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Abstract

The majority of proteins localised to mitochondria are encoded by the nuclear genome, 

with approximately 1500 proteins imported into mammalian mitochondria. Dysfunction 

in this fundamental cellular process is linked to a variety of pathologies including 

neuropathies, cardiovascular disorders, myopathies, neurodegenerative diseases and 

cancer, demonstrating the importance of mitochondrial protein import machinery for 

cellular function. Correct import of proteins into mitochondria requires the co-ordinated 

activity of multimeric protein translocation and sorting machineries located in both the 

outer and inner mitochondrial membranes, directing the imported proteins to the 

destined mitochondrial compartment. This dynamic process maintains cellular 

homeostasis, and its dysregulation significantly affects cellular signalling pathways 

and metabolism. This review summarises current knowledge of the mammalian 

mitochondrial import machinery and the pathological consequences of mutation of its 

components. In addition, we will discuss the role of mitochondrial import in cancer, 

and our current understanding of the role of mitochondrial import in neurodegenerative 

diseases including Alzheimer’s disease, Huntington’s disease, Parkinson’s disease. 

Introduction
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Mitochondria are often described as the powerhouse of the cell due to their central 

role in energy production [1]. However, mitochondrial function extends far beyond 

energy generation and includes roles in metabolism, calcium homeostasis, iron-sulfur 

cluster biogenesis and apoptosis, to name a few [1,2]. Mitochondrial size, shape, 

distribution and protein complement varies between different cell types and in 

response to specific metabolic demands of each cell type [3-5]. The plasticity of the 

mitochondrial proteome enables the cell to rapidly respond to environmental stress 

and to local demands in energy metabolism. Mitochondria contain four compartments, 

the mitochondrial outer membrane and the mitochondrial inner membrane, which 

segregate two aqueous compartments, the intermembrane space and mitochondrial 

matrix (Fig.1). The mitochondrial inner membrane is highly folded forming specialised 

compartments called cristae which are connected to the inner boundary membrane by 

cristae junctions [6]. The formation of cristae significantly increase the surface area of 

the membrane, with cristae density dynamically responding to bioenergetic demands 

of the cell [6,7]. The mammalian mitochondrial proteome consists of approximately 

1500 proteins, of which 13 proteins are encoded by the mitochondrial genome. The 

remaining 99% of proteins localised to mitochondria are nuclear encoded and are 

translated in the cytosol prior to import into mitochondria [8]. Import of these proteins 

to the correct sub-mitochondrial localisation is coordinated by sophisticated multimeric 

protein machineries, referred to as translocases [9].

In recent years it has become apparent that perturbations to the pathways and 

machines that drive mitochondrial protein import has severe consequences on human 

health. This includes, mitochondrial diseases that are broadly defined as energy 

generation disorders, in addition to metabolic disorders, cardiovascular disorders, 

neurodegenerative disorders and cancer [10-12]. This review will summarise the 

current understanding of mitochondrial protein import in mammalian cells, and how 

dysfunction of these pathways/machines results in mitochondrial disease. In addition, 

we will discuss the role of defective mitochondrial import in neurodegenerative 

diseases such as Alzheimer’s disease, Huntington’s disease and Parkinson’s disease. 

We will also discuss the role of mitochondrial import in cancer, providing a snapshot 

of the wide-reaching implications of defects in mitochondrial import machineries.  

Overview of Mitochondrial import
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Much of what we know about the mitochondrial import machineries comes from 

studies using fungal model organisms, with many of the core proteins highly conserved 

from yeast to mammals [13,14]. The last decade has seen a significant advancement 

in the understanding of mammalian translocase machines and their associated import 

pathways [15]. This review will focus on mammalian translocase machineries and their 

connection to disease. For further information on yeast mitochondrial import 

machineries we recommend the following comprehensive reviews [13,16,17].

Protein translocation across the mitochondrial outer membrane: The TOM Complex 

The Translocase of the Outer Membrane (TOM) complex is the main entry gate for 

proteins into mitochondria, with over 90% of precursor protein translocation at 

mitochondria occurring through this complex [18,19]. The human TOM complex is a 

highly conserved heterooligomeric protein complex which is comprised of 7 subunits: 

Tom40, Tom70, Tom22, Tom20, and the small TOM proteins Tom5, Tom6 and Tom7 

(Fig.1) [18,20-22]. Utilising cryo-electron microscopy, the structure of the TOM 

complex in Bakers' yeast (Saccharomyces cerevisiae) and Neurospora crassa have 

revealed the dynamic nature of this complex with dimeric, trimeric and tetrameric 

conformations detected [20-22]. Tom40 is a -barrel protein that forms the central pore 

of the TOM complex which associates with Tom22, Tom5, Tom6 and Tom7 by their 

transmembrane helices to form a stable complex [18]. Tom70 and Tom20 are the 

preprotein receptors of the TOM complex and interact with internal targeting signals 

and N-terminal targeting signals of preproteins respectively [23-25]. Tom70 contains 

a tetratricopeptide repeat (TPR) domain which interacts with cytosolic chaperones and 

Tom20 in a proposed mechanism of competitive binding to facilitate substrate 

recognition and import [26]. Tom22 has been described to tether two Tom40 subunits 

and is curved to increase association with the Tom40 barrel [20,27,28]. The helical 

domain of Tom22 extends into the intermembrane space and may assist TOM 

complex association with the inner membrane translocase machinery [20]. Although 

their role in mammalian cells is poorly defined, the small Tom proteins Tom5, Tom6 

and Tom7 are proposed to provide structural stability to the TOM complex, with loss 

of Tom7 affecting the stability of the TOM complex [29,30].

The Sorting and assembly machinery complex: The SAM Complex
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The mitochondrial outer membrane contains a number of -barrel proteins including 

Tom40 and VDAC (Voltage Dependent Anion Channel) that are sorted and assembled 

by specialized machinery termed the SAM (Sorting and Assembly Machinery) complex 

[31,32]. Following import across the outer membrane, -barrel proteins are transferred 

to the SAM complex for insertion into the membrane (Fig. 1). The core -barrel subunit 

of the SAM complex Sam50 is conserved from bacteria through to mammalian 

systems, showcasing the bacterial origin of mitochondria [32]. In mammalian cells, 

metaxin-1 and metaxin-2 have weak homology to the yeast SAM components Sam37 

and Sam35 respectively, and have been shown to function in mitochondrial protein 

import [31,33-36]. Recent data has described a role for the SAM complex as a 

structural component of the Mitochondrial Intermembrane space Bridging (MIB) 

complex along with the mitochondrial contact site (MICOS) complex, which serve to 

maintain the cristae morphology of the inner membrane [36-41]. Sam50 along with the 

inner membrane proteins CHCHD3 and mitofilin have been shown to function in the 

MIB complex [37]. The MIB complex also likely contains the paralog metaxin-3 and 

DnaJC11 [40]. Complexome analysis of the MICOS complex and the MIB complexes 

in human cells suggest that Sam50/metaxin-2/metaxin-3 and DnaJC11/metaxin-1 

form subassemblies of the MIB complex, progressively adding to the MICOS complex 

[40]. In human cells knockdown of Sam50 results in reduced levels of metaxin-1 and 

metaxin-2 suggesting that they act in the same pathway, however the role of these 

proteins in import has yet to be clearly defined [31]. Depletion of Sam50 also causes 

aberrant cristae morphology and loss of cristae junctions, demonstrating a role for the 

SAM complex in both -barrel biogenesis and cristae formation [41]. 

Import of proteins via the pre-sequence pathway: The Translocase of the Inner 

Membrane 23 (TIM23) complex.

Following translocation across TOM, precursor proteins containing N-terminal 

targeting sequences are directed to the Translocase of the Inner Membrane 23 

(TIM23) complex where they are laterally inserted into the inner membrane, or directed 

to the mitochondrial matrix in a membrane potential-dependent manner (Fig. 1) [42]. 

N-terminal presequences are poorly conserved at the sequence level, however they 

have conserved structural properties including a length of 20 – 60 amino acids, an -

helical structure with a net positive charge and the potential to form and amphipathic 
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helix [43,44]. The core of the TIM23 complex (TIM23CORE) consists of Tim17, Tim23, 

and Tim50. Tim23 and Tim17 form the core channel of the complex, while Tim50 acts 

as a preprotein receptor [45,46]. There are two isoforms of Tim17 (Tim17a and 

Tim17b) that have different tissue expression profiles, with Tim17a expressed highly 

in the heart and brain, while Tim17b is highly expressed in skeletal muscle [47]. 

Tim17a and Tim17b isoforms are found in distinct TIM23 complexes, however it is 

unclear if these proteins are functionally redundant [47,48]. Proteins destined for the 

mitochondrial matrix are translocated via the TIM23MOTOR complex that consists of the 

core TIM23 subunits in association with the Presequence-Associated Motor (PAM). In 

humans, the PAM motor is comprised of the proteins Mortalin (mtHsp70 in yeast), 

Tim44, DNAJC15/19 (Pam18 in yeast), Magmas (Pam16 in yeast) and GrpE (Mge1 

in yeast) [48]. Tim44 associates loosely with the matrix face of the TIM23CORE and acts 

as a scaffold for Mortalin [47].  Mortalin is the central component of PAM and provides 

the mechanical force to drive preproteins into the matrix, while Magmas, DnaJC15/19 

and GrpE regulate the activity of Mortalin [49-51]. DnaJC15/19 associate with distinct 

forms of the TIM23 complex based on the presence of Tim17a or Tim17b respectively 

[48]. Following translocation of preproteins into the mitochondrial matrix, the matrix 

targeting pre-sequence is removed proteolytically by the heterodimeric Mitochondrial 

Processing Peptidase (MPP) [52]. PMPCA is the alpha subunit of the heterodimeric 

MPP complex which contains a glycine-rich-loop that is the contact site for substrates 

[53,54]. PMPCB is the beta subunit of the MPP complex which is a metalloprotease 

that contains the catalytic site of the MPP complex [55,56]. Secondary cleavage of 

proteins is performed by Mitochondrial Intermediate Peptidase (MIPEP/MIP) at the N-

terminal octapeptide that is yielded by MPP [52]. 

Presequence-containing proteins that are destined for insertion into the inner 

membrane interact with the TIM23SORT complex, which contains the TIM23CORE, 

membrane anchored Tim21 and ROMO1 (Mgr2 in yeast) [48,57]. ROMO1 modulates 

the interaction of Tim21 with the TIM23CORE complex, and may have an additional role 

in maintaining protein quality control, with the absence of ROMO1 resulting in the loss 

of the mitochondrial protease Yme1L [57]. Tim21 also associates with the MITRAC 

(mitochondrial translation regulation assembly intermediate of cytochrome c oxidase) 

complex where it assists in the assembly of Complex IV [58]. During import of nuclear 
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encoded subunits of Complex IV, Tim21 associates with preproteins and shuttles them 

to assembly intermediates in concert with the MITRAC complex [58]. 

Protein insertion into the inner mitochondrial membrane: The Translocase of the Inner 

Membrane 22 (TIM22) complex.

The import of multi-membrane spanning proteins with internal targeting signals into 

the inner membrane utilises the Translocase of the Inner Membrane 22 (TIM22) 

complex. The mammalian TIM22 complex is comprised of the central pore subunit 

Tim22, and the transmembrane anchored Acylglycerol kinase (AGK) and Tim29 (Fig. 

1) [59-63]. Carrier preproteins are translocated across the outer membrane by the 

TOM complex, and are then passed to the TIM22 complex by the small TIM 

chaperones [63,64]. There are six small TIM proteins in mammalian cells that 

chaperone proteins through the inter-membrane space: Tim8a, Tim8b, Tim9, Tim10a, 

Tim10b (Tim12 in yeast) and Tim13 [65-68]. These small TIM proteins dynamically 

interact with the TIM22 complex to transfer the preprotein for sorting and insertion into 

the inner membrane by preventing aggregation within the aqueous inter-membrane 

space [67]. The small TIM proteins form hetero-hexameric complexes and are 

proposed to chaperone precursor proteins from the TOM complex to the TIM22 

complex (Fig. 1) [69,70]. While Tim9, Tim10a and Tim10b function in the transport of 

carrier protein substrates, the true function of the Tim8-Tim13 still requires 

clarification. Human Tim8a was recently shown to be involved in Complex IV assembly 

in neuronal cells, potentially acting as an assembly factor for Complex IV biogenesis 

[71]. 

Oxidative folding of proteins in the inter-membrane space: The Mitochondrial Import 

and Assembly (MIA) pathway.

The MIA pathway couples import and oxidative folding of proteins that are cystine-rich 

(Fig. 1) [72]. The central component, Mia40 (also known as CHCHD4) is located in 

the intermembrane space and binds incoming precursor proteins. Mia40 is anchored 

to the inner membrane through an association with the membrane integrated protein 

AIF (Apoptosis-inducing factor) [73,74]. Here, Mia40 functions as a disulfide donor to 

induce folding of precursor proteins through oxidation of cystines and the formation of 

stable disulfide bonds [75,76]. Following oxidation of substrates, Mia40 is re-oxidised 

by the sulfhydryl oxidase ALR (augmenter of liver regeneration, also known as GFER) 
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(Erv1 in yeast) which can utilise either molecular oxygen or cytochrome c as electron 

receptors, linking this process to cellular respiration [77-79]. 

Mitochondrial disease as a consequence of dysfunctional protein import

Mitochondrial disease encompasses a diverse group of disorders that involve defects 

in oxidative phosphorylation (OXPHOS) due to mutations in genes encoded by 

mitochondrial DNA (mtDNA) or nuclear DNA [12]. Mutations in almost 290 genes have 

been identified to cause mitochondrial disease which are classified into two groups; 

those that have a primary role in OXPHOS and those that have an indirect role in 

OXPHOS biogenesis or involve other cellular processes [12,19]. Mitochondrial 

disorders are largely treated symptomatically [80]. Gene therapy represents a 

promising treatment option for mitochondrial disease; however, a number of 

challenges are faced including multi-organ involvement, crossing the blood brain 

barrier, import of proteins into the matrix and the ethical justification of mitochondrial 

replacement therapy [81]. Here we discuss the consequence of mutation in genes 

involved in mitochondrial import (summarised in Table 1). 

