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Abstract

As a consequence of recent discoveries of intimate involvement of mitochondria with key cellular 

processes, there has been a resurgence of interest in all aspects of mitochondrial biology, including 

the intricate mechanisms of mitochondrial DNA maintenance and expression. Despite four 

decades of research, there remains a lot to be learned about the processes that enable transcription 

of genetic information from mitochondrial DNA to RNA, as well as their regulation. These 

processes are vitally important, as evidenced by the lethality of inactivating the central 

components of mitochondrial transcription machinery. Here, we review the current understanding 

of mitochondrial transcription and its regulation in mammalian cells. We also discuss key theories 

in the field and highlight controversial subjects and future directions as we see them.
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2. INTRODUCTION

In mammalian cells, mitochondria generate the bulk of ATP required to sustain diverse 

cellular processes while also playing important roles in intracellular calcium signaling (1), 

apoptosis (2), reactive oxygen species (ROS) production (3), biosynthesis of heme and iron-

sulfur clusters (4, 5), and other processes. In mammalian cells, mitochondrial DNA 

(mtDNA) is a covalently closed circular molecule that encodes 37 “formal” genes: 13 

polypeptide components of the oxidative phosphorylation system (OXPHOS), two rRNAs 

and 22 tRNAs (Figure 1). The rRNAs and tRNAs, together with a number of nuclearly 

encoded and posttranslationally imported proteins, form a separate mitochondrial 

translational apparatus. The need for a separate translational apparatus in mitochondria is 

dictated by the fact that the 13 mitochondrial mRNAs are encoded using a genetic code 

distinct from that used by nuclear genes (6). In addition to 37 “formal” genes, mtDNA 
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encodes at least two peptides, human in (7) and MOTS-c (8, 9), whose expression and 

function remain to be fully elucidated.

All mitochondrial functions are linked, directly or indirectly, to OXPHOS. Therefore, 

mitochondrial transcription is a key to proper mitochondrial function as it both represents 

the means for the expression of mtDNA-encoded OXPHOS subunits, and is required for 

mtDNA replication (10, 11). Despite considerable progress made in understanding 

mitochondrial transcription in mammalian cells, even today, more than 40 years since the 

pioneering studies on mtDNA transcription (12, 13), the field remains full of challenges and 

controversies, which we will attempt to outline in this review along with current state of the 

field.

3. THE MAIN mtDNA CODING STRAND: HEAVY OR LIGHT?

One long standing terminological confusion in the field of mtDNA transcription is that of 

the main coding mtDNA strand. In 1981, Anderson et al. (14) and Bibb et al. (15) published 

sequences of human and mouse mitochondrial genomes, respectively. Even though the 

organization of the two genomes is identical, the authors used different notations to 

designate coding strands. Anderson et al. used a definition of the coding strand identical to 

the contemporary one and stated that “The sequence shown is that of the L strand which we 

define as the main coding strand containing the sense sequence of the rRNAs and most of 

the tRNAs and mRNAs. Thus, these RNAs are transcribed from (and therefore hybridize to) 

the H strand” (14). In contrast, Bibb et al. used a definition of the coding strand that is 

identical to today’s definition of a template (noncoding) strand and stated “The major coding 

strand of mouse mitochondrial DNA is the heavy (H) strand; most transcripts are therefore 

of light (L)- strand sequence and are complementary to the H strand. The sequence shown is 

L-strand sequence”. Therefore, both studies agree in that sequences of most mitochondrial 

transcripts are identical to those found in the L-strand of mtDNA, and hence in today’s 

terms, the L-strand of mtDNA is the main coding strand. Also, Bibb et al. (15) depicted 

mtDNA organization in the form of a circle with a counterclockwise order of mtDNA-

encoded transcripts. This notation has since become obsolete, and newly sequenced 

mitochondrial genomes are annotated on their light strand, with clockwise annotation of 

encoded genes. Therefore, in our review we used this latter notation (Figure 1). However, it 

should be noted that due to the enormous contributions of the labs of Clayton and Attardi 

(who used the same notation as Bibb (16)), Bibb’s notation currently dominates the fields of 

mammalian mtDNA transcription and replication (17).

4. MITOCHONDRIAL TRANSCRIPTION: TWO OR THREE PROMOTERS IN 

mtDNA?

Genetic information is encoded on both strands of mtDNA. Therefore, at least two 

promoters are needed to drive mitochondrial transcription: one for the H-strand, and one for 

the L-strand. However, while the existence of a single light strand promoter (LSP) is 

generally accepted, the exact number of heavy strand promoters (HSP) remains 

controversial. In their seminal study, Ojala et al. noted about 15- to 60-fold higher 

abundance and 50–100 fold higher rate of synthesis of the 12S mitochondrial rRNA 
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transcript (MT-RNR1) as compared to the most abundant mRNA transcript encoded by the 

same mtDNA strand (16, 18). They outlined two possible explanations: a) the existence of 

two HSPs, and b) premature termination downstream of the mitochondrial 16S rRNA (MT-

RNR2) (Figure 1). Strictly speaking, these two explanations are not necessarily mutually 

exclusive, and subsequent studies by the same group provided support for both models. 

