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a b s t r a c t
The mitochondrial genome encodes a very small fraction of the macromolecular components that are required to generate functional mitochondria. Therefore, most components are encoded within the nuclear
genome and are imported into mitochondria from the cytosol. Understanding how mitochondria are assembled, function, and dysfunction in diseases requires detailed knowledge of mitochondrial import mechanisms
and pathways. The import of nucleus-encoded RNAs is required for mitochondrial biogenesis and function,
but unlike pre-protein import, the pathways and cellular machineries of RNA import are poorly deﬁned, especially in mammals. Recent studies have shown that mammalian polynucleotide phosphorylase (PNPASE)
localizes in the mitochondrial intermembrane space (IMS) to regulate the import of RNA. The identiﬁcation
of PNPASE as the ﬁrst component of the RNA import pathway, along with a growing list of nucleusencoded RNAs that are imported and newly developed assay systems for RNA import studies, suggest a
unique opportunity is emerging to identify the factors and mechanisms that regulate RNA import into mammalian mitochondria. Here we summarize what is known in this fascinating area of mitochondrial biogenesis,
identify areas that require further investigation, and speculate on the impact unraveling RNA import mechanisms
and pathways will have for the ﬁeld going forward. This article is part of a Special Issue entitled: Mitochondrial
Gene Expression.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Mitochondrial biogenesis requires the import of nucleus-encoded
macromolecules including proteins and RNAs. Compared to the mitochondrial protein import pathways, which have been well characterized
[1–4], the pathways importing RNAs into mammalian mitochondria,
and the functions of imported RNAs, are just being discovered. Mitochondrial import of nucleus-encoded RNAs including tRNAs, 5S rRNA,
RNase P RNA, and MRP RNA is essential for mitochondrial DNA replication, transcription and translation [3,5–10]. The mitochondrial matrix
localization of these small non-coding mammalian RNAs relies on a
newly described RNA import regulator, polynucleotide phosphorylase
(PNPASE) [11].
PNPASE is a highly conserved 3′–5′ exoribonuclease expressed in
organisms that include bacteria, plants, ﬂies, mice, and humans, but
is absent in fungi, Trypanosoma, and Archaea [12–16]. PNPASE degrades RNA by phosphorolysis and can also function as a template
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independent polymerase [17–23]. Prokaryotic and plant PNPASE
function in RNA quality control through its RNA polymerase and degradation activities [22–26]. However, the search for a speciﬁc function
for mammalian PNPASE beyond its overall role in maintaining mitochondrial homeostasis has been confounding. This is because PNPASE
was localized in the mitochondrial intermembrane space (IMS),
which was believed to be devoid of RNA. The discovery that PNPASE
regulates the import of selected nucleus-encoded small RNAs into mitochondria marks a turning point in understanding the function of
PNPASE. This exciting discovery still leaves open many unanswered
questions, including the mechanism(s) and pathway(s) of PNPASEregulated RNA import.
2. PNPT1 expression and PNPASE structure
PNPT1, the gene encoding for PNPASE in humans, was ﬁrst reported
in a screen for upregulated genes in both senescent progeroid ﬁbroblasts
and terminally differentiated melanoma cells [27]. The PNPT1 gene is
~60 kb in length, contains 28 exons, and is located at 2p16.1 (UCSC
Genome Browser, Assembly GRCh37/hg19, February, 2009). This genomic region shows deletions and ampliﬁcations in human B cell lymphoma and in several genetic disorders [28,29]. Relatively little is known
about the transcriptional or post-transcriptional regulation of PNPT1
expression. So far, the only known inducers of PNPT1 transcription are
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the type I interferons (IFNs) [13]. Stimulation with IFNα or IFNβ was
shown to activate the Janus-activated kinase (JAK)/signal transducer
and activators of transcription (STAT) pathway, causing interferonstimulated gene factor 3 (ISGF3) to bind to an interferon stimulated
response element (ISRE) in the PNPT1 promoter, inducing gene transcription [13]. The PNPT1 promoter includes many additional regulatory
protein-binding sites, such as a putative site for E2F transcription factor
3 (E2F3), which silences target gene expression during the G1 to S cell
cycle phase transition [13]. Since PNPT1 expression was originally identiﬁed in senescent and terminally differentiated cells that have left the
cell cycle, it would be interesting to know whether E2F3 acts as a
PNPT1 repressor and what its role could be in regulating PNPT1 expression in cycling or senescent mammalian cells.
Whether PNPASE protein expression is regulated by type I IFN induction is still unresolved. From our own studies in mice, PNPASE is
strongly expressed in all primary tissues examined including brain,
heart, lung, liver, intestine, kidney, thymus, and skeletal muscle
(data not shown). In one set of human cell line studies, PNPASE was
not detectable without IFNβ induction [30,31]. By contrast, other
studies showed abundant PNPASE expression in human cell lines
under basal conditions [32–34] with IFNβ exposure failing to induce
further expression in some of the lines examined [32,33]. These differing results may reﬂect species and cell line speciﬁc differences or
differences in detection reagents and methods employed. Since
PNPT1 knockout is embryonic lethal and hepatocytes or mouse embryonic ﬁbroblasts (MEFs) devoid of PNPASE expression cannot be
propagated [11], it might be that all primary mammalian cell types
require some level of PNPASE expression. This is sensible to consider,
given the role of PNPASE in maintaining mitochondrial homeostasis
and its underlying essential functions in RNA import and processing.
