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Mammalian mitochondria contain their own genome that
encodes mRNAs for thirteen essential subunits of the complexes
performing oxidative phosporylation as well as the RNA components (two rRNAs and 22 tRNAs) needed for their translation
in mitochondria. All RNA species are produced from single
polycistronic precursor RNAs, yet the relative concentrations of
various RNAs differ significantly. This underscores the essential
role of post-transcriptional mechanisms that control the
maturation, stability and translation of mitochondrial RNAs.

The present review provides a detailed summary on the role
of RNA maturation in the regulation of mitochondrial gene
expression, focusing mainly on messenger RNA polyadenylation
and stability control. Furthermore, the role of mitochondrial
ribosomal RNA stability, processing and modifications in the
biogenesis of the mitochondrial ribosome is discussed.

INTRODUCTION

[HSP (major H-strand promoter) 1 and HSP2] and L-strand
promoter [LSP (major L-strand promoter)] [4,5] respectively by
mitochondrial transcription machinery that includes a monomeric
RNA polymerase {POLRMT [polymerase (RNA) mitochondrial
(DNA directed)]}, TFAM (mitochondrial transcription factor A)
and TFB2M (mitochondrial transcription factor B2) and several
regulatory factors [TEFM (mitochondrial transcription elongation
factor), mTERFs (mitochondrial transcription termination
factors) and MRP (mitochondrial ribosomal protein) L12] [6–11].
The polycistronic transcripts generated by both strands are
processed and subsequently matured to generate mt-rRNA,
mt-tRNA and mt-mRNA (mitochondrial mRNA) molecules.
According to the ‘tRNA punctuation model’, mt-tRNA sequences
located between most of the rRNA and mRNA genes form
cloverleaf structures on the nascent transcripts, acting as signals
for the processing machinery [2,12]. It has been postulated that at
the sites lacking the ‘punctuating’ tRNA genes, other tRNA-like
secondary structures may be formed; nevertheless, no sequence
similarity has been found for these cleavage sites that might
be important for the recognition by the processing machinery
[13]. Several observations of mitochondrial transcription products
suggest that a number of transcript cleavages take place in
the mitochondria that cannot be routinely explained by the
‘punctuating’ model [14–16]. The 5 endonucleolytic cleavage
of tRNAs from polycistronic transcripts is performed by the
mitochondrial RNase P (as suggested by [17]). The main
mitochondrial RNase P, a multimeric enzyme consisting of three
different proteins and (in stark contrast with earlier assumptions)

According to the endosymbiotic theory, mitochondria originated
from proteobacteria that were taken inside another cell (either by
a primitive ‘eukaryotic cell ancestor’ or anaerobic archeobacteria)
and have since almost completely lost their autonomy [1]. As a
result, present-day eukaryotes possess nDNA (nuclear DNA) and
mtDNA (mitochondrial DNA) genomes.
Human mtDNA is a double-stranded closed circular molecule
of 16.6 kb [2]. The two strands of mtDNA have been designated
as the light inner strand (L-strand) and the heavy outer strand (Hstrand). Most of the information is encoded on the heavy strand: 14
mt-tRNAs (mitochondrial tRNA), two mt-rRNAs (mitochondrial
rRNA) and 12 polypeptides; whereas the light strand encodes the
remaining eight mt-tRNAs and one polypeptide, the ND (NADH
dehydrogenase) 6 subunit. Human mtDNA has a very compact
organization. The genes lack introns and the coding sequences
are separated by only a few bases [2]. In two cases, the protein
genes are overlapping: genes for ATPase 6 and 8 as well as
those for ND4 and ND4L have overlapping regions of 46 bp and
7 bp respectively [2,3]. All thirteen of the protein products of the
mitochondrial genome are indispensable parts of multi-enzymatic
complexes in the oxidative phosphorylation system. To translate
the thirteen protein-coding genes mitochondria have a specific
protein synthesis machinery, in which all factors apart from
mt-tRNAs and mt-rRNAs are encoded by the nucleus.
The long polycistronic precursor RNAs of the H-strand
and L-strand are transcribed from the H-strand promoters
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lacking the RNA component, has been fully characterized by
Rossmanith and colleagues [18]. Nevertheless, the presence of
a second RNA-containing mitochondrial RNase P with differing
substrate specificity (such as cleavage of adjacent tRNAs) has not
been completely ruled out [19]. The 3 -ends of mt-tRNAs have
been proposed to be cleaved by the RNase Z endonuclease [20].
ELAC2 (elaC homologue 2) has been demonstrated to localize
to the mitochondria and affect the 3 -end processing of tRNAs,
suggesting that it functions as an RNase Z in human mitochondria
[21–24]. Released tRNA molecules are matured by the addition
of the CCA trinucleotide to their 3 -end by ATP(CTP):tRNA
nucleotidyltransferase [25]. Mammalian mitochondrial genes
do not contain introns, thus maturation of nascent mRNAs is
limited to constitutive polyadenylation of the 3 -ends of these
molecules [12]. Further details regarding this process and its role
in mitochondria are provided in the sections below.
THE POST-TRANSCRIPTIONAL REGULATION OF mt-mRNAS

In mammalian mitochondria all RNA species are produced from
single polycistronic precursor RNAs, yet significant differences
in the relative concentrations of various mt-mRNAs have been
reported [16,26,27]. Concentrations of particular transcripts might
be, in theory, regulated by transcription processivity during
elongation so that the transcripts located in the proximity of
the promoters would be more abundant as compared with the
promoter-distal ones. We have recently identified TEFM as
an interactor of POLRMT and showed that it is required for
synthesizing promoter-distal transcripts from both strands [7]. The
up-regulation of TEFM may have an opposite effect and increase
the concentration of the promoter-proximal transcripts. Therefore
levels of TEFM expression, and possibly other factors, could
be a means of controlling mtRNA abundance. Apart from cotranscriptional regulation, active post-transcriptional mechanisms
must exist to determine maturation, translation and degradation
of mtRNA. This section outlines the current knowledge on human
mt-mRNA metabolism and discusses progress in the identification
of proteins that are involved in these processes. Figure 1
accompanies the text to provide a graphical representation of
the key pathways and factors.
Polyadenylation of mt-mRNA: tricky tale

One of the common features of mammalian mt-mRNAs is stable
polyadenylation of their 3 -termini upon processing. The essential
purpose of polyadenylation is to create a functional stop codon for
seven of the mitochondrial mRNAs excised from polycystronic
precursors with U or UA at their 3 -termini, thus requiring one
or two adenosine residues to complete the codon [2] (Table 1).
However, despite many years of research the broader role of
poly(A) tails in human mitochondria remains unclear.
Polyadenylation appears to play contrasting roles in the gene
expression of different systems. In the eukaryotic cytosol, poly(A)
tails confer stability on the transcript, playing a role in its exit from
the nucleus and promoting initiation of translation. In bacteria and
chloroplasts, polyadenylation stimulates RNA degradation [28].
Interestingly, despite their monophyletic origin, mitochondria
from different organisms display varied polyadenylation patterns.
In plants, similarly to the bacterial system, addition of 3 adenylates is a signal for RNA degradation. In contrast, yeast
transcripts do not display any polyadenylation, instead containing
an AU-rich dodecamer sequence at the 3 -end, required for
stability and translatability [29]. The situation is even more
complicated in protist mitochondria, where the pre-editing

c The Authors Journal compilation 
c 2012 Biochemical Society

Figure 1

Factors involved in mitochondrial mRNA metabolism

Well-established interactions are represented by solid lines and broken lines indicate
hypothetical connections.

addition of short 3 adenosine tails stabilizes transcripts during
and after the editing, and subsequent extension of short poly(A)
tails is critical for protein synthesis [30,31].
Human mitochondria do not seem to follow any of
the paradigms described above. Transcripts generated from
the mtDNA heavy strand acquire a poly(A) extension of
approximately 45 nt; however, there are marked differences in the
length of the poly(A) tail of the same transcript between different
cell types, as well as between different transcripts within a cell
type [13]. Notably, the ND6 transcript, the only light strand
transcript, is not polyadenylated at all [32]. Recently, the 3 -end
of the ND6 transcript has been mapped, revealing a 33/34 nt UTR
(untranslated region) following the stop codon and confirming
the lack of a poly(A) tail [27]. Strikingly, this same study
suggests that other mitochondrial mRNAs can be present in
both polyadenylated and non-polyadenylated forms at variable
frequencies; however, this intriguing observation requires further
investigation.
The enzyme responsible for the addition of poly(A) tails
in human mitochondria, hmtPAP {human mitochondrial PAP
[poly(A) polymerase]}, was identified by two research groups
[33,34]. Unexpectedly, hmtPAP is not a bacterial-type PAP, but
is homologous with the family of regulatory cytoplasmic PAPs
that are employed in polyadenylation-regulated translation in a
broad range of biological processes such as gametogenesis, cellcycle progression and synaptic activity [35–37]. Down-regulation
of the hmtPAP protein by siRNA (short interfering RNA) results
in profoundly shortened poly(A) tails of mt-mRNAs, consistent
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Effects of mitochondrial protein manipulations on transcript stability, polyadenylation profile and processing

A/AA, ‘A’ additions required for stop codon; A, <10; AA, 20–50; AAA, >50; ↓↑, changes in the steady-state levels of mature transcripts; ∼, no changes in the steady-state levels of mature transcripts;
p + , precursors and/or truncated mt-RNA species observed; 2 , inconsistent data on poly(A) between siRNA oligonucleotides; 3 , the length of the poly(A) tail deduced from reduced size on Northern
blot; 4 , except for ND1 and CO2 the length of the poly(A) tail deduced from a reduced size on Northern blot; 5 , taken from [27]; KO , precursor RNAs analysed in mouse knockout (KO)-derived cells
[19]; O-E, overexpression.
Mitochondrial transcript