Mitochondrial disease and the TOM complex 

A recent report by Dutta et al., 2020 described two patients with de novo mutations in 

the C-terminus of the TOM70 protein (patient 1 T607I and patient 2 I554F) (Table 1) 

[82]. Both patients presented with white matter abnormalities, hypotonia, hyper-

reflexia, dystonia and cognitive deficits, however differences in clinical presentation 

were also noted [82]. Homozygous null drosophila models of patient mutations 

resulted in pupae lethality, indicating that the mutations are loss of function alleles [82].  

A further patient identified with a compound heterozygous mutation (T265M and 

A582V) presented with severe anaemia, lactic acidosis and developmental delay 

(Table 1) [83]. The T265M mutation is not in a known Tom70 domain, where the 

A582V mutation is in a TPR domain, potentially affecting substrate binding of Tom70  

[83,84]. Patient cells had reduced levels of the Tom70 dimer, and Tom70 was not 

detected in the TOM complex by Blue Native PAGE [83]. Mitochondrial respiratory 

complexes I, IV and V levels were reduced in patient cells, and the activity of Complex 

IV was reduced compared to control cells [83]. Few pathogenic mutations have been 

identified previously in proteins of the TOM complex. The T607I and I554F mutations 

identified by Dutta et al., 2020 are both partial loss of function alleles resulting in a 
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severe neurological phenotype, highlighting the significant role of the TOM complex in 

neurological function [82]. These results identify mutations in TOMM70 as a novel 

disease-causing gene, however further investigation is required to determine the role 

of Tom70 in neurological disease and the maintenance of Complex IV. More significant 

loss of function mutations in TOM subunits are potentially embryonic lethal, hence why 

there are very few identified in humans.

Mitochondrial diseases and the TIM23 complex

Magmas and Spondylometaphyseal Dysplasia, Megarbane-Dagher-Melki type

Homozygous missense mutations in Magmas (N76D and Q74P) results in 

Spondylometaphyseal dysplasia, Megarbane-Dagher-Melki type (SMDMDM) (Table 

1) [85-88]. SMDMDM is a rare autosomal recessive disorder characterised by skeletal 

abnormalities, severe chondrodysplasia, dysmorphic facial appearance, growth 

retardation, developmental delay and early death [85-88]. The skeletal dysplasia seen 

in SMDMDM is uncommon in mitochondrial disorders, however Magmas expression 

detected in the distal femurs of mice suggests a role for this protein in skeletogenesis 

[87]. The missense mutations N76D and Q76P are located in the region of Magmas 

that interacts with DnaJC19 [87], potentially resulting in disruption of the PAM 

complex, however further studies are required to explore the consequence of these 

mutations on the TIM23MOTOR complex. 

DnaJC19 and Dilated Cardiomyopathy with Ataxia 

Mutations in DnaJC19 result in Dilated Cardiomyopathy with Ataxia (DCMA) and is 

also referred to as 3-methylglutaconic aciduria type V. DCMA is an autosomal 

recessive disorder that is primarily characterised by severe early onset dilated 

cardiomyopathy. Additional clinical features include increased 3-methylglutaric acid 

and 3-methylglutaconic acid, optic atrophy, cerebellar ataxia, and prenatal or postnatal 

growth failure [89-93]. The majority of pathogenic mutations in DnaJC19 result in 

premature stop codons within the protein, in one case producing a truncated protein 

product encoding the transmembrane domain alone (Table 1) [89-93]. The molecular 

basis for DCMA is currently unclear, however a reduction in respiratory chain activity 

was observed in some patients [89]. In addition, the clinical presentation of elevated 

3-methylglutaconic acid is a common feature of respiratory chain disorders [94]. A 

recent study identified DnaJC19 as a binding partner of Prohibitin 2, a protein that 
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forms part of large lipid-protein scaffolds located in the mitochondrial inner membrane 

and implicated DnaJC19 in cardiolipin metabolism [95,96]. It is possible that DnaJC19 

fulfils multiple roles in mitochondria, with both a role in protein import and cardiolipin 

metabolism, however this remains to be examined further in knockout cell models and 

patient cells. 

Tim50 and 3-Methylglutaconic aciduria type IX

3-Methylglutaconic aciduria (3-MGA-uria) syndromes comprise a group of diseases 

with elevated 3-MGA-uria in urinary secretions and mitochondrial membrane defects 

(Table 1). A variety of mutations (missense and nonsense) in Tim50 result in the 

autosomal recessive disorder 3-MGA-uria type IX (MGCA9), which is characterised 

by early onset seizures, 3-MGA-uria, intellectual disability and delayed development, 

and hypotonia or spasticity [97-99]. Reyes et al., (2018) identified a patient with 

heterozygous mutations in Tim50 (S112* and G190A), levels of Complex I, II and IV 

respiratory components were reduced, decreased respiration and increased reactive 

oxygen species (ROS) [97]. The presentation of the disease in these patients was 

rapid and severe leading to death at age 2 [97]. In contrast, patients with the 

heterozygous Tim50 mutation R217W and T252M present with 3-MGA-uria and 

variable deficiency of Complex V [98]. Similar results were found in patients with 

heterozygous mutations in Tim50 R114Q and G269S who present with 3-MGA-uria, a 

generalised reduction in the activity and assembly of the respiratory chain complexes, 

reduced respiration and aberrant cristae [99]. Patients with heterozygous Tim50 

mutations (S112* and G190A; R114Q and G269S) also had reduced Tim50 protein 

levels, potentially contributing to the observed heterozygous patient phenotypes 

[97,99]. The variable effects on protein import, respiration and severity of disease 

progression may be a consequence of the specific mutation and how that mutation 

affects protein structure and function. Further examination of the effect of the 

pathogenic Tim50 mutations on mitochondrial import is required to provide insight into 

the effect of these mutations on function of the Tim23 complex. 

PMPCA and Spinocerebellar ataxia, autosomal recessive 2

Pathogenic missense mutations in PMPCA result in the autosomal recessive disorder 

Spinocerebellar ataxia, autosomal recessive 2 (SCAR2) [100-102] (Table 1). SCAR2 

is a neurological disorder that is characterised by impaired movement and ataxic gait 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

which is non- or slowly progressive [101]. Additional features may include moderate 

to severe intellectual disability, loss of fine motor skills, dysarthria, hearing loss and 

blindness [100-102]. The variability in phenotype may be explained by the functional 

impact of the mutations, with those close to the glycine-rich-loop resulting in a severe 

form of SCAR2 [101,102]. Mutations in PMPCA have been shown to affect kinetics of 

processing of the matrix protein frataxin [100,102]. Frataxin acts in iron metabolism, 

with frataxin deficiency leading to defects in iron-sulfur cluster biogenesis and ATP 

production [103]. 

PMPCB and Multiple Mitochondrial Dysfunctions syndrome 6

Vögtle et al., (2018) reported on 5 children of 4 unrelated families with the early onset 

neurodegenerative disorder Multiple Mitochondrial Dysfunctions syndrome 6 (MMD6) 

(Table 1) [104]. MMD6 is characterised by episodic neurological regression, 

developmental delay, cerebellar atrophy and hypotonia; with variable features 

including seizures, optic atrophy, failure to thrive, ataxia and dystonia [104]. A variety 

of different mutations were identified in the beta subunit of MPP (PMPCB) that 

contains the catalytic domain for substrate cleavage [104]. Based on the crystal 

structure of yeast MPP, the identified mutations were not located in the active site of 

PMPCB, as such Vögtle et al., (2018) suggest that the mutations may affect the 

stability or dimer formation of MPP [104]. As seen with PMPCA, mutations in PMPCB 

result in altered processing of frataxin in patient cells, while other MPP substrates were 

unaffected [104]. 

MIPEP and Combined oxidative phosphorylation deficiency 31

Combined oxidative phosphorylation deficiency-31 (COXPD31) is a severe autosomal 

recessive disorder that is the result of pathogenic mutations (missense and nonsense) 

in MIPEP (Table 1) [105]. COXPD31 has been identified in 4 unrelated patients 

presenting with left ventricular non-compaction, developmental delay, seizures and 

severe hypotonia [105]. Utilising a yeast model to examine the functional consequence 

of two of these mutations, Eldomery et al., (2016) demonstrated a loss of protein 

expression (L83Q) or loss of peptidase activity (L339F and K376E) in the yeast 

homologue of MIPEP, Oct1 [105]. The severity and early onset of COXPD31 highlights 

the significance of mitochondrial processing in the maturation of matrix destined 

proteins. 
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Mitochondrial diseases associated with the TIM22 complex. 

TIMM22 and Combined oxidative phosphorylation deficiency 43

Pacheu-Grau et al., (2018) reported on a single patient with Combined oxidative 

phosphorylation deficiency 43 (COXPD43) (Table 1) [106]. COXPD43 is characterised 

by intrauterine growth retardation, feeding difficulties, delayed myelination and 

decreased Complex I, II and IV activity in muscle [106]. Two pathogenic heterozygous 

mutations in the TIM22 gene were identified resulting in nonsense and missense 

mutations (Y25* and V33L) in Tim22, with the Y25* mutations likely resulting in loss of 

protein expression [106]. Analysis of the TIM22 complex by blue-native page showed 

a significant loss of this complex in patient fibroblasts, and this could be restored 

following protein complementation [106]. Analysis of steady state levels of 

mitochondrial proteins revealed a reduction in the level of Tim22 and Tim29, as well 

as the carrier protein ANT3, but not the TIM22 component AGK [106]. Additional 

analysis in patient or CRISPR knockout cells is required to determine the molecular 

mechanism of the oxidative phosphorylation deficiency.  

AGK and Sengers Syndrome

Sengers syndrome is an autosomal recessive disorder characterised by congenital 

cataracts, hypertrophic cardiomyopathy, skeletal myopathy and lactic acidosis (Table 

1) [107-115]. Sengers syndrome is caused by a variety of mutations in the TIM22 

complex component AGK, including missense, nonsense and frameshift mutations 

[107-115]. The severity of the phenotype varies significantly, even within families with 

the same mutation, although it should be noted that the less affected sibling in this 

case received intervention at an early age potentially affecting disease progression 

[113]. Sengers syndrome has two distinct forms, a severe infantile form and a mild 

form, with the severe infantile form frequently a result of homozygous nonsense 

mutations [111]. Biochemical analysis of Sengers patient and AGK knockout cell lines 

has revealed defects in TIM22 mediated carrier import and impaired lipid metabolism 

[60,61], suggesting multiple pathways that may be affected upon AGK mutation 

providing a possible mechanism for the variability of disease presentation.  

TIMM8a and Mohr-Tranebjærg syndrome
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Mutations in the TIMM8A gene (also known as DDP), which encodes the protein 

Tim8a, result in the X-linked recessive disorder Mohr-Tranebjærg syndrome (MTS) 

(Table 1) [65,71,116-119]. MTS is characterised by progressive sensorineural 

deafness beginning in early childhood, with progressive dystonia, spasticity, optic 

atrophy and neurodegeneration [116-119]. The loss of function of Tim8a was initially 

thought to result in impeded import of the Tim23 protein, which utilises the TIM22 

import pathway [66]. However, recent findings have highlighted that loss of Tim8a 

does not affect the import of Tim23, but has a significant effect on the protein level of 

Complex IV subunits and assembly factors in a neuronal-like SH-SY5Y cells [71]. Cells 

lacking Tim8a have greater levels of reactive oxygen species, which makes the cells 

more sensitive to apoptotic induction [71]. This work has led to the suggestion that the 

molecular mechanism underscoring MTS is Complex IV deficiency and downstream 

sensitivity to apoptosis in neuronal cells. 

Mitochondrial diseases associated with the MIA pathway. 

AIF missense mutations

The X-linked AIFM1 gene encodes the oxidoreductase AIF which interacts with Mia40 

at the inner membrane [74].  AIF also has a well described role in apoptosis, where 

upon mitochondrial permeabilization AIF is released into the cytosol and translocates 

to the nucleus to induce DNA fragmentation, DNA condensation and cell death [120]. 

Missense mutations in AIFM1 result in a range of pathologies including Combined 

oxidative phosphorylation deficiency 6 (COXPD6) [121], Cowchock syndrome [122-

124], Spondyloepimetaphyseal dysplasia with hypomyelinating leukodystrophy 

(SEMDHL) [125,126], progressive mitochondrial encephalomyopathy [127-129], 

deafness x-linked 5 (DFNX5) [130], axonal polyneuropathy [131], cerebellar ataxia 

[122] and prenatal ventriculomegaly without lactic acidosis (Table 1) [121]. The 

severity of these disorders varies significantly even within families [132]. Common 

clinical features include developmental disorders, motor dysfunction, peripheral 

sensory neuropathy, peripheral motor neuropathy, abnormal MRI, and hearing loss 

[122,124,125,128-130,133]. Defects in the respiratory chain are also a feature of a 

number of the identified AIF mutations, particularly in Complex I, III and IV [121,128-

131,133], however this was not an identified phenotype of all mutations. A number of 

subunits and assembly factors of Complex I, III and IV are identified substrates of AIF, 

containing Cx9C motifs that are oxidised by the MIA40 pathway to ensure correct 
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folding [134]. Consequently, it is not surprising that mutations in AIF affect the activity 

of Complex I, III and IV. A puzzling aspect of this group of disorders, is the range in 

phenotypic presentation following mutation in different regions of AIF. There has yet 

to be a comprehensive analysis of the position of all the identified mutations, and how 

this may affect the function of AIF during protein oxidation. AIF is widely expressed in 

tissues, however it is essential for neuronal survival during development in mice, with 

specific defects in mitochondrial respiration and structure following loss of AIF [135]. 

Given the significant neurological component in many of these disorders, it would also 

be informative to look at the consequence of these mutations in neuronal cell models. 

ALR and Mitochondrial progressive myopathy with congenital cataract and 

developmental delay

Missense and nonsense mutations in the sulfhydryl oxidase ALR result in 

mitochondrial progressive myopathy with congenital cataract and developmental delay 

(MPMCD) (Table 1) [136-139]. Additional variable features of MPMCD include hearing 

loss, respiratory chain deficiency and hypotonia [136-139]. The molecular mechanism 

of a number of these mutants has yet to be characterised, however characterisation 

of the R194H mutation revealed a COX deficiency, with reduced immunostaining of 

COX17, Tim13 and COX6B1 in patient fibroblasts [137]. The activity of ALR is linked 

to the oxidative folding of respiratory chain proteins via the MIA pathway, it is therefore 

not surprising that a respiratory deficiency would be present in patients [74]. Complex 

IV is the terminal oxidase of the electron transport chain, with ALR shuttling electrons 

from cytochrome c to Complex IV [78,79]. Given this, it would be interesting to 

determine if any of the reported mutations in ALR also effect the membrane potential 

or the presence of reactive oxygen species, further affecting the health of 

mitochondria. 

