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Abstract: Mitochondria, often referred to as the powerhouses of cells, are vital organelles that are
present in almost all eukaryotic organisms, including humans. They are the key energy suppliers as
the site of adenosine triphosphate production, and are involved in apoptosis, calcium homeostasis,
and regulation of the innate immune response. Abnormalities occurring in mitochondria, such as mi-
tochondrial DNA (mtDNA) mutations and disturbances at any stage of mitochondrial RNA (mtRNA)
processing and translation, usually lead to severe mitochondrial diseases. A fundamental line of
investigation is to understand the processes that occur in these organelles and their physiological
consequences. Despite substantial progress that has been made in the field of mtRNA processing
and its regulation, many unknowns and controversies remain. The present review discusses the
current state of knowledge of RNA processing in human mitochondria and sheds some light on the
unresolved issues.

Keywords: mitochondria; mitochondrial transcription; RNA processing; RNA decay; RNA modifica-
tions; mitochondrial genome

1. Mitochondrial Genome Organization and Mitochondrial RNA Processing
Compartmentalization

The human mitochondrial genome is a circular double-stranded DNA molecule of
16,569 base pairs, composed of heavy (H) and complementary light (L) strands that can be
differentiated by the guanine (G) distribution [1,2]. Mitochondrial DNA (mtDNA) contains
37 genes that encode 13 subunits of the oxidative phosphorylation (OXPHOS) system, two
ribosomal RNAs (rRNAs), and 22 transfer RNAs (tRNAs) [2] (Figure 1).

Mitochondrial genomes are packed into nucleoprotein complexes, referred to as mi-
tochondrial nucleoids. The organized structure of nucleoids is maintained by various
replication and transcription factors, one of which is mitochondrial transcription factor A
(TFAM), which is known for its permanent association with mtDNA. To date, TFAM is
the only protein with a well-established structural role in nucleoid organization. Based
on the presence of two high-mobility group (HMG)-box domains, TFAM bends, wraps,
and unwinds DNA, hence playing an important role in mtDNA packaging [3]. Among
other nucleoid core factors, one can distinguish mtDNA polymerase γ (POLG), mito-
chondrial single-stranded DNA-binding protein (mtSSB), the NAD-dependent protein
deacetylase sirtuin-1 (SIRT1), Twinkle helicase, and mitochondrial RNA polymerase (POL-
RMT) [4–6]. Replication and transcription are suggested to occur in the nucleoid core
region, whereas RNA processing and translation are proposed to occur in the peripheral
region that appears to be spatially coordinated with mitochondrial RNA granules (MRGs)
and mitoribosomes [7,8]. Interestingly, some DNA-binding proteins, such as mtSSB and
Twinkle, play a dual role in being associated not only with nucleoids and mtDNA, but also
with MRGs, and their loss affects mitochondrial RNA (mtRNA) metabolism [9]. Although
initial studies suggested multiple mtDNA copies per nucleoid [10], the application of
high-resolution microscopy revealed only one or two mtDNA copies per nucleoid [11,12].
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Nevertheless, the molecular basis of nucleoid division and the actual number of copies of
mtDNA per nucleoid require further investigation.
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Figure 1. Map of the human mitochondrial genome. A double-stranded circular mitochondrial DNA 
(mtDNA) molecule includes 37 genes encoding 13 subunits of the OXPHOS system, 2 rRNAs, and 
22 tRNAs. Transcription of both mtDNA strands initiates within the non-coding regulatory region 
(NCR), and the black arrows indicate transcription direction. HSP, LSP–transcription promoter of 
H- and L-strand, respectively. Open reading frames of ATP8/ATP6 and ND4L/ND4 are marked. 
Created with BioRender.com. 

The transcription of both mtDNA strands is initiated within the major non-coding 
regulatory region (NCR). Almost all mitochondrial genes, including those that encode 12 
subunits of the OXPHOS system, 2 mt-rRNAs (12S and 16S), and 14 mt-tRNAs, are tran-
scribed from the template of the G-rich H-strand under control of the H-strand promoter 
(HSP). The complementary L-strand serves as a template for the production of only 1 mi-
tochondrial messenger RNA (mt-mRNA) that encodes subunit 6 of NADH dehydrogen-
ase (ND6), 8 mt-tRNAs, and mainly non-coding RNAs (ncRNAs) that are produced under 
control of the L-strand promoter (LSP) [2] (Figure 1). The transcription of both mtDNA 
strands spans nearly the entire length of mtDNA, resulting in the formation of long 
polycistronic transcripts (Figure 2). Primary mtRNAs undergo maturation and post-tran-
scriptional modifications that are required for correct protein synthesis. The processing of 
mtRNAs is suggested to occur in ribonucleoprotein structures, referred to as MRGs [8,13]. 
In 2015, Antonicka and Shoubridge characterized the proteome of MRGs and identified a 
number of proteins that are associated with the granules. Among these proteins, several 
can be distinguished, including proteins that are involved in the maturation and pro-
cessing of primary transcripts, proteins that are responsible for mtRNA degradation and 
turnover, mtRNA-modifying enzymes, structural proteins of the mitochondrial ribosome, 
and factors that are involved in ribosome assembly and disassembly [7] (Figure 2). Hence, 
MRGs were proposed to be centers of post-transcriptional mtRNA processing, the biogen-
esis of mitochondrial ribosomes, and the regulation of mitochondrial translation [7,14]. 

Figure 1. Map of the human mitochondrial genome. A double-stranded circular mitochondrial DNA (mtDNA) molecule
includes 37 genes encoding 13 subunits of the OXPHOS system, 2 rRNAs, and 22 tRNAs. Transcription of both mtDNA
strands initiates within the non-coding regulatory region (NCR), and the black arrows indicate transcription direction. HSP,
LSP–transcription promoter of H- and L-strand, respectively. Open reading frames of ATP8/ATP6 and ND4L/ND4 are
marked. Created with BioRender.com.

The transcription of both mtDNA strands is initiated within the major non-coding
regulatory region (NCR). Almost all mitochondrial genes, including those that encode
12 subunits of the OXPHOS system, 2 mt-rRNAs (12S and 16S), and 14 mt-tRNAs, are tran-
scribed from the template of the G-rich H-strand under control of the H-strand promoter
(HSP). The complementary L-strand serves as a template for the production of only 1 mito-
chondrial messenger RNA (mt-mRNA) that encodes subunit 6 of NADH dehydrogenase
(ND6), 8 mt-tRNAs, and mainly non-coding RNAs (ncRNAs) that are produced under con-
trol of the L-strand promoter (LSP) [2] (Figure 1). The transcription of both mtDNA strands
spans nearly the entire length of mtDNA, resulting in the formation of long polycistronic
transcripts (Figure 2). Primary mtRNAs undergo maturation and post-transcriptional
modifications that are required for correct protein synthesis. The processing of mtRNAs
is suggested to occur in ribonucleoprotein structures, referred to as MRGs [8,13]. In 2015,
Antonicka and Shoubridge characterized the proteome of MRGs and identified a number
of proteins that are associated with the granules. Among these proteins, several can be
distinguished, including proteins that are involved in the maturation and processing of
primary transcripts, proteins that are responsible for mtRNA degradation and turnover,
mtRNA-modifying enzymes, structural proteins of the mitochondrial ribosome, and factors
that are involved in ribosome assembly and disassembly [7] (Figure 2). Hence, MRGs
were proposed to be centers of post-transcriptional mtRNA processing, the biogenesis of
mitochondrial ribosomes, and the regulation of mitochondrial translation [7,14].
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Figure 2. General overview of human mitochondrial gene expression. mtDNA replication and transcription occur within 
nucleoid structures (represented in light green) that spatially co-localize with mtRNA granules (MRGs, represented in 
light pink), which are suggested to be the place of post-transcriptional mtRNA processing and mitoribosome assembly. 
Degradation of mtRNA, mediated by the degradosome complex that involves SUV3 helicase and PNPase, occurs in D-
foci that partially co-localize with MRGs. REXO2 exonuclease mediates the subsequent decay of RNA oligonucleotides. 
Aminoacyl-tRNA synthetases are abbreviated as aARS; mitochondrial ribosomal proteins are referred to as MRPs. Created 
with BioRender.com.  

