNPase associates with an Rho autoantigen 

ortholog Rsr through the scaffold created by a noncoding y RNA for degrading RNA to 

form the RYPER complex (28), which degrades structured RNAs like rRNA during 

stationary phase (29). In contrast, no interacting protein has been found for chloroplast 

PNPase and it has been proposed to exist as a homotrimeric or homo hexameric complex 

(30). The human PNPase is purified mostly as a homotrimeric complex in the blue-native 

gel (31), however, hSUV3, a mitochondrial localized RNA helicase, has been identified 

in several immunoprecipitation experiments as its major interacting protein (32,33). Upon 

treatment with glycolysis inhibitor 2-D- deoxyglucose and cytochrome c oxidase 

inhibitor, sodium azide, PNPase also interacts with hSUV3 and poly adenylation 

polymerase in the mitochondria (32).  Also, recent studies on mitochondrial RNA 

processing and mitochondrial ribosome assembly factors have also shown preliminary 

evidence of interacting with PNPase (34).  

 

Functions of PNPase in bacteria 
 

 Bacterial functions of PNPase are intriguingly diverse. The most well studied 

function of PNPase is its role in mRNA turnover (35,36). Of the 3 major exonucleases 

responsible for the bulk RNA decay in E. Coli, PNPase is thought to degrade the most 

RNA targets compared to RNase II and RNase R (36,37).  In addition to RNA turnover, 

PNPase also functions in two other aspects of RNA metabolism.  In E. Coli, it is 

implicated in rRNA and tRNA processing (38-40) and quality control (37,41,42). Also, 

PNPase is implicated in degradation of small noncoding RNA, sRNA (37,43,44) and 

maturation of sRNA from its precursors (45).   
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The enzymatic and RNA binding activity of PNPase is also involved in various 

aspects of E. Coli survival including stress responses, regulation of virulence, and biofilm 

formation.  As mentioned above, PNPase plays an important role during cold shock 

response for both gram positive and negative bacteria (46-49). In addition, PNPase has 

also been suggested to function in ribosome assembly during cold shock (50). PNPase 

interaction with RhlB is necessary for degradation of the mRNA encoding the 

transcriptional activator of the cysteine biosynthesis operon in E. Coli for management of 

oxidative stress response (51).  PNPase has recently been shown to be involved in nucleic 

acid stress response, and is implicated in damaged RNA removal through its binding to 8-

hydroxyguanine residues (52-54). PNPase has also been shown to cause spontaneous 

mutations (55) and has been suggested to participate in DNA repair through binding to 

RecN and RecA proteins in various bacteria (56,57).  The role of PNPase in regulating 

virulence in bacteria varies significantly and its mechanism of influence is quite 

unknown. In Y. pseudotuberculosis and  Y. pestis the RNA binding of PNPase to an 

unidentified RNA is suggested to promote secretion of Yop effectors (58). In S. aurelius, 

the degradation activity of PNPase is important for regulating virulence (59). In several 

strains of E. Coli, PNPase has been implicated in negatively regulating the operon 

involved in extra-cellular polymer synthesis (60) and degrading RNAs encoding for 

adhesion molecules (37). 

   

 
Function of PNPase in plants 
 

In plants, PNPase is expressed in both the mitochondria and chloroplast and have 

been shown to have similar functions in both organelles.  In plant mitochondria, PNPase 
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degrades rRNA, tRNA processing intermediates and noncoding RNAs (68,69). Plant 

mitochondria also requires PNPase for 3’ termini removal of mRNA (70,71). In 

chloroplasts, PNPase has been suggested to be responsible for adding poly-A tails and 

non-poly A tails to RNAs in order to mark them for degradation (12,72). PNPase in 

chloroplast functions to process 3’ ends of mRNA and rRNA (72-75), degrade tRNA 

leader sequences (75) and intronic sequences (72). 

 

Function of PNPase in mammalian mitochondria 
 

As a nuclease in the mitochondria, PNPase has been shown to affect levels of 

RNAs in the mitochondria and other RNAs traditionally known to exist outside of the 

mitochondria.  Although the mechanism is not very clear, PNPase has been described to 

regulate CMYC RNA levels by interacting with EGFR (61).  Curiously, it has also been 

observed that PNPase may play a role in the decrease of CMYC levels and mir-221, a 

regulator of cyclin dependent kinase inhibitor p27KIP1, upon interferon(r)β treatment of 

cultured cells (62,63).  The role of PNPase regulating mitochondrial noncoding RNA has 

also been explored (64), and it seems that both SUV3 and PNPase both affect the 

accumulation of these noncoding RNAs in the mammalian mitochondria (65). Thus, in 

the context of mammalian cultured cells, hSUV3 and PNPase seems to exist mainly in 

the matrix to perform its functions. In addition, PNPase has also been implicated in 

regulating RNA import into mammalian mitochondria (31,66). PNPase’s role in 

mitochondrial RNA degradation has become slowly established in recent years and it is 

very interesting to speculate how this function in the mitochondria affects the metabolic 

changes brought about by altering PNPase expression in different cellular contexts. 
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 Recent studies have shown that the level of PNPase expression in induced 

pluripotent stem cells are shown to correlate with the extent of cellular respiration, where 

inhibition of PNPase expression is associated with decreased oxidative capacity and 

overexpression increases oxidative phosphorylation (67-69).  In addition, overexpression 

of PNPase is associated with increased mtDNA content and ATP/AMP ratio (68).  It is 

reasonable to assume that decreased PNPase expression may inhibit oxidative 

phosphorylation capacity of the cell by interfering with normal mitochondrial function. 

However, it is an interesting avenue to understand why overexpression of PNPase may 

lead to enhanced cellular respiration.  

 Finally, PNPase has been long been known to be an IFN induced gene. Its RNA 

levels are significantly increased upon IFNβ treatment in many cell types (69-71).  

However, the protein level changes do not necessary correlate with this increase and 

suggests another level of regulation for PNPase expression (72). Mitochondria has been 

recently associated with IFN signaling pathways through mitochondrial ROS production, 

the presence of the MAVS/Cardiff complex on the outer mitochondrial membrane and 

the mtDNA sensing mechanism that triggers the innate immune response (73,74). This 

area of study also warrants further work to elucidate the intriguing role of PNPase in the 

mitochondria.   

 
PNPase mutations and human disease 
 
 Recent advancement of sequencing technology has quickly uncovered PNPase 

mutations that causes human diseases. Many of these diseases are associated with 

neurological disorders. It has been known that point mutations of PNPase cause 

encephalomyopathy and hearing loss (75,76). In addition recent studies have connected 
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delayed myelination, chorioretinal defects, gut disturbances and Leigh syndrome to 

defects in PNPase activity or expression (77-79). Therefore, understanding the basic 

cellular function of PNPase may reveal insights into how these processes impact human 

neurological health. 

PNPase, is a 3’-5’ exoribonuclease that initially became an interest to the Teitell 

Laboratory when it was discovered to be the most abundant protein that interacted with 

an oncoprotein TCL1 (T Cell Leukemia 1) in an immunoprecipitation experiment (8).  

This interaction has not been confirmed to occur in vivo but our lab continued to study 

PNPase because of its essential role in maintaining mitochondrial homeostasis (69).  At 

the time of discovery for our lab, the mammalian PNPase had been identified in an 

overlapping pathway screen and has since been implicated in cellular senescence and 

terminal differentiation (70). Since then, we have sought to uncover the elusive role of 

PNPase in the mammalian mitochondria.  

 

. 
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Chapter 2:  Porin/VDAC1 may be involved 
in mitochondrial RNA import 

 
Introduction 

 Many macromolecules translocate into and out of mitochondria. In addition to 

metabolites, mitochondria import the majority of its proteins to sustain its function. 

Recent studies have also shown that RNA can be imported into the mitochondria (1-4). 

The most heavily studied area of RNA import pertains to the translocation of tRNAs(2,5). 

However, other noncoding RNAs have also been identified in the mitochondria(3,4,6-10). 

Up to date, there are roughly 5 categories of import pathways that have been 

characterized in eukaryotic mitochondria. For simplicity, these import pathways are 

described as separate processes in which different proteins factors contribute to the 

delivery and translocation of substrates. However, many translocation channels for these 

import pathways have not been characterized and it is possible that several of these 

pathways may share one or more import translocation channels.  

Yeast mitochondria can import tRNALys CUU, utilizing the translocases of the 

protein import pathway. This import is membrane potential dependent (2,5), and the 

tRNA must associate with the precursor of mitochondrial lysyl-tRNA synthetase and be 

aminoacylated to allow for import into the mitochondria (5,11,12). The glycolytic 

enzyme, enolase helps deliver the tRNALys –lysyl tRNA synthetase complex to the import 

machinery (12). The structural or sequence motifs essential for the tRNA import has also 

been determined (13). In addition, the human mitochondria has been shown to import the 
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yeast tRNALys and artificial RNAs that contain tRNA import signatures in the presence of 

mammalian enolase, ENO2 and mitochondrial lysyl tRNA synthetase (pre-KARS2) (14). 

Interestingly, another tRNA import pathway that is independent of the protein import 

machinery has also been identified. In addition, the mammalian mitochondria has been 

shown to import its own endogenous tRNAGln CUG and tRNAGln UUG through a mechanism 

that requires ATP but no mitochondrial membrane potential or cytosolic protein factors 

(15).  

The ancestral mitochondria had kept all of its ribosomal RNA, but it has been 

suggested that through evolution, mitochondria had gradually lost some its ribosomal 

RNA including the 5S rRNA (16). Thus 5S rRNA must be imported into the 

mitochondrial to allow mitochondrial ribosomes to function correctly. In the cytosol, 5S 

rRNA is known to be part of the ribosome complex but its role is still not clearly 

understood (17). Also, it has been known that the nuclear encoded 5S rRNA also exist 

inside the mitochondrial organelle (3,18). Recently, the mammalian matrix protein 

rhodanese has been shown to be important for the import of 5S rRNA(19). Structural 

element on the 5s rRNA that signals for import of the RNA has also been identified(20). 

In addition, a mitochondrial ribosomal protein, MRP (mitochondrial ribosomal protein)-

L18 was shown to assist this import process, where the pre-MRPL18 binds to the import 

sequence of 5s rRNA and cause a conformational change that allows the RNA to be 

recognized by rhodanese (21). The 5S rRNA is thought to interact with MRPL18 in the 

matrix and potentially affect mitochondrial translation efficiency (22).  

Aside from tRNAs and the 5S ribosomal RNA, RMRP and RNase P is another 

class of noncoding RNAs that are imported into the mitochondria. RMRP is the RNA 
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component of mitochondrial RNA-processing endoribonuclease complex and has been 

shown to function in the 5’end maturation of 5.8S rRNA for cytosolic ribosomes (23,24) 

and is also involved in cell cycle progression by affecting the degradation of cyclin B 

mRNA during mitosis (25). RMRP has been shown to interact with telomerase reverse 

transcriptase (hTERT) and synthesize double stranded RNA that is recognized by 

DICER1 and this can be further processed into short interfering RNA (26). In addition, 

the nuclear encoded RMRP has also been found in the mitochondria (1,27,28), and is 

known to be responsible for synthesis of RNA primers to allow for the replication of 

mitochondrial DNA(29,30). The import of this RNA is thought to be mediated by 

PNPase, and a specific stem loop structure that allows import of this substrate has been 

identified (1). Recent studies have also suggested that matrix residing mitochondrial 

RNA granule protein GRSF1 to be important in increasing the abundance of RMRP in 

the mitochondria (27).  In addition to RMRP, RNase P is the RNA component that has 

been thought to be part of the RNase P complex functioning in 5’ tRNA processing 

though the participation of RNA in this complex has been debated to be controversial(31-

33). This RNA is also imported into the mitochondria with the help of PNPase, and the 

stem loop signature that is important for import has been identified (1).   

micro RNAs (miRNAs) are a recent class of RNAs that have been identified to 

exist in the  mitochondria (34,35). miRNAs are ~ 22nt RNA that inhibit translation of 

mRNA or induce mRNA degradation (36,37). miRNAs are transcribed from the DNA as 

primary micro RNA (pri-miR), and is processed in the nucleus by DROSHA/DGCR8 

complex to pre-miRNAs. The pre-miRs are then exported to the cytoplasm where they 

are further processed by DICER into mature miRNA and associates with the rna binding 
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protein argonaute 2 (AGO2) and is directed to its target mRNA (38-40).  miRNAs 

typically have multiple targets (41) and its dysregulation has been associated with disease 

and cancer (42). Although, nothing is known about its import mechanism, pri-miRNA, 

pre-miRNA and mature miRNAs and AGO2 has been shown to exist in mitochondria 

(6,9,10,43-45). Only AGO2 of the Argonaute family proteins are known to be imported 

into the mitochondria (35), and it has been shown to interact with mitochondrial 

transcripts by RNA crosslinking assays (6). 

Recent studies have been uncovering different biological aspects of miRNAs 

present mitochondria. Most miR found in the mitochondria are nuclear encoded but some 

have been found to come from mtDNA (43). miR-181c has been shown to regulate 

translation of mitochondrial encoded cytochrome c oxidase subunit 1 (COX1) in rodents, 

and the over-expression of miR-181C was shown to produce higher ROS production and 

resulted in lower exercise capacity and appearance of cardiac dysfunction (46). A 

carefully controlled studied using thoroughly purified mitochondria and mitoplasts and 

showed that miR1 increase COX1 and ND1 translation but it differentially regulates 

translation of its targets in the cytoplasm and mitochondria during muscle differentiation 

(35). Interestingly, several miRNAs were found to be imported into rho0 cells, such as, 

miR-181c-5p and miR-146a-5p (7,47). In diabetic heart and HL-1 cells, miRNAs 

including mir -378 translocates into the mitochondria following diabetic insult, and it was 

shown to downregulate the mitochondrially encoded F0 component, ATP6 expression 

essential for cardiac function (48). 

With regards to RNA import channels in mitochondria, the import of tRNAs are 

mediated through the voltage dependent anion channel on the outer membrane of plant 
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and trypanosome mitochondria (49,50). In addition, components of the protein import 

machinery such as TOM20 and TOM40, have been shown to be important for tRNA 

binding to the mitochondria and internalization (49,51). However, the exact translocation 

channel for these RNAs in the mitochondria has not been identified in mammalian 

mitochondria. This aspect of mitochondrial RNA import has long remained an interest to 

the field especially because it is intriguing to understand how such a large negatively 

charge molecule can be translocated across the charged inner membrane of the 

mitochondria. Thus we have attempted to answer this question by using yeast and 

mammalian model systems.  