Mitochondrial protein import dysfunction and neurodegenerative diseases

Neurons are especially dependent on mitochondria for ATP production, metabolite 

synthesis and calcium buffering at the synapses. Due to the size and length of axonal 

processes, they are dependent on the efficient anterograde and retrograde transport 

of mitochondria to the synapses, to ensure neurotransmission and generation of 

membrane potential along the axon [140]. It is therefore not surprising that 

dysfunctional mitochondria are found in a number of neurodegenerative disorders 
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including Alzheimer’s disease, Amyotrophic lateral sclerosis (ALS), Parkinson’s 

disease, Huntington’s disease, Optic atrophy, Spastic paraplegia and Charcot-Marie-

Tooth [140,141]. A number of mitochondrial defects have been described in 

neurodegenerative diseases including defects in mitochondrial dynamics, transport, 

energy production, ROS production, protein quality control, metabolism and 

biogenesis [141,142]. Here we will discuss the role of mitochondrial import in 

Alzheimer’s disease, Parkinson’s disease and Huntington’s disease. 

Mitochondrial import and Alzheimer’s disease

The aetiology of Alzheimer’s disease is still unknown, and while it is likely to be a 

multifactorial disorder there are a number of characteristics that are known to correlate 

with late-onset sporadic Alzheimer’s disease (LOAD) [143]. LOAD is characterised by 

the presence of A plaques, neurofibrillary tangles, inflammation and oxidative 

damage in the brain. Amyloid precursor protein (APP) is cleaved by  and  secretases 

to form the A peptide, which is then exported from the cell [144]. APP has been shown 

to be targeted to mitochondria in neuronal cells by a positively charged N-terminal 

domain [145]. Chemical crosslinking demonstrated that the APP preprotein interacts 

with the Tom40, Tim44 and Tim23 and arrests in the import channels resulting in 

reduced respiration and reduced membrane potential (Fig. 2A) [145,146]. The 

accumulation of APP across the import channels inhibited mitochondrial import, and 

increased hydrogen peroxide production [146]. Similar results have also been found 

with A peptide, which interacts with TOM complex independent of membrane 

potential [147]. While there is some conflicting reports regarding the import of A into 

mitochondria, the association of A (particularly A42) with the TOM complex is 

sufficient to prevent mitochondrial import [148]. The mitochondrial Presequence 

Peptidase (PreP) degrades A peptide, with increased expression of  PreP found to 

attenuate A accumulation in an Alzheimer’s mouse model [149], demonstrating a 

downstream clearance mechanism for A within mitochondria. A mediated inhibition 

of precursor processing machinery in AD patient mitochondria has also been shown 

to result in accumulation of mitochondrial preproteins and intermediates, suggesting 

that precursor accumulation may contribute to AD pathology [150]. Alteration to 

mortalin expression has also been shown to ameliorate Ainduced mitochondrial 

fragmentation and cell death in neuroblastoma cells [151]. A variable polyT repeat in 
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an intronic polymorphism in the Tom40 gene (rs10524523) has also been associated 

with an increased risk of Alzheimer’s disease, in association with the apolipoprotein E 

genotype APOE  3 and APOE  4 [152-155]. The very long (VL) polyT repeat and the 

long (L) polyT repeat in the TOMM40 gene are linked with APOE  3 and APOE  4 

gene variants respectively, and an earlier age of onset in LOAD [152-154]. However, 

there is some disparity in the literature regarding the risk factor of the Tom40 

polymorphism, potentially due to the parameters defined in the analyses [156,157]. In 

addition, apolipoprotein E acts in extracellular lipid transport, with a apoE4 fragment 

(1-274) which interacts with mitochondrial respiratory chain subunits and causes a 

reduction in the activity of complex III and IV [158]. This suggests a possible 

mechanism by which apoE4 may cause neurodegeneration through reduced 

mitochondrial function and mitochondrial neurofibrillary tangles [158]. 

Mitochondrial import and Parkinson’s disease

Parkinson’s disease is a progressive neurodegenerative disorder that affects 

movement. One of the causative agents of inherited autosomal dominant or recessive 

Parkinson’s disease are mutations in the gene encoding the PTEN-induced putative 

kinase 1 (PINK1) and Parkin E3-ubiquitin ligase (Parkin) [159,160]. PINK1 is imported 

into mitochondria and localised to the inner membrane, however upon dissipation of 

the mitochondrial membrane potential, PINK1 localises to the outer membrane where 

it interacts with the TOM complex (Fig. 2B) [161,162]. Upon accumulation of PINK1 

at the outer membrane, Parkin is subsequently recruited and mitophagy is induced to 

clear the damaged mitochondria [163,164]. Parkin and PINK1 have been shown to 

interact with proteins of the TOM complex (Tom7, Tom20, Tom22, Tom40, Tom70) 

[162,164-169]. Parkin ubiquitylates a number of mitochondrial outer membrane 

proteins including the TOM complex, targeting the damaged mitochondria for 

degradation, while the mitochondrial outer membrane deubiquitinase USP30 removes 

Parkin attached ubiquitin [169-171]. In addition to a role in mitophagy, recent research 

has suggested Parkin mediated ubiquitylation of TOM proteins may stimulate 

mitochondrial import, with import efficiency found to be reduced in PD patient cells 

[168]. The deubiquitinase USP30 has also been shown to have a role in TOM 

mediated import, with loss of USP30 causing accumulation of substrates [172]. 

Pathogenic mutations in Parkin have been shown to disrupt interactions with Tom70 
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and Tom40 [165,173]. Tom7 is required for stabilisation of PINK1 in the outer 

membrane upon loss of membrane potential, while Tom70 has been shown to be 

required for PINK1 import into mitochondria [167,174,175]. 

Alpha-synuclein (-Syn) is an abundant neuronal protein that can interact with 

phospholipids at the presynaptic terminal of neurons [176]. Aberrant deposition, 

accumulation and aggregation of -Syn in Lewy bodies and Lewy neurites is a 

causative factor in Parkinson’s disease [176]. Accumulation of -Syn at mitochondria 

has been found to result in mitochondrial dysfunction characterised by reduced 

oxidative phosphorylation, oxidative stress and impaired mitochondrial import (Fig. 

2B) [177-180]. In neural tissue from Parkinson’s patients, an interaction of -Syn and 

Tom20 was detected, with a concomitant loss of mitochondrial import and disrupted 

interaction of Tom20 with Tom22 [180]. Tom40 has also been found to be significantly 

reduced in the brain of Parkinson’s patients and in transgenic mouse models, with re-

expression of Tom40 decreasing -Syn accumulation [177]. These results indicate 

that modulation of the TOM complex represents a potential therapeutic target for 

Parkinson’s disease. 

Mitochondrial import and Huntington’s disease

Huntington’s disease (HD) is a fatal autosomal dominant disorder that is caused by 

the abnormal expansion of CAG repeats in the huntingtin gene [181]. This expansion 

stimulates misfolding and aggregation of mutant Huntingtin protein (mHTT) which is 

cytotoxic [181]. Mitochondrial dysfunction has been described to contribute to the 

pathophysiology of the disease with evidence of oxidative stress, mitochondrial DNA 

depletion, calcium imbalance and disrupted mitochondrial cristae in HD and mHTT 

mouse models [181]. Both wild type and mutant HTT have been found in the 

mitochondrial inter-membrane space where the mHTT protein binds specifically to 

Tim23 (Fig. 2C) [182,183]. The binding of mHTT to Tim23 has been shown to reduce 

import of nuclear encoded mitochondrial proteins as suggested by reduced levels of 

matrix localised proteins in cells expressing mHTT and in HD patient brain tissue 

[182,183]. This mHTT induced import defect is sufficient to trigger neuronal cell death 

[182,183]. In addition, in a HD mouse model defective protein import was an early 

defect found in the forebrain but not in the liver indicating that dysfunction in 
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mitochondrial import may be an early indicator of mHTT pathophysiology [183]. 

However, a recent report by Hamilton et al., (2020) contradicts these previous findings  

proposing that mHTT interacts with the outer membrane only [184]. These studies 

utilised different mouse models of HD with different CAG repeat lengths and different 

methods to examine the submitochondrial localisation of mHTT in patient samples, 

potentially affecting interpretation of the results [183,184]. The mechanism of 

mitochondrial dysfunction in Huntington’s disease is still unclear, and more analysis 

needs to be done to determine the role of mHTT and mitochondrial import, including 

unravelling the kinetics of mitochondrial import in response to different mHTT CAG 

repeat lengths. 

Mitochondrial protein import and cancer

The best described change in mitochondrial function during cancer cell growth is the 

reprogramming of cellular respiration from oxidative phosphorylation to aerobic 

glycolysis, known as the Warburg effect [10,185]. However within the tumour 

microenvironment cancer cells are both glycolytic and oxidative, with glycolytic cells 

utilising metabolites from the surrounding oxidative cells for fuel [186,187]. Many 

different aspects of mitochondrial biology directly influence tumorigenesis, including 

alterations to cell death pathways, mitochondrial dynamics, mitochondrial biogenesis 

and mTOR signalling, and oxidative stress [10]. A significant number of components 

of the mitochondrial import machineries are overexpressed in a variety of different 

cancers, including subunits of the TOM complex (Tom20, Tom40, Tom7, and Tom70) 

[186,188-192], the TIM23 complex (Tim17a, Mortalin, Magmas, Tim50 and Tim23) 

[186,193-207], the TIM22 complex (Tim22, AGK) [186,208-217], the small Tim 

chaperones (Tim8a, Tim8b, Tim9, Tim13) [186,218-220] and Mia40 [221,222]. In 

addition, two variants of Tim44 (C925A and G1274A) have been identified in oncocytic 

thyroid carcinomas [223]. Understanding the role of mitochondrial import and the 

protein profile of different cancers may provide useful information for both diagnostic 

and treatment markers. Those proteins for which a mechanism of action in 

oncogenesis has been explored are discussed below (Fig. 3). 

Variation in mitochondrial function plays a central role in neoplastic transformation. 

Upon oncogenic transformation mitochondria are reprogrammed to utilise aerobic 

glycolysis for ATP production [224]. While glycolysis produces less ATP molecules 
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than oxidative phosphorylation, cancer cells can compensate for this with a 

subsequent increase in mitochondrial biomass and increased speed of ATP 

production [10,224]. Determining if the upregulation of mitochondrial import proteins 

has an oncogenic function has yet to be explored for a number of the subunits 

identified as upregulated in various cancers. 

Cancer and the TOM complex

Tom20 overexpression in colorectal cancer and Tom40 overexpression in ovarian 

cancer correlates with increased cell proliferation, migration and invasion  [190,192]. 

To investigate the significance of overexpression of Tom20 and Tom40 in cancer, the 

knockdown of Tom20 or Tom40 in cancer cells was examined. Tom40 siRNA in 

colorectal cancer and Tom20 siRNA in epithelial ovarian cancer reduces levels of ATP, 

cellular proliferation, migration and invasion [190,192]. In addition, knockdown of 

Tom20 or Tom40 in mouse xenograft models suppressed tumor growth, indicating that 

modulation of these proteins can directly affect tumorgenesis [190,192]. The 

knockdown of Tom40 results in reduced levels of Tom20 and Tom22, and increased 

membrane potential [192]. In contrast to this, siRNA of Tom20 causes a reduction in 

membrane potential [190], indicating potentially different consequences to Tom40 

knockdown despite both proteins located in the same complex. In yeast mutants 

lacking Tom20 and Tom70, the core import pore can still form and protein import was 

functional, albeit with reduced kinetics [225], however the consequence to 

mitochondrial import upon siRNA of Tom20 and Tom40 remains to be explored further 

in oncogenic cell models. Overexpression of Tom20 may also have a role in cancer 

transformation through interaction with the protein AIP (arylhyrocarbon receptor 

interacting protein) [226]. AIP interacts with the apoptotic inhibitor survivin which is 

imported into mitochondria upon apoptotic stimuli to inhibit caspase activation, with 

overexpression of survivin preventing apoptosis and promoting tumorigenesis [227]. 

Knockdown of Tom20 abolishes import of survivin into mitochondria and sensitises 

cells to apoptosis [228], indicating that Tom20 is a bona fide therapeutic target for 

oncogenesis. 

Cancer and the TIM23 complex

Overexpression of Tim50 in non-small cell lung carcinoma patients facilitates tumor 

progression and cellular proliferation, which is proposed to stimulate cell growth 
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through activation of extracellular signal related (ERK) signalling and Cyclin D1 activity 

[194]. Cyclin D1 binds to the mitochondrial outer membrane via an interaction with the 

voltage dependent anion channel (VDAC) and activates cell proliferation [229]. 

Overexpression of cyclin D1 has been linked to the progression of a number of 

different cancers through activation of cellular proliferation [230]. Zhang et al., (2019) 

demonstrated that treatment of cells with an ERK inhibitor U0126 reversed both Tim50 

and cyclin D1 overexpression [194], however it is unclear how the overexpression of 

Tim50 regulate either cyclin D1 or phosphorylated ERK. 

Mortalin expression in cancer cells correlates with malignancy in a p53-dependent 

manner [200,201]. p53 is a tumor suppressor that can induce apoptosis by initiating 

cell cycle arrest, interaction with apoptotic proteins and transcriptional activation of 

apoptosis [231]. p53 migrates to mitochondria where it can interact directly with 

mortalin and manganese superoxide dismutase (MnSOD) prior to translocation to the 

nucleus (Fig. 3A) [200,201,232]. Treatment of p53 positive cancer cells with the 

mortalin inhibitor MKT-077 has been shown to sensitise cells to apoptosis, identifying 

mortalin as a potential chemotherapeutic target [207]. Mortalin is also reported to 

modulate tumor cell survival through modulation of the MEK/ERK signalling pathway 

[205], although the mechanism by which mortalin regulates these pathways is not 

clear. 

Cancer and the TIM22 complex

AGK was originally described as a mitochondrial lipid kinase that catalyses the 

phosphorylation of monoacylglycerol (MAG) and diacylglycerol (DAG) to 

lysophosphatidic acid (LPA) and phosphatidic acid (PA) [208]. However, AGK has also 

been identified as a subunit of the TIM22 complex in which it stabilises the complex 

and assists carrier protein import [60,61]. AGK has also been established as an 

oncogene, with elevated expression detected in a wide variety of cancers [208-217]. 

