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Abstract

Participating in the repair of nuclear DNA is one mechanism by which p53 suppresses 

tumorigenesis, but there is growing evidence that p53 also helps maintain the mitochondrial 

genome through its translocation into mitochondria and interactions with mtDNA repair proteins. 

Because of the susceptibility of mtDNA to oxidative damage and replication errors, it is vital to 

protect mtDNA genomic stability to preserve health and fitness. Here, we focus on reviewing the 

evidence for the involvement of p53 in maintaining the integrity of mtDNA through its activities in 

both the nucleus and the mitochondria.
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1. Introduction

The p53 protein, encoded by the TP53 gene in humans, is commonly referred to as the 

“guardian of the genome” due to its activities directed at maintaining genomic stability 

through the repair of damaged DNA and the integration of cell birth/death signaling 

pathways with DNA damage checkpoints [1–3]. The best known function of p53 is as a 

transcription factor that binds to specific p53 responsive elements in the promoter of target 

genes, but its interaction with the genome is complex and includes enhancer-like functions. 

The modulation of target gene expression by p53 depends on various factors including its 

post-translational modification and interaction with nuclear co-factors, indicating that its 

activities are highly context dependent. Under physiological or various cellular stress 

conditions, p53 can regulate diverse cellular processes including DNA repair, cell cycle, 

apoptosis, redox homeostasis and metabolism [4–7].

The array of biological processes regulated by p53 also includes mitochondrial function [8]. 

The mitochondrion is a conduit of many catabolic and anabolic pathways essential for cell 

function, maintenance and proliferation. Besides contributing to metabolism, the 

mitochondrion is engaged in other important roles such as signal transduction through 

reactive oxygen species (ROS) generation [9]. Thus, despite the original Warburg hypothesis 

that cancer cells have dysfunctional mitochondria, it is now generally accepted that cancer 

Corresponding author: Paul M. Hwang, Center for Molecular Medicine, NHLBI-NIH, Building 10-CRC, Rm. 5-5330, Bethesda, 
Maryland 20892, USA, hwangp@mail.nih.gov, Fax: +1 301 402 0888, Tel: +1 301 435 3068. 

HHS Public Access
Author manuscript
FEBS Lett. Author manuscript; available in PMC 2017 April 01.

Published in final edited form as:
FEBS Lett. 2016 April ; 590(7): 924–934. doi:10.1002/1873-3468.12061.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells are as equally reliant on mitochondrial metabolism as they are on aerobic glycolysis 

[10,11].

The initial report of an association between p53 and respiration was followed by the 

identification of Synthesis of Cytochrome C Oxidase 2 (SCO2) as a p53 transcriptional 

target gene [12,13]. Cells deficient in SCO2 cannot respire due to defective cytochrome c 

oxidase assembly, and notably, they display high ROS levels and oxidative DNA damage 

[14]. This observation demonstrated that the controlled transfer of high energy reducing 

equivalents (NADH) generated by glycolysis to molecular oxygen during respiration can 

serve to decrease total cellular ROS levels. Thus, the promotion of respiration by p53 is 

consistent with previous work demonstrating that p53 can have potent antioxidant activities 

to protect the genome [15,16]. This antioxidant effect further supports the symbiotic theory 

of the mitochondrion that posited protection from oxygen toxicity (ROS) as a major 

evolutionary driving force for the incorporation of primordial mitochondrion into eukaryotes 

[5,17]. Thus, because mtDNA is necessary for mitochondrial function, there is reason to 

predict that p53 also participates in maintaining its integrity in addition to the other 

mechanisms by which it regulates the mitochondria [8,18]. In this review, we summarize 

what is known about the role of p53 as guardian of the mitochondrial genome but the details 

of mtDNA repair mechanisms can be found in other focused reviews [19–21].

