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Abstract 

Mechanism of Ant1-induced Human Diseases and Stress Signaling 

Yaxin Liu 

Xin Jie Chen 

      Adenine nucleotide translocase (Ant) is a mitochondrial inner membrane protein, the 

primary function of which is to mediate the ADP/ATP exchange across the inner 

membrane. Missense mutations in Ant1, the skeletal muscle- and heart-specific isoform, 

induce human disorders including autosomal dominant Progressive External 

Opthalmoplegia (adPEO), cardiomyopathy and myopathy. Several models were proposed 

to interpret the pathogenesis of mutant Ant1-induced diseases, but no consensus has been 

reached. 

        Our lab has previously found that mutant Aac2, the homolog of Ant1 in yeast, 

causes cell death due to the mitochondrial biogenesis defect. In the present study, we 

provided biochemical evidence supporting the idea that the mutant Aac2 proteins are 

misfolded, which derails the proteostasis on the inner membrane. We found that the 

assembly and stability of multiple protein complexes on the inner membrane are affected, 

including those involved in mitochondrial respiration and protein transport. In human 

cells, the mutant Ant1 proteins have reduced steady-state levels and increased 

degradation, consistent with misfolding and increased susceptibility to protein quality 

control machineries.   

         In the second part of the work, we sought to identify the cellular signaling pathways 

that respond to Ant1-induced proteostatic stress on the mitochondrial inner membrane. 

We generated ANT1 alleles that have enhanced toxicity and are able to induce 
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proteostatic stress on the inner membrane in human. Although these mutant Ant1 proteins 

only mildly affect mitochondrial respiration, they trigger robust transcriptional responses 

in the nucleus to remodel cellular signaling. The upregulation of the cytosolic 

chaperone/ubiquitin-proteasome systems, and the downregulation of mTOR signaling 

may serve as adaptive responses to mitigate mitochondrial Precursor Over-Accumulation 

Stress (mPOS), a novel pathway of cell death recently discovered in yeast. We also found 

that human cells respond to mitochondrial inner membrane stress by increasing Egr1 

signaling and the alternative splicing of many genes important for cell survival/death 

control.        

        In summary, the data suggested that protein misfolding causes Ant1-induced 

pathogenesis in human diseases. Our study provided support for mitochondria-induced 

proteostatic stress in the cytosol (or mPOS) in human cells. We also identified several 

novel mitochondria-to-nucleus signaling pathways, which may help in developing 

therapeutic interventions for the treatment of mitochondria-induced pathologies.   
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Abbreviation 

ADP adenosine 5'-diphosphate 

°C degree Celsius 

µg microgram 

µL microliter 

µM micromolar 

A or Ala alanine 

AAA ATPase associated with diverse cellular activities 

Aac ADP/ATP carrier 

adPEO autosomal dominant progressive external opthalmoplegia 

ANOVA analysis of variance 

Ant adenine nucleotide translocase 

ATP adenosine 5'-triphosphate 

BN-PAGE blue native polyacrylamide gel electrophoresis 

bp base pair 

D or Asp aspartic acid 

DDM n-dodecyl β-D-maltoside 

DNA deoxyribonucleic acid 

EDTA ethylenediaminetetraacetic acid 

ER endoplasmic reticulum 

ETC electron transport chain 

FCCP carbonyl cyanide p-trifluoromethoxyphenylhydrazone 

FDR false discovery rate 
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g gram 

HA hemagglutinin 

HCl hydrochloric acid 

HEPES N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate 

IMS intermembrane space 

kb kilobase pair 

KCl potassium chloride 

kDa kilo Dalton 

L or Leu leucine 

Li-Ac lithium acetate 

M molar 

M or Met methionine 

MDa mega Dalton 

MgCl2 magnesium chloride 

MIM mitochondrial inner membrane 

min minute 

mL milliliter 

mM millimolar 

mol mole 

MOM mitochondrial outer membrane 

mPOS mitochondrial precursor over-accumulation stress 

mRNA messenger RNA 

mtDNA mitochondrial DNA 
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NaCl sodium chloride 

ng nanogram 

OCR oxygen consumption rate 

Oligo oligomycin 

OXPHOS oxidative phosphorylation 

P or Pro proline 

PBS phosphate buffer solution 

PCR polymerase chain reaction 

R or Arg arginine 

RIPA radioimmunoprecipitation assay 

RNA ribonucleic acid 

RNA-seq RNA sequencing 

ROS reactive oxygen species 

Rot/AA rotenone/antimycin A 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

TIM translocase of the inner membrane 

TOM translocase of the outer membrane 

Tris tris(hydroxymethyl)aminomethane 

UPR
mt

 mitochondrial unfolded protein response 

V volts 

V or Val valine 

w/v weight/volume ratio 
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WT wild-type 

YPD yeast extract/peptone/dextrose medium 

Δψ mitochondrial membrane potential 

 

 

  



vii 

 

Table of Contents 

Abstract ............................................................................................................................... i 

Abbreviation ..................................................................................................................... iii 

Chapter 1 General introduction .......................................................................................1 

1.1 Structure of mitochondria ..............................................................................................1 

1.1.1 Mitochondrial ultrastructure ....................................................................................2 

1.1.2 Mitochondrial networks ..........................................................................................4 

1.1.3 Mitochondrial genome ............................................................................................7 

1.2 Biogenesis of mitochondrial proteins  .........................................................................10 

1.2.1 Mitochondrial proteome ........................................................................................10 

1.2.2 Mitochondrial protein import ................................................................................12 

1.3 Functions of mitochondria ...........................................................................................18 

1.3.1 Mitochondria and oxidative phosphorylation .......................................................18 

1.3.2 Mitochondria and thermogenesis ..........................................................................21 

1.3.3 Mitochondria and Ca
2+

 homeostasis......................................................................22 

1.3.4 Mitochondria and programmed cell death ............................................................24 

1.4 Mitochondrial protein quality control and UPR
mt

........................................................26 

1.4.1 Overview of mitochondrial protein quality control ...............................................26 

1.4.2 Classification of human mitoproteases .................................................................27 

1.4.3 Mitoproteases and protein quantity control ...........................................................29 

1.4.4 Mitochondrial unfolded protein response (UPR
mt

) ...............................................33 

1.5 Mitochondrial carrier proteins .....................................................................................38 

1.5.1 Overview of SLC25 family proteins .....................................................................38 

1.5.2 Adenine nucleotide translocase (Ant) ...................................................................39 

Structure and function of Ant  ................................................................................39 



viii 

 

Altered Ant expression and human diseases  .........................................................44 

Dominant mutations in Ant1 and human diseases  ................................................47 

1.6 Research objectives ......................................................................................................53 

Chapter 2 Misfolding of mutant adenine nucleotide translocase in yeast supports a 

novel mechanism of Ant1-induced muscle diseases ......................................................55 

2.1 Abstract ........................................................................................................................56 

2.2 Introduction ..................................................................................................................56 

2.3 Results ..........................................................................................................................60 

2.3.1 Mutant Aac2 proteins affect protein quality control on the mitochondrial inner 

membrane .......................................................................................................................60 

2.3.2 Aac2 variants with the adPEO-type mutations are prone to aggregation .............62 

2.3.3 The mutant Aac2 proteins affect the assembly and stability of multiple protein 

complexes on the inner membrane .................................................................................66 

2.3.4 The i-AAA protease Yme1 plays a critical role in the quality control of misfolded  

Aac2 ...............................................................................................................................70 

2.4 Discussion ....................................................................................................................75 

2.5 Material and methods ...................................................................................................80 

2.5.1 Cell growth conditions and yeast strains ...............................................................80 

2.5.2 Determination of protein stability .........................................................................81 

2.5.3 Mitochondrial preparation and BN-PAGE analysis ..............................................81 

Chapter 3 Nuclear transcriptional responses to proteostatic stress on the 

mitochondrial inner membrane ......................................................................................84 

3.1 Abstract ........................................................................................................................85 

3.2 Introduction ..................................................................................................................85 

3.3 Results ..........................................................................................................................89 

3.3.1 Generation of Ant1 variants with enhanced toxicity .............................................89 



ix 

 

3.3.2 Transcriptional response to Ant1-induced mitochondrial inner membrane stress 

 ......................................................................................................................................101 

3.3.3 Downregulation of mTOR signaling in cells expressing Ant1 mutants ..............108 

3.3.4 Inhibition of mTOR signaling improves proteostasis on the mitochondrial inner 

membrane .....................................................................................................................111 

3.3.5 Proteostatic stress on the mitochondrial inner membrane affects the alternative 

splicing of multiple nuclear genes ................................................................................113 

3.4 Discussion ..................................................................................................................125 

3.5 Material and methods .................................................................................................131 

3.5.1 Yeast strain and transformation ...........................................................................131 

3.5.2 Cell culture and transfection ...............................................................................131 

3.5.3 Determination of protein stability .......................................................................132 

3.5.4 Mitochondrial isolation from HEK293T cells ....................................................132 

3.5.5 BN-PAGE analysis ..............................................................................................133 

3.5.6 In-gel staining of respiratory complex II activity ................................................133 

3.5.7 Measurement of oxygen consumption rate .........................................................134 

3.5.8 RNA-seq analysis ................................................................................................135 

Chapter 4 Conclusions, perspectives and future directions .......................................137 

List of Figures .................................................................................................................144 

List of Tables ..................................................................................................................147 

Appendix .........................................................................................................................148 

Bibliography ...................................................................................................................176 

Acknowledgments ..........................................................................................................207 

 

 

 



1 
 

 

 

 

Chapter 1 

 

General Introduction 

 

  



2 
 

Chapter 1 General Introduction 

       Mitochondria are intracellular organelles found in nearly all eukaryotes. According 

to the endosymbiotic theory, mitochondria originated from an α-proteobacteria about two 

billion years ago (Lang, Michael et al. 1999). Extensive gene loss and incorporation of 

non α-proteobacterial components reshaped the mitochondria during evolution (Gray 

2014), which resulted in a central role of mitochondria in cellular energetic, metabolism, 

biosynthesis and other important functions.  

1.1 Structure of mitochondria 

1.1.1 Mitochondrial ultrastructure  

       The word mitochondrion comes from Greek, which means “granule-like thread”, 

which reflects the very structure of this organelle. The diameter of a mitochondrion varies 

within a range from 0.75 to 3 µM (Wiemerslage and Lee 2016). Cells harbor from 10 to 

1,000 mitochondria depending on the organism, tissue and cell type (Haynes, Fiorese et 

al. 2013). The mitochondrion contains two membranes, the outer membrane and the inner 

membrane (Fig. 1-1). The outer membrane surrounds the entire organelle and mediates 

the exchange of molecules less than 5 kDa with the cytosol and other organelles via 

channels formed by Porin (Dedkova and Blatter 2012). The mitochondrial inner 

membrane is compartmentalized to two parts. One is the inner boundary membrane close 

to the outer membrane. The other is the folded, tubular or shelf-like projections of inner 

membrane, termed “cristae”, which greatly increases the surface area of the inner 

membrane (van der Laan, Horvath et al. 2016). The two membranes are composed of 

proteins and lipids at different protein-to-phospholipid ratios, about 1:1 and 3:1 by weight,  
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Figure 1-1. The ultrastructure of a mitochondrion [ adapted from (Abdul Aziz Mohamed, 

Farizan et al. 2015) ]. Mitochondrion is an intracellular organelle surrounded by two membranes 

as the outer membrane and the inner membrane. The intermembrane space and the matrix are 

compartmentalized by the membranes. Proteins localized at different compartments are labeled in 

blue (porin), yellow (electron transport chain) or purple (FoF1-ATP synthase). The mitochondrial 

genome is labeled as a red circle. Ribosome is represented as a black dot.    
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respectively (Hallermayer and Neupert 1974).  The inner membrane contains 

approximately 1/5 of the total protein in a mitochondrion. The inner boundary membrane 

is different from the cristae by their protein composition. For example, the electron 

transport chain and FoF1-ATP synthase preferentially locate in the cristae membrane (van 

der Laan, Horvath et al. 2016). Other spaces compartmentalized by the membranes are 

intermembrane space and matrix. Around 2/3 of the total protein in mitochondria 

including ribosomes, mRNA, tRNA as well as  the mitochondrial genomes are located 

within the matrix (Abdul Aziz Mohamed, Farizan et al. 2015).  

1.1.2 Mitochondrial networks 

        Mitochondria in the cells are often interconnected with one another, forming 

mitochondrial networks via the tubule branches (Fig. 1-2A). The morphology of 

mitochondrial networks is highly dynamic, which tightly reflects cell type, organism and 

surrounding environmental conditions (Kuznetsov, Hermann et al. 2009; Rafelski 2013) .   

       The geometry of mitochondrial networks can be defined by size, shape, dynamics, 

and position (Fig. 1-2B; reviewed by Rafelski, 2013). For the aspect of size, tubule radius 

is one of the fundamental factors that determines the total volume and surface area of 

interconnected mitochondria. In addition, the mitochondrial mass plays a role in the 

physical size of mitochondrial network. For example, the mitochondrial proteome 

increases when yeast cells switch from fermentation to respiration (Ohlmeier, Kastaniotis 

et al. 2004), which results in a larger mitochondrial network (Fig. 1-2B). The shape of 

mitochondrial networks can be described at two different scales. The aforementioned 

internal ultrastructure is a basic unit of the network at the nanometer scale. At the micron  
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Figure 1- 2. Mitochondrial networks (adapted and modified from Rafelski, 2013). (A) 

Interconnected mitochondrial network shown in a bovine pulmonary artery endothelial cell. The 

mitochondria are labeled by pEYFP-mitochondrial vector (yellow-orange) and the cell boundary 

is shown in yellow line. The box and pointed arrow show a tubule branch. (B) The overall 

morphology of mitochondrial networks shown in budding yeast. The major features of the 

mitochondrial networks are described by the size, shape, position, and dynamics. 
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scale, the mitochondrial tubules are further structured into networks varying from several 

small separate sub-networks to entire one single interconnection. In some examples, 

mitochondria with swollen tubules or even no tubules display extreme aberrant networks 

(Fig. 1-2B). With normal tubules, the mitochondria could still have less-branching 

networks at the micron scale and/or less uniform distribution within the cell. The position 

of mitochondria within the cell is dependent on the attachment and movement of 

mitochondria along the cytoskeletal filaments (Barnhart 2016). Any alterations in the 

interaction of mitochondria with other organelles, or the interaction within mitochondrial 

tubules per se, or the changes in the cytoskeletons themselves all affect the distribution of 

the mitochondrial network in the cell. The most important feature of the mitochondrial 

network is the dynamics. Broadly speaking, it covers all kinds of mitochondrial network 

changes over time. While more commonly, the dynamics refers to mitochondrial fission 

and fusion. Fusion is to link two tubules to form one larger tubule or branch while fission 

is to split one into two smaller tubules. Both fusion and fission account for shaping the 

mitochondrial networks. The balance between fusion and fission is crucial. If fusion is 

more active than fission, all the mitochondria in the cell tend to be interconnected into a 

single network. However, in an extreme example, excessive fusion over fission results in 

over-connected mitochondrial networks (Fig. 1-2B). In contrast, more fission over fusion 

leads to over-fragmented networks. The rates of fusion and fission are dependent on the 

metabolic status of the cell. Fusion is enhanced when cells are forced to make energy 

through oxidative phosphorylation in mitochondria (Rossignol, Gilkerson et al. 2004). 

Inhibition of protein synthesis and starvation also lead to elevated fusion (Youle and van 

der Bliek 2012). In addition to morphology regulation, fusion and fission play roles in the 
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mitochondrial quality control. Damaged mitochondria could be mixed with other 

mitochondria by fusion as a form of complementation (Youle and van der Bliek 2012). If 

a sub-region of the network is impaired and the damage is too severe to be fixed, this 

region could be split by fission and removed by mitophagy (Rafelski 2013).  

         The mitochondrial networks are constantly changing rather than static. The 

topology of the network is indicative of the physiological status of the cell. The four 

features to describe the morphology of mitochondrial networks are not separate from one 

another. Building an integrative view of mitochondrial morphology gives a better 

understanding of structure-function relationship. 

1.1.3 Mitochondrial genome 

        What makes mitochondrion a unique organelle comes from the possession of its own 

genetic information, known as mitochondrial DNA (mtDNA). Based on the 

endosymbiotic origin of the mitochondrion, mtDNA is originally derived from the 

genome of α-proteobacteria, which has a separate origin from the nuclear DNA. As a 

consequence of this symbiotic relationship, the ancestral mitochondrial genome, termed 

protomitochondrial genome, was substantially reduced in size by means of gene loss and 

transfer (Gray, Burger et al. 1999). For instance, the genes for the biosynthesis of amino 

acids and nucleotides, and the genes involved in the regulation of the biosynthesis are 

eliminated from the mitochondrial genome and replaced by the homologues in the 

nuclear genome (Andersson, Zomorodipour et al. 1998). During evolution, mitochondrial 

genome in different lineages varies from < 6 kilo base pair (kbp) to > 200 kbp in size, 

circular or linear in morphology (Gray, Burger et al. 1999). 
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       Human mtDNA is a circular double-stranded DNA which is 16,569 base pair (bp) in 

length. It encodes two ribosomal RNA (12s rRNA and 16s rRNA), 22 transfer RNA 

(tRNA) and 13 polypeptides. These polypeptides include essential subunits of the 

respiratory complexes: ND1~ND6 and ND4L encode seven subunits of complex I, CYT b 

encodes one subunit of complex III, COXI~COXIII encode three central subunits of 

complex IV, and ATPase6 and ATPase8 encode two subunits of complex V (Fig. 1-3A). 

Most genes locate on the heavy strand (H-strand, rich in guanines) while only eight 

tRNAs and one polypeptide are encoded in the light chain (L-strand, rich in cytosines). In 

contrast to the nuclear DNA, the human mtDNA has no introns and the intergenic 

sequences are very short or completely missing. Non-coding sequences are also very 

limited, the longest of which is a 1.1 kbp region called D-loop (displacement loop). The 

D-loop region has the replication origin of H-strand (OH), the light strand promoter (LSP), 

and two heavy strand promoters (HSP1 and HSP2). The replication of mtDNA, occurs at 

OH and OL (the replication origin of light strand), is conducted by DNA polymerase γ 

complex (Pol γ). Human Pol γ is a heterotrimer composed of one catalytic subunit 

encoded by POLG and a homodimeric accessory subunit encoded by POLG2.  In 

addition to Pol γ, the mtDNA replisome also includes mtDNA topoisomerase (Topo), 

mtDNA helicase Twinkel, mitochondrial RNA polymerase (mtRNAP), RNaseH1, 

mitochondrial single-stranded DNA-binding protein (mtSSB),  mitochondrial DNA ligase 

III (Young and Copeland 2016) and RNA processing endoribonuclease (RNase MRP).  

Other factors involved in the maintenance of the mitochondrial genome are: the  
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Figure 1-3.  The mitochondrial genome and mitochondrial nucleoids. (A) Map of human 

mitochondrial genome [adapted from (Abdul Aziz Mohamed, Farizan et al. 2015) ]. OH and OL, 

origins of heavy and light strand respectively; HSP1 and HSP2, the heavy strand promoters; 

ND1~ND6, NADH dehydrogenase (complex I) subunits 1~6; COXI~COXIII, Cytochrome c 

oxidase 1~3; Cyt b, Cytochrome b; Transfer RNA genes are shown by red closed circles and 

depicted by single letter amino acid code abbreviations. (B) and (C) Visualization of 

mitochondria, mtDNA and mitochondrial nucleoid in a budding yeast zygote [adapted from 

(Okamoto, Perlman et al. 1998; Chen and Butow 2005)]. Cells are visualized by differential 

interference contrast (DIC) microscopy. Mitochondrial nucleoids are visualized by GFP tagging 

of a mitochondrial protein, citrate synthase in (B), or a nucleoid protein, Abf2 in (C). The yeast 

mtDNA is stained with 4’,6-dimidino-2-phenylindole (DAPI).    
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mitochondrial transcription factor A (TFAM), the RecB-type mitochondrial genome 

maintenance 5’-3’ exonuclease 1 (MGME1), the RNA and DNA 5’ flap endonuclease 1 

(FEN1), and the helicase/nuclease DNA2. TFAM affects the mtDNA copy number by 

regulating the transcription and the replication of mtDNA, while other three genes 

participate in the mtDNA base excision repair pathways.  

       Similar to the nuclear DNA, mtDNA is also packaged into protein-DNA complex, 

which is termed mitochondrial nucleoids (mt-nucleoid). It can be visualized by staining 

the mtDNA and tagging the mt-nucleoid protein with green fluorescent protein (GFP) 

(Fig. 1-3B and 1-3C). Unlike the nuclear chromatin, the core proteins for mtDNA 

packaging are mainly non-histone proteins. They are known as high mobility group 

(HMG) proteins, which are homologues to HMG proteins of the nuclear chromatin. 

Aforementioned TFAM is one of the HMG proteins, which plays a key role in the 

mtDNA packaging. Other proteins involved in the metabolic activity, such as Ilv5 and 

Aco1 in yeast, are also the components of mt-nucleoid which affect the assembly or 

stability of mt-nucleoid (Chen and Butow 2005). In total, approximately 30 proteins are 

identified in the structure of yeast mt-nucleoids. In addition to mtDNA packaging, these 

proteins are also involved in mtDNA recombination, mt-nucleoid distribution and 

stability (Chen and Butow 2005).    

1.2 Biogenesis of mitochondrial proteins 

1.2.1 Mitochondrial proteome 

       The desire to define the mitochondrial proteome first emerged in 1920s as it is 

critical for fully understanding the function of mitochondria (Pagliarini and Rutter 2013).   
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However, it did not make much progress until late 1990s when approaches such as two-

dimensional gel electrophoresis and mass spectrometry-based proteomics became 

feasible. In 2008, a mitochondrial protein compendium, MitoCarta 

(www.broad.mit.edu/publications/MitoCarta/), was established by Pagliarini et al. This 

inventory consists of 1,098 genes encoding mitochondrial proteins in human and mouse, 

which results from the integration of in-depth protein mass spectrometry, GFP-

tagging/microscopy and machine learning (Pagliarini, Calvo et al. 2008). The number of 

genes was updated to 1,158 in MitoCarta 2.0 in 2015 (Calvo, Clauser et al. 2015). Similar 

mitochondrial protein databases are created by multiple groups. IMPI (Integrated 

Mitochondrial Protein Index), another database based on experimental data and 

predictions, contains 1,408 mammalian genes encoding proteins that associated with 

mitochondria (IMPI Q2 2016). Other databases, such as NCBI GO and UniProt, provide 

broader but less specific information (Calvo, Clauser et al. 2015). 

       There is one more step after all the mitochondrial proteins are listed—— to 

characterize the function. To date, it is estimated approximately 11~36% of 

mitochondrial proteins lack function/biochemical activity annotations (Calvo, Clauser et 

al. 2015). Given that the protein composition in mitochondria is dynamic in different cell 

types and tissues; cell- and tissue-specific mitochondrial proteome is also valuable for 

studies. In addition, as the mitochondrial proteins often function in multipolypeptide 

complexes, it is more helpful to study the proteomics of the subfraction to preserve 

protein-protein interactions. Several groups reported on mitochondrial subproteomes such 

as mitochondrial outer membrane (Schmitt, Prokisch et al. 2006), the mitochondrial inner 
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membrane (McDonald, Sheng et al. 2006), and even the entire complexome profiling in 

the mitochondrial fraction of HEK293 cells (Wessels, Vogel et al. 2013).  

1.2.2 Mitochondrial protein import 

        As previously described, the mitochondria contain over 1,000 different proteins. 

However, about 99% of proteins are encoded by nuclear genes and synthesized by the 

ribosome in the cytosol. The precursor proteins are then imported into mitochondria, 

sorted into corresponding compartments including the mitochondrial outer membrane 

(MOM), intermembrane space (IMS), mitochondrial inner membrane (MIM) and matrix. 

In a posttranslational manner, the precursor proteins bind to chaperones or other cytosolic 

proteins and stay in an unfolded or loosely folded form in order to be delivered through 

mitochondrial membrane pores (Stojanovski, Bohnert et al. 2012). In addition to the 

posttranslational manner, some precursor proteins, like superoxide dismutase 2 (Luk, 

Yang et al. 2005) and fumarase (Yogev, Karniely et al. 2007), are imported into 

mitochondria in a co-translational manner; i.e., the N-terminal of precursor protein is 

inserted into the translocon on the mitochondria outer membrane while the C-terminal is 

still synthesized on the ribosome located on the mitochondrial surface.   

       It was initially assumed that all precursor proteins are imported into mitochondria via 

a universal pathway, but several different pathways and mechanisms have been 

subsequently identified. Among five distinguished pathways, two classical pathways that 

identified much earlier are known as the presequence pathway and the carrier pathway 

(Fig. 1-4A) [reviewed in (Becker, Bottinger et al. 2012; Stojanovski, Bohnert et al. 2012).] 

The proteins with mitochondrial targeting sequence are imported into mitochondria via 
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the presequence pathway. The typical mitochondrial targeting signals are the 

presequences composed of approximately 10~60 amino acid residues located on the N-

terminal of the protein. The presequence forms amphipathic α-helices with positive 

charge to increase the affinity between the precursor proteins and the translocon (Marom, 

Dayan et al. 2011). Precursor proteins with a mitochondrial targeting sequence are 

recognized by Tom20 and Tom 22, two receptors of the translocase of the outer 

membrane (TOM) complex, followed by passing thorough the hydrophilic channel 

formed by Tom40, the central subunit of the TOM complex (Brix, Rüdiger et al. 1999; 

Yamano, Yatsukawa et al. 2008) . The TOM complex is the primary entry for nearly all 

precursor proteins. In addition to receptors (Tom 20, Tom22 and Tom70) and pore-

forming protein (Tom40), TOM complex also contains three small TOM proteins (Tom5, 

Tom6 and Tom7), which are involved in the assembly, stability and dynamics of the 

complex. Subsequent to passing through the TOM complex, the precursor protein is 

further transferred to TIM23 complex, which is the presequence translocase of inner 

membrane. The TIM23 complex consists of Tim23, the central subunit which forms the 

channel, and three integral membrane proteins, Tim 17, Tim21 and Tim50. The transfer 

process requires the membrane potential (Δψ) to activate the channel and drive the 

positively charged presequences to cross the inner membrane. For the precursor proteins 

targeted to the mitochondrial matrix, presequence translocase-associated motor (PAM) 

with a molecular chaperone, the mitochondrial heat shock protein 70 (mtHsp70), 

complete the translocation in an ATP-dependent manner. The targeting sequences are 

cleaved off by the mitochondrial processing peptide (MPP)  
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Figure 1-4. Mitochondrial protein import pathways (adapted and modified from Becker, 

2012). (A) Two classical protein import pathways known as (a) the presequence pathway and (b) 

the carrier pathway. (B) Three novel protein import pathways including (a) the sorting and 

assembly machinery (SAM) or β-barrel pathway, (b) the mitochondrial intermembrane space 

assembly (MIA) pathway, and (c) the α-helical insertion (Mim1) pathway. See text for details. 
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and the mature protein is released to the matrix (Taylor, Smith et al. 2001). The N-

terminal amino acid residues of the mature protein are further removed by the peptidases 

Icp55 or Oct1 for stabilization (Vögtle, Wortelkamp et al. 2009; Vögtle, Prinz et al. 2011). 

For the precursor proteins targeted to the inner membrane, they are either laterally 

released from the TIM23 complex, or first transported into the matrix and then integrated 

into the inner membrane by the oxidase assembly (OXA) complex. The carrier pathway 

transports the precursor proteins with non-cleavable internal targeting signals, which 

overlap with the hydrophobic segments of the mature carrier proteins. The precursor 

carriers are recognized by Tom70, the receptor of TOM complex and subsequently 

translocated across the outer membrane via the channel formed by Tom40. Small TIM 

chaperones, Tim9-Tim10 and Tim9-Tim10-Tim12 complexes, bind to the carrier 

precursor in the intermembrane space and are inserted into the inner membrane with the 

aid of the TIM22 complex (Rehling, Model et al. 2003; Gebert, Chacinska et al. 2008). 

The TIM22 complex consists of the channel-forming subunit Tim22, membrane-

integrated subunits Tim18 and Tim54, and the aforementioned chaperone complex 

formed by Tim9, Tim10 and Tim12. This process also consumes Δψ as the driving force.  

         In addition to these two classical pathways, three novel import pathways have been 

identified in the last two decades, including the sorting and assembly machinery (SAM) 

for β-barrel proteins of the outer membrane, the insertion pathway for α-helical proteins 

of the outer membrane, and the mitochondrial intermembrane space assembly pathway 

(MIA) (Fig. 1-4B). Although the TOM complex is the main entry for the precursor 

proteins, how the proteins insert into the outer membrane was not fully understood until 

recently. The proteins of outer membranes consist of two classes of proteins, the β-barrel 
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proteins and the proteins with α-helical transmembrane segments. The β-barrel proteins 

are inserted into the outer membrane by SAM complex. The precursors of β-barrel 

proteins are firstly transported to the intermembrane space via the TOM complex, 

escorted by small TIM chaperone complexes, and guided to the SAM complex. 

Subsequently, the β-strand on the C-terminal of the protein, as the sorting sequence, 

directs the precursor β-barrel protein to the core components of the SAM complex, 

Sam50 and Sam35 (Kutik, Stojanovski et al. 2008). The Sam35 receptor recognizes the 

β-signal and Sam50 forms the channel where the folding and insertion of the precursor 

protein occur. For the precursor proteins with α-helical transmembrane segments, they 

are recognized by Tom70 and interact with Mim1 for the membrane integration. Mim1, 

although the exact function is unknown, forms a large oligomeric complex to assist the 

precursor proteins to insert into the protein-lipid phase. Interestingly, the SAM and Mim1 

complexes also cooperate with each other to promote the assembly of certain outer 

membrane proteins. The biogenesis of TOM complex is such an example. As described 

above, the TOM complex is made up of the β-barrel protein Tom40 and six subunits 

containing α-helical segments (the receptors and small Tom proteins). The small Tom 

proteins are first transported by Mim1 complex and subsequently delivered to SAM 

complex via the transit association of the Mim1 and SAM complexes, followed by the 

assembly with the precursor of Tom40 on the SAM complex (Dukanovic, Dimmer et al. 

2009; Becker, Guiard et al. 2010). Tom22, the receptor of TOM complex, is inserted into 

the outer membrane by an alternative mechanism. This α-helical protein is transported by 

the SAM-Mdm10 complex, rather than the Mim1 complex (Meisinger, Rissler et al. 2004; 

Stojanovski, Guiard et al. 2007; Becker, Wenz et al. 2011). Mdm10 is a multifunctional 
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protein, which additionally belongs to the endoplasmic reticulum-mitochondria encounter 

structure (ERMES), and mitochondrial distribution and morphology (MDM) complex 

(Stojanovski, Bohnert et al. 2012).  

       The last class of protein we have not covered yet is the protein targeted to the 

intermembrane space. Beside a small percentage of precursor proteins delivered via the 

presequence pathway, the majority of intermembrane proteins are transported by MIA 

pathway. These precursor proteins are usually smaller than 20 kDa and contain conserved 

cysteine motifs, which are oxidized to disulfide bonds during maturation. The transport of 

precursor proteins across the outer membrane is mediated by TOM complex in a reduced 

state. Mia40, the receptor of the MIA complex, binds to a cysteine motif of the precursor 

protein to form a transient disulfide bond once the protein exits from TOM complex 

(Milenkovic, Ramming et al. 2009; Sideris, Petrakis et al. 2009). Another core 

component of the MIA complex, the sulfhydryl oxidase Erv1, further reoxidizes Mia40 in 

the support of Hot13, resulting in new disulfide bonds formed in the precursor protein to 

complete the folding in the intermembrane space. In the process of oxidation, the 

electrons are transferred from the precursor protein via Mia40 to Erv1, and end up with 

the respiratory chain via cytochrome c (Stojanovski, Milenkovic et al. 2008).  