 

Results 

Mitochondrial outer membrane proteins are required for 

PNPase dependent mitochondrial RNA import in yeast 

 To examine whether mitochondrial outer proteins are involved in mitochondrial 

RNA import, yeast mitochondria with or without PNPase were isolated and treated with 

Trypsin in an isotonic buffer. The treatment led to degradation of the outer membrane 

protein marker Tom70 without significantly affecting the level of mitochondrial 

intermembrane protein Mia40, suggesting the integrity of the mitochondria was not 

compromised. The treated or untreated mitochondria were then used for the RNA import 

assay (Figure 2-1A). As expected, expression of PNPase in untreated mitochondria 

resulted in a significant increase of protected RNA import substrate, RNase P RNA, after 

incubation and nuclease digestion (Figure 2-1B). However, in the trypsin treated 
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mitochondria, the amount of imported RNase P RNA was reduced to the basal level, 

suggesting one or more of mitochondrial outer membrane proteins are required for 

PNPase dependent mitochondrial RNA import in yeast. 

 

Mitochondrial outer membrane protein, porin is required for 

PNPase dependent mitochondrial RNA import in yeast 

 
To identify the outer membrane proteins that are involved in mitochondrial RNA 

import, the import assay was performed on mitochondria isolated from strains lifted from 

a yeast deletion collection. It has been shown that in plant Solanum tuberosum, outer 

membrane protein VDAC (voltage dependent anion channel) and two components of the 

TOM (translocase of the outer mitochondrial membrane) Tom20 and Tom40 are all 

involved in mitochondrial tRNA import (49). We examined the PNPase dependent RNA 

import into mitochondria isolated from a por1 (yeast VDAC) deletion strain and tom70 

deletion strain (Figure 2-2A). The import of RNase P RNA is severely reduced in the 

Δpor1 PNPase mitochondria, but unaffected by deletion of tom70, suggesting that Porin 

channel but not the protein import channel is involved in PNPase dependent 

mitochondrial RNA import in yeast (Figure 2-2B). 

 

VDAC is involved in mitochondrial RNA import in 

mammalian cells 
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To examine whether the results in yeast can be transferred to mammalian cells, 

shRNA was used to knock down VDAC1 expression in HeLa Cells. There are three 

VDAC proteins (VDAC1, 2, 3) in human. However, VDAC1 is the most abundant one in 

almost all cell types (52,53). A three-fold reduction in VDAC1 level was achieved using 

the shRNA (Figure 2-3A). Mitochondria were isolated from the wild-type and VDAC1 

deficient cells and the in vitro import assay was performed using radiolabeled RNase P 

RNA. A ~2 fold reduction in the amount of imported RNA was observed in the VDAC1 

deficient mitochondria (Figure 2-3B). The reduction, however, could be due to a general 

effect on the mitochondrial function by VDAC1 knockdown. To rule out the possibility, 

antibody-blocking approach was used in the import assay. Only wild-type mitochondria 

were used in the approach guaranteeing the consistence of mitochondrial functions. 

Mitochondria were incubated with VDAC1 antibody, Tom40 antibody or the buffer only. 

The in vitro import assay was then performed using the antibody treated or untreated 

mitochondria. Treatment of wild-type mitochondria using VDAC1 antibody led to a ~2 

fold reduction of imported RNase P RNA compared to the control mitochondria, 

suggesting that human VDAC mediates mitochondrial RNA import in mammalian cells 

(Figure 2-3C). Tom40 antibody partially inhibited mitochondrial import of a protein 

precursor Su9-DHFR, but had no significant effect on mitochondrial RNA import, 

indicating that unlike in the plant mitochondria, the TOM translocase is not directly 

involved in mitochondrial RNA import (Figure 2-3C). To confirm that VDAC directly 

mediates in mitochondrial RNA import, a co-immunoprecipitation assay was performed 

using antibodies specific for either VDAC or TOM40. Radiolabeled RNase P RNA or a 

control tRNALys precursor was incubated with the wild-type mitochondria in the import 
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buffer, and the samples were UV-crosslinked (Figure 2-3D). After the incubation and 

UV-crosslinking, Mitochondria were lysed and VDAC or TOM40 was isolated from the 

lysates by immunoprecipitation. Only when RNase P RNA was used as the import 

substrate and VDAC antibody used for immunoprecipitation, the radiolabled RNA was 

copurified with the protein, suggesting a direct interaction of the import RNA substrate 

with the VDAC channel.     

   

VDAC1 knockdown affects steady state levels of RNase P RNA 

in mitochondria and the processing of mitochondrial 

transcripts 

 Mitochondrial RNAs are transcribed as long polycistronic transcripts, which then 

undergo processing to generate the individual mRNAs, tRNAs and rRNA (54). One of 

the RNA processing steps is mediated by RNase P complex, and RNase P RNA is one of 

the essential components of the RNase P complex (33,55). If VDAC1 serves as the outer 

membrane RNA import channel in vivo, its deficiency would lead to reduction of RNase 

P RNA level in mitochondria and in turn lead to insufficient processing of the long 

transcripts. The mitochondrial RNase P RNA level in the wild-type mitochondria and 

VDAC1 deficient mitochondria was examined using RT-PCR. Significantly higher level 

of RNase P RNA is detected in the wild-type mitochondria compared to the VDAC1 

deficient mitochondria (Figure 2-4A). The levels of partially processed RNA transcripts 

were next examined by RT-PCR using primers individually annealing to mRNAs 

separated by two or three tRNAs: COX1 and COX2 separated by tRNASer and tRNAAsp, 
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and ND4 and ND5 separated by tRNAHis, tRNASer and tRNALeu. Significantly higher 

amount of partially or unprocessed RNA precursors were observed in the VDAC 

deficient mitochondria compared to the wild-type mitochondria (Figure 2-4B). The 

negative effect on the downstream processes of mitochondrial RNA import by VDAC 

knockdown further confirms the direct involvement of VDAC in the import. 

 

VDAC1 knockdown negatively affects mitochondrial functions  

Our previous studies showed that knockdown of an essential component of 

mitochondrial RNA import pathway PNPase reduced OXPHOS and disrupted the 

integrity of mitochondrial structure (1,56). These mitochondrial functions were also 

examined in the VDAC1 deficient cells. Like the PNPase deficient cells, a 1.5-2 fold 

decrease of the stable level of mitochondrion-encoded COX2 was observed in the 

VDAC1 deficient cells, while no significant difference of mitochondrial proteins encoded 

in the nucleus was detected. The lower stable protein level can be attributed to lower 

translation level, as in vivo translation of mitochondrion-encoded proteins showed a 

significant lower yield (1/2) in the VDAC1 deficient cells. Staining of mitochondria 

using MitoTracker green also showed similar fragmentation of mitochondrial structure in 

the VDAC1 deficient cells. Finally, the OXPHOS function of the VDAC1deficient cells 

was examined, and the cells showed a significantly lower (~70%) respiration rate 

compared to the wild-type cells. 

 

Concluding Remarks 
 



25 
 

As the mitochondria regulates the charge balance within the organelle, in order to 

maintain the mitochondrial membrane potential, the question of how the mitochondrial 

membrane can accommodate the movement of large negative charge molecule like RNA 

is extremely intriguing. Using the yeast in organello import and RNA crosslinking and 

pull down assays in the mammalian VDAC knockdown system, we show that VDAC1 

may possible be responsible for allowing RNase P RNA to be imported to the 

mitochondria. Since the RNA translocation process requires the channel to accommodate 

a large negatively charged molecule, a biophysical characterization of how this transport 

takes place through the outer mitochondrial membrane is warranted. In addition, the inner 

membrane channel that is responsible for RNA translocation and any other factors 

directing the RNA to the mitochondria for import still remains to be identified for many 

of the RNAs imported into the mitochondria. 

 
 
Materials and Methods 

Mitochondrial RNA purification. Mitochondria were treated with 25 µg/mL S7 

micrococcal nuclease at 27°C for 30 minutes in nuclease buffer (0.6 M Sorbitol, 20 mM 

MgCl2, 5 mM CaCl2, 20 mM Tris-pH 8.0). The reaction was stopped by addition of 20 

mM EGTA. The mitochondria were then solubilized in SDS buffer (100 mM NaCl, 1 % 

SDS, 20 mM Tris-Cl pH 7.4) at 65°C for 5 minutes. RNA was extracted using TRIzol 

(Invitrogen) reagent, treated with DNase I (Roche) for 1hr at 37°C in the manufacturer 

supplied buffer and DNase I was heat inactivated at 65°C for 10 min.  

. 
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In Vitro Transcription and Import Assay. Import substrate RNA were transcribed from 

PCR templates by incubating 800 ng PCR template with SP6 RNA Polymerase (NEB) at 

40°C for 15 minutes in SP6 transcription buffer (40 mM Tris-Cl pH 7.5 , 6 mM MgCl2, 2 

mM spermidine, 0.1 mg/mL BSA) with 0.5 mM rNTP without GTP, 5 mM methyl G-

Cap (NEB), 10 mM DTT and trace amounts 32P rCTP (MP Biomedicals). The rGTP was 

then added to the reaction to a final concentration of 0.5 mM and allowed to incubate for 

90 minutes at 40°C. Import substrates for mammalian experiments were transcribed using 

Ambion Sp6 MEGAscript® Kit according to manufacturer’s protocol.  

All yeast strains were grown at stationary phase for 2 days in selection medium. 

Yeast and mammalian mitochondrial isolation procedure were previously described 

(56,57) . The import assay for yeast mitochondria was performed in 200 µL volume by 

incubating 100 µg of isolated mitochondria at room temperature for 5 minutes in import 

buffer (0.6 M Sorbitol, 2 mM KH2PO4, 50 mM KCl, 50 mM Hepes-KOH pH 7.1, 10 mM 

MgCl2, 2.5 mM EDTA, and 1 mg/mL BSA 5 mM ATP, 2 mM DTT, 5 mM NADH) and 

subsequently adding 5 pmol of radiolabeled RNA and incubating for 5 more min at room 

temperature for import. Then, mitochondria were spun down at 11,000 g, and rinsed with 

wash buffer (0.6 M Sorbitol and 20 mM Tris-Cl pH 8.0), treated with 25 µg/mL S7 

micrococcal nuclease at 27°C for 30 minutes. Total RNA was isolated as described 

above, analyzed by 8M Urea 5% Acrylamide gel electrophoresis, and visualized by 

autoradiography. Mammalian import assays were performed using buffer containing 

0.225 M Mannitol plus 0.075 M Sucrose instead of 0.6 M Sorbitol, and 20 mM succinate 

instead of 5 mM NADH were used.  

 



27 
 

Western Blot. 25-50 µg of protein lysates were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane and blocked by incubating for 1 hour with 5% milk in TBS-

Tween-20 and primary antibodies incubated at room temperature for 1h or at 4°C 

overnight. The following dilutions were used for each antibody: PNPase (1:5000) 

(57,58), Porin (1:5000) (Abcam), VDAC1 (1:1000) (Abcam), TOM40 (1:2000) 

(ULAB4), COX2 (1:1000) (Santa Cruz Biotech.), and HRP-conjugated mouse and rabbit 

secondary antibody (1:10,000) (Thermo Fisher Scientific). The blots were visualized 

using the ECL reagent from Thermo Fisher Scientific. 

 

Crosslinking and Immunoprecipitation Assay. Immediately after import, the imported 

RNA and mitochondrial proteins were UV crosslinked (1.8 J in Stratalinker). The 

mitochondria were then solubilized in lysis buffer (150 mM NaCl, 10% glycerol, 1% 

Triton X-100, 2 mM EDTA, 20 mM Tris-Cl pH 8.0) containing protease inhibitor 

(Roche). Insoluble materials were removed by centrifugation at 20,000 g for 30 min at 

4°C. The lysates were pre-cleared with protein A-Sepharose beads  (Pharmacia) by 

incubating for 1 hour at 4°C, and immunoprecipitated using 5 µg of antibody conjugated 

to protein A-Sepharose beads for 2 hours at 4°C. The beads were then washed 6 times 

with lysis buffer. The immunoprecipitates were boiled in SDS loading buffer, separated 

on SDS-PAGE and analyzed by autoradiography.  

 

RT-PCR. Isolated mitochondrial RNA were subject to RT-PCR using the AccessQuick™ 

RT-PCR kit (Promega) and a specific reverse primer. The AMV reverse transcriptase 
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were denatured at 95°C for 5 min and PCR amplification were performed in the same 

tube after addition of the specific forward primer.  

 

Plasmids. All the PNPase, Su9-DHFR and RNase P RNA plasmids were previously 

described (1,56,57). The shRNA vectors for VDAC1 silencing were purchase from 

Sigma. 

 

Yeast Strains. The wild type and mutant yeast strains were previously described (59,60). 

All the strains were grown and maintained in synthetic complete media minus the amino 

acid for marker selection. 

 

Cell Lines. HeLa and HEK293 cells cultured in DMEM supplemented with 10% fetal 

bovine serum. Stable VDAC1 knockdown cell lines were established by transfection of 

HEK293 cells with VDAC1 shRNA construct, VSVg and Hit60 packaging vectors using 

BioT reagent (Bioland Scientific LLC). The harvested viruses were used to infect HeLa 

cells and cells were selected with 3 µg/mL puromycin.  

 

Oxygen Consumption Measurement. Cells were seeded at 50,000 cells/well in a XF24 

Extracellular Flux Analyzer cell culture plate (Seahorse Bioscience) and incubated in the 

37°C incubator with 5% CO2 for 24 hr. The oxygen consumption rate was measured 

using the XF24 Extracellular Flux Analyzer. 
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Figures  

 

 

Figure 2-1. PNPase mediated mitochondrial RNA import is sensitive to Trypsin 

shaving of the mitochondrial outer membrane proteins. (A) Western blot show that 

the trypsin shaving was efficient and the outer mitochondrial protein, Tom70 is degraded. 

(B) Import of RNase P RNA into isolated mitochondria treated with Trypsin. 
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Figure 2-2. Yeast mitochondrial outer membrane protein Por1 is required for 

PNPase-mediated mitochondrial RNA import. (A) Western blot showing that the 

Δpor1 strain does not express any porin. (B) Import of RNase P RNA into isolated 

mitochondria. 
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Figure 2-3. RNase P RNA translocates through porin/VDAC in mammalian cells. 