2. Transcription of the Human Mitochondrial Genome 
Components of the basal apparatus that are required for the transcription of mtDNA 

include DNA-dependent POLRMT, TFAM, mitochondrial transcription factor B2 
(TFB2M), and mitochondrial transcription elongation factor (TEFM) [15–17]. Structural 
studies have provided the precise mechanism of mitochondrial transcription initiation 
[17,18]. Transcription of the mitochondrial genome starts from the binding of TFAM to 
double-stranded mtDNA in a sequence-independent manner, with site specificity to the 
upstream –39 and –12 regions of the LSP and HSP, respectively, inducing mtDNA to bend 
into a U-turn shape. Following mtDNA binding, TFAM recruits POLRMT to the specific 
promoter via its N-terminal extension [18–20]. POLRMT is a single-subunit polymerase 
that contains two pentatricopeptide repeat (PPR) domains that are common for sequence-
specific RNA-binding proteins (RBPs) [21]. The enzyme catalyzes the transcription of 
mtDNA into RNA and has high sequence homology with phage T7 and yeast mitochon-
drial RNA polymerases [22]. After the recruitment of POLRMT to the promoter by TFAM, 
the second factor, TFB2M, modifies the structure of POLRMT, which enables the opening 
of the promoter and the trapping of the non-template DNA strand [18,23]. 

In addition to TFAM, TFB2M, and TEFM, there are other factors are engaged in tran-
scription regulation. One such example is mitochondrial ribosomal protein L7/L12 

Figure 2. General overview of human mitochondrial gene expression. mtDNA replication and transcription occur within
nucleoid structures (represented in light green) that spatially co-localize with mtRNA granules (MRGs, represented in
light pink), which are suggested to be the place of post-transcriptional mtRNA processing and mitoribosome assembly.
Degradation of mtRNA, mediated by the degradosome complex that involves SUV3 helicase and PNPase, occurs in
D-foci that partially co-localize with MRGs. REXO2 exonuclease mediates the subsequent decay of RNA oligonucleotides.
Aminoacyl-tRNA synthetases are abbreviated as aARS; mitochondrial ribosomal proteins are referred to as MRPs. Created
with BioRender.com.

2. Transcription of the Human Mitochondrial Genome

Components of the basal apparatus that are required for the transcription of mtDNA
include DNA-dependent POLRMT, TFAM, mitochondrial transcription factor B2 (TFB2M),
and mitochondrial transcription elongation factor (TEFM) [15–17]. Structural studies
have provided the precise mechanism of mitochondrial transcription initiation [17,18].
Transcription of the mitochondrial genome starts from the binding of TFAM to double-
stranded mtDNA in a sequence-independent manner, with site specificity to the upstream
−39 and −12 regions of the LSP and HSP, respectively, inducing mtDNA to bend into a
U-turn shape. Following mtDNA binding, TFAM recruits POLRMT to the specific promoter
via its N-terminal extension [18–20]. POLRMT is a single-subunit polymerase that contains
two pentatricopeptide repeat (PPR) domains that are common for sequence-specific RNA-
binding proteins (RBPs) [21]. The enzyme catalyzes the transcription of mtDNA into
RNA and has high sequence homology with phage T7 and yeast mitochondrial RNA
polymerases [22]. After the recruitment of POLRMT to the promoter by TFAM, the second
factor, TFB2M, modifies the structure of POLRMT, which enables the opening of the
promoter and the trapping of the non-template DNA strand [18,23].
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In addition to TFAM, TFB2M, and TEFM, there are other factors are engaged in
transcription regulation. One such example is mitochondrial ribosomal protein L7/L12
(MRPL12) that localizes to mitochondria in two distinct fractions, namely one fraction
that is associated with mitoribosomes and another so-called “free” fraction. Wang et al.
reported that MRPL12 interacts with POLRMT and stimulates polymerase activity in vitro,
and that MRPL12 overexpression in vivo increases steady-state levels of mitochondrial
transcripts [24]. The “free” fraction of MRPL12 interacts directly with POLRMT, thus
selectively activating transcription and acting as a facilitator of the transition from the
initiation to the elongation stage [25]. Another factor that is involved in regulation at the
initiation stage is mitochondrial transcription rescue factor 1 (MTRES1). MTRES1 is an
example of an RNA-binding protein that increases mitochondrial transcription upon stress
conditions without affecting the stability of mitochondrial transcripts [26]. Kotrys et al.
reported that MTRES1, which localizes to the mitochondrial matrix, interacts directly
with POLRMT, whereas with TFAM, it associates in an RNA-mediated manner. The
upregulation of MTRES1 that is observed upon the inhibition of mitochondrial transcription
was proposed to be a rescue mechanism that protects against mtRNA loss under stress
conditions [26].

The replication and transcription of human mtDNA are tightly coupled (Figure 2).
TEFM serves as a molecular switch between these two processes [27]. Synthesis of the
leading strand of mtDNA is initiated by the formation of an RNA primer. This primer
is generated by the transcription of the L-strand that begins at the L-strand transcription
start site and terminates ~100 bp downstream [28–31]. Termination occurs at the conserved
G-rich sequence block II (CSBII), located in the vicinity of the replication origin [29].
Site-specific termination is caused by stable, four-stranded DNA-RNA G-quadruplex
(G4) structures that are generated upon the transcription of G-rich CSBII [27,29]. In the
elongation, full-length genome transcription mode, POLRMT requires the support of
TEFM, which allows the polymerase to pass CSBII [27]. TEFM increases the processivity of
elongation and stabilizes the elongation complex by binding to POLRMT, mtDNA, and the
newly formed mtRNAs [18]. Molecular analyses have shown that TEFM binds POLRMT
near the RNA exit channel, thereby preventing the formation of DNA-RNA G4 structures
and the premature, replication-linked termination of L-strand transcription [18].

The precise mechanism of the termination of full-length mtDNA transcription is not
fully understood. Mitochondrial transcription termination factor 1 (MTERF1), which binds
to a 28-bp region immediately downstream of the 16S rRNA gene, was initially postulated
to be responsible for the termination of the H-strand transcription at the 3′ end of 16S rRNA.
However, it turned out that the protein terminates transcription from the opposite strand,
preventing synthesis of antisense rRNA and transcription interference at the L-strand
promoter [32]. The H-strand transcription termination factors remain unknown.

3. Maturation and Post-transcriptional Processing of RNA in Human Mitochondria
3.1. Processing of Primary Polycistronic Transcripts

The transcription of mtDNA leads to the formation of long polycistronic transcripts,
including sequences of mRNAs, rRNAs, tRNAs, and ncRNAs. In human mitochondria,
rRNA and the majority of mRNA coding sequences are separated by tRNA encoding genes.
According to the “tRNA punctuation model”, mt-mRNAs and mt-rRNAs are released
from the precursor transcript by the excision of mt-tRNAs (Figure 2) [33]. The exceptions
are MT-ND5, MT-CYB, MT-ATP8/6, and MT-CO3 mRNAs, which are not separated by
tRNAs [2,33].