       Recent studies found that in addition to the function of protein import and sorting, 

the preprotein translocases also play a role in other cellular functions. For example, 

TIM23 complex is physically associated with the mitochondrial respiratory complexes 

(van der Laan, Wiedemann et al. 2006; Dienhart and Stuart 2008), which may facilitate 

the energetic coupling. Another example is the interaction between Tim54 and i-AAA 

protease. Tim54 is a subunit of TIM22 complex, which is the docking site for the small 
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Tim chaperone complex. It was reported that the monomeric precursor of the i-AAA 

protease (Yme1) is imported by the presequence pathway, while Tim54 is required for its 

assembly to form an oligomeric form (Wagner, Gebert et al. 2008). In conclusion, the 

multiple functions of protein import machinery build an integrated mitochondrial network, 

which may result from their co-evolution (Becker, Wenz et al. 2011). 

1.3 Functions of mitochondria 

       The pioneering studies of bioenergetics from 1950s to 1970s granted the 

mitochondria a well-known synonym as the “powerhouses” of the cell. Indeed, 

mitochondria are the primary energy source in the form of ATP in eukaryotic cells.  Since 

1980s, findings beyond the ATP production and intermediary metabolism have revealed 

that mitochondria also play an important role in thermogenesis, storage of calcium ions, 

cell signaling and cell death. Most recent studies have further highlighted that 

mitochondria are involved in immune defense, epigenetics, and stem cell development 

[reviewed in (Cherry, Thompson et al. 2016)]. Apparently, mitochondria are far more 

than just the powerhouses of the cell.   

1.3.1 Mitochondria and oxidative phosphorylation 

       In mammalian cells, more than 80% of the ATP cell need is synthesized in the 

mitochondrial matrix by oxidative phosphorylation (OXPHOS) (Nargund, Pellegrino et al. 

2012). Electrons are harvested from glycolysis, fatty acid oxidation and the tricarboxylic 

acid (TCA) cycle, followed by entering the respiration chain, or known as the electron 

transport chain (ETC), coupled with the proton translocation. Driven by the 

electrochemical gradient formed by the proton translocation, ATP is synthesized by the 
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FoF1-ATP synthase located on the mitochondrial inner membrane (Abrahams, Leslie et al. 

1994; Watt, Montgomery et al. 2010).  

       With the employment of certain detergents at low concentration, the mammalian 

mitochondrial ETC is fractioned into four complexes: complex I (NADH-ubiquinone 

oxidoreductase or NADH dehydrogenase), complex II (succinate dehydrogenase), 

complex III (CoQH2-cytochorme c reductase or cytochrome bc1 complex), and complex 

IV (cytochrome c oxidase). Complex V is another name for FoF1-ATP synthase (Nicholls 

and Ferguson 2003). The ETC contains more than 20 redox carriers to mediate the intra-

protein electron transfer, while the electron transport between the complexes is fulfilled 

by mobile electron carriers, namely ubiquinone and cytochrome c. Complex I is the entry 

point for electrons from NADH generated by the pyruvate-dehydrogenase complex and 

the TCA cycle, and subsequently transferred to ubiquinone. The ubiquinone is reduced to 

ubiquinol, which is coupled to the proton translocation across the inner membrane. In the 

mammalian cells, complex I is a very large complex with more than 40 subunits. In 

contrast, yeast contains two NADH dehydrogenases, rather than a complex, functioning 

equivalently to complex I (Luttik, Overkamp et al. 1998). In contrast to complex I, 

complex II is the smallest complex in the ETC, which consists of only four subunits. 

Complex II is the second entry point of electrons via FADH, which is generated by the 

oxidation of succinate to fumarate. Electrons provided by complex II also reduce 

ubiquinone to ubiquinol, but no proton is pumped across the inner membrane (Grimm 

2012). Ubiquinone is additionally reduced by other ubiquinone-reducing enzymes such as 

electron transferring flavoprotein-ubiqionone oxidoreductase, glycerol-3-phosphate 

dehydrogenase and dihydroorotate dehydrogenase (Sazanov 2015).  
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        Regardless of which point the electrons enter the ETC, they are all transported to 

complex III via ubiquinol. The pathway of electron flow through complex III is described 

as the Q cycle (Nicholls and Ferguson 2003). As a result, four protons are transported 

across the inner membrane, and the cytochrome c is reduced in the intermembrane space. 

Cytochrome c is a water-soluble electron carrier, which transfers the electrons between 

complex III and IV. In complex IV, four cytochrome c carry four electrons to oxygen, the 

ultimate electron acceptor, generating two molecules of water (Sazanov 2015). Driven by 

the electrochemical gradient generated by complex I, III and IV, ATP is synthesized from 

ADP and inorganic phosphate by the FoF1-ATP synthase (complex V) (Papa, Martino et 

al. 2012).  

        As these complexes function actively when isolated as individual complexes, the 

classic model proposes that the discrete respiratory complexes are freely floating in the 

inner membrane, employing ubiquinone and cytochrome c as connecting molecules 

(Vartak, Porras et al. 2013). This model is challenged by several observations indicating 

the permanent interactions of individual complexes. Another model, the solid state 

supercomplex model, envisions that the complexes associate with each other with varying 

ratios to form supramolecular complexes. This idea was first proposed by Chance and 

Williams in 1955, and subsequent repeated findings have further supported this model. 

For instance, Schägger and Pfeiffer took advantage of blue native polyacrylamide gel 

electrophoresis (BN-PAGE) and mild detergents to isolate the mitochondria, which 

successfully showed the supercomplexes in yeast and mammalian mitochondria 

(Schägger and Pfeiffer 2000). The most common supercomplexes are composed as 

complex I/IIIn, complex I/IIIn/IVn and complex III/IVn. Complex II is mostly in a free 
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form with an exception of interacting with supercomplex I/III/IV in a small proportion. 

Complex V does not form supercomplex with other complexes but usually migrates in a 

dimeric form (Vartak, Porras et al. 2013). The formation of supercomplex not only 

benefits the substrate channeling and electron transfer, but also enhances the structural 

stability of respiratory enzymes. In different cell types and physiological states, the 

amount and combination of supercomplex vary to accommodate ATP need of the cell, 

which was proposed as a “plasticity model” by Acin-Perez et al. (Acin-Perez, Fernandez-

Silva et al. 2008).    

1.3.2 Mitochondria and thermogenesis 

      The electron transport and ATP production are coupled processes; however, the 

coupling is far below 100%, which means protons can re-enter the mitochondrial matrix 

independently of ATP synthesis. This process is called proton leak or mitochondrial 

uncoupling. As a result, a significant part of respiration energy is dissipated as heat by 

different mechanisms. The majority of proton leak is mediated by mitochondrial carrier 

proteins on the inner membrane, such as the adenine nucleotide translocase (will be 

discussed in later session) and uncoupling protein 1 (UCP1) (Brand, Pakay et al. 2005; 

Parker, Crichton et al. 2009). UCP1, or thermogenin, was first identified in brown 

adipose tissue (BAT), where UCP1-mediated proton conductance generates heat 

responding to cold and to maintain body temperature (Azzu, Jastroch et al. 2010). In 

BAT, the heat generation requires simultaneous lipolysis. In the mitochondrial matrix, β-

oxidation of free fatty acid produces the acetyl-CoA, which is further oxidized via the 

TCA cycle and ETC, providing the energy to be dissipated by UCP1 (Cedikova, 
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Kripnerov et al. 2016). However, the exact mechanism of UCP1 activation is still 

inconclusive.  

1.3.3 Mitochondria and Ca
2+

 homeostasis 

       In most cells, the cytoplasmic free Ca
2+

 is maintained in the range 0.05~0.5 µM 

(Nicholls and Ferguson 2003), which acts as a second messenger for signal transduction. 

Mitochondria are membrane-bounded organelles that regulate the cytoplasmic free Ca
2+

, 

cooperating with the endoplasmic reticulum (ER) and plasma membrane. The uptake of 

Ca
2+

 into mitochondria involves the voltage-dependent anion channel (VDAC) on the 

outer membrane and the mitochondrial Ca
2+

 uniporter (MCU) on the inner membrane. As 

the outer membrane is permeable to solutes smaller than 5 kDa, Ca
2+

 is actually 

permeable to the outer membrane. However, it was reported that overexpression of 

VDAC increases Ca
2+

 accumulation in the mitochondria (Rapizzi, Pinton et al. 2002). 

Therefore, although VDAC is known to transport metabolites across the outer membrane, 

it may also function as a Ca
2+

-activated Ca
2+

 channel (Bathori, Csordas et al. 2006; Tan 

and Colombini 2007). It is speculated that other transporters or channels also exist on the 

outer membrane since the sensitivity of Ca
2+

 uptake is unchanged in cells with knock 

down of all three isoforms of VDAC (Baines, Kaiser et al. 2007). Driven by the 

membrane potential established by ETC with a negative charge in the matrix, MCU 

transports Ca
2+

 across the inner membrane. However, the uptake through MCU only 

happens when the cytoplasmic Ca
2+

 concentration is higher than 0.1 µM at resting state 

or 1~3 µM at stimulated conditions (Patron, Raffaello et al. 2013). In other words, the 

cytoplasmic Ca
2+

 beyond a certain level inactivates the uniporter to prevent the 

mitochondria from the over-accumulation of Ca
2+

. Release of the Ca
2+

 back into the 
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cytoplasm is mediated by the mechanism of Na
+
-Ca

2+
 exchange across the inner 

membrane. It is fulfilled by a Na
+
 circuit (via the Na

+
/H

+
 antiporter and the 2Na

+
/Ca

2+
 

antiporter) driven by a circuit of protons (via the respiratory chain and Na
+
/H

+
 antiporter) 

(Nicholls and Ferguson 2003). In addition to the electroneutral 2Na
+
/Ca

2+
 exchange, an 

electrongenic stoichiometry of 3Na
+
/2Ca

2+
 was also suggested by Jung and coworkers 

(Jung, Baysal et al. 1995).  

       Ca
2+

 uptake has multiple impacts on mitochondrial function. As early as 1980s, it 

was found that the activity of major rate-limiting enzymes in the TCA cycle was 

enhanced by Ca
2+

 (McCormack, Halestrap et al. 1990), resulting in the increased supply 

of reducing equivalents. Furthermore, the mitochondrial Ca
2+

 uptake drives ATP 

production in intact living cells (Jouaville, Pinton et al. 1999), which provides a 

regulatory mechanism for ATP production when mitochondria confront increased energy 

demands. Mitochondrial Ca
2+

 signals also have an effect on the shape of mitochondria 

and mitochondrial network dynamics by controlling the fusion, the fission and the 

movement of mitochondria (Szabadkai and Duchen 2008).  

        Mitochondrial Ca
2+

 uptake also contributes to cellular Ca
2+

 homeostasis. 

Mitochondrial outer membrane can associate with ER membrane, forming a structure 

called mitochondria-associated ER-membrane (MAM). Mitochondria, together with ER, 

the primary site for intracellular Ca
2+

 storage, tightly control the cytoplasmic Ca
2+

 via the 

MAM. The binding of inositol-1,4,5-trisphosphate (IP3) to its receptor IP3R triggers Ca
2+

 

release from ER, and activates the mitochondria to uptake Ca
2+

 via VDAC and MCU 

(Patergnani, Suski et al. 2011). Ca
2+

 can be released from the mitochondria. The re-

accumulation of Ca
2+

 in the ER to re-establish the basal Ca
2+

 level is mediated by the 
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sarco-endoplasmic Ca
2+

 ATPase (SERCA). This process is regulated by ATP supplied by 

mitochondria. Overall, the crosstalk between those two organelles play an important role 

in cellular Ca
2+

 homeostasis, which is fundamental for regulating cell metabolism, 

proliferation, differentiation, and cell death.    

1.3.4 Mitochondria and programmed cell death 

         Programmed cell death, or apoptosis, is a specific type of cell death, which is 

described as an orderly process of the shutdown of metabolism, degradation of the cell 

contents with minimal leakage (Nicholls and Ferguson 2003). Specific changes of cell 

morphology occur during this process, such as membrane blebbing, cell shrinkage, DNA 

fragmentation and global RNA degradation. The death receptor-mediated apoptotic 

pathway and the mitochondria-mediated apoptotic pathway are two well-investigated 

canonical apoptotic pathways. These two pathways are not completely independent but 

linked with each other [reviewed in (Xiong, Mu et al. 2014)].  

       The mitochondria-mediated apoptosis is also known as the intrinsic pathway, which 

initiates in the mitochondria. The initiation involves the Bcl-2 family proteins, which are 

divided to two groups as the pro-apoptotic proteins such as Bax and Bak, and the anti-

apoptotic proteins such as Bcl-2 and Bcl-xL. To date, there are 25 genes identified in the 

Bcl-2 family (Elmore 2007). Under physiological conditions, the integrity of MOM is 

maintained by the heterodimers formed by Bcl-2/Bcl-xL and Bax/Bak. In response to 

apoptotic stress, the increasingly expressed Bax binds to Bcl-2, leading to the release of 

Bax/Bak to form oligomers. The oligomeric complex changes the permeability of the 

outer membrane, resulting in the release of cytochrome c from the intermembrane space 
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to the cytoplasm. The released cytochrome c binds and activates the apoptotic protease 

activating factor-1 (Apaf-1) and procaspase-9, forming a wheel-shaped complex, also 

known as the apoptosome (Chinnaiyan 1999; Hill, Adrain et al. 2004). The aggregation 

of procaspase-9 in the apoptosome allows the cross-activation of procaspase-9 to 

caspase-9 by autocatalysis. Subsequently, the downstream effector caspases (e.g. caspase 

3 and caspase-7) are activated by caspase-9 and execute the protease function (Xiong, Mu 

et al. 2014). 

       Another group of proteins, the inhibitors of apoptosis (IAP) family, play important 

roles in the regulation of apoptosis. The characteristic domain of IAP family proteins is 

the baculoviral IAP repeats (BIRs), which can bind to caspases to inhibit their activities 

(Deveraux, Takahashi et al. 1997; Roy, Deveraux et al. 1997). Interestingly, additional 

mitochondrial proteins are reported to interact with and antagonize the anti-apoptotic 

activities of IAP proteins. For example, X-linked mammalian inhibitor of apoptosis 

protein (XIAP) is one of eight human identified human IAP proteins, which can bind to 

caspase 3 and caspase 9 to inhibit apoptosis (Silke, Hawkins et al. 2002). The second 

mitochondrial activator of caspases (Smac), also known as the direct IAP binding protein 

with low PI (DIABLO), specifically interacts with XIAP to antagonize its inhibitory 

activity on caspase 9 (Chai, Du et al. 2000).   

       Overall, apoptosis is a highly regulated and energy-dependent process, which is 

essential for both health and disease. Mitochondria play a central role in the initiation and 

the regulation of apoptosis. However, questions still remain to fully understand the 

underlying mechanism.    
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1.4 Mitochondrial protein quality control and UPR
mt 

1.4.1 Overview of the mitochondrial protein quality control         

        As previously described, mitochondria are complex dynamic organelles that have 

multiple functions important to maintain cellular homeostasis. To defend the 

functionality of proteins in the mitochondria, the quality control machineries are involved 

in assisting protein folding, preventing aggregation, and removing misfolded products.  

        The protein quality control machineries are available at different levels. At the 

cellular level, defective mitochondria are eliminated by mitophagy, which is a selective 

autophagy that engulfs whole mitochondria by autophagic membranes and delivers them 

to lysosomes, resulting in the formation of autophagosomes for degradation (Fischer, 

Hamann et al. 2012). At the organelle level, the fusion and fission of mitochondria, 

previously described in chapter 1.1.2, not only involve in the dynamic shape of the 

mitochondrial networks, but also play active roles in the mitochondrial protein quality 

control. The fusion of mitochondrial membranes enables the exchange of the contents of 

mitochondria to prevent from accumulating the damage (Chen, Chomyn et al. 2005; Chen, 

Vermulst et al. 2010). Hyperfusion also occurs when the cells are exposed to selective 

stresses such as the inhibition of cytosolic protein synthesis (Tondera, Grandemange et al. 

2009). In contrast, fission causes the fragmentation of the mitochondrial networks, 

facilitating the elimination of defective mitochondria by mitophagy. Furthermore, the 

severely damaged mitochondria can trigger apoptosis by releasing cytochrome c. At the 

molecular level, the mitochondrial proteases and chaperones are involved in protein 

homeostasis in different mitochondrial compartments and also cooperate with processes 
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at other levels such as mitophagy, fusion and fission events. All these mechanisms at 

different levels are integrated into a network to keep the mitochondrial functional. The 

following section will be focused on the mitochondrial proteases and chaperones.      

1.4.2 Classification of human mitoproteases 

       Mitochondrial proteases, or mitoproteases, are located in either mitochondria 

exclusively, or both the cytosol and mitochondria. Based on their location, function and 

structural characteristics, these mitoproteases are classified into three groups [Fig. 1-5; 

reviewed in (Quiros, Langer et al. 2015)]. The first group is termed as the intrinsic or 

resident mitoproteases, which contains 20 proteolytic enzymes that predominantly 

function in the mitochondria. These intrinsic mitoproteases have two fundamental 

functions: the processing of proteins imported into mitochondria by removing the 

importing signals, and protein quality control by eliminating the unfolded and misfolded 

proteins. Studies have also shown that they are involved in other processes such as 

protein trafficking, stress response and mitochondrial dynamics. Interestingly, most 

mitoproteases have dual or multiple functions. 

       The second group consists of five pseudo-mitoproteases. They are similar to the first 

group of mitoproteases in structure, but deficient in the catalytic function due to the lack 

of key residues in the catalytic center. However, they are active in regulating their 

homologous proteases or in carrying out functions. For instance, the cytochrome bc1 

complex subunit 1 and 2 (UQCRC1 and 2), highly homologous to the mitochondrial 

processing peptide (MPP), are components of the respiratory chain. Interestingly, the  
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Figure 1-5. Classification of human mitoproteases [adapted from (Quiros, Langer et al. 

2015)].  Human mitoproteases are classified into three groups based on their locations, functional 

and structural characteristics: the intrinsic, pseudo-, and transient mitoproteases. Each group is 

further divided into three subgroups depending on the catalytic class: Cys, metallo and Ser 

proteases. Mitoproteases are presented as closed bars, the length of which is corresponsive to the 

size of the protein. The catalytic cores and accessory domains are shown in different colors.     
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catalytic function of these proteins is present in plants, but not in yeast or humans (Smith, 

Fox et al. 2012).  

       The third group of mitoproteases includes more than 20 enzymes that are defined as 

transient mitoproteases. These enzymes perform additional catalytic activities only under 

certain conditions and are mainly involved in autophagy and apoptosis. Each of these 

three groups of mitoproteases is further divided into three subgroups based on their 

catalytic characteristic: Cys proteases, metalloproteases and Ser proteases. 

1.4.3 Mitoproteases and protein quality control 

       Among the different levels of mitochondrial protein control machineries, the 

mitoproteases are the first guardians of mitochondrial proteostasis. The challenges could 

come from the unbalance of nuclear-encoded and mitochondrial-encoded proteins, or 

from the damages caused by the reactive oxidative species (ROS) generated as byproduct 

of OXPHOS. Eight mitoproteases, distributed in different mitochondrial compartments, 

are key components of the protease-mediated quality control (Fig. 1-6). Four of them are 

ATP-dependent proteases: intermembrane ATPases associated with diverse cellular 

activities (AAA) protease (i-AAA protease), matrix AAA (m-AAA) protease, Lon 

protease homologue (LONP) and ATP-dependent Clp protease proteolytic subunit (ClpP). 

There are also two ATP-independent proteases, namely the mitochondrial inner 

membrane protease Atp23 homologue (ATP23) and Ser protease HTRA2 (or OMI). 

Moreover, two oligopeptidases known as the presequence protease (PITRM1 or HPREP) 

and the mitochondrial oligopeptidases M (MEP or neurolysin) also play key roles in the 

protease-mediated quality control machinery.  
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      The proteostasis of mitochondrial inner membrane is mainly maintained by the i-

AAA and m-AAA proteases, which have their catalytic sites facing the intermembrane 

space and the matrix, respectively. In humans, the i-AAA protease is a homo-oligomeric 

complex with a molecular weight of ~1,000 kDa, which consists of YME1L1 subunits. 

The m-AAA protease is also a large complex with a similar molecular weight to the i-

AAA protease, but can be either a homo-oligomeric complex composed of AFG3-like 

protein 2 (AFG3L2), or a hetero-oligomeric complex composed of AFG3L2 and 

paraplegin (SPG7). The AAA proteases provide surveillance for the proteostasis on the 

inner membrane by eliminating the non-native integral membrane proteins and 

membrane-associated proteins. The i- and m-AAA proteases have overlapping substrate 

specificity and both of them are able to degrade the substrates which expose the non-

native segments to either the intermembrane space or the matrix (Leonhard, Guiard et al. 

2000). The substrates of AAA proteases include unassembled subunits of the respiratory 

chain complexes as well as other inner membrane proteins. In addition, it was reported 

that the Yme1 subunit of i-AAA protease in yeast has a chaperone-like activity, by 

binding to the unfolded polypeptides to prevent them from aggregation (Leonhard, 

Stiegler et al. 1999). The AAA proteases are also involved in other critical mitochondrial 

activities, such as protein synthesis, mitochondrial dynamics and calcium homeostasis 

[reviewed in (Quiros, Langer et al. 2015)]. Mutations in AAA proteases are found to be 

associated with neurodegenerative disorders in human. For example, mutations in 

AFG3L2 cause dominant hereditary ataxia SCA28 (Di Bella, Lazzaro et al. 2010) and 

spastic ataxia-neuropathy syndrome (Pierson, Adams et al. 2011). Mutations in 

paraplegin lead to spastic paraplegia (Casari, De Fusco et al. 1998) and chronic  
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Figure 1-6. Mitoproteases degrade defective proteins in different mitochondrial 

compartments [adapted from (Quiros, Langer et al. 2015)]. In the mitochondrial matrix, the 

protein quality control is conducted by two Ser proteases, CLPXP complex and LONP protease, 

and the inner membrane-associated m-AAA proteases. Misfolded, damaged and oxidized proteins 

are degraded by these proteases into peptides, which are further degraded into amino acids by 

oligopeptidase PITRM1. The amino acids are exported by ABC transporter. On the mitochondrial 

inner membrane, the surveillance of protein homeostasis, including the maintenance of 

respiratory chain complex, is carried out by m- and i-AAA proteases. On the intermembrane 

space side, the integrity of respiratory chain complex is maintained by i-AAA and ATP23 (the 

actual role is not clear with a question mark). HTRA2 also participates in the degradation of 

damaged and oxidized proteins in the intermembrane space.               

 

 

 

 



32 
 

ophthalmoplegia result from disordered mtDNA maintenance (Pfeffer, Gorman et al. 

2014; Wedding, Koht et al. 2014). Most recently, it was founded that homozygous 

YME1L1 mutations cause a novel mitochondriopathy characterized as optic atrophy and 

mitochondrial network fragmentation in Saudi Arabian pedigree due to the impaired 

proteolysis of i-AAA protease (Hartmann, Wai et al. 2016).        

      In the mitochondrial matrix, two additional ATP-dependent mitoproteases, LONP and 

ClpP, conduct the protein quality control. Both of them are Ser proteases, which use the 

energy derived from ATP hydrolysis to unfold their substrates for proteolysis. LONP has 

a broad spectrum of substrates, including aconitase, cytochrome c oxidase subunit 4 

isoform 1, steroidogenic acute regulatory protein (STAR), succinate dehydrogenase 

subunit 5, TFAM, glutaminase C and several haem-related enzymes (Quiros, Langer et al. 

2015). They are targeted by LONP not only when they are misfolded or damaged, but 

also under normal conditions. In humans, the function of ClpP is not as clear as LONP, 

but it has a potential role in degrading misfolded proteins in the matrix (Haynes, Petrova 

et al. 2007). ClpP forms the CLPXP complex with CLPX, an ATP-dependent chaperone. 

ClpP subunits are assembled into two heptameric rings with CLPX ring structures 

stacking on either one side or both sides of ClpP tetradecamer in the presence of ATP 

(Kang, Dimitrova et al. 2005). Mutations in ClpP cause Perrault syndrome characterized 

by sensorineural hearing loss and ovarian failure (Jenkinson, Rehman et al. 2013).  

       In the intermembrane space, two ATP-independent mitoproteases, HTRA2 and 

ATP23, participate in protein quality control. HTRA2, also known as OMI, forms trimers 

to eliminate misfolded, damaged and oxidized proteins (Clausen, Kaiser et al. 2011). In 

addition, studies have shown that HTRA2 also plays a role in mtDNA maintenance, 
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mitophagy and apoptosis (Quiros, Langer et al. 2015). Mutations in HTRA2 are related to 

Parkinson’s disease and essential tremor (Strauss, Martins et al. 2005; Unal Gulsuner, 

Gulsuner et al. 2014). The exact function of ATP23 in mammalian is not fully understood, 

but it was reported that ATP23 has dual activities in yeast. It acts as a processing 

peptidase and as a chaperone in the assembly of FoF1-ATP synthase (Osman, Wilmes et 

al. 2007). ATP23 may also exert its proteolytic activity in the clearance of lipid transfer 

proteins (Potting, Wilmes et al. 2010).  

       Misfolded or damaged proteins are degraded to peptides by AAA-dependent 

mitoproteases in different mitochondrial compartments. These peptides are either 

exported to the cytosol through ATPase-binding cassette (ABC) transporter, or further 

degraded into amino acids by oligopeptidases such as PITRM1 (pitrilysin 

metallopeptidase 1). Studies suggested that defective PITRM1 is associated with 

Alzheimer disease as the amyloid β-aggregates are the substrates of PITRM1 (Falkevall, 

Alikhani et al. 2006). Another oligopeptidase, MEP, located in both the cytosol and 

mitochondria, may function in the intermembrane space (Serizawa, Dando et al. 1995).  

       Because of their fundamental role in protein homeostasis, the mitoproteases have 

also been implicated in aging and many clinical conditions including metabolic diseases 

and cancer. This list will keep growing in the future as the interest of research in this field 

is greater than ever.        

1.4.4 Mitochondrial unfolded protein response (UPR
mt

) 

       The proteostasis in a specific compartment relies on the balance between the protein 

folding capacity and the unfolded proteins. The cytosol and cellular organelles confront 
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the same challenge brought by the nascent polypeptides, termed unfolded protein stress. 

Different organelles or cellular compartments have evolved multiple and unique 

pathways responding to unassembled or misfolded proteins. Pathways such as the heat 

shock response in cytosol, the ER-associated degradation pathway, and the autophagy 

involving lysosomes have been well documented over the past years. However, the study 

of how mitochondria respond to the unfolded protein stress has not been initiated until 

recent years.  

        The accumulation of unfolded or unassembled proteins activates the mitochondrial 

unfolded protein response, or UPR
mt

, which induces the upregulation of genes encoding 

the components of mitochondrial protein quality control such as mitoproteases to re-

establish the proteostasis. Although the UPR
mt

 was first discovered in mammalian cells 

two decades ago (Martinus, Garth et al. 1996), it has been better characterized in 

Caenorhabditis elegans. Stress conditions such as the inhibition of mitochondrial 

transcription and replication by ethidium bromide (Yoneda, Benedetti et al. 2004), and 

stimulation of mitochondrial biogenesis by NAD
+
 supplementation (Mouchiroud, 

Houtkooper et al. 2013) trigger UPR
mt

. The accumulated protein in the mitochondrial 

matrix is degraded into peptides by ClpP (Fig. 1-7A), a matrix mitoprotease previously 

described. These small peptides are pumped across the inner membrane by the ABC 

transporter, HAF-1. The peptide efflux into the cytosol activates the nuclear translocation 

of activating transcription factor associated with stress-1 (ATFS-1). ATFS-1 has a 

nuclear localization sequence as well as a mitochondrial targeting sequence. Under 

normal conditions, ATFS-1 is imported into mitochondria and degraded by Lon protease 

(Nargund, Pellegrino et al. 2012). When proteostatic stress occurs, a fraction of ATFS-1  
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Figure 1-7. Models of UPR
mt

 in C.elegans (A) and mammalian cell culture (B) [adapted and 

modified from (Pellegrino, Nargund et al. 2013)]. (A) In C.elegans, the misfolded protein in 

matrix is degraded into peptides, which are exported by HAF-1. The peptide efflux in the cytosol 

activates the re-location of transcription factor ATFS-1 resulting in the increased expression of 

mitochondrial chaperone and protease genes including Hsp60 and mtHsp70.  DVE-1 and UBL-5 

also participate in the UPR
mt

 cooperatively. (B) In mammalians, UPR
mt

 induced by the 

accumulation of misfolded protein in the matrix activates CHOP by JNK2. The up-regulation of 

CHOP gives rise to the elevated expression of genes encoding the chaperones and mitoproteases. 

Alternatively, the stress from the intermembrane space triggers the phosphorylation of ERα by 

kinase AKT, which further activates the expression of HTRA2, NRF1 and enhances the 

proteasome activity. 
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accumulates in the cytosol and translocates to the nucleus (Haynes, Yang et al. 2010). 

However, how HAF-1 mediated peptide efflux activates the translocation of ATFS-1 is 

still largely unknown (Pellegrino, Nargund et al. 2013). Re-localization of ATFS-1 

induces the expression of genes encoding mitochondrial chaperones and proteases, the 

components involved in ROS detoxification and mitochondrial import as well as several 

glycolysis enzymes (Nargund, Pellegrino et al. 2012). In addition to ATFS-1, the 

transcriptional factor DVE-1 and ubiquitin-like protein 5 (UBL-5) are also involved in 

the activation of UPR
mt

. DVE-1 is localized in the nucleus but undergoes a nuclear re-

distribution upon the onset of the UPR
mt

, at which time it binds to the promoter of 

mitochondrial chaperone genes like Hsp60 and mtHsp70 (Haynes, Petrova et al. 2007). 

During mitochondrial proteostasis stress, the expression of UBL-5 is elevated and forms 

a complex with DVE-1. The importance of this complex to the UPR
mt

 is still under 

investigation (Arnould, Michel et al. 2015).  

      In mammals, two different signaling pathways of UPR
mt

 have been described (Figure 

1-7B). Hoogenraad and the co-workers overexpressed a truncated form of ornithine 

transcarbamylase (OTC), which is misfolded and induces the perturbation of proteostasis 

in the mitochondrial matrix. It was found that the accumulation of the misfolded OTC 

stimulates the expression of genes that promote mitochondrial proteostasis, such as 

chaperones and mitoproteases Hsp60, mtDnaJ and ClpP (Zhao, Wang et al. 2002). The 

promoters of these genes contain a mitochondrial stress responsive element recognized 

by the transcriptional factor CHOP (CCAAT/enhancer-binding protein homologous 

protein). In the presence of unfolded proteins in the matrix, CHOP is up-regulated via 

JNK2 (c-Jun N-terminal kinase 2) and c-Jun (the transcription factor that binds to the AP-
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1 element within the promoter of CHOP), which activates the downstream genes. 

Interestingly, although the activation of CHOP is also related to ER stress, genotoxic 

stress and arsenite exposure (Pellegrino, Nargund et al. 2013), no up-regulation of ER 

chaperone genes was observed in response to protein misfolding in the mitochondrial 

matrix (Zhao, Wang et al. 2002). A distinct signaling pathway appears to specifically 

react to the unfolded protein in the intermembrane space. Germain and Papa described 

that accumulation of misfolded endonuclease G (EndoG) in MCF-7 cells results in the 

increased expression of HTRA2, the mitoprotease in the intermembrane space, and NRF1, 

the transcription factor involved in mitochondrial biogenesis, as well as proteasome 

activity (Papa and Germain 2011). In contrast to the misfolded OTC-induced proteostasis 

stress in the matrix, the stress response in the intermembrane space does not rely on 

CHOP activation, but involves the phosphorylation of estrogen receptor α (ERα) by 

kinase AKT (Papa and Germain 2011). The UPR
mt

 models have been primarily 

characterized in the mammalian cell culture, thus it is critical to examine these signaling 

pathways in vivo and their role in the neurodegenerative diseases as well as other diseases 

associated with mitochondrial dysfunction.  