(A) Western showing VDAC1 knockdown. (B) Radiolabeled RNase P RNA was 

imported into isolated VDAC1 knock down HeLa cell mitochondria and detected by 

autoradiography.  (C) Antibody blocking assay showing import of RNase P RNA is 

partially blocked by VDAC1 antibody treatment, which has no effect on protein import. 

(D) Crosslinking of radiolabeled RNase P RNA and immunoprecipitation of 

porin/VDAC. tRNAlys was used as negative control for non-imported RNA and TOM40 

was used as a negative control for immunoprecipitation. 
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Figure 2-4. VDAC1 knockdown affects steady state levels of H1 RNA in the 

mitochondria and processing of mitochondrial transcripts. (A) RT-PCR showing 

steady state levels of H1 RNA.  (B) RT-PCR showing that unprocessed mitochondrial 

transcripts accumulate in the VDAC knockdown cells. 
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Figure 2-5. VDAC1 knockdown shows similar effect on mitochondrial functions as 

PNPASE knockdown. (A) Western blot showing that the steady state protein level of 

mitochondrion-encoded COX2 is lower in VDAC1 knockdown cells.  (B) 

Immunofluorescence image demonstrates that the mitochondria are fragmented in 
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VDAC1 knockdown cells. 8 fields, over 160 cells were examined for each strain. (C) In 

organello translation reveals that defect in mitochondrial translation for VDAC1 

knockdown cells. (D) Seahorse measurement of oxygen consumption demonstrates that 

VDAC1 knockdown cells do not respire as well as wildtype cells.  
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Chapter 3:  PNPase knockout results in 
mtDNA loss and an altered metabolic gene 
expression program 
 
Abstract 

Polynucleotide phosphorylase (PNPase) is an essential mitochondria-localized 

exoribonuclease implicated in multiple biological processes and human disorders. To reveal 

role(s) for PNPase in mitochondria, we established PNPase knockout (PKO) systems by first 

shifting culture conditions to enable cell growth with defective respiration. Interestingly, PKO 

established in mouse embryonic fibroblasts (MEFs) resulted in loss of mitochondrial DNA 

(mtDNA). The transcriptional profile of PKO cells were similar to rho0 mtDNA deleted cells, 

with perturbations seen in cholesterol (FDR=6.35 x 10-13), lipid (FDR=3.21 x 10-11), and 

secondary alcohol (FDR=1.04x10-12) metabolic pathways compared to wild type parental TM6 

MEF cells.  We found that processes related to axonogenesis (FDR=4.49 x 10-3), axon 

development (FDR = 4.74 x 10-3), and axonal guidance (FDR = 4.74 x 10-3) were 

overrepresented in PKO cells. This was intriguing considering that mutations in PNPase cause 

delayed myelination, hearing loss, encephalomyopathy, and chorioretinal defects in humans. 

Because over representation analysis revealed alterations in metabolic pathways in both PKO 

and rho0 cells, we assessed the correlation of genes implicated in cell cycle progression (KEGG: 

MMU04110) and total metabolic gene sets (KEGG: MMU01100) and observed a strong positive 

correlation between PKO cells and rho0 MEFs compared to TM6 cells. As expected from the 

transcriptomic profiles, we observe the proliferation rate of PKO cells clones to be 1.7% (SD ± 
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2.0%) and 2.4% (SD ± 1.6%) of normalized cell biomass per hour, which was lower than TM6 

cells at 3.3% (SD ± 3.5%). Furthermore, PKO in mouse inner ear hair cells cause progressive 

hearing loss that parallel human familial hearing loss previously linked to mutations in PNPase. 

Combined, our study reports a novel observation that a knockout of a mitochondrial nuclease 

results in mtDNA loss and suggest that mtDNA maintenance could provide a unifying 

connection for the large number of biological activities reported for PNPase. 

 
Introduction 

Polynucleotide phosphorylase (PNPase) is a conserved 3’-5’ exoribonuclease that 

bacteria and most eukarya express, but is absent in archae (1,2).  In addition to phosphorolytic 

RNA degrading activity, bacterial PNPase catalyzes template independent polymerization of 

RNA (3,4).  The enzymatic features of bacterial PNPase have been well studied (4-10) and 

recent discoveries reveal bacterial PNPase involvement in modulating levels of multiple mRNAs 

and sRNAs (4,11-13), an etiology in cold-shock (14-16) and oxidative stress responses (17), 

biofilm formation (18-20), virulence (21), and even DNA recombination, repair and mutagenesis 

(22-25).   

Similar to its bacterial counterpart, mammalian PNPase has several roles in RNA 

homeostasis, and it has also been found to function within mitochondria.  Constitutive PNPase 

knockout (PKO) in mice is lethal at embryonic day 8, because PNPase is essential for 

maintaining mitochondrial homeostasis in all cell types (26,27).  Mammalian PNPase exhibits 

enzymatic features that are similar to bacterial PNPase with a different optimal phosphate 

concentration for RNA degradation (28,29).  In mitochondria, PNPase localizes to both the 
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intermembrane space (IMS) and matrix compartments as revealed in several model systems and 

by multiple localization methods (26,27,30,31).  Knockdown studies have shown variable effects 

on the processing and polyadenylation of mitochondrial RNA (mtRNA) that is transcribed from 

mitochondrial DNA (mtDNA) (32-34). Recent studies have established that PNPase and the 

hSUV3 RNA helicase form a mtRNA degrading complex and degrade mirror-mtRNAs, which 

are noncoding mtRNAs that are antisense and complementary to coding mtRNAs (31,34,35). 

Also similar to bacterial PNPase, mammalian PNPase participates in many physiologic 

pathways beyond mtRNA regulation.  One study suggests that PNPase regulates c-Myc levels 

possibly through interactions with EGFR (36), whereas another study suggests PNPase controls 

an interferon-β (IFNβ)-induced reduction of c-Myc mRNA (37). PNPase modulates an IFNβ-

induced decrease of mir-221 levels that results in growth inhibition in melanoma cells (38) and it 

regulates nucleus encoded small non-coding RNA import into mitochondria (27,39). PNPase is a 

type-I IFN induced gene (40) and over-expression at supra-physiologic levels affects reactive 

oxygen species (ROS) generation and NF-κB activation (41). Recently, PNPase was linked to 

metabolism control during somatic cell reprogramming to induced pluripotent stem cells (42,43).  

In humans, PNPase mutations genetically link to hereditary hearing loss, encephalomyopathy, 

and axonal and auditory neuropathy, gut disturbances, chorioretinal defects, Leigh syndrome, 

and delayed myelination (44-49). Combined, PNPase affects many essential cellular processes 

and pathways that regulate organism physiology and pathology without a unifying theme or 

underlying mechanism, which requires further investigation. 

Almost all investigations to date elevate PNPase to supra-physiologic levels in gain-of-

function studies or use knockdown approaches with incomplete loss of PNPase in loss-of-

function work to gain insight into mammalian PNPase activities.  A few studies examined 
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changes in gene expression profiles with gain and loss of PNPase function using these 

approaches to help explain the plethora of impacted physiologic systems (50,51). However, no 

study eliminated PNPase completely to evaluate the impact on global gene expression and cell 

function, likely due to the essential role of PNPase for cell growth and survival under usual 

conditions in vivo and in culture. Given its mitochondrial localization, roles in mtRNA 

regulation, and its activity in small nucleus-encoded RNA import into mitochondria to control 

respiration, we reasoned that reducing the dependence of cells on mitochondrial function first 

could generate a suitable internal cell environment for stable knockout of PNPase.  Here, we 

established complete PKO cells by first reducing immortalized mouse embryonic fibroblast 

(MEF) dependence on respiration. The resulting PKO cell lines enabled studies of changes in 

gene expression and cell function directly due to PNPase loss. We also examined the effect of 

PNPase loss-of-function in inner ear hair cells in mice, as homozygous PNPase mutation or loss 

links with familial hearing loss in humans (44). 

 

Results 

PNPase knockout results in loss of mtDNA and inability to respire 

Our previous attempts to generate a PKO MEF line failed because deletion of the 

PNPase-encoding gene, Pnpt1, ultimately caused cell death (27). Given its essential role in 

maintaining mitochondrial homeostasis and its mitochondrial localization, we considered that 

PKO might disrupt mitochondrial functions required for survival (26). To test this idea, and 

because cell lines are known to rely on mitochondria to varying extents, we sought to establish 

PKO MEFs using a two-step approach.  First, we generated a cell line that lacked mtDNA (rho0) 



 
 

44 

using Pnpt1fl/fl MEFs isolated from our Pnpt1fl/fl mouse colony.  SV-40 large T-antigen 

immortalized Pnpt1fl/fl MEFs, designated TM6, were incubated in ditercalinium chloride 

supplemented with uridine for 3 weeks to eliminate the mtDNA (52). PCR validated, respiration 

defective rho0 Pnpt1fl/fl MEFs were then infected with an adenovirus expressing Cre recombinase 

to delete the loxP-flanked portion of exon 2 in Pnpt1, generating non-functional PNPase-

encoding alleles that translate out-of-frame with multiple stop codons in exons 3, 4, and 6 (27).  

Using this strategy, we obtained numerous independent rho0 PKO MEF clones, indicating that 

eliminating mtDNA first provides a permissive internal cell environment for the complete loss of 

PNPase (data not shown). 

rho0 mammalian cells are pyrimidine auxotrophs that require uridine media 

supplementation to grow due to an inactive dihydroorotate dehydrogenase enzyme in the 

mitochondrial inner membrane, resulting from a non-functional electron transport chain (ETC) 

(53). Encouraged by generation of a PKO in rho0 MEFs, we considered whether a simple pre-

conditioning of mtDNA-containing MEFs with rho0 permissive, uridine-supplemented media, 

rather than by chemical removal of mtDNA, would result in PKO MEF lines. Therefore, we 

incubated Pnpt1fl/fl TM6 MEFs in uridine-containing media for 3 weeks, followed by infection 

with an adenovirus expressing Cre recombinase. Multiple individual PKO MEF clones emerged 

from a background of dead and dying cells that were isolated, expanded, and 5 clones were PCR 

verified for complete loss of loxP-flanked exon 2 in the Pnpt1 gene, as performed previously 

using internal and external PCR primer sets (Figure 3-1A) (27). We selected 3 PKO MEF clones, 

designated PKO-1, PKO-4, and PKO-6, for additional analyses.  Immunoblotting revealed 

undetectable PNPase protein in these 3 PKO clone lines, in contrast with strong PNPase 

expression from Pnpt1fl/fl TM6 and rho0 MEFs (Figure 3-1B).  Thus, mtDNA-containing MEFs 
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conditioned to grow in uridine-supplemented media tolerate PKO, whereas MEFs in standard 

growth media are non-permissive for PNPase loss. 

 To examine the impact of PKO on cell function, we first determined the effects on 

mtDNA content because chemically induced loss of mtDNA enabled subsequent PKO. 

Surprisingly, PCR detection of the Nd1 mitochondrial gene showed its absence in all 3 PKO 

clones (Figure 3-1C).  This result suggested that PKO MEFs lost mtDNA, which we further 

examined by PicoGreen double-stranded DNA dye staining using fluorescence microscopy 

(Figure 3-1D).  Whereas the TM6 MEF cells displayed green puncta in the cytosol marking 

abundant mtDNA, rho0 and PKO MEFs lacked green cytosolic puncta, confirming the loss of 

mtDNA. All 3 PKO clones and rho0 MEFs showed no respiration, which contrasted with TM6 

MEFs, as measured by a Seahorse XF24 extracellular flux analyzer. This result was consistent 

with loss of mtDNA and resultant failure of the ETC (Figure 3-1E).  Rather, these cells 

manufacture energy by substantially increasing glycolysis and show an elevated extracellular 

acidification rate (ECAR) that was ~two-fold higher than TM6 MEFs (Figure 3-1F). In cells with 

low or absent respiration, ECAR is a good approximation of glycolysis and lactate excretion. A 

plot of the ratio of OCR/ECAR provides a remarkable graphic display for the metabolic 

alteration caused by PKO (Figure 3-1G).  Combined, these genetic, protein, and functional data 

indicate that MEFs that lose PNPase cannot respire or maintain the mitochondrial genome. 

 

Transcriptional, growth and cell cycle profiles are similar for PKO 

and rho0 cells  
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To determine the effect of PNPase loss on gene expression and the potential to alter cell 

physiology, we performed RNA-Seq analyses on TM6 MEFs, rho0 cells derived from TM6 

MEFs and PKO-1 and PKO-6 MEFs. PKO-4 cells were excluded from analysis because of 

aneuploidy detected by cell cycle profiling (data not shown). Principal components analysis 

(PCA) indicated extensive transcriptional variance, denoted by the first principal component 

(PC1), between TM6 MEF cells and the remaining cell lines (Figure 3-2A). Isolated PKO cells 

clustered away from the parental TM6 cell line and showed variability in inter-clone gene 

expression with little intra-clone variation (Figure 3-2A).  However, PKO-1 and PKO-6 MEFs 

displayed similar expression signatures to rho0 TM6 MEFs (Figure 3-2A). A rank-rank 

hypergeometric overlap (RRHO) analysis calculating the significance between overlaps of 

averaged PKO and rho0 expression changes with respect to TM6 indicates strong correlative 

overlap in expression profiles between PKO and rho0 cells (maximum –log10(P value) > 4500) 

(Figure 3-2B). We identified a significant overlap in up- and down-regulated transcripts within 

PKO and rho0 signatures and additionally sought to identify differentially expressed genes 

(DEGs) in both expression profiles. Our analysis identified 1,629 DEGs between rho0 and TM6 

MEFs, with a false discovery rate (FDR) adjusted q value below 0.01 and an absolute log2 fold-

change above 0.5, and 1,527 DEGs between PKO and TM6 MEFs using the same thresholds 

(Figure 3-2C). Of the DEGs expressed by rho0 and PKO MEFs, 886 genes were in common, as 

anticipated due to significant overlaps in RRHO analysis and similar cellular physiology with the 

loss of mtDNA (Figure 3-2C).  