What role type I IFN induction plays in PNPASE regulation of mitochondrial physiology is currently unknown. However, Type I IFNs
are cytokines released by virally-infected cells that generally result
in antiviral and growth inhibitory autocrine and paracrine responses
[35]. The recent discovery of the mitochondrial antiviral signaling
complex (MAVS, CARDIF) located on the mitochondrial outer membrane (OM), and its interaction with processed viral RNA fragments,
suggests that juxtaposed PNPASE could have a RNA processing role
in cellular antiviral responses, although there is no evidence for this
possibility thus far [36].
PNPASE proteins from different species share ﬁve highly conserved
sequence and structural motifs (Fig. 1). Two RNase PH domains,
which are homologous to the Escherichia coli tRNA processing RNase
PH enzyme, are located at the PNPASE amino-terminus [14]. An
alpha-helical domain unique to PNPASE proteins is located between
the two RNase PH domains [20,37]. And KH and S1 RNA binding domains, which are also present in other RNA binding proteins, are located
at the PNPASE carboxy-terminus [37–39]. In E. coli, PNPASE can exist on
its own, it can be bound to the RhlB RNA helicase, or it can participate in
a degradosome complex with RNase E, RhlB, and enolase [15,21,40].
Crystallography studies using PNPASE isolated from Streptomyces
E.Coli
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antibioticus and from E. coli revealed that three PNPASE monomers
form a doughnut-shaped structure through interactions of their catalytic
RNase PH domains [37,41]. In such a conﬁguration, the KH and S1 domains of each monomer localize to one face of the doughnut, where
they can bind RNA substrates and guide them through the central enzymatic channel in the trimeric complex [37,41]. A cylindrical structure for
PNPASE is also possible, in which two trimers stack into a hexameric
conﬁguration with an elongated central enzymatic channel. Plant genomes contain two distinct genes that encode for PNPASE, with one
gene containing a chloroplast transit peptide and the other gene having
a mitochondrial targeting pre-sequence (MTS) [38,42]. In contrast with
its bacterial counterpart, chloroplast PNPASE is not known to interact
with any other proteins and may instead form a homo-hexameric complex [43]. Isolated human PNPASE is ~260–280 kDa in native gels, also
suggesting a homo-trimeric complex [11,32,37,41]. Interestingly, the archaeal and eukaryotic exosomes, which do not contain PNPASE but also
function in RNA turnover and surveillance, have a similar trimeric
doughnut-shaped quaternary structure [12,20].
3. Subcellular localization of PNPASE
Mammalian PNPASE has an amino-terminal MTS and has been
localized to mitochondria in both immunoﬂuorescence and cellfractionation studies [32,44,45]. Since PNPASE processes RNA it was
anticipated to reside in the mitochondrial matrix where mtRNA
transcription, processing, and translation occur. However, subfractionation and protease-protection assays using isolated mouse
liver mitochondria, or yeast mitochondria expressing exogenous
human PNPASE, repeatedly showed an unexpected intermembrane
space (IMS) localization [11,32]. This result was very surprising because RNAs are not known to reside in the mitochondrial IMS.
Carbonate extraction studies further showed that PNPASE is a peripheral inner membrane (IM)-bound protein facing the IMS [32]. To
reach its IMS location, PNPASE trafﬁcs through the translocase of
the outer mitochondrial membrane (TOM) as a precursor, followed
by engagement of the translocase of the inner mitochondrial membrane (TIM)-23 complex. These trafﬁcking steps require an intact
ΔΨ and are followed by the amino-terminus of PNPASE extending
through the TIM23 complex so that the matrix processing peptidase
(MPP), consisting of a Mas1/Mas2 heterodimer, can cleave away the
37-residue MTS. Then, the IM-bound i-AAA (ATPases associated
with several diverse cellular activities) protease, Yme1, mediates
the release of the mature amino-terminal portion of PNPASE into
the IMS and functions as a translocation motor to pull the carboxyterminal portion of PNPASE through the TOM complex into the IMS
[44] (Fig. 2). IMS-imported and processed PNPASE then assembles
into a functional homo-oligomeric complex, consisting of a trimer or
a dimer of trimers [44].
The IMS localization of mammalian PNPASE is highly reproducible.
However, whether all PNPASE localizes exclusively in the IMS of
mammalian mitochondria is controversial. Over-expressed PNPASE
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Fig. 1. PNPASE structural domains are conserved between species. PNPASEs contain two RNase PH domains that are homologous to the bacterial tRNA processing enzyme, RNase
PH, and these domains catalyze RNA degradation. The alpha helical domain (H) is unique to PNPASE, and the KH and S1 domain at the C terminus bind RNA. In contrast to bacteria
and other mammals, plants express two forms of PNPASE, one with a chloroplast transit peptide (cTP) and the other with a mitochondrial targeting sequence (MTS).
Adapted and reprinted with permission from Chen, et al., Trends in cell biology 17 (2007) 600–608.