Stop codon

3 UTR (nt)

Knockdown of PNPase

CO1
CO2
CO3
ND1
ND2
ND3
ND4/4L
ND5
ND6
CytB
ATP6/8
12S
16S
Reference

UAG
UAG
UAA
UAA
UAA
UAA
UAA
UAA
UAG
UAA
UAA

72
24
0
0
0
0
0
568
33/345
0
0

∼/AAA
∼/AAA
∼/AAA

∼/AA

∼/AAA

∼2

∼/AAA

∼/AAA

∼

[13]

[34]

∼/A/p −
[43]

↓/p + KO
↓
↓↓
[19]

∼/A/p +

Inactivation of SUV3
↓↓/p + KO
↓↓/p + KO
∼/p + KO

with the enzyme being responsible for polyadenylation within
the organelle [33,34]. Recently, a mutation in hmtPAP associated
with autosomal recessive spastic ataxia present in an Ohio Amish
family has been described [38]. The identified N478D substitution
occurs in a highly conserved region of PAP, and leads to a
severe truncation of mitochondrial poly(A) tails, resulting in
oligoadenylated species that are less than 10 nt long.
It is still unknown if polyadenylation is a two-step process
with oligoadenylation at the 3 -termini preceeding addition of
the long poly(A) tails by hmtPAP. It is important to note that no
mRNA species, completely devoid of 3 -added adenosine residues
have been identified in either hmtPAP siRNA-knockdown
experiments or in cells from patients with hmtPAP mutations
[33,38]. This may suggest that another as yet undiscovered
enzyme is responsible for the oligoadenylation of mitochondrial
transcripts.
One of the protein candidates that may be involved in poly(A)
metabolism and oligo(A) synthesis in the absence of PAP activity
is PNPase (polynucleotide phosphorylase). PNPases exhibit both
PAP and phosphorolytic 3 →5 exoribonuclease activities. In an
Escherichia coli mutant lacking PAP activity, PNPase is capable
of synthesis of poly(A) tails that sporadically contain non-adenine
ribonucleotides [39]. A homologue of bacterial PNPase has been
shown to be present in human mitochondria [40,41] and was
demonstrated to possess PAP activity in vitro [34,42]. Downregulation of the human PNPase led to extended poly(A) tails of
all mt-RNAs analysed [CO (mitochondrially encoded cytochrome
c oxidase) 1, CO2, CO3, ND3 and ND5)] [34] (Table 1), consistent
with the role of PNPase in poly(A) degradation. However, when
the involvement of PNPase in mt-RNA metabolism was further
addressed by stable silencing of the gene in human cells, a
varied effect on 3 -ends of mitochondrial transcripts was reported
[43]: (i) the stable poly(A) tails of CO2 were abolished; (ii)
CO3 remained unaffected; and (iii) ND5 poly(A) tails extended
(Table 1). Despite the lack of polyadenylation, normal steady-state
levels of CO1 transcript and protein were observed. Additionally,
it was reported that ATP levels were depleted upon PNPase downregulation and ATP depletion alone can result in the shortening
of poly(A) tails, suggesting an indirect path by which PNPase
could influence mt-mRNA polyadenylation [43]. Indeed, other
studies have demonstrated that the majority of human PNPase

∼/p +
↑↑/p +
↑↑/p +
↑↑/AAA/p +
∼/p +

Knockdown of mtPAP

∼/A
↑/A

↓
↑↑
↑↑
↑/A
↑

↓/A
↓↓/A
↓↓/A
∼/A

↓↓
↓↓
↓↓
∼
∼
∼
∼

AAA/p +
↓↓/AAA/p +

↑/A

↓

↓/A

∼
↓↓

[144]

[33]

∼
[48]

∼
[34]

[47]

O-E of PARN3

O-E of PDE124

↓↓/A
↓↓/A

↓↓/A
↓↓/A
∼/A
↑↑/A
↑↑/A
∼/A
∼/A
∼/A
∼
↑/A
∼/A
∼
∼
[50]

↑↑/A
↑↑/A
∼/A
∼/A
↑/A
↓/A
∼
∼
[49]

pool localizes to the intermembrane space [44] separate from
the mt-mRNA transcription and processing machineries of the
mitochondrial matrix. This again suggests that PNPase may play
an indirect role in mitochondrial polyadenylation (and/or stability)
[44]. In agreement with this, a recent study by Wang et al. [19]
proposed a novel, and rather unexpected, role for PNPase in the
import of nuclear-encoded RNAs, including RNase P, 5S RNA
and MRP RNAs into the mitochondrial matrix, implying more a
general role of the enzyme in the maintenance of mitochondrial
homoeostasis [19], reviewed in [45]. The latter is further discussed
in the following section. Further research will be necessary to
answer whether or not the mitochondrially localized PNPase is
directly involved in the poly(A) tail metabolism.
How does mitochondrial polyadenylation influence the stability of transcripts?

The correlation between shortening of poly(A) tails and decreased
transcript stability was first reported by Temperley et al. [32]
in a patient-derived cell line bearing a micro-deletion in the
ATP8/6 bicistronic mRNA, resulting in the loss of the two
terminal nucleotides. This loss removes the terminal uridine,
which serves as the first letter of the UAA stop codon, and would
be completed in the healthy mitochondria by polyadenylation.
In this cell line, processing and polyadenylation still occurs and
the resulting transcripts undergo translation, but later are rapidly
degraded in a deadenylation-dependent manner. These data were
interpreted as consistent with the role of polyadenylation in
promoting stability of the non-stop transcript, thus allowing
translation and generation of stable functional polypeptides [46].
Moreover, the study suggested the potential existence of a putative
PABP [poly(A)-binding protein] in mitochondria that could be
involved in the protection of transcripts, similarly to cytosolic
PABPs.
Conflicting results have been obtained from studies of the
effect of mtPAP silencing on transcript stability. Work by Nagaike
et al. [34] suggested that the poly(A) tail is important for mRNA
stability, as shortening of the poly(A) tails resulted in a decreased
steady-state level of several mRNAs including CO1, CO2, CO3
and ATP8/6, but not the ND3 mRNA. Similar conclusions were
drawn from a further study by Nagao et al. [47] (Table 1).
In contrast, Tomecki and colleagues [33] postulated that long
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poly(A) tails are not required for transcript stability as hmtPAP
depletion did not alter the stability of ND3 or ATP8/6 [33]. An
additional report by the same group extended this analysis [48]
to several further transcripts, indicating that levels of transcripts
coding for subunits of complex I are generally elevated, whereas
CO3 and ATP8/6 levels are decreased upon mtPAP silencing. The
variation in steady-state levels of the same transcripts between
independent experiments most probably reflects the variability in
hmtPAP silencing.
Recently, another study by Wydro et al. [49] showed a
variable effect of polyadenylation on transcript stability. When
the native poly(A) tails were interfered with by binding of
mitochondrially targeted cytosolic PABP1 or deadenylated with
the cytosolic PARN [poly(A)-specific exoribonuclease] targeted
to the mitochondria, a severe mitochondrial phenotype was
observed. Mitochondrial targeting of PARN completely removed
the 3 adenylate extensions of the transcripts and resulted in
increased steady-state levels of ND1, 2 and 5 mRNAs, with a
concomitant decrease in expression of the other mRNAs (CO1,
CO2 and ATP8/6). Strikingly similar effects on the steady-state
levels of the transcripts have been observed when human 2 PDE12 (phosphodiesterase 12), was overexpressed in cultured
human cells. PDE12 is the first poly(A)-specific exoribonuclease
that has been shown to exist in human mitochondria [50,51],
specifically removing poly(A) tails of mitochondrial transcripts
both in vitro and in vivo. In both aforementioned studies,
removing poly(A) tails from mt-mRNAs destabilized CO1
and CO2, whereas the steady-state levels of ND1 and ND2
mRNAs increased, suggesting that there is no universal role of
mitochondrial poly(A) tails in the regulation of RNA stability.
Finally, the co-existence of two types of polyadenylation
(stabilizing and destabilizing) has been suggested by Slomovic
et al. [16]. In addition to the regular polyadenylation at the 3 -end,
mt-RNAs, including mt-tRNAs and mt-rRNAs, can be internally
polyadenylated, albeit at very low levels. Using RT (reverse
transcription)–PCR-based techniques in conjunction with bioinformatic analysis, non-abundant, internally polyadenylated RNAs
were detected in mitochondria, suggesting that polyadenylationdependent degradation, similar to the prokaryotic mechanism,
may co-exist with stabilizing polyadenylation. This necessitates
the existence of mechanisms that can distinguish between
these two forms and probably depends on additional poly(A)binding factors or sequence-specific proteins. It cannot be
excluded, however, that the appearance of a small population
of internally polyadenylated RNA species may represent
aberrantly processed intermediates that are exposed to the
activity of the polyadenylating enzyme. Indeed, when mRNA is
endonucleotically cleaved, the truncated species are immediately
readenylated [52]. High rates of readenylation in truncated RNAs
have also been observed in other studies [32,50].
To summarize, there is no generic effect of 3 polyadenylation
on the stability of mitochondrial RNAs (Table 1), and
polyadenylation is not sufficient to direct mt-RNA for
degradation. The mechanism of degradation is probably
dependent on additional as yet unidentified factors. In yeast
mitochondria, all mRNAs lack poly(A) tails and are stabilized
by mRNA-specific factors {e.g. CBP1 (cap-binding protein
1), [53], Aep3 (ATPase expression protein 3) [54] or Pet309
(PETite colonies 309) [55]}. Although no homologues have
been identified, it could be speculated that specific factors are
involved in the stabilization of individual transcripts in human
mitochondria. Intriguingly, several reports suggest the existence
of stable antisense transcripts in mitochondria [27,56,57],
although their role in the regulation of transcript stability and
metabolism remains to be addressed.
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Mitochondrial poly(A) tails and protein synthesis: is there a link?