We performed Gene Ontology (GO) gene set overrepresentation analysis (ORA) for each 

area represented in the Venn diagram (Figure 3-2C) and examined DEGs that are specific to rho0 

MEFs (cluster 1) and PKO MEFs (cluster 3) and those DEGs shared between rho0 and PKO 
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MEFs (cluster 2). GO terms overrepresented in cluster 1 identified processes including 

regulation of cell morphogenesis (FDR = 4.45 x 10-4), cell-cell junction assembly (FDR = 8.70 x 

10-3), mitochondrial DNA replication (FDR = 0.014), and regulation of protein stability (FDR = 

0.026) (Figure 3-2D). Genes whose expression associates with mtDNA replication are elevated 

in rho0 and reduced in TM6 MEFs (Figure 3-S1A). These genes include a subunit of 

ribonucleotide reductase that regulates cytosolic nucleotide pools (Rrm2b), an RNase removes an 

RNA primer in replicating mtDNA (Rnaseh1), and a pyrimidine transporter (Slc25a33) (Figure 

3-S1A).  

Amongst pathways overrepresented by PKO and rho0 MEF DEGs (cluster 2) are 

cholesterol metabolic processes (FDR = 6.35 x 10-13), sterol metabolic processes (FDR= 6.35 x 

10-13), lipid biosynthetic processes (FDR= 3.21 x 10-11), and secondary alcohol synthesis (FDR = 

1.04 x 10-12), which were all reduced in both cell types (Figure 3-S1B). Cholesterol and sterol 

biosynthetic process repression is consistent with data from PNPase shRNA knockdown in 

melanoma cell lines, reported previously (51).  

Pathways pertaining to neuronal function are overrepresented in PKO specific cluster 3 

and include axonogenesis (FDR = 4.49 x 10-3), axon development (FDR = 4.74 x 10-3), and axon 

guidance (FDR = 4.74 x 10-3).  Many of these neuronal genes regulate cell migration and 

adhesion (Figure 3-S1C). Although this study uses MEFs, it is interesting that PNPase 

expression differentially affects genes that regulate neuronal function, especially since PNPase 

mutations link to delayed myelination, hearing loss, encephalomyopathy, gut disturbances, and 

chorioretinal defects in humans (44-49). Axonogenesis (FDR = 1.14 x 10-3) and axon 

development (FDR = 2.00 x 10-4) pathways are also overrepresented in genes shared between 

rho0 and PKO MEF DEGs (cluster 2). However, these axonogenesis and axon development 



 
 

48 

pathway overrepresented genes (cluster 2) differ from genes in PKO MEF-specific cluster 3 for 

the same ontologies. Thus, both loss of PNPase and loss of mtDNA may contribute uniquely to 

neurologic pathologies in patients with PNPase mutations. s 

Because of the concordance in gene expression profiles between PKO and rho0 MEFs 

(Figure 3-2B), we examined cell growth, cell cycle progression, and metabolic features in these 

cell types. Genes implicated in mitotic progression (KEGG: MMU04110) show a strong positive 

correlation for rho0 and PKO relative to TM6 MEFs (Pearson Correlation Coefficient (PCC) = 

0.86, P value < 2.2 x 10-16) (Figure 3-3A). Furthermore, given the importance of metabolism in 

cell growth and a key role for cholesterol biosynthesis in cell cycle progression, we assessed the 

correlation of metabolic gene expression between PKO and rho0 MEFs (54,55). Total metabolic 

gene sets (KEGG: MMU01100) showed similar positive correlations for PKO and rho0 

expression profiles relative to TM6 (PCC = 0.79, P value < 2.2 x 10-16) (Figure 3-3B and Figure 

3-S2). We next assessed whether these correlated expression profiles show phenotypic similarity 

by measuring growth, or biomass accumulation, rates for TM6, rho0, and PKO MEFs using a 

quantitative phase microscopy (QPM) technique called live cell interferometry (LCI) (56).  As 

anticipated, rho0 MEFs grew much slower than TM6 MEFs, and PKO clones accumulated 

biomass as slowly as rho0 MEFs (Figure 3-3C).  LCI quantification revealed a mean growth rate 

for TM6 and rho0 MEFs of 3.3% (SD ± 3.5%) and 1.7% (SD ± 2.7%) of normalized cell biomass 

per hour, respectively, with a P value of 4.7 x 10-10 (Figure 3-3C). PKO-1 and PKO-6 showed a 

mean growth rate of 1.7% (SD ± 2.0%) and 2.4% (SD ± 1.6%) of normalized cell biomass per 

hour, respectively, and with P values compared to the TM6 growth rate of 6.49 x 10-12 and 5.54 x 

10-5, respectively (Figure 3-3C). Furthermore, cell proliferation studies supported LCI quantified 

growth rate profiling data in that rho0, PKO-1 and PKO-6 cells replicated much slower than TM6 
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MEFs (Figure 3-3D). Finally, cell cycle analysis by flow cytometry revealed a trend in which 

rho0 MEFs have a higher proportion of cells in S phase compared to TM6 MEFs (Figure 3-3E). 

This higher S phase trend persists for PKO-1 and PKO-6 MEFs, although the measurement 

standard deviation is too high for statistical significance (Figure 3-3E). The difference in cell 

cycling characteristics is easy to appreciate in the flow cytometry profiles of PKO-1 and PKO-6 

MEFs, which resemble rho0 MEFs, whereas the TM6 MEF flow profile has a distinct shape from 

the others (Figure 3-3F). Thus, integrated RNA-Seq, QPM, proliferation, and cell cycle analyses 

clearly show that PKO MEFs resemble rho0 MEFs that do not respire.  

     

PKO in inner ear hair cells causes progressive hearing loss 

The PNPase E475G mutation results in hereditary hearing loss (44). We therefore 

examined PKO for physiological relevance by examining auditory effects in vivo using Pnpt1fl/fl 

x Atoh1-Cre expressing mice (Atoh1-Cre PKO mice). The auditory brainstem recordings of 

Atoh1-Cre PKO mice showed progressive hearing loss especially at higher frequencies. Up until 

4 weeks of age both control and Atoh1-Cre PKO mice showed similar hearing capacities 

between 4 Hz and 16 Hz (Figure 3-4A). However, even at 3 weeks of age, the hearing capacity 

of Atoh1-Cre PKO mice above 16 Hz was significantly reduced compared to control mice 

(Figure 3-4A). By week 4, the lowest level of hearing for Atoh1-Cre PKO mice in the high 

frequency range at 32 kHz was above 78 db in contrast to 39 db for control mice (Figure 3-4A). 

Scanning electron microscopy (SEM) images of inner ear hair cell stereocilia show loss of cilia 

(yellow arrow) and stereocilia fusions (red arrow) in the middle turn and base of the cochlea that 

are responsible for hearing the middle and high frequencies, respectively (Figure 3-4B). 

Although the loss of PNPase in inner ear hair cells is likely to drive hearing loss, Atoh1-Cre 
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recombinase expression also causes loss of PNPase expression in spiral ganglion cells, and 

defects in these neurons may contribute to hearing loss in mice. Overall, hearing impairment 

observed in Atoh1-Cre PKO mice recapitulates the hearing loss observed in PNPase mutation 

harboring patients and emphasizes the association of PNPase with sensorineural defects.     

 

Discussion 

We report that loss of PNPase, an RNA degrading enzyme that localizes in mitochondria, results 

in unanticipated deletion of the mitochondrial genome. Transcriptome profiling of PKO MEFs 

correlates significantly with rho0 MEFs and exhibits reduced expression of cholesterol and lipid 

biosynthesis genes compared to control wild-type TM6 MEFs. Cell growth, proliferation, and 

cell cycle features are similar between PKO and rho0 MEFs, suggesting a role for PNPase in 

maintaining mtDNA. PNPase loss-related changes in gene expression programs pertaining to 

axon function suggest a link with reported mutant PNPase neuronal disease phenotypes in 

humans, including familial hearing loss. Modeling PNPase loss in mouse inner ear hair cells 

leads to progressive auditory loss, reinforcing a potential connection uncovered from mining 

gene expression profiling data presented here.  

  Since PNPase does not belong to any of the previously identified classes of genes 

associated with mtDNA maintenance defects, it seems surprising that PKO results in mtDNA 

loss. Deletions and mutations of genes involved in mtDNA replication and repair (POLG, 

TWNK, TFAM, RNASEH1, LIG3 and MGME1), cytosolic and mitochondrial nucleotide pool 

regulating and import genes (TK2, DGUOK, SUCLA2, SUCLG1, ABAT, TYMP, RRM2B, 

AGK, and MPV17), along with mitochondrial dynamics genes (OPA1 and FBXL4), all result in 
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mtDNA loss (Shokolenko et al., 2013; El-Hattab et al., 2017).  Thus, it is intriguing to speculate 

on how PNPase may regulate the maintenance of mtDNA in a cell. 

We hypothesize several potential reasons why lack of PNPase results in loss of mtDNA.  

Impaired import of small non-coding RNAs from the cytosol may reduce levels of nucleus-

encoded MRP RNA that is required for mtDNA replication. Since accumulation of mirror 

mtRNAs occurs in PNPase knockdown cells and in cells expressing dominant negative hSUV3, 

the binding partner of PNPase, it is also possible that accumulation of mirror mtRNAs may 

somehow inhibit replication of mtDNA (Szczesny et al., 2010; Borowski et al., 2013).  PNPase 

functions in DNA repair in bacterial systems (Cardenas et al., 2009) and mammalian PNPase 

may have a similar function in mitochondria. We also cannot exclude that the loss of mtDNA 

may be a result of long-term dysregulated mtRNA metabolism. Although the mechanism(s) for 

how PNPase maintains mtDNA warrants further investigation, it nevertheless is interesting that 

PKO causes cells to functionally assume a rho0 phenotype. 

PNPase regulates oxidative phosphorylation during reprogramming of somatic cells to 

induced pluripotent stem cells and is an essential factor for maintaining mitochondrial 

homeostasis (Chen et al., 2006; Khaw et al., 2015; Nishimura et al., 2017).  Understanding the 

specific functions of PNPase may reveal how RNA regulation may affect cellular metabolism.  

Here, we established PKO MEF lines utilizing uridine supplemented media and show that PKO 

cells lose their mtDNA. This brings a new perspective to PNPase activity and suggests that 

mtDNA levels are important to consider when dissecting PNPase functionality.  Also, PNPase 

loss impairs neuron-relevant gene expression even in non-neuronal cell types and the Atoh1-Cre 

PKO mice show reduced hearing through auditory brainstem recording analysis.  Altogether, our 

study describes an additional unsuspected function for PNPase in mtDNA maintenance, which 
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could provide an underlying or unifying connection for its large number of reported activities in 

multiple biological systems and contexts. 

 

Materials and Methods 

Cell Culture and Mice. Pnpt1fl/fl MEFs, named TM6 (Wang et al., 2010), were grown at 37°C 

and 5% CO2 in Dulbecco’s Modified Eagle Medium supplemented with 10% Hyclone Fetal 

Bovine Serum (Thermo Scientific), 1X penicillin-streptomycin solution (Cellgro, Corning), and 

50 µg/mL uridine (Sigma-Aldrich).  MEF rho0 cells were established by culturing with 750 

ng/mL ditercalinium dichloride dihydrochloride (NCI DCTD Developmental Therapeutics 

Program, NSC 335153, NIH), for 3 weeks followed by single cell colony isolation.  PKO MEF 

lines were established by transduction of TM6 MEFs with a Cre-recombinase expressing 

adenovirus (SignaGen Laboratories cat # SL100707) in uridine- supplemented media, followed 

by isolation of single cell colonies.  Atoh1-Cre PKO mice were established by crossing Pnpt1fl/fl 

C57BL/6J mice with Atoh1-Cre transgenic C57BL/6J mice (Perrin et al., 2010). All mice were 

housed in a pathogen-free animal facility at UCLA and IUPUI, with approval from the 

appropriate Institutional Animal Research Committees. 

 

Characterization of PKO MEFs. Western blot was performed using standard molecular 

biology practices.  PNPT 3370 antibody (Koehler/Teitell Labs) and β-tubulin MMS-410P 

(Covance) were used for immunoblotting. Assessments of mtDNA quantity were performed by 

PCR using primers for the nucleus-encoded control gene Lpl with forward primer:  

GATGGACGGTAAGAGTGATTC and reverse primer ATCCAAGGGTAGCAGACAGGT, 
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and mitochondria-encoded gene, Nd1 with forward primer CCCATTCGCGTTATTCTT and 

reverse primer AAGTTGATCGTAACGGAAGC. Immunofluorescence microscopy images 

were obtained from cells treated with Mitotracker Red CMXRos (Thermo Scientific) and 

PicoGreen dye (Thermo Scientific). OCR and ECAR measurements were performed as 

previously described (Zhang et al., 2012). The following primers were used to check for the 

presence of Pnpt1 exon 2 in the genome DNA: forward primer: 

TATCCTCTGGGAAACTGGCA, reverse primer: ATTCGTACTGCCCCAACAGG. The 

following primers were used to check for the deletion of exon 2 in Pnpt1 that spans the exon 2 

region: forward primer: TCGGGCACTCAGCTATTTGC, reverse primer: 

CACCAACGGCATGAATTGGG. The following primers were used to check for the presence of 

the 3’ end of Pnpt1: forward primer: ACCGCGACAATAACTGAAATC, reverse primer: 

GCAGCACTGCAGTCATGTTT..  

 

RNA Extraction. TM6, rho0 MEFs, and PKO clones were grown in biological triplicates to 70-

80% confluence and purified using TriZol Reagent (Life Technologies) or RNeasy Mini Kit 

(Qiagen). All samples used showed a A260/280 ratio > 2.00 (Nanodrop; Thermo Scientific). 

 

RNA-Seq Library Preparation. Strand-specific ribosomal RNA (rRNA) depleted RNA-Seq 

libraries were prepared from 1 µg of total RNA using the KAPA Stranded RNA-Seq Kit with 

Ribo-Erase (Kapa Biosystems, Roche). Briefly, rRNA was depleted from total RNA samples, the 

remaining RNA was heat fragmented, and strand-specific cDNA was synthesized using a first 

strand random priming and second strand dUTP incorporation approach. Fragments were then A-

tailed, adapters were ligated, and libraries were amplified using high-fidelity PCR. All libraries 
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were prepared in technical duplicates per sample (n = 12 samples, 24 libraries total), and 

resulting raw sequencing reads merged for downstream alignment and analysis. Libraries were 

paired-end sequenced at 2x125bp on an Illumina HiSeq. 