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Fig. 2. Mammalian PNPASE is imported into the mitochondrial IMS via a Yme1-dependent mechanism. After passing through the TOM complex at the OM, the PNPASE aminoterminus extends through the TIM23 complex at the IM into the matrix, where the 37 amino-acid MTS is removed by the matrix-processing peptidase (MPP), Mas1/Mas2. The mature amino-terminus is then released into the IMS with the help of IM-localized Yme1 i-AAA protease, which also helps to reel the remaining portion of PNPASE into the IMS from
the cytosol. Mature, processed PNPASE then assembles into a homo-oligomeric complex, consisting of a trimer or a dimer of trimers attached to the IM facing the IMS.

with a carboxy-terminal HA-tag was detected in the cytosol of the
HO-1 melanoma cell line [31]. PNPASE has also been reported as an
interacting partner for TCL1, a cytosol-localized nonenzymatic oncoprotein that promotes B- and T-cell malignancies, and as a weak binding partner for hSUV3, a mitochondrial matrix RNA helicase [46,47].
These extra-IMS locations, however, could be cell-type speciﬁc,
condition-speciﬁc, or experimental artifact. For example, terminal differentiation, cellular senescence, or apoptosis could alter the distribution of PNPASE in a cell. Over-expression studies can also lead to the
accumulation of proteins in locations that are normally devoid of
them. Finally, the solubilization step used to identify interacting proteins can bring together proteins that normally reside in different
compartments of a cell.
4. The maintenance of mitochondrial homeostasis by PNPASE
The effect of reduced PNPASE expression on mitochondrial structure and function has been well studied using shRNA approaches. In
a variety of mammalian cell types PNPASE expression above a critical
threshold is required for mitochondrial homeostasis. Conversely, a reduction in PNPASE expression that fails to reach a critical knockdown
threshold results in no observable changes in mitochondrial morphology or function [11,32,48]. PNPASE reduction to ~ 20–30% or
less of the wild-type expression level caused ﬁlamentous mitochondrial networks to fragment with a drop in ΔΨ and a 2-fold or greater
reduction in the activities of linked respiratory chain complexes I and
III, II and III, or individual complexes IV and V [32]. These data indicate
that PNPASE expression is required for efﬁcient oxidative phosphorylation. PNPASE deﬁciency also leads to cellular changes secondary to
mitochondrial dysfunction that include lactate accumulation, reduction in steady state ATP levels, and reduced cell proliferation [32].
Pnpt1 knockout mice have been generated. A whole-animal Pnpt1
knockout was embryonic lethal, indicating an essential role for
PNPASE in early mammalian development [11]. By contrast, a liverspeciﬁc conditional Pnpt1 knockout (HepKO, for hepatocyte knockout)
was viable. The HepKO mouse was generated using albumin-CRE
recombinase to excise loxP recombination sites that were inserted

ﬂanking exon 2 of Pnpt1. A 2 to 4-fold PNPASE reduction in HepKO
liver cells was achieved at ~6 to 8 weeks of age followed by a rebound
in PNPASE expression thereafter, likely due to incomplete Pnpt1 knockout from CRE recombinase-mediated excision and liver regeneration
from hepatocytes still expressing Pnpt1 [11]. Transmission electron microscopy of HepKO liver cells showed disordered, circular, and smooth
IM cristae in contrast to the ordered, linear, stacked cristae with convolutions exhibited by wild-type control liver mitochondria. Oxygen consumption studies with a Clark-type electrode also revealed a 1.5 to 2fold decrease in the activity of respiratory complex IV and complexes
II+ III + IV. These ultrastructure and functional results validate a role
for PNPASE in maintaining mitochondrial homesostasis in a physiological, in vivo setting.
In addition to PNPASE loss-of-function studies, gain-of-function
studies, despite the risk for aberrant PNPASE localization, also seem
to support a role for PNPASE in mitochondrial homeostasis. PNPASE
over-expression results in increased reactive oxygen species (ROS)
accumulation over time, which subsequently leads to NF-κB activation and an increase in NF-κB-regulated pro-inﬂammatory cytokines,
including IL-6, IL-8, RANTES, and MMP-3 [49,50]. The mechanism of
ROS accumulation with PNPASE over-expression is unclear, although
most ROS is produced within mitochondria as a result of respiratory
chain activities [51–53]. PNPASE reduction inhibits respiratory chain
production, respiratory complex activities, and oxygen consumption
[11,32]. Excess PNPASE could have the opposite effect, with increased
respiratory activity and mitochondrial ROS production, although this
idea requires experimental validation.
5. PNPASE, mtRNA processing, and RNA import into mitochondria
A reduction in respiration and the synthesis of mitochondrionencoded proteins of the respiratory chain in HepKO liver cells compared
to wild-type controls led to studies of PNPASE in mtRNA transcription
and translation. HepKO liver cells showed a surprising reduction in mature mtRNA transcripts and encoded proteins, directly related to deﬁcient mtRNA processing [11]. All of the mammalian mtRNA processing
molecules are encoded in the nuclear genome and synthesized either
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in the nucleus (RNAs) or cytosol (proteins), followed by import into mitochondria [10,53–56]. PNPASE deﬁciency had no signiﬁcant effect on
the mitochondrial import of nucleus-encoded proteins [11]. By contrast,
HepKO liver cells showed a signiﬁcant reduction in the RNA component
of the RNase P mtRNA processing complex. The reduction in RNase P
RNA was not from increased degradation, indicating instead a defect
in RNase P RNA import with PNPASE deﬁciency [11]. Studies using a variety of in vitro and in vivo experimental systems have now demonstrated a direct role for PNPASE in regulating the import of multiple
non-coding RNAs into mitochondria. The RNA import function of
PNPASE is separable from its RNA-processing function, as an engineered
point mutation that cripples its RNA-processing activity has no effect on
RNA import into mitochondria [11].