In the cytosol, poly(A) tails play an important function during the
initiation of translation. EIF4F (eukaryotic cytoplasmic initiation
factor 4F) interacts with the 5 mRNA m7G (7-methylguanylate)
cap and 3 poly(A) via PABP [58]. This interaction effectively
circularizes the mRNA, and recruits the small ribosomal subunit
to promote translation initiation. In mitochondrial transcripts the
translational start codon is typically located within the three
nucleotides of the 5 -end of the mRNA [2]. Also, mt-mRNAs
are not capped by m7G at their 5 -end and lack the traditional
Shine–Dalgarno sequence, which facilitates ribosome binding in
bacteria, hence neither the cytosolic or prokaryotic mechanism
for translational initiation could operate in this system.
Very limited progress has been made towards understanding
the role of polyadenylation in mitochondrial translation in human
cells. Recently, some light has been shed on this problem by
inducing the trimming of 3 poly(A) extensions, either by targeting
of cytosolic PARN into mitochondria or by overexpression of
mitochondrial PDE12 deadenylase [49,50]. In both cases deadenylation led to severe inhibition of protein synthesis. It cannot
be ruled out, however, that the activity of PDE12 and PARN
causes a functional removal of stop codons, leading to the loss of
the capacity of an mRNA to be translated. Interestingly, targeting
of cytosolic PABP1 to mitochondria did not lead to shortening
or decay of transcripts, but caused an inhibition of mitochondrial
translation, suggesting that poly(A) tails are indeed necessary for
regulation of protein synthesis in mitochondria.
It is tempting to speculate that deadenylation-dependent
inhibition of protein synthesis could play a regulatory role in gene
expression in response to different stimuli. Mitochondrial protein
synthesis is decreased under conditions of low pH and anoxia
[59]. Both oxygen deprivation and acidic pH (pH 6.4) lead to
an increase in the half-life of selected mitochondrial transcripts,
indicating that protein synthesis alteration is not the result of
transcripts limitation [60]. Interestingly, in the same conditions,
a significant deadenylation of stabilized transcripts is observed
[61]. This implies that modulation of poly(A) tail length may
indeed play a regulatory role in protein synthesis; however, this
intriguing hypothesis needs to be supported by further studies.
Polyadenylation has a profound effect on mitochondrial
function, as evidenced by the severe neurodegeneration disorder
presented in patients with mtPAP mutation; however, until now
there has been no consensus regarding the precise role of
poly(A) tails in transcript stability and translation. Addressing
the questions of poly(A) function and regulation, as well as
identification of the mitochondrial PABP, constitutes a challenge
for further investigation.

Mitochondrial mRNA regulatory proteins and translational
activators

In yeast mitochondria a group of regulatory proteins exist to
optimize translation of individual mRNAs. The regulatory role
of these proteins can be realized via regulation of the stability of
specific transcripts or through promoting translation by binding
to the 5 -UTRs of the mRNA (e.g. [62–64], reviewed in [65]). As
mammalian mitochondrial mRNAs do not contain significant 5 UTRs, alternative mechanisms must exist to promote stabilization
or translation of individual transcripts.
Previously, the first human translational activator specific
for CO1, TACO1 [translational activator of mitochondrially
encoded cytochrome c oxidase I; CCDC44 (coiled-coil domain
containing 44)] has been identified [66]. Mutations in TACO1
result in cytochrome c oxidase deficiency and late-onset Leigh
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syndrome. A significant reduction in synthesis of the CO1
protein was observed in patient fibroblasts, despite a normal
steady-state level of CO1 mRNA. It is possible that the protein
interacts with the long 3 -UTR of CO1 to promote translation;
however, this has not yet been investigated. Understanding the
mechanism of TACO1 may provide an insight into the general
method of how mRNAs are recognized for translation in human
mitochondria.
Several proteins of the PPR (pentatricopeptide repeat) family
have been proposed to play a regulatory role in mitochondrial
translation. The PPR family is characterized by the presence
of a 35-amino-acid structural motif that is tandemly repeated
2–26 times per protein. Most members of the PPR family
are plant proteins and nearly all localize to chloroplasts or
mitochondria. The PPR domain appears to be involved in RNA–
protein interactions, and PPR proteins are known to play various
roles in RNA editing, stability and translation activation [67].
In mammals, only seven PPR proteins have been characterized
thus far (reviewed in [68]), all of them localized predominantly
to mitochondria: POLRMT, PTCD (pentatricopeptide repeat
domain) 1, PTCD2, PTCD3, MRPS27 (mitochondrial ribosomal
protein S27), LRPPRC (leucine-rich pentatricopeptide-repeatcontaining) and MRPP3 (mitochondrial RNase P protein 3).
The PPR proteins with a documented role in post-transcriptional
regulation of mt-mRNAs, LRPPRC and PTCD2, are described
below. The remaining proteins with a role in the regulation of
non-messenger mt-rRNAs, PTCD1 and PTCD3, will be discussed
in the ‘Role of mitochondrial rRNA stability, processing and
modifications in mitoribosome biogenesis’ section.
LRPPRC (or LRP130), has been implicated in mitochondrial
disease; however, its precise role is far from clear. Mutations
in LRPPRC cause LSFC (Leigh syndrome French Canadian
variant), characterized by a tissue-specific decrease in cytochrome
c oxidase activity [69]. LRPPRC has been proposed to act
as a specific regulator of the expression of mitochondrially
encoded subunits of cytochrome c oxidase [70]. However, further
studies in cells depleted of LRPPRC by siRNA [71] or in
LSFC patient-derived fibroblasts [72] showed that a decreased
LRPPRC level results in a general reduction of steady-state levels
of most mitochondrial mRNAs. Nevertheless, the steady-state
levels of cytochrome c oxidase mRNAs were the most sensitive
to LRPPRC inactivation and, importantly, their translation was
disproportionately decreased, supporting the notion that LRPPRC
is involved in translational control of these mRNAs. A recent
mouse model study has confirmed the role of LRPPRC in the
production of a functional cytochrome c oxidase and identified
the short fragment of CO1 to which the protein specifically binds
[73]. It is still unclear how LRPPRC regulates the metabolism
of transcripts. It has been shown that LRPPRC may play a role
in mitochondrial transcription [74] and a recent study suggested
an involvement in transcript polyadenylation [75]. Notably, in the
latter study, loss of LRPPRC in a conditional mouse knockout
led not only to decreased transcript stability and loss of poly(A)
tails, but also aberrant translation with excessive translation of
some transcripts and inhibition of others [75]. This suggests,
in contrast with other studies [49,50], that translation, although
heavily misregulated, may occur in the absence of mRNA
polyadenylation.
In addition, several reports have shown the presence of
LRPPRC in the nucleus, where it seems to play a role in the
regulation of mitochondrial biogenesis and energy homoeostasis
[71,76], thus suggesting an involvement in the co-ordination
of interactions between the nucleus and mitochondria. In
cultured cell lines only a mitochondrial form of LRPPRC was
detected [77], therefore dual localization of LRPPRC might be
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a tissue-specific phenomenon, or may depend on specific cell
conditions.
LRPPRC has been found to be associated with another
mitochondrial RNA-binding protein, SLIRP (steroid receptor
RNA activator stem-loop-interacting RNA-binding protein)
[72,75]. SLIRP was first identified as a nuclear protein interacting
with steroid receptor RNA activator, although the majority of
the protein was shown to reside in mitochondria [78], implying
mitochondrial function. Supporting this conclusion, SLIRP was
identified in a screen for regulators of oxidative phosphorylation
as an essential factor in the maintenance of mitochondrial
transcripts [79]. LRPPRC and SLIRP are postulated to be
part of the high-molecular-mass ribonucleoprotein complex
that regulates metabolism of mitochondrial transcripts [72].
Expression of this complex correlates with total mt-mRNA levels,
as in rho0 cells (cells devoid of mtDNA) the levels of both proteins
were significantly reduced, indicating mutual partnership [72].
Recent years have seen the identification of several
RNA-binding proteins in mitochondria, providing a greater
understanding of various aspects of mitochondrial gene
regulation; however, the list is probably far from complete, and
other factors remain to be identified.