 

RNA-Seq Pre-Processing. PKO clones 1 and 6, rho0, and TM6 MEFs were each sequenced in 

biological triplicates (n = 3, 12 total samples). Raw sequencing reads were converted into fastq 

files and filtered for low quality reads and Illumina sequencing adapter contamination using 

bcl2fastq (Illumina). Trimmed reads were then aligned to the Mus musculus transcriptome, 

generated using the NCBI mm10 (NCBI/mm10/GRCm38, December 2011) genome and RefSeq 

gene annotation, using RSEM 1.2.25 prepare-reference (command parameters --bowtie --bowtie2 

--gtf $(BUILD)/genes.gtf $(GENOME).fa $(RSEM)) (Li and Dewey, 2011). Transcript counts 

were estimated using RSEM 1.2.25 calculate-expression, and collapsed to gene level counts 

using RSEM 1.2.25 tbam2gbam (Li and Dewey, 2011).  Gene-level transcript counts were 

extracted from the results output using custom R/3.4.1 scripts. 

 

Differential Gene Expression Analysis. The resulting sample gene count matrix was size factor 

normalized and analyzed for pairwise differential gene expression using R/3.4.2 Bioconductor 

3.6 package DESeq2 v1.18.1. Expression changes were estimated using an empirical Bayes 

procedure to generate moderated fold change values (Love et al., 2014; Huber et al., 2015).  

Significance testing was performed using the Wald test, and resulting P values were adjusted for 

multiple testing using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). 

DEGs were filtered using an adjusted false discovery rate (FDR) q value < 0.01 and an absolute 

log2 transformed fold-change > 0.5. Variance stabilized transform (VST) values in the gene 
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count matrix were calculated and plotted for principal component analysis (PCA) using DESeq2 

(Love et al., 2014; Huber et al., 2015). Scatterplots of gene expression fold-changes between 

TM6, rho0 and PKO MEFs were performed and Pearson/Spearman correlation coefficients 

calculated using R/3.4.1 package ggpubr v0.1.6 (https://cran.r-

project.org/web/packages/ggpubr/index.html). Genes of interest were extracted and heat maps 

were prepared using R Bioconductor packages pheatmap v1.0.8 and gplots v3.0.1 (Kolde, 2015; 

Gregory Warnes, 2016). 

 

Gene Set Overrepresentation Analysis (ORA). DEGs were extracted and analyzed for 

pathway/gene ontology (GO) term overrepresentation using the R/3.4.1 Bioconductor 3.6 

package clusterProfiler v3.6.0 and ReactomePA v1.22.0, using a background gene set of all 

genes expressed with at least one read count in the sample gene count matrix (Yu et al., 2012a; 

Yu and He, 2016). Overrepresented Reactome/KEGG pathways and GO terms were identified 

using significance testing cutoffs of P < 0.05, and an adjusted FDR < 0.25.   

 

Rank-Rank Hypergeometric Overlap Analysis (RRHO). To determine overlapping 

significance between PKO and rho0 expression patterns relative to TM6, rank-rank 

hypergeometric overlap was performed using the online web server 

(http://systems.crump.ucla.edu/rankrank/rankranksimple.php) (Plaisier et al., 2010).  Separate 

gene ranking lists were constructed according to the signed log10 transformed Wald test q value 

in fold change comparisons between PKO/TM6 and rho0/TM6. Hypergeometric testing was then 

performed to determine the significance of overlap between ranks in both datasets. Heat map 

values were plotted as the signed log10 transformed hypergeometric P value of overlap between 
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ranks at the identified pixel; high values indicate enrichment of overlap, low values indicate 

reduced enrichment of overlap. 

 

Live Cell Interferometry (LCI). Cells were plated into each well of an Ibidi 4 well Ph+ µ-slide 

(Ibidi, USA) at a density of 6 x103 cells/cm2. 24 hours later, Ibidi anti-evaporation oil (Ibidi, 

USA) was added to seal the liquid opening of each well and loaded onto the LCI stage. All 4 

wells were imaged continuously, every 10 minutes for 24 hours with 15-20 locations per well. 

The LCI set up consists of a Zeiss Axio Observer Z1 inverted microscope, an on-stage 

incubation chamber (Zeiss) with temperature, CO2 and humidity modulations. QPM images 

were captured by a SID4BIO (Phasics) quadriwave lateral shearing interferometry camera. All 

cells were imaged using a 20x 0.4NA objective and a 660nm collimated LED (Thorlabs) light 

source. 

 

Cell Cycle Flow Cytometric Analysis. Cells (~5 x 105) were collected, washed once with 500 

µl FACS buffer and resuspended in 200 µl hypotonic propidium iodide staining solution 

containing 10 mg/ml RNAse, 10% Triton X-100, 85 mg/ml trisodium citrate and 2 mg/ml PI 

(Roche). Data was obtained on FACS BD LSRII and FACS BD Fortessa flow cytometers (BD 

Biosciences). Cell cycle analysis was performed with FlowJo software using the univariate 

model..   

 

Auditory Brainstem Response (ABR). ABR waveforms were collected for frequencies 

between 4 kHz and 32 kHz at half-octave intervals, starting at supra-threshold levels and 

decreasing in 5 dB steps to a sub-threshold level.  A Tucker-Davis Technologies System 3 was 



 
 

57 

used to generate symmetrically shaped tone bursts 1 ms in duration with 300 µs raised cosine 

ramps that were delivered to a calibrated magnetic speaker.  Mice were anesthetized with 

Avertin and scalp potentials were recorded with subdermal electrodes, with signals amplified 

20,000 times, bandpass filtered between 0.03 and 10 kHz, digitized using a 20,000 kHz sampling 

rate and subjected to artifact rejection.  Stacked waveforms were compared and the lowest level 

of stimulation that evoked an unambiguous ABR waveform was designated as the threshold. 

 

Scanning Electron Microscopy (SEM). Mouse cochlea were dissected and fixed in 2.5% 

glutaraldehyde in 0.1 M sodium cacodylate buffer with 1 mM CaCl2¬ by perfusing dissected 

cochlea through the round and oval windows followed by incubation in the same solution at RT 

for 4 h.  Following decalcification in 170 mM EDTA at 4ºC for 16 h, the organ of Corti was 

dissected and processed for SEM as described (Belyantseva et al., 2009).  Briefly, tissues were 

successively incubated in 2% each arginine, glycine, glutamic acid and sucrose in water, 2% 

each tannic acid and guanidine-HCl in water and then 1% osmium tetroxide.  Samples were 

critical point dried from CO¬2 and sputter coated with platinum before viewing on a cold field 

emission SEM (Hitachi S4700).           

 

Accession Numbers. All raw RNA-Seq reads and processed gene count matrices are in 

submission to the NCBI Short Read Archive (SRA) and Gene Expression Omnibus (GEO), 

respectively. GEO accession numbers for these data will be provided upon completion. 
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Figures 

 
Figure 3-1. PKO results in loss of mtDNA. (A) PCR to evaluate Pnpt1 (encoding PNPase) 

exon 2 deletion in the parental MEF line, TM6, and 5 independent PKO lines (n = 5).  Three 

primer sets include one to examine Pnpt1 exon 2 (in exon 2), a flanking set to capture deletion of 
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exon 2 (span exon 2), and a control set that amplified the 3’ end of Pnpt1 (PNPase 3’ end). (B) 

Representative immunoblot for PNPase protein in TM6 and 3 PKO clones. Total protein lysates 

were separated by SDS-PAGE and analyzed using polyclonal antibodies that target PNPase and 

β-tubulin. (C) PCR analysis of a control nucleus encoded Lpl gene and the mtDNA encoded Nd1 

gene in TM6 and 3 PKO cell lines. (D) Fluorescence microscopy of TM6, rho0, and 

representative PKO (PKO-4) MEF cell lines with PicoGreen staining for double-stranded DNA 

(left), MitoTracker Red (center), and an overlay (right). (E-G) Respiration analysis using a 

Seahorse XF24 Extracellular Flux Analyzer on the cell lines in (B). Experiments were performed 

in biological triplicates (n = 3, ± SD) and normalized to protein content. (E) Oxygen 

consumption rate (OCR), (F) extracellular acidification rate (ECAR), and (G) OCR/ECAR ratios 

are shown (n = 3, ± SD). 
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Figure 3-2. PKO cell gene expression patterns converge and diverge with rho0 MEFs. (A) 

Principal Component Analysis (PCA) of TM6, rho0, PKO-1, and PKO-6 MEFs (n = 3 biological 

replicates per line; 12 replicates total). Expression profiles for each sample were plotted for their 

PC1 and PC2 scores, providing primary and secondary sources of variance, respectively.  

Samples were color coded based on cell type. (B) Rank-rank hypergeometric overlap (RRHO) 

maps of the log2 fold-change expression profiles between PKO and rho0 MEFs with respect to 
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TM6 MEFs. Color coding represents –log10 transformed hypergeometric P values, with higher 

values indicating strength of overlapping enrichment between PKO and rho0 gene lists. (C) Venn 

diagram of differentially expressed genes (DEGs) between rho0 MEFs (left) and PKO clones 

(right) with respect to TM6 MEFs. DEGs were identified in each comparison using an absolute 

log2 fold-change threshold above 0.5 and a false discovery rate (FDR) adjusted Wald q value 

below 0.01. Clusters indicate rho0 specific (cluster 1), PKO specific (cluster 3), and shared 

DEGs (cluster 2). (D) Dotplot of Gene Ontology (GO) overrepresentation analysis (ORA) of the 

rho0 specific, shared, and PKO specific DEG clusters. Dot size indicates the ratio of genes from 

the selected ontology set in the DEG cluster, color indicates significance of gene set 

overrepresentation in the cluster (FDR adjusted P value) following hypergeometric significance 

testing. 
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Figure 3-3. PKO and rho0 MEFs have similar cell growth, cell cycle and metabolic gene 

expression profiles. (A-B) Scatterplot of (A) mitotic progression and (B) metabolic gene 

expression changes between PKO (y-axis) and rho0 (x-axis) MEFs with respect to TM6 MEFs 

(calculated as log2 fold-change) (n = 3 biological replicates per line, 12 total). Linear regression 

lines were fit and Pearson (top value) and Spearman (bottom value) correlation coefficients were 
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calculated with accompanying P values calculated using two-tailed t significance tests. Gene sets 

were derived from KEGG database cell cycle ID MMU04110 (a) and metabolic ID MMU00100 

(B). (C) Growth (biomass accumulation) rates for TM6, rho0, PKO-1, and PKO-6 cells were 

quantified by live cell interferometry (TM6 n=308, rho0: n=233, PKO-1: n=303 PKO-6: n 

=364). (Median=red stripe, 95% confidence interval=pink region ± SD = purple region. (D) 

Proliferation of TM6, rho0, PKO-1 and PKO-6 MEFs by manual cell counting (n = 3, ± SD). (E) 

Stacked barplots of phases of the cell cycle in percentage distributions for TM6, rho0, PKO-1, 

and PKO-6 MEFs (n = 3, ± SD). (F) Representative cell cycle analysis profiles for TM6, rho0, 

PKO-1, and PKO-6 MEFs. DNA was stained with propidium iodide and profiles assembled by f 

flow cytometry. 
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Figure 3-4. Loss of PNPase results in hearing loss. (A) Auditory brainstem response test for 

WT (black) and Atoh1-Cre PKO mice (red) at 3 weeks and 4 weeks (n = 2). (B) SEM analysis of 

hair cell stereocilia. Yellow arrows indicate regions that lack cilia, and red arrows indicate 

regions of stereocilia fusion. 
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Supplementary Figures  
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Figure S3-1. Heatmaps of selected overrepresented pathways in DEG clusters (related to 

Figure 3-2D). (A) Heat map of mtDNA replication genes (GO:0006264) overrepresented in 

cluster 1. (B) Cholesterol metabolic (GO:0008203), sterol metabolic (GO:0016125), lipid 

biosynthetic (GO:0008610), and secondary alcohol synthetic (GO:1902652) processes 

overrepresented in cluster 2. (C) Axonogenesis (GO:0007409), axon guidance (GO:0007411), 

and axon development (GO:0061564) genes overrepresented in cluster 3. Heat maps are 

hierarchically clustered based on Euclidean distance and Ward linkage. Heat map values are 

plotted as the variance stabilized transform (VST) subtracted by the gene row average mean of 

samples. (n = 3 biological replicates, 12 total). 
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Figure S3-2. PKO and rho0 MEFs show highly correlated metabolic gene expression 

profiles (related to Figure 3-3B). Scatterplot of metabolic gene expression values between PKO 

(y-axis) and rho0 (x-axis) MEFs with respect to WT TM6 MEFs (calculated as log2 fold-
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change). Linear regression lines were fit and Pearson (top value) and Spearman (bottom value) 

correlation coefficients were calculated with accompanying significance P values calculated 

using two-tailed t significance tests. Gene sets were derived from the KEGG database under the 

identification numbers indicated above each plot. 
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Chapter 4: PNPase binds mitochondrial 
tRNAs, affects accumulation of antisense RNAs 
and binds mitochondrial ribosome assembly and 
RNA processing factors  

 
Introduction 

 The mitochondrial DNA (mtDNA) carries genetic materials necessary for mitochondrial 

function and is uniquely organized with a compact design. The human mitochondrial DNA is a 

double stranded, circular molecule that is 16.5kb in length and encodes 22 tRNAs, 13 proteins 

and 2 rRNAs (1).  Genes are encoded on both strands of the DNA, which is referred to as the 

heavy and light strand according to its buoyancy observed in denaturing cesium chloride 

gradients (2). The mammalian mitochondria DNA is very compact; some termination codons and 

3’ ends of tRNAs are not encoded in the DNA, it contains no intronic sequences and very few 

non-coding nucleotides between genes (1). The noncoding region called the control region 

located between tRNA phenylalanine and tRNA threonine encodes the origin of replication for 

the heavy strand and the promoter regions for both the heavy and light strand transcription (3).  

This noncoding region also contains the binding sites for transcription regulating factors (3).  

Knowing that the mtDNA is much smaller and structured differently than the nuclear DNA, it is 

understandable that it has an RNA transcription system that is vastly distinct from its nuclear 

counterpart.  

The mitochondria produce polycistronic transcripts and process the individual RNAs 

from the precursor transcripts. The 3 polycistronic transcripts observed in the mitochondrial are: 
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H1 transcript ( tRNA Phe to end of 16s rRNA), H2 transcript, which includes most of the heavy 

strand starting at 2 nt upstream of 12 srRNA and L strand transcript, which is transcribed from 

the opposite strand that encodes 8 tRNAs and ND6 (4,5). These polycistronic transcripts are 

mostly processed by the excision of tRNAs that flank coding or ribosomal genes, which is 

commonly referred to as the “tRNA punctuation” model (4,6). Many of the details in RNA 

processing and degradation for mitochondrial transcripts have not been heavily studied and have 

only recently become an active area of interest. 