Indeed, very soon two distinct H-strand transcription initiation sites were discovered: one at 

bp 561 of human mtDNA, 16 nucleotides upstream of the MT-TF gene, and a second at bp 

646, just 2 nucleotides upstream of the MT-RNR1 gene and inside the MT-TF gene (Figure 

1) (19–21). The existence of these two sites was confirmed by two techniques: 1) 5′ end 

labeling of in vivo HeLa cell mtDNA nascent transcripts with (α-32P)-GTP and 

guanylyltransferase, followed by an S1 nuclease protection assay and analysis of the capped 

products by polyacrylamide/urea gel electrophoresis, and by 2) primer extension by reverse 

transcriptase using a mitochondrial lysate. Promoters responsible for the synthesis of the two 

transcripts were designated HSP1 and HSP2, respectively. Importantly, in vitro, MTERF1 

stimulates HSP1, but not HSP2 activity (21), further supporting the existence of two 

independent H-strand promoters. The activity of both HSP promoters can also be observed 

in an in vitro system, although in this system the major transcription start site of HSP2 maps 

to A644 instead C646 (22, 23). While the in vivo and in vitro transcription start sites of 

HSP2 are in reasonable agreement, this discrepancy raises an interesting possibility of 

regulation of the choice of HSP2 transcription start site by extrinsic factors like template 

topology, additional transacting factors, and/or nucleotide pools (22). This evidence 

notwithstanding, an argument has been made in favor of one HSP promoter model (17, 24). 

This argument is based on the observation that MTERF1 knockout mice are viable and do 

not manifest changes in the relative abundance of mitochondrial HSP1 and HSP2 transcripts, 

which would be expected if MTERF1 indeed selectively stimulated HSP1 transcription by 

DNA looping (21). However, it can be argued that since MTERF1 has not been implicated in 

the regulation of HSP2 transcription, results with MTERF1 knockouts cannot have any 

bearing on the question of whether HSP2 exists. These results can only challenge the model 

for stimulation of HSP1 activity by DNA looping with the help of MTERF1. Moreover, even 

though two major HSP transcripts are observed in both human and mouse cells, transcription 

start sites in murine mtDNA, unlike human mtDNA, are closely spaced (Figure 2), raising 

the possibility that they are a result of alternative choice of transcription initiation sites from 

a single HSP promoter. In other words, caution should be exercised when trying to 

extrapolate observations made in human mitochondrial transcription system into murine 

cells and vice versa, even though an assumption that these two systems have very similar or 

identical regulation appears plausible. In fact, some evidence suggests that regulation of at 

least LSP1 may be different in human and murine cells. Indeed, mLSP1 was reported to 

have more extensive requirements for maximal activity in vitro in the upstream sequences 

than hLSP (Figure 2 and (25)). To summarize, the available evidence does not allow us to 

rule out the existence of two separate HSP promoters in human cells in vivo.
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5. THE CORE MITOCHONDRIAL TRANSCRIPTION MACHINERY CLUB: IS 

TFAM A MEMBER?

In vitro, transcription at mitochondrial promoters can be reconstituted using only three 

proteins: mitochondrial transcription factor A (TFAM), mitochondrial transcription factor 

B2 (TFB2M) and mitochondrial RNA polymerase (POLRMT). However, specific 

transcription initiation at HSP1, HSP2 and LSP promoters has been demonstrated in vitro in 

the absence of TFAM (22, 23, 26–29), which led to a two-component model in which TFAM 

is ascribed the role of transcriptional activator instead of being an obligate core component 

of the transcription initiation complex (27). This model, nevertheless, was challenged on the 

grounds that the experimental conditions used in those assays may not faithfully recapitulate 

those found in vivo because they favor promoter “breathing” (i.e. spontaneous separation of 

DNA strands) (28). It should be noted, however, that every in vitro system is a mere 

approximation of in vivo conditions and therefore none of them faithfully recapitulate the 

full complexity of the intracellular or intramitochondrial milieu in terms of the exact roster 

and concentrations of players. Therefore, the ultimate test of any model is in vivo. In vivo, 

homozygous TFAM knockout is embryonically lethal (30), which can be interpreted either 

in support of the notion that TFAM is an essential component of the mitochondrial 

transcription apparatus, or may be viewed as a mere reflection of the fact that altered 

mitochondrial transcription in the absence of TFAM disrupts the developmental program in 

a manner that is incompatible with embryo’s survival. Tissue-specific TFAM knockouts also 

produced inconclusive results: in one study, mice with TFAM ablation in the heart and 

skeletal muscle died from dilated cardiomyopathy 2–4 weeks after birth (31). This lethality 

was accompanied by reduced TFAM protein and mitochondrial transcript levels in the heart 

and skeletal muscle and by reduced activity of the respiratory complexes in the heart, but not 

in the skeletal muscle (31). The reduced, rather than absent, levels of TFAM and 

mitochondrial transcripts in hearts appears to be in good agreement with the presence of 

nonmuscle cells. However, the wild type activities of respiratory complexes I and IV in the 

skeletal muscle of TFAM KO mice are difficult to reconcile with the proposed essential role 

of TFAM in mitochondrial transcription and with the fact that the activities of both 

complexes critically depend on mitochondrially-encoded subunits. This may be a result of 

the mitochondrial transcription in the absence of TFAM, which agrees with a two-

component model of mitochondrial transcription, which leaves some room for a two-

component model of mitochondrial transcription. In summary, both proponents and critics of 

the two-component model agree that under certain conditions, POLRMT and TFB2M can 

initiate transcription at mitochondrial promoters in the absence of TFAM, and the only 

disagreement is in whether such initiation is biologically relevant (i.e. whether it contributes 

to mitochondrial transcription in vivo).

6. MITOCHONDRIAL TRANSCRIPTION: STEP BY STEP

Mitochondrial transcription consists of the three stages: initiation, elongation, and 

termination. These stages remain incompletely understood, with transcription initiation 

being the most controversial due to the debated role of TFAM (see above). According to the 
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prevailing model, transcription initiation in mitochondria proceeds through three steps 

(Figure 3):

1. TFAM first binds to high-affinity binding sites upstream of HSP1 and LSP 

promoters (32) and induces a sharp bend in mtDNA (33–35). These sites have 

been mapped to position -12-35 relative to the LSP and HSP1 transcription start 

sites by DNAse I footprinting (29). A 180° bend in the LSP promoter region may 

be important for the proper positioning of mitochondrial transcription machinery 

relative to the transcription start site (36).