Overexpression of AGK enhances tumorigenicity, through increased proliferation, cell 

migration, metastasis and invasion; with elevated expression correlated with poor 

patient overall survival [208-217]. In prostate cancer cells, high AGK expression 

correlated with elevated levels of LPA and activation of epidermal growth factor (EGF) 

receptor and extracellular signal related kinase (ERK) [208]. AGK has also been 

shown to enhance proliferation of cancer cells through promotion of cell cycle 
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transition from G1 to S phase of the cell cycle, and upregulation of cyclin D1 following 

repression of the transcription factor FOXO1 [208-210,213]. Increased AGK 

expression also promotes proliferation through activation of the PI3K/AKT/GSK3 

signalling pathway resulting in nuclear accumulation of -catenin which activates 

transcription factors associated with proliferation (Fig. 3B) [209,210,212,233]. 

Activation of the JAK2/STAT3 pathway has been reported to have a role in 

proliferation, survival and differentiation in tumours [234]. AGK has also been 

described to activate JAK2/STAT3 signalling, with elevated levels of AGK correlated 

with constitutive JAK2/STAT3 activity [216]. The mechanism of activation of 

JAK2/STAT3 by AGK is however unclear. AGK overexpression in hepatocellular 

carcinoma cells has also been shown to cause increased NF-B signalling, resulting 

in inhibited apoptosis [215]. While the upregulation of oncogenic signalling pathways 

following elevated AGK has been well described, the effect on protein import remains 

an interesting avenue to explore.  

Cancer and the MIA pathway 

The oxidoreductase Mia40 has been shown to have a role in adapting to metabolic 

reprogramming during tumorigenesis through stabilisation of the hypoxia inducible 

factor subunit alpha (HIF1) [221]. Upon stabilisation HIF1 translocates to the 

nucleus where it binds HIF1 and activates genes involved in cellular survival [235]. 

Stabilisation of HIF1 has been proposed to occur via a number of different 

mechanisms including stabilisation by reactive oxygen species (ROS) from complex 

III in response to hypoxia [236], and following elevated oxygen consumption by 

complex IV [221]. High expression of Mia40 has also been shown to regulate oxygen 

consumption and ATP production [221]. While overexpression of Mia40 is required for 

HIF1 stabilisation, this is independent of ROS production, suggesting that Mia40 

regulates HIF1 in a mechanism independent of complex IV ROS production (Fig. 

3C) [221]. The precise mechanism by which Mia40 stabilises HIF1 is currently 

unclear and may occur as a result of modification of respiratory chain biogenesis, 

however this remains to be explored further. Mia40 has also been shown to bind the 

tumor suppressor p53 at mitochondria (Fig. 3C) [222]. Mia40 is required for p53 

translocation to mitochondria, with overexpression of Mia40 resulting in p53 exclusion 
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from the nucleus, preventing transcriptional activation of tumor suppressor genes 

[222].

Conclusions and Perspectives

Mitochondrial translocases and the pathways they support are essential for 

mitochondrial function, with mutation in a large number of these components identified 

in mitochondrial disease, neurodegenerative disorders and cancer. The recent 

identification of pathological mutations in the mitochondrial outer membrane protein 

Tom70 has highlighted the need to expand the view on the role of the TOM complex 

in mitochondrial disease. The TOM complex has a significant role in the 

neurodegenerative disorders discussed in this review, indicating that mutations this 

complex are particularly sensitive to the specialised functions required in neuronal 

tissue. In particular, the early presentation of defective mitochondrial import in mutant 

Huntingtin mouse brains may represent a novel detection method for symptom onset 

in Huntington’s disease, and potential therapeutic targets. A number of subunits of the 

TIM22 and TIM23 complexes are upregulated in a variety of different cancers, 

representing attractive targets for new therapies. Of note, many of these studies 

focussed on the ability of these components to alter cell growth, survival and 

tumorigenicity. However, there is significant scope for further investigation into how 

the upregulation of these proteins affects mitochondrial import and subsequently 

mitochondrial health. 

Mitochondrial protein transport was once only viewed as a basic biological process. 

The pathologies detailed in this review highlight the importance of fundamental 

pathways to human health, and ultimately the importance of fundamental biology to 

driving medical research. Fundamental research in mitochondrial biology will shape 

future understanding of the role of mitochondrial protein import in mitochondrial 

disease, neurodegenerative disorders and cancer, and will hopefully feed into a 

pipeline that can facilitate therapeutic development and intervention. A
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Figure legends

Figure 1. Mitochondrial protein import translocases and associated 

mitochondrial diseases. Mitochondria have a double-membrane architecture and 

rely on five translocase complexes for the import and sorting of proteins. The 

Translocase of the Outer Membrane complex (TOM, red) has 7 subunits which 

coordinate entry of nearly all mitochondrial proteins through the mitochondrial outer 

membrane. The Sorting and Assembly Machinery complex (SAM, green) has 3 

subunits and facilitates insertion of β-barrel proteins into the mitochondrial membrane. 

The small TIM family of proteins form two heterotypic hexameric complexes that 

chaperone unfolded clients through the aqueous intermembrane space. A third small 

TIM hexamer is associated with the Translocase of the Inner Membrane 22 complex 

(TIM22, purple). The TIM22 complex has 6 subunits and imports both metabolite 

carriers and TIM subunits into the mitochondrial inner membrane. The Translocase of 

the Inner Membrane 23 complex (TIM23, orange) has 12 subunits which interact in a 

modular fashion. Arrangements of the TIM23 complex control import across the inner 

membrane to the matrix or release of membrane-anchored proteins into the 

mitochondrial inner membrane. The Mitochondrial Intermembrane space Assembly 

complex (MIA, blue) is comprised of 3 subunits and is responsible for the oxidative 

import of disulfide-containing proteins. Secondary mitochondrial diseases caused by 

mutation or loss of translocase subunits are indicated. 

Figure 2. Mitochondrial protein import components implicated in proteopathic 

neurodegenerative disease. Disease-causing proteins perturb mitochondrial protein 

import in Alzheimer’s, Parkinson’s and Huntington’s disease. (A) In Alzheimer’s 

disease, amyloid precursor protein blocks the channel of TOM and TIM23 leading to 

Complex IV defects and increased reactive oxygen species (ROS). The cleavage 

product, amyloid-β42, aggregates precursors at the mitochondrial outer membrane 

and competes with mitochondrial precursors for the PrEP peptidase in the matrix; 

overall decreasing the import of mitochondrial proteins. Furthermore, decreased 

abundance or functionality of Mortalin exacerbates the impact of improper protein 

import in all three proteopathic neurodegenerative diseases. (B) In Parkinson’s 

disease, α-synuclein binds Tom20 and decreases precursor import, which manifests 

as Complex I dysfunction and increased ROS levels. Loss of Tom40 in Parkinson’s 

patients and models is associated with α-synuclein accumulation. Additionally, Tom7 

and Tom70 are required for PINK1/Parkin-mediated mitophagy. (C) In Huntington’s 
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disease, mutant Huntingtin protein binds the TIM23 complex resulting in perturbed 

import and loss of membrane potential, ultimately causing mitochondrial dysfunction. 

Figure 3. Mitochondrial translocase subunits contribute to oncogenesis and 

tumour survival. Many subunits of the mitochondrial protein import machinery 

contribute to oncogenesis or tumour survival. (A) Both Mortalin and Mia40 respectively 

sequester the transcription factor, p53, within mitochondria and preclude its tumour 

suppressor role. This diminishes genome stability, facilitating oncogenic mutations. 

(B) Acylglycerol kinase (AGK) overexpression promotes AKT activation and regulation 

of transcription factors, FOXO1 and β-catenin, which results in unrestrained cell 

division and loss of cell-to-cell adhesion. Additionally, AGK produces lysophosphatidic 

acid (LPA) which accumulates at the plasma membrane and induces EGFR signalling 

to promote cell growth. Therefore, AGK contributes to the epithelial-to-mesenchymal 

transition that precedes tumour metastasis. (C) Increased Mia40 expression in 

cancers leads to stabilisation of HIF-1 via increased Complex IV assembly and activity. 

This promotes malignant cell survival in the hypoxic tumour environment.

Table 1: Mitochondrial import translocase subunit variants linked to mitochondrial disease.

Gene 

symbol

Protein name Disease(s) Pathogenic 

variants

Molecular 

consequence

Ref.

TOMM70 Mitochondrial import 

receptor subunit 

TOM70 (Tom70)

Multi-OXPHOS defect 

with anaemia and lactic 

acidosis; White-matter 

neurodevelopmental 

disorder

p.T265M, 

p.I554F, 

p.A582V, 

p.T607I

Decreased 

OXPHOS CI, 

CIV and CV 

abundance; 

decreased CIV 

activity

[82,83]

PAM16 Mitochondria-

associated 

granulocyte 

macrophage CSF 

signalling molecule 

(Magmas)

Spondylometaphyseal 

dysplasia, Megarbane-

Dagher-Melike type 

(SMDMDM)

p.Q74P, 

p.N76D

Unknown [85-88]

DNAJC19 DNAJ homolog, 

subfamily C, member 

19 (DNAJC19)

Dilated cardiomyopathy 

with ataxia (DCMA)

p.T11I, 

p.F17fs, 

p.Y21*, 

Unknown [89-93]
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p.Y98fs, 

p.A101fs

TIMM50 Mitochondrial import 

inner membrane 

translocase subunit 

TIM50 (Tim50)

3-methylglutaconic 

aciduria type IX 

(MGCA9)

p.S9*, 

p.G87A, 

p.S112*, 

p.R114Q, 

p.G190A, 

p.R217W, 

p.T252M, 

p.A222T, 

p.R239W, 

p.G269S

Decreased 

OXPHOS CI, CII 

and CIV 

abundance; 

increased ROS; 

decreased CV 

abundance

[97-99]

PMPCA Mitochondrial 

processing peptidase 

subunit alpha (MPPα)

Spinocerebellar ataxia 

autosomal recessive 2 

(SCAR2)

p.R22W, 

p.S96L, 

p.R185Q, 

p.V256M, 

p.G356S, 

p.A377T, 

p.A377V, 

p.G515R 

Unknown [100-

102]

PMPCB Mitochondrial 

processing peptidase 

subunit beta (MPPβ)

Multiple mitochondrial 

dysfunctions syndrome 6 

(MMD6)

p.R175C, 

p.R175H, 

p.V177G, 

p.A210P, 

p.I422T

Impaired matrix-

targeted import, 

defective Fe-S 

cluster 

biogenesis, 

decreased 

OXPHOS 

activity

[104]

MIPEP Mitochondrial 

intermediate 

peptidase (MIP)

Combined oxidative 

phosphorylation 

deficiency 31 

(COXPD31)

p.L71Q, 

p.R175C, 

p.L306F, 

p.K343E, 

p.E602*

Impaired 

OXPHOS 

subunit import

[105]

TIMM22 Mitochondrial import 

inner membrane 

translocase subunit 

Combined oxidative 

phosphorylation 

deficiency 43 

p.Y25*,

p.V33L

Loss of 

metabolite 

exchange; 

[106]
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22 (Tim22) (COXPD43) Decreased 

OXPHOS 

activity

AGK Acylglycerol kinase 

(AGK)

Sengers syndrome p.M1I, 

p.W24*, 

p.Y102*, 

p.E111Q, 

p.R137*, 

p.Q173*, 

p.I175fs, 

p.Y224*, 

p.R281*, 

p.Q291*, 

p.I346fs

Loss of 

metabolite 

exchange, 

perturbed one-

carbon 

metabolism

[107-

115]

TIMM8A Mitochondrial import 

inner membrane 

translocase subunit 

Tim8A (Tim8a)

Mohr-Tranebjærg 

syndrome/Deafness 

dystonia optic 

neuronopathy (DDON)

p.M1L, 

p.E24*, 

p.Q28X, 

p.Q38*, 

p.M39fs, 

p.C43fs, 

p.K50fs, 

p.C66W, 

p.R80*

Decreased 

OXPHOS CIV 

abundance, 

apoptotic 

sensitivity to 

mitochondrial 

ROS

[65,71,

116-

119]

AIFM1 Apoptosis-inducing 

factor 1, mitochondrial 

(AIF)

Cowchock syndrome; 

Combined oxidative 

phosphorylation 

deficiency 6 (COXPD6); 

Deafness X-linked 5 

(DFNX5); 

Spondyloepimetaphyseal 

dysplasia with 
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OXPHOS CI, 

CIII and CIV 

activity

[121-

133]

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

References

[1] Pfanner, N., Warscheid, B. and Wiedemann, N. (2019). Mitochondrial proteins: from 

biogenesis to functional networks. Nat Rev Mol Cell Biol 20, 267-284.

[2] Anderson, A.J., Jackson, T.D., Stroud, D.A. and Stojanovski, D. (2019). Mitochondria-

hubs for regulating cellular biochemistry: emerging concepts and networks. Open Biol 

9, 190126.

[3] Forner, F., Foster, L.J., Campanaro, S., Valle, G. and Mann, M. (2006). Quantitative 

proteomic comparison of rat mitochondria from muscle, heart, and liver. Mol Cell 

Proteomics 5, 608-19.

[4] Ron-Harel, N. et al. (2016). Mitochondrial Biogenesis and Proteome Remodeling 

Promote One-Carbon Metabolism for T Cell Activation. Cell Metab 24, 104-17.

[5] McCarron, J.G., Wilson, C., Sandison, M.E., Olson, M.L., Girkin, J.M., Saunter, C. and 

Chalmers, S. (2013). From structure to function: mitochondrial morphology, motion 

and shaping in vascular smooth muscle. J Vasc Res 50, 357-71.

[6] Mannella, C.A. (2020). Consequences of Folding the Mitochondrial Inner Membrane. 

Front Physiol 11, 536.