2. The mitochondrial genome and its quality control

2.1. mtDNA

Reflecting its symbiotic origin, most of the proto-mitochondrion bacterial genome was 

transferred to the eukaryotic chromosomes so that it now encodes only a small subset of 

proteins and RNAs necessary for mitochondrial biogenesis [22]. The vast majority of the 

mitochondrial proteome (~1500 proteins) are nuclear-encoded and require translocation into 

the mitochondrion through specific mechanisms that will be briefly reviewed as pertinent to 

the import of p53 [23]. The circular 16,569 bp human mtDNA contains the genes for 13 

proteins involved in oxidative phosphorylation (OxPhos): 7 complex I (NADH 

dehydrogenase) subunits MTND1, 2, 3, 4L, 4, 5, 6; 1 complex III subunit MTCYB; 3 

complex IV subunits MTCO1, 2, 3; and 2 complex V subunits MTATP6, 8. In addition to 

these structural genes of the respiratory complexes, it contains 2 rRNAs and 22 tRNAs 

needed for intra-mitochondrial protein synthesis. These genes have neither introns nor 

noncoding sequences, and they are polycistronically transcribed from a promoter located in 

the control region of the two strands of the mtDNA (G-rich heavy (H) and C-rich light (L) 

strands). The resulting transcripts are then cleaved and polyadenylated.

Unlike the diploid genome in the nucleus which undergoes Mendelian segregation during 

mitosis, the mitochondrial genome is maternally inherited and therefore can be considered to 

be clonal in nature [22]. The cell has multiple mitochondria, each containing multiple 

mtDNA copies, which undergo replicative segregation into two daughter cells. Another 

phenomenon unique to the mitochondrial genome is the concept of heteroplasmy which 

arises due to the multiplicity of mtDNA copy number in each cell that can in turn give rise to 

a mixture of variant mtDNAs [24]. The composition of variant mtDNAs can change over 
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time and can differ by cell/tissue type within an individual or between individuals from the 

same mother, adding another dimension to mtDNA homeostasis.

The details of how two spatially separated genomes in the nucleus and the mitochondrion 

orchestrate their gene expression, replication and maintenance remain poorly understood, 

but it is likely that the mechanisms have been finely tuned by evolution. The high mutation 

rate of mtDNA (~10-fold higher than nuclear DNA) and the resulting variant haplotypes 

may have exerted a profound influence on human radiation across the world [25]. mtDNA 

variants found in different populations (haplogroups) that affect the coupling efficiency of 

OxPhos and ROS generation have been postulated to have had determinative effects on 

human migration and survival under the bioenergetic, climatic, and immunologic demands 

of new environments. The translation of mitochondrial genetics will require further insights 

such as understanding the consequences of mismatched mitochondrial-nuclear DNA, a 

crucial component in preventing mtDNA diseases by pronucleus transfer into an enucleated 

normal mtDNA-containing zygote of a “third parent” [26]. Nonetheless, it is an exciting era 

for biomedical research as genes such as p53 and ATM, largely associated with the nuclear 

genome, expand their function into the mitochondria [27].

2.2. mtDNA repair mechanisms

A growing body of work indicates that p53 plays an important role in mtDNA homeostasis 

with at least three different research groups reporting decreased mtDNA content in various 

cells and mouse tissues deficient in p53 [28–30]. p53 is involved in almost all nuclear DNA 

repair pathways including nucleotide-excision repair (NER), base-excision repair (BER), 

mismatch repair (MMR), non-homologous end-joining (NHEJ) and homologous 

recombination (HR) through its transcriptional or non-transcriptional activities [3,31]. With 

the exception of NER, components of these nuclear DNA repair pathways are also shared in 

mtDNA maintenance, and one of the best studied and major repair mechanism in the 

mitochondria is BER [19,20]. Oxidative DNA damage is largely repaired by the BER 

pathway, so it is fitting that this pathway predominates in an organelle thought to have 

evolved to protect against oxygen toxicity [5,19].

Generally, the quality control mechanisms of the mitochondria and its genome can be 

organized into organellar (fusion-fission, autophagy/mitophagy) and mtDNA (DNA 

replication/transcription, DNA repair) maintenance programs [32]. The role of p53 in 

regulating the homeostasis of mtDNA can also be divided into pathways that involve: 1) p53 

transcriptional target genes; and 2) the non-nuclear effects of p53 protein in the cytosol and 

mitochondria. Some of these pathways are overlapping, but they serve to structure this 

review about the role of p53 in maintaining mtDNA integrity.