2. The TFAM-mtDNA complex recruits POLRMT through interactions localized to 

the C-terminal domain (CTD) of TFAM, thus forming a pre-initiation complex 

(pre-IC) (37).

3. TFB2M recruitment to the pre-IC facilitates promoter melting and recruitment of 

the priming substrate to the catalytic site of POLRMT (38).

Once transcription has started, TFB2M is believed to dissociate from POLRMT, initiating 

the elongation step (38, 39). This step is conducted by the elongation complex, which likely 

includes, along with POLRMT, a mitochondrial transcription elongation factor (TEFM, 

(40)) and possibly a helicase. TEFM increases the processivity of POLRMT and, in the case 

of LSP-mediated transcription, TEFM facilitates bypass by POLRMT of a G-quadruplex 

structure in the human conserved sequence block II (CSBII). It has been proposed that this 

bypass regulates the switch between mtDNA replication and transcription (41). When TEFM 

is unavailable, transcription termination around CSBII creates a primer for mtDNA 

replication. When TEFM is present, POLRMT bypasses CSBII and continues synthesis of a 

near-genomic length polycistronic transcript.

Transcription termination in mitochondria remains poorly understood. Precise 3′ ends of 

near-genomic length transcripts from HSP2 and LSP have not been mapped, although it is 

likely that the LSP transcript terminates within MT-TL1 (see below). For the HSP1 

transcript, a termination site has been established within MT-TL1. One factor responsible for 

transcription termination at this position is MTERF1 (42, 43). Recombinant MTERF1 acts 

bidirectionally (i.e. mediates transcription termination on both strands) and promotes almost 

complete transcription termination at a molar ratio slightly above 1:1 of protein to DNA 

template (44). To effect transcription termination, MTERF1 binds along the major groove of 

mtDNA, imposes a 25° bend, partially unwinds the mtDNA, and induces eversion of the 

three nucleotides within its binding site (45). This eversion stabilizes protein binding to 

mtDNA and is critical for efficient termination. Therefore, MTERF1 is likely to terminate 

transcription through interference with the transcription elongation machinery. Interestingly, 

MTERF1 is a more efficient terminator in the orientation that promotes LSP transcript 

termination than it is in the orientation that terminates the HSP1 transcript (44, 45), 

suggesting that both HSP1 and LSP transcripts in human mtDNA may terminate around the 

same transcription termination site within MT-TL1, at least in human cells. In murine cells, 

a second putative transcription termination site for H-strand transcription has been described 

within the D-loop region, immediately upstream of MT-TF. This site, D-TERM, maps to 

nucleotides 16274–16295 of the mouse genome (GenBank J01420), lies immediately 

downstream of the HSP promoter and overlaps with both HSP transcription initiation sites 
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(Figure 2). Two major proteins of 45 kDa and 70 kDa can be purified by DNA affinity 

chromatography using the 22 bp D-TERM sequence. Mouse D-TERM can mediate 

transcription termination in a unidirectional manner in a human mitochondrial transcription 

system, only in the presence of D-TERM DNA binding proteins purified from mouse liver 

(46).

Apart from MTERF1, three other members of the MTERF family, MTERF2, MTERF3 and 

MTERF4, have been identified (47). These proteins share similar structure but do not appear 

to contribute to mitochondrial transcription termination in vivo. Instead, MTERF3 appears to 

be a negative regulator of mitochondrial transcription (48) and MTERF4 may be involved in 

the assembly of mitoribosomes (49)

7. COMPONENTS OF THE MITOCHONDRIAL TRANSCRIPTION MACHINERY

While the full set of mitochondrial proteins involved in transcription in vivo remains to be 

determined, some components have already been identified, and an in vitro transcription 

system has been reconstituted. While not attempting to provide a comprehensive description 

of all known mitochondrial transcription factors, we will emphasize some of the salient 

features of the major players in mitochondrial transcription here.

7.1. TFAM

TFAM is the first described and arguably the best studied component of the mitochondrial 

transcription and replication machineries (50). TFAM is a member of the high mobility 

group (HMG) superfamily of DNA binding proteins (51) defined by the HMG DNA binding 

domain (known as the HMG box). The HMG box is an L-shaped three-helix domain that 

binds to DNA in the minor groove and dramatically bends and unwinds DNA with the help 

of DNA intercalating residues. TFAM consists of a 42 amino acid matrix targeting sequence 

(MTS), one canonical (HMG1) and one noncanonical (HMG2) HMG domain, a 37 amino 

acid linker between HMG domains, and a 30 amino acid CTD (Figure 4). Note that this 

domain annotation is somewhat different from the original Clayton annotation and is based 

on the most recent definition of HMG domains by NCBI’s Conserved Domain Database 

(52).