THE POST-TRANSCRIPTIONAL REGULATION OF NON-MESSENGER
RNAs IN MAMMALIAN MITOCHONDRIA

In addition to a differential stability of mRNAs, maintaining
a correct concentration of tRNAs and rRNAs constitutes an
additional regulatory mechanism for the proper function of
these molecules and consequently gene expression. Accordingly,
in mammalian mitochondria a variation in steady-state levels
of mature mt-rRNAs and mt-tRNAs have been reported [27].
Since mitochondrial rRNA and tRNA molecules, similarly to mtmRNAs, are generated from a common precursor transcript, it is
likely that post-transcriptionally acting factors are involved in the
regulation of their abundance. However, the details of how these
mechanisms operate in mammalian mitochondria are lacking.
Post-transcriptional nucleotide modifications of non-messenger
RNAs are often required for their correct function [80].
Many nucleotides in mitochondrial rRNAs and tRNAs undergo
modifications, although our knowledge of the mechanisms and
enzymes that are involved in these processes in mammalian
mitochondria is, to say the least, limited. To put this into context,
over two dozen nucleotides in various mitochondrial tRNAs
are subjected to post-transcriptional modifications, but only five
enzymes responsible for these changes have been identified
[81] (Figure 2). Astonishingly, although there are at least nine
modifications in both mitochondrial rRNAs, only one enzyme
(that performs two of these modifications) has been identified
thus far.
This section is devoted to recent advances in analysing the
post-transcriptional mechanisms responsible for the stability
and modifications of mitochondrial non-messenger RNAs in
mammalian cells. Recent and comprehensive reviews by experts
in the field deal with biogenesis, function and structural aspects
of mammalian mt-tRNAs and hence they will not be described in
detail [81,82]. Instead, we will focus on the current knowledge on
stability and modifications of mitochondrial rRNA highlighting
their importance in the biogenesis of the mitochondrial ribosome.
In contrast with the relatively well-studied role of rRNA
transacting factors in the biogenesis of the ribosome in bacteria
and cytoplasm of eukaryotes, thus far such factors have not
received a great deal of attention in mammalian mitochondria.
Again, a graphical abstract of this section is provided (Figure 2).
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Post-transcriptional metabolism of non-messenger RNAs and protein factors engaged in these processes

Processing of mitochondrial tRNAs, characterization of aminoacyl-tRNA synthetases (XARS2) and mt-tRNA modification enzymes are reviewed in [81]. Solid lines and broken lines represent
well-characterized and hypothetical interactions respectively. GTPBP3, GTP-binding protein 3; MTO1, mitochondrial translation optimization 1 homologue; PUS1, pseudouridylate synthase 1; TRIT1,
tRNA isopentenyltransferase 1; TRMT, TRM1 tRNA methyltransferase 1 homologue; TRMU, tRNA 5-methylaminomethyl-2-thiouridylate methyltransferase.

Role of mitochondrial rRNA stability, processing and modifications
in mitoribosome biogenesis

The human mitochondrial ribosome consists of mt-SSU
(mitochondrial small 28S subunit) and mt-LSU (mitochondrial
large 39S subunit), containing 12S and 16S rRNAs respectively.
The 3 -termini of mt-rRNAs normally do not have more than
one or two adenine nucleotides [27,33]. Whether or not a small
rRNA, analogous to the 5S RNA in the E. coli ribosome, is
present in the mitoribosome is still under debate [83]. Similarly
to the majority of mt-mRNAs, mt-rRNAs are generated by the
processing of mt-tRNAs located on either ends. mt-rRNAs exhibit
10–30-fold higher steady-state expression levels compared with
the most abundant mt-mRNAs such as CO1 or CO2 [5,27,84]. The
overabundance of mt-RNA is believed to result primarily from a
higher transcription rate from the HSP1 promoter. There are also
marked differences in the concentrations within rRNA species,
and usually 16S rRNA are 2-fold more abundant than 12S [27].
Therefore post-transcriptional mechanisms regulating transcript
stability are also likely to contribute to this effect.
Ribosome production entails a complex multi-step pathway in
all organisms studied thus far and rRNA plays a vital role in this
process. In the yeast cytoplasm, approximately 200 proteins and
70 snoRNAs (small nucleolar RNAs) have been reported to participate in ribosome biosynthesis. Also, biosynthesis of the bacterial
ribosome requires auxiliary factors; however, owing to the lack
of compartmentalization of the ribosome synthesis steps, a much
smaller number of proteins are involved in this process. Many
of the non-ribosomal factors involved in the ribosome biogenesis
directly regulate rRNA stability and processing (e.g. sequencespecific helicases that aid folding and RNA chaperones) [85].
Maturation of rRNA requires a number of post-transcriptional
nucleotide modifications, some of which are co-transcriptional,
whereas others occur once the rRNA has been assembled into
pre-ribosomes [86]. These modifications consist mostly of base
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methylation, 2 -O-ribose methylation and pseudouridylation and
are conserved in Prokaryota and Eukaryota. Base methylation
is performed by MTases (methyltransferases) that directly
recognize specific targets [87]. However, the methylation of
ribose and conversion into pseudouridine, although common to
both Prokaryota and Eukaryota, involves a different mechanism
in these two groups. Cytoplasmic eukaryotic rRNAs require a
number of snoRNAs in order to mark the target nucleotide by
forming a transient duplex with the precursor, whereas prokaryotic
rRNA modification is performed by several site-specific enzymes
that recognize their target without a guide RNA [87]. The
modifications made to rRNAs have been mapped for yeast and
mammalian mitochondrial ribosomes (Table 2). In contrast with
eukaryotic cytoplasmic and bacterial rRNAs that contain a large
number of modified nucleotides [88], only a handful of rRNA
nucleotides are modified in mitochondria. Similarly to bacteria,
mitochondrial rRNA modifications depend rather on site-specific
enzymes that are not guided by small RNAs [89].
12S rRNA and mt-SSU biogenesis

A number of protein factors contributing to the assembly and
function of mt-SSU via interaction with 12S rRNA have been
reported in mammalian mitochondria.
A homologue of the bacterial Era protein, ERAL1 (Era Gprotein-like 1), which is a member of a conserved family of GTPbinding proteins with RNA-binding activity, has been identified
in human mitochondria [90,91]. It has been demonstrated that
ERAL1 is important for the formation of mt-SSU and downregulation of its expression by siRNA results in decreased
mitochondrial protein synthesis and a decay of nascent 12S mtrRNA [90,91]. It has been suggested that ERAL1 functions as a
mitochondrial RNA chaperone to protect the 12S mt-rRNA on
mt-SSU during the assembly [90].

Mammalian mitochondrial RNA
Table 2
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Ribosomal RNA modifications in bacteria and mitochondria of yeast and mammals

N/A, not applicable.

E. coli
Position
(a) Large rRNA
2251
2552
2553
2580
(b) Small rRNA
788
1402
1403
1518
1519

Yeast mitochondria

Mammalian mitochondria

Modification

Gene

Position

Modification

Gene

Hamster
position

Hamster
modification

Human
position

Human modification

Gene

References

Gm
Um
Not modified
Psi

RlmB
RrmJ
N/A
RluC

2270
2791
2792
2819

Gm
Um
Not modified
Psi

Pet56p
MRM2
N/A
PUS5

1144
1370
1371
1398†

Gm
Um
Gm
Not detected

1145†
1369†
1370†
1397

To be confirmed
To be confirmed
To be confirmed
Psi

Not identified
Not identified
Not identified
Not identified

[98,99,101, 122,123]
[98,99,101,124,125]
[99,101]
[130,131]

Not modified
m4 Cm
Not modified
m6 2 A
m6 2 A

N/A
RsmH , RsmI
N/A
KsgA
KsgA

1243
1862
1863
2002
2003

Not modified
Not modified
Not modified
Not modified
Not modified

N/A
N/A
N/A
N/A
N/A

426
847
848
939
940

m5 U
m4 C
m5 C
m6 2 A
m6 2 A

429 †
846 †
847†
936
937

To be confirmed
To be confirmed
To be confirmed
m6 2 A
m6 2 A

Not identified
Not identified
Not identified
TFB1M (TFB2M)
TFB1M (TFB2M)

[98,99,101]
[99–101, 113]
[98,99–101]
[98,100–102, 110]
[98,100–102, 110]

†Predicted from a sequence alignment.

As mentioned above, PPR proteins play important roles in RNA
metabolism in organelles. PTCD3 is involved in the regulation
of protein synthesis in mitochondria [92]. PTCD3 is tightly
associated with the ribosome and has been classified as a mtSSU protein [93,94]. PTCD3 is also associated with 12S and
knockdown of the protein levels significantly decreased protein
synthesis without affecting the abundance or processing of
mitochondrial transcripts. Whether or not ribosome integrity is
compromised in PTCD3-depleted cells remains an open question.
It has been shown that the abundance of two marker proteins for
mt-SSU and mt-LSU (MRPS15 and MRPL11) are not affected in
PTCD3-depleted cells [92]; however, the integrity of the subunit
has not been studied by other methods such as sucrose-gradient
sedimentation. Other studies have shown that mitoribosome
assembly can be compromised without affecting the steadystate levels of individual components [50,95]. The exact role
of PTCD3 in the mt-SSU function is yet to be elucidated, but
given its properties it may be involved in the assembly or the
recognition/decoding of mRNA transcripts by the mitoribosome.
Although mitochondrial tRNA metabolism is beyond the
scope of the present review, it is worth briefly mentioning
another PPR protein, PTCD1, involved in the regulation of posttranscriptional mitochondrial gene expression. PTCD1 is a lowabundance protein found mostly in the heart, testes and muscles.
Overexpression of PTCD1 reduces the levels of leucine tRNAs
in mitochondria, whereas its knockdown by siRNA increases the
levels of these tRNAs [96]. Down-regulation of PTCD1 did not
alter mitochondrial mRNA levels, but increased the protein levels
of several mitochondrially encoded subunits of Complexes I and
IV, suggesting that leucine tRNAs may be a rate-limiting factor
for mitochondrial protein synthesis. This led to the conclusion
that PTCD1 acts as a negative regulator of translation at the tRNA
level [96]. A more recent study, however, suggested a further
function of the protein in 3 processing of mt-tRNAs from their
precursors [97]; although the relationship between these two roles
needs to be addressed in the future.
Post-transcriptional nucleotide modifications of 12S rRNA