The canonical processing of polycistronic transcripts includes endonucleolytic cleav-
age at the 5′ and 3′ ends of mt-tRNAs, mediated by endoribonuclease P (RNase P) and
elaC ribonuclease Z 2 (ELAC2, RNAseZ), respectively [34,35]. Mitochondrial RNase P, also
known as a protein-only RNase P-like endoribonuclease complex, is composed of three
proteins: tRNA methyltransferase 10C (TRMT10C, MRPP1), hydroxysteroid 17-β dehy-
drogenase 10 (HSD17B10, MRPP2), and protein-only RNase P catalytic subunit (PRORP,
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MRPP3) [34]. Mitochondrial RNase P does not contain the RNA component [34], in contrast
to its nuclear counterpart [36]. In human cells, ELAC2 is present in two isoforms, a shorter
form that localizes to the nucleus and its N-terminal extended form that contains the
mitochondrial targeting sequence (MTS) that targets the protein to mitochondria [35,37].

Not all mitochondrial mRNAs are flanked by tRNAs and hence the processing of non-
canonical cleavage sites of primary transcripts requires additional factors. The identity of
all these factors is still unknown. However, members of the Fas-activated serine/threonine
kinase (FASTK) protein family have been considered to be involved in this process. FASTK
and its five homologs, FAST kinase domain-containing proteins 1-5 (FASTKD1-5), share the
N-terminal MTS that ensures their mitochondrial localization and three conserved domains
at the C-terminal end, namely FAST1, FAST2, and an RNA-binding domain abundant in
apicomplexans (RAP) [38]. Structural and functional analyses have indicated that the RAP
domain might be responsible for specific RNA binding. Homology predictions have also
revealed that RAP folding resembles the PD-(D/E)-XK nuclease fold. For example, RAP
domains from FASTKD1 and FASTKD4 were best fitted to the structure of very short patch
repair (VSR) endonucleases [39]. Notably, D531 of the RAP domain (the residue that is
highly conserved among various species) has been shown to be essential for the function of
FASTKD4 and is homologous to the aspartate that is involved in the enzymatic activity of
VSR endonuclease. Thus, the RAP domain has been suggested to possess endonucleolytic
activity [39].

Each FASTK family member is involved in mitochondrial gene expression at differ-
ent stages, from maturation and processing to mitoribosome assembly and translation.
FASTK accumulates in MRGs, binding GRSF1 and MT-ND6 mRNA [40]. FASTK binds
MT-ND6 mRNA at multiple sites within and downstream of the coding sequence in a RAP
domain-dependent manner. The protein protects the MT-ND6 transcript from 3′-5′ degra-
dation by the mitochondrial degradosome complex [40]. The depletion of FASTK results
in the loss of MT-ND6 mRNA and decreases the activity of complex I [38]. FASTKD1 also
localizes to MRGs and partially co-localizes with mtDNA. The enzyme negatively regulates
MT-ND3 mRNA. Its loss results in the accumulation of MT-ND3 mRNA and increases the
activity of complex I [39]. FASTKD2, similar to the above-mentioned kinases, localizes to
MRGs [7] and associates with MT-ND6 mRNA and 16S mt-rRNA [41]. The depletion of
FASTKD2 results in the loss of 16S rRNA, which in turn disrupts mitoribosome assembly
and translation [41]. Importantly, FASTKD2 mutations are associated with severe human
diseases. The pathogenic homozygous nonsense mutation causes cytochrome c oxidase
deficiency, which is associated with infantile mitochondrial encephalomyopathy [42]. The
heterozygous mutation leads to mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like (MELAS) syndrome [42,43]. Another member of the FASTK family, FASTKD3,
localizes to the mitochondrial matrix but not to MRGs. This protein is required for the
processing and maintenance of steady-state levels of MT-ND2, MT-ND3, MT-CO2, MT-CYB,
and MT-ATP8/6 mRNAs [44]. Moreover, it enables the efficient synthesis of COX1 protein
and correct assembly of complex IV [44]. FASTKD4, similar to FASTKD3, localizes to the
mitochondrial matrix but not to MRGs [39]. It binds to the majority of H-strand-derived
transcripts and regulates the stability of MT-ATP8/6, MT-CO1, MT-CO2, MT-CO3, MT-ND3,
MT-CYB, and MT-ND5 mRNAs [39].

The last member of the family, FASTKD5, localizes to MRGs, where it regulates almost
all mt-mRNAs, and is responsible for maintaining proper protein synthesis [7]. Antonicka
and Shoubridge reported that FASTKD5 is involved in the non-canonical processing of
primary transcripts, in which depletion of the protein led to the substantial accumulation
of H-strand unprocessed precursor mRNAs, which in turn resulted in the loss of the mi-
tochondrial small subunit (mt-SSU) and large subunit (mt-LSU), and the disassembly of
the mitoribosome [7]. It remains unknown whether FASTKD5 has nucleolytic activity and
processes these transcripts itself or if it requires the support of other factors. Notable is
NLRX1, a nuclear-encoded protein that translocates to the mitochondrial matrix. Singh et al.
reported that NLRX1, a member of the nucleotide-binding oligomerization domain-like re-
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ceptor (NLR) family, localizes to MRGs and specifically interacts with FASTKD5 [45]. These
authors showed that the loss of NLRX1 significantly increased MT-ND5, MT-CO1-3, MT-
ATP8/6, and MT-CYB mRNA levels, whereas NLRX1 overexpression decreased the levels
of 16S rRNA and most mature mt-mRNAs, with the exception of MT-ND2, MT-ND4L/ND4,
MT-ND3, and MT-ND6 [45]. Moreover, the ectopic expression of NLRX1 decreases OX-
PHOS activity and assembly, and affects the organization of mitochondrial supercomplexes,
indicating its importance for mitochondria biogenesis [45].

3.2. Polyadenylation and Aminoacetylation

After excision from polycistronic transcripts, mt-mRNAs undergo maturation. One
of the most prevalent post-transcriptional modifications of mt-mRNAs is polyadeny-
lation of the 3′ end, and almost all mt-mRNAs, except MT-ND6, are subjected to this
process [46]. Polyadenylation is performed by mitochondrial poly(A) polymerase (MT-
PAP) [47,48]. Following import into mitochondria, MTPAP localizes to MRGs [7,49]. The
post-transcriptional addition of adenines to the 3′ end is essential for mt-mRNAs that lack
the complete stop codon. After endoribonucleolytic processing, they carry only the U or
UA at the 3′ end. One function of MTPAP is to complete the missing stop codons (UAA)
and thus the open reading frame [50].

MTPAP is also important for the maturation and repair of mt-tRNA [51]. In human
mitochondria, tRNATyr and tRNACys encoding genes overlap by one nucleotide, and their
processing results in the release of tRNATyr that lacks the adenosine at the 3′ end. MTPAP
introduces the discriminator adenosine to mt-tRNATyr, which is essential for subsequent
aminoacylation [51]. The discriminator base is located at position 73 of tRNAs upstream of
the added CCA sequence, and is strongly preferred by aminoacyl-tRNA synthetases and
tRNA nucleotidyltransferases [52]. Notably, MTPAP is unable to add a single adenosine
to the 3′ end of mt-tRNAs. Therefore, following adenylation, mt-tRNATyr requires the
trimming of oligo(A) tails to a single nucleotide. Based on in vitro studies, it has been
proposed that oligo(A)-trimming may be performed either by ELAC2 and/or 3′ exonu-
clease phosphodiesterase 12 (PDE12) that cleaves the 3′,5′-phosphodiester bond within
oligoadenylates [51,53]. In human cells, PDE12 is required for the removal of the aberrant
adenylation of mitochondrial 16S rRNA and tRNAs, which allows for efficient aminoa-
cylation, thereby ensuring proper maturation and translation [53]. However, the absence
of PDE12 does not affect mt-mRNA poly(A) tail length or stability [53]. Additionally, the
polyadenylation of structurally abnormal mt-tRNAs has been proposed to trigger their
degradation [54]. Toompuu et al. showed that mt-tRNAs undergo polyadenylation, fol-
lowed by rapid degradation, upon treatment with high concentrations of ethidium bromide,
which suppresses mitochondrial transcription and, at high doses, efficiently intercalates to
mt-tRNAs and potentially changes their structure [54].