Available experimental support for the notion of indinspensability of TFAM to proper 

cellular function remains somewhat equivocal. On one hand, disruption of the TFAM gene 

in murine cardiomyocytes (31, 53), skeletal muscle cells (54), pancreatic β-cells (55) and 

pyramidal neurons (56) leads to tissue-specific depletion of mtDNA, depletion of 

mitochondrial transcripts (mtRNA) and severe respiratory chain deficiency. On the other 

hand, TFAM knockout in stem cells of the basal layer of the epidermis, which is responsible 

for the production of skin keratinocytes, does not disrupt normal epidermal development and 

skin barrier function despite a profound depletion of mtDNA and complete absence of 

respiratory chain complexes. Also, it does not affect differentiation of epidermal layers, and 

no proliferation defect or major increase in apoptosis could be observed, suggesting that the 

absence of TFAM is not biologically relevant in these cells (57).
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TFAM binds DNA both specifically and nonspecifically. Specific binding has been mapped 

to positions -12 to -35 upstream of major mitochondrial promoters HSP1 and LSP (29, 32) 

by DNase I protection assays. Importantly, a high-affinity site has not yet been precisely 

defined upstream of the HSP2 promoter (however, see (22)), which can be interpreted either 

in support of a two-promoter model of mitochondrial transcription (if absence of a high-

affinity site is interpreted as suggesting the artefactual nature of HSP2), or as a weakness of 

a two-promoter model for transcription initiation (which requires a high affinity site 

upstream of the promoter). It is worth mentioning that different studies mapped high-affinity 

TFAM binding sites to different positions upstream of the transcription start site in human 

HSP and LSP (e.g., they were mapped to positions -18-39 and -8-29 relative to the 

transcription start site in LSP and HSP1 respectively in (58), see Figure 2). This is 

particularly puzzling considering that precise spacing between TFAM-binding sites and 

transcription initiation sites appears to be important for efficient transcription initiation (59). 

Also, functional interchangeability of human and mouse TFAMs in vitro and in vivo (60, 61) 

and similar footprints of mouse and human TFAMs on both human and mouse LSPs (62), 

together with the lack of considerable sequence similarity in upstream regions of human and 

mouse promoters (63), collectively suggest that correct TFAM positioning upstream of the 

transcription start site may be sequence-independent. Finally, some studies failed to detect 

substantial differences in TFAM binding to specific and non-specific sequences as reported 

by dissociation constants (64) or by genome-scale mapping of TFAM-mtDNA interactions 

(65).

The role of TFAM in mitochondrial transcription is complex. Low-level transcription from 

all three mitochondrial promoters can be observed in vitro without TFAM (22, 23, 26–29). 

Varying TFAM concentrations in transcription reactions at all three mitochondrial promoters 

in vitro has a biphasic effect: both stimulation and repression were observed at different 

concentrations, but the principal effect at higher concentrations was to suppress transcription 

(26, 66). This finding has given rise to the suggestion that TFAM acts to modulate 

mitochondrial transcription, increasing the availability of rRNAs at low concentrations, 

increasing mRNA and mtDNA replication at moderate concentrations, and shutting down 

both transcription and replication at high concentrations (22, 27).

There is an ongoing controversy regarding the amount of TFAM present in mitochondria. 

Some studies suggest that TFAM is present in saturating quantities sufficient to cover 

mtDNA (67–69), whereas other authors report much lower in vivo TFAM: mtDNA ratios of 

50:1 (70) and 35:1 (71, 72) and argue that, based on in vitro observations, the saturating 

TFAM: mtDNA ratios that have been reported would render transcription impossible (70). 

Also, in vivo methylation protection and crosslinking protection assays suggest existence of 

“naked” regions in mtDNA (73–76). Finally, even though TFAM is a believed to be a major 

component of mitochondrial nucleoids (77), it has been observed that not all nucleoids 

contain TFAM (65, 78), and that some replicating nucleoids do not stain for TFAM (78).

7.2. POLRMT

The mitochondrial RNA polymerase, POLRMT, is a 139 kDa protein structurally related to 

the single-subunit RNA polymerase encoded by bacteriophage T7 (79). It consists of a 41-aa 
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MTS, an N-terminal extension (NED, aa 42-368), an N-terminal domain (NTD), and a CTD 

which is responsible for the enzyme’s catalytic activity and which contains the specificity 

loop (Figure 4). The specificity loop interacts with DNA at positions -5 and -10 relative to 

the transcription start site (80), and is likely responsible for promoter recognition (81). 

Within the NED, there is a PPR domain, which is often found in proteins interacting with 

RNA (82–85). NED is not found in T7 RNA polymerase and appears to be dispensable for 

POLRMT activity: its deletion results in a hyperactive enzyme that does not require TFAM 

for transcription initiation in vitro and can initiate transcription both at mitochondrial 

promoters and at non-specific sequences (86). During transcription initiation, residues within 

NED interact with aa 271 and 227 of TFAM, and residues within NTD interact with aa 228 

and 237 within TFAM CTD. Also, NTD interacts with TFB2M CTD and with DNA at 

positions around −50 relative to the transcription start site. Finally, CTD of POLRMT 

interacts with DNA at positions -5 to -10 (80).

In the absence of TFAM and TFB2M, POLRMT is unable to initiate transcription on 

double-stranded DNA, but can initiate transcription on relaxed circular single-stranded DNA 

(87). In the absence of DNA, POLRMT forms a weak complex with TFAM, but not with 

TFB2M (88). POLRMT, unlike TFAM and TFB2M, is unable to initiate transcription at 

heterologous mitochondrial promoters, and therefore it was suggested to be a factor that 

determines species specificity of mitochondrial transcription (22, 60) and a primary factor 

responsible for promoter recognition (22). Apart from its role in mitochondrial transcription, 

POLRMT forms a separate complex with TFB1M and thereby has a transcription-

independent role in the biogenesis and/or function of mitochondrial ribosomes through 

modulating methylation of the small ribosomal subunit (89).

7.3. TFB2M

TFB2M was initially identified in a search for homologs of Mtf1, a yeast protein which is 

essential for mitochondrial transcription (90). This 396 aa, 45 kDa protein is composed of a 

putative 19 aa MTS, a priming substrate-interacting domain, a promoter-interacting domain, 

an S-adenosylmethionine-dependent methyltransferase-like domain, and a POLRMT-

interacting domain (Figure 4 and (38, 91)). Interestingly, both the priming substrate 

interacting and promoter-interacting domains are dispensable for in vitro run-off 

transcription (38). Despite the presence of the S-adenosylmethionine-dependent 

methyltransferase-like domain, TFB2M possesses minimal methyltransferase activity as 

compared to its homolog, TFB1M, likely due to a combination of suboptimal architecture of 

the methyltransferase catalytic site combined with an insertion that is predicted to impede 

access of the nucleic acid substrate to the active site (91–93).