3. p53 transcriptional target genes involved in mtDNA maintenance

An early clue of its involvement in mtDNA maintenance came from the report that p53 

regulates the transcription of Ribonucleotide Reductase M2 B gene (RRM2B, also known as 

p53R2), which when mutated was found to cause a severe mtDNA depletion syndrome in 

the skeletal muscle of humans [33,34]. Accordingly, p53R2−/− mice have decreased mtDNA 

content in kidney, muscle and liver, albeit with different levels of depletion for unclear 
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reasons. Furthermore, reduction in p53R2 expression is associated with mtDNA depletion 

and decreased mitochondrial mass in p53 deficient primary human and mouse cell lines [28]. 

Thus, although p53R2 was initially observed to translocate to the nucleus upon DNA 

damage and contribute to maintaining deoxyribonucleotide supplies for nuclear DNA repair, 

depletion of mtDNA in the absence of p53R2 indicate that it also plays an important role in 

mtDNA maintenance [33,34].

Transcription Factor A, Mitochondrial (TFAM), a gene necessary for both transcription and 

replication of the mitochondrial genome, has been reported to be another transcriptional 

target of p53 in mouse models [30,35]. TFAM mRNA and protein levels are reduced in the 

skeletal muscle of p53−/− mice which may contribute to their lower aerobic exercise 

capacity [30]. In contrast to the p53 null state, higher aerobic exercise capacity and increased 

TFAM expression were observed in the p53 R172H mutation knockin mouse model of Li-

Fraumeni syndrome (LFS), an autosomal dominant premature cancer condition due to 

various germline mutations of the TP53 gene [36,37]. Furthermore, in this specific mouse 

model, exercise endurance, TFAM mRNA, and TFAM protein were increased in a mutant 

allele dose-dependent manner [37]. Cells derived from patients with two other LFS 

mutations also showed increased TFAM expression compared to their family members who 

did not carry the mutations [37]. However, the generalizability of this finding to other LFS 

patients or LFS mouse models remains to be determined. These observations demonstrate 

that the mitochondrial and cell cycle regulatory activities of p53 can be dissociated in the 

setting of LFS mutations, but not all p53 mutations are likely to be equivalent in their 

mitochondrial activity. Analysis of the TFAM gene sequence in mice has revealed putative 

p53 responsive elements, one of which was shown to transactivate a luciferase reporter and 

to interact with p53 protein by chromatin immunoprecipitation assay [30]. It should be noted 

here that p53 has also been shown to interact with mitochondrial matrix-localized TFAM 

protein as will be discussed later in this review [38]. Therefore, the regulation of this critical 

mtDNA factor by p53 appears to span both the nuclear and mitochondrial subcellular 

compartments.

4. Non-nuclear roles of p53 in mtDNA maintenance

4.1. Role in mitophagy

Rather than repairing damaged mtDNA, the cell can eliminate the entire organelle by 

mitophagy, a specific autophagic process that engulfs and creates a double-membrane 

autophagosome around the mitochondrion which then fuses with the lysosome for 

proteolysis [39]. Autophagy represents a cellular process which is known to involve both the 

transcriptional and non-nuclear activities of p53 and thus is a fitting process to start 

describing its activities outside the nucleus. First, in the nucleus, p53 has been reported to 

promote autophagy by transactivating genes encoding: DRAM1, which is induced by DNA 

damage and localized to lysosomes with autophagosome accumulation; and sestrin 1 and 2, 

AMPK β1 and β2, and TSC2, which act on the AMPK pathway to inhibit the autophagy 

suppressor mTOR, thus activating autophagy [40,41]. A recent study has more 

comprehensively identified an array of autophagy-related genes as targets of p53 

transactivation [42]. In contrast to p53 promotion of autophagy through its transcriptional 
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activity, wild-type and mutant p53 in the cytoplasm have both been shown to inhibit 

autophagy in a series of studies using different model systems [40]. Generally, the non-

transcriptional effects of p53 on autophagy are inhibitory [41]. They occur under basal 

conditions where p53 is not activated and are independent of its wild-type DNA binding 

domain. As an elegant demonstration of the potential role of mitophagy in maintaining 

mtDNA integrity, the expression of mitophagy mediator E3 ubiquitin ligase parkin which 

can interact with p53 in the cytoplasm, selectively eliminated a deleterious mtDNA mutation 

through autophagy, resulting in the enrichment of functional wild-type mtDNA 

mitochondria (Table 2) [43–45]. The positive and negative effects of p53 on mitophagy/

autophagy and how this might impact mtDNA maintenance under different cellular 

conditions remains to be further clarified.