Interestingly, mt-rRNAs and non-coding RNAs can also be polyadenylated [53,55,56].
The role of this process is not fully understood. However, one possibility is that, similar to
the modification of abnormal mt-tRNAs, the polyadenylation of mitochondrial antisense
transcripts stimulates their decay. Dysfunction of the RNA helicase SUV3, a component of
mitochondrial RNA decay machinery, results in the upregulation of mtRNA molecules with
extended poly(A) tails [56]. This would be a hallmark of the bacterial origin of mitochondria,
in which polyadenylation marks RNAs for degradation [55,57]. The fact that stable, mature
mt-mRNAs have poly(A) tails suggests that the adenylation of mitochondrial transcripts
may have different functions, depending on the molecular context. In the nucleus, the
impact of polyadenylation on RNA stability, export, processing, and decay depends on
the molecular machinery that catalyzes the modification [58]. MTPAP is suggested to be
the sole 3′ end mtRNA polyadenylation enzyme, at least in Drosophila melanogaster [59].
Nevertheless, this modification appears to exert differential effects on mtRNAs. Notably,
the length of A-tails in specific mt-mRNAs is heterogeneous and varies both within the
same cell type and within the same transcript between different cell types [60]. Two
fractions are generally observed: poly- and oligoadenylated mt-mRNAs. Some transcripts
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have two longer poly(A) tail extensions, such as MT-CO1 and MT-CO3, which have median
lengths of 37 and 52 nt or 42 and 57 nt, respectively. MT-ND5 is the most divergent from
other mitochondrial transcripts. In MT-ND5, although longer tails (25 or 35 nt) may be
observed, a significant fraction is oligoadenylated, with an A-tail extension length of
<10 nt, wherein a non-adenylated population occurs most frequently [60]. Altogether,
polyadenylation is not only required for mt-mRNA translatability, but may also play a role
in mtRNA surveillance. Consequently, perturbation of the polyadenylation of mtRNAs
affects mitochondrial translation [51,61].

Another modification that plays a crucial role in mtRNA post-transcriptional regu-
lation is the aminoacylation of tRNAs, i.e., the attachment of an amino acid to a tRNA.
Mitochondrial tRNAs must undergo aminoacylation to deliver amino acids for translation.
Enzymes that are responsible for this process include mitochondrial aminoacyl-tRNA
synthetases (aaRSs). Human mitochondria contain 19 aaRSs. All members of this family
possess a tRNA anticodon-binding domain and a catalytic domain. The majority of mito-
chondrial aaRSs are encoded by genes that are different from their cytoplasmic counterparts.
Exceptions include mitochondrial LysRS and GlyRS, which are produced as a result of alter-
native splicing or an alternative translation initiation site, respectively [62–64]. Each aaRS
catalyzes mt-tRNA charging with a cognate amino acid, with the exception of mt-tRNAGln.
To date, no gene that encodes mt-GlnRS has been discovered. Instead, Nagao et al. have
shown that in human mitochondria, Gln-charging of mt-tRNAGln occurs via an indirect
two-step pathway. First, non-discriminating GluRS catalyzes the misaminoacylation of
tRNAGln with glutamic acid, resulting in the formation of Glu-tRNAGln. Subsequently, the
glutamate residue is transamidated by the glutamyl-tRNAGln amidotransferase hGatCAB
to obtain Gln-tRNAGln [65].

3.3. Post-transcriptional Chemical Modifications of mRNAs

Chemical modifications that occur post-transcriptionally are crucial for extending
the properties of the four basic nucleotides. Thus, they are involved in the biogenesis,
stability, and function of all mtRNA species. Post-transcriptional modifications of mt-
mRNAs that have been discovered to date cover methylation and pseudouridylation
(Table 1). Two tRNA methyltransferase complexes, TRMT6/61A and TRMT61B, known
for the methylation of mt-tRNAs, are also responsible for the N1-methyladenosine (m1A)
modification of mt-mRNAs [66,67]. There are 22 TRMT6/61A-dependent m1A sites in
10 of 13 mt-mRNAs, the majority of which are located in the coding region (CDS), with
only one in the 5′-untranslated region (UTR) [67]. TRMT61B methyltransferase catalyzes
the m1A methylation of MT-CO2 and MT-CO3 mRNAs, and its depletion correlates with
lower levels of m1A modifications [66,67]. The m1A methylation of mt-mRNAs within the
CDS blocks canonical A:U base pairing and prevents protein synthesis because effective
translation requires accurate base pairing between mRNA codons and cognate tRNAs
anticodons [67]. Additionally, adenosine at the N1 position is methylated in MT-ND5
mRNA by TRMT10C, the RNase P complex subunit [66].

Pseudouridine synthases are enzymes that are responsible for pseudouridylation by
converting specific uridines to pseudouridines (Ψ). The mitochondrial mRNA pseudouri-
dine synthases RPUSD3 and TRUB2 introduce Ψ at position 391 of MT-CO1 and positions
698–700 of MT-CO3 mRNAs [68]. RPUSD3 is postulated to be the major enzyme that is
responsible for the pseudouridylation of mt-mRNAs, whereas TRUB2 appears to play a
secondary role [68]. The functional consequences of mt-mRNA pseudouridylation have
not been explored yet.

3.4. Post-transcriptional Chemical Modifications of tRNAs

Mitochondrial tRNAs undergo extensive post-transcriptional modifications (Figure 3 and
Table 1). At position 9 of mt-tRNAs, adenine or guanine is methylated to N1-methyladenine
(m1A9) and N1-methylguanine (m1G9), respectively. The MRPP1/MRPP2 subcomplex, com-
posed of two subunits of RNase P, is responsible for both m1A9 and m1G9 methylation [69].
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A relatively abundant modification, m2G10, is found in 15 mt-tRNA species, whereas
the m1A modification is present exclusively at position 16 in mt-tRNAArg. TRMT61B is
predicted to be responsible for the specific m1A16 modification [70].
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One key modified mt-tRNA position is position 34 located within the anticodon se-
quence, also named the “wobble position”. Different nucleoside modifications observed
in this position, such as 5-formylcytosine and queuosine, improve codon recognition
selectivity. Two enzymes are responsible for the formation of 5-formylcytosine (f5C) at
position 34 of the anticodon in mt-tRNAMet. The first enzyme, the tRNA (cytosine(34)-
C(5))-methyltransferase (NSUN3), methylates the cytosine to 5-methylcytosine (m5C) [71].
The second enzyme, AlkB homologue 1 (ALKBH1), catalyzes the formation of f5C at this
position [72]. Both NSUN3 and ALKBH1 modify position 34 of mt-tRNAMet to enable the
recognition of alternative codons that encode methionine [71,73]. Interestingly, elevated lev-
els of m1A16 in mt-tRNAArg and m1A58 in mt-tRNALys were observed in ALKBH1 knock-
out cells, suggesting that ALKBH1 may also have demethylation activity toward m1A in
some mt-tRNAs [72]. The tRNA modification GTP-binding protein 3 (GTPBP3) and the
protein MTO1 homolog (MTO1) together catalyze the taurinomethylation of uridine at the
wobble position (τm5U34) in mt-tRNALys, mt-tRNAGlu, mt-tRNAGln, mt-tRNALeu

UUR, and
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mt-tRNATrp [74,75]. Another enzyme, mitochondrial tRNA-specific 2-thiouridylase (MTU1,
TRMU), introduces the additional 2-thiolation of 5-taurinomethylridine (τm5s2U34) at the
wobble position in mt-tRNALys, mt-tRNAGlu, and mt-tRNAGln [74,76]. Queuosine (Q) is also
present at position 34 of four mt-tRNA species (tRNATyr, tRNAHis, tRNAAsp, and tRNAAsn).
tRNA guanine transglycosylase (TGT), composed of two subunits (catalytic QTRT1 and non-
catalytic QTRT2), is responsible for the substitution of guanine with queuosine in cytoplasmic
tRNAs. It is also essential for the modification of mt-tRNAs [70]. Suzuki et al. reported that
Q34 in mt-tRNATyr is important for the efficient decoding of the UAU codon [70].