TFB2M is not required for transcription on pre-melted templates (38) or for promoter-

independent transcription on relaxed circular single-stranded DNA templates (87), 

suggesting its role in DNA melting; however, it is required for TFAM-independent 

transcription on supercoiled plasmids (87). While murine TFB2M is capable of activating 

transcription in the human system, it is about 3 fold less active than its human cognate (91).
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7.4. TEFM

TEFM (c17orf42) has been discovered only recently and remains poorly understood. Three 

domains have been identified in TEFM so far: a 35 aa MTS, a helix-hairpin-helix domain, 

and an RNaseH-like fold (Figure 4). TEFM knockdown by RNA interference leads to severe 

respiratory chain dysfunction due to reduced levels of promoter-distal H- and L-strand 

transcripts (40). In mitochondria, TEFM interacts with mitochondrial transcripts, POLRMT, 

pentatricopeptide repeat domain 3 protein (PTCD3), and a putative DEAD-box RNA 

helicase known as DHX30 to form a large-molecular weight complex. After the treatment of 

this complex with RNase, the only component that remains associated with TEFM is 

POLRMT, suggesting that TEFM is an accessory subunit of POLRMT (40). In vitro, TEFM 

strongly promotes POLRMT processivity and dramatically stimulates the formation of 

longer transcripts. TEFM also abolishes premature transcription termination at various sites 

in the template, including conserved sequence block II and 8-Oxo-2′-deoxyguanosine. 

TEFM also substantially increases POLRMT’s affinity for an elongation-like DNA: RNA 

template (94).

8. PRIMARY TRANSCRIPTS

mtDNA transcription results in three primary transcripts. The first transcript is HSP1 

originating at A561 and terminating within MT-TL1, downstream of MT-RNR2 (21, 95). 

This is the shortest of mitochondrial transcripts. It encodes MT-TF, MT-TV and both 

mitochondrial rRNA genes MT-TRNR1 and MT-RNR2. The second transcript is HSP2, 

which originates at C646 inside MT-TF just upstream of MT-RNR1 and runs almost the full 

circumference of mtDNA (21). The final transcript, LSP, is a near genomic length primary 

transcript originating at a single LSP promoter (29, 95, 96).

The total rate of mtDNA transcription is between 1 and 4 × 106 nucleotides per cell per 

minute (18). The rate of L-strand transcription in vivo has been estimated to be 2–3 fold 

higher than the rate of H-strand transcription (97). The estimated rates of synthesis of 

mitochondrial mRNAs are fairly similar to each other and fall in the range between 1 to 2 

molecules per cell per minute, which is equivalent to about one transcript per mtDNA 

molecule per generation. These rates are 50–100 times lower than rates of rRNA synthesis 

(18).

Both mature mitochondrial rRNAs and the putative H-strand encoded mRNA species are 

metabolically unstable. Their half-lives, as determined in the kinetics of labeling 

experiments, were found to be 2.5. to 3.5. hours for the rRNA components and between 25 

and 90 min for the different mRNAs (18). In contrast to mitochondrial mRNAs, rRNAs 

within polysomes appear to be more stable than free rRNAs.

It should be noted here that rates cited in this section have been determined using rapidly 

proliferating cancer cells, and therefore may or may not accurately approximate 

corresponding rates in post-mitotic cells.

Shokolenko and Alexeyev Page 9

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. PROCESSING OF PRIMARY TRANSCRIPTS

Processing of mitochondrial primary transcripts involves cleavage, polyadenylation, addition 

of CCA tails to tRNAs, and tRNA and rRNA base modification. The tRNA punctuation 

hypothesis initially proposed by Ojala et al. (16) suggests that processing of primary 

transcripts occurs at tRNAs, which therefore represent “punctuation marks”. Even though 

tRNA punctuation is unable to fully account for all cleavage sites necessary to generate the 

full complement of mature mitochondrial RNAs (98), it accounts for most of them, and the 

processing sites predicted by this hypothesis are in good agreement with those observed 

experimentally (99). In addition to canonical processing and posttranscriptional modification 

of primary transcripts, RNAseq analysis has revealed numerous types of aberrant processing, 

including polyadenylation of some tRNAs (99). The biological significance of these 

modifications remains to be determined.

Several enzymatic activities are known to be involved in the cleavage of primary transcripts 

in mammalian mitochondria: cleavage of tRNAs at their 5′ ends is mediated by a special 

protein-only RNAseP, which consists of three subunits (MRPP1-3), and 3′terminal cleavage 

is mediated by ELAC2 and PTCD1 (100). tRNAs released by the activity of RNAseP and 

ELAC2/PTCD1 are further modified by nontemplate addition of the CCA tail by activity of 

tRNA nucleotidyltransferase 1 (TRNT1) (101). Furthermore, up to 7% of tRNA bases in 

mammalian mitochondria are modified by various enzymatic activities to yield mature 

tRNAs (reviewed in (102)). Recently, SUV3 helicase has also been demonstrated to be 

essential for the proper processing of mitochondrial transcripts: SUV3 knockout in 

Drosophila leads to a severe decrease in mitochondrial tRNAs accompanied by an 

accumulation of unprocessed precursor transcripts. These processing defects lead to reduced 

mitochondrial translation and a severe respiratory chain complex deficiency, resulting in a 

pupal-lethal phenotype (103).