The molecular mechanism by which PNPASE distinguishes RNAs
for processing versus those for import remains to be clariﬁed. PNPASE
recognizes an RNA stem–loop structure in some and perhaps all of the
RNAs it helps to import [11]. It is not known whether mammalian
PNPASE binds RNA stem–loop structures with its KH/S1 RNA binding
domain in distinct ways to either trigger RNA import or processing.
RNA structural elements regulate PNPASE functions in chloroplasts
and prokaryotes and a stem–loop structure protects RNAs from degradation by chloroplast PNPASE [23,57,58]. It would be of great interest to determine whether mammalian PNPASE functions in a similar
manner.
5.1. RNAs imported into mitochondria
Most non-coding RNAs that function in mitochondria are encoded
within the mtDNA [59]. On one end of the spectrum, the mtDNA of
land plants and protists, such as Chlamydomonas, Paramecium, and
Tetrahymena lack one or a few tRNAs that are required to translate
mtRNA. At the other extreme, the trypanosomatid protozoa lack all
of the mitochondrial tRNA genes. And for Saccharomyces cerevisiae
and Marchantia polymorpha, the mtDNA encodes a set of tRNAs that
is sufﬁcient for translating all mtRNA codons, but nucleus-encoded
tRNAs are nevertheless imported for unknown reasons [60,61].
Mammalian mitochondria do not import tRNAs, except maybe the
Dependent on protein
import pathway
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nucleus-encoded tRNACUG Gln and tRNAUUG Gln. Additional nucleusencoded small RNA molecules are also present in mammalian mitochondria [54,62–65].
Early studies on tRNA import into mitochondria have shown that
it is a selective process, with the selectivity determined by speciﬁc
tRNA structural or sequence motifs [66]. RNA import is ATPdependent and involves protease-sensitive receptors at the mitochondrial OM. Thus far, two main general mechanisms for tRNA import into mitochondria have been identiﬁed. One mechanism is
Lys
similar to protein import and is used by yeast to import tRNACUU
(Fig. 3) [67,68]. This tRNA import mechanism requires an intact ΔΨ
and utilizes the protein import pathway. An association with the precursor mitochondrial tRNA synthetase and aminoacylation of the
tRNA by the cognate cytosolic synthetase are also required for import.
In addition, the metabolic enzyme enolase helps to deliver a tRNA/
synthetase complex to the import machinery [69–71]. A second
mechanism is independent of the protein import pathway and does
not require cytosolic factors even though they may still have an inﬂuence when present (Fig. 3) [72]. This additional mechanism has been
identiﬁed in most organisms that import tRNA into mitochondria including yeast [66,73], but this import pathway is less well deﬁned.
The OM voltage-dependent anion channel (VDAC) has an essential
role for tRNA import in plants in vitro, but a homologous protein is
dispensable for tRNA import in the protozoan, Trypanosoma brucei
(Fig. 3) [74,75]. For Trypanosoma brucei, elongation factor 1a (eEF1a)
mediates mitochondrial tRNA import (Fig. 3) [76].
RNase MRP is a site-speciﬁc endoribonuclease. It was originally
isolated from mouse mitochondria and in vitro shows activity in processing mtRNA transcripts to form primers complementary to the
mtDNA origin of replication [65]. RNase MRP has a nucleus-encoded
RNA component that contains a decamer sequence complementary
to a conserved region of mtRNA substrates [65]. Most RNase MRP,
however, resides in the nucleus [77,78]. In Saccharomyces cerevisiae,
nuclear RNase MRP processes rRNA precursors to generate the
mature 5.8S rRNA [79–82]. During mitosis in S. cerevisiae, nuclear
RNase MRP is transiently relocated to temporal asymmetric MRP
(TAM) bodies in the cytosol, where it cleaves the mRNA for a B-type
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Fig. 3. Routes of mitochondrial tRNA import. Two mitochondrial tRNA import mechanisms have been reported. Shown on the far left is a tRNA import that utilizes the protein import pathway, including the TOM complex at the OM and the TIM23 complex at the IM. The imported tRNA is delivered to the mitochondrial OM bound to pre-mitochondrial lysyl
tRNA synthetase (pre-mitoLysRS) and enolase after aminoacylation by its cognate cytosolic synthetase. Enolase dissociates at the surface of mitochondria and the remainder of the
protein–tRNA complex is imported together into the matrix. Thus far, this mechanism has only been described for the import of tRNACUU Lys into yeast mitochondria. A second mechanism has been reported in organisms ranging from kinetoplastids to human that does not depend on the protein import pathway. Different factors have been identiﬁed in this
pathway that are organism-speciﬁc, including the VDAC channel in the OM for plants and the translation elongation factor, eEF1a, for T. brucei.
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cyclin, Clb2, to promote the end of mitosis [82,83]. The S. cerevisiae
mitochondrial and nuclear RNase MRP have identical RNA components but contain distinct protein components and show differing enzymatic activities [84].