[7] Nielsen, J., Gejl, K.D., Hey-Mogensen, M., Holmberg, H.C., Suetta, C., Krustrup, P., 

Elemans, C.P.H. and Ortenblad, N. (2017). Plasticity in mitochondrial cristae density 

Axonal polyneuropathy; 

Cerebellar ataxia; 

Prenatal 

ventriculomegaly

GFER FAD-linked sulfhydryl 

oxidase ALR (ALR)

Mitochondrial 

progressive myopathy 

with congenital cataract 

and developmental delay 

(MPMCD)

p.R67fs, 

p.A73fs, 

p.C74fs, 

p.Q125*, 

p.S189*, 

p.R194H, 

p.R196C

Impaired 

oxidative 

folding, 

decreased 

OXPHOS CIV 

activity

[136-

139]

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

allows metabolic capacity modulation in human skeletal muscle. J Physiol 595, 2839-

2847.

[8] Morgenstern, M. et al. (2017). Definition of a High-Confidence Mitochondrial 

Proteome at Quantitative Scale. Cell Rep 19, 2836-2852.

[9] Stojanovski, D., Bohnert, M., Pfanner, N. and van der Laan, M. (2012). Mechanisms of 

protein sorting in mitochondria. Cold Spring Harb Perspect Biol 4

[10] Vyas, S., Zaganjor, E. and Haigis, M.C. (2016). Mitochondria and Cancer. Cell 166, 555-

566.

[11] Wang, Y., Xu, E., Musich, P.R. and Lin, F. (2019). Mitochondrial dysfunction in 

neurodegenerative diseases and the potential countermeasure. CNS Neurosci Ther 

25, 816-824.

[12] Frazier, A.E., Thorburn, D.R. and Compton, A.G. (2019). Mitochondrial energy 

generation disorders: genes, mechanisms, and clues to pathology. J Biol Chem 294, 

5386-5395.

[13] Chacinska, A., Koehler, C.M., Milenkovic, D., Lithgow, T. and Pfanner, N. (2009). 

Importing mitochondrial proteins: machineries and mechanisms. Cell 138, 628-44.

[14] Sokol, A.M., Sztolsztener, M.E., Wasilewski, M., Heinz, E. and Chacinska, A. (2014). 

Mitochondrial protein translocases for survival and wellbeing. FEBS Lett 588, 2484-95.

[15] Kang, Y., Fielden, L.F. and Stojanovski, D. (2018). Mitochondrial protein transport in 

health and disease. Semin Cell Dev Biol 76, 142-153.

[16] Wiedemann, N. and Pfanner, N. (2017). Mitochondrial Machineries for Protein Import 

and Assembly. Annu Rev Biochem 86, 685-714.

[17] Fox, T.D. (2012). Mitochondrial protein synthesis, import, and assembly. Genetics 192, 

1203-34.

[18] Shiota, T. et al. (2015). Molecular architecture of the active mitochondrial protein 

gate. Science 349, 1544-8.

[19] Jackson, T.D., Palmer, C.S. and Stojanovski, D. (2018). Mitochondrial diseases caused 

by dysfunctional mitochondrial protein import. Biochem Soc Trans 46, 1225-1238.

[20] Araiso, Y. et al. (2019). Structure of the mitochondrial import gate reveals distinct 

preprotein paths. Nature 575, 395-401.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[21] Bausewein, T., Mills, D.J., Langer, J.D., Nitschke, B., Nussberger, S. and Kuhlbrandt, W. 

(2017). Cryo-EM Structure of the TOM Core Complex from Neurospora crassa. Cell 

170, 693-700 e7.

[22] Tucker, K. and Park, E. (2019). Cryo-EM structure of the mitochondrial protein-import 

channel TOM complex at near-atomic resolution. Nat Struct Mol Biol 26, 1158-1166.

[23] Backes, S., Hess, S., Boos, F., Woellhaf, M.W., Godel, S., Jung, M., Muhlhaus, T. and 

Herrmann, J.M. (2018). Tom70 enhances mitochondrial preprotein import efficiency 

by binding to internal targeting sequences. J Cell Biol 217, 1369-1382.

[24] Yano, M., Kanazawa, M., Terada, K., Takeya, M., Hoogenraad, N. and Mori, M. (1998). 

Functional analysis of human mitochondrial receptor Tom20 for protein import into 

mitochondria. J Biol Chem 273, 26844-51.

[25] Yamamoto, H. et al. (2011). Dual role of the receptor Tom20 in specificity and 

efficiency of protein import into mitochondria. Proc Natl Acad Sci U S A 108, 91-6.

[26] Fan, A.C., Kozlov, G., Hoegl, A., Marcellus, R.C., Wong, M.J., Gehring, K. and Young, J.C. 

(2011). Interaction between the human mitochondrial import receptors Tom20 and 

Tom70 in vitro suggests a chaperone displacement mechanism. J Biol Chem 286, 

32208-19.

[27] Yano, M., Hoogenraad, N., Terada, K. and Mori, M. (2000). Identification and 

functional analysis of human Tom22 for protein import into mitochondria. Mol Cell 

Biol 20, 7205-13.

[28] van Wilpe, S. et al. (1999). Tom22 is a multifunctional organizer of the mitochondrial 

preprotein translocase. Nature 401, 485-9.

[29] Johnston, A.J., Hoogenraad, J., Dougan, D.A., Truscott, K.N., Yano, M., Mori, M., 

Hoogenraad, N.J. and Ryan, M.T. (2002). Insertion and assembly of human tom7 into 

the preprotein translocase complex of the outer mitochondrial membrane. J Biol 

Chem 277, 42197-204.

[30] Kato, H. and Mihara, K. (2008). Identification of Tom5 and Tom6 in the preprotein 

translocase complex of human mitochondrial outer membrane. Biochem Biophys Res 

Commun 369, 958-63.

[31] Kozjak-Pavlovic, V., Ross, K., Benlasfer, N., Kimmig, S., Karlas, A. and Rudel, T. (2007). 

Conserved roles of Sam50 and metaxins in VDAC biogenesis. EMBO Rep 8, 576-82.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[32] Humphries, A.D., Streimann, I.C., Stojanovski, D., Johnston, A.J., Yano, M., 

Hoogenraad, N.J. and Ryan, M.T. (2005). Dissection of the mitochondrial import and 

assembly pathway for human Tom40. J Biol Chem 280, 11535-43.

[33] Abdul, K.M., Terada, K., Yano, M., Ryan, M.T., Streimann, I., Hoogenraad, N.J. and 

Mori, M. (2000). Functional analysis of human metaxin in mitochondrial protein 

import in cultured cells and its relationship with the Tom complex. Biochem Biophys 

Res Commun 276, 1028-34.

[34] Armstrong, L.C., Komiya, T., Bergman, B.E., Mihara, K. and Bornstein, P. (1997). 

Metaxin is a component of a preprotein import complex in the outer membrane of 

the mammalian mitochondrion. J Biol Chem 272, 6510-8.

[35] Armstrong, L.C., Saenz, A.J. and Bornstein, P. (1999). Metaxin 1 interacts with metaxin 

2, a novel related protein associated with the mammalian mitochondrial outer 

membrane. J Cell Biochem 74, 11-22.

[36] Xie, J., Marusich, M.F., Souda, P., Whitelegge, J. and Capaldi, R.A. (2007). The 

mitochondrial inner membrane protein mitofilin exists as a complex with SAM50, 

metaxins 1 and 2, coiled-coil-helix coiled-coil-helix domain-containing protein 3 and 6 

and DnaJC11. FEBS Lett 581, 3545-9.

[37] Ott, C. et al. (2012). Sam50 functions in mitochondrial intermembrane space bridging 

and biogenesis of respiratory complexes. Mol Cell Biol 32, 1173-88.

[38] Ott, C., Dorsch, E., Fraunholz, M., Straub, S. and Kozjak-Pavlovic, V. (2015). Detailed 

analysis of the human mitochondrial contact site complex indicate a hierarchy of 

subunits. PLoS One 10, e0120213.

[39] Ding, C. et al. (2015). Mitofilin and CHCHD6 physically interact with Sam50 to sustain 

cristae structure. Sci Rep 5, 16064.

[40] Huynen, M.A., Muhlmeister, M., Gotthardt, K., Guerrero-Castillo, S. and Brandt, U. 

(2016). Evolution and structural organization of the mitochondrial contact site 

(MICOS) complex and the mitochondrial intermembrane space bridging (MIB) 

complex. Biochim Biophys Acta 1863, 91-101.

[41] Tang, J. et al. (2020). Sam50-Mic19-Mic60 axis determines mitochondrial cristae 

architecture by mediating mitochondrial outer and inner membrane contact. Cell 

Death Differ 27, 146-160.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[42] Mokranjac, D. and Neupert, W. (2010). The many faces of the mitochondrial TIM23 

complex. Biochim Biophys Acta 1797, 1045-54.

[43] Pfanner, N. (2000). Protein sorting: recognizing mitochondrial presequences. Curr Biol 

10, R412-5.

[44] Calvo, S.E., Julien, O., Clauser, K.R., Shen, H., Kamer, K.J., Wells, J.A. and Mootha, V.K. 

(2017). Comparative Analysis of Mitochondrial N-Termini from Mouse, Human, and 

Yeast. Mol Cell Proteomics 16, 512-523.

[45] Kaldi, K., Bauer, M.F., Sirrenberg, C., Neupert, W. and Brunner, M. (1998). Biogenesis 

of Tim23 and Tim17, integral components of the TIM machinery for matrix-targeted 

preproteins. EMBO J 17, 1569-76.

[46] Schulz, C. et al. (2011). Tim50's presequence receptor domain is essential for signal 

driven transport across the TIM23 complex. J Cell Biol 195, 643-56.

[47] Bauer, M.F. et al. (1999). Genetic and structural characterization of the human 

mitochondrial inner membrane translocase. J Mol Biol 289, 69-82.

[48] Sinha, D., Srivastava, S., Krishna, L. and D'Silva, P. (2014). Unraveling the intricate 

organization of mammalian mitochondrial presequence translocases: existence of 

multiple translocases for maintenance of mitochondrial function. Mol Cell Biol 34, 

1757-75.

[49] Sinha, D., Joshi, N., Chittoor, B., Samji, P. and D'Silva, P. (2010). Role of Magmas in 

protein transport and human mitochondria biogenesis. Hum Mol Genet 19, 1248-62.

[50] Sinha, D., Srivastava, S. and D'Silva, P. (2016). Functional Diversity of Human 

Mitochondrial J-proteins Is Independent of Their Association with the Inner 

Membrane Presequence Translocase. J Biol Chem 291, 17345-59.

[51] Naylor, D.J., Stines, A.P., Hoogenraad, N.J. and Hoj, P.B. (1998). Evidence for the 

existence of distinct mammalian cytosolic, microsomal, and two mitochondrial GrpE-

like proteins, the Co-chaperones of specific Hsp70 members. J Biol Chem 273, 21169-

77.

[52] Gakh, O., Cavadini, P. and Isaya, G. (2002). Mitochondrial processing peptidases. 

Biochim Biophys Acta 1592, 63-77.

[53] Dvorakova-Hola, K. et al. (2010). Glycine-rich loop of mitochondrial processing 

peptidase alpha-subunit is responsible for substrate recognition by a mechanism 

analogous to mitochondrial receptor Tom20. J Mol Biol 396, 1197-210.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[54] Kucukkose, C., Taskin, A.A., Marada, A., Brummer, T., Dennerlein, S. and Vogtle, F.N. 

(2020). Functional coupling of presequence processing and degradation in human 

mitochondria. FEBS J 

[55] Kitada, S., Shimokata, K., Niidome, T., Ogishima, T. and Ito, A. (1995). A putative metal-

binding site in the beta subunit of rat mitochondrial processing peptidase is essential 

for its catalytic activity. J Biochem 117, 1148-50.

[56] Poveda-Huertes, D., Mulica, P. and Vogtle, F.N. (2017). The versatility of the 

mitochondrial presequence processing machinery: cleavage, quality control and 

turnover. Cell Tissue Res 367, 73-81.

[57] Richter, F. et al. (2019). ROMO1 is a constituent of the human presequence 

translocase required for YME1L protease import. J Cell Biol 218, 598-614.

[58] Mick, D.U. et al. (2012). MITRAC links mitochondrial protein translocation to 

respiratory-chain assembly and translational regulation. Cell 151, 1528-41.

[59] Kang, Y. et al. (2016). Tim29 is a novel subunit of the human TIM22 translocase and is 

involved in complex assembly and stability. Elife 5, e17463.

[60] Vukotic, M., Nolte, H., Konig, T., Saita, S., Ananjew, M., Kruger, M., Tatsuta, T. and 

Langer, T. (2017). Acylglycerol Kinase Mutated in Sengers Syndrome Is a Subunit of the 

TIM22 Protein Translocase in Mitochondria. Mol Cell 67, 471-483 e7.

[61] Kang, Y. et al. (2017). Sengers Syndrome-Associated Mitochondrial Acylglycerol Kinase 

Is a Subunit of the Human TIM22 Protein Import Complex. Mol Cell 67, 457-470 e5.

[62] Callegari, S. et al. (2016). TIM29 is a subunit of the human carrier translocase required 

for protein transport. FEBS Lett 590, 4147-4158.

[63] Bauer, M.F., Rothbauer, U., Muhlenbein, N., Smith, R.J., Gerbitz, K., Neupert, W., 

Brunner, M. and Hofmann, S. (1999). The mitochondrial TIM22 preprotein translocase 

is highly conserved throughout the eukaryotic kingdom. FEBS Lett 464, 41-7.

[64] Ferramosca, A. and Zara, V. (2013). Biogenesis of mitochondrial carrier proteins: 

molecular mechanisms of import into mitochondria. Biochim Biophys Acta 1833, 494-

502.

[65] Koehler, C.M., Leuenberger, D., Merchant, S., Renold, A., Junne, T. and Schatz, G. 

(1999). Human deafness dystonia syndrome is a mitochondrial disease. Proc Natl Acad 

Sci U S A 96, 2141-6.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[66] Rothbauer, U., Hofmann, S., Muhlenbein, N., Paschen, S.A., Gerbitz, K.D., Neupert, W., 

Brunner, M. and Bauer, M.F. (2001). Role of the deafness dystonia peptide 1 (DDP1) 

in import of human Tim23 into the inner membrane of mitochondria. J Biol Chem 276, 

37327-34.

[67] Muhlenbein, N., Hofmann, S., Rothbauer, U. and Bauer, M.F. (2004). Organization and 

function of the small Tim complexes acting along the import pathway of metabolite 

carriers into mammalian mitochondria. J Biol Chem 279, 13540-6.