Polyadenylation of mitochondrial mRNAs is common, and involves the addition of stretches 

of adenosines to the 3′ ends of mRNAs. However, human and mouse mitochondria mRNA 

for MT-ND6 is not polyadenylated (104, 105), which is in contrast to Drosophila, in which 

the MT-ND6 message is polyadenylated (106). Similarly, 3′ ends of mammalian rRNAs 

contain few or no adenylates, whereas in Drosophila rRNAs are extensively polyadenylated. 

Intriguingly, in yeast mitochondria, mRNAs are not polyadenylated, but rather are modified 

by the addition of a conserved dodecamer sequence (107).

In Drosophila (108) and human cells (109), a single poly(A) polymerase (MTPAP) is 

responsible for the polyadenylation of mitochondrial transcripts, with no other enzyme 

capable of completing stop signals. MTPAP knockout in Drosophila demonstrated that 

polyadenylation does not regulate transcript stability, nor is it required for translation, but 

that it might be involved in the maturation of certain mitochondrial tRNAs (108). Similarly, 

in human cells, MTPAP is involved in tRNA repair prior to polyadenylation (110).

In different systems, polyadenylation of mitochondrial RNAs has different effects on mRNA 

stability. In plants, polyadenylation generally leads to degradation, while in mammals and 
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trypanosomes polyadenylation may have opposite effects on RNA stability for different 

transcripts (reviewed in (111)).

10. HUMAN MITOCHONDRIAL TRANSCRIPTOME

The advent of RNAseq enabled accurate evaluation of whole mitochondrial transcriptomes. 

In human osteosarcoma 143B cells, transcripts detected by RNAseq analysis aligned to 

99.9.% of the H-strand and to 97.6.% of the L-strand suggesting the existence of D-loop 

transcripts, which is consistent with previous observations made in murine and rat cells (112, 

113). Eighty percent of mitochondrial transcripts can be attributed to activity of the HSP1 

promoter, 9% to the HSP2 promoter, and 11% to the activity of the LSP. The least abundant 

mRNA is that for MT-ND6, which is about 10-fold less abundant than mRNAs for MT-CO1 

and MT-CO2 (99). These observations do not agree with previous studies in HeLa cells that 

found that steady-state levels of mRNAs encoded by H- and L-strands are comparable to 

each other (18). Also, the ratio of steady-state levels of rRNAs to mRNAs determined by 

RNAseq (10:1) differs dramatically from estimates previously obtained by other techniques 

(which are in the 50:1 to 300:1 range) (18, 99). It is unclear whether these differences are 

cell-line specific, or whether they are a consequence of the different techniques used. 

Mitochondrial mRNAs constitute between 5% (lung and leucocytes) and 30% (heart) of the 

total cellular mRNA pool (99). Interestingly, low steady-state levels of abutted MT-ND5 and 

MT-ND6 transcripts inversely correlate with relatively high levels of the antisense transcript. 

Of note, several nuclear tRNAs are enriched in mitoplasts as compared to whole 

mitochondrial preparations, suggesting that they may be imported. However, the exact 

contribution of these tRNAs to mitochondrial translation, if any, remains to be determined 

(99). In the mitochondrial transcriptome the MT-ND6 mRNA stands out as the only mRNA 

generated from the LSP transcript, the least abundant mRNA, and the only non-

polyadenylated mRNA. Congruent with previous studies, the most abundant polyadenylated 

RNA species appears to be the 160–185 nucleotide (nt) LSP transcript previously called 7S 

RNA (16, 18) whose functional significance remains unclear.

RNAseq analysis also revealed an unexpected complexity of the mitochondrial 

transcriptome, which was influenced by the existence of non-canonical primary transcript 

processing sites and by the discovery of novel antisense RNAs and mitochondrial small 

RNAs. The latter were most frequently associated with tRNAs (84%) and formed two 

prominent classes, 21 nt and 26 nt (99).

11. TRANSCRIPTION REGULATION

Since mtDNA encodes key components of the OXPHOS machinery, regulation of 

mitochondrial gene expression can be paramount for energy homeostasis in the cell. 

However, since the OXPHOS apparatus is composed of subunits encoded by both nuclear 

DNA and mtDNA, it is possible, in principle, to regulate OXPHOS by modulating the 

supply of nuclearly encoded subunits without altering mitochondrial transcription. Indeed, 

the abundance of mitochondrial transcripts correlates well with mtDNA copy number (114) 

and therefore may be regulated by nuclear genes controlling mtDNA replication. 

Furthermore, the supply of mtDNA-encoded OXPHOS subunits can be regulated at the post-
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transcriptional level, at the level of translation, and post-translationally. Finally, OXPHOS 

can be regulated at the level of assembly of both respiratory complexes and supercomplexes. 

The relative contributions, if any, of these potential mechanisms of regulation of 

mitochondrial energy production remain to be established. Here, we review mechanisms that 

may regulate mitochondrial transcription in vivo.

11.1. Regulation by ATP

Transcription from human HSP1 and LSP is affected by ATP concentration (58, 115), an 

effect that has also been observed at mitochondrial promoters in Saccharomyces cerevisiae 
(116). Increasing ATP concentration up to 100 μM stimulates both HSP1 and HSP2. Further 

increases in ATP concentration suppress HSP1 transcription but have no effect on HSP2. 

These observations are likely to be physiologically relevant, since the levels at which a 

decline in HSP1 transcription is seen are within the range of expected matrix ATP 

concentrations (117). In HeLa mitochondrial extracts, HSP1 transcription is lost at ATP 

levels above 1 mM (115). Therefore, it has been suggested that suppression of HSP1 

transcription at high mitochondrial ATP levels could represent a mechanism for the 

downregulation of mitochondrial translation when there is no need to increase activity of the 

electron transport chain (23). Since HSP2 transcription is not affected by ATP concentration, 

there is the potential for differential regulation of the two HSP promoters by ATP 

availability. A variant of this model proposed by Sologub et al. suggests that mitochondrial 

transcription initiation operates through the regulating ability of TFB2M to bind priming 

nucleotides (38).