       In addition to UPR
mt

, there are several other signaling pathways that also react to the 

mitochondrial stress. These pathways are not necessarily independent. For example, 

stresses such as depletion of mtDNA, impairment in ETC components, and exposure to 

paraquat activate UPR
mt

 as well as mitophagy (Pellegrino, Nargund et al. 2013). However, 

it is hypothesized that UPR
mt

 may occur prior to the mitophagy pathway, and mitophagy 

removes the damaged mitochondria that failed to re-establish proteostasis although the 

UPR
mt 

has already
 
been activated. If the damage is too severe, the entire cell may be 
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eliminated by apoptosis or other mechanisms. In other words, different doses of 

mitochondrial stress may preferentially induce different response pathways. It will be 

interesting to determine the relationship among those signaling pathways. 

1.5 Mitochondrial carrier proteins 

1.5.1 Overview of SLC25 family proteins 

        Given that the mitochondria are two-membrane bounded organelles, transporters and 

channels are expressed to mediate the exchange of metabolites, ions and other products 

across the membranes. The solutes smaller than 5 kDa can cross the outer membrane 

freely with the aid of VDAC. The inner membrane is relatively impermeable to solutes. 

To overcome this physical barrier, the mitochondrial carrier family (MCF) of proteins, or 

solute carrier family 25 (SLC25), facilitates the transport of molecules involved in the 

TCA cycle, OXPHOS, mtDNA maintenance as well as other critical processes 

(Gutierrez-Aguilar and Baines 2013).  

       To date, it has been estimated that there are 35 members of SLC25 in Saccharomyces 

cerevisiae, 58 in Arabidopsis thaliana, and 53 in humans by transport and sequence 

analysis (Palmieri and Pierri 2010). The SLC25 proteins are encoded by the nuclear DNA 

and targeted to the mitochondria with internal mitochondrial targeting sequence. The 

targeting sequences are recognized by TOM complex in the outer membrane, translocated 

through the Tom40 pore, and further inserted into the inner membrane by Tim22. The 

SLC25 proteins share similarity in structure that they are composed of three repeats of a 

~100 amino acid sequence and each repeat contains two transmembrane domains forming 

an α-helix and a conserved PX(D/E)XX(K/R) motif (Walker and Runswick 1993). 
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However, adenine nucleotide translocase (will be discussed later) and uncoupling protein 

2 (UCP2) (Berardi, Shih et al. 2011) are the only two SLC25 members in which the 

three-dimensional structures have been solved.  

       The identification of mitochondrial carrier proteins in early days mainly relied on 

measuring the transport of radiolabelled molecules (Guerin, Guerin et al. 1970; Palmieri 

and Klingenberg 1979). The transport kinetics of radioactive solutes was determined by 

using inhibitors or centrifugal filtration (Klingenberg 2008). Reconstitution of the carrier 

proteins into liposomes has also been a widely used approach to study the transport 

activity (Gutierrez-Aguilar and Baines 2013). Based on their substrate specificity, the 

mitochondrial carriers can be divided into several subfamilies: the carriers transporting 

nucleotides/dinucleotides, di-/tri-carboxylates and oxo acid, amino acids, and other 

products such as H
+
 and Pi (Palmieri and Pierri 2010). In humans, the studies on the 

precise localization also showed that three carriers in this family are located on the 

mitochondrial outer membrane or peroxisome rather than the inner membrane (Gutierrez-

Aguilar and Baines 2013).   

1.5.2. Adenine nucleotide translocase (Ant) (This section was partially published as a 

review article “Adenine nucleotide translocase, mitochondrial stress, and degenerative 

cell death” by Y. Liu and X.J. Chen on Oxidative Medicine and Cellular Longevity, 

2013:146860)   

 Structure and function of Ant 

       Of all the mitochondrial carrier proteins, adenine nucleotide translocase, or Ant, is 

the best-characterized one. Ant is the most abundant protein in mitochondria, accounting 
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for up to 10% of mitochondrial total protein in flies or 6% in mouse muscle (Brand, 

Pakay et al. 2005). The primary function of Ant is to mediate the ADP/ATP exchange 

across the mitochondrial inner membrane. Under respiring conditions, ATP
4-

 synthesized 

by OXPHOS is exported to the cytosol to support the cellular activities and ADP
3-

 is 

imported into the mitochondrial matrix for continuous ATP synthesis (Klingenberg 2008). 

During each cycle of exchange, one net negative charge is moved out of the mitochondria. 

The charge differential generated by this electrongenic process is not compensated, but is 

driven by the membrane potential (Duszynski, Bogucka et al. 1981). Under low-

membrane potential conditions, however, the direction of exchange is reversed so that 

mitochondria consume ATP to maintain the membrane potential. Interestingly, Ant binds 

to the substrates with relatively low affinity, but its high abundance likely compensates 

for the inefficiency. In addition to the primary function as an ADP/ATP exchanger, Ant 

also has an uncoupling property. Ant is not only involved in the fatty-acid dependent 

proton leakage, but also accounts for 1/2 to 2/3 of the basal conductance through an 

unknown mechanism (Brand, Pakay et al. 2005).          

        Ant is a highly conserved protein that has multiple isoforms in different species. In 

humans, Ant has four isoforms that share 87~93% of sequence identity with distinct 

tissue-specific expression patterns. Ant1 is predominately present in post-differentiated 

tissues such as heart, skeletal muscle and brain (Levy, Chen et al. 2000). Ant2, however, 

is expressed mainly in certain proliferating tissues (Stepien, Torroni et al. 1992; 

Chevrollier, Loiseau et al. 2005). Ant3 is ubiquitously expressed, and the expression level 

is correlated with the activity of OXPHOS. Ant4 is more specifically expressed in testis 

and germ cells, although the transcripts have also been detected in brain and liver (Dolce, 
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Scarcia et al. 2005; Brower, Rodic et al. 2007). There are only three isoforms of Ant 

found in mouse. Mouse Ant1 is preferentially expressed in heart and skeletal muscle, 

while mouse Ant2 is highly expressed in all tissues but muscle. Mouse Ant4, as in 

humans, is expressed primarily in testis (Brower, Rodic et al. 2007). In S. cerevisiae, 

there are three isoforms of ADP/ATP carrier (Aac), which are the homologues of human 

Ant. Aac1 is expressed at low levels, while Aac3 is expressed predominately under 

anaerobic conditions (Kolarov, Kolarova et al. 1990). Aac2 is the major ADP/ATP 

carrier in aerobically grown yeast cells (Klingenberg 2008), which is equivalent to Ant1 

in humans. By investigating Aac2, Chen found that in addition to its function supporting 

respiration (“R” function), Aac2 also has a novel function essential for cell viability (“V” 

function) (Chen 2004). The lack of Aac2 causes cell death in most yeast strains, while the 

lethality is suppressed by the yeast Sal1 protein and its human homolog, the short Ca
2+-

binding mitochondrial carrier 2 (SCaMC2). Although the V function of Aac2 is not yet 

fully understood, given that SCaMC2 is a putative ATP-Mg/Pi exchanger, it is reasonable 

to infer that Aac2 may be associated with nucleotide/Pi exchange (Kucejova, Li et al. 

2008).  

       Ant is the first mitochondrial carrier for which the high-resolution three-dimensional 

X-ray structure was obtained. The resolution of the crystal structure benefited from two 

specific inhibitors of Ant, bongkrekic acid (BA) and carboxyatractyloside (CATR). BA 

binds to Ant on the matrix side, while CATR binds from the side of the intermembrane 

space. The crystal structure of Ant was first solved in bovine heart in complex with 

CATR at a resolution of 2.2 Å (Pebay-Peyroula, Dahout-Gonzalez et al. 2003). Ant has 

the typical structure of mitochondrial carriers that are revealed as three repeats of 
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approximately 100 amino acids. Each repeat is composed of two transmembrane domains 

that form α-helices. All the helices are tilted and form a cavity with the opening towards 

the intermembrane space. The kinks are introduced by proline residues between two 

helices on the matrix side, which may act as hinges to tune the opening and closing of the 

substrate translocation channel. The Ant-specific sequence RRRMMM spans over the 

thinnest part of the channel and the arginine residues are essential for attracting the 

negative charged nucleotides to facilitate the transport (Muller, Basset et al. 1996; Pebay-

Peyroula, Dahout-Gonzalez et al. 2003). The atomic structures of yeast ADP/ATP 

carriers, Aac2 and Aac3, have also been solved recently (Ruprecht, Hellawell et al. 2014). 

The basic structures of yeast Aac2 and Aac3 are similar to the bovine Ant1, although a 

few differences were observed at the C-terminal region and the first transmembrane helix 

H1 (Kunji, Aleksandrova et al. 2016). The yeast ADP/ATP carrier has three conserved 

(F/Y)(D/E)XX(R/K) motifs on the cytosolic side of even-numbered α-helices, likely 

forming a salt bridge network (Robinson, Overy et al. 2008). Another salt bridge network 

on the matrix side is formed by the signature motif PX(D/E)XX(K/R) on the odd-

numbered α-helices (Pebay-Peyroula, Dahout-Gonzalez et al. 2003). An alternating 

access mechanism of ADP/ATP transport has been proposed engaging the salt bridges on 

both sides as well as the substrate binding site in the cavity. The substrate binding in one 

conformation triggers the transition to the other conformation by forming and disrupting 

the salt bridges networks, which leads to the alternating opening and closing of the carrier 

to either side of the membrane (Robinson, Overy et al. 2008).                          

        It has been questionable whether Ant functions as a monomer or dimer. For almost 

four decades, it was believed that Ant is dimeric. The conclusion was based on quite a 
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few studies which used different techniques, such as inhibitor binding assay, small-angle 

neutron scattering, size exclusion chromatography, BN-PAGE, etc (Kunji, Aleksandrova 

et al. 2016). However, the crystal structures of bovine Ant1 and yeast Aac2 and Aac3 are 

inconsistent with the earlier claims. Other reports also supported that yeast ADP/ATP 

carrier is monomeric by using size exclusion chromatography, BN-PAGE, differential 

tagging and affinity purification, and analytical ultracentrifugation (Kunji, Aleksandrova 

et al. 2016). Interestingly, opposite conclusions were drawn even by the same technique 

used. These discrepancies seem to stem from the crucial role of lipids in the 

lipid/detergent micelle, which turned out to take a significant proportion to the total mass 

(Crichton, Harding et al. 2013). Moreover, Bamber and coworkers demonstrated that 

Aac2 indeed functions as a monomer by co-expressing sulfhydryl sensitive and 

insensitive Aac2 for transport assay (Bamber, Harding et al. 2007).   

        A number of studies have suggested that Ant may interact with other proteins or 

protein complexes. Early studies claimed that Ant is a component of the mitochondrial 

permeability transition pore (mPTP) along with VDAC and cyclophilin D (CyPD). 

However, the opening of mPTP was still detectable in mice lacking two Ant1 isoforms, 

questioning the essential role of Ant in the mPTP (Kokoszka, Waymire et al. 2004). Ant 

may still play a role in the regulation of mPTP as more Ca
2+

 is needed to activate the pore. 

Mitochondrial ATP synthasome was proposed more than a decade ago, which consists of 

Ant, phosphate carrier (PiC) and the ATP synthase in a 1:1:1 stoichiometry (Ko, 

Delannoy et al. 2003; Chen, Ko et al. 2004). A recent study confirmed the presence of the 

mitochondrial ATP synthasome by multiple techniques including immunoprecipitation 

and BN-PAGE (Nuskova, Mracek et al. 2015). However, the majority of Ant and PiC did 
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not associate with ATP synthase, which casts doubt on the functional significance of the 

mitochondrial ATP synthasome. Furthermore, it was also suggested that yeast Aac2 

physically associates with multiple protein complexes, including the respiratory 

complex/supercomplex and TIM23 (Claypool, Oktay et al. 2008; Dienhart and Stuart 

2008; Mehnert, Rampelt et al. 2014). The specificity of binding was questioned, as other 

mitochondrial carriers also associate with TIM under the same condition, although at a 

very low level (Mehnert, Rampelt et al. 2014).  

Altered Ant expression and human diseases 

       As Ant is the most abundant protein which plays a pivotal role in mitochondrial 

function, mutations or altered expression of Ant has been reported to be related to a 

number of human disorders. The dysfunctional Ant1, the heart/skeletal muscle-specific 

isoform, is directly associated with a growing list of human cardiac and muscle diseases. 

Early work has shown that Ant1 knockout mice develop myopathy and cardiomyopathy 

characterized by the overproliferation of mitochondria in skeletal and heart tissues, 

ragged-red fibers, cardiac hypertrophy, lactic acidosis, exercise intolerance, and 

deficiency in coupled respiration (Graham, Waymire et al. 1997). Ant1 deficiency in 

humans is associated with Senger’s syndrome, an autosomal recessive disease 

characterized by hypertrophic cardiomyopathy, mitochondrial myopathy, lactic acidosis, 

and congenital cataracts (Jordens, Palmieri et al. 2002). The loss of Ant1 in heart and 

muscle tissues has been proposed to be the primary cause, however, no mutation in Ant1 

has been found. It was speculated that the Ant1 may be affected at the transcriptional, 

translational, or posttranslational level (Sharer 2005). In 2012, Mayer and coworkers first 

reported two nonsense mutations in the gene encoding the mitochondrial acylglycerol 
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kinase (AGK) in a patient with typical symptoms of Senger’s syndrome (Mayr, Haack et 

al. 2012). Later, more nonsense and missense mutations in AGK have been reported 

(Siriwardena, Mackay et al. 2013; Haghighi, Haack et al. 2014). AGK, also known as 

multi-substrate lipid kinase (MULK), phosphorylates monoacylglycerol and 

diacylglycerol to lysophosphatidic acid and phosphatidic acid. Phosphatidic acid, as a 

second messenger, is involved in a number of cellular processes, including the synthesis 

of phospholipids (Siriwardena, Mackay et al. 2013). All the mutations are predicted to be 

loss-of-function variants, although the pathogenesis is unclear. The loss of AGK may 

cause the reduction of Ant by disturbing its biogenesis. In addition to Senger’s syndrome, 

Ant1 deficiency due to a homozygous null mutation also causes cardiomyopathy with the 

mtDNA haplogroup-correlated severity. The inhibition of ADP/ATP exchange likely 

affects the OXPHOS and results in multiple consequences including oxidative damage 

(Strauss, Dubiner et al. 2013).  

       In contrast to Ant1 deficiency, overexpression of Ant1 causes other disorders such as 

facioscapulohumeral muscular dystrophy (FSHD), an autosomal dominant neuromuscular 

disorder with high variability. Patients with FSHD are featured by accumulative 

progression of muscle weakness in face, feet, shoulders and hips, together with 

occasionally sensorineural hearing loss (Padberg, Lunt et al. 1991). Deletions of the 

D4Z4 repeated sequences on chromosome IV that are commonly found in patients may 

be the cause that affects the transcription of nearby genes including ANT1, FRG1, FRG2 

and DUX4 (Wijmenga, Hewitt et al. 1992; Gabellini, Green et al. 2002; van der Maarel 

and Frants 2005; Lemmers, van der Vliet et al. 2010). Studies have suggested the 

overexpression of FRG1 (Wuebbles, Hanel et al. 2009), a gene involved in pre-mRNA 
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splicing, or DUX4 (Lemmers, van der Vliet et al. 2010), a double homeobox gene of 

unknown function, account for FSHD pathogenesis. However, others reported that 

overexpression of Ant1 was detected in FSHD muscles as well as increased oxidative 

stress, suggesting that Ant1 may play a role in the pathogenesis of FSHD (Laoudj-

Chenivesse, Carnac et al. 2005).   

        The sequence identity shared between different Ant isoforms is as high as 70~90% 

(Clemencon, Babot et al. 2013). However, altered expression of different isoforms results 

in different consequences. For instance, Ant2 plays a key role in cancer metabolism 

[reviewed in (Chevrollier, Loiseau et al. 2011) ]. The ANT2 mRNA is significantly 

increased in the primary tissues derived from patients with cancers in breast, uterus, 

ovary, lung, thyroid gland bladder and testis (Le Bras, Borgne-Sanchez et al. 2006).  In 

contrast to healthy cells which predominantly use OXPHOS to produce energy, cancer 

cells heavily employ glycolysis to adapt to the intratumoral hypoxic conditions (Moreno-

Sanchez, Rodriguez-Enriquez et al. 2007). In yeast, the mitochondrial membrane 

potential is maintained through the reversed nucleotide transport mediated by Aac3 when 

OXPHOS is shut down under hypoxic conditions. Aac3 provides glycolytic ATP to 

mitochondria that is subsequently hydrolyzed by the FoF1-ATP synthase. The membrane 

potential is thus maintained by the electrongenic ATP
4-

 (cytosol) /ADP
3-

 (matrix) 

exchange (Chevrollier, Loiseau et al. 2011). Human Ant2 is closely related to yeast Aac3, 

as they share a sequence identity of 53% and an isoform-specific promoter glycolysis-

regulated box (GRBOX). It is reasonable to speculate that Ant2 imports the cytosolic 

ATP into mitochondrial matrix to maintain the membrane potential in cancer cells.  

Dominant mutations in Ant1 and human diseases 
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       In addition to altered expression, missense mutations in Ant1 also cause several 

human diseases. Autosomal dominant progressive external opthalmoplegia (adPEO) is 

one of the diseases that clinically characterized by late or adult-onset weakness in skeletal 

muscle and especially eye muscle, exercise intolerance, sensory ataxia, hypertrophic 

cardiomyopathy, and myopathy (Kaukonen, Juselius et al. 2000; Napoli, Bordoni et al. 

2001; Komaki, Fukazawa et al. 2002). Multiple mtDNA deletions as well as mild defects 

in the respiratory complexes were also detected. Specific mutations in the mitochondrial 

twinkle helicase (Spelbrink, Li et al. 2001) and Polγ (Van Goethem, Dermaut et al. 2001) 

also account for adPEO, while these two proteins are directly involved in mtDNA 

replication.  

      There are a total of five adPEO-type missense mutations indentified in one sporadic 

and four familial cases: A90D, L98P, D104G, A114P and V289M (Kaukonen, Juselius et 

al. 2000; Napoli, Bordoni et al. 2001; Komaki, Fukazawa et al. 2002; Deschauer, Hudson 

et al. 2005). Another missense mutation in Ant1, A123D, has been found in a 

homozygous patient suffering from slow progressive mitochondrial myopathy and 

cardiomyopathy, but not opthalmoplegia (Palmieri, Alberio et al. 2005). Except for 

Val289, all the other five mutations are localized in the helix 2-loop-helix 3 region (Fig. 

1-8A), which appears to undergo dynamic structural changes during nucleotide transport 

(Kihira, Iwahashi et al. 2004). A later report has revealed that the sporadic V289M 

mutation is accompanied with a mutation in POLG1, the gene encoding the large subunit 

of Polγ (Galassi, Lamantea et al. 2008). The additive effect given by a second mutation 

makes it more difficult to determine the pathogenesis of V289M mutation in Ant1.  
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      A number of models have been proposed to interpret the pathogenic mechanism of 

mutant Ant1-induced cardiac and muscle diseases (Fig. 1-8B). No disease phenotypes 

have been detected in cultured cells from adPEO patients (Carrozzo, Davidson et al. 1999) 

and Ant1 is not expressed in any cultured cells under normal conditions (Kaukonen, 

2000). Thus, model systems, especially yeast, have been used to understand the Ant1-

induced pathogenesis. All the missense mutations in Ant1, except for D104G, have 

equivalent Aac2 mutant alleles in yeast (Fontanesi, 2004). Kaukonen and coworkers first 

investigated the adPEO-type AAC2
A128P

, equivalent to ANT1
A114P

, in haploid yeast strains 

lacking AAC1 and AAC2 (Kaukonen, 2000). Cells harboring the AAC2
A128P

 allele 

presented a growth defect on non-fermentable carbon source, indicating this mutation 

may affect ADP/ATP transport. As a result, it may lead to imbalanced adenine nucleotide, 

altered intramitochondrial dATP pool in the matrix, and eventually multiple mtDNA 

deletions.  

        A subsequent study expressed the human ANT1 gene in a yeast strain with all three 

AAC genes disrupted (De Marcos Lousa, 2002). The efficiency of ANT1
L98P

 and 

ANT1
V289M

 variants on respiratory growth were determined and the complementation test 

showed that these two mutant alleles failed to restore the cell growth on non-fermentable 

lactic medium. The study also reported that the mutant Ant1 proteins were not detected in 

the mitochondrial fraction of yeast cells, although the RNA levels of mutant ANT1 were 

comparable with the wild-type ANT1. Thus the investigators have proposed that Ant1
L98P

 

and Ant1
V289M

 may not be imported into mitochondria.  
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Figure 1-8. Missense mutations in Ant1 [adapted and modified from (Liu and Chen 2013)].  

(A) Projected localizations of A90, L98, A114, A123, and the arginine triplet on the crystal 

structure of bovine Ant1 in the cytosolic conformation bound by CATR (yellow). The 

corresponding amino acids in yeast Aac2 are also indicated. R252, R253, and R254 in yeast 

correspond to R234, R235, and R236 in the bovine protein. IMS, intermembrane space; M, 

matrix. (B) Proposed models for the pathogenic mechanisms of human diseases induced by 

dominant missense Ant1 mutations. These models propose that the mutant proteins (1) are 

defective in targeting onto the mitochondrial inner membrane; (2) are engaged in the futile 

ADPcytosol/ATPmatrix exchange which leads to nucleotide imbalance and mtDNA deletions; (3) are 

defective in nucleotide transport which results in increased ROS; (4) reverse the 

ADPcytosol/ATPmatrix exchange under normal conditions which also leads to ATP overaccumulation 

in the matrix;  and (5) cause proteostatic stress on the mitochondrial inner membrane.        
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      As the primary function of Ant is to facilitate ADP/ATP transport, the most 

straightforward interpretation for Ant1-induced adPEO lies in the defective transport 

activity. Fontanesi and coworkers described that haploid yeast cells expressing only 

AAC2
M114P

, AAC2
A128P

, or AAC2
S303M

 showed a severe growth defect on non-fermentable 

carbon source (Fontanesi, 2004). Moreover, cytochrome content, cytochrome c oxidase, 

and mitochondrial respiration were all diminished in the mutant cells. Mitochondrial 

respiration remained low in the heteroallelic haploid cells co-expressing the wild-type 

and mutant AAC2, consistent with the dominant nature of these adPEO-type mutations. 

The transport activities of the mutant proteins were also determined in reconstituted 

proteoliposomes in vitro. Interestingly, the transport activity for ADP and ATP were not 

significantly affected in the mutants, however, ATP was preferentially imported over 

ADP. This led to a futile ATP/ATP homoexchange, which may result in imbalanced 

adenine nucleotide and inaccurate mtDNA replication.  

       Another study also supported the hypothesis that the pathogenesis of mutant Ant1-

induced diseases may be due to the altered nucleotide transport property. Kawamata and 

coworkers evaluated the effect of Ant1
A114P

 and Ant1
V289M

 in the mouse C2C12 myotube 

cells (Kawamata, Tiranti et al. 2011). The mutant Ant1 proteins were localized on the 

mitochondrial inner membrane, which confirmed the import of mutant Ant1 into 

mitochondria. No differences were detected on oxygen consumption, ATP synthesis, total 

cellular ATP level, CATR sensitivity, or mtDNA content between the cells expressing 

wild-type and mutant Ant1. However, cells expressing the ANT1
A114P

 and ANT1
V289M

 

alleles exhibited an abnormal translocator reversal potential. The adenine nucleotide 

transport mode was switched to the ATPcytosol/ADPmatrix exchange mode at a higher 
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membrane potential. The result suggested that the mutant Ant1 is more prone to reverse 

the direction of ADP/ATP exchange even at a membrane potential that still is in the 

physiological range for ATP synthesis. Once more, the altered nucleotide transport may 

result in nucleotide imbalance in the mitochondrial matrix. Importantly, this study 

confirmed that the phenotype is not caused by loss-of-function mutations, because the 

ADP/ATP exchange rate in Ant1-silenced myotubes exhibited distinct features.  

       The study of a cardiomyopathy-, myopathy-type mutation in Ant1, A123D, has 

provided additional information. AAC2
A137D

, equivalent to ANT1
A123D，does not cause 

opthalmoplegia in a homozygous patient but shares other common symptoms with 

adPEO patients, such as hypertrophic cardiomyopathy, mild myopathy, ragged muscle 

fibers, exercise intolerance, lactic acidosis, and accumulation of mtDNA deletions. Yeast 

cells expressing AAC2
A137D

 failed to grow on non-fermentable carbon sources, indicative 

of respiratory deficiency (Palmieri, Alberio et al. 2005). In vitro reconstitution assay 

revealed that Aac2
A137D

 completely lacks the ability to transport ADP or ATP. The result 

indicated that the accumulation of mtDNA deletions caused by ANT1
A123D

 was 

independent of nucleotide transport. The low cell viability induced by AAC2
A137D

 was 

suppressed by ROS scavengers supported the idea that the mutant cells are susceptible to 

oxidative stress.   

       More studies from the Chen lab provided evidence suggesting that the mutant Ant1-

induced mitochondrial damage is independent of nucleotide transport, but more likely 

due to the general mitochondrial biogenesis defect (Chen 2002; Wang, Salinas et al. 

2008). Arg252, Arg253, and Arg254 (Fig 1-8A), located in an evolutionally conserved 

arginine triplet, has been proposed to act a two-way switch for nucleotide binding 
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(Pebay-Peyroula, Dahout-Gonzalez et al. 2003). The disruption of any of three arginines 

rendered the cells unable to grow on a non-fermentable carbon source (Wang, Salinas et 

al. 2008). However, the arginine mutants did not affect the inhibition of cell growth 

induced by the AAC2
A128P

 allele, indicating that the mitochondrial damage is independent 

of nucleotide transport. Moreover, yeast cells expressing both the wild-type and the 

mutant AAC2 alleles showed reduced cellular respiration, suggesting that the electron 

transport chain is severely damaged. The cells expressing one chromosomally integrated 

copy of AAC2
A128P

 exhibited a growth defect at 25°C on glucose medium, the 

fermentable carbon source that supports cell growth without mitochondrial respiration. 

When two copies of AAC2
A106D

, AAC2
M114P

, AAC2
A128P

, and AAC2
A137D

 were integrated 

into the chromosome, the frequencies of respiratory-deficient petite colonies on glucose 

medium were dramatically increased. The petite colonies are indicative of mtDNA 

instability, which recapitulates the mtDNA deletions detected in adPEO patients. 

Additional phenotypes supported the model that expression of the mutant Aac2 induces 

general mitochondrial damage likely due to the defective biogenesis (Wang, Salinas et al. 

2008). For instance, the expression of Cox2, a mtDNA-encoded protein, was decreased in 

cells expressing mutant AAC2 allele. The ρ
0
- lethality, hypersensitivity to uncoupler 

CCCP, and increased uncoupled respiration detected in the mutant cells were all 

indicative of membrane stress. Another significant finding is that the missense aac2 

alleles were synthetically lethal with the disruption of Yme1 on the mitochondrial inner 

membrane, which strongly supports the idea that the proteostatic stress on the membrane 

may be the primary cause of the mitochondrial damage and the inhibition of cell growth 

induced by mutant Aac2.  
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1.6 Research objectives 

          The primary aim of this thesis project is towards studying the pathogenic 

mechanism of human diseases induced by mutant Ant1. As previously described, several 

groups proposed a number of models interpreting the pathogenesis, but no consensus has 

been reached. Most models have emphasized that the mutant Ant1 has an altered 

nucleotide transport activity, which subsequently affects the nucleotide balance and 

mtDNA replication. In contrast, our lab has found that the cellular damage induced by the 

dominant mutations in Ant1 is likely due to the proteostatic stress on the inner membrane, 

rather than the altered nucleotide transport property. In this project, yeast cells and 

cultured human cells expressing the adPEO-type and (cardio) myopathy-type ANT1 

mutant alleles are employed to support the membrane proteostatic stress model. 

Experiments were set out to examine the assembly and stability of respiratory complexes 

and other proteins and/or protein complexes on the inner membrane which may result 

from Ant1-induced membrane stress. More directly, the efforts have also been made to 

determine if the mutant Ant1 or Aac2 is misfolded.  

         Another aim of this project is to study the downstream signaling pathways 

responding to the proteostatic stress triggered by mutant Ant1 on the mitochondrial inner 

membrane. The mitochondrial unfolded protein response, or UPR
mt

, has gained a huge 

momentum in recent years. The two main UPR
mt

 pathways that have been described in 

mammals to date are triggered by the misfolded protein occurring either in the matrix or 

in the intermembrane space. Thus far, no report has yet covered the UPR
mt

 induced by 

endogenous stress on the inner membrane. It is interesting to test if the misfolded protein 

on the inner membrane under clinically relevant conditions would activate specific UPR
mt
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pathways. To be more physiologically relevant, the studies have been performed using 

cultured human cells. Because the mutant ANT1 alleles have not shown significant 

abnormality in mammalian cells (Kawamata, 2011), the double, triple and quadruple 

mutants have been generated to amplify the damage in order to detect more robust 

responses. To gain more insights into the downstream signaling, a high-throughput RNA-

seq analysis has also been performed in cells expressing the triple and quadruple ANT1 

mutants. 

         The starting point of this project is to unveil the pathogenic mechanism of specific 

diseases caused by a putative misfolded membrane protein in mitochondria, but the 

significance is far-reaching. First, protein misfolding is associated with a number of 

human diseases. We have optimized the methods and techniques to investigate the 

membrane proteostatic stress and membrane protein misfolding in the context of 

mitochondria. The methodology and conclusions could be expanded to other cellular 

compartments to promote understanding of the general mechanism of membrane protein 

misfolding. Second, UPR
mt

 is a rapidly expanding field with many unanswered questions. 

This project takes advantage of an endogenous stressor to shed light on the crosstalk 

between the mitochondria and the cytosol under stress conditions. It does not only help 

filling in the gaps in our knowledge regarding mitochondria-induced stress, but also 

provides possible therapeutic targets for relevant diseases.  
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Chapter 2 Misfolding of Mutant Adenine Nucleotide Translocase in 

Yeast Supports a Novel Mechanism of Ant1-induced Muscle Diseases 

2.1 Abstract 

        Approximately one third of proteins in the cell reside in the membrane. Mutations in 

membrane proteins could induce conformational changes and expose non-native polar 

domains/residues to the lipid environment. The molecular impact of the resulting 

membrane stress is poorly defined. Adenine nucleotide translocase 1 (Ant1) is a 

mitochondrial inner membrane protein involved in ATP/ADP exchange. Missense 

mutations in the Ant1 isoform cause autosomal dominant Progressive External 

Ophthalmoplegia (adPEO), cardiomyopathy and myopathy. The mechanism of the Ant1-

induced pathologies is highly debated. Here, we show that equivalent mutations in the 

yeast Aac2 protein cause protein misfolding. Misfolded Aac2 drastically affects the 

assembly and stability of multiple protein complexes in the membrane, which ultimately 

inhibits cell growth. Despite that they cause similar proteostatic damages, the adPEO- but 

not cardiomyopathy/myopathy-type Aac2 proteins form large aggregates. The data 

suggest that the Ant1-induced diseases belong to protein misfolding disorders. Protein 

homeostasis is subtly maintained on the mitochondrial inner membrane and can be 

derailed by the misfolding of one single protein with or without aggregate formation. 

This finding could have broad implications for understanding other dominant diseases 

(e.g., retinitis pigmentosa) caused by mis-sense mutations in membrane proteins. 

2.2 Introduction 
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       Adenine nucleotide translocase (Ant) belongs to a large family of proteins known as 

mitochondrial carriers (MC) that transport nucleotides, cofactors, signaling molecules 

and metabolic intermediates across the mitochondrial inner membrane (Palmieri 2004; 

Palmieri 2014). Ant primarily catalyzes the export of ATP out of mitochondria by 

exchanging with cytosolic ADP (Klingenberg 2008). Under low membrane potential 

conditions, Ant reverses its transport directionality, allowing the import of cytosolic ATP 

into mitochondria against matrix ADP. In addition to ATP/ADP exchange, Ant also 

mediates proton leak across the membrane (Brand, Pakay et al. 2005). This activity 

mildly uncouples the membrane, which prevents hyperpolarization and excessive 

production of superoxide.  