[68] Jin, H., Kendall, E., Freeman, T.C., Roberts, R.G. and Vetrie, D.L. (1999). The human 

family of Deafness/Dystonia peptide (DDP) related mitochondrial import proteins. 

Genomics 61, 259-67.

[69] Endo, T., Yamano, K. and Kawano, S. (2011). Structural insight into the mitochondrial 

protein import system. Biochim Biophys Acta 1808, 955-70.

[70] Qi, L., Wang, Q., Guan, Z., Wu, Y., Cao, J., Zhang, X., Yan, C. and Yin, P. (2019). Cryo-EM 

Structure of the Human Mitochondrial Translocase TIM22 Complex. 

[71] Kang, Y. et al. (2019). Function of hTim8a in complex IV assembly in neuronal cells 

provides insight into pathomechanism underlying Mohr-Tranebjaerg syndrome. Elife 

8

[72] Mordas, A. and Tokatlidis, K. (2015). The MIA pathway: a key regulator of 

mitochondrial oxidative protein folding and biogenesis. Acc Chem Res 48, 2191-9.

[73] Hofmann, S., Rothbauer, U., Muhlenbein, N., Baiker, K., Hell, K. and Bauer, M.F. (2005). 

Functional and mutational characterization of human MIA40 acting during import into 

the mitochondrial intermembrane space. J Mol Biol 353, 517-28.

[74] Hangen, E. et al. (2015). Interaction between AIF and CHCHD4 Regulates Respiratory 

Chain Biogenesis. Mol Cell 58, 1001-14.

[75] Fischer, M. et al. (2013). Protein import and oxidative folding in the mitochondrial 

intermembrane space of intact mammalian cells. Mol Biol Cell 24, 2160-70.

[76] Banci, L. et al. (2009). MIA40 is an oxidoreductase that catalyzes oxidative protein 

folding in mitochondria. Nat Struct Mol Biol 16, 198-206.

[77] Sztolsztener, M.E., Brewinska, A., Guiard, B. and Chacinska, A. (2013). Disulfide bond 

formation: sulfhydryl oxidase ALR controls mitochondrial biogenesis of human MIA40. 

Traffic 14, 309-20.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[78] Farrell, S.R. and Thorpe, C. (2005). Augmenter of liver regeneration: a flavin-

dependent sulfhydryl oxidase with cytochrome c reductase activity. Biochemistry 44, 

1532-41.

[79] Bihlmaier, K., Mesecke, N., Terziyska, N., Bien, M., Hell, K. and Herrmann, J.M. (2007). 

The disulfide relay system of mitochondria is connected to the respiratory chain. J Cell 

Biol 179, 389-95.

[80] Avula, S., Parikh, S., Demarest, S., Kurz, J. and Gropman, A. (2014). Treatment of 

mitochondrial disorders. Curr Treat Options Neurol 16, 292.

[81] Slone, J. and Huang, T. (2020). The special considerations of gene therapy for 

mitochondrial diseases. NPJ Genom Med 5, 7.

[82] Dutta, D. et al. (2020). De novo mutations in TOMM70, a receptor of the mitochondrial 

import translocase, cause neurological impairment. Hum Mol Genet 29, 1568-1579.

[83] Wei, X. et al. (2020). Mutations in TOMM70 lead to multi-OXPHOS deficiencies and 

cause severe anemia, lactic acidosis, and developmental delay. J Hum Genet 65, 231-

240.

[84] Chan, N.C., Likic, V.A., Waller, R.F., Mulhern, T.D. and Lithgow, T. (2006). The C-

terminal TPR domain of Tom70 defines a family of mitochondrial protein import 

receptors found only in animals and fungi. J Mol Biol 358, 1010-22.

[85] Megarbane, A., Dagher, R. and Melki, I. (2008). Sib pair with previously unreported 

skeletal dysplasia. Am J Med Genet A 146A, 2916-9.

[86] Megarbane, A., Mehawej, C., El Zahr, A., Haddad, S. and Cormier-Daire, V. (2014). A 

second family with autosomal recessive spondylometaphyseal dysplasia and early 

death. Am J Med Genet A 164A, 1010-4.

[87] Mehawej, C. et al. (2014). The impairment of MAGMAS function in human is 

responsible for a severe skeletal dysplasia. PLoS Genet 10, e1004311.

[88] Moosa, S., Fano, V., Obregon, M.G., Altmuller, J., Thiele, H., Nurnberg, P., Nishimura, 

G. and Wollnik, B. (2016). A novel homozygous PAM16 mutation in a patient with a 

milder phenotype and longer survival. Am J Med Genet A 170, 2436-9.

[89] Al Teneiji, A., Siriwardena, K., George, K., Mital, S. and Mercimek-Mahmutoglu, S. 

(2016). Progressive Cerebellar Atrophy and a Novel Homozygous Pathogenic DNAJC19 

Variant as a Cause of Dilated Cardiomyopathy Ataxia Syndrome. Pediatr Neurol 62, 

58-61.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[90] Davey, K.M. et al. (2006). Mutation of DNAJC19, a human homologue of yeast inner 

mitochondrial membrane co-chaperones, causes DCMA syndrome, a novel autosomal 

recessive Barth syndrome-like condition. J Med Genet 43, 385-93.

[91] Ojala, T., Polinati, P., Manninen, T., Hiippala, A., Rajantie, J., Karikoski, R., 

Suomalainen, A. and Tyni, T. (2012). New mutation of mitochondrial DNAJC19 causing 

dilated and noncompaction cardiomyopathy, anemia, ataxia, and male genital 

anomalies. Pediatr Res 72, 432-7.

[92] Sparkes, R., Patton, D. and Bernier, F. (2007). Cardiac features of a novel autosomal 

recessive dilated cardiomyopathic syndrome due to defective importation of 

mitochondrial protein. Cardiol Young 17, 215-7.

[93] Ucar, S.K., Mayr, J.A., Feichtinger, R.G., Canda, E., Coker, M. and Wortmann, S.B. 

(2017). Previously Unreported Biallelic Mutation in DNAJC19: Are Sensorineural 

Hearing Loss and Basal Ganglia Lesions Additional Features of Dilated Cardiomyopathy 

and Ataxia (DCMA) Syndrome? JIMD Rep 35, 39-45.

[94] Wortmann, S.B. et al. (2009). Biochemical and genetic analysis of 3-methylglutaconic 

aciduria type IV: a diagnostic strategy. Brain 132, 136-46.

[95] Richter-Dennerlein, R. et al. (2014). DNAJC19, a mitochondrial cochaperone 

associated with cardiomyopathy, forms a complex with prohibitins to regulate 

cardiolipin remodeling. Cell Metab 20, 158-71.

[96] Signorile, A., Sgaramella, G., Bellomo, F. and De Rasmo, D. (2019). Prohibitins: A 

Critical Role in Mitochondrial Functions and Implication in Diseases. Cells 8, e71.

[97] Reyes, A., Melchionda, L., Burlina, A., Robinson, A.J., Ghezzi, D. and Zeviani, M. (2018). 

Mutations in TIMM50 compromise cell survival in OxPhos-dependent metabolic 

conditions. EMBO Mol Med 10, e8698.

[98] Shahrour, M.A. et al. (2017). Mitochondrial epileptic encephalopathy, 3-

methylglutaconic aciduria and variable complex V deficiency associated with TIMM50 

mutations. Clin Genet 91, 690-696.

[99] Tort, F. et al. (2019). Mutations in TIMM50 cause severe mitochondrial dysfunction by 

targeting key aspects of mitochondrial physiology. Hum Mutat 40, 1700-1712.

[100] Choquet, K. et al. (2016). Autosomal recessive cerebellar ataxia caused by a 

homozygous mutation in PMPCA. Brain 139, e19.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[101] Jobling, R.K. et al. (2015). PMPCA mutations cause abnormal mitochondrial protein 

processing in patients with non-progressive cerebellar ataxia. Brain 138, 1505-17.

[102] Joshi, M. et al. (2016). Mutations in the substrate binding glycine-rich loop of the 

mitochondrial processing peptidase-alpha protein (PMPCA) cause a severe 

mitochondrial disease. Cold Spring Harb Mol Case Stud 2, a000786.

[103] Clark, E. et al. (2018). Role of frataxin protein deficiency and metabolic dysfunction in 

Friedreich ataxia, an autosomal recessive mitochondrial disease. Neuronal Signal 2, 

NS20180060.

[104] Vogtle, F.N. et al. (2018). Mutations in PMPCB Encoding the Catalytic Subunit of the 

Mitochondrial Presequence Protease Cause Neurodegeneration in Early Childhood. 

Am J Hum Genet 102, 557-573.

[105] Eldomery, M.K. et al. (2016). MIPEP recessive variants cause a syndrome of left 

ventricular non-compaction, hypotonia, and infantile death. Genome Med 8, 106.

[106] Pacheu-Grau, D. et al. (2018). Mutations of the mitochondrial carrier translocase 

channel subunit TIM22 cause early-onset mitochondrial myopathy. Hum Mol Genet 

27, 4135-4144.

[107] Aldahmesh, M.A., Khan, A.O., Mohamed, J.Y., Alghamdi, M.H. and Alkuraya, F.S. 

(2012). Identification of a truncation mutation of acylglycerol kinase (AGK) gene in a 

novel autosomal recessive cataract locus. Hum Mutat 33, 960-2.

[108] Allali, S., Dorboz, I., Samaan, S., Slama, A., Rambaud, C., Boespflug-Tanguy, O. and 

Sarret, C. (2017). Mutation in the AGK gene in two siblings with unusual Sengers 

syndrome. Metab Brain Dis 32, 2149-2154.

[109] Beck, D.B., Cusmano-Ozog, K., Andescavage, N. and Leon, E. (2018). Extending the 

phenotypic spectrum of Sengers syndrome: Congenital lactic acidosis with synthetic 

liver dysfunction. Transl Sci Rare Dis 3, 45-48.

[110] Calvo, S.E. et al. (2012). Molecular diagnosis of infantile mitochondrial disease with 

targeted next-generation sequencing. Sci Transl Med 4, 118ra10.

[111] Haghighi, A. et al. (2014). Sengers syndrome: six novel AGK mutations in seven new 

families and review of the phenotypic and mutational spectrum of 29 patients. 

Orphanet J Rare Dis 9, 119.

[112] Mayr, J.A. et al. (2012). Lack of the mitochondrial protein acylglycerol kinase causes 

Sengers syndrome. Am J Hum Genet 90, 314-20.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[113] Siriwardena, K. et al. (2013). Mitochondrial citrate synthase crystals: novel finding in 

Sengers syndrome caused by acylglycerol kinase (AGK) mutations. Mol Genet Metab 

108, 40-50.

[114] Khatter, S., Puri, R.D., Bijarnia-Mahay, S., Aggarwal, M., Ramprasad, V., Saxena, R. and 

Verma, I.C. (2017). Sengers syndrome in Asian Indians–two novel mutations and 

variant phenotype-genotype correlation. Translational Science of Rare Diseases 2, 

157-164.

[115] Kor, D., Yilmaz, B., Horoz, O., Ceylaner, G., Sizmaz, S. and Demir, F. (2016). Two novel 

mutations in the AGK gene: two case reports with Sengers syndrome. Gene Technol 5

[116] Jin, H. et al. (1996). A novel X-linked gene, DDP, shows mutations in families with 

deafness (DFN-1), dystonia, mental deficiency and blindness. Nat Genet 14, 177-80.

[117] Tranebjaerg, L., Hamel, B.C., Gabreels, F.J., Renier, W.O. and Van Ghelue, M. (2000). 

A de novo missense mutation in a critical domain of the X-linked DDP gene causes the 

typical deafness-dystonia-optic atrophy syndrome. Eur J Hum Genet 8, 464-7.

[118] Tranebjaerg, L. et al. (1995). A new X linked recessive deafness syndrome with 

blindness, dystonia, fractures, and mental deficiency is linked to Xq22. J Med Genet 

32, 257-63.

[119] Ujike, H., Tanabe, Y., Takehisa, Y., Hayabara, T. and Kuroda, S. (2001). A family with X-

linked dystonia-deafness syndrome with a novel mutation of the DDP gene. Arch 

Neurol 58, 1004-7.

[120] Susin, S.A. et al. (1999). Molecular characterization of mitochondrial apoptosis-

inducing factor. Nature 397, 441-6.

[121] Berger, I. et al. (2011). Early prenatal ventriculomegaly due to an AIFM1 mutation 

identified by linkage analysis and whole exome sequencing. Mol Genet Metab 104, 

517-20.

[122] Heimer, G. et al. (2018). Mutations in AIFM1 cause an X-linked childhood cerebellar 

ataxia partially responsive to riboflavin. Eur J Paediatr Neurol 22, 93-101.

[123] Bogdanova-Mihaylova, P., Alexander, M.D., Murphy, R.P., Chen, H., Healy, D.G., 

Walsh, R.A. and Murphy, S.M. (2019). Clinical spectrum of AIFM1-associated disease 

in an Irish family, from mild neuropathy to severe cerebellar ataxia with colour 

blindness. J Peripher Nerv Syst 24, 348-353.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[124] Rinaldi, C. et al. (2012). Cowchock syndrome is associated with a mutation in 

apoptosis-inducing factor. Am J Hum Genet 91, 1095-102.

[125] Mierzewska, H. et al. (2017). Spondyloepimetaphyseal dysplasia with 

neurodegeneration associated with AIFM1 mutation - a novel phenotype of the 

mitochondrial disease. Clin Genet 91, 30-37.

[126] Miyake, N. et al. (2017). X-linked hypomyelination with spondylometaphyseal 

dysplasia (H-SMD) associated with mutations in AIFM1. Neurogenetics 18, 185-194.

[127] Ardissone, A. et al. (2015). A slowly progressive mitochondrial encephalomyopathy 

widens the spectrum of AIFM1 disorders. Neurology 84, 2193-5.

[128] Kettwig, M. et al. (2015). From ventriculomegaly to severe muscular atrophy: 

expansion of the clinical spectrum related to mutations in AIFM1. Mitochondrion 21, 

12-8.

[129] Ghezzi, D. et al. (2010). Severe X-linked mitochondrial encephalomyopathy associated 

with a mutation in apoptosis-inducing factor. Am J Hum Genet 86, 639-49.

[130] Zong, L. et al. (2015). Mutations in apoptosis-inducing factor cause X-linked recessive 

auditory neuropathy spectrum disorder. J Med Genet 52, 523-31.