Despite efforts in studying nucleases and RNA degradation pathways in the 

mitochondria, currently there is no clear understanding of the RNA degradation mechanism in 

mammalian mitochondria.  Mammalian mitochondrial RNA is believed to be stabilized by poly-

A tails (7,8). However, unstable polyadenylation at 3’ ends of truncated transcripts have also 

been reported and suggests a possible parallel to the polyadenylation assissted RNA decay 

pathway in the mitochondria (9). Thus the mammalian mitochondrial is thought to contain 

degradation pathways that are regulated by differential roles of polyadenylation, which can 

stabilize and trigger degradation through polyadenylation assisted RNA degradation as seen in 

the nuclear and cytosolic systems (10-12). In addition to endonucleases such as the RNase P 

complex and RNase Z, which are primarily involved in tRNA processing at 5’ and 3’ end 

respectively, there are several nucleases that have been identified in the mitochondria (13). 

Endonuclease G is a nonspecific DNA/RNA nuclease that is localized in the IMS and has a role 

during apoptosis (14,15). Rexo2 is in the IMS and matrix and is implicated in degrading 

oligoribonucleotides (16). The stable poly-A tails of mitochondrial RNAs have been shown to be 

degraded by PDE12, which is a 2’ and 3’ phosphodiesterase (17,18). In addition, the knockdown 

of LACTB2, which cleaves single stranded RNA in vitro, was shown to have a modest effect in 
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mitochondrial mRNA levels, but nevertheless induced mitochondrial dysfunction and apoptosis 

(19). The aforementioned nucleases have minor modifying roles for RNA degradation and the 

field has been interested in identifying the ultimate RNA degradation machinery that is 

responsible for bulk mitochondrial RNA degradation. Drawing from the DSS1 

exoribonuclease/SUV3 RNA helicase RNA degradation complex identified in yeast 

mitochondria, the human homolog, PNPase exoribonuclease/hSUV3 RNA helicase has been 

studied for its potential role as a RNA degradation machinery in the metazoan mitochondria.  

Contrary to expectations, demonstrating PNPase/hSUV3 as the primary RNA degradation 

machinery has not been a straightforward story.  Stable knockdown of PNPase has shown 

variable effects on the nature of poly-A tail and steady state levels of mitochondrial coding 

RNAs(20,21) . Specifically, the poly-A tail of COX1 was abolished, COX3 poly adenylation did 

not seem to be affected, and ND3 and ND5 poly-A tails extended upon knockdown of PNPase 

(20). Steady state levels of ND2 levels were mildly increased upon PNPase knockdown, COX2, 

and CytB levels did not seem to change, and COX1 and 12S rRNA levels decreased slightly 

(21). Because mitochondria polycistronicaly transcribes its RNA through both strands of its 

DNA including regions that do not contain annotated genes, the mitochondrial matrix also 

contain many antisense RNAs that do not code for tRNA, rRNA or structural genes. 

Interestingly, PNPase and hSUV3 have been shown to participate in degrading these RNAs that 

are located on the antisense strand with respect to the annotated mitochondrial gene, which from 

here on will be referred to as mitochondrial antisense RNA (AS RNA) (21) (22). Thus, in 

contrast to coding RNAs, the AS RNAs of ND2, COX1, COX2, CYTB showed a stark increase 

upon PNPase knockdown while mitochondrial tRNA levels were shown to be mildly decreased 

(21).Similar increases of select mitochondrial AS RNA have been shown when hSUV3 function 
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has been suppressed (22).  

 Since the effect of PNPase on mitochondrial RNA levels was assayed on select 

mitochondrial transcripts, we sought to characterize the role of PNPase in the mitochondria with 

a multi-faceted approach. This study aims to further characterize the endogenous RNA targets of 

PNPase, characterize whether PNPase is responsible for degradation of other AS RNA species in 

the mitochondria, and identify its interaction partners.  

 

PNPase binds to regions of mtRNA that contain tRNAs 

Since PNPase is an RNA degrading and polymerizing enzyme in vitro, we performed UV 

crosslinking and analysis of cDNA (CRAC) to identify binding targets of PNPase using the WT 

PNPase and S484A PNPase, which is a catalytically inactive mutant that cannot degrade RNAs 

in vitro. At the time of this experiment, we strongly believed that PNPase was localized to the 

IMS of mitochondria based on previous studies (23,24). Therefore, we were surprised to find that 

all mitochondrial mRNAs and tRNAs were identified to bind PNPase (Figure 4-1A-B and data 

not shown). The target binding patterns for both the WT and S484A mutant PNPase were similar 

and there were minor difference between the peaks identified for WT and S484A PNPase 

samples. Though PNPase bound to all annotated mitochondrial transcripts on the sense strand, 

we observed that PNPase bound regions that include tRNAs at a high level. Specifically, PNPase 

bound regions include MT-TV, MT-TI, MT-TG, MT-TH, MT-TY and MT-TE. Both 

mitochondrial ribosomal RNAs were also seen to bind PNPase. In addition, 7S RNA transcribed 

from the noncoding region of the mitochondrial genome was also highly enriched in both of the 

PNPase CRAC samples (Figure 4-1A-B). 
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Knockdown of PNPase results in mild changes in mitochondrial 

RNA of coding genes, but specific antisense RNAs accumulate in the 

mitochondria 

Because PNPase seemed to interact with mitochondrial matrix localized RNAs, we next 

wondered whether knockdown of PNPase affects mitochondrial RNA levels significantly. It has 

already been shown by Borowski et al that mitochondrial antisense RNAs are degraded by 

PNPase, and mitochondrial mRNA levels are not affected drastically upon knockdown of 

PNPase (21). However, we wanted to verify the effect of PNPase in all other transcripts that 

were not detailed in this previous study. We first started with checking the sense strand 

transcripts of ND1, ND2, ND3, ND4, and ND6. As shown in (Figure 4-2A), ND1 and ND2 

levels seemed to increase slightly upon knockdown of PNPase (si58 and si59) compared to the 

negative control sample that was transfected with non-specific siRNA (si+). For ND3, the 

transcript level did not change significantly but the size of the transcript shifted slightly. For 

ND4, knockdown of PNPase did not affect the transcript levels, and for ND6, the level seemed to 

decrease slightly. When we looked at non-ND transcripts, we observed decreases in the mRNA 

levels of COX1, COX2, COX3, CYTB, and ATP6 levels compared to the control siRNA (si+) 

transfected samples (Figure 4-3A). These results were consistent with Borowski et al, where they 

showed that knockdown of PNPase resulted in mild changes for sense strand of mRNAs and 

increase in mRNA levels for selected mitochondrial transcripts. In addition, 12S rRNA and 16 S 

rRNA levels also decreased upon PNPase knockdown (Figure 4-4A).  



 
 

108 

 In contrast, the accumulation of AS RNA complementary to the coding mRNAs showed 

drastic changes for select transcripts.  AS ND1 and ND2 RNA levels were higher when PNPase 

was knocked down (Figure 4-5A). The band size for the ND1 AS transcript was slightly larger 

than sense ND1 RNA, but the AS ND2 is comparable in size to the sense ND2 mRNA. In 

addition, knockdown of PNPase also resulted in accumulation of AS RNA for ND5 and ND6 

transcripts, however, there was also a drastic change in band pattern of AS RNA, suggesting that 

PNPase knockdown may perturb various processing steps of AS RNA degradation. In contrast to 

these observations, AS ND4 transcript levels were not affected by knockdown of PNPase, which 

is very interesting because the sense RNA levels were also not affected by PNPase knockdown 

(Figure 4-5A).  For non-ND transcripts, AS COX1 transcripts accumulated upon PNPase 

knockdown the molecular weight of this transcript was similar in size to the sense COX1 RNA. 

AS ATP6 and CYTB also accumulated where there seemed to be an accumulation of large 

molecular weight transcripts (Figure 4-6A). Also, the AS RNAs for 12S and 16S ribosomal 

RNAs seemed to be decreased when PNPase was knocked down, similar to what we observed 

for the sense strand of 12S rRNA and 16S rRNAs (Figure 4-6A). 

 

PNPase binds to ribosome assembly and RNA processing factors in 

the mitochondria 

In order to better understand the function of PNPase in the mitochondria, we sought to 

understand the specific protein factors that interact with PNPase. Previous attempts to identify 

PNPase interaction partners by immunoprecipitation in native conditions did not reveal any 

reasonable candidates to study further (data not shown)  and we reasoned that PNPase interaction 
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partners may interact weakly or transiently. Thus, we used the approach to label proteins in the 

proximity of the protein of our interest by expressing a fusion protein consisting of PNPase fused 

to a biotin ligase called BIOID2 (25)25). These constructs were expressed in HEK-293T FlpIn 

cell lines. We verified the expression of this fusion protein and checked that the BioID2 fusion to 

the PNPase still permits biotinylation by the fused BIOID2 protein (Figure 4-7A-B). As a control 

cell line, we expressed eGFP fused to BIOID2 with a PNPase mitochondrial targeting sequence 

(amino acid 1-82) at its N-terminus (PNP-GFP-B2) in the same HEK-293T FlpIn cell line. We 

further performed a sub-mitochondrial fractionation experiment and showed that the full length 

(FL) PNPase-BIOID2 (FL PNP-B2) were present mostly in the mitochondrial matrix (Figure 4-

7C).   

 We then cultured the cell lines expressing the fusion protein of our interest in the 

presence of biotin and performed the pull down experiments to identify all proteins that are 

biotinylated in each cell line. When we subtracted the proteins identified in the FL PNP-B2 pull 

down assay from those identified in the PNP-GFP-B2 pull down assay, we identified that 

PNPase most strongly interacted with hSUV3 (Table 4-1), agreeing with published studies 

(22,26,27). We also identified, LRPPRC, which has a role in maintaining the stability of 

mitochondrial RNAs (28),  GRSF1, which is required for mitochondrial ribosome assembly and 

RNA recruitment  (29,30),  and MRPP1, which catalyze the 5’ processing of mitochondrial 

tRNAs (Table 4-1).  Interestingly, we also identified DHX30, DDX28, FASTKD2, FASTKD5, 

and possibly FASTKD3 as potential interaction partners for PNPase (Table 4-1). DHX30, 

DDX28, FASTKD2, FASTKD3, and FASTKD5  have all been reported to interact with PNPase 

(31,32). In addition, hSUV3 has also been reported to interact with DHX30, DDX28, FASTKD2, 

and FASTKD5 (31). DHX30 and DDX 28 are mitochondria localized putative RNA helicases 
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implicated in mitochondrial ribosome assembly (31). FASTKD2, FASTKD3, and FASTKD5 are 

members of the Fas-activated serine/threonine (FAST) kinase domain containing protein family. 

FASTKD2 and FASTKD5 have been shown to be important for mitochondrial RNA processing, 

and FASTKD2 is also implicated in mitochondrial ribosome assembly (31,33).  In contrast, the 

specific function of FASTKD3 in the mitochondria has not been studied thoroughly (32). While 

most of PNPase function has been studied with regards to RNA processing and degradation 

functions in the mitochondria, its interactions with other RNA processing factors and 

mitochondrial ribosome assembly factors suggests a possible intersection of these processes in 

the mitochondria.  

 

Discussion 

PNPase seems to bind all mitochondrial mRNAs, tRNAs, rRNAs, and even the 7S RNA. 

However, specific tRNA segments bound PNPase at high levels. When steady state levels of 

mitochondrial RNAs upon PNPase knockdown were assess, mitochondrial coding RNAs showed 

marginal changes in steady state levels.  In contrast, on specific mitochondrial transcripts, there 

were increased accumulations of antisense noncoding RNAs upon knockdown of PNPase.  

Further, when we looked for PNPase interaction partners using the proximity labeling pull down 

method, we identified FASKD2, FASKD3, FASKD5, DHX30, and DDX28 to interact with 

PNPase. Thus, this study identified RNAs and protein factors that interact with PNPase and 

further characterized the effect of PNPase knockdown on mitochondrial RNA transcripts.  

If PNPase is directly involved in the degradation of specific mitochondrial RNAs, it is 

interesting to consider how PNPase may recognize its specific targets. We have performed in 
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vitro systematic evolution of ligands by exponential enrichment (SELEX) analysis to identify 

motifs that are preferentially bound by PNPase. When we looked for the presence of these motifs 

(CTACCCC, CAACCCC, CTAGCCC) in the mitochondria RNAs, we identified that RNR1, 

ND1, ND2, COX1, ND3, COX3, and ND6 contained these motifs. However, we were not able to 

see a consistent pattern of steady state RNA level changes upon knockdown of PNPase for the 

aforementioned transcripts. Alternatively, RNAs that are polyadenylated or oligoadenylated may 

be a way to mark RNAs for degradation in the mitochondria. It is also conceivable that proteins 

that are attached to the RNAs may act as a signal for degradation.  

The CRAC and BIOID2 analysis suggests that PNPase may localize in the mitochondrial 

matrix. Different experimental approaches have shown PNPase to be localized in the IMS and 

matrix of the mitochondria (21,23,34). Our experiments showed that PNPase interacts with 

mitochondrial RNAs and matrix localized proteins. Thus, there is a high likelihood of PNPase 

being localized to the matrix. In addition, the PNPase-BIOID2 fusion protein was localized into 

the matrix, again supporting that endogenous PNPase may localize in the matrix compartment.  

  Though PNPase binds to all mitochondrial tRNAs, rRNAs and mRNAs, high amount of 

specific tRNA containing regions interact with PNPase endogenously. The interaction of PNPase 

with other RNA processing enzymes and ribosome assembly factors suggest a possibly 

coordinated regulation of RNA processing and mitochondrial translation. In light of the recently 

discovered function of PNPase in regulating the metabolic shift during induced pluripotent stem 

cell differentiation, how expression levels of PNPase can affect the cellular reliance on oxidative 

phosphorylation and how its specific role in the mitochondria may relate to this metabolic shift is 

an interesting question to address in the future. 
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Materials and Methods 
 

Construction of Cell Lines. All tissue culture cells were cultured in DMEM (Dulbecco’s 

Modified Eagle Medium) supplemented with 10% Fetal Bovine Serum (Omega Scientific) and 

1x penicillin-streptomycin under 5% CO2 at 37°C. 293T FlpIn cell lines were constructed by 

transfecting the host cell line with pOG44 Flp-Recombinase Expression Vector (thermofisher) 

and pCDN5 FRT/TO vector expressing the fusion protein of interest (see supplemental). 