       Ant is one of the most conserved proteins through evolution and is present in 

multiple isoforms in different species. In humans, Ant1 is predominantly expressed in 

skeletal muscle and heart (Stepien, Torroni et al. 1992). Yeast cells express three 

isoforms of Ant, with Aac2 being the major ADP/ATP carrier under respiring conditions 

(Lawson and Douglas 1988; Lawson, Gawaz et al. 1990). Ant contains three repeats of a 

sequence module of ~100 amino acids, with each predicted to form two transmembrane-

helices (Saraste and Walker, 1982; Walker and Runswick, 1993). The compact 

organization was confirmed by atomic structures established for the bovine Ant1 and 

yeast Aac2 and Aac3 isoforms in the presence of the competitive inhibitor 

carboxyatractyloside (Pebay-Peyroula, Dahout-Gonzalez et al. 2003; Ruprecht, Hellawell 

et al. 2014). These structures revealed that the six transmembrane helices in an Ant 

monomer form a central channel which is sufficiently large to accommodate the bulky 

ADP and ATP. This led to the alternating-access transport model, predicting that an Ant 
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monomer alternates between the cytosolic and matrix conformations, which allows the 

alternate access and then translocation of cytosolic ADP and matrix ATP during the 

nucleotide exchange cycle (Kunji and Crichton 2010). 

       Several missense mutations in Ant1 (A90D, L98P, D104G, A114P and V289M) 

cause autosomal dominant Progressive External Ophthalmoplegia (adPEO), characterized 

by late or adult onset muscle weakness and exercise intolerance (Kaukonen, Juselius et al. 

2000; Napoli, Bordoni et al. 2001; Komaki, Fukazawa et al. 2002; Siciliano, Tessa et al. 

2003; Deschauer, Hudson et al. 2005). Another missense mutation, A123D, leads to 

hypertrophic cardiomyopathy and myopathy in a homozygous patient (Palmieri, Alberio 

et al. 2005). These diseases are commonly manifested by multiple mtDNA deletions. 

Several models have been proposed to explain the Ant1-induced pathogenesis. Fontanesi 

et al. found that the adPEO-type mutants preferentially import ATP over ADP in in vitro 

reconstituted proteoliposomes (Fontanesi, Palmieri et al. 2004). This novel property was 

proposed to promote a futile ATP/ATP homoexchange and an elevated mitochondrial 

ATP and dATP levels, which consequently affects the accuracy of mtDNA replication 

and mtDNA stability. In the mouse C2C12 myotube cells, Kawamata et al. found that 

mitochondria of myotubes expressing the ANT1
A114P

 allele are switched to the reversal 

ATP
4-

cytosol/ADP
3-

matrix exchange mode at a higher membrane potential (Kawamata, 

Tiranti et al. 2011). This may also lead to increased ATP level and possibly, nucleotide 

imbalance in the mitochondrial matrix. 

       More recently, Ravaud et al. showed that the missense pathogenic variants of Ant1 

have altered nucleotide binding affinity and translocation kinetics when expressed on the 

plasma membrane of Escherichia coli (Ravaud, Bidon-Chanal et al. 2012). This 
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observation raises the possibility that loss of nucleotide transport function may be 

responsible for the pathogenesis, possibly by a haplo-insufficient mechanism. However, 

this model is inconsistent with the findings that both humans and mice heterozygous for a 

complete loss-of-function ant1 allele are healthy (Graham, Waymire et al. 1997; Palmieri, 

Alberio et al. 2005; Echaniz-Laguna, Chassagne et al. 2012), and that homozygous ant1 

null alleles do not cause ophthalmoplegia or ocular motility defect (Echaniz-Laguna, 

Chassagne et al. 2012; Strauss, Dubiner et al. 2013). The latter findings tend to suggest 

that the pathogenesis induced by the missense mutations involves a novel mechanism that 

is different from the loss-of-transport-function mode. 

       Our previous studies have shown that the adPEO-type Ant mutations in a yeast 

model severely affect cell viability in a dominant manner and that mtDNA instability in 

the mutant cells arises independent of adenine nucleotide transport (Chen 2002; Wang, 

Salinas et al. 2008; Wang, Zuo et al. 2008; Liu and Chen 2013). We proposed that the 

mutant proteins may interfere with general mitochondrial biogenesis in addition to their 

effect on oxidative phosphorylation and mtDNA stability, and that mtDNA instability 

likely arises as a secondary effect of mitochondrial damage. By using the filamentous 

fungi Podospora anserine as a model system, El-Khoury and Sainsard-Chanet have also 

shown that expression of the adPEO-type Ant variants leads to severe mitochondrial 

damage as manifested by low mitochondrial membrane (El-Khoury and Sainsard-Chanet 

2009). The mechanism by which the mutant Ant causes mitochondrial damage remains 

unknown. In the present study, we provide evidence suggesting that the pathogenic 

missense mutations cause the misfolding of Ant, which subsequently induces proteostatic 

stress on the membrane and the loss of cell viability. 
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2.3 Results 

2.3.1 Mutant Aac2 proteins affect protein quality control on the mitochondrial inner 

membrane  

       We have previously shown that the A106D, M114P A128P and A137D alleles of 

AAC2, equivalent to the pathogenic A90D, L98P, A114P and A123D mutations in human 

ANT1, are synthetically lethal with the disruption of YME1 even in cells expressing an 

endogenous wild-type copy of AAC2 (Wang, Salinas et al. 2008). YME1 encodes the i-

AAA protease involved in the quality control of proteins on the mitochondrial inner 

membrane (Thorsness, White et al. 1993; Leonhard, Stiegler et al. 1999). This 

observation suggested that expression of the mutant Aac2 may dominantly affect protein 

homeostasis on the membrane, which cannot be tolerated in cells lacking Yme1. In 

support of this idea, we found that cells expressing a mutant allele of AAC2 are 

hypersensitive to diverse conditions that affect proteostasis, and the biochemical 

properties and functionality of the membrane. First, meiotic spores co-segregating 

AAC2
A128P

 with the disruption of OXA1 failed to form viable colonies on YPD (Fig. 2-

1A). OXA1 encodes the mitochondrial inner membrane insertase that mediates the 

insertion of mtDNA-encoded proteins from the matrix side (Bonnefoy, Chalvet et al. 

1994; Herrmann, Neupert et al. 1997; Stuart 2002). Secondly, AAC2
A128P

 was found to be 

synthetically lethal with ybr238c (Fig. 2-1D and 2-1E). Ybr238c is an inner membrane-

associated protein that, together with its paralog Rmd9, controls mRNA 

processing/stability in mitochondria (Nouet, Bourens et al. 2007; Williams, Butler et al. 

2007). As the ybr238C single mutant has barely detectable defect in respiratory growth, 

the synthetic lethality suggests that mitochondria expressing Aac2
A128P

 are sensitive to  
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Figure 2-1. Expression of mutant Aac2 induces proteostatic stress and affects protein quality 

control on the mitochondrial inner membrane. (A) The AAC2
A128P

 allele is synthetically lethal, 

with the disruption of yme1Δ and oxa1Δ. The diploid strains were sporulated and dissected on YPD 

medium. Circled are nonviable spores deduced to cosegregate AAC2
A128P

 and yme1Δ or oxa1Δ. (B) 

Growth phenotype of a complete tetrad form CS1422 on YPD showing that expression of 

AAC2
A128P

 leads to severe growth defect in the psd1Δ background. (C) Schematic representation for 

a role of PSD1 in the synthesis of phosphophatidylethanolamine (PE) from phosphophatidylserine 

(PS) on the mitochondrial inner membrane. PC, phosphophatidylcholine. (D) Synthetic lethality 

between AAC2
A128P

 and ybr238CΔ. A diploid strain heterozygous for ura3Δ::AAC2
A128P

 and 

ybr238CΔ was sporulated and dissected on the complete YPD and minimal YNBD plates and 

incubated at 30°C for four days. Indicated by the red and yellow arrows are the ybr238CΔ and 

AAC2
A128P

 spores respectively. (E) The AAC2
A128P

 spores with or without the cosegregation for 

ybr238Δ from YNBD medium were diluted in water and spotted on YPD and YPGly+E medium 

and incubated at 30°C for four days. (F) Cells expressing AAC2
A128P

 are hypersensitive to a block of 

the electron transport chain by antimycin.        
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subtle disturbance to the respiratory complexes on the membrane due to reduced 

mitochondrial gene expression. Thirdly, the AAC2
A128P

 allele was also synthetically lethal 

with the disruption of PSD1 (Fig. 2-1B), encoding the phosphatidylserine decarboxylase 

on the inner membrane involved in the synthesis of phosphatidylethanolamine (Fig. 2-

1C). Compositional alterations to the lipid environment on the membrane are therefore 

detrimental to mitochondria expressing Aac2
A128P

.  Finally, we found that haploid cells 

co-expressing the wild-type AAC2 and AAC2
A128P

 are hypersensitive to antimycin on 

YPD that inhibits the bc1 complex in the electron transport chain (Fig. 2-1F). This 

indicates that defect in the electron transport chain synergizes with AAC2
A128P

, which 

leads to membrane stress and the inhibition of cell growth. 

       To provide direct evidence for the proteostatic stress hypothesis, we determined 

whether general protein quality control is affected on the inner membrane in cells co-

expressing the wild-type and a mutant variant of Aac2. The hemagglutinin (HA)-tagged 

NADH dehydrogenase, Nde1, is unstable in vivo and is stabilized in cells defective in the 

Yme1 protease (Fig. 2-2A and 2-2B) (Augustin, Nolden et al. 2005). We found that the 

Yme1-dependent turnover of Nde1-3HA is marginally delayed by AAC2
A128P

 and 

AAC2
A137D

 (Fig. 2-2C and 2-2D) but significantly reduced by AAC2
A106D

 and AAC2
M114P

 

(Fig. 2-2E and 2-2F). These data suggest that the mutant Aac2 proteins dominantly affect 

the turnover of misfolded proteins on the inner membrane including Nde1-3HA. 

2.3.2 Aac2 variants with the adPEO-type mutations are prone to aggregation 

      We hypothesized that the mutant Aac2 proteins may be misfolded, which causes a 

global proteostatic stress on the inner membrane. Misfolded proteins often have increased  
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Figure 2-2. The mutant Aac2 proteins dominantly affect the turnover of Nde1-3HA. (A) 

Representative Western blots showing the steady state levels of Nde1-3HA and the mtDNA-

encoded Cox2 in the strains CS1546/2 (WT), CS1551-8C (yme1Δ), CS1552-2C (WT+AAC2
A128P

), 

CS1772-1B (WT+AAC2
A376D

), CS1771-1A (WT+AAC2
A106D

), and CS1770-2A (WT+AAC2
M114P

) 

at the indicated time points after the inhibition of cytosolic protein synthesis by cycloheximide at 

37°C. (B-F) Stability of NDe1-3HA in the yme1Δ mutant and in strains coexpressing the wild-

type and a mutant allele of AAC2. Error bars are standard deviations of three independent 

experiments. *p < 0.05 (unpaired Student’s t test).      
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propensity of forming aggregates. To test whether the mutant Aac2 proteins form 

aggregates, mitochondria were isolated from cells cultured at 30°C. After detergent 

solubilization, the proteins were analyzed by Blue Native Polyacrylamide Gel 

Electrophoresis (BN-PAGE). As shown in Fig. 2-3A, the monomeric wild-type Aac2 

migrated as a band of ~60 kDa, in contrast to an estimated molecular weight of 34.4 kDa 

for the protein. The increased mass in BN-PAGE is related to the association of 

detergent-lipid micelles and Coomassie Blue G-250 as previously reported (Crichton, 

Harding et al. 2013). The electrophoretic properties of the four mutant Aac2 proteins are 

undistinguishable from the wild-type under these conditions. Interestingly, when 

mitochondria were pre-incubated at 25°C prior to BN-PAGE, we found that Aac2
A106D

, 

Aac2
M114P

 and Aac2
A128P

 formed large aggregates of >720 kDa (Fig. 2-3B). The 

monomeric form of these proteins was accordingly reduced or became undetectable. The 

increased propensity of aggregation indicates that the mutant Aac2 proteins are misfolded. 

Parallel analysis of the cold-treated protein samples by SDS-PAGE revealed that the 

Aac2 aggregates can be resolubilized by SDS (Fig. 2-3C). No obvious aggregates were 

detected when mitochondria were isolated from cells grown at 25°C and analyzed by BN-

PAGE without prior incubation at low temperature (Fig. 2-3D).  

        In contrast to the adPEO-type mutant Aac2 proteins, no apparent aggregates were 

detected with the cardiomyopathy- and myopathy-type Aac2
A137D

 variant under the same 

conditions (Fig. 2-3B). The monomeric form of Aac2
A137D

 was noticeably reduced in 

BN-PAGE. This was not caused by protein degradation, as SDS-PAGE analysis of n-

dodecyl-D-maltoside (DDM)-extracted mitochondrial proteins showed that the level of  
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Figure 2-3. Aac2
A106D

, Aac2
M114P

, and Aac2
A128P

, but not Aac2
A137D

, are prone to aggregation. 

(A) Analysis of freshly prepared mitochondria isolated from cells grown in YPD at 30°C. 

Mitochondria were isolated from strains (W303-1B) where the endogenous AAC2 was eliminated. 

A 40-µg amount of 2% DDM-solubilized proteins was separated by BN-PAGE, followed by 

immunoblotting. (B) BN-PAGE, followed by immunoblotting of mitochondria after incubation of 

at 25°C for 16h. (C) Immunoblotting of a SDS-PAGE gel with mitochondrial proteins after 

incubation at 25°C for 16h. The level of the mitochondrial matrix Ilv5 protein was determined as 

a loading control. (D) BN-PAGE of freshly prepared mitochondria isolated from cells grown in 

YPD at 25°C. (E) Time-dependent aggregation of mutant Aac2. Isolated mitochondria were 

incubated at 25°C for 4, 8, 12, or 16h before solubilization.  
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Aac2
A137D

 was little changed after the 16-hour incubation (Fig. 2-3C). It is possible that 

Aac2
A137D

 has a poor reactivity with the antibody under the native conditions. 

        Further in organello aggregation assays revealed that Aac2
A106D

, Aac2
M114P

 and 

Aac2
A128P

 formed aggregates 8-12 hours after the incubation at 25°C (Fig. 2-3E). 

Extended incubation eventually led to noticeable reduction of signals for the aggregates. 

This could be due to the formation of excessively large aggregates that become resistant 

to DDM extraction and to separation by BN-PAGE. The time course study also 

confirmed that Aac2
A137D

 does not form aggregates during the entire period of incubation 

at 25°C. 

2.3.3 The mutant Aac2 proteins affect the assembly and stability of multiple protein 

complexes on the inner membrane 

       The three adPEO-type mutations occur at Ala106, Met114 and Ala128, which are 

located at the end of the α-helices 2 (H2) and 3 (H3) on the intermembrane space side, 

with their side chains facing to the lipid phase in the carboxylatractyloside-inhibited 

conformation (Fig. 2-4A). The cardiomyopathy- and myopathy-type mutation occurs at 

Ala137 which is also located on H3 but is deeply embedded in the membrane with its 

side chain relatively facing inwards. To evaluate possible impact of Aac2 misfolding on 

membrane function, we first determined whether the assembly state of the oxidative 

phosphorylation pathway is dominantly affected in strains co-expressing the wild-type 

and mutant AAC2 alleles. In yeast mitochondria, the complexes III (coenzyme 

Q:cytochrome c oxidoreductase) and IV (cytochrome c oxidase) in the electron transport 

chain form the III2IV2 and III2IV1 supercomplexes to facilitate substrate channelling,  
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Figure 2-4. Expression of mutant Aac2 affects the assembly of protein complexes in the 

oxidative phosphorylation pathway. (A) Crystal structure of yeast Aac2. The positions of 

amino acids equivalent to the mutated residues in human Ant1 are indicated by arrows. (B) BN-

PAGE showing the assembly state of respiratory supercomplexes and the ATP synthase. Yeast 

cells were grown at 25°C in YPD. Mitochondria were isolated from strains (M2915-6A) where 

the endogenous Aac2 was present. A 25-µg amount of 2%-digitonin solubilized proteins were 

loaded on the BN-PAGE gel. (C) Relative levels of respiratory supercomplexes in strains 

coexpressing wild-type and mutant Aac2. (D) Western blotting analysis of a native gel, showing 

the assembly state of complex V using antibody against the α and β subunits 
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whereas complex V (ATP synthase) is present in both monomeric and dimeric forms 

(Schagger and Pfeiffer 2000). These supramolecular structures in wild-type mitochondria 

can be readily resolved by BN-PAGE (Fig. 2-4B). We found that expression of the four 

mutant Aac2 proteins drastically affected the formation of these structures. III2IV1 was 

reduced by AAC2
M114P

 and AAC2
A128P

, and became barely detectable in cells expressing 

AAC2
A106D

 and AAC2
A137D

. III2IV2 was severely reduced by all the four mutant alleles 

(Fig. 2-4B and 2-4C). Immunoblotting of the native gels revealed that the dimeric form of 

the ATP synthase (V2) was severely reduced by AAC2
M114P

 and AAC2
A128P

, and mildly 

decreased by AAC2
A137D

. The monomeric form of the ATP synthase (V1) was drastically 

decreased in cells expressing all the four mutant alleles (Fig. 2-4D). The reduction of V2 

and V1 correlated with the appearance of a band with a molecular weight corresponding 

to an α/β dimer, which likely derives from disassembled V1 and V2. We also observed 

that the level of free F1-ATPase, which is not associated with the inner membrane, was 

unaffected by mutant Aac2, indicating that the mutant Aac2 proteins specifically affects 

protein complexes within the inner membrane. 

       To further assess the damage to membrane protein complexes, we expanded our 

analysis to the TIM22 and TIM23 protein translocases. The TIM22 complex is involved 

in the membrane insertion of mitochondrial carriers including Aac2, whereas TIM23 

promotes the translocation of precursor proteins across the inner membrane to the 

mitochondrial matrix (Chacinska, Koehler et al. 2009). We found that AAC2
A106D

, 

AAC2
M114P

 and AAC2
A128P

 reduce the level of assembled TIM22 complex on the native 

gel (Fig. 2-5A). Multiple bands of lower molecular weight were detected, suggesting that 

the TIM22 protein translocation channels may be disassembled or delayed in assembly.  
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Figure 2-5. Expressing of mutant Aac2 affects the assembly/stability of the TIM22 and 

TIM23 complexes. (A, B) Immunoblotting of native gels showing the assembly state of the 

TIM22 and TIM23 protein translocases, respectively. Mitochondria were isolated from strains 

(M2915-6A background) where the endogenous Aac2 was present. (C) Western blots of SDS-

PAGE gels showing the steady state levels of Tim22 and Tim23 in mitochondria isolated from 

the same strains used in A and B. The level of the mitochondrial matrix protein Ilv5 was used as a 

loading control.          
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The disassembled or unassembled TIM22 complex may become unstable, because the 

levels of the Tim22 protein were accordingly reduced as revealed by SDS-PAGE (Fig. 2-

5C). Neither the level of the TIM22 complex nor the Tim22 protein was reduced by  

AAC2
A137D

, although fast-migrating bands suggestive of TIM22 disassembly/unassembly 

were detected in cells expressing this particular allele. As no bands with a molecular 

weight higher than the ~400 kDa TIM22 complex was detected, it does not appear that 

the misfolded Aac2 proteins are stably trapped inside the twin-pore TIM22 translocation 

channels. 

        Finally, we determined the effect of the misfolded Aac2 on the TIM23 complex. As 

shown in Fig. 2-4B, TIM23 was barely detectable in cells co-expressing the wild-type 

AAC2 and AAC2
A106D

 or AAC2
M114P

. The level of TIM23 was strongly reduced by 

AAC2
A128P

 and AAC2
A137D

. The Tim23 protein level was only slightly reduced by the 

mutant AAC2 alleles as shown by SDS-PAGE analysis (Fig. 2-5C). These observations 

indicate that the assembly of TIM23 is also dominantly deterred by the mutant Aac2 

proteins. The overall loss of Tim23 signal in the mutant mitochondria on the BN-PAGE 

gel may be caused by the aggregation of unassembled Tim23 or by the poor solubility of 

structurally altered TIM23 complex, which may cause poor protein recovery and 

electrophoretic separation. 

2.3.4 The i-AAA protease Yme1 plays a critical role in the quality control of 

misfolded Aac2 

        Misfolded membrane proteins are expected to be degraded by specific protein 

quality control machineries. To provide further support to the model that the mutant Aac2  
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Figure 2-6. Increased turnover of Aac2
A128P

. (A) Cycloheximide chase experiment showing the 

stability of Aac2
A128P

 in vivo. Cells were grown at 37°C in YPD. Cycloheximide (1mg/ml), was 

added ad cell lysate were extracted from M2915-6A (WT) and UPU5-6B (AAC2
A128P

) at the 

indicated time points. Western blotting was performed using antibody against Aac2 and Cox2. (B) 

In organello assay showing increased turnover of Aac2
A128P

. Mitochondria were isolated from 

M2915-6A (AAC2) and UPU5-6B (AAC2
A128P

) and incubated at 25°C, 30°C, and 37°C. The 

levels of Aac2 at different time points were analyzed by Western blotting. (C) Growth phenotype 

of M2915-6A (AAC2) and UPU5-6B (AAC2
A128P

) on YPD (Glu) and YPGly plus ethanol (Gly+E) 

medium.        
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proteins are misfolded, we first determined the in vivo stability of Aac2
A128P

 compared 

with the wild-type. We observed that both Aac2
A128P

 and its wild-type control remain 

stable 24 hours after cycloheximide chase (Fig. 2-6A). We then determined the stability 

of Aac2
A128P

 by an in organello assay. Isolated mitochondria were incubated at different 

temperatures and the levels of Aac2 were monitored by immunoblotting (Fig. 2-6B). We 

found that the wild-type Aac2 remained stable 3.5 hours after incubation at all the three 

temperatures tested. Aac2
A128P

 was stable at 25°C, but became unstable at 30°C. 

Aac2
A128P

 degradation was further accelerated at 37°C. The temperature-dependent 

turnover of Aac2
A128P

 correlated with the growth phenotype of the AAC2
A128P

 mutant (Fig. 

2-6C). Incubation at 25°C, but not 37°C, inhibited cell growth on complete medium 

containing glucose or glycerol plus ethanol as carbon sources. It remains unclear as to 

why AAC2
A128P

 turnover is detected in the in organello but not in vivo assays. We 

speculate that the in organello conditions may exacerbate the misfolding of the mutant 

protein, which accelerates its recognition and then turnover by protein quality control 

systems.     

         We next attempted to identify potential protein quality control mechanisms and 

other cellular pathways that might reduce Aac2
A128P

-induced mitochondrial damage, by 

screening for genes that suppress Aac2
A128P

-induced growth defect (Fig. 2-7A). 

Expression of AAC2
A128P

 from the galactose-inducible GAL10 promoter strongly 

inhibited cell growth on galactose medium. We found that over-expression of YME1, but 

not RCA1 and AFG3, suppressed growth inhibition by Aac2
A128P

. In contrast to YME1 

that encodes the i-AAA protease to preferentially degrade misfolded membrane proteins 

from the intermembrane space side, YTA12 and YTA10 encode the two subunits of the  
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Figure 2-7. Yme1 protease plays a key role in the quality control of Aac2. (A) Suppression of 

Aac2
A128P

-induced cell death by YME1 overexpression. Aac2
A128P

 was expressed from the GAL10 

promoter on complete medium containing galactose and raffinose as carbon source at 30°C. All 

the genes were cloned into a multicopy vector and introduced into the PG1 strain by 

transformation. (B) BN-PAGE coupled with immunoblotting showing the aggregation of 

Aac2
A128P

 in fresh mitochondria prepared from a strain with the yme1Δ background. The strains 

CS1153/1, CS1227-4A, CS1374-2D, and CS1699/1 were grown at 30°C in YPD. Mitochondria 

were isolated and solubilized by 2%DDM. Approximately 40µg of solubilized proteins were 

applied to BN-PAGE, followed by immunoblotting using anti-Aac2 antibody. (C) Steady-state 

levels of Aac2
A128P

 compared with wild-type Aac2 in the presence or absence of Yme1. 

Mitochondria were prepared as in B. The matrix Ilv5 protein was used as a loading control. (D) 

Relative steady state levels of Aac2 in C. Error bars indicate the standard deviations of three 

independent experiments. *p < 0.05 (unpaired Student’s t test).              
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heterooligomeric m-AAA protease that degrades misfolded and unassembled proteins on 

the inner membrane from the matrix side (Arlt, Tauer et al. 1996). Over-expression of 

SOD2, CTA1 and CTT1, encoding the mitochondrial superoxide dismutase and catalases 

that reduce oxidative stress, failed to suppress aac2
A128P

. These observations suggest that 

the Yme1 protease likely plays a major role in the quality control of Aac2. 

    To further support a role of Yme1 in the surveillance of Aac2 quality, we asked 

whether loss of Yme1 accelerates Aac2
A128P

 aggregation. The pathogenic Aac2 variants 

are synthetically lethal with yme1 Δ (Wang, Salinas et al. 2008). We previously showed 

that the synthetic lethality is suppressed by the disruption of RPL6B, which partially 

reduces cytosolic protein synthesis and improves global protein homeostasis (Wang, Zuo 

et al. 2008). We thus constructed viable strains that combine AAC2
A128P

 with yme1Δ in 

the rpl6BΔ background. Cells were first grown at 30°C and freshly prepared 

mitochondria were analyzed by BN-PAGE. As shown in Fig. 2-7B, yme1Δ reduced the 

level of monomeric form of the wild-type Aac2, but no obvious aggregates were detected. 

No Aac2
A128P

 aggregates were formed in cells expressing YME1 under these experimental 

conditions. In contrast, yme1Δ induced the formation of visible Aac2
A128P

 aggregates that 

migrated as a distinct band of ~1.0 mDa in the native gel. Aac2
A128P

 aggregation was 

concomitant to the loss of its monomeric form. As these conditions did not induce 

Aac2
A128P

 aggregation in cells expressing YME1 (see Fig. 2-3A), the data strongly 

suggest that Yme1 plays a role in the quality control ofAac2 and in preventing Aac2
A128P

 

aggregation. SDS-PAGE revealed that the levels of both Aac2
A128P

 and the wild-type 

Aac2 were reduced instead of increased in the absence of Yme1 (Fig. 2-7C and 2-7D). It 

is possible that yme1-induced inner membrane stress affects the membrane insertion of 
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both wild-type and mutant Aac2. A fraction of the Aac2 proteins may have been 

degraded by other proteases before being matured on the inner membrane. The remaining 

mutant Aac2 that is successfully matured on the inner membrane is sufficient to affect 

cell survival because of severe misfolding in the absence of Yme1. 

2.4 Discussion 

       We found that the adPEO-type Aac2
A106D

, Aac2
M114P

 and Aac2
A128P

 share similar 

biochemical properties. Notably, they all have increased propensity of forming large 

aggregates and are capable of inducing proteostatic stress and severe defects in the 

assembly and structural maintenance of multiple protein complexes on the mitochondrial 

inner membrane. The data strongly support the view that Ant1-induced adPEO is a 

protein misfolding disorder. In addition to damages to the oxidative phosphorylation 

pathway, the mutant Ant1 likely reduces cell viability by affecting the function of 

multiple membrane protein complexes, including TIM22 and TIM23 that directly 

participate in mitochondrial biogenesis. The mutant Aac2 proteins therefore gain a toxic 

function, which is consistent with the dominant nature of the disease. 

        We found that Aac2
A137D

, mimicking Ant1
A123D

 that causes cardiomyopathy and 

myopathy (Palmieri, Alberio et al. 2005), does not form visible aggregates. However, 

cells expressing AAC2
A137D

 share many common phenotypes with those expressing the 

adPEO-type alleles (Wang, Salinas et al. 2008). These include uncoupled respiration, 

cold sensitivity, ρ
o
-lethality, mtDNA instability and synthetic lethality with yme1Δ. 

Furthermore, as shown in the current study, Aac2
A137D

 also interferes with the assembly 

and stability of multiple protein complexes on the membrane. These findings argue that 



76 
 

Aac2
A137D

 may also be misfolded and affect mitochondrial function by the same 

mechanism as the adPEO-type Aac2 variants. Although Aac2
A137D

 does not aggregate in 

in organello assay, it may have altered conformation that causes proteostatic stress on the 

membrane. Definitive proof for Aac2
A137D

 misfolding is still lacking. If Aac2
A137D

 were 

misfolded, an extended speculation would be that protein misfolding, rather than 

aggregation per se, may be the primary cause of membrane damage (Fig. 2-7). Because 

the A137D mutation (or A123D in human Ant1) completely abolishes nucleotide 

transport activity (Palmieri, Alberio et al. 2005), the cardiomyopathy and myopathy 

phenotypes observed in the reported homozygous patient may result from a double hit. 

The pathogenesis may involve both Ant1 misfolding and defective ATP/ADP exchange. 

In the future, it would be interesting to see whether ANT1
A123D

 can cause adPEO in a 

dominant fashion in heterozygous individuals if such clinical cases become available. 

       The quality control mechanism of plasma membrane proteins has been extensively 

studied. It involves the recognition of misfolded domains by E3 ubiquitin ligases on the 

endoplasmic reticulum membranes, followed by ER-associated degradation (ERAD) 

(Hirsch, Gauss et al. 2009; Houck and Cyr 2012). The removal of the misfolded proteins 

by ERAD decreases the delivery of the proteins on cell surface thereby leading to 

recessive pathologies such as cystic fibrosis. However, in other clinical cases, 

destabilizing mutations in transmembrane domains cause dominant diseases (e.g., retinitis 

pigmentosa). These diseases often involve the toxic accumulation of misfolded proteins 

(Sanders and Myers 2004; Mendes, van der Spuy et al. 2005). Not much is known so far 

to what extent the delivery of a misfolded protein could impact membrane functionality 

and cell viability. We provide evidence that the misfolded Aac2 proteins affect the 
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assembly and stability of multiple protein complexes on the mitochondrial inner 

membrane. Among the adPEO-type mutations, M114P and A128P are expected to 

introduce a proline kink that would prematurely terminate the α-helices 2 and 3 (Fig. 2-

4A). A106D introduces a negative charge in the proximity of the membrane surface, 

which could stretch the helix 2 towards the positively charged intermembrane space. The 

cardiomyopathy and myopathy-type A137D mutation introduces a negative charge at a 

deeper position within the membrane. Possibly, a common consequence of these 

structural and conformational changes could be the exposure of non-native especially 

polar residues to the membrane environment. This may induce structural perturbations 

(e.g., helix misalignment) in order to solvate the unfavourable energy potential within the 

membrane. In this regard, aggregation of Aac2
A106D

, Aac2
M114P

 and Aac2
A128P

 may be a 

compensatory molecular strategy that helps shielding the exposed non-native patches to 

defuse the unfavourable energy potential. Although we detected visible aggregates of 

mutant Aac2 in freshly prepared mitochondria in cells lacking the Yme1 protease, Aac2 

aggregates were not observed in fresh mitochondria isolated from YME1 cells, even when 

cells were gown at 25°C. Aggregates were readily detected in isolated mitochondria after 

extended incubation at 25°C. It remains unknown what exactly triggers the aggregation 

of the mutant Aac2 during the in organello cold treatment. Nonetheless, the data clearly 

indicate that the mutant proteins are biophysically distinguishable from the wild type 

Aac2. Compared to aggregation-prone Ala106, Met114 and Ala128 which have side 

chains facing directly to the lipid phase, the side chain in Ala137 is faced relatively 

inwards. Aac2
A137D

 may adopt a different conformation that is unfavourable for 

oligomerization and aggregation. 
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Figure 2-8. A model for the membrane damage caused by misfolded Aac2. See 2.4 

Discussion for detail. The red star denotes the pathogenic missense mutations. IM, inner 

membrane; IMS, intermembrane space. 
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      In considering possible mechanisms of mitochondrial damage (Fig. 2-8), one can 

speculate that the misfolded Aac2 may alter the surface property of the protein by 

exposing non-native residues. This may in turn promote ectopic interactions with other 

membrane proteins. Interactions with unassembled proteins may prevent their 

incorporation into protein complexes. Previous studies have suggested that Aac2 

physically associates with multiple protein complexes in the membrane, including the III-

IV supercomplexes and TIM23 (Claypool, Oktay et al. 2008; Dienhart and Stuart 2008; 

Mehnert, Rampelt et al. 2014). The intrinsic affinity to Aac2 may explain the severe 

defects in the assembly of these complexes in cells expressing a misfolded Aac2. On the 

other hand, as Aac2 is inserted into the membrane through the TIM22 complex, the 

interaction with the misfolded Aac2 appears to directly destabilize TIM22 structure as 

manifested by the breakdown of the complex. As alternative mechanisms, it is also 

possible that the misfolded Aac2 proteins deplete the molecular chaperones and proteases 

required for the biogenesis and quality control of other protein complexes. The damage to 

TIM22 and defective membrane protein import may also contribute to the defect in the 

biogenesis of respiratory complexes and the TIM23 preprotein translocase. 