Another nucleus-encoded RNA that is imported into mammalian
mitochondria is the RNA component of RNase P [10,54]. RNase P is
an endoribonuclease that processes the 5′ end of mitochondrial
tRNAs [10]. The mammalian mitochondrial genome consists of a circular chromosome with tightly packed genes. Large polycistronic
RNA transcripts are generated from the heavy and light strand promoters. tRNAs often separate the coding regions for electron transport chain complex subunits and, unlike nucleus-encoded tRNA
precursors, do not have individual 3′ or 5′ pre-sequences [53,85]. In
most arrangements, multiple tRNAs are grouped together without
an intervening pre-sequence in the polycistronic transcripts. The processing of polycistronic transcripts to individual mtRNAs and mature
tRNAs requires RNase P enzymatic activities. Earlier studies showed
that the RNA component of RNase P was imported into mammalian
mitochondria and was identical to the RNA component of nuclear
RNase P [10,54]. By contrast, the RNA component of mitochondrial
RNase P in S. cerevisiae is encoded within its mtDNA [86]. Recently,
a functional protein-only mitochondrial RNase P enzyme was isolated
from human mitochondria. This alternative mitochondrial RNase P
has three protein subunits and processes single tRNA precursors
with artiﬁcial 5′ pre-sequences in vitro [56]. It remains to be determined whether the protein only mitochondrial RNase P can efﬁciently process physiological mitochondrial tRNA substrates, especially
those that are sequentially linked in polycistronic transcripts with
no intervening pre-sequences. Interestingly, a tRNA processing
assay using mitoplast lysate with or without nuclease pre-treatment
to eliminate RNA showed that an RNA component or components
are required for efﬁcient processing of abutting tRNA precursors, further conﬁrming the existence of a RNA-containing mitochondrial
RNase P complex [11]. Most likely, protein-only and RNA-containing
RNase P complexes coexist in mammalian mitochondria.
The nucleus-encoded 5S rRNA was localized within mammalian
mitochondria [64,87]. The 5S rRNA is the most abundant imported
mammalian RNA and an essential ribosome component in almost all
living organisms, providing regulatory interactions among most functional sites within the translating ribosomal machinery [88]. Although
5S rRNA has been detected in most non-mammalian organisms, the
exact function of 5S rRNA inside mitochondria is still unresolved
[89]. Recent studies suggest that 5S rRNA is a component of the mitochondrial ribosome, but based on prior structural analysis of the mitochondrial ribosome its role could be very different from its
cytosolic counterpart [7,89,90].
There are also recent reports suggesting that speciﬁc microRNAs
(miRNAs) localize inside mitochondria [63]. miRNAs are a class of
small (~22 ribonucleotide) non-coding RNAs that regulate gene expression post-transcriptionally by binding to imperfectly or perfectly
matched complementary sequences at the 3′ end of target mRNAs,
usually resulting in translational repression or transcript degradation
and gene silencing [91,92]. They are present in almost all eukaryotes
except fungi, algae, and marine plants, and are all nucleus-encoded
[93]. The human nuclear genome is estimated to encode for over
1000 miRNAs. Fifteen miRNAs were identiﬁed in rat liver mitochondria and ﬁve of these were conﬁrmed using speciﬁc probes [63].
Based on target analysis using sequence algorithms, such as Miranda
and TargetScan, it appears that the miRNAs neither target mtRNA
transcripts nor complement the nuclear RNAs that encode imported
mitochondrial proteins, but instead seem to be involved in the regulation of genes associated with apoptosis, cell proliferation, and differentiation [63,94]. Hence, it was proposed that mitochondria
might serve as reservoirs for speciﬁc miRNAs that modulate these cellular processes. Most recently, miRNAs along with Argonaute 2, a
component of the RNA-induced silencing complex (RISC), were co-

immunoprecipitated with the COX3 mtRNA transcript, suggesting
that miRNA-mediated translational regulation could also occur in
mammalian mitochondria [95]. Whether miRNAs localize in mitochondria is still under debate. A recent study showed that the enrichment of some miRNAs in mitochondria disappeared once mitoplast
procedures were performed [96], suggesting that these miRNAs
could be low level contaminants, or more interestingly, could be associated with the outer membrane or localized inside the IMS.
A virally-encoded RNA was also suggested to be translocated into
mammalian mitochondria. The 2.7-kb cytomegalovirus (CMV)encoded β2.7 RNA targets the Grim-19 (NDUFA13) protein of complex I in the electron transport chain [94]. CMV β2.7 RNA associates
with Grim-19 to maintain mitochondrial function in support of viral
replication. Interestingly, the mitochondrial OM protein MAVS is activated by viral RNA binding and functions to protect cells from infection by inducing a type I IFN anti-viral response [36,97]. At present,
whether viral RNAs are localized inside mitochondria has not been
ﬁrmly established. Candidate viral RNAs could associate with the cytosolic precursor of proteins rather than the mature mitochondrionlocalized proteins. If mitochondrial localization indeed occurs, nothing is known about the mechanism(s) of viral RNA import or the
mechanism(s) for providing processed viral RNA fragments to
MAVS. An interesting candidate for mechanistic studies is PNPASE,
as it processes RNA, is localized in the IMS, and its expression may
be regulated in concert with both Grim-19 and MAVS, as all 3 genes
appear to be induced by type 1 interferons [13,32].