Detailed studies of hamster cells the allowed identification of
five modified nucleotides in the small 12S rRNA [98–101]
(Table 2). All positions that are modified in 12S rRNA in rodent
mitochondria are absolutely conserved in the human sequence

and, although not experimentally confirmed, are likely to be
present in human rRNA. Surprisingly, in yeast mitochondria
the small 15S rRNA does not to harbour any modifications
(Table 2). In the present review we briefly characterize the
rRNA modifications detected in mammalian 12S rRNA (using
human rRNA position numbering) discussing their documented
or predicted role in mitoribosome assembly and function.
m6 2 A936 and m6 2 A937 : critical modification performed by protein(s) related to
mitochondrial transcription factor

It has been shown that two very highly conserved adenines
in a stem-loop near the 3 -end of 12S rRNA are modified
by N6-dimethylation in hamster and human mitochondria
[101,102]. TFB1M (mitochondrial transcription factor B1) and its
paralogue TFB2M are capable of dimethylation of these
residues and are the only rRNA-modifying enzymes identified
in mammalian mitochondria thus far. TFB1M and TFB2M were
initially discovered as human mitochondrial transcription factors
by homology with the only known mitochondrial transcription
factor in yeast [103]. Both proteins are able to stimulate
transcription initiation in vitro, although TFB2M is significantly
more efficient as compared with TFB1M [103,104]. Sequence
homology analysis revealed that both TFB1M and TFB2M have
an S-adenosylmethionine-dependent MTase domain homologous
with E. coli KsgA that dimethylates the corresponding adenines in
16S [103,104]. Furthermore, it has been shown that TFB1M, and
to a lesser extend TFB2M, are not only capable of stimulating
transcription, but also can dimethylate the adenines (A1518 and
A1519 ) in the conserved stem-loop in bacterial 16S rRNA in KsgAdeficient E. coli strains [102,105]. Therefore each of the factors
is formally capable of contributing to both rRNA methylation
and transcription in vivo, albeit TFB1M is mainly the 12S
rRNA MTase, whereas TFB2M is primarily a transcription factor
(discussed further in [106]).
More recently, studies in a mouse model have shown that
ablation of TFB1M in the heart leads to the loss of adenine
dimethylation in 12S rRNA, a reduction in the steady-state
levels of 12S rRNA and a dramatic impairment in the stability/
assembly of mt-SSU, with a consequent loss of mitochondrial
translation [107]. Consistent with this data are the studies of
Matsushima et al. [108], who found that RNAi (RNA interference)
knockdown of TFB1M in insect cells also impaires mitochondrial
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translation. Why is dimethylation of a stem-loop structure
in 12S rRNA of critical importance for the integrity of the
mammalian mitoribosome? One of the possibilities is that rRNA
dimethylation plays a direct and crucial role mt-SSU assembly.
However, this would be in disagreement with results from many
studies of bacteria and yeast cytoplasmic ribosomes showing that
fully assembled small subunits are produced in the absence of
dimethylated adenines [109]. An alternative explanation could be
that this modification constitutes an obligatory late step in the
assembly of the complete mitoribosome, consequently mt-SSU
subunits with unmethylated 12S rRNA fail to interact with mtLSU and become unstable. This hypothesis would be consistent
with some earlier data showing that extracts from KsgA-deficient
E. coli cells have reduced affinity between the 30S and 50S
ribosomal subunits [110]. This is also in agreement with a
more recent functional model for bacterial KsgA proposing that
dimethylation of adenines is a part of the universal checkpoint
mechanism during ribosome assembly. This model proposes that
KsgA plays a role in the final stages of ribosome assembly
by establishing an optimal subunit conformation and preventing
not fully assembled small ribosomal subunits from entering the
translational cycle prematurely [111,112]. However, it is unclear
why such a dramatic effect on the stability of the unmethylated mtSSU would be observed in mammalian mitochondria, whereas in
bacteria and the cytoplasm of yeast, rRNA adenine dimethylation
only fine-tunes ribosomal function [109]. This issue certainly
needs more attention.
12S m4 C846 : enzyme awaiting identification

The biogenesis and function of the methylation of m4 C846 remains
unclear and no enzyme catalysing this modification has been
identified. In E. coli 16S rRNA the base corresponding to
C846 (C1402 ) is also N4 -methylated, however, in contrast with
mammalian 12S rRNA, E. coli C1402 is additionally ribose
methylated (N4 , 2 -O-dimethylcytidine-m4 Cm; Table 2). It has
been shown that a lack of N4 -methylation of C1402 (but not 2 -Oribose methylation) increases the efficiency of non-AUG initiation
and decreases the rate of UGA stop codon read-through. This led
to a model whereby m4 Cm1402 in the 16S rRNA plays a role in
fine-tuning the structure and function of the P-site and regulates
decoding fidelity [113]. It would be very interesting to see if this
function is evolutionarily conserved and if m4 C846 has the same
function in mammalian mitochondria.
12S m5 C847 : a target for the mTERF4–NSUN4 (NOP2/Sun domain family 4)
complex?

In contrast with C846 , the base corresponding to C847 is not
modified either in 16S rRNA of E.coli (C1403 ) or other small
rRNAs analysed [88] (Table 2). No m5 C MTase has been assigned
to perform this modification in mammalian mitochondria.
However, recently a putative RNA m5 C MTase NSUN4 has been
identified in mammalian mitochondria that forms a complex
with hMTERF4 (human mTERF4), a member of a family
of mitochondrial proteins involved in transcription regulation
[114]. The hMTERF4–NSUN4 complex co-migrates with mtLSU and primarily binds the large 16S mitochondrial rRNA,
suggesting a role in the biosynthesis of mt-LSU. However, in
the absence of hMTERF4 both subunits of the mitoribosome
are present at increased levels, but do not interact to form a
functional assembled ribosome indicative for the hMTERF4–
NSUN4 complex being a part of the late stages of mitoribosome
assembly [114]. Importantly, no m5 C methylation has been
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detected in the mammalian mitochondrial 16S rRNA thus far
(Table 2). Is it, therefore, possible that NSUN4 modifies the
small 12S rRNA while being localized on the mt-LSU, with this
modification being necessary for the completion of mitoribosome
assembly? Or, is there an m5 C methylation on 16S rRNA that
has not so far been detected? Further studies of the mTERF4–
NSUN4 complex are necessary in order to answer these questions.
Interestingly, the closest bacterial homologue of NSUN4, YebU,
is responsible for the methylation of a cytosine in the rRNA of
the bacterial small 28S subunit (C1407 ), and can only perform the
reaction when rRNA is present in the assembled small ribosomal
subunit (free rRNA or 70S ribosomes cannot be methylated by
YebU) [115].

12S m5 U429 : enzyme awaiting identification

Methylation of m5 U429 occurs in the central domain of 12S rRNA
as a part of the conserved sequence GGAm5 UUAGA. The human
mitochondrial enzyme responsible for this modification has not
been identified, so nothing is known about the function of U429 in
ribosome biogenesis. A corresponding uracil residue in E. coli
16S rRNA (U788 ) is located within the 790-loop of helix 24
[88]. Although U788 is not methylated in bacteria, it has been
shown that mutants of the 790-loop yielded no fully formed
30S subunits, indicating that this loop is critical to the 30S
ribosomal biogenesis and assembly pathways [116]. Interestingly,
it is has been observed that the 790-loop plays an important role
in catalysis by the N 6 -dimethyltransferase KsgA, the bacterial
homologue of TFB1M (see above) [116]. Again, it would be very
interesting to see if these features are conserved in mammalian
mitochondria and how U429 methylation contributes to it.

16S rRNA and mt-LSU biogenesis

Not much is known about the role of 16S rRNA in biogenesis
of the human mitoribosome. mTERF4 is the only recognized
protein that binds mitochondrial 16S rRNA and participates in
the biogenesis of the mitoribosome [114]. However, as already
discussed (see the ‘12S m5 C847 : a target for the mTERF4–NSUN4
complex?’ section), whether or not mTERF4 plays a direct role
in production of the mature mt-LSU remains to be elucidated.
Of note, a number trans-acting factors that play a role in the
regulation of the integrity of mt-LSU have been reported recently
and we would like to briefly characterize them in the present
review.
NOA1 (nitric-oxide-associated 1; C4orf14, mAtNOS1) is a
member of the cpGTPase (circularly permuted GTPase) family
that play various roles in ribosome function [117]. Knockout of
NOA1 in mouse cells led to impaired protein synthesis without
loss of mtDNA and/or transcription. The analysis of mitochondrial
ribosomal subunits from Noa1-null cells by sucrose-gradient
centrifugation showed anomalous sedimentation of mt-LSU,
consistent with a defect in assembly. However, a role of Noa1 in
assembly of mt-SSU cannot be formally ruled out [117].
The yeast Mtg1 protein, a homologue of bacterial YlqF GTPase
(also known as RbgA) [118], has been suggested to function in
the assembly of mt-LSU in yeast mitochondria without a role
in transcription or processing of mt-rRNAs [119]. The human
orthologue of Mtg1 is capable of partial rescue of respiratory
deficiency in a yeast mtg1-null mutant and has been localized
to mitochondria in human cells [119]. Therefore it is likely that
the human Mtg1 protein also participates in the mitoribosome
assembly.