[131] Hu, B., Wang, M., Castoro, R., Simmons, M., Dortch, R., Yawn, R. and Li, J. (2017). A 

novel missense mutation in AIFM1 results in axonal polyneuropathy and misassembly 

of OXPHOS complexes. Eur J Neurol 24, 1499-1506.

[132] Pandolfo, M., Rai, M., Remiche, G., Desmyter, L. and Vandernoot, I. (2020). Cerebellar 

ataxia, neuropathy, hearing loss, and intellectual disability due to AIFM1 mutation. 

Neurol Genet 6, e420.

[133] Diodato, D. et al. (2016). A novel AIFM1 mutation expands the phenotype to an 

infantile motor neuron disease. Eur J Hum Genet 24, 463-6.

[134] Modjtahedi, N. and Kroemer, G. (2016). CHCHD4 links AIF to the biogenesis of 

respiratory chain complex I. Mol Cell Oncol 3, e1074332.

[135] Cheung, E.C. et al. (2006). Dissociating the dual roles of apoptosis-inducing factor in 

maintaining mitochondrial structure and apoptosis. EMBO J 25, 4061-73.

[136] Calderwood, L., Holm, I.A., Teot, L.A. and Anselm, I. (2016). Adrenal Insufficiency in 

Mitochondrial Disease: A Rare Case of GFER-Related Mitochondrial 

Encephalomyopathy and Review of the Literature. J Child Neurol 31, 190-4.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[137] Di Fonzo, A. et al. (2009). The mitochondrial disulfide relay system protein GFER is 

mutated in autosomal-recessive myopathy with cataract and combined respiratory-

chain deficiency. Am J Hum Genet 84, 594-604.

[138] Nambot, S. et al. (2017). Further delineation of a rare recessive encephalomyopathy 

linked to mutations in GFER thanks to data sharing of whole exome sequencing data. 

Clin Genet 92, 188-198.

[139] Thevenon, J. et al. (2016). Diagnostic odyssey in severe neurodevelopmental 

disorders: toward clinical whole-exome sequencing as a first-line diagnostic test. Clin 

Genet 89, 700-7.

[140] Mandal, A. and Drerup, C.M. (2019). Axonal Transport and Mitochondrial Function in 

Neurons. Front Cell Neurosci 13, 373.

[141] Johri, A. and Beal, M.F. (2012). Mitochondrial dysfunction in neurodegenerative 

diseases. J Pharmacol Exp Ther 342, 619-30.

[142] Franco-Iborra, S., Vila, M. and Perier, C. (2018). Mitochondrial Quality Control in 

Neurodegenerative Diseases: Focus on Parkinson's Disease and Huntington's Disease. 

Front Neurosci 12, 342.

[143] O'Brien, R.J. and Wong, P.C. (2011). Amyloid precursor protein processing and 

Alzheimer's disease. Annu Rev Neurosci 34, 185-204.

[144] Wang, S., Mims, P.N., Roman, R.J. and Fan, F. (2016). Is Beta-Amyloid Accumulation a 

Cause or Consequence of Alzheimer's Disease? J Alzheimers Parkinsonism Dement 1

[145] Anandatheerthavarada, H.K., Biswas, G., Robin, M.A. and Avadhani, N.G. (2003). 

Mitochondrial targeting and a novel transmembrane arrest of Alzheimer's amyloid 

precursor protein impairs mitochondrial function in neuronal cells. J Cell Biol 161, 41-

54.

[146] Devi, L., Prabhu, B.M., Galati, D.F., Avadhani, N.G. and Anandatheerthavarada, H.K. 

(2006). Accumulation of amyloid precursor protein in the mitochondrial import 

channels of human Alzheimer's disease brain is associated with mitochondrial 

dysfunction. J Neurosci 26, 9057-68.

[147] Hansson Petersen, C.A. et al. (2008). The amyloid beta-peptide is imported into 

mitochondria via the TOM import machinery and localized to mitochondrial cristae. 

Proc Natl Acad Sci U S A 105, 13145-50.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[148] Cenini, G., Rub, C., Bruderek, M. and Voos, W. (2016). Amyloid beta-peptides interfere 

with mitochondrial preprotein import competence by a coaggregation process. Mol 

Biol Cell 27, 3257-3272.

[149] Fang, D. et al. (2015). Increased neuronal PreP activity reduces Abeta accumulation, 

attenuates neuroinflammation and improves mitochondrial and synaptic function in 

Alzheimer disease's mouse model. Hum Mol Genet 24, 5198-210.

[150] Mossmann, D. et al. (2014). Amyloid-beta peptide induces mitochondrial dysfunction 

by inhibition of preprotein maturation. Cell Metab 20, 662-9.

[151] Park, S.J. et al. (2014). Down-regulation of mortalin exacerbates Abeta-mediated 

mitochondrial fragmentation and dysfunction. J Biol Chem 289, 2195-204.

[152] Johnson, S.C. et al. (2011). The effect of TOMM40 poly-T length on gray matter volume 

and cognition in middle-aged persons with APOE epsilon3/epsilon3 genotype. 

Alzheimers Dement 7, 456-65.

[153] Roses, A.D., Lutz, M.W., Crenshaw, D.G., Grossman, I., Saunders, A.M. and Gottschalk, 

W.K. (2013). TOMM40 and APOE: Requirements for replication studies of association 

with age of disease onset and enrichment of a clinical trial. Alzheimers Dement 9, 132-

6.

[154] Hayden, K.M. et al. (2012). A homopolymer polymorphism in the TOMM40 gene 

contributes to cognitive performance in aging. Alzheimers Dement 8, 381-8.

[155] Zeitlow, K. et al. (2017). The biological foundation of the genetic association of 

TOMM40 with late-onset Alzheimer's disease. Biochim Biophys Acta Mol Basis Dis 

1863, 2973-2986.

[156] Lyall, D.M. et al. (2013). Alzheimer's disease susceptibility genes APOE and TOMM40, 

and hippocampal volumes in the Lothian birth cohort 1936. PLoS One 8, e80513.

[157] Hedskog, L. et al. (2012). Biochemical studies of poly-T variants in the Alzheimer's 

disease associated TOMM40 gene. J Alzheimers Dis 31, 527-36.

[158] Nakamura, T., Watanabe, A., Fujino, T., Hosono, T. and Michikawa, M. (2009). 

Apolipoprotein E4 (1-272) fragment is associated with mitochondrial proteins and 

affects mitochondrial function in neuronal cells. Mol Neurodegener 4, 35.

[159] Corti, O., Lesage, S. and Brice, A. (2011). What genetics tells us about the causes and 

mechanisms of Parkinson's disease. Physiol Rev 91, 1161-218.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[160] Pickrell, A.M. and Youle, R.J. (2015). The roles of PINK1, parkin, and mitochondrial 

fidelity in Parkinson's disease. Neuron 85, 257-73.

[161] Jin, S.M., Lazarou, M., Wang, C., Kane, L.A., Narendra, D.P. and Youle, R.J. (2010). 

Mitochondrial membrane potential regulates PINK1 import and proteolytic 

destabilization by PARL. J Cell Biol 191, 933-42.

[162] Lazarou, M., Jin, S.M., Kane, L.A. and Youle, R.J. (2012). Role of PINK1 binding to the 

TOM complex and alternate intracellular membranes in recruitment and activation of 

the E3 ligase Parkin. Dev Cell 22, 320-33.

[163] Vives-Bauza, C. et al. (2010). PINK1-dependent recruitment of Parkin to mitochondria 

in mitophagy. Proc Natl Acad Sci U S A 107, 378-83.

[164] Okatsu, K., Kimura, M., Oka, T., Tanaka, K. and Matsuda, N. (2015). Unconventional 

PINK1 localization to the outer membrane of depolarized mitochondria drives Parkin 

recruitment. J Cell Sci 128, 964-78.

[165] Bertolin, G. et al. (2013). The TOMM machinery is a molecular switch in PINK1 and 

PARK2/PARKIN-dependent mitochondrial clearance. Autophagy 9, 1801-17.

[166] Okatsu, K., Iemura, S., Koyano, F., Go, E., Kimura, M., Natsume, T., Tanaka, K. and 

Matsuda, N. (2012). Mitochondrial hexokinase HKI is a novel substrate of the Parkin 

ubiquitin ligase. Biochem Biophys Res Commun 428, 197-202.

[167] Hasson, S.A. et al. (2013). High-content genome-wide RNAi screens identify regulators 

of parkin upstream of mitophagy. Nature 504, 291-5.

[168] Jacoupy, M. et al. (2019). The PINK1 kinase-driven ubiquitin ligase Parkin promotes 

mitochondrial protein import through the presequence pathway in living cells. Sci Rep 

9, 11829.

[169] Sekine, S. and Youle, R.J. (2018). PINK1 import regulation; a fine system to convey 

mitochondrial stress to the cytosol. BMC Biol 16, 2.

[170] Bingol, B. et al. (2014). The mitochondrial deubiquitinase USP30 opposes parkin-

mediated mitophagy. Nature 510, 370-5.

[171] Cunningham, C.N. et al. (2015). USP30 and parkin homeostatically regulate atypical 

ubiquitin chains on mitochondria. Nat Cell Biol 17, 160-9.

[172] Phu, L., Rose, C.M., Tea, J.S., Wall, C.E., Verschueren, E., Cheung, T.K., Kirkpatrick, D.S. 

and Bingol, B. (2020). Dynamic Regulation of Mitochondrial Import by the Ubiquitin 

System. Mol Cell 77, 1107-1123 e10.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[173] Chan, N.C., Salazar, A.M., Pham, A.H., Sweredoski, M.J., Kolawa, N.J., Graham, R.L., 

Hess, S. and Chan, D.C. (2011). Broad activation of the ubiquitin-proteasome system 

by Parkin is critical for mitophagy. Hum Mol Genet 20, 1726-37.

[174] Kato, H., Lu, Q., Rapaport, D. and Kozjak-Pavlovic, V. (2013). Tom70 is essential for 

PINK1 import into mitochondria. PLoS One 8, e58435.

[175] Sekine, S., Wang, C., Sideris, D.P., Bunker, E., Zhang, Z. and Youle, R.J. (2019). 

Reciprocal Roles of Tom7 and OMA1 during Mitochondrial Import and Activation of 

PINK1. Mol Cell 73, 1028-1043 e5.

[176] Stefanis, L. (2012). alpha-Synuclein in Parkinson's disease. Cold Spring Harb Perspect 

Med 2, a009399.

[177] Bender, A. et al. (2013). TOM40 mediates mitochondrial dysfunction induced by alpha-

synuclein accumulation in Parkinson's disease. PLoS One 8, e62277.

[178] Devi, L., Raghavendran, V., Prabhu, B.M., Avadhani, N.G. and Anandatheerthavarada, 

H.K. (2008). Mitochondrial import and accumulation of alpha-synuclein impair 

complex I in human dopaminergic neuronal cultures and Parkinson disease brain. J 

Biol Chem 283, 9089-100.

[179] Franco-Iborra, S., Cuadros, T., Parent, A., Romero-Gimenez, J., Vila, M. and Perier, C. 

(2018). Defective mitochondrial protein import contributes to complex I-induced 

mitochondrial dysfunction and neurodegeneration in Parkinson's disease. Cell Death 

Dis 9, 1122.

[180] Di Maio, R. et al. (2016). alpha-Synuclein binds to TOM20 and inhibits mitochondrial 

protein import in Parkinson's disease. Sci Transl Med 8, 342ra78.

[181] Zheng, J., Winderickx, J., Franssens, V. and Liu, B. (2018). A Mitochondria-Associated 

Oxidative Stress Perspective on Huntington's Disease. Front Mol Neurosci 11, 329.

[182] Yablonska, S. et al. (2019). Mutant huntingtin disrupts mitochondrial proteostasis by 

interacting with TIM23. Proc Natl Acad Sci U S A 116, 16593-16602.

[183] Yano, H. et al. (2014). Inhibition of mitochondrial protein import by mutant huntingtin. 

Nat Neurosci 17, 822-31.

[184] Hamilton, J., Brustovetsky, T., Khanna, R. and Brustovetsky, N. (2020). Mutant 

Huntingtin Does Not Cross the Mitochondrial Outer Membrane. Hum Mol Genet 

[185] Liberti, M.V. and Locasale, J.W. (2016). The Warburg Effect: How Does it Benefit 

Cancer Cells? Trends Biochem Sci 41, 211-218.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[186] Sotgia, F. et al. (2012). Mitochondria "fuel" breast cancer metabolism: fifteen markers 

of mitochondrial biogenesis label epithelial cancer cells, but are excluded from 

adjacent stromal cells. Cell Cycle 11, 4390-401.

[187] Wilde, L., Roche, M., Domingo-Vidal, M., Tanson, K., Philp, N., Curry, J. and Martinez-

Outschoorn, U. (2017). Metabolic coupling and the Reverse Warburg Effect in cancer: 

Implications for novel biomarker and anticancer agent development. Semin Oncol 44, 

198-203.

[188] Curry, J.M. et al. (2016). Multicompartment metabolism in papillary thyroid cancer. 

Laryngoscope 126, 2410-2418.

[189] Mikkilineni, L. et al. (2017). Hodgkin lymphoma: A complex metabolic ecosystem with 

glycolytic reprogramming of the tumor microenvironment. Semin Oncol 44, 218-225.

[190] Park, S.H., Lee, A.R., Choi, K., Joung, S., Yoon, J.B. and Kim, S. (2019). TOMM20 as a 

potential therapeutic target of colorectal cancer. BMB Rep 52, 712-717.

[191] Zhao, Z., Han, F., He, Y., Yang, S., Hua, L., Wu, J. and Zhan, W. (2014). Stromal-epithelial 

metabolic coupling in gastric cancer: stromal MCT4 and mitochondrial TOMM20 as 

poor prognostic factors. Eur J Surg Oncol 40, 1361-8.

[192] Yang, W., Shin, H.Y., Cho, H., Chung, J.Y., Lee, E.J., Kim, J.H. and Kang, E.S. (2020). 

TOM40 Inhibits Ovarian Cancer Cell Growth by Modulating Mitochondrial Function 

Including Intracellular ATP and ROS Levels. Cancers (Basel) 12

[193] Gao, S.P., Sun, H.F., Jiang, H.L., Li, L.D., Hu, X., Xu, X.E. and Jin, W. (2016). Loss of TIM50 

suppresses proliferation and induces apoptosis in breast cancer. Tumour Biol 37, 

1279-87.