5.2. tRNA import into yeast and mammalian mitochondria
Lys
As already mentioned, nucleus-encoded tRNACUU
is imported into
isolated yeast mitochondria in vitro [67,68] with tRNA synthetase
binding, aminoacylation [69,70] and help from cytosolic enolase
[71]. This import utilizes the TOM and TIM23 translocons and requires ATP and an intact ΔΨ, similar to protein translocation [98].
The yeast tRNA import pathway appears conserved in mammalian
systems because isolated mitochondria from HeLa or HepG2 cells
can be substituted for yeast mitochondria [68], and yeast cytosolic
import factors remain essential for the process. However, studies
addressing whether human cytosolic import factors were able to replace yeast cytosolic factors yielded conﬂicting results [68]. It is not
Lys
known whether nucleus-encoded mammalian tRNACUU
can be
imported into yeast or mammalian mitochondria under the same
conditions. The in vitro transcribed mitochondrion-encoded tRNA Lys,
however, was imported into isolated human mitochondria. In this
case, human cytosolic factors were essential for import and could
not be replaced by yeast cytosolic factors [64]. In vivo, yeast tRNA Lys
derivatives can also be imported into mammalian mitochondria and
rescue defects caused by mitochondrial tRNA Lys mutations [99].
Yeast tRNA Gln is also imported into isolated yeast mitochondria
without requiring added cytosolic factors [100]. Recently, mammalian
mitochondria were shown to import nucleus-encoded mammalian
Gln
Gln
Gln
Gln
tRNACUG
and tRNAUUG
[62]. Both tRNACUG
and tRNAUUG
were also identiﬁed in mitochondria isolated from human and rat liver using subcellular fractionation and RT-PCR [62], providing in vivo relevance.
These tRNAs were also imported into isolated mammalian mitochondria independent of added cytosolic factors. Import required ATP but
not an intact ΔΨ [62].

5.3. RNA import mechanisms
In vitro and in vivo assay systems were developed to study the
function of PNPASE in mitochondrial RNA import because the RNA
component of RNase P was markedly decreased in PNPASE deﬁcient
cells [11]. Systems to test import included (1) liver mitochondria isolated from HepKO mice, (2) MEFs isolated from Pnpt1 loxP-ﬂanked
mice infected with a CMV-CRE recombinase-expressing retrovirus to
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[101]. Two distinct structural elements of 5S rRNA are required for its
mitochondrial import. One is in the proximal part of helix 1 containing a
conserved uncompensated G:U pair, and the second is associated
with the loop E–helix IV region with several non-canonical structural
features [87,102]. Whereas PNPASE-dependent import did not seem
to require cytosolic proteins, the import efﬁciency seems more robust
with cytosolic factors, suggesting that multiple import pathways may
be used for 5S rRNA import.

reduce PNPASE expression, and (3) several mammalian cell lines containing shRNAs targeting Pnpt1 transcripts [11]. In these assay systems, the import of RNase P RNA into mitochondria correlated with
PNPASE abundance. Additional nucleus-encoded RNAs, such as MRP
RNA and 5S rRNA, that also localize to mitochondria also showed
PNPASE-dependent import in these assay systems. Yeast mitochondria were also tested since the RNA component of RNase P is encoded
within the yeast mitochondrial genome. Heterologous expression of
PNPASE supported the import of RNase P RNA into yeast mitochondria, suggesting that general mechanisms and/or features of the
RNA import pathway are conserved in yeast, rodents, and humans
[11].
A physical interaction between RNase P RNA with PNPASE adds
support for a direct PNPASE import mechanism and suggests that
PNPASE may function as a RNA import receptor in the IMS. RNase P
RNA has mitochondrial targeting features. A systematic dissection
identiﬁed a 20-ribonucleotide sequence that was essential for in vitro
import of human RNase P RNA [11]. When appended to a nonmitochondrial RNA, this core sequence targeted the non-mitochondrial
RNA to the mitochondrion and PNPASE bound directly to the fusion
transcript. Interestingly, the identiﬁed import sequence is predicted to
form a stem–loop structure. A ~20 ribonucleotide non-identical
sequence was identiﬁed in MRP RNA that was predicted to form a
stem–loop structure. This MRP RNA sequence could also direct nonmitochondrial RNA import when placed into chimeric fusion transcripts.
Thus, a common theme for imported RNAs may be the formation of a
stem–loop that facilitates PNPASE binding without activating its RNA
processing functions. Currently, there are no reports on the mechanism(s) for miRNA import into mitochondria.
Components of the import pathway for 5S rRNA into mammalian
mitochondria have been described. Basic requirements include ATP,
an intact ΔΨ, the protein translocases, and cytosolic factors [62].