4.2. Translocation of p53 to the mitochondria

Much of the work on the mitochondrial pool of p53 has been done in cells undergoing some 

form of cell death which are listed for reference (Table 1) [41]. p53 was first reported to 

translocate to the mitochondria and to cause mitochondrial membrane depolarization and 

caspase activation during apoptosis independent of its transcriptional activity [46,47]. 

Subsequent studies have shown that p53-transactivated PUMA expression displaces 

cytoplasmic p53 bound to anti-apoptotic protein BCLXL and allows it to activate BAX 

during apoptosis [41,48,49]. For the purposes of this review, we will mainly focus on what is 

known about the import of p53 protein into mitochondria under non-cell death conditions 

where it would be expected to play a role in mtDNA homeostasis.

Because mtDNA is located on the matrix side of the inner mitochondrial membrane, p53 

may regulate mtDNA repair only after translocating to the proximity of the mitochondrial 

matrix. Significant advances have been made in understanding the molecular basis of protein 

import into the mitochondria. In yeast, five different pathways have been identified that form 

a cooperative network to direct the import of proteins utilizing: 1) presequence targeting to 

the inner membrane and matrix; 2) carrier translocase of the inner membrane 22 (TIM22) to 

the inner membrane; 3) redox carrier/respiration mediated import into the intermembrane 

space (IMS); 4) β-barrel insertion into the outer membrane; and 5) α-helical insertion into 

the outer membrane [50,51]. The two classical import systems utilize mitochondrial 

targeting sequences (MTS) or carriers (cytosolic chaperones) to translocate cytosolic 

proteins to the inner membrane or matrix while the mechanism that involves redox/

respiration dependent import into the intermembrane space has recently been shown to 

translocate p53 [52].

To date, at least three different mechanisms have been described by which p53 translocates 

into mitochondria under a non-cell death context. p53 has been shown to interact with RecQ 

helicase-like protein 4 (RECQL4), a nuclear DNA helicase that has an N-terminal MTS and 

binds to the translocase of the outer membrane 20 (TOM20) (Figure 1, left) [53]. The 

interaction between RECQL4 and p53 has been mapped to amino acid positions 270-400 of 

RECQL4 and 293-362 of p53, which contain the nuclear localization signals (NLS) for the 

respective proteins. The formation of this complex has been proposed to mask the NLS1 

motif of p53 thereby allowing its translocation into the mitochondria [53]. Another 
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mechanism of p53 mitochondrial localization is through the unveiling of a cryptic MTS 

through the action of a cytosolic protease that recognizes conserved serine endoprotease 

consensus sites present in mouse, rat and human p53 (Figure 1, right) [54]. The proteolytic 

cleavage of p53 results in a ~40 kDa fragment that localizes to the mitochondria. It should 

be noted that the cleavage of the N-terminal 156 amino acids of human p53 results in the 

loss of transactivation domains 1 and 2 (TAD1 and TAD2) which have been shown to 

mediate protein-protein interactions in the mitochondria as will be discussed later.

A third mechanism for the import of p53 utilizes a well-characterized redox carrier that 

depends on both active respiration and maintenance of the mitochondrial membrane 

potential (Figure 1, middle) [52,55]. The typical substrate for this system possesses cysteine-

rich motifs capable of forming two intramolecular disulfide bonds which have previously 

been reported to be present in p53 (Cys-135/141 and Cys-275/277) [56]. In yeast, the import 

receptor Mia40, an IMS-localized oxidoreductase, covalently binds to its substrate through 

intermolecular disulfide bonds upon its translocation across the TOM complex [55,57]. 

Mia40 is maintained in an oxidized state by coupling with the sulfhydryl oxidase Erv1, and 

they constitute a “disulfide relay” that essentially transfers electrons from the imported 

substrate to molecular oxygen via cytochrome c and the cytochrome c oxidase (COX) 

complex [55]. Upon release from Mia40, the substrate with newly created intramolecular 

disulfide bonds is effectively trapped in the IMS where it resides or can be targeted for 

further translocation into the inner membrane or matrix in coordination with other import 

machineries.