Mammalian mitochondrial RNA

Another non-ribosomal protein involved in the late
stages of mitoribosomal biogenesis is m-AAA (mitochondrial
AAA) protease. Studies in yeast mitochondria revealed that
m-AAA protease is involved in the processing of the
mitochondrial ribosomal protein MRPL32 allowing for its
association with pre-ribosomal particles and hence completion
of mitoribosome assembly. In mammals the m-AAA protease
constitutes hetero-oligomeric complex composed of Afg3l2
(AFG3 ATPase family gene 3-like 2) and paraplegin, and its
function is conserved as maturation of MrpL32 is impaired in
a mouse model lacking the paraplegin subunit [120].
Finally, very recently we [95] and others [121] have
characterized a novel human protein, C7orf30, that specifically
associates with mt-LSU. Inactivation of C7orf30 in human
cells by RNAi-impaired mitochondrial translation without any
appreciable effects on the steady-state levels of mitochondrial
mRNAs and rRNAs. The translation defect in C7orf30-depleted
cells results from aberrant assembly of mt-LSU and consequently
reduced formation of the monosome. We proposed that C7orf30
is a human assembly and/or stability factor involved in the
biogenesis of mt-LSU [95].
Post-transcriptional nucleotide modifications of 16S rRNA

In parallel with the studies of 12S rRNA in hamster cells, detailed
analysis of the modifications in the large 16S rRNA identified four
modified nucleotides (Table 2). Perfect sequence conservation
between rodent and human mitochondrial rRNA sequences at
the modified residues suggests that the modifications will also
be conserved, subject to experimental verification. In vertebrates,
three out of four modifications present are also present in the
large 21S rRNA in yeast mitochondria (Table 2). In the present
study, we briefly characterize the rRNA modifications detected in
mammalian 16S rRNA (using human rRNA position numbering)
considering their predicted role in mitoribosome assembly and
function.
16S Gm1141 : enzyme awaiting identification

The predicted 2 -O-methylguanosine at human position 1141
occurs in a universally conserved nucleotide in the peptidyl
transferase centre of the large rRNA. The enzyme responsible for
this modification in human mitochondria has not been identified.
In the yeast mitochondrial large rRNA (21S) the corresponding
position (Gm2270 ) is ribose-methylated by the Pet56 protein [122].
A Pet56-deletion mutant lacks MTase activity and, importantly,
is deficient in the formation of a functional yeast mt-LSU,
indicating a vital role in the assembly in vivo [122]. It is therefore
possible that the human orthologue might be essential for the
biogenenesis of the mitochochondrial ribosome. However, any
speculation on the function of a putative human mitochondrial
2 -O-methylguanosine MTase is difficult, in the view that RlmB,
the E. coli enzyme responsible for the formation of Gm in the
corresponding position (2251) of the bacterial large rRNA (23S),
has no important role in ribosome maturation and function [123].
16S Um1369 and Gm1370 : enzymes awaiting identification

The predicted human 2 -O-methyluracil and 2 -Omethylguanosine at positions 1369 and 1370 respectively,
occur in the large rRNA A-loop. The A-loop is an essential
component of the peptidyl transferase centre that is implicated
in the interaction with aminoacyl (A)-site tRNA. The human
enzymes responsible for the modification of these sites have not
thus far been identified (Table 2).
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The base equivalent of Um1369 has been shown to be methylated
in the majority of organisms investigated thus far [89]. In
yeast mitochondria Mrm2p is required for methylating the
corresponding position (Um2791 ) in the large 21S rRNA. Mrm2p
co-sediments with the large rRNA on sucrose gradients and
methylates U2791 only when assembled into the large 39S subunit
suggesting that the Mrm2p-mediated methylation occurs late in
the maturation process of the ribosome. Deletion of the MRM2
gene causes a thermosensitive respiratory growth phenotype
accompanied with a rapid loss of mitochondrial DNA [124].
The analysis of RrmJ, a bacterial homologue that is responsible
for methylation of the corresponding position (Um2552 ) in the
large 23S rRNA, revealed that RrmJ-deficient strains exhibit
growth defects and reduced translation rates. RrmJ is active
against ribosomes and the free large 39S subunit, but not on
free rRNA, and the Um2552 methylation is important for the
stability of the 70S ribosome [125,126]. More recent studies have
shown that U2552 methylation negatively regulates translational
accuracy. The lack of this modification in bacterial 23S rRNA
causes a decrease in programmed + 1 and − 1 translational
frameshifting and a reduction in read-through of UAA and
UGA stop codons [127]. It would be interesting to see if the
predicted Um1369 in human 16S rRNA fulfils a similar function,
especially in the context of the recently discovered programmed
− 1 mitoribosome frameshifting during translation termination in
mammalian mitochondria [52].
Nothing is known about the predicted Gm1370 modification in
human 16S rRNA. The corresponding position is not modified in
yeast mitochondrial 21S rRNA (G2792 ) nor in E. coli 23S rRNA
(G2553 ). However, it has been reported that the loop containing
G2553 (and the preceding Um2552 ; see above) in bacterial 23S
rRNA plays an essential role in translation by base pairing
with the tRNA 3 -terminal region. Mutation of G2553 abolishes
the interaction with tRNA and thus the peptidyl transferase
activity [128]. Interestingly, the analogous 2 -O-methylguanosine
is present in the cytoplasmic yeast 25S rRNA (Gm2922 ). The formation of Gm2922 is catalysed by Spb1p, occurs late in the
processing stage, and is essential for normal ribosome production
and translation [129]. Collectively, the data obtained for E. coli
and yeast mitochondria and cytoplasm suggest that modifications
of the nucleotides of the A-loop are indispensible for ribosome
function, hence there is a pressing need for study of the predicted
Um1369 and Gm1370 in human mitochondrial 16S rRNA.
16S Psi1397 : enzyme awaiting identification

So far, the pseudouridine conversion at position 1397 is the
only confirmed modification of the human 16S rRNA [130].
However, the enzyme catalysing this modification remains to be
discovered. The corresponding position in yeast mitochondrial
21S rRNA (Psi2819 ) is modified by Pus5p, is not essential for
cell viability and its function is not clear [131]. Curiously,
the analogous modification has not been detected in hamster
mitochondrial rRNA, implying that some modifications might
not be conserved within mammals. This signifies the need to
experimentally confirm all of our predictions for the modifications
to the human mitochondrial rRNAs described above
TURNOVER OF MITOCHONDRIAL RNA: WHICH ENZYMES
FOR THE JOB?

In contrast to the relatively well-characterized mechanisms of
mt-RNA degradation in yeast or plant mitochondria, there are
many key outstanding questions on the RNA decay machinery
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in mammalian mitochondria, the most important being: which
enzyme is responsible for the ribonuclolytic activity of the mtRNA-degrading apparatus? This section reviews the existing
knowledge on the factors with confirmed functions in RNA decay
in mammalian mitochondria and discusses other proteins that are
potentially involved in this process.
SUV3 (suppressor of var1 3-like protein 1): an mt-RNA decay and
surveillance helicase