Another site is position 37 downstream of the anticodon that also needs to be modified
to stabilize codon–anticodon interactions. The enzymes that are responsible for modify-
ing mt-tRNA at position 37 include tRNA dimethylallyltransferase (TRIT1) and tRNA
(guanine(37)-N1)-methyltransferase (TRMT5). TRIT1 introduces the dimethylallyl group
to the adenine, resulting in the formation of N6-(dimethylallyl)adenosine (i6A37) in mt-
tRNAPhe, mt-tRNASerUCN, mt-tRNATrp, and mt-tRNATyr [70,77], whereas TRMT5 specifi-
cally methylates the N1 position of the guanosine (m1G37) in mt-tRNAGln, mt-tRNALeyCUN,
mt-tRNATrp, and mt-tRNATyr [78]. In turn, mt-tRNAs with i6A37 are subsequently modi-
fied by cyclin-dependent kinase 5 regulatory subunit associated protein 1 (CDK5RAP1)
that catalyzes 2-methylothiolation (ms2i6A37) [79]. Another modification at position
37 is N6-threonylcarbamoyladenosine (t6A), which is essential for translation accuracy
and fidelity. Two enzymes are responsible for this modification in human mitochon-
dria. First, YRDC synthesizes an L-threonylcarbamoyl adenylate (TC-AMP) intermediate,
and then the TC moiety is transferred to five mt-tRNAs (tRNAIle, tRNALys, tRNAAsn,
tRNASer(AGY), and tRNAThr) by probable tRNA N6-adenosine threonylcarbamoyltrans-
ferase, OSGEPL1 [70,80,81].

5-Methylcytidine (m5C) has been identified in six human mt-tRNAs at position 48
(tRNAPhe, tRNAHis, tRNALeu(UUR), tRNATyr, and tRNASer(AGY)), position 49 (tRNAGlu
and tRNASer(AGY)), and position 50 (tRNASer(AGY)). The NOP2/Sun RNA methyltrans-
ferase family member 2 (NSUN2) protein is necessary for this modification [82,83]. 5-
Methyluridine (m5U) has also been identified at position 54, which is unique to mito-
chondrial tRNAPro, tRNAAsn, tRNALeu(UUR), tRNASer(UCN), and tRNAGln and catalyzed by
TRMT2B [84]. Human mt-tRNAs, such as tRNALeu(UUR), tRNALys, tRNASer(UCN), tRNACys,
tRNAGlu, and tRNAIle, may also be methylated (m1A) at position 58 by mitochondria-
specific TRMT61B [85].

Another commonly occurring mt-tRNA modification is pseudouridylation, known
for the stabilization of tRNA stacking [86]. Pseudouridine synthetase 1 (PUS1) modifies
U27 and U28 in the anticodon of mt-tRNAs, whereas RNA pseudouridylate synthase domain-
containing protein 4 (RPUSD4) introduces Ψ at position 39 of mt-tRNAPhe [68,87,88]. Com-
bining mass spectrometry analyses, the biochemical mapping of Ψ in mt-tRNAs, and
previously published data, Suzuki et al. indicated 52 Ψ sites in all species of human
mt-tRNAs. Of these, 44 were confirmed by tRNA-Ψ-sequencing [70].

Importantly, mt-tRNAs may also be modified at their 5′ and 3′ ends. The enzyme tRNA
nucleotidyl transferase 1 (TRNT1) is responsible for the addition of the CCA sequence at
the 3′ end of mt-tRNAs [89], whereas tRNAHis guanylyltransferase (THG1L) introduces
the guanosine monophosphate moiety to the 5′ end of mt-tRNAHis after transcription and
RNase P processing, which is an essential step for proper translation [90].

3.5. Post-transcriptional Chemical Modifications of rRNAs

Human mitoribosomes consist of 12S (small subunit) and 16S (large subunit) rRNAs
and 82 mitoribosomal proteins (MRPs) that are encoded in the cell nucleus and imported
to mitochondria. Only three types of modifications (2′-O-methylation, nucleobase methyla-
tion, and pseudouridylation) and 10 modified sites have been hitherto identified in human
mt-rRNAs (Figure 3b and Table 1).

16S rRNA undergoes 2-O-ribose methylation at three sites (Gm1145, Um1369, and
Gm1370), catalyzed by mitochondrial rRNA methyltransferase 1 (MRM1), MRM2, and
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MRM3, respectively [91–93]. The latter two modified sites occur within the 16S rRNA
A-loop, which is an essential component of the peptidyl transferase center. The absence
of these modifications disrupts the assembly of the mitochondrial ribosome large subunit
and thus mitochondrial translation [92]. Among modifications of 16S rRNA, one can
also distinguish m1A base methylation at position 947, catalyzed by TRMT61B [94], and
pseudouridylation at position 1397, mediated by RPUSD4, which are essential for transcript
stability, mt-LSU assembly, and mitochondrial translation [68,88].

12S rRNA undergoes m6
2A dimethylation at positions 936 and 937, catalyzed by

TFB1M, a paralogue of the mitochondrial transcription factor TFB2M [95]. Adenosine
dimethylation in 12S rRNA is necessary for the binding of the ribosome-binding factor A
(RBFA) and the proper assembly of mt-SSU [96–98]. 12S rRNA also undergoes methylation
in several positions. The methylation of cytosine at position 841 (m5C841) is catalyzed
by NSUN4 [99]. The m5C841 modification is likely to be important for mitoribosome
biogenesis. It has been shown that NSUN4 knockout in mice abolishes translation [99]. The
m4C methylation at position 839 is introduced by methyltransferase METTL15 [100], which
is essential for proper translation as the depletion of the METTL15 protein impairs mitori-
bosome assembly [101]. TRMT2B methyltransferase that catalyzes uridine methylation
in tRNA is also responsible for methylation at position 429 (m5U429) in 12S rRNA [102].
The contribution of TRMT2B to mitochondrial translation requires further investigation as
human cells with TRMT2B knockout did not display the phenotype with regards to RNA
stability, mitochondrial translation, or cellular growth [102].

Table 1. Post-transcriptional modifications of mtRNAs in human mitochondria. f5C: 5-Formylcytosine; m1A: 1-ethyladenosine;
m1G: 1-Methylguanosine; m2G: N2-Methylguanosine; m2

2G: N2,N2-Dimethylguanosine; m3C: 3-Methylcytosine; m4C: N4-
Methylcytosine; m5C: 5-Methylcytosine; m6

2A: N6,N6-Dimethyladenosine; ms2i6: 2-Methylthio-N6-isopentenyladenosine;
t6A: N6-Threonylcarbamoyladenosine; Q: 7-Deazaguanosine (queuosine); Ψ: pseudouridine.