    Two AAA proteases play key roles in the quality control of proteins on the 

mitochondrial inner membrane (Gerdes, Tatsuta et al. 2012). The i-AAA protease (or 

Yme1) has its catalytic domain facing to the intermembrane space, whereas the m-AAA 

protease, composed of the Yta12 (or Rca1), Yta10 (or Afg3) subunits, has the catalytic 

domain facing to the matrix. These proteases sense the folding state of solvent-exposed 

domains on either side of the membrane and specifically degrade unfolded membrane 

proteins (Arlt, Tauer et al. 1996; Leonhard, Herrmann et al. 1996; Leonhard, Stiegler et al. 
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1999; Leonhard, Guiard et al. 2000). The suppression of Aac2
A128P

-induced cell lethality 

by YME1 over-expression and accelerated accumulation of Aac2
A128P

 aggregates in cells 

lacking Yme1 suggest that the i-AAA protease plays a key role in the quality control of 

Aac2
A128P

. The premature termination of α-helix 2 likely distorts the conformation of the 

solvent-exposed loop between helices 2 and 3, which is recognized and attacked by 

Yme1. Whether other mutants are also recognized by Yme1 for degradation is yet to be 

determined. 

        In summary, our data strongly suggest that Ant1-induced adPEO is a protein 

misfolding disease, which distinguishes it from clinical conditions caused by null 

mutations in ANT1 in homozygous patients. More importantly, our work provides 

evidence that the misfolding of one single protein could have detrimental effects on the 

biogenesis and stability of other membrane complexes on the membrane. It suggests that 

proteostatic stress could be a significant source of damage to the oxidative 

phosphorylation apparatus. It could also have general implications for understanding the 

physiological consequences of other destabilizing mutations in transmembrane domains, 

which are associated with an increasing number of dominant diseases including retinitis 

pigmentosa (Sanders and Myers 2004; Mendes, van der Spuy et al. 2005; Hirsch, Gauss 

et al. 2009; Houck and Cyr 2012). 

2.5 Materials and methods 

2.5.1  Cell growth conditions and yeast strains 

       Standard media were used to cultivate yeast cells. The genotypes and sources of S. 

cerevisiae strains used in this study are listed in Table 1. To generate the NDE1-3HA 
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allele, the hemagglutinin (HA) epitope was added to the C-terminus of NDE1 by the 

integration of a PCR product amplifying from the 3HA-KanMX6 cassette. The strain 

PG1 (MATα, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, trp1::GAL10-AAC2
A128P

-HIS3) was 

derived from BY4741. 

2.5.2 Determination of protein stability 

       Yeast cells were grown in YPD to late exponential phase, and shifted to 37°C after 

addition of cycloheximide (1 mg/ml). At indicated time points, three OD600 equivalents of 

cells were harvested. The cell extract was prepared as previously described (Chen 2001). 

Approximately 5 µl of cell extracts were analyzed by SDS-PAGE followed by western 

blot using antisera against Aac2, Cox2 or HA. 

2.5.3 Mitochondrial preparation and BN-PAGE analysis 

       Yeast cells were grown at 25°C or 30°C in YPD. Crude mitochondria were isolated 

as described (Boldogh and Pon 2007), except that cell wall was removed by enzymatic 

digestion at 5 mg of Zymolyase 20T per gram of wet cells at 25°C or 37°C. Isolated 

mitochondria were resuspended in the SEH buffer (0.6 M sorbitol, 20 mM HEPES-KOH, 

pH7.4, 2 mM MgCl2, 1 mM EGTA, 1 mM PMSF). For BN-PAGE analysis, crude 

mitochondria were solubilized in a 2% n-dodecyl β-D-maltoside (DDM) or digitonin 

solution containing 50 mM NaCl, 2.5 mM MgCl2, 20 mM HEPEPS-KOH (pH 7.4), 10% 

(v/v) glycerol, and 1 mM EDTA (pH 7.4) on ice for 30 minutes. Insoluble material was 

removed by centrifugation of 10, 000×g at 4°C for 15min. Approximately 30~40 µg of 

mitochondrial proteins were mixed with 5% G-250 sample additive (Life technologies) 

such that the final concentration of G-250 was 0.5%. The protein samples were loaded to 



82 
 

a 3-12% NativePAGE
TM

 Bis-Tris gel (Life technologies), which was run at 150 V in dark 

cathode buffer for 1 hour and then 250 V in light cathode buffer for 45 minutes at 4°C. 

Staining and destaining of native gels were performed according to the protocols by the 

manufacturer (Life technologies). For immunoblotting,  the native gel was prewashed in a 

transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) containing 2% SDS for 

30min, before being transferred on a PVDF membrane at 30V for overnight. The 

membrane was then incubated in 8% acetic acid for 15min to fix the proteins followed by 

rinse with deionized water. Prior to immunoblotting, the membrane was rewetted with 

methanol to remove excessive dye bound to the membranes. 
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Table 1. Genotype and sources of yeast strains used in this study 

 

Strain name Genotype Source 

M2915-6A background   

M2915-6A MATa, ade2, leu2, ura3 This laboratory 

UPU5-6B as M2915-6A, but aac2:: kan, ura3∆::AAC2
A128P

-URA3 Wang, 2008 

6A/UDU as M2915-6A, but ura3∆:: AAC2
A106D

-URA3 Wang, 2008 

6A/UP2U as M2915-6A, but ura3∆:: AAC2
M114P

-URA3 Wang, 2008 

6A/UPU as M2915-6A, but ura3∆:: AAC2
A128P

-URA3 Wang, 2008 

CS1482/1 as M2915-6A, but lys2∆:: AAC2
A137D

-kan Wang, 2008 

CS1153/1 as M2915-6A, but rpl6B∆::kan This study 

CS1227-4A as M2915-6A, but rpl6B∆::kan, yme1∆::LEU2 This study 

CS1374-2D as M2915-6A, but rpl6B∆::kan, aac2::kan, ura3::AAC 2
A128P

-URA3,  This study 

CS1699/1 as M2915-6A, but rpl6B∆::kan, aac2::kan, ura3::AAC2
 A128P

-URA3, 

yme1∆::LEU2 

This study 

CS1546/2 as M2915-6A, but NDE1-3HA-KAN This study 

CS1551-8C as M2915-6A, but NDE1-3HA-KAN, yme1∆::LEU2 This study 

CS1552-2C as M2915-6A, but NDE1-3HA-KAN, ura3∆::AAC2
A128P

-URA3 This study 

CS1770-2A as M2915-6A, but NDE1-3HA-KAN, ura3∆::AAC2
M114P

-URA3 This study 

CS1771-1A as M2915-6A, but NDE1-3HA-KAN, ura3∆::AAC2
A106D

-URA3 This study 

CS1772-1B as M2915-6A, but NDE1-3HA-KAN, ura3∆::AAC2
A137D

-URA3 This study 

CS1422 MATa

ura3∆::AAC2
A128P

-URA3, aac2::kan/+ 

This study 

W303 background   

   W303-1B MATα, ade2, trp1, his3, leu2, ura3 R. Rothstein 

   CS341/1 As W303-1B, but aac2::kan This study 

   CY4193 As W303-1B, but aac2::LEU2, trp1∆::AAC2
A128P

-URA3 This study 

   CS1433/3 As W303-1B, but aac2::LEU2, trp1∆::AAC2
M114P

-URA3 This study 

   CS1434/4 As W303-1B, but aac2::LEU2, trp1∆::AAC2
A106D

-URA3 This study 

   CS1762-8A As W303-1B, but aac2::LEU2, lys2∆::AAC2
A137D

-kan This study 
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3. 1 Abstract 

       Mitochondrial dysfunction affects cell viability primarily by causing defects in 

oxidative phosphorylation (OXPHOS). However, the contribution of OXPHOS-

independent mitochondrial pathways to cell degeneration is poorly understood. Here, we 

developed a cell-based system in which protein homeostasis on the mitochondrial inner 

membrane is challenged by the misfolding of a mutant adenine nucleotide translocase. 

Despite the fact that OXPHOS is only marginally affected, we found that nuclear 

transcriptional activity in human cells is significantly remodeled to upregulate genes 

involved in cytosolic proteostasis and alternative splicing. The transcription of EGR1 

(Early Growth Response 1), encoding a Cys2-His2 type zinc-finger protein important for 

the regulation of cell growth and stress response, is robustly upregulated. The data 

provide evidence that multiple signaling pathways exist to readjust cellular activities 

upon proteostatic stress on the mitochondrial inner membrane. Defect in protein 

homeostasis on the mitochondrial inner membrane is known to cause several 

neurodegenerative diseases. Our study may therefore help in developing anti-

degenerative strategies for the treatment of these diseases. 

3.2 Introduction 
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       Mitochondria are intracellular organelles which contain over 1,000 polypeptides 

(Calvo, Clauser et al. 2015). The human mitochondrial DNA (mtDNA) encodes only 13 

proteins, leaving ~99% of mitochondrial proteins being synthesized in the cytosol and 

imported into mitochondria. Thus, the biogenesis of mitochondria is heavily dependent 

on the coordination between cytosol and mitochondria. Under stress conditions such as 

mtDNA deletions, mutations, oxidative stress and proteostatic stress, mitochondria 

defend their functionality by engaging various protein quality control machineries at 

different levels. First, the mitochondrial proteases and chaperones assist the folding and 

degradation of unfolded/misfolded proteins in the sub-mitochondrial compartments 

(Quiros, Langer et al. 2015). Second, at the organelle level, the dynamic fission and 

fusion, which are crucial for shaping mitochondrial networks, appear to be important for 

maintaining mitochondrial protein homeostasis as well (Horbay and Bilyy 2016). Finally, 

at the cellular level, the damaged mitochondria can be entirely removed by mitophagy, 

which is a selective autophagy process involving lysosomes (Fischer, Hamann et al. 

2012). Although these protein quality control mechanisms are believed to be activated in 

response to proteostatic deterioration in mitochondria, the underling signaling pathways 

are not fully understood. 

         These stress response mechanisms all result from the mitochondria-to-nucleus 

communication or “retrograde signaling”. Early studies have shown that mitochondrial 

stress triggers transcription changes in the nucleus, which in turn readjusts mitochondrial 

activity. This mitochondria-to-nuclear signaling process, known as “retrograde signaling”, 

was first discovered by Ronald Butow and his coworkers in Saccharomyces cerevisiae. In 

response to defective mitochondria, activated Rtg2p triggers the nuclear translocation of 
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the Rtg1/3p complex, which induces the expression of two groups of RTG-target genes, 

CIT2/DLD3 and TCA cycle-associated genes [reviewed in (Liu and Butow 2006)]. These 

transcriptional readjustments stimulate the production of glutamate, an important 

substrate for many anabolic processes.  

       The orthologs of Rtg proteins have not been found in non-fungal species, but parallel 

mitochondria-to-nucleus communications have been found in other systems. The 

accumulation of unfolded or unassembled proteins in mitochondria actives the 

mitochondrial unfolded protein response, or UPR
mt

, induces the expression of genes 

encoding the protein quality control machineries including chaperons and proteases to re-

establish proteostasis. UPR
mt

 was first described two decades ago in mammalian cells 

(Martinus, Garth et al. 1996), but it has been better characterized in Caenorhabditis 

elegans. In mammalian cells, two distinct branches of UPR
mt

 have been described. The 

accumulation of a misfolded protein in the matrix triggers UPR
mt

 via the transcription 

factor CHOP by activating the downstream genes encoding mitochondrial chaperones 

and proteases (Zhao, Wang et al. 2002). In contrast, the misfolded protein in the 

intermembrane space does not activate the CHOP-dependent signaling pathway. Instead, 

it triggers the phosphorylation of estrogen receptor α by the AKT kinase, followed by the 

upregulation of the transcription factor NRF1, the protease gene HTRA2, as well as 

proteasome activity (Papa and Germain 2011). In worms, the Haynes group found that 

mitochondrial damage activates nuclear translocation of the transcription factor ATFS-1, 

which promotes the expression of genes encoding the mitochondrial chaperones such as 

Hsp60 and mtHsp70 (Haynes, Yang et al. 2010; Nargund, Pellegrino et al. 2012; 

Pellegrino, Nargund et al. 2013).  
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       It is unknown whether proteostatic stress from different mitochondrial 

subcompartments activates common retrograde responses, and whether a defect in 

oxidative phosphorylation is necessary for triggering the stress response. In the current 

study, by expressing a misfolded variant of Ant1, we examined how cells respond to 

protein misfolding on the mitochondrial inner membrane in cultured human cells.  

      Ant1 is the muscle/heart isoform of adenine nucleotide translocase (Ant1). It belongs 

to a large family of mitochondrial carriers, with a primary function in the ATP/ADP 

exchange across the inner membrane (Klingenberg 2008). Additionally, Ant1 is also 

involved in proton leak (Brand, Pakay et al. 2005), which may mildly uncouple the 

membrane. Missense mutations (A90D, L98P, D104G, A114P and V289M) in ANT1, 

cause autosomal dominant progressive external ophthalmoplegia (adPEO), characterized 

by later- or adult-onset of weakness in skeletal and eye muscles, exercise intolerance, 

hypertrophic cardiomyopathy, and myopathy (Kaukonen, Juselius et al. 2000; Napoli, 

Bordoni et al. 2001; Komaki, Fukazawa et al. 2002; Siciliano, Tessa et al. 2003; 

Deschauer, Hudson et al. 2005). Another mutation, A123D, induces cardiomyopathy and 

myopathy in a sporadic patient, with similar symptoms as those seen in adPEO except 

ophthalmoplegia (Palmieri, Alberio et al. 2005).  

        A number of studies have proposed several models interpreting the mutant Ant1-

induced pathogenesis, most of which emphasized on the altered nucleotide transport 

activity of mutant Ant1 [reviewed in (Liu and Chen 2013)]. Our previous work in a yeast 

model has demonstrated that the missense mutations induce protein misfolding (Liu, 

Wang et al. 2015). By combining these mutations, we generated Ant1 alleles with 

enhanced toxicity. These alleles were introduced into the human embryonic kidney 293T 
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(HEK293T) cells. We found that although expression of these mutant proteins in the 

mitochondrial inner membrane induces only mild respiratory deficiency, it triggers robust 

nuclear responses that include the upregulation of Egr1 signaling and the alternative 

splicing of numerous genes important for cell death. 

3.3 Results 

3.3.1 Generation of Ant1 variants with enhanced toxicity  

        Our previous study showed that the adPEO-type-, and cardiomyopathy- and 

myopathy-type mutations in the yeast Aac2 induces proteostatic stress on the 

mitochondrial inner membrane (Figure 3-1A) (Liu, Wang et al. 2015). Kawamata and 

coworkers expressed two adPEO-type alleles in the mouse myotubes, but found no 

significant mitochondrial damage (Kawamata, Tiranti et al. 2011). We speculate that the 

expression of mutant proteins may not be high enough to match the abundant endogenous 

mouse Ant1 to induce mitochondrial damage. To overcome this issue, we attempted to 

generate double mutant alleles that may have increased toxicity. We first generated the 

double mutant alleles in the yeast AAC2 gene. Six double mutant AAC2 alleles were 

generated by the combination of any two mutated residues in a pair-wise manner (Table 

2). When these double mutant alleles were introduced into yeast cells by transformation, 

the double mutants were found to strongly inhibit colony formation when compared with 

their single mutant counterparts (Figure 3-1B). In some double mutants such as 

AAC2
A106D/M114P

, AAC2
A106D/A128P

 and AAC2
A106D/A137D

, the transformants even failed to 

form viable colonies. Given that only one copy of the double mutant AAC2 allele led to 
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severe inhibition of cell growth, the data suggested that the double mutant alleles have 

enhanced toxicity compared with the single mutant alleles.      

        We then generated the equivalent double mutant alleles in the human ANT1 gene 

(Table 2). These double mutant ANT1 alleles were expressed in human embryonic kidney 

293T (HEK293T) cells from the CMV promoter. We expected that the use of the double 

mutants would offer a greater opportunity for effectively modeling Ant1-induced 

pathology in human cells. A hemagglutinin (HA) epitope tag was added at the C-terminus. 

After transfection, the steady-state level of Ant1 in both the single and double mutants 

was examined by immunoblotting using an anti-HA antibody. When cultured at 37°C, we 

found that the expression levels of the A90D, L98P and A114P single alleles were 

comparable to the wild-type Ant1, whereas the A123D allele displayed a trend of 

decreased accumulation (Figure 3-1C and 3-1D). The expression of the Ant1 double 

mutants fell into three categories: (1) the A90D/L98P and A90D/A114P alleles have an 

expression level comparable to the wild type; (2) the L98P/A114P and L98P/A123D 

alleles have a moderately reduced expression; and (3) the steady-state levels of 

A90D/A123D and A114P/A123D is significantly reduced to < 10%.  

   The reduced steady-state levels of the double mutants suggested that the mutant 

proteins are misfolded and thus they are recognized and degraded by the protein quality 

control machinery. This was confirmed by further examination of a representative allele, 

A90D/A114P. After cycloheximide chase, the mutant Ant1 protein has an accelerated 

turnover compared with the wild-type Ant1 (Figure 3-1E and 3-1F). We also found that 

when the cells were incubated at 25°C, the steady-state levels of mutant Ant1 proteins 
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Table 2. Missense ANT1/AAC2 mutations 

Single mutant adPEO-type (cardio)myopathy-type 

Aac2 A106D M114P A128P A137D 

Ant1 A90D L98P A114P A123D 

Double mutant             

Aac2 A106D/M114P A106D/A128P A106D/A137D M114P/A128P M114P/A137D A128P/A137D 

Ant1 A90D/L98P     A90D/A114P A90D/A123D L98P/A114P L98P/A123D A114P/A123D 

Triple mutant             

Ant1 A90D/L98P/A114P 

Quadruple mutant           

Ant1 A90D/L98P/A114P/A123D 
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Figure 3-1. Expression of the single and double mutant ANT1 alleles in HEK293T cells. (A) 

Crystal structure of yeast Aac2. The amino acids equivalent to those mutated in human Ant1 are 

denoted by arrows. Carboxylatractyloside in magenta indicates the putative nucleotide binding 

site. H2, α-helice 2. H3, α-helice 3. IMS, intermembrane space. (B) The centromeric pRS416 

vector expressing the single or double mutant AAC2 allele was introduced into wild-type cells. 

The transformants were scored after 6 days of incubation at 30°C. (C) Immunoblotting showing 

the steady-state level of HA-tagged Ant1 in cell lysate extracted from HEK293T cells expressing 

the single or double mutant ANT1 alleles cultured at 25°C and 37°C, respectively. Porin and β-

actin were used as loading controls. (D) Relative steady-state levels of HA-Ant1 in C. Error bars 

indicate the SDs of three independent experiments. * p < 0.05, ** p < 0.01 (unpaired Student’s t 

test). (E) Cycloheximide chase experiment showing the stability of Ant1
A90D/A114P

. Transfected 

cells were cultured at 37°C and total cell lysate was extracted at the indicated time point after 

cycloheximide (1 mg/mL) was added to the culture. (F) The relative steady-state levels of HA-

Ant1 at different time points in E.  
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were higher compared with cells grown at 37°C, especially in the double mutants (Figure 

3-1C and 3-1D). This observation was consistent with our previous finding that yeast 

cells expressing the mutant aac2 alleles exhibited cold sensitivity (Wang, Salinas et al. 

2008), which is likely due to the decelerated degradation of the mutant proteins at lower 

temperature.      

        We subsequently determined if the double mutant alleles of ANT1 induce any 

mitochondrial damage and bioenergetic defects in HEK293T cells. To evaluate the 

integrity of electron transport chain, the mitochondria were isolated from cells expressing 

the single or double mutant ANT1 alleles. The mitochondrial preparations were analyzed 

by Blue Native PAGE (BN-PAGE) and immunoblotting using antibodies against 

NDUFA9 (subunit of respiratory complex I) and SDHA (subunit of respiratory complex 

II). As shown in Figure 3-2A and 3-2C, complex I and complex II in cells expressing the 

single mutant alleles exhibited as an intact band at the molecular weight of ~1 MDa and 

~200 KDa, respectively. No bands at lower molecular weight were detected, indicating 

that the assembly of complexes I and II was not affected. The stability of subunits was 

further determined by SDS-PAGE and immunoblotting. The results revealed no obvious 

reduction of the complex I and complex II subunits. In-gel staining analysis further 

confirmed the intactness of complex II in mitochondria isolated from cells expressing the 

single mutants (Figure 3-2E). 

         In HEK293T cells expressing the double mutant ANT1 alleles, we found that the 

level of complex I in all mutants were comparable to that of the wild type except for 

ANT1
A90D/A123D

 ,
 
in which the level of complex I were slightly decreased (Figure 3-2B).  
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Figure 3-2. Effect of the single and double mutant Ant1 on the assembly and stability of 

respiratory complex I and complex II. The crude mitochondria were isolated from HEK293T 

cells expressing vector, wild-type ANT1, single or double mutant ANT1 alleles. The digitonin-

solubilized protein was separated by BN-PAGE or SDS-PAGE, followed by immunoblotting 

using (A and B) anti-NDUFA9 or (C and D) anti-SDHA antibody. (E-F) The digitonin-

solubilized mitochondrial protein was loaded on the high resolution clear native gels and the 

activity of complex II was determined by in-gel staining.  
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Furthermore, BN-PAGE coupled with immunoblotting reveled that the assembly of 

complex II were slightly affected in the double mutants with the effect of ANT1
A90D/A123D 

being mostly pronounced (Figure 3-2D). The stability of SDHA was also found to be 

reduced in some double mutants such as ANT1
A90D/A123D 

and ANT1
L98P/A123D

. However, the 

in-gel staining showed that the activity of complex II in most double mutants was 

comparable to that of the wild type, except for ANT1
A90D/A123D 

which exhibited a slight 

reduction (Figure 3-2F). 
 

       Although the integrity of respiratory complexes I and II was affected in certain ANT1 

mutants, it does not necessarily impair the global respiration. We used a Seahorse XF96
e
 

extracellular flux analyzer to measure the oxygen consumption rate (OCR), as an 

indicator of respiratory capacity. Complex-specific inhibitors and uncoupling reagents 

were used for determining various bioenergetic parameters. The basal oxygen 

consumption describes the mitochondrial respiration before the injection of any inhibitors. 

Following the injection of oligomycin, which is an inhibitor of the ATP synthase, the 

proton flux through the ATP synthase is inhibited, resulting in the stalling of electron 

transport as well as the diminished OCR. The corresponding OCR is described as ATP-

linked OCR, or ATP production. Subsequently, cells are exposed to an uncoupler FCCP 

(carbonyl cyanide p-trifluoromethoxyphenylhydrazone) to simulate respiration to the 

maximal OCR, reflecting the maximal capacity of the electron transport chain. The 

difference between the basal and maximal OCR is called the spare or reserve respiratory 

capacity, which can be depleted under conditions of severe stress (Chacko, Kramer et al. 

2014). As shown in Figure 3-3A~3-3D, 3-3G and 3-3H, the ATP production, maximal 

respiration, and spare respiratory capacity of cells expressing the single or double mutant  



96 
 

Figure 3-3. Effect of the single and double mutant Ant1 on mitochondrial respiration. The 

oxygen consumption rate of transfected HEK293T cells were determined by Seahorse XF96
e
 

extracellular flux analyzer. The measurements were done in triplicate. The ATP production (A 

and B), maximal respiration (C and D), coupling efficiency (E and F) and spare respiratory 

capacity (G and H) calculated from one representative experiment were shown for HEK293T 

cells expressing the single mutant ANT1 alleles (A, C, E, and G) and the double mutant ANT1 

alleles (B, D, F, and H). Error bars indicate the SDs of three replicates. * p < 0.05, ** p < 0.01 

(unpaired Student’s t test). The experiment was repeated with similar results. 
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ANT1 alleles did not differ from vector-transfected cells. Only the coupling efficiency, 

determined from the ratio of the maximal respiration and basal respiration, exhibited 

marginal but statistically significant reduction in cells expressing the L98P, A114P and 

A123D alleles of ANT1, as well as all the double mutant ANT1 alleles (Figure 3-3E and 

3-3F). Overall, these mutant alleles have noticeable effect on the coupling efficiency of 

the membrane, but they did not significantly affect the global bioenergetic output. 

    Given that the double mutant ANT1 alleles only induced marginal mitochondrial 

damage, it would be difficult to use these mild mutants to study the cellular stress 

response. Therefore, we further generated the triple and quadruple ANT1 mutants (Table 

2) with the expectation that these mutants could induce more severe damage. The triple 

mutant ANT1 allele is composed of all the three adPEO-type mutations (A90D, L98P and 

A114P). The cardiomyopathy-, myopathy-type mutation, A123D, was added to generate 

the quadruple mutant. It is important to note that the A123D mutation of ANT1 

inactivates the ADP/ATP transport activity (Palmieri, Alberio et al. 2005). 

        We determined the steady-state levels of Ant1 in the triple and quadruple mutants. 

The total cell lysate from transfected HEK293T cells was applied to immunoblotting to 

evaluate the steady-state level of mutant proteins. As shown in Figure 3-4A, the triple and 

quadruple Ant1 mutant proteins were extremely unstable with barely detectable levels. 

The triple and quadruple mutations might induce more dramatic conformational changes 

which became more susceptible to degradation by the protein quality control machinery.  
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Figure 3-4. Expression of the triple and quadruple mutant Ant1 affects the assembly and 

stability of protein complexes on the inner membrane. (A) The representative immunoblotting 

showing the steady-state level of HA-tagged Ant1 in cell lysate extracted from HEK293T cells 

expressing the triple or quadruple mutant ANT1 alleles cultured at 37°C. Beta-actin was used as a 

loading control. (B) The steady-state levels of five respiratory complex subunits in isolated 

mitochondria from cells expressing the triple and quadruple ANT1 mutant alleles. The crude 

mitochondria were separated by SDS-PAGE followed by immunoblotting using a cocktail 

antibody against NDUFB8 (subunit of complex I), SDHB (subunit of complex II), UQCRC2 

(subunit of complex III), COX2 (subunit of complex IV), and ATP5A (subunit of complex V). 

The relative level of each subunit was labeled as a percentage of intensity compared with vector 

control. (C-E) Digitonin-solubilized mitochondrial protein was analyzed by BN-PAGE and SDS-

PAGE, followed by immunoblotting using antibodies against NDUFA9, SDHA, and Tim23, 

respectively.  

 

  

 

 



99 
 

       To evaluate the potential damage to the respiratory complexes caused by the triple 

and quadruple Ant1 mutants, crude mitochondria isolated from the transfected cells were 

first analyzed for the stability of respiratory complexes I-V by immunoblotting using an 

anti-OXPHOS antibody cocktail, which identifies the steady-state level of one specific 

subunit in each respiratory complex. The result showed that the levels of subunits in 

complex I, III, IV and V were all reduced in the triple and quadruple mutants compared 

with those in the vector control (Figure 3-4B). The triple mutant further exhibited a 

decreased steady-state level of the complex II subunit. Additionally, BN-PAGE analysis 

coupled with immunoblotting was performed to determine the integrity of complex I and 

II. We found that the levels of the assembled complexes were affected both in the triple 

and quadruple mutants, along with declined steady-state levels of corresponding subunits 

as revealed by SDS-PAGE and immunoblotting (Figure 3-4C and 3-4D).  

        We previously showed that the expression of mutant Aac2 in yeast affects the 

assembly and stability of other protein complexes including the TIM22 and TIM23 

protein translocases (Liu, Wang et al. 2015). In human cells, the triple and quadruple 

mutant proteins are also likely misfolded, and impair the membrane proteostasis shown 

by the damaged respiratory complexes. To further assess the effect of mutant Ant1 in 

human cells, we examined the integrity of the TIM23 protein translocase in the 

transfected cells by BN-PAGE coupled with immunoblotting. As shown in Figure 3-4E, 

the level of assembled TIM23 complex was dramatically reduced in the triple and 

quadruple mutants compared to that of wild type.         

        Finally, we determined whether the triple and quadruple ANT1 mutations impair 

mitochondrial respiration (Figure 3-5A). We found that the basal oxygen consumption  
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Figure 3-5. Expression of the triple and quadruple mutant Ant1 mildly affects the 

mitochondrial respiration. (A) The oxygen consumption rate of transfected HEK293T cells 

were determined by Seahorse XF96
e
 extracellular flux analyzer, with sequential injections of 

oligomycin (Oligo), FCCP, and rotenone/antimycin A (Rot/AA). The experiment was done in 

sextuplicate wells of cells. (B-G) The various parameters were calculated from (A). Error bars 

indicate the SDs of six replicates. * p < 0.05  (unpaired Student’s t test). The experiment was 

repeated with similar results. 
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was diminished in the triple and quadruple mutants compared to the vector-transfected 

cells. ATP production, the maximal respiration and coupling efficiency were also mildly 

but significantly affected (Figure 3-5B~D and 3-5G). The absolute value of spare 

respiratory capacity was reduced in the triple and quadruple mutants (Figure 3-5E). 

However, only the quadruple mutant exhibited a statistically significant decrease in the 

spare respiratory capacity (Figure 3-5F). These observations confirmed that the triple and 

quadruple ANT1 mutant alleles induced detectable mitochondrial dysfunction. 

        Of note, we found that the overexpression of the wild-type ANT1 in HEK293T cells 

induced detectable mitochondrial damages, which was showed by decreased steady-state 

levels of the subunits of respiratory complexes (Figure 3-3B), as well as a reduction in 

the assembled complexes I and II (Figure 3-3C and 3-3D). As a result, the mitochondrial 

respiration was also compromised, as revealed by reduction in the basal, ATP-linked and 

maximal OCR (Figure 3-4C~3-4E).  

3.3.2 Transcriptional response to Ant1-induced mitochondrial inner membrane 

stress 

        Although expression of the triple and quadruple Ant1 mutants induces rather mild 

damage, we next sought to identify possible cellular signaling pathways that might 

respond to the proteostatic stress on the inner membrane. Messenger RNAs extracted 

from three independent transfections were extracted from transfected HEK293T cells 

expressing the empty vector, triple and quadruple Ant1 mutants. We used RNA-seq and 

Gene Specific Analysis (GSA) statistical modeling to determine genes that are up- or 

down-regulated by a specific proteostatic stress on the mitochondrial inner membrane. 
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Figure 3-6. RNA-seq analysis revealed differentially expressed genes in HEK293T cells 

expressing the triple and quadruple mutant ANT1 alleles. (A) Venn diagrams demonstrating 

the differentially expressed genes overlapped in the triple and quadruple mutants. (B) Pie chart 

showing that 32 genes upregulated by the triple and quadruple mutant Ant1 fall into six 

functional groups (a-f). (C) The list of genes in each functional category in (B). 
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Figure 3-7. Heatmap of upregulated genes in HEK293T cells expressing the triple and 

quadruple mutant ANT1 alleles.       
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        Compared with the vector control, we found that expression of 206 and 560 genes 

were significantly changed in cells expressing the triple and quadruple mutants, 

respectively (Appendix Table 1 and Table 2). As shown in Venn diagrams in Figure 3-6A, 

94 genes were commonly changed in the triple and quadruple mutants (ANT1 was 

excluded). The fold changes of these genes were moderate and the majority was within 

two fold. Nonetheless, the statistical robustness and the overlap of a number of genes that 

are commonly changed in cells expressing both the triple and quadruple mutants strongly 

suggested that nuclear transcriptional reprogramming does occur in cells expressing the 

mutant Ant1. Cells expressing the quadruple mutant have a large number of changed 

genes compared with those expressing the triple mutant, consistent with more severe 

mitochondrial damage in the former cells.   