Large multiprotein complexes that degrade RNA, such as the
eukaryotic exosome complex [132] or the bacterial degradosome
[133], often contain RNA helicases in addition to ribonucleases.
The activity of these helicases increases the efficiency of
exoribonuclease-dependent decay by unwinding RNA secondary
structures in an ATP-dependent manner. In line with this, in
yeast mitochondria the nuclear-encoded RNA helicase SUV3 is
essential for the proper function of the mtEXO (mitochondrial
degradosome) complex. In mtEXO the exoribonucleolytic activity
is provided by DSS1 [134] and the function of this enzyme in
mitochondrial RNA decay will be discussed in the sections below.
Extensive yeast genetics and biochemical studies have
established yeast SUV3 as one of the major players in
the degradation of mitochondrial transcripts and mt-RNA
surveillance. As a member of the Ski2 family of DExH-box
RNA helicases, Suv3 has an ATP-dependent RNA helicase
activity [135,136]. Inactivation of SUV3 in yeast cells leads to
severe perturbations in mt-RNA metabolism such as the accumulation of misprocessed transcripts and introns [135,137,138] and
consequently translation inhibition and respiratory incompetence.
There is a consensus in the field that yeast Suv3, as an essential
component of mtEXO, functions as a regulator of mature mt-RNA
half-life and as a surveillance factor that controls the degradation
of unnecessary or aberrant mt-RNA molecules [135].
The SUV3 gene is well evolutionarily conserved among
Prokaryota and Eukaryota. A high degree of sequence homology
with the yeast SUV3 gene has allowed identification of the
human orthologue: hSUV3 (or SUPV3L1) [139]. The hSuv3
protein is localized predominately in mitochondria and is a
part of the mitochondrial nucleoid [140,141]. The recombinant
enzyme exhibits an ATP-dependent helicase activity in vitro
with a broad substrate specificity that includes dsDNA, dsRNA
and DNA/RNA hybrids [140,142]. The involvement of hSuv3 in
mt-RNA degradation and surveillance has been relatively well
documented. Initially, Khidr et al. [143] have shown that
the RNAi-mediated down-regulation of hSuv3 results in the
accumulation of shortened mt-RNA species (of note, only the ND2
mRNA was analysed) that were interpreted to be a consequence
of impaired mt-RNA degradation. The analysis of the hSuv3
function in mitochondrial RNA metabolism has been extended
recently by inactivation of the protein through overexpression of
a catalytically inert mutant causing a dominant-negative effect
[144]. This resulted in the accumulation of processing and decay
intermediates in all mt-RNAs analysed, including: (i) non-coding
antisense species transcribed from both the H- and L-strands; (ii)
aberrant mt-mRNA species with misprocessed mt-tRNAs; and
(iii) degradation intermediates truncated predominantly at 3 -ends
(Table 1).
Apart from the role of SUV3 in mt-RNA turnover and
surveillance, some data have implicated this protein in the
maintenance of mtDNA in yeast [145] and humans [143]. In
yeast, inactivation of SUV3, in addition to perturbing mt-RNA
metabolism, also leads to loss of mtDNA. However, yeast SUV3
mutants defective in RNA unwinding and degradation can rescue
mtDNA-loss phenotypes, implying that the role of the yeast
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Suv3 in mtDNA maintenance is uncoupled from its function in
RNA stability and turnover [145]. Furthermore, down-regulation
of human SUV3 by RNAi leads to reduced mtDNA copy
number [143]. These results are compatible with the biochemical
properties of the enzyme, as it has been shown that hSuv3, in
addition to dsRNA, also efficiently unwinds dsDNA in vitro
[140,142]. Further support for a potential role of mammalian
Suv3 in maintaining the mitochondrial genome integrity comes
from the studies of the gene in mouse models. Although
homozygous knockout of SUV3 leads to early embryonic lethality
[146], conditional ablation of SUV3 leads to delayed growth and
aging-like phenotypes, such as sarcopenia, kyphosis, cachexia and
premature death [147]. Very similar phenotypes were observed
in transgenic mice with dysfunctional mitochondrial genomes
owing to high levels of somatic point mutations in mtDNA
introduced by the expression of the proofreading-deficient
mitochondrial replicase POLG [polymerase (DNA directed) γ ;
POLG mitochondrial mutator mice] [148,149]. It is possible
that these aging-like phenotypes of the SUV3-knockout mouse
result from problems in mtDNA maintenance. However, the interpretation of these data is complex as, in addition to the
mitochondrially localized pool of human SUV3, the protein can
be detected in the cell nucleus [150]. Extramitochondrially
localized SUV3 interacts with WRN (Werner syndrome, RecQ
helicase-like) and BLM (Bloom syndrome, RecQ helicase-like),
which are the RecQ helicases involved in nuclear genome
maintenance [146], as well as RPA (replication protein A), FEN1
(flap endonuclease 1) [151] and co-factor of survivin HBXIP
(hepatitis B virus x-interacting protein) [152]. Therefore an
equally probable explanation for the aging-like phenotypes in
SUV3-deficient animals is that the protein is involved in protecting
nuclear genome integrity.
In summary, SUV3, despite diverse intracellular localization,
plays a vital role in mitochondrial RNA metabolism, participating
in the regulation of mt-RNA surveillance and decay. Further
studies of mt-RNA-related processes in the already existing
SUV3-knockout-mouse model could be very helpful in order to
gain a better understanding of the mitochondrial function of this
gene. Also, the development of new cellular models where the
mitochondrial form of SUV3 is specifically inactivated would
enable additional studies of the gene in the context of mt-RNA
metabolism. However, this is currently hampered by the lack of
sufficient data on the localization signals within the mammalian
SUV3 protein.
A hunt for a turnover RNase in mammalian mitochondria

In yeast mtEXO, in addition to the helicase activity provided
by SUV3, the exoribonucleolytic activity is provided by
DSS1 (MSU1, YMR287C) [134]. DSS1 contains the RNB
catalytic domain typical for proteins related to bacterial 3 →5
exoribonuclease II (RNase II) and ribonuclease R [153]. The
two-subunit helicase–exoribonuclease organization has been
conserved through evolution and orthologous mtEXO-like
complexes are found in the mitochondria of Trypanosoma
brucei [154] and Schizosaccharomyces pombe [155]. It is also
important to stress that, apart from mtEXO, other as yet
unidentified ribonucleases have to be involved in RNA decay
in yeast mitochondria. This is based on the observation that in
mtEXO-deficient strains, some RNA species, such as transcribed
intergenic regions, are not accumulated, hence other mechanisms
must be responsible for their decay.
The identification and characterization of the human orthologue
of SUV3 has been a very promising start towards describing
the mammalian mitochondrial mechanisms involved in RNA
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degradation (see above). However, identification of the
mammalian orthologue of DSS1 has proven unachievable thus far.
Therefore, it is conceivable that mammalian mitochondrial RNA
catabolic processes are governed by a different type of molecular
machinery, in which the role of DSS1 is fulfilled by a distinct
ribonuclease. Below we discuss the current status of knowledge
regarding the candidates for mt-RNA decay ribonucleases in
mammalian mitochondria. We also include selected data on our
attempts to identify novel human mitochondrial ribonucleases
using a gene candidate approach.

in vitro [158], and co-purification of these two proteins from
human mitochondria [144], points towards a role for PNPase in
mt-RNA degradation. According to this, the human mtEXO would
consist of only two proteins: hSuv3p, providing a helicase activity,
and PNPase, acting as a ribonuclease [159]. This design of the
human mtEXO, however, would be incompatible with a recently
postulated model, whereby mitochondrial intermembrane spacelocalized PNPase mediates the translocation of various RNAs
into mitochondria (see above, [19], comprehensively reviewed in
[45]). More research is needed to resolve this issue.

Does PNPase have a direct role in mt-RNA degradation?

Poly(U) tail: scavenger for aberrant mt-RNA?

As mentioned in the preceding section, several years ago PNPase
was identified in human mitochondria [40]. As PNPase is
capable of degrading RNA in a processive 3 →5 phosphorolytic
reaction, it instantly become a plausible candidate for the
human mitochondrial RNA-decay enzyme [40]. This concept
was supported by the occurrence of PNPase in a bacterial
RNA degradosome and its participation in the degradation,
processing and polyadenylation of RNA in plant mitochondria and
chloroplasts [156]. The bacterial degradosome is a multiprotein
complex involved in the decay of mRNA, conserved throughout
the Proteobacteria, that in addition to PNPase consists of a helicase
(RhlB), endonuclease (RNase E) and enolase [157]. In plants
mitochondrial and chloroplast RNA is degraded by PNPase and
this process is stimulated by RNA polyadenylation [156].
The role of PNPase in RNA metabolism in mammalian
mitochondria has been addressed by gene inactivation; however,
a consensus on whether or not the enzyme is involved directly in
RNA degradation has not been reached. As has been reported
in many systems, inactivation of the RNA decay machinery
results in accumulation of RNA classes not detected normally
owing to their short half-life, including for example misprocessed
precursors or intergenic regions, which may or may not be
accompanied by a perturbation in the mature RNA species.
In a study by Nagaike et al. [34], down-regulation of PNPase
by transient delivery of siRNA did not produce a significant
effect on the steady-state levels of the mature human mt-mRNAs
analysed, but the data presented do not allow any conclusions to
be drawn as to whether or not RNA precursors were accumulated.
On the other hand, in another study stable down-regulation of
PNPase by siRNA resulted in an increased abundance of aberrant
CO1 mRNA as established by circularization of RNA and RT–
PCR followed by sequencing [43]. The nature of the aberrantly
processed transcripts resembled those observed upon silencing of
hSUV3, i.e. RNA molecules retained fragments of misprocessed
mt-tRNAs and intergenic regions, and there were also molecules
truncated at their 3 -ends. A similar procedure has been applied
in order to analyse the 16S rRNA, but no adverse effects of stable
PNPase silencing have been detected [43]. No other mt-mRNA
species have been analysed in detail upon stable PNPase silencing
that would allow verification of whether or not precursors were
accumulated. Furthermore, in a recent study by Wang et al.
[19] using mouse liver cells from liver-specific PNPase-knockout
animals, in addition to the mature CO2 and CO3 transcripts, a
range of larger and smaller RNA species were present in Northern
blot analysis. Also, the same cells accumulated unprocessed
RNA containing the CO1, mt-tRNA-SerUCN, mt-tRNA-Asp,
CO2 genes and RNA precursors containing CO2, mt-tRNA-Lys,
ATP6/8 genes. Collectively, the aberrant RNA species observed
upon PNPase inactivation in both of these studies could either
reflect problems with transcript processing or a deficiency in RNA
decay, at least for the CO1, CO2, CO3 and ATP6/8 transcripts.
The recent discovery of the binding of PNPase to hSuv3p

An interesting feature of the misprocessed mt-RNA species
that accumulate upon inactivation of either hSUV3 or PNPase
has been observed [43,144]: a significant proportion of these
molecules contained a poly(U) tail. Polyuridinylated aberrantly
processed RNA molecules have been reported also in mouse
mitochondria and this modification was not present in correctly
matured transcripts [160]. It is, therefore, conceivable that
polyuridynylation is used in mammalian mitochondria to mark
improperly formed RNAs for degradation. Such a decay
process would require a mitochondrially localized enzyme
responsible for catalysing the addition of poly(U) tails, but
no poly(U) polymerase has been reported in mitochondria
thus far. Interestingly, the recently discovered mitochondrial
deadenylase PDE12 degraded poly(A) and poly(U) RNA
substrates in vitro with comparable efficacy, suggesting that this
enzyme might contribute to a potential poly(U)-dependent RNA
turnover.
Other mitochondrial RNases

Apart from PNPase, other RNases with a documented or predicted
mitochondrial localization have been reported thus far. In the
present review, we summarize the information available on these
RNases and discuss their potential roles in mt-RNA degradation.
REXO2 (RNA exonuclease 2 homologue)