Transcript Position Modification Modifying Enzyme Ref.

mRNA

MT-CO1
1472 m1A TRMT6/61A, TRMT61B [66,67]

391 Ψ RPUSD3, TRUB2 [68]

MT-CO2 297 m1A TRMT6/61A, TRMT61B [66,67]

MT-CO3
707 m1A TRMT6/61A, TRMT61B [66,67]

698–700 Ψ RPUSD3, TRUB2 [68]

MT-ND5 1374 m1A TRMT10C [66]

tRNA

Asn, Arg, Asp, Ala, His, Gly Glu, Leu(CUN),
Lys, Pro, Phe, Val, Trp, Thr 9

m1A MRPP1/MRPP2 [69]

Gln, Cys, Ile, Leu(UUR), Tyr m1G MRPP1/MRPP2 [69]

Ala, Asp, Glu, Phe, Gly, His, Lys, Leu(UUR),
Leu(CUN), Tyr, Trp, Val, Asn, Thr, Val 10 m2G Unknown [70]

Arg 16 m1A Predicted: TRMT61B [70]

Leu(UUR), Asn, Gln 20 D Predicted: DUS2 [70,103]

Ala, Glu, Arg
26

m2G Unknown [70]

Ile m2
2G Unknown [70]

Asn, Asp, Cys, His, Ile, Leu(UUR), Leu(CUN),
Met, Pro, Val, Ser(UCN), Tyr, Lys 27 Ψ PUS1 [70,87]

Asn, Cys, Ala, Leu(CUN), Ser(UCN), Lys,
Glu, Tyr, Phe, Gly, Ile 28 Ψ PUS1 [70,87]
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Table 1. Cont.

Transcript Position Modification Modifying Enzyme Ref.

Leu(CUN) 31 Ψ Unknown [70]

Cys, Pro, Arg

32

Ψ Unknown [70]

Ser(UCN), Thr m3C
Predicted METTL2A,

METTL2B, METTL6, or
METTL8

[70]

Gln 33 Ψ Unknown [70]

Lys, Glu, Gln, Leu(UUR), Trp

wobble
position 34

τm5U GTPBP3, MTO1 [74]

Lys, Glu, Gln τm5s2U
GTPBP3, MTO1, MTU1,

NFS1 [74,76]

Met f5C NSUN3, ALKBH1 [71,72]

Asp, His, Asn, and Tyr Q QTRT1, QTRT2 [70]

His 35 Ψ Predicted: PUS7 [70]

Phe, Ser(UCN), Trp, Tyr, Cys

37

i6A TRIT1 [70,77]

Phe, Ser(UCN), Trp, Tyr ms2i6A TRIT1, CDK5RAP1 [79]

Gln, Leu(CUN), Pro, Ala m1G TRMT5 [78]

Ser(AGY), Thr, Asn, Ile, Lys t6A YRDC, OSGEPL1 [70,80,81]

Ala, Pro 38 Ψ Predicted: PUS3 [70]

Ala, Pro, Cys, Gly, His, Gln, Arg, Val, Tyr
39 Ψ

Unknown [70]

Phe RPUSD4 [88]

Glu, Gly Asn, Gln 40 Ψ Unknown [70]

Phe, His Leu(UUR), Ser(AGY), Tyr 48 m5C NSUN2 [70,82,83]

Glu, Ser(AGY) 49 m5C NSUN2 [70,82,83]

Ser(AGY)
50

m5C NSUN2 [70,82,83]

Met Ψ Unknown [70]

Pro, Asn, Leu(UUR), Ser(UCN), Gln 54 m5U TRMT2B [84,102]

Glu, Met, Leu(UUR), Ser(UCN), Asn, Pro, Gln 55 Ψ Predicted: TRUB2 [70,104]

Leu(UUR), Lys, Ser(UCN) Cys, Glu, Ile 58 m1A TRMT61B [85]

Pro 66 Ψ Predicted: PUS1 [70]

Pro 67 Ψ PUS1 [70]

Ala 68 Ψ Predicted: PUS1 [70]

rRNA

12S

429 m5U TRMT2B [102]

839 m4C METTL15 [100]

841 m5C NSUN4 [99]

936 m6
2A TFB1M [95–97]

937 m6
2A TFB1M [95–97]

16S

947 m1A TRMT61B [91]

1145 Gm MRM1 [93]

1369 Um MRM2 [92]

1370 Gm MRM3 [92]

1397 Ψ RPUSD4 [68]
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4. Mitochondrial RNA Surveillance and Decay

Similar to other genetic systems, steady-state levels of mtDNA-encoded transcripts are
an outcome of their synthesis and decay, which depend on RNA transcription, degradation,
and stabilization factors. One RNA-binding protein that is engaged in maintaining the
stability, and preventing the degradation, of mtRNAs is the leucine-rich pentatricopeptide
repeat (PPR)-containing protein (LRPPRC). LRPPRC localizes to the mitochondrial matrix.
Following its import into mitochondria, LRPPRC associates with the stem-loop-interacting
RNA-binding protein (SLIRP), forming the LRPPRC/SLIRP complex. This complex binds
predominantly mt-mRNAs and mt-rRNAs [105]. LRPPRC is the factor that is responsible
for RNA binding, whereas SLIRP alone does not bind RNA or affect mt-mRNA polyadeny-
lation [106–108]. Although SLIRP contains the RNA recognition motif (RRM) domain, this
domain is responsible for the protein–protein interactions required for the formation of
the LRPPRC/SLIRP complex, but is not responsible for RNA binding [108]. Structural
studies have shown that the LRPPRC-SLIRP complex is associated with translating mitori-
bosomes via PPR-mediated interactions with the mitoribosomal PPR protein mS39 and
delivers mt-mRNAs to the mitoribosomal small subunit [109]. The presence of LRPPRC in
mitochondria was positively correlated with mt-mRNA polyadenylation [106]. The loss of
LRPPRC results in the shortening of poly(A) tails, a decrease in the stability of HSP-derived
transcripts, and misregulated translation [105,106]. Additionally, the LRPPRC/SLIRP
complex suppresses PNPase-mediated mt-mRNA decay [110].

Recent work by Bruni et al. suggests that the stability of mt-mRNAs also depends on
mitoribosome binding [111]. Depletion of the mt-LSU results in the downregulation of mt-
mRNA levels, whereas the depletion of both mt-LSU and mt-SSU partially recovers mtRNA
levels. The authors suggested that when solely mt-LSU is depleted, mt-SSU is available
and capable of recruiting mature mt-mRNAs from the LRPPRC/SLIRP complex, thus
depriving them of protection from degradation. Under normal conditions, the formation
of the ribosome stabilizes mt-mRNAs and protects them from degradation [111].

The decay of mtRNAs is mediated by a complex of polynucleotide phosphorylase
(PNPase) and adenosine triphosphate (ATP)-dependent RNA helicase SUV3, referred to as
the mitochondrial degradosome [112]. PNPase has 3′-5′ exoribonucleolytic activity and
localizes to the intermembrane space and mitochondrial matrix [112,113]. In the latter
localization, PNPase interacts with SUV3, forming D-foci, where mtRNA degradation
occurs (Figure 2) [112]. The mitochondrial degradosome is mainly involved in the degra-
dation of mitochondrial antisense transcripts, with some contribution to the decay of
mt-mRNAs [112,114]. The knockdown of either SUV3 or PNPase results in the strong accu-
mulation of antisense transcripts, the appearance of mtRNAs with extended poly(A)-tails
as well as degradation intermediates [56,112].

The RNA surveillance function of the degradosome is essential to maintain mitochon-
drial gene expression. It has been shown that dysfunction of the degradosome results in
the accumulation of R-loops in mtDNA, leading to the instability of the mitochondrial
genome [115]. Similarly, by controlling the levels of mitochondrial antisense transcripts, the
degradosome regulates the level of mitochondrial double-stranded RNA (mt-dsRNA). A
strong upregulation of mt-dsRNA was observed upon SUV3 or PNPase silencing [116]. No-
tably, PNPase has a diverse function in controlling mt-dsRNA, depending on the location
within mitochondria [116]. As a subunit of the degradosome complex, PNPase counter-
acts the accumulation of dsRNA in the mitochondrial matrix. This function depends on
SUV3 helicase activity [116]. On the other hand, a fraction of PNPase that localizes to the
intermembrane space, where SUV3 is absent [117], prevents the release of mt-dsRNA into
the cytosol, precluding the sterile inflammation [116].