        Beside the exogenous ANT1, RNA-seq revealed 32 genes that are commonly 

upregulated in cells expressing the triple or quadruple mutants (Figure 3-7). According to 

their functions, these genes are classified into six categories (Figure 3-6B and 3-6C). The 

largest defined category (28.9%) consists of genes encoding RNA-processing proteins. 

Other categories contain genes encoding mitochondrial proteins (15.6%), transcriptional 

factors (12.5%), proteins involved in ribosomal biogenesis and translational control 

(12.5%), chaperones and proteasomal function (6.3%), and others (31.3%). DAVID 

functional annotation clustering analysis (Huang da, Sherman et al. 2009) also suggested 

that among the 32 hits is a cluster of genes involved in RNA binding/processing/splicing 

(Figure 3-8A). On the other hand, the 56 downregulated genes overlapped in the triple 

and quadruple mutants are enriched in two clusters involved in chromatin 

organization/modification and ion binding (Figure 3-8B).  
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Figure 3-8. DAVID analysis showing the functional annotation clusters of upregulated genes 

(A) and downregulated genes (B) that are overlapped in cells expressing the triple and 

quadruple Ant1 mutants. The analysis was performed in medium stringency with EASE score < 

0.05. 
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         Given that the quadruple mutant of Ant1 induced more severe bioenergetic defects 

compared to the triple mutant, it is reasonable to expect that the quadruple mutant 

triggers changes in more stress-responding genes. The larger number of changed genes 

allowed us to determine the top canonical pathways affected by the quadruple mutant 

using the Ingenuity Pathway Analysis (IPA, Qiagen) method. The results showed that the 

pathways involving OXPHOS/mitochondrial dysfunction (Figure 3-9A) and cellular 

proteostasis (Figure 3-9B) were significantly enriched. The OXPHOS and mitochondrial 

dysfunction clusters consist of genes that encode the subunits of respiratory complexes I, 

III, IV and V, which were mostly upregulated in the quadruple mutant (Figure 3-9A). The 

mitochondrial outer membrane protein VDAC1 is upregulated in cells expressing both the 

triple and quadruple mutants. COX6A1 encodes the subunit VIa of cytochrome c oxidase, 

which is specifically expressed in non-muscle tissue. CPT1B encodes a member of the 

carnitine/choline acetyltransferase family, a rate-controlling enzyme of long-chain fatty 

acid β-oxidation pathway. COX6A1 and CPT1B are commonly downregulated in cells 

expressing the triple and quadruple mutants of Ant1. RHOT2, encoding the mitochondrial 

Rho (MIRO) GTPase2, is the only gene that is affected in cells expressing the triple but 

not the quadruple mutant.  

        Several genes encoding proteins in the ubiquitin-proteasome pathway (PSMD4, 

PSMD6, PSMD9 and UBE2J1), heat shock proteins (DNAJA1, DNAJC19, HSPA1A/B 

and HSPH1) were upregulated in response to the quadruple mutant of Ant1, with one of 

these (PSMD4) shared with those stimulated by the triple mutant (Figure 3-9B). 

Interestingly, HSPA5, encoding a Hsp70 family member located in ER, is commonly 

down-regulated in cells expressing the triple or the quadruple Ant1 mutant. Furthermore,  
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Figure 3-9. IPA analysis of canonical pathways and upstream regulators of differentially 

expressed genes in cells expressing the quadruple Ant1 mutant. (A-B) Canonical pathway 

analysis of the quadruple mutant revealed that genes involved in OXPHOS, mitochondrial 

dysfunction, unfolded protein response, and the protein ubiquitin pathway are differentially 

expressed genes in cells expressing the mutant Ant1 compared with the empty vector control. The 

Venn diagrams show that these genes partially overlap with those identified in cells expressing 

the triple Ant1 mutant. Genes belonging to four pathways were listed and labeled in arrows to 

indicate the upregulation (in red) or downregulation (in green). (C) Upstream analysis showing 24 

upstream regulators that alter gene expression in cells expressing the quadruple Ant1 mutant.  
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several ER stress-associated genes (SYVN1, AMFR and USP21) were also down-

regulated in cells expressing the mutant Ant1, suggesting that cells respond to Ant1-

induced mitochondrial damage by upregulating the cytosolic proteostatic network 

concomitant with the downregulation of ER stress response. 

        Finally, we performed upstream regulator analysis using the IPA tools to identify 

putative factors (e.g. transcription factor, growth factor and enzymes) upstream of the 

differentially expressed genes detected in the RNA-seq experiment (Kramer, Green et al. 

2014). This IPA analysis indentified the Hypoxia Inducible Factor 1A (HIF1A) and the 

cytokine IL1RN as the only two upstream regulators in cells expressing the triple Ant1 

mutant (data not shown). In contrast, 24 upstream regulators were predicted to be either 

activated or inhibited in the cells expressing quadruple mutant. These regulators include 

transcription factors, kinase, cytokine, growth factor, peptidase and enzyme (Figure 3-

9C). Transcription factors MYC and HMGA1, as well as the RAF1 kinase were top three 

activated upstream regulators with the highest Z-score. This observation was consistent 

with a 1.13 fold increase of MYC expression in cells expressing the quadruple Ant1 

mutant (Appendix Table 2). The top three inhibited upstream regulators were 

transcription factor HIF1A, RPTOR Independent Companion Of mTOR Complex 2 

(RICTOR) and cytokine Oncostatin M (OSM).  

3.3.3 Downregulation of mTOR signaling in cells expressing Ant1 mutants        

        The identification of Rictor (a component of the mTORC2 complex) as a significant 

upstream regulator suggested that the mammalian target of rapamycin (mTOR) signaling 

pathway may be downregulated by proteostatic stress on the mitochondrial inner 
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membrane. The mTOR signaling pathway senses both intracellular and extracellular 

signals and accordingly regulates the metabolism, growth, proliferation and survival of 

the cell (Bond 2016), including mitochondrial metabolism and biogenesis. Inhibition of 

mTOR by rapamycin has been reported to reduce mitochondrial respiration (Schieke, 

Phillips et al. 2006). The mTOR protein, a serine/threonine kinase belongs to the 

phosphoinositide 3-kinase (PI3K)-related kinase family. It forms the catalytic center of 

two complexes, known as mTORC1 and mTORC2. mTORC1 is a better characterized 

complex, which phosphorylates two substrates, the ribosomal S6 kinase (S6K1) and the 

eukaryotic initiation factor 4E (eIF4E)-binding protein (4E-BP1). 

       To determine whether the mutant Ant1 affects mTORC1 signaling, we measured the 

steady-state level of 4E-BP1 as well as its phosphorylated form by immunoblotting. As 

shown in Figure 3-10A~3-10C, the relative level of phosphorylated 4E-BP1 was reduced 

in both mutants compared to the vector control, and the steady-state level of 4E-BP1 was 

significantly reduced only in cells expressing the quadruple Ant1 mutant. Phosphorylated 

4E-BP1 is known to dissociate its binding from eIF4E, which leads to the activation of 

cap-dependent translation (Sonenberg and Hinnebusch 2009). Therefore, reduced 

phosphorylated 4E-BP1 suggested less free eIF4E, which may result in the suppression of 

protein translation. However, the decrease of total 4E-BP1 in the quadruple mutant may 

compromise the inhibition of eIF4E-dependent translation. The overall effect of these 

changes on protein synthesis needs to be further investigated in the future. 

        Additionally, we examined the steady-state levels of ribosomal protein S6 (rpS6), 

which is a component of the 40S ribosomal subunit  and a substrate of S6K1 (Ma and 

Blenis 2009). The results showed that the phosphorylated rpS6, which reflects the activity  
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Figure 3-10. mTOR signaling is inhibited in cells expressing the triple and quadruple Ant1 

mutants. Immunoblotting showing the steady-state levels of 4E-BP1 and phosphorylated 4E-BP1 

(A), and rpS6 and phosphorylated rpS6 (D) in transfected HEK293T cells. Relative steady-state 

levels of phosphorylated 4E-BP1 (B), 4E-BP1 (C), phosphorylated rpS6 (E) and rpS6 (F) were 

shown in histograms. Error bars indicate the SDs of three replicates. * p < 0.05, ** p < 0.01 

(unpaired Student’s t test). 
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of S6K1, was significantly reduced in the cells expressing the quadruple Ant1 mutant 

(Figure 3-10D and 3-10E). This observation supports the downregulation of mTOR 

signaling in response to proteostatic stress on the mitochondrial inner membrane. Of note, 

the total level of rpS6 was also decreased in cells expressing the triple and quadruple 

Ant1 mutants (Figure 3-10D and 3-10F). Given that rpS6 is degraded by the ubiquitin-

proteasome system (Kim, Jang et al. 2006; Xiao, Wang et al. 2015), the elevated turnover 

of rpS6 may result from increased proteasomal activity. 

3.3.4 Inhibition of mTOR signaling improves proteostasis on the mitochondrial 

inner membrane 

        As the inhibition of mTOR signaling pathway is one of the cellular responses to the 

mutant Ant1-indued proteostatic stress, we hypothesized that cells may benefit from 

further suppression of mTOR signaling. To test this, we first examined if rapamycin 

treatment affects the steady-state level of mutant Ant1. Immunoblotting of total cell 

lysate showed that the accumulation of the mutant proteins was diminished by rapamycin 

in all the representative mutants examined (Figure 3-11A and 3-11B). Even the steady-

state level of the wild-type Ant1 was reduced by rapamycin, although it did not reach the 

statistical threshold. Since cycloheximide chase assay indicated that the reduction was not 

due to the accelerated turnover (data not shown), we speculate that it may result from 

decreased Ant1 synthesis.  

      We further tested if the reduced accumulation of the mutant Ant1 restores 

mitochondrial respiration. We determined the OCR in rapamycin-treated cells. The 

concentration of rapamycin was optimized to a very low condition (100 ng/µL) by which  
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Figure 3-11. Rapamycin improves the mitochondrial respiration by reducing the 

accumulation of mutant Ant1. (A) Immunoblotting showing the steady-state level of HA-tagged 

Ant1 in transfected cells with or without rapamycin treatment. Rapamycin (100 ng/µL) was 

added to cell culture six hours post-transfection. The cells were harvested 24 hours post-

transfection. (B) The relative steady-state level of HA-Ant1 in (A). Error bars indicate the SDs of 

three replicates. * p < 0.05, ** p < 0.01 (paired Student’s t test). (C-E) The oxygen consumption 

rate was determined in the transfected HEK293T cells incubating with rapamycin (100 ng/µL) for 

16 hours. The basal respiration (C), maximal respiration (D), and ATP production (E) were 

calculated from OCR measurements. Error bars indicate the SDs of six replicates. * p < 0.05  

(unpaired Student’s t test). The experiment was repeated with similar results. 
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the basal OCR was not significantly affected (Figure 3-11C). The maximal respiration, 

suggestive of the membrane integrity, was mildly elevated by rapamycin treatment in 

cells expressing the quadruple Ant1 mutant (Figure 3-11D). ATP production was 

increased by rapamycin treatment in cells expressing the vector control, the wild-type 

Ant1, and the quadruple mutant Ant1 (Figure 3-11E). 

     Collectively, the data showed inhibition of mTOR signaling by rapamycin appears to 

improve the mitochondrial respiration by reducing the accumulation of the mutant Ant1 

protein. 

3.4.5 Proteostatic stress on the mitochondrial inner membrane affects the 

alternative splicing of multiple nuclear genes  

        Our RNA-seq analysis revealed that the largest group of genes that are upregulated 

in cells expressing the triple and quadruple Ant1 mutants is those involved in RNA 

processing (see Figure 3-6B and 3-6C). Among these genes are two RNA-binding protein 

of the heterogeneous nuclear ribonucleoprotein (hnRNP) family, Fused in Sarcoma (FUS) 

and HnRNP M. FUS interacts with the minor spliceosome to regulate minor intron 

splicing that may be involved in the pathogenesis of amyotrophic lateral sclerosis (ALS) 

(Reber, Stettler et al. 2016). HnRNP M interacts with FUS and is a component of the 

spliceosome complex that affects 5’ and 3’ alternative splice site choices (Lleres, Denegri 

et al. 2010). SRSF7, or Seine (S) and arginine (R)-rich Splicing Factor 7, was 

documented to regulate the pre-mRNA splicing and mRNA export of cancer-related 

genes to affect the proliferation of cancer cells (Boguslawska, Sokol et al. 2016; Saijo, 

Kuwano et al. 2016).  
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       We speculate that the upregulation of the splicing factors upon the proteostatic stress 

on the mitochondrial inner membrane may change the splicing landscape in the nucleus. 

To test this, we analyzed the RNA-seq data to identify possible changes in alternatively 

spliced transcript variants. One-way ANOVA analysis identified 34 genes (step down p 

value < 0.1) displaying distinguishable pattern of transcript variants in cells expressing 

the triple and/or quadruple Ant1 mutants compared to cells expressing the vector control 

(Table 3 and Figure 3-12). Of particular note, a significant portion of the genes either 

play a role in neuronal survival, or are involved in neurological diseases as well as other 

diseases (Table 4).  

       Alternative splicing of pre-mRNA generates different RNA transcripts that have 

been implicated in the regulation of cell survival (Paronetto, Passacantilli et al. 2016). For 

example, alternative splicing of the Bcl-2 binding component 3 (BBC3), also known as 

PUMA, could fine-tune its role in apoptosis. BBC3 is a member of the Bcl-2 homology 3 

(BH3)-only Bcl-2 family that mediates p53-denedent and -independent apoptosis (Yu and 

Zhang 2008). Alternative splicing of pre-mRNA BBC3 produces four transcript variants 

(Yu, Zhang et al. 2001; Yu and Zhang 2008), three of which were detected from our 

RNA-seq analysis (Figure 3-12C and Figure 3-13). Transcript variants 2 and 4, also 

known as PUMA-β and PUMA-α, both contain the BH3 domain which is essential to 

induce apoptosis. In contrast, variant 3 (PUMA-δ) has no BH3 domain. As shown in 

Figure 3-13B, the level of variant 2 was relatively elevated while the level of variant 3 

was accordingly reduced in the cells expressing quadruple Ant1 mutant. Increase in the 

pro-apoptotic variant 2 could promote apoptosis, which remains to be tested in future 

studies. 
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Table 3. Genes with differential alternative splicing variants in cells expressing the triple 

and quadruple mutant alleles of ANT1    

# of 

transcripts 

Gene 

Symbol 

FDR Step 

Down 
Entrez Gene Name 

5 NME2 1.60E-10 NME/NM23 nucleoside diphosphate kinase 2 

8 RPL17 4.46E-10 ribosomal protein L17 

6 MDK 1.93E-09 midkine (neurite growth-promoting factor 2) 

5 HDAC9 2.23E-08 histone deacetylase 9 

4 CLTA 9.91E-08 clathrin light chain A 

6 DKC1 2.80E-07 dyskerin pseudouridine synthase 1 

4 NDUFAF3 3.74E-06 NADH:ubiquinone oxidoreductase complex assembly factor 3 

11 SEPT9 6.83E-06 septin 9 

6 SIGMAR1 1.25E-05 sigma non-opioid intracellular receptor 1 

10 HMGA1 3.23E-05 high mobility group AT-hook 1 

6 TMPRSS5 5.26E-05 transmembrane protease, serine 5 

6 ATF3 7.07E-05 activating transcription factor 3 

5 MAZ 0.000262692 MYC associated zinc finger protein 

5 ARHGDIA 0.000313603 Rho GDP dissociation inhibitor alpha 

4 PSMD6 0.000589052 proteasome 26S subunit, non-ATPase 6 

6 SNX17 0.00269213 sorting nexin 17 

4 TSSC4 0.00324455 tumor suppressing subtransferable candidate 4 

4 ACADVL 0.00327518 acyl-CoA dehydrogenase, very long chain 

8 KCNE1 0.0033619 potassium voltage-gated channel subfamily E regulatory subunit 1 

5 RTN4 0.00902301 reticulon 4 

2 ENTPD1 0.00929437 ectonucleoside triphosphate diphosphohydrolase 1 

5 CIRBP 0.0135024 cold inducible RNA binding protein 

3 BBC3 0.0143636 BCL2 binding component 3 

4 CKAP2 0.0189297 cytoskeleton associated protein 2 

4 CERKL 0.0224449 ceramide kinase like 

3 GLUD1 0.0316194 glutamate dehydrogenase 1 

3 RTN3 0.0329045 reticulon 3 

4 SERPINE2 0.0376365 serpin family E member 2 

6 NACA 0.0412482 nascent polypeptide-associated complex alpha subunit 

10 CYFIP1 0.0451252 cytoplasmic FMR1 interacting protein 1 

4 RPE 0.0669454 ribulose-5-phosphate-3-epimerase 

5 GUK1 0.0760633 guanylate kinase 1 

7 PROM1 0.0798128 prominin 1 

5 THADA 0.092093 THADA, armadillo repeat containing 
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Table 4. Genes with differential alternative splicing known to be involved in neuronal 

survival, neurological diseases, and other disorders 
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Figure 3-12. Alternatively spliced transcript variants of selective genes in cells expressing 

the triple and quadruple Ant1 mutants. The x-axis represents the different transcript variants 

detected in the current data. Error bars indicate SEs of three replicates. The levels of individual 

transcript variant in vector control, triple mutant and quadruple mutant were labeled as diamond 

(green), square (blue) and triangle (red), respectively. 
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Figure 3-13. Alternatively spliced transcript variants of BBC3/PUMA. (A) Schematic 

diagram showing transcript variants of BBC3/PUMA detected by RNA-seq in cells expressing 

the triple and quadruple Ant1 mutants. (B) The level of transcript variants of BBC3 in HEK293T 

cells expressing vector, triple or quadruple ANT1 mutant allele. Error bars indicate SEs of three 

replicates.    
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       Another example of alternative splicing-mediated cellular regulation is reticulon 4 

(RTN4). RTN4, also known as Nogo, has three isoforms, known as Nogo-A, -B and -C 

that result from alternative splicing driven by polypyrimidine tract-binding protein 1 

(PTBP1) (Makeyev, Zhang et al. 2007). Increased level of PTBP1 is associated with the 

skipping of exon 3 in RTN4, which generates Nogo-B (Cheung, Hai et al. 2009). Our 

global survey of differential gene expression showed that PTBP1 was slightly increased 

in the cells expressing quadruple Ant1 mutant (Appendix Table 2). Consistent with this, 

analysis of alternative splicing also showed that the transcript variant 2 (Nogo-B; 

NM_153828) was significantly increased in these cells (see Figure 12N). Nogo-B is a 

membrane protein that is primarily located in ER. It was documented that Nogo-B 

controls vascular function and blood pressure by regulating the endothelial sphingolipid 

homeostasis (Cantalupo, Zhang et al. 2015). More importantly, it was identified as an 

apoptosis-inducing gene (Tagami, Eguchi et al. 2000; Li, Qi et al. 2001), which reduces 

the anti-apoptotic effect of Bcl-2 and Bcl-xL (Tagami, Eguchi et al. 2000), and/or induces 

the release of cytochrome c in a FADD-dependent manner (Xiang, Liu et al. 2006). Thus, 

increased Nogo-B isoform in cells expressing the quadruple Ant1 mutant would also 

support the idea that proteostatic stress on the mitochondrial inner membrane likely 

activates the pro-apoptotic signaling pathway through the alternative splicing of RTN4.     

3.4 Discussion 

       Although the pathogenic mechanism of Ant1-induced human diseases has been 

investigated for a decade, how the mutant protein affects the cells is still elusive. We 

proposed that the mitochondrial biogenesis defect induced by proteostasis stress on the 

mitochondrial inner membrane is the primary cause of pathogenesis (Chen 2002; Wang, 



126 
 

Salinas et al. 2008). Our recent study in yeast further supported this idea. The disruption 

of protein homeostasis on the inner membrane affects the assembly and stability of 

multiple protein complexes including the TIM22 and TIM23 translocases (Liu, Wang et 

al. 2015). Several experiments from the current study provide further support for the 

gain-of-toxicity model. First, we found that one copy of double mutant alleles of AAC2 is 

sufficient to inhibit the growth of yeast cells, providing definitive evidence for the toxic 

nature of the mutant Aac2. Secondly, by using similar mutant variants of human Ant1, 

we demonstrated that the mutant proteins are highly unstable in transfected HEK293T 

cells. This observation is consistent with the idea that misfolding of the mutant proteins 

which are rapidly turned over by the protein quality control machineries. Finally, like in 

yeast, we found that the human cells expressing the triple and quadruple Ant1 mutants 

also have decreased stability of respiratory complexes I, II and the TIM23 translocase.     . 

        It is important to note that the damaging effects of the misfolded Aac2 in yeast seem 

to be more severe than those observed with the equivalent Ant1 mutants in HEK293T 

cells. For instance, yeast cells expressing several double mutants of AAC2 could not 

survive. In contrast, no significant cell death was detected in HEK293T cells when 

similar mutant alleles of ANT1 (data not shown). We speculate that the difference results 

from the expression level of the mutant proteins, probably also the capacity of protein 

quality control machineries to handle with the mutant proteins. It is difficult to compare 

the level of the mutant protein in different model organisms. Given that the lower steady-

state level and faster degradation of the mutant Ant1 in vivo, it is possible that the 

HEK293T cells have a more robust protein quality control system on the mitochondrial 

inner membrane. 
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       Mitochondrial protein quality control is dependent on evolutionary conserved 

mechanisms (Bohovych, Chan et al. 2015). Unfolded and misfolded proteins in the 

mitochondrial matrix triggers UPR
mt

 that activates pathways that improve mitochondrial 

proteostasis. In yeast, genetic evidences supported a role of the inner membrane i-AAA 

protease Yme1 in the quality control of mutant Aac2 protein (Liu, Wang et al. 2015). In 

human cells, the accelerated turnover of double mutant Ant1 proteins would also suggest 

the involvement of similar proteases. However, immunoblotting analysis of transfected 

HEK293T cells showed no corresponding increase of Yme1L (the human homolog of 

yeast Yme1) at the protein level (data not shown). Additional observations from 

immunoblotting revealed no significant alterations regarding other well-studied 

chaperones, such as Hsp60 (data not shown), despite the fact that upregulation of Hsp60 

was previously documented both in COS-7 cells and in C. elegans in response to protein 

misfolding in the matrix (Martinus, Garth et al. 1996; Zhao, Wang et al. 2002; Yoneda, 

Benedetti et al. 2004). In HEK293T cells, we instead observed subtle upregulation of 

DNAJC19 and LONP1 in cells expressing the quadruple Ant1 mutant from RNA-seq 

experiment (see Figure 3-9B and Appendix). DNAJC19 (or Tim14), is a DnaJ/Hsp40-

type co-chaperone that is associated with the inner membrane to mediate the import of 

transit peptide-containing proteins into the matrix (Richter-Dennerlein, Korwitz et al. 

2014). The mitochondrial matrix Lon protease, the product of LONP1, functions as a 

chaperone/protease as well as mtDNA-binding protein (Bota and Davies 2016). Lon 

protease is also recognized as one of the proteases involving in UPR
mt

. It is possible that 

mutant Ant1-induced proteostatic stress activates these (co)chaperones to assist protein 
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import and assembly on the inner membrane. However, more investigations are needed to 

learn how robustness and the specificity of these responses.  

       In yeast, the Chen lab recently showed that mitochondrial damage induces the 

deterioration of protein homeostasis in the cytosol, due to overaccumulation of the 

mitochondrial precursors. The resulting stress is named mPOS (mitochondrial Precursor 

Over-Accumulation Stress) (Wang and Chen 2015). Overexpression of genes involved in 

several cytosolic processes, including mTOR signaling, ribosomal biogenesis/translation, 

protein turnover and mRNA processing, suppresses mPOS-induced cell death. Other 

investigators have found that mistargeted mitochondrial proteins activate the ubiquitin-

proteasome system in the cytosol to protect cell from cytosolic proteostasis stress 

(Wrobel, Topf et al. 2015). Consistent with these observations, we found that the human 

HEK293T cells are able to transcriptionally activate cytosolic processes to constrain 

proteostatic stress in response to mitochondrial inner membrane damage. Our RNA-seq 

analysis revealed that proteostasis stress on the mitochondrial inner membrane 

downregulated mTOR signaling. The expression level of several genes involved in 

ribosomal biogenesis, translational control and RNA processing were upregulated. 

Finally, a number of genes related to proteasomal function and protein folding were 

upregulated. These genes encode the subunits of the 20S and 26S proteasome (PSMA4, 

PSMD6 and PSMD9) and the chaperones in Hsp70 and Hsp110 families (see Figure 3-

9B). We speculate that mitochondrial damage may also trigger mPOS. Human cells are 

able to activate the specific signaling pathways at the transcriptional level to alleviate the 

stress.                        
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       In yeast, mPOS does not trigger ER stress response. Consistent with this, our RNA-

seq experiments revealed that genes related to ER stress were transcriptionally 

downregulated in response to mitochondrial inner membrane proteostatic stress. These 

genes encode ERAD (ER-associated protein degradation)-related heat shock proteins and 

E2/E3 ubiquitin ligase (see Figure 9B). These observations further support the view that 

mPOS does not intercept with ER stress signaling.             

       Reducing protein synthesis is an important strategy to mitigate proteostasis stress by 

decreasing the overall loading of protein. In yeast, degenerative cell death caused by 

AAC2
A128P

 is suppressed by disruption of Sch9 (Wang, Zuo et al. 2008). Sch9 is the 

ortholog of mammalian S6 kinase, which is the downstream substrate of TORC1 kinase 

in yeast. In the present study, we found that mTOR signaling is downregulated in 

HEK293T cells expressing the triple and quadruple mutants of Ant1. At this stage, it is 

unclear how mitochondrial proteostatic stress is sensed by mTOR signaling. Bohovych 

and coworkers provided one possible mechanism that the mitochondrial protease Oma1 is 

involved in modulating TOR signaling as a response to oxidative stress in S. cerevisiae 

(Bohovych, Kastora et al. 2016). Oxyblot of HEK293T cells expressing the double 

mutants of Ant1 exhibited elevated protein carbonylation (data not shown), implying that 

ROS may play a similar role in inducing mTOR signaling in human cells. Additionally, 

mTOR signaling pathway is implicated in the regulation of proteasome through different 

mechanisms (Chantranupong and Sabatini 2016). It was reported that inhibiting mTOR 

with rapamycin or Torin 1 enhanced the proteolysis of proteasome, which results in 

selective degradation of growth-related proteins in HEK293 cells (Zhao, Zhai et al. 2015). 
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It is possible that the upregulation of proteasomal genes in cells expressing the mutant 

Ant1 may also be caused by mTOR signaling. 

        In our study, it was noticeable that overexpression of wild-type ANT1 in HEK293T 

cells also induces detectable mitochondrial dysfunction phenotypes. Some of the 

phenotypes were similar to the triple and quadruple Ant1 mutants, even though the 

steady-state levels of the mutant proteins are much lower than the wild type. 

Overexpression of Ant1 was documented to induce apoptosis in multiple cell types in an 

early study (Bauer, Schubert et al. 1999). We did not observe growth defect in HEK293T 

cells expressing wild-type ANT1. Although the overexpression of wild-type and mutant 

Ant1 caused the same phenotypes, we speculate that the underlying mechanisms may or 

may not overlap. How high-level expression of wild-type Ant1 causes mitochondrial 

dysfunction remains an open question. Membrane uncoupling might be one of the 

reasons. 

      The RNA-seq approach enabled us discover a novel pathway by which cells respond 

to mitochondrial inner membrane stress. This pathway involves alternative splicing of 

mRNA in the nucleus. In response to the misfolded Ant1, a number of pre-mRNA slicing 

factors, such as FUS, HnPRN M, SFPQ and SRSF7, were upregulated (see Figure 3-6C). 

This consequently changes the alternative splicing pattern of transcript variants in many 

genes. Alternative splicing not only contributes to the diversity and complexity of 

proteome, but also plays a role in cellular regulation as well as in the development of 

cancer, neurodegeneration and other human disorders. Splicing-mediated regulation of 

apoptosis is one of the best-studied examples. Different spliced transcript variants from 

one apoptotic gene are capable of affecting cell survival in opposite directions. The 
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regulation could result from open reading frame (ORF) shift, inclusion/exclusion of 

critical exons, the use of alternative promoters and other mechanisms. Changes to the 

alternative transcripts of BBC3 and RTN4 indentified in the present study could have 

implications for cell viability upon mitochondrial stress. Other significant apoptotic genes, 

such as FAS (Fas cell surface death receptor), CASP9 (caspase 9) and BCL2L1 (BCL-X), 

are additional well-characterized examples for alternative splicing-mediated regulation 

(Paronetto, Passacantilli et al. 2016).  

        In summary, the availability of the triple and quadruple ANT1 mutant alleles enabled 

us to examine nuclear transcriptional response to protein misfolding on the mitochondrial 

inner membrane. We found that human cells remodel the ubiquitin-proteasome system 

and mTOR signaling that may serve as adaptive responses to accommodate cytosolic 

stress induced by mitochondrial signaling. The changes to the alternative splicing of 

various genes could be protective to the cells. They may also be the mediator of cell 

death by increasing apoptosis. Many of these pathways described in this study require 

more detailed validation in the future.  

3.5 Materials and methods 

3.5.1 Yeast strain and transformation 

      The Saccharomyces cerevisiae strain M2915-6A (MATa, ade2, ura3, leu2) was used 

for testing the toxicity of mutant Aac2. The generation of mutant AAC2 alleles was 

previously described (Wang, Salinas et al. 2008). Briefly, the mutant AAC2 alleles were 

generated by in vitro mutagenesis using the QuickChange kit (Stratagene), followed by 
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cloning into the centromeric vector pRS416. The constructs were introduced into M2915-

6A by LiAc-mediated transformation.    

3.5.2 Cell culture and transfection 

        HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 

Gibco) supplemented with 10% fetal bovine serum (FBS, Sigma) and 1% antibiotic mix 

(penicillin/streptomycin, Cellgro) at 37°C (unless otherwise stated) in a humidified 

atmosphere of 5% CO2. The cDNA of ANT1 was cloned into the expression vector 

pCDNA3 with a hemagglutinin (HA) epitope added on the C-terminus. The mutant ANT1 

alleles were generated by in vitro mutagenesis using the QuickChange kit (Stratagene). 

The liposome-mediated transient transfection was performed using Lipofectamine® 2000 

or 3000 reagent (Thermo Fisher Scientific). For transfection with the single and double 

mutant ANT1 alleles, the ratio of DNA amount versus Lipofectamine reagent was 0.4 

(w/v), whereas transfection with triple and quadruple Ant1 mutants, the ratio was 2 (w/v). 

Cells were harvested 24 hours post-transfection before being used for biochemical 

analysis.    

3.5.3 Determination of protein stability 

       Cycloheximide (1 mg/mL) was added to the HEK293T cell culture 24 hours post-

transfection. At the indicated time point, the total cell lysate was extracted by RIPA 

buffer containing protease inhibitors. The Bradford assay was performed to determine the 

protein concentration. Approximately 30 µg of cell lysate was analyzed by SDS-PAGE, 

followed by immunoblotting using antibody against HA or β-actin. 