The cytosolic factors include the cytosolic precursor of the mitochondrial ribosomal protein L-18 (MRP-L18) [7] and the mitochondrial
thiosulfate sulfurtransferase, rhodanese [101]. MRP-L18 ﬁrst binds
to the 5S rRNA, inducing a conformational change. Misfolded rhodanese then binds to the 5S rRNA and the combination acts as reciprocal
chaperones to facilitate import [101]. Inhibition of rhodanese expression decreased 5S rRNA import and mitochondrial translation in vivo

5.4. The mechanism of PNPASE-dependent RNA import into mitochondria
Gln
For the import of nucleus-encoded mammalian tRNACUG
and tRNAGln
, ATP is required, but unlike the import of yeast tRNA Lys and 5S
UUG
rRNA, import into mammalian mitochondria does not require an
intact ΔΨ or cytosolic factors [62]. Interestingly, PNPASE enhances
RNA import in yeast, which does not have a PNPASE homolog, indicating that PNPASE can augment a distinct RNA import mechanism
directly or independently [11]. An intact ΔΨ is required for PNPASEdependent import of RNase P RNA and no cytosolic factors are required (Fig. 4) [11]. In mammalian cells PNPASE expression is required for cell survival, so how essential PNPASE is for RNA import
remains unclear. Also, it is not known whether there are PNPASE dependent and independent mitochondrial RNA import mechanisms in
mammals, as may be the case in PNPASE-modiﬁed yeast. Identiﬁcation of additional RNA import pathway components, including OM
and IM channels, is essential to dissect mechanisms of RNA import
into mammalian mitochondria.
Although PNPASE RNA degradation and mitochondrial RNA import activities are separable [11], it is not known whether PNPASE
has a gatekeeper function for RNA import, degrading misplaced
RNAs in the IMS. A stem–loop structure protects RNA from degradation by PNPASE in chloroplasts and stem–loop sequences in human
RNase P and MRP RNAs could have a similar role, protecting these
RNAs from PNPASE degradation during import [23,57]. This speculated gatekeeper function could be a differential property of mammalian
PNPASE in comparison to its bacterial and chloroplast counterparts.
Recombinant mammalian PNPASE does not preferentially bind
poly(A) containing RNAs, consistent with data that PNPASE does not
metabolize poly(A) mRNA tails [103]. Human PNPASE also has a

RNAs (RNase P, MRP, 5S)
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Fig. 4. PNPASE regulates the import of nucleus-encoded small RNAs including RNase P RNA, MRP RNA, and 5S rRNA into the mitochondrial matrix. PNPASE promotes the import of
RNAs from the cytosol into the matrix by binding to speciﬁc stem–loop motifs in the imported RNAs. Imported non-coding RNAs function in mitochondrial replication, transcription,
and translation. The mitochondrial translation products are components of the oxidative phosphorylation (OXPHOS) complexes I–IV.
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lower poly(A) polymerase activity than its E. coli counterpart. Poly(A)
polymerization activity depends on the concentration of ADP, which
is signiﬁcantly lower in the IMS compared to the matrix [103]. It
would be interesting to know whether PNPASE degradation activity
is regulated by pH, as the mitochondrial IMS has a redox buffering
system and lower pH than the matrix.
5.5. Mammalian PNPASE and mtRNA processing
In mammalian mitochondria, RNA editing is a critical step in gene
expression. Large polycistronic RNA transcripts are generated from
the heavy and light strand promoters [85]. RNA cleavage occurs at
the 3′ and 5′ ends of the tRNAs that intervene between RNA coding
genes, followed by polyadenylation of mtRNAs [104–106]. For several
mitochondrial genes with a partial U or UA stop codon, the polyadenylation step completes the stop codon [104]. Whether polyadenylation also has an additional role in enhancing mtRNA stability is still
debated. Detection and isolation of truncated, non-abundant, polyadenylated mitochondrial RNAs suggests that polyadenylation could
occur with RNA transcripts destined for degradation, whereas another study shows deadenylation sometimes leads to quick decay of certain mutant transcripts [107,108].
In bacteria, organelles, and some eukaryotes, polyadenylation is
catalyzed by one of the poly(A) polymerases (PAPs) or PNPASE
[109]. Previously, it was proposed that mammalian PNPASE could
act as a mtRNA poly(A) polymerase and also degrade polyadenylated
mtRNAs because it exhibits both polymerization and RNA degradation biochemical activities [103]. However, the IMS location of mammalian PNPASE potentially excludes a direct role in these processes,
although an indirect effect on mtRNA processing may be possible
[32]. shRNA against PNPT1 altered mtRNA polyadenylation without
changing the mtRNA abundance [32,48,110]. In other studies,
shRNA against PNPT1 affected polyadenylation to different extents
for different mtRNAs. For example, 5′ processing of COX1 mtRNA
was defective and its poly(A) tail was abolished [110]. By contrast,
PNPASE knockdown had no effect on COX3 polyadenylation and
even led to longer poly(A) tail extensions for ND5 and ND3 mtRNAs
[110]. Whether PNPASE regulates mtRNA polyadenylation by changing mitochondrial ATP concentrations is also unclear. Transient
PNPT1 shRNA knockdown caused a decrease in cellular ATP, which
could alter mtRNA poly(A) tail lengths [48,110]. However, stable
PNPT1 shRNA knockdown showed inconsistent effects, with ATP
levels decreased, slightly increased, or unaffected in different cell
clones, all of which showed similar defects in mtRNA polyadenylation
[110]. Also, the effect that PNPT1 knockdown and ATP depletion had
on mtRNA poly(A) tail lengths appears distinct, with the latter causing a decrease in poly(A) tail lengths in ND3 and ND5 mtRNA transcripts compared to an increase in poly(A) tail lengths by PNPT1
knockdown [110]. Other work showed that the human mitochondrial
matrix protein hSUV3 regulates mtRNA stability and the removal of
non-coding processing intermediates. PNPASE was reported to interact with hSUV3, but this would place PNPASE in the mitochondrial
matrix [47]. Even though it is impossible to rule out a small fraction
of PNPASE in the matrix, an equally plausible explanation for this
interaction between hSUV3 and PNPASE is that it occurs during the
solubilization step in co-immunoprecipitation assays. In fact, human
mtPAP has been shown to polyadenylate the mature 3′ ends of
mtRNAs [48,111].