The final products of PNPase/SUV3-mediated mtRNA degradation are short oligonu-
cleotides that are removed by RNA exonuclease 2 (REXO2) [118]. REXO2 has 3′ to 5′

oligonuclease activity toward short single-stranded RNAs and DNAs, and its silencing
results in the accumulation of short RNA species and double-stranded RNAs [119]. Further-
more, REXO2 knockout results in the disruption of mitochondrial protein synthesis [118].
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REXO2 activity in mitochondria is considered to enable the recycling of monoribonu-
cleotides and prevent the accumulation of short oligoribonucleotides that could affect
degradosome function and stimulate promoter-independent transcription [119–121].

Another RBP that is engaged in mtRNA processing is GRSF1, which belongs to the
quasi-RRM protein family [122]. The protein exists in human cells in two isoforms, one of
which is targeted to MRGs where it co-localizes with nascent mtRNAs and RNase P [13].
The second isoform localizes to the nucleus and cytosol [13]. The loss of GRSF1 results
in a slight increase in unprocessed transcripts and is required for mitoribosome assem-
bly [13,123]. Recent studies show that GRSF1 associates with the PNPase/SUV3 complex,
thus indicating its involvement in mtRNA decay [124]. A comprehensive RNA-sequencing
analysis revealed that non-coding, antisense mtRNAs that are prone to form G-quadruplex
structures (G4) accumulate upon degradosome or GRSF1 dysfunction. Further, biochemical
and biophysical experiments confirmed that GRSF1/degradosome substrates form G4s. It
was found that the binding of G4s by GRSF1 melts these structure, which in turn facilitates
their degradation by the degradosome [124]. Interestingly, phylogenetic analysis revealed
that GRSF1 proteins are distinct from other quasi-RRMs and that they appeared relatively
late in evolution, namely in vertebrates, which have G4-rich mitochondrial genomes [124].
Therefore, the appearance of GRSF1 in mitochondria is likely to be an evolutionary adapta-
tion that occurred when mitochondrial genomes underwent a transition from G4-poor to
G4-rich, which enabled the control of the levels of RNAs that form G-quadruplexes.

5. Unresolved Issues

Recent years have brought discoveries of numerous proteins involved in post-transcrip
tional mtRNA processing, indicating that the regulation of mitochondrial gene expression
that results in the synthesis of merely 13 OXPHOS proteins has unexpected complexity.
Multiple studies revealed that mutations within the nuclear-encoded enzymes involved
in mtRNA metabolism affect mtRNA maturation and may lead to human mitochondrial
diseases [125]. Nevertheless, many aspects of mtRNA metabolism and the pathogenesis
of mitochondrial syndromes remain unsolved. In this section, we highlight current issues
and hypotheses that remain poorly understood and require further investigation.

5.1. Processing of Non-Canonical Sites in Primary Polycistronic Transcripts

The majority of mitochondrial mRNA and rRNA sequences are flanked by tRNAs.
Hence, they are released from primary polycistronic transcripts along with tRNA pro-
cessing by RNase P and ELAC2. However, there are also non-canonical junctions, where
no tRNAs are present and where the transcripts are nonetheless released. For example,
bicistronic MT-ATP8/6 mRNA can be identified as a stable precursor transcript that con-
tains the adjacent MT-CO3 mRNA [35]. The junction of MT-ATP8/6 mRNA and MT-CO3
mRNA, where no tRNA is present, is likely not to be processed as efficiently as other
cleavage sites, resulting in an increase in the stability and steady-state levels of this pre-
cursor. Another peculiarity of MT-CO3 transcript processing was recently discovered.
Based on the circularized RNA sequencing of RNAs from mouse heart mitochondria and
a 5′-phosphate-dependent exonuclease digestion assay, MT-CO3 mRNA was suggested
to be lacking a 5′ monophosphate in contrast to other mt-mRNAs [126]. As mentioned
above, FASTKD5 [7] and its interactor NLRX1 [45] may be involved in the processing of
the MT-ATP8/6-CO3 transcript and other non-canonical junctions. Another non-canonical
processing site between MT-ND5 and MT-CYB may be processed with the involvement of
the FASTKD4 protein. Upon FASTKD4 depletion, the MT-ND5-CYB precursor accumu-
lates, accompanied by a decrease in some mature transcript levels, including MT-ND5 and
MT-CYB [39]. To date, it has not been clarified as to whether FASTKD4 and FASTKD5 have
endonuclease activity. Thus, whether the processing of these transcripts requires additional
factors remains unknown.
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5.2. Post-Transcriptional RNA Uridylation in Human Mitochondria

The untemplated addition of uridines at the 3′ end of RNA, named RNA uridylation, is
a post-transcriptional modification of nuclear coding and non-coding RNAs, spread widely
among different species, including fungi, trypanosomes, plants, and animals [127,128].
Notably, RNA uridylation was also observed in mitochondrial systems. In the mitochondria
of Trypanosoma brucei, aberrant 12S rRNAs are marked for degradation by the addition
of oligo(U) tails [129]. Similarly, the 3′-end uridylation of T. brucei mt-mRNAs stimulates
their decay [130]. The phenomenon of RNA uridylation has also been observed in human
mitochondria, but is still far from understood. Some improperly processed mtRNAs were
reported to bear oligo- or poly(U) tails [56,131]. It is tempting to speculate that the addition
of poly(U) or oligo(U) tails marks such abnormal RNAs and directs them for degradation.
However, this hypothesis requires experimental validation.

5.3. Mitochondrial RNA Editing

Among post-transcriptional RNA modifications, one can distinguish RNA editing,
which causes the transcripts to have a different sequence to that of the DNA template. RNA
editing refers to site-specific alteration that may involve the deletion, insertion, or base
substitution of nucleotides within an RNA molecule, though excluding RNA splicing and
polyadenylation. This phenomenon has been observed in the mitochondrial-, chloroplast-,
and nuclear-encoded RNAs of most eukaryotic organisms. For example, in humans,
nuclear RNA editing occurs in the primate-specific transposable Alu elements that form
dsRNA structures [132]. Using ultra-deep RNA-sequencing, Bazak et al. confirmed that
virtually all adenosines within dsRNA-forming Alu sequences are subjected to adenosine-
to-inosine transition [132]. During translation, inosine is recognized as guanosine, and
thus, nucleotide conversion may change the amino acid sequence [132].

RNA editing in mitochondria is observed among numerous eukaryotic organisms,
and it has been suggested that mtRNA editing leads to the restoration of ancestral protein
sequences [133] (and references therein). This seems to be also relevant to human mito-
chondrial genetic systems, at least to some extent. Bar-Yaacov et al., using deep sequencing
of human mtDNA and mtRNA, identified three sites harboring RNA–DNA differences
(RDDs). Among them, A-to-U or A-to-G RDD at position 2617 located within the 16S
rRNA has been identified in humans and non-human primates. RDD at this position
has been suggested to restore the ancestral form of 16S rRNA and stabilize the mt-LSU
structure [134]. The role of two other RDDs occurring at position 295 within the non-
coding D-loop and at position 13710, a third codon position of alanine in the MT-ND5,
remains unclear. Theories about the functional importance of the RDDs in human mito-
chondria and the mitochondrial RNA editing enzymes remain questionable and require
further investigation.