Specifically, approximately 1 million 293T FlpIn cells were plated in a 6 well plate the night 

before transfection. The next day, at 60-80% cellular confluency, the cells were transfected using 

0.2µg of pCDNA 5 FRT/TO vector expressing the fusion protein of interest and 1.8µg of pOG44 

vector using the BioT transfection agent (Bioland Scientific) following the manufacturer’s 

protocol. After 24hours, the media was replaced, and the cells were split out of the 6 well plate 

after 48 hours into a 10cm plate and plated in selection media containing 10µg/mL blasticidin 

and 200µg/mL hygromycin. The cells were cultured until the individual colonies started to form 

on the 10cm, and all colonies were pooled together to establish a polyclonal cell line. 

 

UV crosslinking and analysis of cDNA (CRAC) pull down. CRAC experiments were 

performed as described in Helwak et al (35). First set of CRAC experiments were performed in 

293T cells transduced with retrovirus overexpressing S484A PNPase –histidine tag- protein C 

tag, Tim23-histidine tag-protein C tag, and WT 293T cells. Second set of CRAC experiments 

were performed in 293T FlpIn cells expressing a single copy of WT PNPase-histidine tag- 

protein C tag, S484A PNPase–histidine tag- protein C tag, and Tim23–histidine tag- protein C 

tag and the WT 293T FlpIn cells. Cell lysates were prepared as shown in step 1-7 of the 
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published CLASH nature protocol (35), however, the expression of fusion proteins were induced 

with doxycycline for 24 hours 

 

CRAC Analysis. The single end reads were adaptor-trimmed using cutadapt with default 

parameters.  The trimmed reads were converted from fastq to fasta format and the duplicated 

reads were collapsed with customized perl script. The non-redundancy reads were aligned to 

human genome hg38 using novoalign (version 2.4.0 with parameters “-t 85 -F FA -l 15 -s 1 -o 

Native -r None”). Next, mapping reads were converted to a bed file, then they were further 

converted to bed graph and finally the tags were clustered using perl script in CLIP Tool Kit 

(CTK). The clusters with tags more than 10 reads were defined as PNPase binding peaks. 

Genome features of PNPase binding sites were annotated including 8 categories: promoter-TSS 

(transcription start site),  5’ UTR, exon, intron, 3’ UTR, TTS (transcription termination site), 

non-coding RNAs and intergenic regions using annotatePeaks, and motif were found using 

homer finding findMotifsGenome in Homer (36). Peaks in Mitochondria were annotated by 

overlapping with Mitochondria annotation files using bedtools (37). 

 

siRNA Knockdown. siRNA knockdown of PNPase was performed in 293T cell lines. Briefly, 

1.6 million 293T cells were plated into 6 well plates and reverse transfected using RNAiMAX 

(thermofisher) following the manufacturer’s protocols. However, the siRNA concentration was 

kept at 20nM to follow the protocol used by Borowski et al (21). After 24-48 hours, cells were 

split out to 10cm plate as necessary, and cells were harvested after 72 hours post transfection. 

 

Northern Blotting. Most experiments were based on n=2 or more, except for sense strand of 



 
 

114 

ND1 and antisense strand of ND1, ND4, ND5, Cox1, 12S, 16S rRNA which were assessed with 

n=1.  RNA samples were prepared using Trizol Reagent and precipitated with isopropranol. 

Samples were glyoxylated by incubating in glyoxylation buffer (60% DMSO (v/v), 20% (v/v) 

deionized glyoxal  1.2X BPTE buffer, 4.8% glycerol, .2mg/mL ethydium bromide) at a 1:4 

(RNA to gyloxylate mix) at 55°C for 1hr, cool on ice for 10 minutes and stored in -20°C. The 

10X BPTE buffer was prepared as 100mM PIPES, 300mM Bis-Tris 10mM EDTA (pH8.0) and 

diluted as needed. Glyoxylated RNA samples were separated on 1X BPTE agarose gel in 1X 

BPTE. The RNA samples were transferred onto a hybond N+ nylon membrane using standard 

capillary transfer method in 10X SSPE buffer 0.01M EDTA, 1.49M NaCl and 0.1M phosphate 

buffer pH 7.4. The membranes were crosslinked and blocked in church buffer (1% BSA, 1 mM 

EDTA, 0.5 M NaPO4 pH 7.2, 7% SDS) at 65 °C for 1 hour. P32 labeled RNA probes were 

prepared using T7 MAXIscript kit using the manufacturer’s protocol and were stored in -20C 

until use. The membranes were then hybridized with the appropriate probes overnight at 65 °C, 

washed with 2X SSPE + 0.1% SDS, 1X SSPE + 0.1% SDS, and 0.1X SSPE + 0.1% SDS and 

signals were detected by phosphor imaging autoradiograph. 

 

Proximity dependent biotinylation for identification of interacting proteins. BIOID2 

sequence was PCR amplified out of myc-BIOID2-MCS (addgene plasmid #74223) and inserted 

to the pcDNA5 FRT/TO vector, thus all BIOID2 cell lines constructed from this plasmid 

contains a myc tag.  PNP-GFP construct was designed to contain the first 82 amino acids of 

PNPase so that this segment will contain the mitochondrial targeting sequence and a long enough 

flanking region to allow for the cleavage of the targeting sequence. The PNPase-BIOID2 cell 

line expresses an inducible construct consisting of full length PNPase followed by myc tag and 
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BIOID2.  

 10 x 15cm were cultured per cell line, and grown to ~80% confluency. 24 hours before 

harvesting cells were the tissue culture medium was supplemented with 50mM biotin and 10nM 

doxycycline. Cells were subsequently harvested by scraping, and mitochondria was isolated by 

douncing in mitochondria isolation buffer consisting of 20mM HEPES ph 7.5, 70mM sucrose, 

220mM mannitol and 0.5mM PMSF. The amount of purified mitochondria were normalized to 

equal protein mass among each sample, and were lysed in lysis buffer (8 M urea, 2% SDS, 100 

mM Tris, pH  8) at room temperature fore 30 min. The samples were centrifuged and the 

supernatant was incubated with alkylated streptavidin beads for 2 hours at room temperature. 

The beads were then washed three times each with lysis buffer, wash II buffer (8 M urea, 2% 

SDS, 500 mM NaCl, 100 mM Tris, pH  8), wash III buffer (8 M urea, 0.2% SDS, 500 mM NaCl, 

5% ethanol, 5% isopropanol, 100 mM Tris, pH  8), and digestion buffer (8 M urea, 100 mM Tris, 

pH 8.5). The beads were then spun down, and resuspended in 50uL digestion buffer. The 

samples were processed and analyzed by mass spectrometry by the Wohlschlegel lab. The 

BIOID2 analysis was performed with 3 biological replicate samples where each sample set 

contained 2 technical replicates. 
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Figures 
 

 
 

Figure 4-1. PNPase binds to regions of mtRNA that contain tRNAs. (A) PNPase binding 

targets aligning to the heavy strand of mitochondrial RNAs. (B) PNPase binding targets aligning 

to the light strand of mitochondrial RNAs. All samples were sequenced in duplicates All samples 

were sequenced in duplicates (duplicates of Tim23-HisPC and wild type cell line, 293T FlpIn 

cells are not shown). 
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Figure 4-2. Steady state level of sense RNAs encoding for ND-X transcripts do not change 

significantly upon knockdown of PNPase. (A) Northern blots probing for ND1, ND2, ND3, 

ND4, and ND6 are shown. 18S rRNA is used as loading control (B) Western blot showing the 

extent of knockdown of PNPase in the samples transfected with si+ (negative control siRNA), 

si58 (siRNA #1 against PNPase) , and si59 (siRNA #2 against PNPase). These samples were 

used for subsequent northern blots.   
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Figure 4-3. Steady state level of sense RNAs encoding for non ND-X transcripts do not 

change significantly upon knockdown of PNPase. (A) Northern blots probing for COX1, 

COX2, COX3, CYTB, and ATP6 are shown. 18S rRNA is used as loading control  
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Figure 4-4. Steady state level of 12S rRNA and 16S rRNA decrease upon knockdown of 

PNPase. (A) Northern blots probing for 12S rRNA and 16S rRNA are shown. 18S rRNA is used 

as loading control  
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Figure 4-5. Steady state level of specific antisense ND-X transcripts accumulate upon 

knockdown of PNPase. (A) Northern blots probing for AS ND1, ND2, ND4, ND5 and ND6 are 

shown. 18S rRNA is used as loading control  
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Figure 4-6. Steady state level of specific antisense non ND-X transcripts accumulate upon 

knockdown of PNPase. (A) Northern blots probing for AS COX1, ATP6, 12S rRNA, 16S rRNA 

and CYTB are shown. 18S rRNA is used as loading control  
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Figure 4-7. PNPase interacts with ribosome assembly factors and RNA processing factors 

in the mitochondria. (A) Western blot showing the levels of BIOID2 fusion proteins used in the 

proximity labeling assay. (B) Western blot showing the levels of total biotinylated proteins in the 

constructed cell lines. (C) Sub-mitochondrial fractionation of  FL PNP-B2.  
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Table 4-1. Potential PNPase interaction partners identified from the BIOID2 proximity 

labeling assay. PNPase interacting proteins identified from mass spectrometry analysis of 

streptavidin pull down elution of proteins biotinylated by FL PNPase-BIOID2 and EGFP-

BIOID2 fusion proteins.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

128 

References 
 
1. Montoya, J., Lopez-Perez, M. J., and Ruiz-Pesini, E. (2006) Mitochondrial DNA 

transcription and diseases: past, present and future. Biochim Biophys Acta 1757, 1179-
1189 

2. Kasamatsu, H., and Vinograd, J. (1974) Replication of circular DNA in eukaryotic cells. 
Annu Rev Biochem 43, 695-719 

3. Gustafsson, C. M., Falkenberg, M., and Larsson, N. G. (2016) Maintenance and 
Expression of Mammalian Mitochondrial DNA. Annu Rev Biochem 85, 133-160 

4. Montoya, J., Gaines, G. L., and Attardi, G. (1983) The pattern of transcription of the 
human mitochondrial rRNA genes reveals two overlapping transcription units. Cell 34, 
151-159 

5. Martin, M., Cho, J., Cesare, A. J., Griffith, J. D., and Attardi, G. (2005) Termination 
factor-mediated DNA loop between termination and initiation sites drives mitochondrial 
rRNA synthesis. Cell 123, 1227-1240 

6. Ojala, D., Montoya, J., and Attardi, G. (1981) tRNA punctuation model of RNA 
processing in human mitochondria. Nature 290, 470-474 

7. Wilson, W. C., Hornig-Do, H. T., Bruni, F., Chang, J. H., Jourdain, A. A., Martinou, J. C., 
Falkenberg, M., Spahr, H., Larsson, N. G., Lewis, R. J., Hewitt, L., Basle, A., Cross, H. 
E., Tong, L., Lebel, R. R., Crosby, A. H., Chrzanowska-Lightowlers, Z. M., and 
Lightowlers, R. N. (2014) A human mitochondrial poly(A) polymerase mutation reveals 
the complexities of post-transcriptional mitochondrial gene expression. Hum Mol Genet 
23, 6345-6355 

8. Nagaike, T., Suzuki, T., Katoh, T., and Ueda, T. (2005) Human mitochondrial mRNAs 
are stabilized with polyadenylation regulated by mitochondria-specific poly(A) 
polymerase and polynucleotide phosphorylase. J Biol Chem 280, 19721-19727 

9. Slomovic, S., Laufer, D., Geiger, D., and Schuster, G. (2005) Polyadenylation and 
degradation of human mitochondrial RNA: the prokaryotic past leaves its mark. Mol Cell 
Biol 25, 6427-6435 

10. Slomovic, S., Fremder, E., Staals, R. H., Pruijn, G. J., and Schuster, G. (2010) Addition 
of poly(A) and poly(A)-rich tails during RNA degradation in the cytoplasm of human 
cells. Proc Natl Acad Sci U S A 107, 7407-7412 

11. Vanacova, S., Wolf, J., Martin, G., Blank, D., Dettwiler, S., Friedlein, A., Langen, H., 
Keith, G., and Keller, W. (2005) A new yeast poly(A) polymerase complex involved in 
RNA quality control. PLoS Biol 3, e189 

12. Wyers, F., Rougemaille, M., Badis, G., Rousselle, J. C., Dufour, M. E., Boulay, J., 
Regnault, B., Devaux, F., Namane, A., Seraphin, B., Libri, D., and Jacquier, A. (2005) 
Cryptic pol II transcripts are degraded by a nuclear quality control pathway involving a 
new poly(A) polymerase. Cell 121, 725-737 

13. Rossmanith, W. (2012) Of P and Z: mitochondrial tRNA processing enzymes. Biochim 
Biophys Acta 1819, 1017-1026 

14. Bruni, F., Gramegna, P., Lightowlers, R. N., and Chrzanowska-Lightowlers, Z. M. (2012) 
The mystery of mitochondrial RNases. Biochem Soc Trans 40, 865-869 



 
 

129 

15. Low, R. L. (2003) Mitochondrial Endonuclease G function in apoptosis and mtDNA 
metabolism: a historical perspective. Mitochondrion 2, 225-236 

16. Bruni, F., Gramegna, P., Oliveira, J. M., Lightowlers, R. N., and Chrzanowska-
Lightowlers, Z. M. (2013) REXO2 is an oligoribonuclease active in human mitochondria. 
PLoS One 8, e64670 

17. Rorbach, J., Nicholls, T. J., and Minczuk, M. (2011) PDE12 removes mitochondrial RNA 
poly(A) tails and controls translation in human mitochondria. Nucleic Acids Res 39, 
7750-7763 

18. Fiedler, M., Rossmanith, W., Wahle, E., and Rammelt, C. (2015) Mitochondrial poly(A) 
polymerase is involved in tRNA repair. Nucleic Acids Res 43, 9937-9949 

19. Levy, S., Allerston, C. K., Liveanu, V., Habib, M. R., Gileadi, O., and Schuster, G. 
(2016) Identification of LACTB2, a metallo-beta-lactamase protein, as a human 
mitochondrial endoribonuclease. Nucleic Acids Res 44, 1813-1832 

20. Slomovic, S., and Schuster, G. (2008) Stable PNPase RNAi silencing: its effect on the 
processing and adenylation of human mitochondrial RNA. RNA 14, 310-323 