How mammalian PNPASE affects mtRNA processing is not resolved. PNPASE regulates the import of nucleus-encoded small RNAs
including RNase P and MRP RNAs [11]. RNase P processes mitochondrial tRNAs and PNPASE knockdown results in the accumulation of
partially processed polycistronic mtRNA transcripts, indicating a defect in cleaving polycistronic transcripts into individual coding
RNAs, rRNAs, and tRNAs [11]. Interference of this early processing
step could inhibit later processing steps, such as mature transcript

polyadenylation and degradation. The polycistronic transcript cleavage
sites are unique and could require different processing mechanisms, so
that defective RNA import could cause variable defects in generating
mature transcripts [85].
6. Future directions and concluding remarks
Thus far, PNPASE has been identiﬁed as an IMS localized protein
that directly regulates RNA import into mammalian mitochondria.
The remaining components of this and potentially additional mammalian RNA import pathways, however, remain unknown. The in
vivo and in vitro import assay systems established for PNPASE studies
provide tools for identifying and dissecting additional import components and mechanisms [11]. Importantly, even though S. cerevisiae
does not have a PNPASE homolog, heterologous PNPASE expression
enhances the import of RNA in vivo and in vitro, suggesting the import pathways in mammalian cells and S. cerevisiae are compatible,
which may provide a system where yeast genetic approaches can be
employed.
A second area of potential signiﬁcance is in the identiﬁcation of
additional imported RNA species and the elucidation of their functions inside mitochondria. So far, mammalian mitochondria have
been shown to import RNase P RNA, MRP RNA, 5S rRNA, CMV β2.7
viral RNA, several tRNAs, and a few miRNAs. It is likely that additional
nucleus-encoded RNAs, and possibly more viral RNAs, will be identiﬁed inside mitochondria. Knowledge of the range of mitochondrial
RNA import signals will provide clues as to which RNAs are potential
candidates for import. New assay systems may also be required to unravel the functions of imported RNAs.
A fundamental question in considering RNA import into mammalian mitochondria also remains to be addressed. Are there distinct
pathways, even PNPASE-dependent and independent pathways, or
is there one major import pathway with different RNA substrates requiring similar or distinct accessory factors? In fact, a few features
seem to converge in all systems studied to date. ATP seems to be universally required for RNA import and import appears to depend on
one or more OM factor(s). So far, it is still unknown whether mammalian PNPASE is involved in tRNA import into mitochondria.
The function(s) of PNPASE in the mitochondrial IMS is still not
fully understood. One remaining challenge is to understand a role
for its biochemically demonstrated RNA degradation activity. PNPASE
degradation and import activities are separable. More work is required to determine whether PNPASE RNA degradation activity
plays a role in RNA import, such as a gate-keeper for import or a
waste-disposal shunt. Also, what role, if any, PNPASE has in responding to infection and the localization of viral RNA in the IMS remains to
be elucidated.
In addition, there are possible roles for mammalian PNPASE in cellular locations other than the IMS. For example, PNPASE has been
shown to be released from the IMS into the cytosol late, hours after
apoptosis induction and caspase activation [32]. Could PNPASE participate in degrading cytosolic RNAs in cells committed to death? Also,
PNPASE may participate in antiviral responses; does type I IFNinduced PNPT1 expression produce additional PNPASE and, if so,
does all the increased PNPASE trafﬁc to the mitochondrial IMS?
With the nearby MAVS complex on the OM, does PNPASE process
IMS localized viral RNAs and, if so, what is its role in delivery to
MAVS? Finally, new approaches will be required to determine unequivocally whether small amounts of endogenous mammalian
PNPASE localize into the mitochondrial matrix, and, if so, what may
be the functional consequences.
In addition to potential signiﬁcance in viral infection and cell
death, the RNA import function of mammalian PNPASE may be manipulated to correct mitochondrial dysfunction. mtDNA mutations
have been linked to multiple human neuromuscular diseases [112–
114]. Aging is also associated with the accumulation of mtDNA

G. Wang et al. / Biochimica et Biophysica Acta 1819 (2012) 998–1007

mutations [115,116]. Currently, there is no efﬁcient approach for
overcoming mtDNA mutations in these morbid diseases. Existing
therapies target symptoms instead of mending primary defects. Mitochondrial gene therapy provides an interesting approach to treating
the root cause of these diseases. One practical application of studies
on RNA import into mitochondria is to complement mtDNA alterations by introducing and importing corrective RNAs. Mitochondrial
RNA import sequences could potentially be used to import RNAs
that normally are not imported, such as those that could repair defective or inefﬁcient electron transport chain mtRNAs. Another possible
application is to manipulate the mitochondrial transcription or translation proﬁle. For example, anti-sense RNAs could be imported to inhibit the expression of mutated mtRNA transcripts or to generate
models of disease. Overall, the accumulating data indicates that
RNAs, like proteins and lipids, trafﬁc to the mitochondria and are required for proper mitochondrial function. Mammalian PNPASE is
required for the import of some if not all of these small nucleusencoded RNAs.
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