5.4. Links between mtDNA Transcription and Mitoribosome Assembly

Mitochondrial ribosomes are built from components that are encoded in two genomes:
protein components that are encoded in the nuclear genome, and RNA components that
are encoded in the mitochondrial genome. Therefore, the biogenesis of the mitoribosome
requires the coordination of rRNA transcription by mitochondrial transcription machin-
ery and the synthesis of mitoribosome proteins in the cytoplasm and their import into
mitochondria. The precise mechanisms that coordinate mtDNA transcription and ribo-
some assembly in mitochondria are unknown. However, there are some indications of the
proteins that may connect these processes. MRPL12 protein, a component of the mt-LSU
that also occurs as a “free pool”, has already been mentioned. This “free pool” stimulates
mitochondrial transcription, suggesting that MRPL12 can coordinate the rRNA synthesis
rate with the accessibility of the mitoribosomal proteins [25]. Other protein components of
the mitoribosome have also been identified in the form of a stable mitoribosome-unbound
state [25,135], indicating that some mitoribosomal proteins may have additional functions.
MTRES1 is another mitochondrial protein that could couple mitochondrial transcription
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and translation processes. MTRES1 was shown to interact with mitochondrial transcription
machinery [26] and associate with the mitoribosomes participating in translation qual-
ity control [136]. Another example of a protein that connects mitochondrial translation
and transcription is the methyltransferase MRM3. This 16S rRNA-modifying enzyme
has been shown to interact with the mt-LSU and with non-ribosomal proteins that may
be engaged in coordinating rRNA transcription and mitoribosome assembly [91]. No-
tably, partial assembly of the mitoribosome large subunit has been suggested to occur
co-transcriptionally [135]. It was observed that the disruption of mtRNA processing by
MRPP3 knockout results in a decrease in mature 12S and 16S rRNA transcripts and the
accumulation of an unprocessed precursor, including both 12S and 16S rRNA. Neverthe-
less, the mt-LSU can still assemble [135]. Simultaneously, the upregulation of mtDNA
transcription was observed [135], suggesting crosstalk between the processing of primary
transcripts, RNA synthesis, and mitoribosome biogenesis. A molecular mechanism that
leads to such an interplay remains to be discovered.

5.5. Regulation of Mitochondrial Gene Expression

Most RNAs encoded by the same strand of mtDNA are synthetized with the same
frequency. Nevertheless, the levels of specific mature mitochondrial transcripts differ sig-
nificantly [46,137], indicating that the post-transcriptional processing of mtRNAs plays an
important role in the regulation of mitochondrial gene expression. These processes include
precursor cleavage, mtRNA modifications, stabilization, and decay, all of which occur
in RNA granules [13,123,138] or D-foci [112]; submitochondrial compartments that are
enriched in RBPs. To date, the mechanisms that lead to differential steady-state transcript
levels have not been revealed.

Mitochondrial translation could account for a central layer of controlling of mitochon-
drial gene expression. This level of gene expression regulation plays an important role in
bacteria, where multiple genes are transcribed as a single polycistronic transcript [139]. For
mammalian cytoplasmic ribosomes, specific ribosomal proteins can promote the translation
of specific pools of transcripts [140,141]. Likewise, in the yeast Saccharomyces cerevisiae,
the translation of mitochondrial transcripts is mediated by specific translational activators
that recognize sequences in 5′ UTRs of mRNAs [142]. In contrast to transcripts that are
encoded in the cell nucleus and yeast mitochondrial genome, mammalian mtDNA-encoded
transcripts either lack UTRs or possess UTRs that are only several nucleotides long [60].
Nevertheless, there are indications that mitochondrial translation may be regulated in a
transcript-specific manner. A specific MT-CO1 mRNA regulator has been identified. A
translational activator of cytochrome c oxidase 1 (TACO1) interacts with MT-CO1 mRNA
and the mitochondrial ribosome. The loss of TACO1 specifically disrupts the translation
of MT-CO1 in mammalian mitochondria [143,144]. It remains to be seen whether the
translation of other mt-mRNA is regulated by specific RBPs.

An emerging aspect of mitochondrial biology in human cells is the role of mt-dsRNA
in mitochondrial gene expression and cell homeostasis. So far, the functional importance of
the mt-dsRNA species has been revealed under abnormal conditions when dysfunction
of the mtRNA surveillance pathway results in the accumulation of mt-dsRNAs and their
escape to the cytoplasm, where they trigger a sterile inflammation response [145]. Nothing
is known about the role of mt-dsRNA under physiological conditions. Nevertheless, it has
been suggested that microRNAs are present in the mitochondrial transcriptome [146,147].
Moreover, some components of RNAi machinery, such as Ago2, were reported to be active
in human mitochondria [148]. Thus, it is likely that RNAi-like mechanisms can operate
in human mitochondria. If so, this would be an important mechanism of gene-specific
regulation. However, the mitochondrial localization and function of RNAi machinery
elements have not been studied systematically, with the exception of a report that shows
a surprising ability to transfect mitochondria [149]. In summary, further study on the
interesting concept of RNAi-mediated regulation of human mitochondrial gene expression
is required.
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6. Conclusions

RNA metabolism in human mitochondria is a complex process that requires both the
spatial and temporal coordination of different mechanisms. This coordination occurs in the
mitochondria, which is at least partially facilitated by the existence of RNA granules, and
in the nucleocytoplasmic compartment, in which proteins that are encoded in the nuclear
genome are involved in the regulation of mtRNA metabolism. We are only just beginning
to understand how this coordination works. An important goal for future research is to
unravel the intricacies of mtRNA metabolism regulation.
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Abbreviations

aARS aminoacyl-tRNA synthetases
ATP6 ATP synthase membrane subunit 6
ATP8 ATP synthase membrane subunit 8
CO1 cytochrome c oxidase subunit 1
CO2 cytochrome c oxidase subunit 2
CO3 cytochrome c oxidase subunit 3
CSBII G-rich sequence block II
CYB cytochrome b
ELAC2 zinc phosphodiesterase ELAC protein 2
FASTK Fas-activated serine/threonine kinase
G4 G-quadruplex
GRSF1 G-rich sequence factor 1
HSD17B10 hydroxysteroid 17-b dehydrogenase 10
HSP H-strand promoter
LRPPRC leucine-rich pentatricopeptide repeat-containing protein
LSP L-strand promoter
MRG mitochondrial RNA granules
MRPL12 mitochondrial ribosomal protein L7/L12
MRPs mitoribosomal proteins
MTERF1 mitochondrial transcription termination factor 1
mt-LSU mitochondrial ribosome large subunit
MTPAP mitochondrial poly(A) polymerase
MTRES1 mitochondrial transcription rescue factor 1
MTS mitochondrial targeting sequence
mtSSB (SSBP1) single-stranded DNA-binding protein
mt-SSU mitochondrial ribosome small subunit
NCR non-coding regulatory region
ND1 NADH-ubiquinone oxidoreductase chain 1
ND2 NADH-ubiquinone oxidoreductase chain 2
ND3 NADH-ubiquinone oxidoreductase chain 3
ND4 NADH-ubiquinone oxidoreductase chain 4
ND4L NADH-ubiquinone oxidoreductase chain 4L
ND5 NADH-ubiquinone oxidoreductase chain 5
ND6 NADH-ubiquinone oxidoreductase chain 6
OXPHOS oxidative phosphorylation system
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PDE12 3′ exonuclease phosphodiesterase 12
PNPase (PNPT1) polynucleotide phosphorylase
POLG polymerase γ

POLRMT mitochondrial RNA polymerase
PPR pentatricopeptide repeat
PRORP protein-only RNase P catalytic subunit
RAP RNA-binding domain abundant in apicomplexans
RBP RNA-binding protein
REXO2 RNA exonuclease 2
RNase P endoribonuclease P
RRM RNA recognition motif
SIRT1 protein deacetylase sirtuin-1
SLIRP stem-loop-interacting RNA-binding protein
SUV3 (SUPV3L1) ATP-dependent RNA helicase SUPV3L1
TEFM mitochondrial transcription elongation factor
TFAM mitochondrial transcription factor A
TFB2M mitochondrial transcription factor B2
TRMT10C tRNA methyltransferase 10C
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