[194] Zhang, X. et al. (2019). TIMM50 promotes tumor progression via ERK signaling and 

predicts poor prognosis of non-small cell lung cancer patients. Mol Carcinog 58, 767-

776.

[195] Salhab, M., Patani, N., Jiang, W. and Mokbel, K. (2012). High TIMM17A expression is 

associated with adverse pathological and clinical outcomes in human breast cancer. 

Breast Cancer 19, 153-60.

[196] Xu, X. et al. (2010). Quantitative proteomics study of breast cancer cell lines isolated 

from a single patient: discovery of TIMM17A as a marker for breast cancer. Proteomics 

10, 1374-90.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[197] Jubinsky, P.T., Short, M.K., Mutema, G., Morris, R.E., Ciraolo, G.M. and Li, M. (2005). 

Magmas expression in neoplastic human prostate. J Mol Histol 36, 69-75.

[198] Tagliati, F., Gentilin, E., Buratto, M., Mole, D., degli Uberti, E.C. and Zatelli, M.C. (2010). 

Magmas, a gene newly identified as overexpressed in human and mouse ACTH-

secreting pituitary adenomas, protects pituitary cells from apoptotic stimuli. 

Endocrinology 151, 4635-42.

[199] Dundas, S.R., Lawrie, L.C., Rooney, P.H. and Murray, G.I. (2005). Mortalin is over-

expressed by colorectal adenocarcinomas and correlates with poor survival. J Pathol 

205, 74-81.

[200] Lu, W.J., Lee, N.P., Kaul, S.C., Lan, F., Poon, R.T., Wadhwa, R. and Luk, J.M. (2011). 

Induction of mutant p53-dependent apoptosis in human hepatocellular carcinoma by 

targeting stress protein mortalin. Int J Cancer 129, 1806-14.

[201] Lu, W.J., Lee, N.P., Kaul, S.C., Lan, F., Poon, R.T., Wadhwa, R. and Luk, J.M. (2011). 

Mortalin-p53 interaction in cancer cells is stress dependent and constitutes a selective 

target for cancer therapy. Cell Death Differ 18, 1046-56.

[202] Wadhwa, R., Takano, S., Kaur, K., Deocaris, C.C., Pereira-Smith, O.M., Reddel, R.R. and 

Kaul, S.C. (2006). Upregulation of mortalin/mthsp70/Grp75 contributes to human 

carcinogenesis. Int J Cancer 118, 2973-80.

[203] Yang, X. et al. (2016). The Impact of TIMM17A on Aggressiveness of Human Breast 

Cancer Cells. Anticancer Res 36, 1237-41.

[204] Mylonis, I., Kourti, M., Samiotaki, M., Panayotou, G. and Simos, G. (2017). Mortalin-

mediated and ERK-controlled targeting of HIF-1alpha to mitochondria confers 

resistance to apoptosis under hypoxia. J Cell Sci 130, 466-479.

[205] Wu, P.K. et al. (2020). Mortalin (HSPA9) facilitates BRAF-mutant tumor cell survival by 

suppressing ANT3-mediated mitochondrial membrane permeability. Sci Signal 13

[206] Wu, P.K., Hong, S.K., Starenki, D., Oshima, K., Shao, H., Gestwicki, J.E., Tsai, S. and Park, 

J.I. (2020). Mortalin/HSPA9 targeting selectively induces KRAS tumor cell death by 

perturbing mitochondrial membrane permeability. Oncogene 39, 4257-4270.

[207] Yun, C.O., Bhargava, P., Na, Y., Lee, J.S., Ryu, J., Kaul, S.C. and Wadhwa, R. (2017). 

Relevance of mortalin to cancer cell stemness and cancer therapy. Sci Rep 7, 42016.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[208] Bektas, M., Payne, S.G., Liu, H., Goparaju, S., Milstien, S. and Spiegel, S. (2005). A novel 

acylglycerol kinase that produces lysophosphatidic acid modulates cross talk with 

EGFR in prostate cancer cells. J Cell Biol 169, 801-11.

[209] Wang, X., Lin, C., Zhao, X., Liu, A., Zhu, J., Li, X. and Song, L. (2014). Acylglycerol kinase 

promotes cell proliferation and tumorigenicity in breast cancer via suppression of the 

FOXO1 transcription factor. Mol Cancer 13, 106.

[210] Zhu, Q. et al. (2020). Acylglycerol kinase promotes tumour growth and metastasis via 

activating the PI3K/AKT/GSK3beta signalling pathway in renal cell carcinoma. J 

Hematol Oncol 13, 2.

[211] Huang, S. et al. (2020). Up-regulated acylglycerol kinase (AGK) expression associates 

with gastric cancer progression through the formation of a novel YAP1-AGK-positive 

loop. J Cell Mol Med 

[212] Zhao, Q., Sun, P., Qin, S. and Liu, J. (2020). Acylglycerol kinase promotes the stemness 

of nasopharyngeal carcinoma cells by promoting beta-catenin translocation to the 

nucleus through activating PI3K/Akt pathway. Environ Toxicol 

[213] Liu, G., Ren, X., Gao, C. and Zhang, W. (2015). Acylglycerol kinase promotes the 

proliferation and cell cycle progression of oral squamous cell carcinoma. Mol Med Rep 

12, 2225-30.

[214] Sun, F. et al. (2016). Acylglycerol kinase is over-expressed in early-stage cervical 

squamous cell cancer and predicts poor prognosis. Tumour Biol 37, 6729-36.

[215] Cui, Y. et al. (2014). AGK enhances angiogenesis and inhibits apoptosis via activation 

of the NF-kappaB signaling pathway in hepatocellular carcinoma. Oncotarget 5, 

12057-69.

[216] Chen, X., Ying, Z., Lin, X., Lin, H., Wu, J., Li, M. and Song, L. (2013). Acylglycerol kinase 

augments JAK2/STAT3 signaling in esophageal squamous cells. J Clin Invest 123, 2576-

89.

[217] Zhu, Q., Cao, S.M., Lin, H.X., Yang, Q., Liu, S.L. and Guo, L. (2016). Overexpression of 

acylglycerol kinase is associated with poorer prognosis and lymph node metastasis in 

nasopharyngeal carcinoma. Tumour Biol 37, 3349-57.

[218] Gagne, J.P. et al. (2007). Comparative proteome analysis of human epithelial ovarian 

cancer. Proteome Sci 5, 16.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[219] Bao, X., Shi, R., Zhang, K., Xin, S., Li, X., Zhao, Y. and Wang, Y. (2019). Immune 

Landscape of Invasive Ductal Carcinoma Tumor Microenvironment Identifies a 

Prognostic and Immunotherapeutically Relevant Gene Signature. Front Oncol 9, 903.

[220] Del Puerto-Nevado, L. et al. (2019). Diabetes-mediated promotion of colon mucosa 

carcinogenesis is associated with mitochondrial dysfunction. Mol Oncol 13, 1887-

1897.

[221] Yang, J. et al. (2012). Human CHCHD4 mitochondrial proteins regulate cellular oxygen 

consumption rate and metabolism and provide a critical role in hypoxia signaling and 

tumor progression. J Clin Invest 122, 600-11.

[222] Zhuang, J., Wang, P.Y., Huang, X., Chen, X., Kang, J.G. and Hwang, P.M. (2013). 

Mitochondrial disulfide relay mediates translocation of p53 and partitions its 

subcellular activity. Proc Natl Acad Sci U S A 110, 17356-61.

[223] Bonora, E., Evangelisti, C., Bonichon, F., Tallini, G. and Romeo, G. (2006). Novel 

germline variants identified in the inner mitochondrial membrane transporter 

TIMM44 and their role in predisposition to oncocytic thyroid carcinomas. Br J Cancer 

95, 1529-36.

[224] Zheng, J. (2012). Energy metabolism of cancer: Glycolysis versus oxidative 

phosphorylation (Review). Oncol Lett 4, 1151-1157.

[225] Dekker, P.J., Ryan, M.T., Brix, J., Muller, H., Honlinger, A. and Pfanner, N. (1998). 

Preprotein translocase of the outer mitochondrial membrane: molecular dissection 

and assembly of the general import pore complex. Mol Cell Biol 18, 6515-24.

[226] Yano, M., Terada, K. and Mori, M. (2003). AIP is a mitochondrial import mediator that 

binds to both import receptor Tom20 and preproteins. J Cell Biol 163, 45-56.

[227] Dohi, T., Beltrami, E., Wall, N.R., Plescia, J. and Altieri, D.C. (2004). Mitochondrial 

survivin inhibits apoptosis and promotes tumorigenesis. J Clin Invest 114, 1117-27.

[228] Kang, B.H., Xia, F., Pop, R., Dohi, T., Socolovsky, M. and Altieri, D.C. (2011). 

Developmental control of apoptosis by the immunophilin aryl hydrocarbon receptor-

interacting protein (AIP) involves mitochondrial import of the survivin protein. J Biol 

Chem 286, 16758-67.

[229] Tchakarska, G., Roussel, M., Troussard, X. and Sola, B. (2011). Cyclin D1 inhibits 

mitochondrial activity in B cells. Cancer Res 71, 1690-9.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

[230] Alao, J.P. (2007). The regulation of cyclin D1 degradation: roles in cancer development 

and the potential for therapeutic invention. Mol Cancer 6, 24.

[231] Fridman, J.S. and Lowe, S.W. (2003). Control of apoptosis by p53. Oncogene 22, 9030-

40.

[232] Zhao, Y., Chaiswing, L., Velez, J.M., Batinic-Haberle, I., Colburn, N.H., Oberley, T.D. and 

St Clair, D.K. (2005). p53 translocation to mitochondria precedes its nuclear 

translocation and targets mitochondrial oxidative defense protein-manganese 

superoxide dismutase. Cancer Res 65, 3745-50.

[233] Nhieu, J.T., Renard, C.A., Wei, Y., Cherqui, D., Zafrani, E.S. and Buendia, M.A. (1999). 

Nuclear accumulation of mutated beta-catenin in hepatocellular carcinoma is 

associated with increased cell proliferation. Am J Pathol 155, 703-10.

[234] Yoshikawa, T. et al. (2018). JAK2/STAT3 pathway as a therapeutic target in ovarian 

cancers. Oncol Lett 15, 5772-5780.

[235] Chen, C. and Lou, T. (2017). Hypoxia inducible factors in hepatocellular carcinoma. 

Oncotarget 8, 46691-46703.

[236] Chandel, N.S., McClintock, D.S., Feliciano, C.E., Wood, T.M., Melendez, J.A., Rodriguez, 

A.M. and Schumacker, P.T. (2000). Reactive oxygen species generated at 

mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: a 

mechanism of O2 sensing. J Biol Chem 275, 25130-8.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Outer membraneInner membrane

Intermembrane
space

Matrix

Sam50

Mtx� Mtx2

Mtx
3

Carrier
protein

Matrix
protein

Disulfide
containing

protein

Mia
40

ALR

AIF

�0aTim
9

Tim
�3

8b

8a

Tim22

Tim
29

AGK

�0aTim
�0b

9
AGK :
Sengers syndrome

TIMM22:
Combined OXPHOS
deficiency 43

TIMM8A:
Mohr-Tranebjærg
syndrome

TIMM50:
3-methylglutaconic
aciduria type IX 

PAM�6:
Spondylometaphyseal
dysplasia

DNAJC�9:
Dilated cardiomyopathy

GFER:
Progressive myopathy
with cataracts

PMPCB:
Multiple mitochondrial 
dysfunctions syndrome 

TOM SAM

TIM22

MIA

Small TIMs

TIM23 TIM
subunit

β-barrel
protein

Membrane
anchored
protein

M
a
trix

C
y
to

so
l

In
te

rm
e
m

b
ra

n
e
 sp

a
c
e

TOMM70:
Neurodevelopmental
disorder

AIFM�:
Cowchock 
syndrome

PMPCA:
Spinocerebellar
ataxia 

MIPEP:
Combined OXPHOS deficiency 31

Tim
2�

R
O

M
O
�

Dnajc

�5/�9

Grpe�

Tim44

M
ortalin

Tim23
Tim�7

a/b

Tim50

M
ag

m
as

M
PP
α

MPPβ

MIP

Tom
6 Tom20

Tom
70

Tom
40

Tom
40

Tom
7

Tom
6

Tom
22 Tom

5

Tom
5 Tom

7

Tom
22

O
M

IM

Crista

Mitochondrial
protein precursor

feb2_14022_f1.pdf

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Complex IV

Mitochondrial
precursor protein

Amyloid
precursor
protein

M
PP

TIM23
Tim23

Tom40
TOM

P
rE

P

ROS

Loss of
Complex IV

A.

M
ortalinLoss of

Mortalin

Amyloid-β42

Amyloid-β42
TOM

Tom20

Complex I
precursor

Tom40

ROS

Complex I
dysfunction

Loss of
Tom40

Tom40

Impaired
mitophagy

Complex I

α-synuclein

TOM

Tom
70

Pink
�

Parkin

Tom
7

B.

α-synuclein

+

-

Tim23

Huntingtin

TIM23

C.

Loss of membrane
potential

∆Ψ

Perturbed
import

In
te

rm
e
m

b
ra

n
e
 sp

a
c
e

M
a
trix

C
y
to

so
l

Parkinson’s disease Huntington’s diseaseAlzheimer’s disease

IM
O

M
feb2_14022_f2.pdf

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



Loss of tumour
supression

p53

M
ortalin

TIM23

p5
3

p53

Mia40

S
SH

p
5
3

p53
sequestration

TOM

Oncogenesis

p5
3

Nucleus

Hypoxia
survival

O
2

Glycolysis

Angiogenesis

Complex IV

Mia40

Proteasome

PHD
HIF-1α

HIF-1α

Complex IV

O
2

HIF-1β
HIF-1α

Increased
Complex IV

assembly & activity

Tumour survival

A. B. C.
In

te
rm

e
m

b
ra

n
e
 sp

a
c
e

M
a
trix

C
y
to

so
l

IM
O

M

Loss of
cell cycle
inhibtion

Mesenchymal
transition

PAKT

FOXO1 EG
FR

LPA

β-catenin

β-catenin

GSK3βFO
XO

1

Proliferation and metastasis

TIM22

AGK

B.

PM

feb2_14022_f3.pdf

This	article	is	protected	by	copyright.	All	rights	reserved

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t