11.2. Regulation by MTERF proteins

Above, we mentioned a model for positive regulation of HSP1 transcription in human cells 

by MTERF1. It has been shown that MTERF1 can bind not only its cognate transcription 

terminator within MT-TL1, but also to a site upstream of HSP1, thus inducing mtDNA 

looping and activating HSP1 transcription (21). However, this model has been challenged on 

the grounds that MTERF knockout mice do not show any gross aberrations in mitochondrial 

transcription or any reduction in the relative abundance of MT-RNR1 and MT-RNR2 

encoded within looped region in human mtDNA (24). It should be noted, though, that unlike 

in human cells, the existence of two independent promoters for heavy strand transcription in 

murine cells has not yet been demonstrated. Therefore, evidence from MTERF1 knockout 

mice does not conclusively disprove the existence of this regulatory mechanism in human 

cells.

Another model for the regulation of mitochondrial transcription by a member of the MTERF 

family involves MTERF3. This protein binds to the mitochondrial promoter region and 

represses transcription. Whole-organism MTERF3 knockout is embryonically lethal, and 

tissue-specific cardiac knockout of this gene is accompanied by increased transcription 

initiation at both LSP and HSP but decreased levels of promoter-distal LSP transcripts in 

MTERF3-deficient mouse hearts (48). Transcriptional abnormalities in the heart were 

accompanied by severe respiratory chain deficiency and decreased lifespan (48).
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The role of MTERF proteins in the regulation of mitochondrial transcription in other 

metazoan systems has been reviewed elsewhere (118).

11.3. Regulation by TFAM

In human mitochondria, HSP1, HSP2 and LSP promoters demonstrate differential 

requirements for TFAM for transcription activation. Therefore, a model for mitochondrial 

transcription regulation has been proposed in which HSP2 is the most active promoter at low 

intramitochondrial TFAM levels, followed by HSP1 and LSP (HSP2 > HSP1 ⋙ LSP). At 

intermediate TFAM levels, relative activity of the promoters changes to LSP ≫ HSP1 

≫HSP2. Finally, at high TFAM levels, relative activity of the promoters changes once again 

to HSP1 ⋙ LSP1 ⋙ HSP2 (22). Thus, according to this model, at low TFAM levels, 

mitochondria execute a “maintenance program” supplying subunits for OXPHOS through 

the activity of HSP2, whereas at higher TFAM levels, a “mitochondrial biogenesis” program 

turns on, which is wired to supply ribosomal RNAs (HSP1) and primers for mtDNA 

replication (LSP).

11.4. Regulation by MRPL12

MRPL12 has been shown to form a distinct, ribosome-free pool inside mitochondria and to 

associate with PolRmt in complexes distinct from those containing TFB2M (119). In vitro, 

MRPL12 directly stimulates transcription at LSP and HSP1 promoters. MRPL12 

overexpression increases steady-state levels of mitochondrial transcripts (120). Conversely, 

knockdown of the MRPL12 leads to reduced steady-state levels of mitochondrial transcripts 

(119). MRPL12 exists in mitochondria as two distinct mature forms: the short and the long 

one. The long form is associated with ribosomes, while the short one is likely to be 

associated with PolRmt (121).

11.5. Regulation by methylation

Emerging evidence suggests that mtDNA is methylated and that mitochondrial transcription 

may be regulated by mtDNA methylation (122–124). However, the evidence at this point is 

correlative, and mechanistic studies are needed in order to establish mtDNA methylation as a 

mechanism for regulation of mitochondrial transcription (125).

12. RNA TURNOVER

RNA degradation plays a key role in controlling the abundance of mitochondrial transcripts. 

Also, mitochondrial homeostasis requires prompt removal of aberrant RNA molecules and 

maturation products. In Saccharomyces cerevisiae, the mitochondrial degradosome consists 

of two subunits: the NTP-dependent RNA helicase SUV3 (126) and the 3′- to 5′-

exoribonuclease DSS1 (127). Inactivation of either the SUV3 or DSS1 gene results in 

respiratory deficiency and instability of the mitochondrial genome. Inactivation of the 

degradosome results in the accumulation of transcripts with abnormally processed 5′ and 3′ 
termini, excised introns and unprocessed RNA precursors (10–12). Interestingly, in 

Schizosaccharomyces pombe, inactivation of SUV3 and DSS1 orthologs has only a mild 

effect on RNA turnover (128). In contrast, in vivo knockdown of SUV3 in Drosophila 
mitochondria resulted in a severe mitochondrial dysfunction and pupal lethality 
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accompanied by the accumulation of mitochondrial RNA processing intermediates, mRNA 

and anti-sense RNA (103).

Even though mammalian mitochondria contain no introns, the LSP transcript contains large 

noncoding regions that have to be degraded after excision. In human cells, silencing of 

SUV3 or the expression of a dominant-negative variant increases mRNA steady-state levels 

and results in the accumulation of mRNA decay intermediates, truncated ND2 transcripts, 

processing byproducts and antisense RNAs, all of which implicate SUV3 as a component of 

the human mitochondrial degradosome (129, 130). Even though the search for a DSS1 

ortholog in human cells proved futile, human polynucleotide phosphorylase (PNPT1), which 

has 3′–5′ exoribonuclease activity, interacts with SUV3 in vitro to form a functional 

degradosome (131) and copurifies with SUV3 during isolation from cultured cells (129).

13. CONCLUDING REMARKS

Due to the prominent role played by mitochondria in health and disease, recent years have 

seen a renewed interest in different aspects of mitochondrial biology, including transcription. 