The mammalian homolog of Mia40, coiled-coil-helix-coiled-coil-helix domain containing 4 

(CHCHD4) protein, has been found to covalently bind p53 at the Cys-135 residue (disulfide 

Cys-135/141 pair) in a respiration-dependent manner, providing an additional level of 

specificity to this interaction [52]. Although other substrates of Mia40 such as TIM22 and 

mitochondrial ribosome Mrp10 are known to translocate to the inner membrane and matrix, 

respectively, it remains to be clarified how p53 through its interaction with CHCHD4 might 

gain access to the matrix space where mtDNA resides [51]. It is also possible that the three 

different pathways may be cross-utilized in the import of p53 in the cytosolic and 

mitochondrial compartments, but the endo-protease cleaved p53 that lacks Cys-135/141 

would not be able to interact with the CHCHD4 pathway (Figure 1) [54]. Importantly, 

utilization of this respiration-driven mechanism by p53 supports the homeostatic nature by 

which it regulates redox and metabolic functions [58]. Under this scenario, higher 

mitochondria respiratory activity, possibly resulting in increased localized ROS production 

and oxidative mtDNA damage, would increase the translocation of p53 to the mitochondria 

where there may be increased demand for its repair activities [9,52]. Furthermore, the 

translocation of p53 into the mitochondria results in the subcellular partitioning of its 

activity and thus the modulation of its nuclear activity [52].

4.3. A role for p53 in mtDNA repair

In addition to participating in maintaining mtDNA through mitophagic and transcriptional 

activities, the translocation of p53 into mitochondria permits its binding and interaction with 

mtDNA and proteins involved in its maintenance which are listed in Table 2. Wild-type p53 
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protein itself was first reported to have intrinsic 3′–5′ exonuclease activity localized to its 

core domain (amino acids 80-290) that excises mismatched nucleotides from the replicating 

DNA strand [59,60]. This activity is enhanced in the presence of human mitochondrial 

single-stranded DNA-binding protein 1 (SSBP1), a factor involved in mtDNA replication 

that can interact with amino acids 1-61 of p53 (transactivation domains TAD1 and TAD2) 

[61].

Base excision repair, involved in the repair of oxidative DNA damage, is the best 

characterized and main repair mechanism known in the mitochondria [19,62]. In fact, BER 

is the only repair pathway to which p53 has mechanistically been linked in the mitochondria. 

An elegant series of studies by different investigators identified the stimulatory role of p53 

in BER both in the nucleus and the mitochondria [63–67]. Early work using whole cell 

extracts showed that p53 can be pulled down with two BER proteins, 8-oxoguanine 

glycosylase (OGG1) and apurinic endonuclease (APE), and can promote the removal of 

oxidized DNA bases (Table 2) [63,64]. However, a concurrent study using mitochondrial 

extracts reported that p53 regulates the mitochondrial BER pathway through the repair 

synthesis incorporation step, which involves POLG, but not the DNA glycosylase and AP 

endonuclease steps [65]. While another group confirmed parts of both reports, p53 has been 

shown to interact with POLG and to promote its activity and accuracy [63,65,66,68,69]. A 

review of the literature only revealed the BER components Flap Structure-Specific 
Endonuclease 1 (FEN1) and 8-Oxoguanine DNA Glycosylase (OGG1) as p53 

transcriptional target genes, suggesting that non-nuclear mechanisms of p53 play a 

predominant role in mtDNA repair [70,71].

As mentioned earlier, the p53 protein interacts with TFAM which is also involved in the 

structural organization of mtDNA into nucleoids (Table 2) [72]. In addition, TFAM and p53 

bind more selectively to damaged mtDNA. Both the N- and C-terminal domains (amino 

acids 1-93 and 363-376, respectively) of p53 have been shown to interact with TFAM 

through its high mobility group-box (HMG-box) motifs [38,73]. The N-terminus of p53 

interfaces with TFAM via its TAD1 and TAD2 domains [73]. Functionally, TFAM binding 

to mtDNA inhibits the incision activities of the BER enzymes OGG1 and APE which can be 

alleviated in the presence of p53 [67]. Recent work has shown that RECQL4 and p53, which 

co-translocate into the mitochondria (Figure 1), potentiate the exonuclease and polymerase 

activities of POLG to maintain mtDNA integrity (Table 2) [74]. These findings support 

earlier work showing the importance of RECQL4 in maintaining mtDNA integrity [75]. 