3.5.4 Mitochondrial isolation from HEK293T cells 
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       Mitochondria were isolated from transfected HEK293T cells as described by 

Bourens et al. (Bourens, Boulet et al. 2014). Briefly, cells were washed twice with cold 

PBS. After centrifugation, cell pellets were resuspended in cold suspension buffer 

containing 10 mM Tris-HCl (pH7.0), 0.15 mM MgCl2 and 10 mM KCl. Sucrose (1 M) 

was added to the homogenate to a final concentration of 0.25 M and cells were disrupted 

in a glass homogenizer (10 strokes). Cell debris was eliminated by centrifugation twice 

for 3 min at 1,500 ×g, 4°C. The crude mitochondria were pelleted by further 

centrifugation for 15 min at 10,000 ×g, 4°C and resuspended in resuspension buffer 

containing 0.6 M sorbitol and 10 mM HEPES (pH 7.4).  

3.5.5 BN-PAGE analysis 

        Crude mitochondria were solubilized by adding digitonin to a digitonin/protein ratio 

of 4 (g/g) and subsequently incubated on ice for 30 min. After centrifugation for 15 min 

at 10,000×g at 4°C, the digitonin-solubilized mitochondrial protein was subjected to 

Bradford assay to determine the total protein concentration. Approximately 30~40 µg 

protein were mixed with 5% G-250 sample additive (Thermo Fisher Scientific) and 

loaded onto a 3~12% NativePAGE Bis-Tris gel (Thermo Fisher Scientific). The 

electrophoresis was performed first at 150 V in dark cathode buffer for 1 hour and then 

250 V in light cathode buffer for 45 min at 4°C. For immunoblotting, the gel was 

prewashed in a transfer buffering (25 mM Tris, 192 mM glycine, 20% methanol) 

containing 2% SDS for 30 min before being transferred onto a polyvinylidene fluoride 

membrane at 30 V overnight. The membrane was fixed by incubating in 8% acetic acid 

for 15 min and air-dried after rinsing with deionized water. The dry membrane was 

rewetted by methanol to remove excessive Coomassie blue dye.   
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3.5.6 In-gel staining of respiratory complex II activity     

        Determination of the respiratory complex II activity by high resolution clear native 

electrophoresis was described by Wittig et al (Wittig, Karas et al. 2007). Briefly, 

mitochondria were solubilized with solubilization buffer containing digitonin 

(digitonin/protein = 4 g/g), 50mM NaCl, 50mM imidazole/HCl (pH7.0), 1mM EDTA and 

protease inhibitors. Approximately 30-40 µg of digitonin-solubilized mitochondrial 

proteins were mixed with Ponceau S (0.01% final concentration) and 5% glycerol (v/v). 

The mixture was subsequently loaded to a 3~12% NativePAGE Bis-Tris gel, followed by 

electrophoresis at 150 V for three hours using the anode buffer (25mM imidazole/HCl, 

pH 7.0) and cathode buffer (50mM Tricine, 0.02% n-Dodecyl β-D-maltoside [DDM] , 

0.05% deoxycholic acid [DOC], 7.5 mM imidazole/HCl, pH 7.0). After electrophoresis, 

the gel was stained for approximately 10 min in the buffer containing 5 mM Tris-HCl 

(pH 7.4), 37.5 mg nitrotetrazolium blue (NTB), 0.4 M sodium succinate and 250mM 

phenazine methosulfate. The staining was stopped by 50% methanol and 10% acetic acid.  

3.5.7 Measurement of oxygen consumption rate  

        The oxygen consumption rate (OCR) was measured by Seahorse XF
e 
96 

Extracellular Flux Analyzer (Agilent Technologies), which employs the oxygen-

dependent fluorescence quenching of a fluorophore. HEK293T cells were seeded in the 

poly-D-lysine coated microplate at the density of 4.0-6.0×10
4
 cells/well. The transfection 

was performed as aforementioned. Prior to the assay, the transfected cells were washed 

and incubated in the XF assay medium (Agilent Technologies) supplemented with 10 

mM glucose, 1 mM sodium pyruvate and 2 mM L-glutamine for 1 hour at 37°C in an 
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incubator without CO2. Bioenergetic profiling was obtained by measuring OCR at the 

basal level, followed by sequential injections of oligomycin (at the final concentration of 

2 µM), FCCP (at the final concentration of 0.5 µM), and a mixture of rotenone and 

antimycin A (at the final concentration of 0.5 µM/each). Various parameters were 

calculated from the OCR profiling as described in the text.  

3.5.8 RNA-seq analysis 

       The total RNA was extracted from transfected HEK293T cells using RNeasy mini kit 

(Qiagen). The quality of total RNA was validated by Bioanalyzer (Agilent Technologies). 

Approximately 1 µg of RNA per sample was used to construct the cDNA library using 

TruSeq stranded mRNA library prep kit (Illumina), followed by quantitation using KAPA 

library quantification kit for Illumina platforms (Kapa Biosystems). The individual 

libraries were diluted to 4 nM and pooled, denatured before loading onto the Illumina 

NextSeq 500. The sequencing was run as paired-end reads (2 × 75 bp per read) and 30 

million reads per sample. Three replicates were done for each sample. 

       Reads were aligned to GRCh37/hg19 using TopHat (v1.1.0). Partek flow was used 

for quantification and normalization with the Reads Per Kilobase per Million mapped 

reads (RPKM) method. The gene-specific analysis (GSA) statistical method was used to 

analyze the differential expression with default settings. The genes with q value < 0.05 

were considered as differentially expressed genes. DAVID (the database for annotation, 

visualization and integrated discovery) 6.7 was used for functional annotation clustering 

for overlapped genes in cells expressing the triple and quadruple Ant1 mutants. The 

analysis of top canonical pathways and upstream regulators was performed using 
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Ingenuity Pathway Analysis (IPA, Qiagen). Alternatively spliced transcript variants were 

identified at the transcript level by Partek Genomic Suite 6.6 with default settings except 

“excluding exons with RPKM < 1”. One-way ANOVA was performed and the genes 

with FDR step down p value < 0.1 were considered as significant read-outs for alternative 

splicing analysis.        
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Chapter 4 Conclusions, Perspectives and Future Directions 

       The aims of this project were to uncover the pathogenic mechanism of human 

diseases induced by missense mutations in ANT1 and to identify possible retrograde 

signaling pathways that specifically respond to ANT1-induced mitochondrial damage. 

Yeast cells and cultured human cells were used as experimental systems to address these 

questions. The key findings are highlighted as below. 

 Missense mutant Ant1-induced mitochondrial stress is a proteostatic stress. Our 

lab previously demonstrated in yeast that mutant Aac2-induced cell death is due 

to the mitochondrial biogenesis defect independent of the nucleotide transport 

activity (Wang, Salinas et al. 2008). Results from the current project further 

supported the idea by showing the proteostasis deterioration on the inner 

membrane. The stability and assembly of multiple protein complexes on the inner 

membrane are affected, including the key components of the mitochondrial 

protein import system.    

 The data suggest that the mutant Aac2 protein is putatively misfolded. We 

provided evidence that the adPEO-type mutant Aac2 variants are prone to 

aggregation (Liu, Wang et al. 2015). Although no aggregation was detected for 

Aac2
A137D

, the (cardio) myopathy-type mutation, the reduced steady-state level of 

Aac2
A137D

 suggests that the protein is likely also misfolded and becomes unstable. 

In human cells, the mutant Ant1 proteins exhibited lowered accumulation and 

increased instability, which further supports the model that mutant Ant1-induced 

human diseases are caused by protein misfolding.   
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 The global survey of differential gene expression by RNA-seq in human cells 

challenged by the mutant Ant1 revealed multiple retrograde signaling pathways. 

Notably, cytosolic chaperones and the ubiquitin-proteasome system are 

upregulated. The data suggest that mitochondrial damage also induces mPOS in 

the cytosol of human cells and intrinsic signaling pathways exist at the 

transcriptional level that increase proteostatic defense against the stress.   

 We found that cells respond to mitochondrial proteostatic stress by reducing 

mTOR signaling, as evidenced by reduced phosphorylation of 4E-BP1 and rpS6. 

Our data suggested that reduced mTOR signaling is an adaptive response that may 

benefit cell survival. Inhibition of mTORC1 by rapamycin lowered the 

accumulation of mutant Ant1 protein and improved mitochondrial respiration.  

 The genes with highest increasing fold changes are the transcription factors EGR1 

and ZCCHC12. We speculate that these proteins may play an important role in the 

remodeling of nuclear gene expression to benefit cell survival. 

 Finally, we provide evidence that cells respond to mitochondrial inner membrane 

stress by altering the activity of pre-mRNA splicing. Changes to alternatively-

spliced transcript variants of several apoptotic and other disease-associated genes 

may provide novel insights into the mechanism of mitochondria-induced cell 

death and associated pathogenesis.            

 Working model  

       The RNA-seq approach revealed the existence of multiple signaling pathways that 

respond to proteostatic stress on the mitochondrial inner membrane in human cells. These 
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pathways form an interactive network that may be important for cell survival. The 

missense Ant1 mutants cause protein misfolding and induce proteostatic stress on the 

inner membrane. The mitochondrial biogenesis is affected due to dysfunctional 

mitochondrial protein import, which may lead to mPOS. Cells respond to mPOS by 

downregulating mTOR signaling, followed by effects of reduced cap-dependent 

translation and ribosome biogenesis to ultimately alleviate mPOS. Another important 

anti-mPOS pathway is likely the activation of cytosolic chaperone/ ubiquitin/proteasome 

systems. These transcriptional readjustments may eventually promote cell survival. 

Finally, post-transcriptional regulation such as pre-mRNA splicing may also play a role 

in regulating cell death/survival in response to mitochondrial stress.                        

Proteostatic stress on the mitochondrial inner membrane and UPR
mt

 

         As previously described, two UPR
mt 

signaling pathways have been characterized in 

mammalian cells. Upregulation of Hsp60, a mitochondrial matrix chaperone, is a 

signature marker of UPR
mt

 activation (Zhao, Wang et al. 2002; Horibe and Hoogenraad 

2007). However, in response to misfolded Ant1, we did not find any significant alteration 

of Hsp60 in HEK293T cells either at transcriptional level by RNA-seq or at protein level 

by immunoblotting. We speculate that the response of Hsp60 may be submitochondrial 

compartment-specific, or cell-type specific.  

         Our RNA-seq analysis indentified subtle upregulation of LONP1 and DNAJC19 in 

cells expressing the quadruple Ant1 mutant. The Lon protease is a chaperone/protease 

localized in the mitochondrial matrix. A variety of stress conditions activates the 

upregulation of Lon protease, such as heat shock, oxidative stress and serum starvation. 
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The regulators of Lon protease include NRF-2 (nuclear respiratory factor 2), NF-kB, 

HIF-1 (hypoxia-inducible factor 1), EGF (epidermal growth factor), as well as SIRT3 

(NAD
+
-dependent mitochondrial deacetylase sirtuins 3) (Bota and Davies 2016).  A 

number of unassembled and misfolded mitochondrial matrix proteins, preferentially the 

oxidatively modified protein, are recognized and degraded by Lon. Lon also functions as 

a chaperone to stabilize Hsp60-mtHsp70 complex, which protects cells from apoptosis 

(Kao, Chiu et al. 2015). As an inner membrane protein, Ant1 is unlikely a direct substrate 

of Lon. The upregulation of Lon in Ant1-induced mitochondrial damage is likely caused 

by a secondary message such as ROS or oxidatively modified proteins in the matrix.  

      Upregulation of DNAJC19 in cells expressing the quadruple Ant1 mutant is another 

finding. DNAJC19 encodes a DnaJ protein family protein, which was initially identified 

as Tim14, a component of the TIM23 protein translocase. Tim14 interacts with mtHsp70 

and stimulates its activity (Mokranjac, Sichting et al. 2003). Horibe and Hoogenraad 

reported that accumulation of misfolded protein in the matrix also triggers the 

upregulation of mtDnaJ, also known as Tim16 (Horibe and Hoogenraad 2007). Tim17A, 

another subunit of TIM23, was also documented as a stress-regulated protein. 

Downregulation of Tim17A attenuates TIM23-dependent mitochondrial import and 

induces UPR
mt

 to protect mitochondrial function (Rainbolt, Atanassova et al. 2013). 

These observations collectively support an important role of the TIM23 complex in 

UPR
mt

. 

Implications in human diseases       
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       A number of neurodegenerative diseases results from protein aggregation and 

amyloidosis. Increasing evidence supports that mitochondrial dysfunction and oxidative 

stress play a critical role in the pathogenesis of neurodegenerative diseases, such as 

Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and Amyotrophic lateral 

sclerosis (Khanam, Ali et al. 2016). The long half-lives and challenging protein import 

for biogenesis render mitochondria more vulnerable in neurons (Rugarli and Langer 

2012). Defects in mitochondrial proteases play a causal role in several neurodegenerative 

diseases and other non-neurological diseases (Quiros, Langer et al. 2015). Therefore, 

learning the mechanism of mitochondrial protein proteostasis and its crosstalk with 

cytosolic protein quality control is important for increased understanding of 

neurodegenerative diseases. 

       Mutant Ant1-induced adPEO and (cardio) myopathy are not typical 

neurodegenerative diseases. The associations with aging and mitochondrial dysfunction 

are some of the common features they share. Of greater significance, mutant Ant1-

induced pathogenesis highlighted that the missense mutations in its transmembrane 

domain result in protein misfolding and cause membrane stress, which could have 

implications in deciphering the mechanism of other dominant diseases associated with 

missense mutations in the transmembrane domain. Additionally, exploring the nuclear 

response to mitochondrial proteostatic stress induced by mutant Ant1 could have far-

reaching implications on understanding neurodegenerative diseases.     

Further directions 
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       The study of mutant Ant1 in HEK293T cells has provided us important clues 

regarding the cellular signaling response to mitochondrial stress. Numerous predictions 

made in this study require further experimental validation and detailed investigation.  

 RNA-seq data indentified the upregulation of LONP1 and DNAJC19 in the cells 

expressing mutant Ant1. It is necessary to determine the steady-state levels of 

these two proteins and whether their overexpression can attenuate the 

mitochondrial proteostatic stress. 

 It is still elusive regarding the components that directly degrade the misfolded 

Ant1. The inner membrane i-AAA protease Yme1L is not upregulated in the 

cells expressing a mutant Ant1, opening the possibility that novel protease(s) 

may exist to initiate the degradation of misfolded Ant1.       

 To validate the expression level of interested genes (especially the genes with 

highest fold change, e.g. transcription factors EGR1, ZCCHC12) at the 

transcriptional level by quantitative PCR and the protein level by 

immunoblotting. With validated differentially expressed genes, other 

components in these signaling pathways need to be identified.   

 To validate the alternatively spliced transcript variants and test the functional 

effect of the variants, especially for the proteins with known effects of different 

isoforms, such as BBC3/PUMA and Nogo.            
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Table 1. Differentially expressed genes in cells expressing the triple Ant1 mutant 

Symbol    Fold Change                                     Entrez Gene Name 

ABCC10 -1.151 ATP binding cassette subfamily C member 10 

ABCE1 1.115 ATP binding cassette subfamily E member 1 

ACADM 1.083 acyl-CoA dehydrogenase, C-4 to C-12 straight chain 

ADAMTS1 -1.141 ADAM metallopeptidase with thrombospondin type 1 motif 1 

ADGRB2 -1.159 adhesion G protein-coupled receptor B2 

AKAP17A -1.144 A-kinase anchoring protein 17A 

ALDH1B1 1.186 aldehyde dehydrogenase 1 family member B1 

AMZ2 1.081 archaelysin family metallopeptidase 2 

ANKRD19P -1.217 ankyrin repeat domain 19, pseudogene 

ANKRD9 -1.216 ankyrin repeat domain 9 

ANKZF1 -1.163 ankyrin repeat and zinc finger domain containing 1 

ANO8 -1.198 anoctamin 8 

AOC2 -1.271 amine oxidase, copper containing 2 

ARFGAP1 -1.118 ADP ribosylation factor GTPase activating protein 1 

ARL10 -1.173 ADP ribosylation factor like GTPase 10 

ARMCX5-

GPRASP2/GPRASP2 1.147 G protein-coupled receptor associated sorting protein 2 

ARPC5 1.123 actin related protein 2/3 complex subunit 5 

ASB1 -1.115 ankyrin repeat and SOCS box containing 1 

ATF3 -1.155 activating transcription factor 3 

BSDC1 -1.136 BSD domain containing 1 

C11orf95 1.098 chromosome 11 open reading frame 95 

C1orf131 1.134 chromosome 1 open reading frame 131 

C1orf216 -1.295 chromosome 1 open reading frame 216 

CACNB3 -1.194 calcium voltage-gated channel auxiliary subunit beta 3 

CAPN10-AS1 -1.322 CAPN10 antisense RNA 1 (head to head) 

CCND1 1.166 cyclin D1 

CD3EAP 1.249 CD3e molecule associated protein 

CENPT -1.147 centromere protein T 

CETN3 1.095 centrin 3 

CHD3 -1.087 chromodomain helicase DNA binding protein 3 

CHKB -1.262 choline kinase beta 

CHRD -1.289 chordin 

CHTF18 -1.156 chromosome transmission fidelity factor 18 

CLSTN3 -1.147 calsyntenin 3 

CORO6 -1.397 coronin 6 

COX6A1 -1.136 cytochrome c oxidase subunit 6A1 

CPT1B -1.347 carnitine palmitoyltransferase 1B 

CSE1L 1.098 chromosome segregation 1 like 

CWC15 1.085 CWC15 spliceosome-associated protein 

CXCR4 -1.335 C-X-C motif chemokine receptor 4 

CXorf40A/CXorf40B -1.095 chromosome X open reading frame 40A 

DDX11 -1.146 DEAD/H-box helicase 11 

DDX12P -1.252 DEAD/H-box helicase 12, pseudogene 

DERL3 -1.263 derlin 3 

DGCR11 -1.263 DiGeorge syndrome critical region gene 11 (non-protein coding) 

DGKQ -1.171 diacylglycerol kinase theta 

DKFZP434I0714 -1.35 uncharacterized protein DKFZP434I0714 
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DLD 1.106 dihydrolipoamide dehydrogenase 

DLX2 1.125 distal-less homeobox 2 

DYNLL1 1.127 dynein light chain LC8-type 1 

EGR1 2.016 early growth response 1 

EID2B -1.194 EP300 interacting inhibitor of differentiation 2B 

EIF1AX 1.147 eukaryotic translation initiation factor 1A, X-linked 

EIF3J 1.118 eukaryotic translation initiation factor 3 subunit J 

EML2-AS1 -1.218 EML2 antisense RNA 1 

ENGASE -1.161 endo-beta-N-acetylglucosaminidase 

EZH1 -1.201 enhancer of zeste 1 polycomb repressive complex 2 subunit 

FAM193B -1.2 family with sequence similarity 193 member B 

FAM219B -1.149 family with sequence similarity 219 member B 

FAM226A -1.341 family with sequence similarity 226 member A (non-protein coding) 

FAM226B -1.341 family with sequence similarity 226 member B (non-protein coding) 

FAM27E3/FAM27E4 -1.161 family with sequence similarity 27 member E3 

FASTKD2 1.107 FAST kinase domains 2 

FBXO41 -1.167 F-box protein 41 

FBXO44 -1.199 F-box protein 44 

FUS 1.147 FUS RNA binding protein 

GCSH 1.123 glycine cleavage system protein H 

GDF7 -1.197 growth differentiation factor 7 

GINS1 1.069 GINS complex subunit 1 

GINS3 1.061 GINS complex subunit 3 

GNB4 1.134 G protein subunit beta 4 

GPAM 1.137 glycerol-3-phosphate acyltransferase, mitochondrial 

GTF2H4 -1.149 general transcription factor IIH subunit 4 

GTF2H5 1.133 general transcription factor IIH subunit 5 

HAGHL -1.283 hydroxyacylglutathione hydrolase-like 

HAUS5 -1.131 HAUS augmin like complex subunit 5 

HDAC10 -1.163 histone deacetylase 10 

HID1 -1.226 HID1 domain containing 

HIST1H1C -1.268 histone cluster 1, H1c 

HIST2H2BE -1.383 histone cluster 2, H2be 

HIST3H2A -1.314 histone cluster 3, H2a 

HNRNPH3 1.089 heterogeneous nuclear ribonucleoprotein H3 

HNRNPM 1.133 heterogeneous nuclear ribonucleoprotein M 

HOOK2 -1.089 hook microtubule-tethering protein 2 

HSPA4L 1.117 heat shock protein family A (Hsp70) member 4 like 

HSPA5 -1.128 heat shock protein family A (Hsp70) member 5 

ICAM5 -1.164 intercellular adhesion molecule 5 

IFNAR1 1.127 interferon alpha and beta receptor subunit 1 

IGIP -1.359 IgA inducing protein 

IL18BP -1.329 interleukin 18 binding protein 

INPP5J -1.164 inositol polyphosphate-5-phosphatase J 

INTS5 1.166 integrator complex subunit 5 

IP6K2 -1.15 inositol hexakisphosphate kinase 2 

ITGA7 -1.16 integrin subunit alpha 7 

JAG2 -1.209 jagged 2 

KCTD7 -1.153 potassium channel tetramerization domain containing 7 

KDM3A -1.159 lysine demethylase 3A 

KIAA0907 -1.222 KIAA0907 
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KIF1A -1.176 kinesin family member 1A 

KIFC2 -1.161 kinesin family member C2 

KLHL17 -1.148 kelch like family member 17 

LDLR -1.146 low density lipoprotein receptor 

LENG8 -1.247 leukocyte receptor cluster member 8 

LINC01002 -1.345 long intergenic non-protein coding RNA 1002 

LOC100506302 1.295 uncharacterized LOC100506302 

LOC150776 -1.188 
sphingomyelin phosphodiesterase 4, neutral membrane (neutral  

sphingomyelinase-3) pseudogene 

LOC730101 -1.211 uncharacterized LOC730101 

LOX -1.391 lysyl oxidase 

LZIC 1.146 leucine zipper and CTNNBIP1 domain containing 

MAN2A2 -1.192 mannosidase alpha class 2A member 2 

MAPK15 -1.218 mitogen-activated protein kinase 15 

MAPK1IP1L 1.074 mitogen-activated protein kinase 1 interacting protein 1 like 

MESDC2 1.082 mesoderm development candidate 2 

MOB1A 1.075 MOB kinase activator 1A 

MRPL3 1.08 mitochondrial ribosomal protein L3 

MRPL32 1.094 mitochondrial ribosomal protein L32 

MRPS18C 1.188 mitochondrial ribosomal protein S18C 

MST1 -1.328 macrophage stimulating 1 

MT2A -1.307 metallothionein 2A 

NACA 1.045 nascent polypeptide-associated complex alpha subunit 

NAP1L1 1.052 nucleosome assembly protein 1 like 1 

NAT9 -1.153 N-acetyltransferase 9 (putative) 

NDUFAF4 1.136 NADH:ubiquinone oxidoreductase complex assembly factor 4 

NEIL1 -1.247 nei like DNA glycosylase 1 

NET1 -1.131 neuroepithelial cell transforming 1 

NETO2 1.082 neuropilin and tolloid like 2 

NFYC-AS1 -1.345 NFYC antisense RNA 1 

NIFK 1.177 nucleolar protein interacting with the FHA domain of MKI67 

NOC3L 1.126 NOC3 like DNA replication regulator 

NOLC1 1.065 nucleolar and coiled-body phosphoprotein 1 

NRBP2 -1.225 nuclear receptor binding protein 2 

NSUN5P1 -1.256 NOP2/Sun RNA methyltransferase family member 5 pseudogene 1 

NSUN5P2 -1.378 NOP2/Sun RNA methyltransferase family member 5 pseudogene 2 

OXSM 1.123 3-oxoacyl-ACP synthase, mitochondrial 

PARP2 -1.085 poly(ADP-ribose) polymerase 2 

PAXIP1-AS1 -1.299 PAXIP1 antisense RNA 1 (head to head) 

PDCD4 1.101 programmed cell death 4 (neoplastic transformation inhibitor) 

PDDC1 -1.213 Parkinson disease 7 domain containing 1 

PDP2 -1.157 pyruvate dehyrogenase phosphatase catalytic subunit 2 

PHF1 -1.196 PHD finger protein 1 

PI4KAP1 -1.309 phosphatidylinositol 4-kinase alpha pseudogene 1 

PIDD1 -1.214 p53-induced death domain protein 1 

PLCXD1 -1.174 phosphatidylinositol specific phospholipase C X domain containing 1 

POFUT2 -1.158 protein O-fucosyltransferase 2 

POGZ -1.087 pogo transposable element with ZNF domain 

POLR3A 1.043 RNA polymerase III subunit A 

PPP1R18 -1.173 protein phosphatase 1 regulatory subunit 18 

PPP1R3E -1.188 protein phosphatase 1 regulatory subunit 3E 
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PPP2R1B 1.093 protein phosphatase 2 scaffold subunit Abeta 

PRRT2 -1.342 proline rich transmembrane protein 2 

PRSS30P -1.247 protease, serine, 30 pseudogene 

PSMA4 1.099 proteasome subunit alpha 4 

QTRT2 1.107 queuine tRNA-ribosyltransferase accessory subunit 2 

RAB7A 1.098 RAB7A, member RAS oncogene family 

RBM12 1.19 RNA binding motif protein 12 

RBM15 -1.168 RNA binding motif protein 15 

RBMX 1.049 RNA binding motif protein, X-linked 

RECQL4 -1.152 RecQ like helicase 4 

RGS16 1.189 regulator of G-protein signaling 16 

RHOT2 -1.112 ras homolog family member T2 

RHPN1 -1.183 rhophilin Rho GTPase binding protein 1 

RIDA 1.189 reactive intermediate imine deaminase A homolog 

RRN3 1.118 RRN3 homolog, RNA polymerase I transcription factor 

SAT1 -1.199 spermidine/spermine N1-acetyltransferase 1 

SEC22B 1.086 SEC22 homolog B, vesicle trafficking protein (gene/pseudogene) 

SFPQ 1.128 splicing factor proline and glutamine rich 

SLC25A4 145.2 solute carrier family 25 member 4 

SLC26A6 -1.209 solute carrier family 26 member 6 

SLC39A7 -1.085 solute carrier family 39 member 7 

SMIM10 1.101 small integral membrane protein 10 

SNHG1 -1.147 small nucleolar RNA host gene 1 

SNHG10 -1.206 small nucleolar RNA host gene 10 

SNHG19 -1.283 small nucleolar RNA host gene 19 

SNRPD1 1.134 small nuclear ribonucleoprotein D1 polypeptide 

SP1 -1.1 Sp1 transcription factor 

SRRM2 -1.153 serine/arginine repetitive matrix 2 

SRSF3 1.204 serine and arginine rich splicing factor 3 

SRSF7 1.138 serine and arginine rich splicing factor 7 

STAT2 -1.196 signal transducer and activator of transcription 2 

STMN1 1.068 stathmin 1 

STX16 -1.124 syntaxin 16 

SYVN1 -1.119 synoviolin 1 

TBP 1.108 TATA-box binding protein 

TFAM 1.083 transcription factor A, mitochondrial 

THBS3 -1.266 thrombospondin 3 

TMEM74B -1.212 transmembrane protein 74B 

TMUB2 -1.101 transmembrane and ubiquitin like domain containing 2 

TOR1A 1.143 torsin family 1 member A 

TP53RK 1.137 TP53 regulating kinase 

TPM1 1.137 tropomyosin 1 (alpha) 

TPM2 -1.297 tropomyosin 2 (beta) 

TRIAP1 1.063 TP53 regulated inhibitor of apoptosis 1 

TSFM 1.166 Ts translation elongation factor, mitochondrial 

UNCX -1.248 UNC homeobox 

VDAC1 1.064 voltage dependent anion channel 1 

WASH5P -1.343 WAS protein family homolog 5 pseudogene 

WSB1 -1.183 WD repeat and SOCS box containing 1 

XPO1 1.07 exportin 1 

ZBED6 -1.229 zinc finger BED-type containing 6 
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ZC3H11A -1.085 zinc finger CCCH-type containing 11A 

ZCCHC12 1.439 zinc finger CCHC-type containing 12 

ZFP62 -1.138 ZFP62 zinc finger protein 

ZNF12 -1.109 zinc finger protein 12 

ZNF674-AS1 -1.225 ZNF674 antisense RNA 1 (head to head) 

ZSWIM8 -1.147 zinc finger SWIM-type containing 8 

ZWILCH 1.106 zwilch kinetochore protein 
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Table 2. Differentially expressed genes in cells expressing the quadruple Ant1 mutant 

Gene Symbol Fold Change Entrez Gene Name 

A1BG-AS1 -1.231 A1BG antisense RNA 1 

ABHD17A 1.251 abhydrolase domain containing 17A 

ABTB1 1.152 ankyrin repeat and BTB domain containing 1 

ACADVL -1.1 acyl-CoA dehydrogenase, very long chain 

ACTG1 1.12 actin gamma 1 

ADI1 -1.049 acireductone dioxygenase 1 

ADRM1 1.138 adhesion regulating molecule 1 

AGAP3 1.094 ArfGAP with GTPase domain, ankyrin repeat and PH domain 3 

AKAP1 -1.093 A-kinase anchoring protein 1 

ALDH16A1 1.284 aldehyde dehydrogenase 16 family member A1 

ALG3 1.085 ALG3, alpha-1,3- mannosyltransferase 

ALKBH4 1.184 alkB homolog 4, lysine demethylase 

ALKBH7 1.404 alkB homolog 7 

AMFR -1.059 autocrine motility factor receptor 

AMH 1.488 anti-Mullerian hormone 

AMT -1.261 aminomethyltransferase 

ANKRD19P -1.204 ankyrin repeat domain 19, pseudogene 

ANKZF1 -1.153 ankyrin repeat and zinc finger domain containing 1 

AP1G2 -1.112 adaptor related protein complex 1 gamma 2 subunit 

AP1M1 1.052 adaptor related protein complex 1 mu 1 subunit 

AP5B1 1.065 adaptor related protein complex 5 beta 1 subunit 

APBA3 1.179 amyloid beta precursor protein binding family A member 3 

APRT 1.197 adenine phosphoribosyltransferase 

ARHGDIA 1.132 Rho GDP dissociation inhibitor alpha 

ARID5A 1.105 AT-rich interaction domain 5A 

ARL4A 1.165 ADP ribosylation factor like GTPase 4A 

ARMC6 1.246 armadillo repeat containing 6 

ARPC1B 1.266 actin related protein 2/3 complex subunit 1B 

ASB6 1.108 ankyrin repeat and SOCS box containing 6 

ATAD3A 1.188 ATPase family, AAA domain containing 3A 

ATAD3B 1.193 ATPase family, AAA domain containing 3B 

ATF3 -1.159 activating transcription factor 3 

ATP5D 1.353 ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit 

ATP6V1G2-DDX39B -1.267 ATP6V1G2-DDX39B readthrough (NMD candidate) 

ATPIF1 1.094 ATPase inhibitory factor 1 

AURKAIP1 1.153 aurora kinase A interacting protein 1 

BBC3 1.248 BCL2 binding component 3 

BCKDK 1.145 branched chain ketoacid dehydrogenase kinase 

BCL10 1.143 B-cell CLL/lymphoma 10 

BCL2L2 -1.11 BCL2 like 2 

BHLHE40 -1.199 basic helix-loop-helix family member e40 

BNIP3 -1.218 BCL2 interacting protein 3 

BNIP3L -1.256 BCL2 interacting protein 3 like 

BOP1 1.174 block of proliferation 1 

BRAT1 1.221 BRCA1 associated ATM activator 1 

BSDC1 -1.106 BSD domain containing 1 

BTBD2 1.155 BTB domain containing 2 

C11orf95 1.134 chromosome 11 open reading frame 95 
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C14orf80 1.511 chromosome 14 open reading frame 80 