However, despite considerable progress, our understanding of mitochondrial transcription 

remains incomplete. It will be important to resolve the issue of the number of HSP 

promoters in human and mouse cells and to see whether MTERF1-mediated transcription 

termination within MT-TL1 can fully account for the differences in the abundance of HSP-

encoded rRNAs and mRNAs. In this respect, the differential regulation of HSP1 and HSP2 

transcripts, if detected in vivo, may further support the notion of the existence of two H-

strand promoters. It has been observed that while LSP promoter is the strongest promoter in 
vitro, HSP1 appears to dominate in vivo (22). Also, mutation T642G potently activates the 

HSP2 promoter in vitro, but has no effect on its activity in mitochondrial extracts (23). 

These observations suggest that existing in vitro transcription systems can be further 

improved by identifying additional transcription factors to more closely reflect the situation 

in vivo. Furthermore, it will be interesting to determine how TFB2M recruits different 

priming nucleotides for transcription initiation at alternative transcription start sites. The 

substantial disagreements between different studies about the exact position(s) of TFAM 

footprints upstream of mitochondrial promoters require an explanation. Past and emerging 

reports that the whole mitochondrial genome is transcribed (including the D-loop region) 

deserve attention because they can inform our models of mitochondrial transcription 

termination in a profound way. Processing of mitochondrial transcripts at sites not 

punctuated by tRNAs needs to be studies in more depth. It will be important to gain new 

insights into the regulation of mammalian mitochondrial transcription in vivo. Finally, the 

field can benefit from standardization of terminology and nomenclature. These and many 

other issues are likely to keep the field busy in the coming years.
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Abbreviations

HSP heavy strand promoter

KO knockout

LSP light strand promoter

mtDNA mitochondrial DNA

MTERF mitochondrial transcription termination factor

MT-RNR1 mitochondrial 12S rRNA

MT-RNR2 mitochondrial 16S RNA

MT-TF mitochondrial phenylalanine tRNA

OXPHOS Oxidative Phosphorylation system

POLRMT mitochondrial RNA polymerase

rRNA ribosomal RNA

ROS reactive oxygen species

TEFM mitochondrial transcription elongation factor

TFAM mitochondrial transcription factor A

TFB2M mitochondrial transcription factor B2

tRNA transfer RNA

TRNT1 tRNA nucleotidyltransferase 1
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Figure 1. 
The map of human mtDNA. The clockwise orientation is according to the revised 

Cambridge Reference Sequence (rCRS, GenBank NC_012920.1.). Thin red bent arrows 

designate mitochondrial promoters that transcribe either H-strand (HSP1 and HSP2) or L-

strand (LSP). Thin black and blue circular arrows, LSP and HSP2 transcripts, respectively. 

Thin green arch arrow, HSP1 transcript. Brown arrows: MT-ND1, -2, -3, -4, -5, -6, NADH 

dehydrogenase subunits 1 through 6. Purple arrows: MT-RNR1 and MT-RNR2, 12S and 16S 

rRNA genes. Blue arrows: MT-CO1-MT-CO3, cytochrome oxidase subunits 1 through 3. 

Black arrows: MT-ATP6 and MT-ATP8, subunits 6 and 8 of the mitochondrial ATPase, Red 

arrow: MT-CYB, cytochrome b. tRNAs are designated by green labels as per HGNC. Red 

broken line through MT-TL1, position of the bidirectional transcription terminator within 

MT-TL1. The putative D-Term transcription terminator is not shown as it has been described 

in murine mtDNA only.
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Figure 2. 
mtDNA organization around mitochondrial promoters in mouse and human cells. 

Nontemplate strand is shown. Transcription start sites are aligned and designated by a bent 

arrow at the top. 5′ nucleotides of mitochondrial transcripts are green, bold and underlined 

(human and mouse HSP1 and LSP initiating nucleotides as per (96) and (63), respectively. 

hHSP2 as per (21)). Promoter sequences are enclosed into solid black boxes (hHSP1 and 

hLSP as per (96), mLSP and mHSP as per (25)). The sequence for the putative murine 

transcription termination site in the D-loop, D-TERM, is enclosed into a solid red box (46). 

Horizontal arrows, putative HMG binding sequences and their direction as per (59). Broken 

box, sequences that are important for preinitiation complex formation at mLSP as per (25). 

Red font, TFAM footprints as per (29). Broken lines underline TFAM footprints as per (58). 

Dotted line over the sequence, TFAM footprint as per (60). Broken arrow under the 

sequence, TFAM footprint as per (62).
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Figure 3. 
A model for mitochondrial transcription initiation. 1. TFAM binds to a high affinity binding 

site upstream of a mitochondrial promoter (designated by the bent arrow at the transcription 

start site) and induces a sharp bend in mtDNA; 2. POLRMT is recruited to the mtDNA/

TFAM complex presumably through interaction with TFAM CTD; 3. Recruitment of the 

TFB2M to mtDNA/TFAM/POLRMT ternary complex facilitates promoter melting, 

recruitment of the initiating nucleotide, and initiates RNA synthesis (broken line).
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Figure 4. 
Structures of major proteins involved in the mitochondrial transcription. CTD, C-terminal 

domain; HhH, helix-hairpin-helix motif; HMG1 and 2, high mobility group-like domain; 

MTS, matrix targeting sequence; NED, N-terminal extension domain; NTD, N-terminal 

domain; POLR, POLRMT binding domain of the TFB2M; PR, Promoter-interacting 

domain; PS, priming substrate-interacting domain; RNHF, RNaseH fold, RuvC type; SAM, 

S-adenosylmethionine-dependent methyltransferase-like domain; SL, specificity loop; TFB, 

TFB2M-binding domain.
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