21. Borowski, L. S., Dziembowski, A., Hejnowicz, M. S., Stepien, P. P., and Szczesny, R. J. 
(2013) Human mitochondrial RNA decay mediated by PNPase-hSuv3 complex takes 
place in distinct foci. Nucleic Acids Res 41, 1223-1240 

22. Szczesny, R. J., Borowski, L. S., Brzezniak, L. K., Dmochowska, A., Gewartowski, K., 
Bartnik, E., and Stepien, P. P. (2010) Human mitochondrial RNA turnover caught in 
flagranti: involvement of hSuv3p helicase in RNA surveillance. Nucleic Acids Res 38, 
279-298 

23. Chen, H. W., Rainey, R. N., Balatoni, C. E., Dawson, D. W., Troke, J. J., Wasiak, S., 
Hong, J. S., McBride, H. M., Koehler, C. M., Teitell, M. A., and French, S. W. (2006) 
Mammalian polynucleotide phosphorylase is an intermembrane space RNase that 
maintains mitochondrial homeostasis. Mol Cell Biol 26, 8475-8487 

24. Rainey, R. N., Glavin, J. D., Chen, H. W., French, S. W., Teitell, M. A., and Koehler, C. 
M. (2006) A new function in translocation for the mitochondrial i-AAA protease Yme1: 
import of polynucleotide phosphorylase into the intermembrane space. Mol Cell Biol 26, 
8488-8497 

25. Kim, D. I., Jensen, S. C., Noble, K. A., Kc, B., Roux, K. H., Motamedchaboki, K., and 
Roux, K. J. (2016) An improved smaller biotin ligase for BioID proximity labeling. Mol 
Biol Cell 27, 1188-1196 

26. Wang, D. D., Guo, X. E., Modrek, A. S., Chen, C. F., Chen, P. L., and Lee, W. H. (2014) 
Helicase SUV3, polynucleotide phosphorylase, and mitochondrial polyadenylation 
polymerase form a transient complex to modulate mitochondrial mRNA polyadenylated 
tail lengths in response to energetic changes. J Biol Chem 289, 16727-16735 

27. Wang, D. D., Shu, Z., Lieser, S. A., Chen, P. L., and Lee, W. H. (2009) Human 
mitochondrial SUV3 and polynucleotide phosphorylase form a 330-kDa heteropentamer 
to cooperatively degrade double-stranded RNA with a 3'-to-5' directionality. J Biol Chem 
284, 20812-20821 

28. Sasarman, F., Brunel-Guitton, C., Antonicka, H., Wai, T., Shoubridge, E. A., and 
Consortium, L. (2010) LRPPRC and SLIRP interact in a ribonucleoprotein complex that 
regulates posttranscriptional gene expression in mitochondria. Mol Biol Cell 21, 1315-
1323 



 
 

130 

29. Jourdain, A. A., Koppen, M., Wydro, M., Rodley, C. D., Lightowlers, R. N., 
Chrzanowska-Lightowlers, Z. M., and Martinou, J. C. (2013) GRSF1 regulates RNA 
processing in mitochondrial RNA granules. Cell Metab 17, 399-410 

30. Antonicka, H., Sasarman, F., Nishimura, T., Paupe, V., and Shoubridge, E. A. (2013) The 
mitochondrial RNA-binding protein GRSF1 localizes to RNA granules and is required 
for posttranscriptional mitochondrial gene expression. Cell Metab 17, 386-398 

31. Antonicka, H., and Shoubridge, E. A. (2015) Mitochondrial RNA Granules Are Centers 
for Posttranscriptional RNA Processing and Ribosome Biogenesis. Cell Rep  

32. Simarro, M., Gimenez-Cassina, A., Kedersha, N., Lazaro, J. B., Adelmant, G. O., Marto, 
J. A., Rhee, K., Tisdale, S., Danial, N., Benarafa, C., Orduna, A., and Anderson, P. 
(2010) Fast kinase domain-containing protein 3 is a mitochondrial protein essential for 
cellular respiration. Biochem Biophys Res Commun 401, 440-446 

33. Popow, J., Alleaume, A. M., Curk, T., Schwarzl, T., Sauer, S., and Hentze, M. W. (2015) 
FASTKD2 is an RNA-binding protein required for mitochondrial RNA processing and 
translation. RNA 21, 1873-1884 

34. Rhee, H. W., Zou, P., Udeshi, N. D., Martell, J. D., Mootha, V. K., Carr, S. A., and Ting, 
A. Y. (2013) Proteomic mapping of mitochondria in living cells via spatially restricted 
enzymatic tagging. Science 339, 1328-1331 

35. Helwak, A., and Tollervey, D. (2014) Mapping the miRNA interactome by cross-linking 
ligation and sequencing of hybrids (CLASH). Nat Protoc 9, 711-728 

36. Heinz, S., Benner, C., Spann, N., Bertolino, E., Lin, Y. C., Laslo, P., Cheng, J. X., Murre, 
C., Singh, H., and Glass, C. K. (2010) Simple combinations of lineage-determining 
transcription factors prime cis-regulatory elements required for macrophage and B cell 
identities. Mol Cell 38, 576-589 

37. Quinlan, A. R., and Hall, I. M. (2010) BEDTools: a flexible suite of utilities for 
comparing genomic features. Bioinformatics 26, 841-842 

 



 
 

131 

Chapter 5: Future Directions 
 
Role of PNPase in potentially regulating mitochondrial 

RNA levels 

 The CRAC assay has revealed that PNPase binds to regions containing tRNAs, and 

knockdown of PNPase results in accumulation of antisense RNAs in the mitochondria. Recently, 

processing intermediates of mitochondrial transcripts that contain tRNAs have been found in 

mouse cardiac mitochondria (1) . Thus, it is possible to hypothesize a model in which PNPase 

may be responsible for degrading mitochondrial RNA processing intermediates that may contain 

tRNAs. The accumulation of RNA processing intermediates may induced the aberrant increase 

of steady state antisense RNA levels in the mitochondria. In verifying this model, several issues 

must be addressed. First, the levels of tRNAs should be checked to see if it is affected by the 

knockdown of PNPase. Second, the RNA segments bound by PNPase must be verified to be 

RNA processing intermediates found in human mitochondria. Third, the steady state levels of 

these RNA processing intermediates should be assessed upon knockdown of PNPase and the 

direct involvement of PNPase in degrading these RNA processing intermediates must be 

verified. Lastly, it is important to check whether PNPase catalytic activity is directly involved 

with the antisense RNA accumulation phenomenon, since the involvement of catalytic activity 

affecting steady state mtRNA levels has only been adequately addressed on sense RNAs (2).  

 Though published data from Borowski et al., suggests that specific tRNA levels are lower 

in PNPase knockdown samples, steady state tRNA levels should be verified upon knockdown of 

PNPase (2). Acrylamide gel northern blots can be utilized to follow steady state levels of small 
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RNAs and it would be interesting to see whether there is a correlation between tRNAs whom 

their steady state levels are effected upon PNPase knockdown and tRNAs that are shown to bind 

PNPase in the CRAC assay. Although, it is apparent that lower levels of steady state 

mitochondrial coding RNAs may likely contribute to the decreased steady state levels of 

mitochondrial protein levels, it is also interesting to note whether decrease in tRNA levels may 

also contribute to this observation.  

A recent study utilizing intramolecular ligation of RNA followed by sequencing of the 

circularized RNA revealed the presence of mitochondrial RNA processing intermediates, and it 

would be interesting to verify whether the RNA segments bound by PNPase are RNA processing 

intermediates (1). The study by Kuznetsova et al, purified RNA from mouse cardiac 

mitochondria and revealed a stable accumulation of RNA processing intermediate fragments 

around the region that contains mt-Tv, the region containing mt-Ti and mt-Tm, and the region 

containing mt-Th, mt-Ts2, and mt-Tl2. The patterns of these peaks are very similar to peaks 

identified from the PNPase CRAC samples. Furthermore, in their study they observed a 

remarkable increase of these intermediates in a system where one of the subunit of the 5’ tRNA 

processing machinery, MRPP3 is knocked out (1). Thus, we can speculate that we would observe 

similar species of RNAs in the human cell lines, and PNPase may also bind these processing 

intermediates. Therefore, it would be interesting to identify these stable RNA intermediate 

species in human cell lines utilizing the same intermolecular ligation technique followed by 

RNA sequencing. 

In parallel to verifying whether RNA processing intermediates of mtRNA accumulate in 

human cell lines, the accumulation of these tRNA containing regions upon knockdown of 

PNPase and the involvement of PNPase catalytic activity for the increase in these intermediates 
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should be assessed. To check for levels of RNA processing intermediates upon PNPase 

knockdown, the aforementioned RNA-seq method on RNA samples that have been 

intramolecularly circularized can be used to analyze RNA samples that have been purified from 

PNPase knock down cell lines. Alternatively, once the mtRNA processing intermediates are 

known, the accumulation of these species may be assessed using the traditional agarose or  

polyacrylamide gel northern approach. In order to verify whether PNPase catalytic activity is 

involved in the accumulation of RNA processing intermediates, RNAs purified from cell lines 

expressing the catalytically inactive mutant of PNPase, PNPase S484A PNPase or PNPase 

R445E, R446E may be utilized for RNA-seq or northern blot analysis.  

 We hypothesize that PNPase may be involved in degradation of RNA processing 

intermediates and the accumulation of these may indirectly result in increased steady state levels. 

Previous studies have suggested that PNPase may degrade antisense RNAs in the mitochondria, 

however the direct involvement of the catalytic activity of PNPase on the accumulation of 

mitochondrial antisense RNA has not been assessed, though its involvement on the accumulation 

of sense RNA was analyzed(2). Thus, it would be imperative to analyze whether the degradation 

capacity of PNPase is involved in the accumulation of antisense RNAs by repeating the agarose 

northern analysis using RNA samples extracted from cell lines expressing PNPase S484A or 

PNPase R445,446E. Though this assay will not be able to discern whether PNPase is directly or 

indirectly involved in the accumulation of antisense RNAs, nonetheless the involvement of 

PNPase catalytic activity on affecting the antisense RNA accumulation should be analyzed. 

PNPase is a classically studied enzyme, but its role in the mammalian mitochondria 

remain to be elucidated. Though it is equally probable that PNPase may degrade both the RNA 

processing intermediates and the antisense RNAs, I hypothesize that the accumulation of 
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mitochondrial antisense RNA is a secondary effect to the possible accumulation of RNA 

processing intermediate. Because antisense RNAs were not found to be bound to PNPase in our 

CRAC assay, we hypothesize that antisense RNA may not be the direct target of PNPase in the 

mitochondria. From our work with the BIOID2 fusion protein mass spectrometry analysis, 

PNPase was found to transiently interact or be present in the vicinity of RNA helicases and other 

protein factors that are involved in mitochondrial ribosome assembly. This suggests that in 

addition to its potential role in affecting mitochondrial RNA metabolism, PNPase may also cross 

talk with the mitochondrial ribosome assembly processes. In addition to ribosomal protein 

factors, the mitochondrial ribosome is composed of ribosomal RNAs, and it is understandable 

that the assembly process may coordinate with the RNA regulatory proteins to maintain proper 

functioning of the translation machinery.  

 

PNPase and possible formation of a separate complex 

under stress conditions  

With regards to PNPase interacting proteins, it would be interesting to see whether 

PNPase complex formation follows a similar pattern to what is seen in E. Coli. During cold 

shock, PNPase present in these bacteria binds CsdA, which is a different RNA helicase than 

what is normally present in the degradosome complex bound to PNPase (3). Thus it may be 

possible to imagine when the cell is under stressed conditions, such as an antiviral response, cold 

shock response, metabolic stress, or DNA damage response, PNPase may form a different 

multimeric complex under these circumstances. Since PNPase is an interferon induced gene, it is 

possible that it may have a specific function during antiviral response. Drawing from the 
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bacterial PNPase example,  it is conceivable that it may also have a specific function in 

mammalian cells under this condition. In addition, human PNPase has been co-crystalized with 

cysteine and regulation of bacterial PNPase activity by cysteine has been reported, thus 

conditions that alter the level of cysteine may affect PNPase activity and complex formation. 

Finally, since E. Coli and B. Subtilis PNPase has been implicated to have a role in DNA damage 

responses, it is possible that PNPase may form a different complex and function in this pathway 

also in the mammalian mitochondria (4,5). The involvement of PNPase in DNA damage repair is 

also interesting because our observation that knock down of PNPase results in mitochondrial 

DNA loss suggests a potential role of PNPase in mtDNA biosynthesis, maintenance or repair (6).  

 

PNPase and mitochondrial RNA translocation  

 As PNPase has been suggested to regulate RNA import, we have been interested in 

identifying factors involved in this pathway. The BIOID2 mass spectrometry assay revealed that 

PNPase may also be in proximity of two channel proteins, prohibitin 1 and prohibitin 2 (data not 

shown), though much less protein spectra were identified for these factors compared to 

mitochondrial ribosome assembly factors. Thus, it is possible that these proteins may be involved 

in translocating RNAs in the mitochondria. During stressed conditions, such as when PNPase is 

knocked down, many antisense mitochondrial RNAs accumulate to levels that are higher than 

normal (2), it is conceivable that accumulated mitochondrial RNA may translocate through these 

channels to the cytosol.  
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Concluding Remarks 

 PNPase is an intriguing nuclease with many suggested roles in the mammalian cell. 

Despite a few studies that utilized cell lines that expressed PNPase at supra-physiologic levels, 

the advent of reliable knockdown and knock out methods have slowly revealed some interesting 

functions of PNPase in the mammalian mitochondria. Our study has revealed the effects of 

PNPase knockdown on mitochondrial RNA levels, RNAs binding to PNPase and protein factors 

that bind to PNPase. Further studies are warranted in understanding the role of PNPase in 

affecting mitochondrial RNA metabolism, how PNPase may cross talk with mitochondrial 

ribosome synthesis pathways, how PNPase complexes may change during stress conditions and 

possible roles under these settings, and what other protein factors maybe involved in the 

translocation of RNAs in the mitochondria. In lieu of the recent identification of PNPase as a 

factor that regulate the oxidative capacity in iPS cells during reprogramming, it would be very 

interesting to consider how the specific role of PNPase in the mitochondrial will contribute to 

this phenomenon (7).  
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Appendix I: Correcting Human Mitochondrial 
Mutations with Targeted RNA Import 
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Appendix II: PNPase and RNA trafficking into 
mitochondria 
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Appendix III: Mitochondria-Targeted RNA 
Import 
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