REXO2 [also known as oligoribonuclease, ORN or SFN
(small fragment nuclease)] is a human orthologue of the
bacterial oligoribonuclease [161] and yeast mitochondrial Ynt20
[162]. A knockout of the E. coli oligoribonuclease is lethal
[161] and a temperature-sensitive mutant accumulates small
oligoribonucleotides [163], consistent with an essential role of
this protein in the removal of short RNAs resulting from RNA
degradation processes [164]. Inactivation of yeast mitochondrial
Ynt20 results only in a temperature-sensitive respiratory growth
defect suggesting that its function is redundant, but the exact
mitochondrial role of the gene is still unknown [162]. Human
nuclear-encoded REXO2 is a 3 →5 exoribonuclease specific for
small ( 5 nt) oligonucleotides. Although it is active on both RNA
and DNA oligomers, it degrades RNA more efficiently [165].
One of the alternatively spliced isoforms of REXO2 encodes
an N-terminally extended protein that contains a predicted MTS
(mitochondrial targeting signal) [165]. Therefore REXO2 appears
to be a very plausible candidate for the human mitochondrial
oligoribonuclease, but its cellular localization and function needs
to be confirmed experimentally.
EndoG (endonuclease G) and ExoG (exonuclease G)

Mitochondria of many species contain at least one highly
conserved sugar-non-specific nuclease. Yeast mitochondria
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possess the endo-/exo-nuclease Nuc1p (also known as Endo G
or EndoG), which is one of the best studied enzymes of this
mitochondrial family. Aside from endonucleolytic activity on ssand ds-DNA and exonucleolytic activity on dsDNA, yeast Nuc1p
has a strong RNase activity on ssDNA, but not dsRNA, suggesting
a role in mt-RNA degradation [166]. However, Nuc1p is not
essential for mitochondrial gene expression and its role in mtRNA degradation may only be limited to very specific species,
such as transcribed intergenic regions that do not accumulate
in mtEXO mutants (see above) [138]. Other roles for Nuc1p
have been proposed including DNA recombination [167] and
regulation of apoptosis and necrosis [168].
In contrast with the yeast homologue, mammalian EndoG
exhibits exclusive endonucleolytic activity and cleaves ss- and
ds-DNA, ss- and ds-RNA, and RNA/DNA hybrids with almost
identical rates [169]. Mammalian EndoG has been reported
mainly to play a role in programmed cell death, as it translocates
from mitochondria to the nucleus and induces nucleosomal DNA
fragmentation during caspase-independent apoptosis [170]. The
involvement of mammalian EndoG in mt-RNA degradation has
not thus far been studied, however, this potential function is not
supported by the cellular localization of the protein mainly to the
mitochondrial intermembrane space, but not in the matrix where
mt-RNA is located. However, recently a mitochondrial paralogue
of EndoG, named ExoG, has been identified in higher eukaryotes.
ExoG is localized in the inner mitochondrial membrane and
primarily exerts 5 →3 exonucleolytic activity towards ssDNA
and ssRNA [169]. So far the only mitochondrial role reported for
ExoG is participation in the repair of DNA single-strand breaks
in the mitochondrial genome [171]. The cellular localization and
RNase activity of ExoG make this protein a possible candidate
for an mt-RNA degradation enzyme, but its involvement in RNA
decay needs to be addressed experimentally.
RNase L

RNase L is a part of the interferon-inducible innate immunity
system protecting the cell from infections by some types of
viruses. This is achieved through cleavage of viral and cellular
ssRNA, hence inhibiting of both viral replication and cellular proliferation [172]. It has been shown that a subpopulation of
cellular RNase L is located in mitochondria and regulates
mt-mRNA stability in lymphocytes [173] mouse embryonic
fibroblasts [174] upon interferon activation. More recently it
has been proposed that the interferon-dependent regulation of
mitochondrial mRNA stability by RNase L occurs through its
interaction with the mitochondrial translation initiation factor
(IF2mt). In this model, the IF2mt–RNase L interaction brings
RNase L into close association with the mt-mRNA, where it
can act as an endoribonuclease before the translation initiation
complex is assembled [175]. Taken together, RNase L might be an
important regulator of mt-RNA stability, but most probably this
function is only activated as part of a general anti-proliferative
response and the enzyme might not participate in mt-RNA
turnover as a housekeeping enzyme.
Gene candidate approach to identify novel mitochondrial RNases

With the aim of identifying the main turnover RNase in
mammalian mitochondria we have analysed the proteins with
a known RNase domain present in the human genome for the
presence of an N-terminally located MTS. Below we briefly
summarize the results of our, as yet unsuccessful, experimentation
towards identifying novel human mitochondrial RNases.
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Dis3L (DIS3 mitotic control homologue-like) 1

Yeast Dis3p is one of the catalytic subunits of the cytoplasmic
exosome that is involved in RNA processing and turnover [132].
The human genome contains three homologues of Dis3p (Dis3,
Dis3L1 and Dis3L2). We have analysed the protein sequences of
all human homologues of Dis3p for the presence of a putative
MTS using several computer programmes. The analysis revealed
a high probability of a MTS in Dis3L1 (Figure 3A). In order
to experimentally test these predictions, we fused the predicted
MTS (the first 84 amino acids) to GFP (green fluorescent protein)
and expressed this construct in human osteosarcoma cells. The
N-terminal part of Dis3L1 can indeed serve as an MTS since the
recombinant MTS–GFP fusion co-localized with mitochondria,
suggesting a mitochondrial localization for Dis3L1 (Figure 3B).
However, experiments with the full-length protein did not confirm
this prediction and recently Dis3L1 has been reported to reside
exclusively in the cytoplasm of human cells where it interacts with
the human core exosome [176,177]. Hence, Dis3L1 is unlikely to
be involved in mt-RNA metabolism.
ERI (exoribonuclease) 2

The human genome contains three homologues of ERI-1 (named
ERI1, 2 and 3), which is a DEDDh-type 3 →5 exonuclease
initially identified in Caenorhabditis elegans as a negative
regulator of RNAi [178]. Later it was shown that an isoform of
ERI-1 also plays a role in 3 -end processing of the 5.8S ribosomal
RNA [179] and interacts with a conserved stem-loop of histone
mRNA [180]. Here again, we have scanned the protein sequences
of all human homologues of ERI-1 for the presence of a MTS
and found a putative MTS in ERI2 (Figure 3A). The predicted
MTS (the first 35 amino acids) was fused to GFP and expressed
in human osteosarcoma cells. Also, in order to study the cellular
localization of the full-length protein we transiently expressed
the corresponding cDNA fused to a FLAG tag in osteosarcoma
cells. Immunofluorescence analysis revealed that none of the
recombinant protein co-localizes with mitochondria (Figure 3B).
We concluded that ERI2 is not a mitochondrial protein.
HRSP12 (heat-responsive protein 12)

The human HRSP12 protein (also known as UK114, LPSP or P14.5) belongs to the evolutionarily well-conserved
YER057c/Yjgf/Uk114 family of proteins. A number of functions
have been proposed for the proteins of this family including,
for example, isoleucine biosynthesis [181] and inhibition of
phosphoribosylamine synthesis [182]. Importantly, it has also
been reported that human HRSP12 is an RNase responsible for
translation inhibition via endonucleolytic degradation of mRNA
[183,184]. Published proteomics data [185] and our in silico
analysis predicted a mitochondrial localization for HRSP12 and
so the protein appeared to be an attractive candidate for an
RNase involved in mt-RNA metabolism. In agreement with this
prediction are data relating to the yeast homologue of HRSP12,
MMF1, that has been shown to localize to mitochondria, to be
indispensible for respiration and to genetically interact with the
mitochondrial ribosome [186,187]. Moreover, human HRSP12
can be imported to yeast mitochondria and rescue the MMF1null phenotypes. The same study also reported a fractionation
experiment of rat liver mitochondria indicating that rat HRSP12,
like Mmf1p, is a soluble protein of the matrix [186]. In order
to study the cellular localization of HRSP12 in more detail, the
full-length, C-terminally FLAG-tagged protein was transiently
expressed in HeLa cells and detected by immunofluorescence.
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Investigations of the subcellular localization of candidate mitochondrial RNases

(A) Bioinformatic prediction tools were used to investigate the mitochondrial localization of human candidate proteins and their homologues from different vertebrates. Red colour indicates a strong
probability of mitochondrial localization. (B) Microscopic analysis of the subcellular localization of candidate proteins. HeLa cells (HSRP12) or human osteosarcoma cells (ERI2, Dis3L1) were
transiently transfected with a plasmid encoding the N-terminal part of the candidate protein fused to GFP or full-length proteins tagged with the FLAG tag at their C-terminus. The FLAG-tagged
proteins were visualized by immunocytochemistry using anti-FLAG antibodies and Alexa Fluor® 488-conjugated secondary antibodies (green). Mitochondria (red) were stained with Mitotracker
CM-H2XRos and nuclei (blue) were stained with DAPI (4 ,6-diamidino-2-phenylindole). Co-localization of protein and mitochondria appears yellow in digitally merged images. The cytoplasmic
localization of Dis3L1 was shown in other studies [176,177]. The GenBank® accession numbers for protein sequences used in the present review are: NP_001137160 (Dis3L1), NP_001136197
(ERI2) and AAH93059 (HSRP12). N.D. not determined.

Surprisingly, this analysis revealed that the recombinant HRSP12
protein does not co-localize with mitochondria (Figure 3B).
Further research in necessary to resolve whether or not HRSP12
resides in mitochondria.

methods will also be useful in establishing a potential role for
mitochondrial antisense, small RNA or long non-coding RNAs
that are reported more commonly in recent studies [27,191].
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