C15orf39 1.139 chromosome 15 open reading frame 39 

C16orf86 1.22 chromosome 16 open reading frame 86 

C19orf24 1.263 chromosome 19 open reading frame 24 

C19orf25 1.221 chromosome 19 open reading frame 25 

C1orf115 -1.129 chromosome 1 open reading frame 115 

C1orf216 -1.245 chromosome 1 open reading frame 216 

C20orf27 1.166 chromosome 20 open reading frame 27 

C21orf59 1.102 chromosome 21 open reading frame 59 

C9orf142 1.161 chromosome 9 open reading frame 142 

C9orf16 1.321 chromosome 9 open reading frame 16 

C9orf69 1.154 chromosome 9 open reading frame 69 

CA2 1.153 carbonic anhydrase 2 

CACNB3 -1.136 calcium voltage-gated channel auxiliary subunit beta 3 

CACTIN 1.21 cactin, spliceosome C complex subunit 

CALU -1.106 calumenin 

CAPN10 1.144 calpain 10 

CAPN10-AS1 -1.332 CAPN10 antisense RNA 1 (head to head) 

CAPN15 1.294 calpain 15 

CARMIL2 1.181 capping protein regulator and myosin 1 linker 2 

CBS/CBSL 1.085 cystathionine-beta-synthase 

CBX4 1.165 chromobox 4 

CCDC106 1.197 coiled-coil domain containing 106 

CCDC124 1.23 coiled-coil domain containing 124 

CCDC142 1.123 coiled-coil domain containing 142 

CCDC71L 1.259 coiled-coil domain containing 71-like 

CCDC85B 1.613 coiled-coil domain containing 85B 

CCND1 1.21 cyclin D1 

CCNE2 -1.157 cyclin E2 

CCNG2 -1.145 cyclin G2 

CD320 1.142 CD320 molecule 

CD3EAP 1.142 CD3e molecule associated protein 

CDC37 1.028 cell division cycle 37 

CDC42EP1 1.138 CDC42 effector protein 1 

CDKN2A 1.228 cyclin dependent kinase inhibitor 2A 

CDT1 1.208 chromatin licensing and DNA replication factor 1 

CEBPB 1.253 CCAAT/enhancer binding protein beta 

CEP170B 1.118 centrosomal protein 170B 

CETN3 1.05 centrin 3 

CHD3 -1.054 chromodomain helicase DNA binding protein 3 

CHEK1 -1.1 checkpoint kinase 1 

CHKB -1.253 choline kinase beta 

CHRD -1.232 chordin 

CHST2 1.228 carbohydrate sulfotransferase 2 

CHTF18 1.133 chromosome transmission fidelity factor 18 

CIRBP -1.14 cold inducible RNA binding protein 

CISH 1.244 cytokine inducible SH2 containing protein 

CITED4 -1.392 

Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-terminal 

domain 4 

CKB 1.126 creatine kinase B 

CLSTN3 -1.122 calsyntenin 3 
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CLUH 1.128 clustered mitochondria homolog 

CMTR1 -1.063 cap methyltransferase 1 

CNPY2 1.087 canopy FGF signaling regulator 2 

COA4 1.14 cytochrome c oxidase assembly factor 4 homolog 

COA7 1.154 cytochrome c oxidase assembly factor 7 (putative) 

COMTD1 1.334 catechol-O-methyltransferase domain containing 1 

COPS9 1.18 COP9 signalosome subunit 9 

CORO1B 1.12 coronin 1B 

COX5B 1.196 cytochrome c oxidase subunit 5B 

COX6A1 -1.146 cytochrome c oxidase subunit 6A1 

CPT1B -1.222 carnitine palmitoyltransferase 1B 

CPTP 1.207 ceramide-1-phosphate transfer protein 

CSK 1.082 c-src tyrosine kinase 

CTBP1 1.151 C-terminal binding protein 1 

CTC-338M12.4 -1.25 uncharacterized LOC101928649 

CTU2 1.234 cytosolic thiouridylase subunit 2 

CTXN1 1.38 cortexin 1 

CXCR4 -1.313 C-X-C motif chemokine receptor 4 

CYBA 1.213 cytochrome b-245 alpha chain 

DAG1 -1.157 dystroglycan 1 

DAZAP1 1.095 DAZ associated protein 1 

DBN1 1.071 drebrin 1 

DDB2 -1.192 damage specific DNA binding protein 2 

DDX28 1.304 DEAD-box helicase 28 

DERL3 -1.188 derlin 3 

DGCR11 -1.218 DiGeorge syndrome critical region gene 11 (non-protein coding) 

DHX34 1.094 DEAH-box helicase 34 

DKFZP434I0714 -1.442 uncharacterized protein DKFZP434I0714 

DLX2 1.347 distal-less homeobox 2 

DNAJA1 1.108 DnaJ heat shock protein family (Hsp40) member A1 

DNAJC19 1.149 DnaJ heat shock protein family (Hsp40) member C19 

DNPH1 1.168 2'-deoxynucleoside 5'-phosphate N-hydrolase 1 

DOT1L 1.174 DOT1 like histone lysine methyltransferase 

DPM3 1.159 dolichyl-phosphate mannosyltransferase subunit 3 

DPP9 1.11 dipeptidyl peptidase 9 

DUS3L 1.197 dihydrouridine synthase 3 like 

DVL1 1.185 dishevelled segment polarity protein 1 

DYNLL1 1.087 dynein light chain LC8-type 1 

EDF1 1.077 endothelial differentiation related factor 1 

EEF2KMT 1.154 eukaryotic elongation factor 2 lysine methyltransferase 

EFHD2 1.128 EF-hand domain family member D2 

EGLN2 1.169 egl-9 family hypoxia inducible factor 2 

EGR1 1.839 early growth response 1 

EMC3-AS1 -1.16 EMC3 antisense RNA 1 

EML2-AS1 -1.166 EML2 antisense RNA 1 

ENDOG 1.26 endonuclease G 

ENO2 -1.202 enolase 2 

EPN1 1.221 epsin 1 

ERF 1.151 ETS2 repressor factor 

ERRFI1 -1.114 ERBB receptor feedback inhibitor 1 

ESRRA 1.239 estrogen related receptor alpha 
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EXOSC4 1.274 exosome component 4 

EZH1 -1.148 enhancer of zeste 1 polycomb repressive complex 2 subunit 

F12 1.383 coagulation factor XII 

FAAP100 1.14 Fanconi anemia core complex associated protein 100 

FAHD2A 1.155 fumarylacetoacetate hydrolase domain containing 2A 

FAM109A 1.179 family with sequence similarity 109 member A 

FAM162A -1.179 family with sequence similarity 162 member A 

FAM173A 1.282 family with sequence similarity 173 member A 

FAM189B 1.096 family with sequence similarity 189 member B 

FAM213B 1.102 family with sequence similarity 213 member B 

FAM219B -1.118 family with sequence similarity 219 member B 

FAM226A -1.301 family with sequence similarity 226 member A (non-protein coding) 

FAM226B -1.301 family with sequence similarity 226 member B (non-protein coding) 

FAM27E3/FAM27E4 -1.298 family with sequence similarity 27 member E3 

FAM3A 1.132 family with sequence similarity 3 member A 

FAM69B 1.118 family with sequence similarity 69 member B 

FAM84B 1.117 family with sequence similarity 84 member B 

FASN 1.237 fatty acid synthase 

FBXL15 1.434 F-box and leucine rich repeat protein 15 

FBXL19 1.195 F-box and leucine rich repeat protein 19 

FBXO44 -1.174 F-box protein 44 

FBXW5 1.179 F-box and WD repeat domain containing 5 

FGFRL1 1.163 fibroblast growth factor receptor-like 1 

FLYWCH1 1.164 FLYWCH-type zinc finger 1 

FLYWCH2 1.188 FLYWCH family member 2 

FOXD2-AS1 -1.148 FOXD2 antisense RNA 1 (head to head) 

FUS 1.137 FUS RNA binding protein 

FUT11 -1.197 fucosyltransferase 11 

GANAB -1.118 glucosidase II alpha subunit 

GDF7 -1.202 growth differentiation factor 7 

GDI1 -1.06 GDP dissociation inhibitor 1 

GEMIN6 1.19 gem nuclear organelle associated protein 6 

GINS3 1.087 GINS complex subunit 3 

GIPC1 1.158 GIPC PDZ domain containing family member 1 

GLTSCR2 1.154 glioma tumor suppressor candidate region gene 2 

GNA11 1.12 G protein subunit alpha 11 

GPKOW 1.09 G-patch domain and KOW motifs 

GPR27 1.387 G protein-coupled receptor 27 

GRWD1 1.174 glutamate rich WD repeat containing 1 

GTPBP3 1.196 GTP binding protein 3 (mitochondrial) 

GTPBP6 1.2 GTP binding protein 6 (putative) 

H1F0 -1.124 H1 histone family member 0 

H1FX 1.228 H1 histone family member X 

H2AFX 1.207 H2A histone family member X 

HAND1 1.166 heart and neural crest derivatives expressed 1 

HAUS5 -1.082 HAUS augmin like complex subunit 5 

HELZ2 1.187 helicase with zinc finger 2 

HES1 1.099 hes family bHLH transcription factor 1 

HES4 1.256 hes family bHLH transcription factor 4 

HES6 1.191 hes family bHLH transcription factor 6 

HEY2 1.234 hes related family bHLH transcription factor with YRPW motif 2 
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HILPDA -1.304 hypoxia inducible lipid droplet associated 

HIST1H1C -1.302 histone cluster 1, H1c 

HIST1H2BO -1.697 histone cluster 1, H2bo 

HIST2H2BE -1.234 histone cluster 2, H2be 

HIST3H2A 1.417 histone cluster 3, H2a 

HK2 -1.218 hexokinase 2 

HMGCR -1.102 3-hydroxy-3-methylglutaryl-CoA reductase 

HNRNPAB 1.106 heterogeneous nuclear ribonucleoprotein A/B 

HNRNPM 1.179 heterogeneous nuclear ribonucleoprotein M 

HOXB9 1.124 homeobox B9 

HOXD13 1.115 homeobox D13 

HSPA13 -1.158 heat shock protein family A (Hsp70) member 13 

HSPA1A/HSPA1B 1.261 heat shock protein family A (Hsp70) member 1A 

HSPA5 -1.099 heat shock protein family A (Hsp70) member 5 

HSPH1 1.113 heat shock protein family H (Hsp110) member 1 

ID1 1.385 inhibitor of DNA binding 1, HLH protein 

ID3 1.243 inhibitor of DNA binding 3, HLH protein 

IER2 1.169 immediate early response 2 

IFRD2 1.121 interferon related developmental regulator 2 

IGIP -1.449 IgA inducing protein 

IMP3 1.145 IMP3, U3 small nucleolar ribonucleoprotein 

INCENP 1.047 inner centromere protein 

ING4 -1.217 inhibitor of growth family member 4 

INTS1 1.138 integrator complex subunit 1 

INTS5 1.177 integrator complex subunit 5 

IQGAP1 -1.12 IQ motif containing GTPase activating protein 1 

IRF2BP1 1.195 interferon regulatory factor 2 binding protein 1 

IRF2BPL 1.166 interferon regulatory factor 2 binding protein like 

ISCA2 1.185 iron-sulfur cluster assembly 2 

ISG15 1.432 ISG15 ubiquitin-like modifier 

ISOC2 1.27 isochorismatase domain containing 2 

ITGA7 -1.116 integrin subunit alpha 7 

JKAMP -1.125 JNK1/MAPK8-associated membrane protein 

JUNB 1.273 JunB proto-oncogene, AP-1 transcription factor subunit 

KAT2A -1.095 lysine acetyltransferase 2A 

KDM3A -1.173 lysine demethylase 3A 

KIAA0907 -1.203 KIAA0907 

KIF1A -1.124 kinesin family member 1A 

KIF7 1.138 kinesin family member 7 

KMT2E-AS1 -1.268 KMT2E antisense RNA 1 (head to head) 

LAMB2 -1.157 laminin subunit beta 2 

LARS 1.071 leucyl-tRNA synthetase 

LDLR -1.119 low density lipoprotein receptor 

LINC00938 -1.28 long intergenic non-protein coding RNA 938 

LINC01560 -1.481 long intergenic non-protein coding RNA 1560 

LMNB2 1.121 lamin B2 

LOC101928433 -1.293 uncharacterized LOC101928433 

LOC286437 -1.271 uncharacterized LOC286437 

LOC730101 -1.22 uncharacterized LOC730101 

LONP1 1.124 lon peptidase 1, mitochondrial 

LOX -1.551 lysyl oxidase 
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LRFN1 1.196 leucine rich repeat and fibronectin type III domain containing 1 

LRFN4 1.342 leucine rich repeat and fibronectin type III domain containing 4 

LRP3 1.285 LDL receptor related protein 3 

LRWD1 1.178 leucine rich repeats and WD repeat domain containing 1 

LSM7 1.227 LSM7 homolog, U6 small nuclear RNA and mRNA degradation associated 

LUC7L3 -1.21 LUC7 like 3 pre-mRNA splicing factor 

MAFB 1.246 MAF bZIP transcription factor B 

MAP1S 1.339 microtubule associated protein 1S 

MAP2K2 1.144 mitogen-activated protein kinase kinase 2 

MAT2A -1.134 methionine adenosyltransferase 2A 

MBD3 1.287 methyl-CpG binding domain protein 3 

MDM2 -1.098 MDM2 proto-oncogene 

MED16 1.218 mediator complex subunit 16 

MED25 1.162 mediator complex subunit 25 

MESDC1 1.204 mesoderm development candidate 1 

METRN 1.234 meteorin, glial cell differentiation regulator 

METTL7A -1.213 methyltransferase like 7A 

MEX3D 1.146 mex-3 RNA binding family member D 

MFSD3 1.178 major facilitator superfamily domain containing 3 

MGST3 -1.162 microsomal glutathione S-transferase 3 

MIB2 1.219 mindbomb E3 ubiquitin protein ligase 2 

MICALL1 1.179 MICAL like 1 

MID1IP1 1.177 MID1 interacting protein 1 

MIF 1.324 macrophage migration inhibitory factor (glycosylation-inhibiting factor) 

MIR210HG -2.153 MIR210 host gene 

MIR4697HG -1.325 MIR4697 host gene 

MON1B 1.087 MON1 homolog B, secretory trafficking associated 

MPLKIP 1.133 M-phase specific PLK1 interacting protein 

MPST 1.186 mercaptopyruvate sulfurtransferase 

MRM3 1.193 mitochondrial rRNA methyltransferase 3 

MRPL12 1.19 mitochondrial ribosomal protein L12 

MRPL20 1.194 mitochondrial ribosomal protein L20 

MRPL3 1.112 mitochondrial ribosomal protein L3 

MRPL34 1.202 mitochondrial ribosomal protein L34 

MRPL4 1.183 mitochondrial ribosomal protein L4 

MRPL41 1.241 mitochondrial ribosomal protein L41 

MRPL53 1.203 mitochondrial ribosomal protein L53 

MRPL55 1.304 mitochondrial ribosomal protein L55 

MRPS12 1.178 mitochondrial ribosomal protein S12 

MRPS18C 1.176 mitochondrial ribosomal protein S18C 

MRPS26 1.176 mitochondrial ribosomal protein S26 

MRPS34 1.124 mitochondrial ribosomal protein S34 

MSMO1 -1.13 methylsterol monooxygenase 1 

MTG2 1.143 mitochondrial ribosome associated GTPase 2 

MUM1 1.116 melanoma associated antigen (mutated) 1 

MVB12A 1.213 multivesicular body subunit 12A 

MYBBP1A 1.15 MYB binding protein 1a 

MYC 1.141 v-myc avian myelocytomatosis viral oncogene homolog 

MZT2A 1.397 mitotic spindle organizing protein 2A 

MZT2B 1.385 mitotic spindle organizing protein 2B 

NAB2 1.085 NGFI-A binding protein 2 
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NACA 1.038 nascent polypeptide-associated complex alpha subunit 

NACC1 1.139 nucleus accumbens associated 1 

NAT8L 1.134 N-acetyltransferase 8 like 

NCAPH2 1.095 non-SMC condensin II complex subunit H2 

NCLN 1.158 nicalin 

NDOR1 1.093 NADPH dependent diflavin oxidoreductase 1 

NDUFA11 1.177 NADH:ubiquinone oxidoreductase subunit A11 

NDUFAB1 1.141 NADH:ubiquinone oxidoreductase subunit AB1 

NDUFAF3 1.178 NADH:ubiquinone oxidoreductase complex assembly factor 3 

NDUFB11 1.124 NADH:ubiquinone oxidoreductase subunit B11 

NDUFC1 1.102 NADH:ubiquinone oxidoreductase subunit C1 

NDUFS6 1.165 NADH:ubiquinone oxidoreductase subunit S6 

NDUFS7 1.476 NADH:ubiquinone oxidoreductase core subunit S7 

NDUFS8 1.167 NADH:ubiquinone oxidoreductase core subunit S8 

NELFA 1.103 negative elongation factor complex member A 

NET1 -1.146 neuroepithelial cell transforming 1 

NFATC4 -1.138 nuclear factor of activated T-cells 4 

NFE2L2 1.074 nuclear factor, erythroid 2 like 2 

NFKBIB 1.205 NFKB inhibitor beta 

NFKBIL1 1.151 NFKB inhibitor like 1 

NFYC-AS1 -1.369 NFYC antisense RNA 1 

NIPBL-AS1 -1.287 NIPBL antisense RNA 1 (head to head) 

NKX2-5 1.229 NK2 homeobox 5 

NKX3-1 -1.355 NK3 homeobox 1 

NME3 1.172 NME/NM23 nucleoside diphosphate kinase 3 

NOC3L 1.095 NOC3 like DNA replication regulator 

NOC4L 1.229 nucleolar complex associated 4 homolog 

NOL7 1.082 nucleolar protein 7 

NOLC1 1.039 nucleolar and coiled-body phosphoprotein 1 

NOP16 1.194 NOP16 nucleolar protein 

NPIPA8 -1.193 nuclear pore complex interacting protein family member A1 

NR2F6 1.129 nuclear receptor subfamily 2 group F member 6 

NSMCE3 -1.072 NSE3 homolog, SMC5-SMC6 complex component 

NSMF 1.17 NMDA receptor synaptonuclear signaling and neuronal migration factor 

NTMT1 1.113 N-terminal Xaa-Pro-Lys N-methyltransferase 1 

NUBP2 1.172 nucleotide binding protein 2 

NUDC 1.12 nuclear distribution C, dynein complex regulator 

OGFR 1.221 opioid growth factor receptor 

OLIG2 1.245 oligodendrocyte lineage transcription factor 2 

PAGR1 1.15 PAXIP1 associated glutamate rich protein 1 

PAM16 1.162 presequence translocase-associated motor 16 homolog (S. cerevisiae) 

PAN2 -1.125 PAN2 poly(A) specific ribonuclease subunit 

PANK4 1.061 pantothenate kinase 4 

PARP2 -1.08 poly(ADP-ribose) polymerase 2 

PARP6 -1.128 poly(ADP-ribose) polymerase family member 6 

PAXIP1-AS1 -1.212 PAXIP1 antisense RNA 1 (head to head) 

PBDC1 1.152 polysaccharide biosynthesis domain containing 1 

PCSK1N 1.469 proprotein convertase subtilisin/kexin type 1 inhibitor 

PDCD4 1.042 programmed cell death 4 (neoplastic transformation inhibitor) 

PFDN2 1.167 prefoldin subunit 2 

PHF1 -1.186 PHD finger protein 1 
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PHLDA2 1.553 pleckstrin homology like domain family A member 2 

PHRF1 1.128 PHD and ring finger domains 1 

PI4KAP1 -1.246 phosphatidylinositol 4-kinase alpha pseudogene 1 

PIGBOS1 1.235 PIGB opposite strand 1 

PITX1 1.264 paired like homeodomain 1 

PKMYT1 1.144 protein kinase, membrane associated tyrosine/threonine 1 

PLCXD1 -1.173 phosphatidylinositol specific phospholipase C X domain containing 1 

PLEKHH3 1.143 pleckstrin homology, MyTH4 and FERM domain containing H3 

PLPPR3 1.272 phospholipid phosphatase related 3 

PMVK 1.146 phosphomevalonate kinase 

PNN -1.107 pinin, desmosome associated protein 

PNPLA2 1.15 patatin like phospholipase domain containing 2 

POFUT2 -1.089 protein O-fucosyltransferase 2 

POLD1 1.125 DAN polymerase delta 1, catalytic subunit 

POLR1B 1.116 RNA polymerase I subunit B 

POLR2E 1.133 RNA polymerase II subunit E 

POLR2I 1.124 RNA polymerase II subunit I 

POLR2L 1.229 RNA polymerase II subunit L 

POLRMT 1.118 RNA polymerase mitochondrial 

PPAN 1.187 peter pan homolog (Drosophila) 

PPDPF 1.311 pancreatic progenitor cell differentiation and proliferation factor 

PPM1F 1.12 protein phosphatase, Mg2+/Mn2+ dependent 1F 

PPM1N -1.174 protein phosphatase, Mg2+/Mn2+ dependent 1N (putative) 

PPP1R10 1.165 protein phosphatase 1 regulatory subunit 10 

PPP1R3E -1.239 protein phosphatase 1 regulatory subunit 3E 

PPP2R1B 1.076 protein phosphatase 2 scaffold subunit Abeta 

PPP6R1 1.113 protein phosphatase 6 regulatory subunit 1 

PRMT6 1.166 protein arginine methyltransferase 6 

PRSS30P -1.205 protease, serine, 30 pseudogene 

PSMA4 1.105 proteasome subunit alpha 4 

PSMD6 1.065 proteasome 26S subunit, non-ATPase 6 

PSMD9 1.119 proteasome 26S subunit, non-ATPase 9 

PSME3 1.116 proteasome activator subunit 3 

PTBP1 1.091 polypyrimidine tract binding protein 1 

PTPN18 -1.099 protein tyrosine phosphatase, non-receptor type 18 

PUF60 1.131 poly(U) binding splicing factor 60 

PUM3 1.117 pumilio RNA binding family member 3 

PUS1 1.162 pseudouridylate synthase 1 

PUSL1 1.131 pseudouridylate synthase-like 1 

PYCRL 1.193 pyrroline-5-carboxylate reductase-like 

QTRT1 1.159 queuine tRNA-ribosyltransferase catalytic subunit 1 

RAB11B 1.272 RAB11B, member RAS oncogene family 

RAB7A 1.102 RAB7A, member RAS oncogene family 

RABAC1 1.14 Rab acceptor 1 

RABL6 1.104 RAB, member RAS oncogene family-like 6 

RANBP3 1.084 RAN binding protein 3 

RANGAP1 1.11 Ran GTPase activating protein 1 

RAVER1 1.253 ribonucleoprotein, PTB binding 1 

RBBP4 -1.044 RB binding protein 4, chromatin remodeling factor 

RBM12 1.105 RNA binding motif protein 12 

RBM38 1.176 RNA binding motif protein 38 
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RBM4 -1.072 RNA binding motif protein 4 

RBM42 1.139 RNA binding motif protein 42 

RETSAT -1.148 retinol saturase 

REXO1 1.148 RNA exonuclease 1 homolog 

RGS16 1.192 regulator of G-protein signaling 16 

RHPN1 1.12 rhophilin Rho GTPase binding protein 1 

RNF126 1.183 ring finger protein 126 

RNF166 1.255 ring finger protein 166 

RNF215 -1.107 ring finger protein 215 

RNH1 1.216 ribonuclease/angiogenin inhibitor 1 

ROMO1 1.142 reactive oxygen species modulator 1 

RPARP-AS1 -1.115 RPARP antisense RNA 1 

RPL17 1.084 ribosomal protein L17 

RPLP1 1.105 ribosomal protein lateral stalk subunit P1 

RPLP2 1.142 ribosomal protein lateral stalk subunit P2 

RPP38 1.188 ribonuclease P/MRP subunit p38 

RPS12 1.075 ribosomal protein S12 

RPS15 1.145 ribosomal protein S15 

RPS28 1.133 ribosomal protein S28 

RPS6KA4 1.139 ribosomal protein S6 kinase A4 

RPUSD1 1.243 RNA pseudouridylate synthase domain containing 1 

RRP1 1.125 ribosomal RNA processing 1 

RRP7A 1.144 ribosomal RNA processing 7 homolog A 

RRS1 1.193 ribosome biogenesis regulator homolog 

RUVBL2 1.137 RuvB like AAA ATPase 2 

SAFB 1.099 scaffold attachment factor B 

SAMD4B 1.114 sterile alpha motif domain containing 4B 

SAPCD2 1.191 suppressor APC domain containing 2 

SBF1 1.107 SET binding factor 1 

SCAF1 1.164 SR-related CTD associated factor 1 

SCAND1 1.615 SCAN domain containing 1 

SCARF2 1.184 scavenger receptor class F member 2 

SCD -1.083 stearoyl-CoA desaturase 

SCO2 1.222 SCO2 cytochrome c oxidase assembly protein 

SCRIB 1.189 scribbled planar cell polarity protein 

SDF2L1 1.187 stromal cell derived factor 2 like 1 

SDHAF1 1.148 succinate dehydrogenase complex assembly factor 1 

SELO 1.159 selenoprotein O 

SERINC1 -1.117 serine incorporator 1 

SETD1A 1.095 SET domain containing 1A 

SF3B4 1.1 splicing factor 3b subunit 4 

SFPQ 1.103 splicing factor proline and glutamine rich 

SGTA 1.132 small glutamine rich tetratricopeptide repeat containing alpha 

SHROOM1 1.214 shroom family member 1 

SIVA1 1.241 SIVA1 apoptosis inducing factor 

SIX2 1.17 SIX homeobox 2 

SLC12A4 -1.179 solute carrier family 12 member 4 

SLC25A10 1.142 solute carrier family 25 member 10 

SLC25A4 188.765 solute carrier family 25 member 4 

SLC25A6 1.152 solute carrier family 25 member 6 

SLC2A1 -1.502 solute carrier family 2 member 1 
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SLC31A1 -1.076 solute carrier family 31 member 1 

SLC39A9 -1.071 solute carrier family 39 member 9 

SLC52A2 1.151 solute carrier family 52 member 2 

SLC7A5 1.134 solute carrier family 7 member 5 

SMTN 1.126 smoothelin 

SNAPC5 1.165 small nuclear RNA activating complex polypeptide 5 

SNHG1 -1.105 small nucleolar RNA host gene 1 

SNHG10 -1.253 small nucleolar RNA host gene 10 

SNRPD1 1.101 small nuclear ribonucleoprotein D1 polypeptide 

SP1 -1.068 Sp1 transcription factor 

SPATA2 1.099 spermatogenesis associated 2 

SPATA20 -1.134 spermatogenesis associated 20 

SPATA2L 1.241 spermatogenesis associated 2 like 

SRRM1 -1.129 serine and arginine repetitive matrix 1 

SRSF7 1.085 serine and arginine rich splicing factor 7 

SSBP4 1.292 single stranded DNA binding protein 4 

SSR4 1.103 signal sequence receptor subunit 4 

STARD3 1.07 StAR related lipid transfer domain containing 3 

STARD4 -1.188 StAR related lipid transfer domain containing 4 

STK36 -1.137 serine/threonine kinase 36 

STX4 1.11 syntaxin 4 

SURF2 1.155 surfeit 2 

SYMPK 1.083 symplekin 

SYP -1.175 synaptophysin 

TBL3 1.212 transducin beta like 3 

TBP 1.083 TATA-box binding protein 

TCF3 1.212 transcription factor 3 

TELO2 1.165 telomere maintenance 2 

THAP7 1.196 THAP domain containing 7 

THBS3 -1.25 thrombospondin 3 

TIMM13 1.135 translocase of inner mitochondrial membrane 13 

TIMM44 1.125 translocase of inner mitochondrial membrane 44 

TMEM102 1.286 transmembrane protein 102 

TMEM136 -1.199 transmembrane protein 136 

TMEM160 1.323 transmembrane protein 160 

TMEM161A 1.067 transmembrane protein 161A 

TMEM259 1.087 transmembrane protein 259 

TMEM74B -1.195 transmembrane protein 74B 

TMEM8A 1.159 transmembrane protein 8A 

TMUB1 1.181 transmembrane and ubiquitin like domain containing 1 

TMUB2 -1.055 transmembrane and ubiquitin like domain containing 2 

TNFSF9 1.186 tumor necrosis factor superfamily member 9 

TONSL 1.127 tonsoku-like, DNA repair protein 

TP53RK 1.11 TP53 regulating kinase 

TPM1 1.145 tropomyosin 1 (alpha) 

TRABD 1.165 TraB domain containing 

TRAPPC5 1.422 trafficking protein particle complex 5 

TRIAP1 1.065 TP53 regulated inhibitor of apoptosis 1 

TRIB3 1.124 tribbles pseudokinase 3 

TRIP6 1.164 thyroid hormone receptor interactor 6 

TRMT61A 1.196 tRNA methyltransferase 61A 
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TRMU 1.14 tRNA 5-methylaminomethyl-2-thiouridylate methyltransferase 

TSC22D4 1.172 TSC22 domain family member 4 

TSFM 1.119 Ts translation elongation factor, mitochondrial 

TSPO 1.246 translocator protein 

TSPYL4 -1.143 TSPY like 4 

TSR3 1.188 TSR3, acp transferase ribosome maturation factor 

TSSC4 1.216 tumor suppressing subtransferable candidate 4 

TTLL12 1.172 tubulin tyrosine ligase like 12 

TUG1 -1.123 taurine up-regulated 1 (non-protein coding) 

TYSND1 1.091 trypsin domain containing 1 

UBE2J2 1.184 ubiquitin conjugating enzyme E2 J2 

UBXN2B -1.074 UBX domain protein 2B 

UBXN6 1.158 UBX domain protein 6 

UFM1 -1.105 ubiquitin fold modifier 1 

ULBP2 -1.166 UL16 binding protein 2 

ULK1 1.134 unc-51 like autophagy activating kinase 1 

UNCX 1.273 UNC homeobox 

UQCC3 1.168 ubiquinol-cytochrome c reductase complex assembly factor 3 

UQCR11 1.209 ubiquinol-cytochrome c reductase, complex III subunit XI 

URB2 1.143 URB2 ribosome biogenesis 2 homolog (S. cerevisiae) 

USMG5 1.115 up-regulated during skeletal muscle growth 5 homolog (mouse) 

USP21 -1.046 ubiquitin specific peptidase 21 

VARS 1.104 valyl-tRNA synthetase 

VDAC1 1.037 voltage dependent anion channel 1 

VEGFA -1.138 vascular endothelial growth factor A 

VPS51 1.148 VPS51, GARP complex subunit 

VPS9D1-AS1 1.219 VPS9D1 antisense RNA 1 

WBSCR22 1.086 Williams-Beuren syndrome chromosome region 22 

WDR18 1.28 WD repeat domain 18 

WDR24 1.21 WD repeat domain 24 

WIZ 1.091 widely interspaced zinc finger motifs 

WSB1 -1.204 WD repeat and SOCS box containing 1 

XPO5 1.069 exportin 5 

YDJC 1.213 YdjC homolog (bacterial) 

YEATS4 1.072 YEATS domain containing 4 

ZBED6 -1.179 zinc finger BED-type containing 6 

ZC3H11A -1.083 zinc finger CCCH-type containing 11A 

ZC3H18 1.102 zinc finger CCCH-type containing 18 

ZCCHC12 1.46 zinc finger CCHC-type containing 12 

ZCCHC9 1.149 zinc finger CCHC-type containing 9 

ZFP36L2 1.128 ZFP36 ring finger protein like 2 

ZFP62 -1.122 ZFP62 zinc finger protein 

ZKSCAN8 -1.111 zinc finger with KRAB and SCAN domains 8 

ZNF12 -1.123 zinc finger protein 12 

ZNF205 1.219 zinc finger protein 205 

ZNF319 1.199 zinc finger protein 319 

ZNF367 -1.102 zinc finger protein 367 

ZNF579 1.194 zinc finger protein 579 

ZNF593 1.289 zinc finger protein 593 

ZNF622 1.131 zinc finger protein 622 

ZNF689 1.12 zinc finger protein 689 
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ZNF703 1.167 zinc finger protein 703 

ZNF706 1.152 zinc finger protein 706 

ZNHIT2 1.408 zinc finger HIT-type containing 2 
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