Accordingly, fibroblasts obtained from patients with hereditary cancer syndromes due to 

mutations in either RECQL4 (Rothmund-Thomson syndrome) or TP53 (Li-Fraumeni 

syndrome) share mtDNA mutations and sequence variants, suggesting converging activities 

of these two genes in the mitochondria [74].

Using a sensitive “long” PCR-based assay to quantify DNA damage, CHCHD4-binding and 

translocation of p53 into mitochondria has been shown to enhance the BER mediated repair 

of oxidative mtDNA damage including base modification and strand breaks (Table 2) 

[19,52,76]. Although cells deficient in respiration due to mtDNA depletion (Rho0) were 

reported to have a complete mitochondrial BER pathway, the mitochondrial BER activity of 

Rho0 cells could not be complemented to wild-type levels, suggesting an unknown/missing 
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factor [77]. Given these observations, it is tempting to speculate that part of the missing 

factor may be attributable to the absence of p53 in the mitochondria of Rho0 cells caused by 

the inability to use the disulfide relay protein system for its import in the absence of 

respiration. The localization of BER components including mtDNA to the particulate 

fraction of the inner membrane also suggests that targeting p53 to the inner membrane via 

CHCHD4 may be sufficient for p53 activities [78,79]. Finally, the mutant p53 R175H retains 

its ability to repair oxidative mtDNA damage however this mutant is known to be missing 

exonuclease activity, effectively dissociating these two activities of p53 in mtDNA 

homeostasis [52,59,69].

5. Conclusions and perspectives

Further elucidation of how p53 participates in maintaining the mitochondrial genome is 

likely to reveal new insights into the fundamental aspects of aerobic life and impact our 

understanding of disease pathogenesis and tumorigenesis. There is much that we do not 

know, but there are at least two basic areas with respect to p53 and mtDNA which could 

benefit from additional focus: 1) the characterization of p53 protein inside the mitochondria; 

and 2) the potential role of p53 in heteroplasmy. First, the interpretation of p53 

mitochondrial localization data obtained using purification, immuno-precipitation, and 

visualization methods can be limited by their respective technical issues. Also, the absence 

of p53 in mitochondrial proteomic databases is equivocal because even established 

mitochondrial protein may not be detected. Because the level of p53 in unstressed 

mitochondria is likely very low, it is not surprising that p53 cannot be readily detected in 
vivo using most conventional techniques. Emerging techniques that can sensitively detect 

molecular interactions with minimal perturbations such as Bimolecular Fluorescence 

Complementation (BiFC) may be one consideration [80]. Another area that could be of 

interest is exploring whether p53 plays a role in heteroplasmy as it has already been linked 

to some of the determinants of heteroplasmy such as mtDNA repair and mitophagy. In 

addition, p53 can play a role in mitochondrial dynamics by regulating genes such as DRP1 
and OPA1, and can interact with TFAM, which affects the segregation and distribution of 

mtDNA into daughter mitochondria [81–85]. Another clue implicating p53 in heteroplasmy 

is the observation that p53 null female mice are essentially infertile unlike their male 

siblings that have preserved reproductive capacity [86]. As the sole donor of mtDNA to 

progeny, oogenesis in female mice requires a stringent purifying selection process that is 

being elucidated in fruit flies and mammals [87,88]. Exploring how p53 interacts with the 

mitochondria and maintains its genomic integrity may provide new insights into the biology 

of aerobic life.
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Figure 1. Model of p53 import into mitochondrion under non-cell death conditions
Schematized are mechanisms of p53 import into mitochondria via RECQL4 binding and 

targeting (left), CHCHD4-mediated respiration-driven disulfide-relay system (middle), and 

N-terminal cleavage and exposure of cryptic MTS (right). Double arrowheads indicate 

mitochondrial proteins that have been shown to interact with p53, and dashed arrows 

indicate the tentative pathways of p53 translocation. The question mark indicates that p53 is 

speculated to enter into matrix via the CHCHD4-mediated transfer to TIM complex. COX, 

cytochrome c oxidase; IM, mitochondrial inner membrane; IMS, intermembrane space; 

MTS, mitochondrial targeting sequence; NLS, nuclear localization signal; OM, 

mitochondrial outer membrane; TIM, translocase of inner mitochondrial membrane 

complex; TOM, translocase of outer mitochondrial membrane complex.
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Table 1

Mitochondrial role of p53 in cell death

p53 binding partner Process/function References

BCL2 family proteins (BCL2, 
BCLXL, BAX, BAK, BAD, 
BID)

Apoptosis; p53 promotes mitochondrial outer membrane 
permeabilization (MOMP) through interactions with BCL2 family 
proteins

{Mihara, 2003 #2068;Leu, 2004 
#2193;Jiang, 2006 #2194;Moll, 2005 
#2195}

Cyclophilin D Necrosis; p53 promotes MOMP by binding with cyclophilin D in 
mitochondrial matrix

{Vaseva, 2012 #1549}

HAUSP Apoptosis; deubiquitylation of p53 on the mitochondrial outer 
membrane results in p53-BCLXL, p53-BCL2 and p53-BAK 
complexes

{Marchenko, 2007 #748}

MDM2 Apoptosis; mono-ubiquitylation of p53 by MDM2 increases protein 
stability and mitochondrial translocation

{Marchenko, 2007 #748}

MnSOD Apoptosis; p53 inhibits MnSOD enzymatic activity and increases 
ROS level

{Zhao, 2005 #1544}

mtHsp70 (mortalin-2) Apoptosis; cytosolic p53 retention (or mitochondrial trafficking) by 
mtHsp70 increases MOMP

{Iosefson, 2010 #2569;Marchenko, 
2000 #1546}

Tid-1 (mtHsp40) Apoptosis; p53 forms mtHsp70/Tid-1/p53 ternary complex on 
mitochondrial outer membrane

{Ahn, 2010 #1574;Trinh, 2010 
#2341}

BCL2, B-cell lymphoma 2; HAUSP, herpes virus-associated ubiquitin-specific protease; mtHsp40, mitochondrial heat-shock protein 40kDa; 
mtHsp70, mitochondrial heat-shock protein 70kDa; MDM2, mouse double minute 2 homolog; MnSOD, manganese superoxide dismutase; ROS, 
reactive oxygen species; Tid-1, tumorous imaginal discs 1
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Table 2

Mitochondrial role of p53 in mtDNA maintenance

p53 binding partner Process/function References

CHCHD4 mtDNA repair; translocates p53 into the mitochondrial intermembrane 
space via the disulfide relay system

{Zhuang, 2013 #1976}

OGG1/APE1 BER; p53 senses DNA damage and stimulates OGG1/APE1 to remove 8-
oxoG through glycosylase and endonuclease activities

{Achanta, 2004 #2514}

Parkin Mitophagy; p53 inhibits mitophagy through interaction with parkin in 
cytosol and also inhibits its gene PARK2 expression

{Zhang, 2011 #2209;Hoshino, 2013 
#2073;Hoshino, 2014 #2551}

POLG mtDNA maintenance; p53 enhances mtDNA replication and BER {de Souza-Pinto, 2004 #1543;Achanta, 
2005 #719;Chen, 2006 
#698;Bakhanashvili, 2008 #725}

RECQL4 BER; p53-RECQL4 complex increases POLG activity {Gupta, 2014 #2088}

SSBP1 Exonuclease activity; p53 interacts with SSBP1 through TAD and 
enhances its exonuclease activity

{Wong, 2009 #2071}

TFAM BER; p53 increases mtDNA damage recognition and repair by TFAM {Yoshida, 2003 #697;Wong, 2009 
#1353}

APE1, apurinic endonuclease 1; BER, base excision repair; CHCHD4, coiled-coil-helix-coiled-coil-helix domain containing 4; mtDNA, 
mitochondrial DNA; OGG1, 8-oxoguanine DNA glycosylase; POLG, DNA polymerase γ; RECQL4, RecQ helicase-like protein 4; SSBP1, single 
stranded DNA-binding protein 1; TAD, transactivation domain; TFAM, mitochondrial transcription factor A
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