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The ATPase family AAA-domain containing protein 3A (ATAD3A), a nuclear-encoded mitochondrial enzyme, contributes to

mitochondrial dynamics, nucleoid organization, protein translation, cell growth, and cholesterol metabolism. The ATAD3A

protein contains two coiled-coil domains (CC1 and CC2), Walker A (WA) and Walker B (WB) motifs and among them, the

WA motif is responsible for ATP binding in the AAA module of ATAD3A.  ATAD3A is an understudied protein in cancer,

although we have demonstrated it functions as a metastasis promoter in breast cancer. At this stage of our understanding,

ATAD3A dysfunction is also required and sufficient to drive oncogenic process in many types of cancer. Thus, there is a

need to understand the mechanism by which ATAD3A interacts with other mitochondria-localized oncoproteins, and the

targeting strategy in which ATAD3A is abrogated. 
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1. Introduction

In addition to their bioenergetic role, mitochondria function as signaling platforms and key regulators of cellular processes

related to biosynthesis, Ca  homeostasis, and cell death. In cancer, mitochondrial function is critical to cell survival

through genetic and/or environmental events, leading to metabolic reprogramming and changes in mitochondrial

biogenesis, mitophagy, and dynamics. While the function of mitochondria in cancer has historically been restricted to

Warburg’s hypothesis (aerobic glycolysis), work over recent decades has served to help dispel misconceptions and

deepen our understanding of the diverse and dynamic roles that these organelles play throughout tumor progression,

such as in cell survival, proliferation, stemness, motility, metastasis, and therapeutic resistance . Non-specific targeting

of mitochondrial functions in the treatment of cancer, however, may have major unwarranted effects, like inhibition of

normal cell growth. Therefore, refined strategies that allow for the specific functional blocking of oncoproteins that

physically localize to the mitochondria in cancer cells will have to be devised for therapeutic intervention. Yet, given that

there is no simple canon for the role of mitochondrial oncoproteins in the regulation of malignant mitochondrial programs,

gaining mechanistic insights into these proteins and their respective signaling networks involved in tumor development

and progression will be critical to the clinical exploration of novel anticancer therapies.

Mitochondrial ATPase family AAA domain-containing protein 3 (ATAD3) belongs to AAA+ (ATPases associated with

various cellular activities) superfamily, which shares a highly conserved module for ATP hydrolysis and participates in a

variety of cellular processes . ATAD3 only exists in eukaryotic organisms and has three family members: ATAD3A,

ATAD3B, and ATAD3C. Among them, ATAD3B and ATAD3C only exist in primates and humans. While, ATAD3B may act

as a dominant negative inhibitor to ATAD3A function , the exact role of ATAD3C remains unknown. ATAD3A is believed

to be the ancestral form and to be duplicated twice to form ATAD3B and ATAD3C . Structurally, the ATAD3A protein

spans the mitochondrial outer membrane (OM) and inner membrane (IM) and regulates dynamic interactions between the

two that is sensed by cell fission machinery . As a mitochondrial protein with the capacity to impact essential

mitochondrial functions and organization, ATAD3A controls a broad spectrum of physiological and pathological responses,

including mitochondrial dynamics, nucleoid organization, signaling transduction, and cholesterol metabolism .

ATAD3A mutations can cause a range of different phenotypes and have been identified as one of the most common

causes of lethal infantile mitochondrial disease . Although there have been no or few ATAD3A mutations identified in

cancer patients, ATAD3A has nevertheless been implicated in certain types of cancer, where its elevated expression levels

have been associated with poor patient outcome.
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2. The Essential Role of ATAD3A in Mitochondria

2.1. The Molecular Structure of ATAD3A in Mitochondria

ATAD3A is located on chromosome 1 at 1p36.33 locus and has three transcript variants, with isoform 2 being the major

one with 586 amino acids (a.a.) (Figure.1). While the first 50 amino acids of the protein’s N-terminal can be found on the

mitochondrial surface, there are several important domains within the N-terminal, including a flexible proline-rich region for

possible protein–protein interactions (a.a. 18–27), transmembrane domain 1 (TM1, a.a. 225–242) for integrating the

mitochondrial OM, transmembrane domain 2 (TM2, a.a. 247–264) for integrating the mitochondrial IM, and two coiled-coil

regions (CC1, a.a. 85 to 115; CC2, a.a. 180–220) for the oligomerization of ATAD3A monomers and/or for interaction with

other proteins . Deacetylation on lysine 135 (K135) residue of ATAD3A is required for its oligomerization, especially for

dimerization . The ATPase domain and two ATP binding domains, Walker A (WA) and Walker B (WB), are located at the

C-terminal of ATAD3A  (Figure 1). In particular, mutations on K355 or K358 of the WA domain can block the binding of

ATPs to ATAD3A, subsequently influencing ATAD3A’s ATP affinity and reducing its ATPase activity . Of note, these two

mutations have been found to be disease-relevant and dominantly inherited in a family with hereditary spastic paraplegia

. However, high levels of ATAD3A expression, rather than ATAD3A mutations, have historically been identified in cancer

patients . Aside, it is worth mentioning that both the N-terminal and C-terminal regions of ATAD3A have been suggested

to contribute to the protein’s interaction with S100B, a zinc and calcium-binding protein with a chaperone-associated

function contributing to proper ATAD3A protein folding . Interestingly, while the role of S100B in cancer is not yet well

understood, interrogation of its interactions with target proteins like p53  and the potential to serve as a marker for

metastasis in different cancers has been reported .

Figure 1. Molecular structure of ATPase family AAA domain-containing protein 3A (ATAD3A) transcript variants with vital

domains. Schematic diagram for the molecular structure of three transcript variants of ATAD3A. Three isoforms have

similar major domains, including two coiled-coil domains (CC1 and CC2), two transmembrane domains (TM1 and TM2),

walker A (WA) and walker B (WB) domains for the ATP binding, and ATPase domain. Isoform 2 (66KD) is the major form

in cancer cells. Compared with isoform 2, isoform 1 has an additional 48 amino acids in the CC1 domain, which may

disrupt its function to form the oligomers or interaction with other mitochondrial partners. Isoform 3 lacks the first 50 amino

acids in the N-terminal, which locates on the mitochondria surface and is essential for the interaction with cytoplasmic

proteins. Of note, mutations on K355 or K358 in the WA domain markedly reduce the ATPase activity of ATAD3A.

2.2. Functions of ATAD3A in Mitochondria Homeostasis

Mitochondria function is tightly associated with its dynamics, including mitochondrial fission and fusion. ATAD3A regulates

mitochondrial dynamics through its interactions with mitochondrial fission (dynamin-related protein 1, DRP1) and fusion

(mitofusins, OPA1) proteins  (Figure 2). Silencing ATAD3A by small interfering RNAs (siRNAs) or ectopic expression of

deficient mutant ATAD3A increases mitochondrial fragmentation, while knockdown of DRP1 eliminates mitochondrial

fragmentation . In addition to its involvement with mitochondrial fusion and shaping, mitofusin-2 is critical for

maintaining close mitochondrial interaction with the endoplasmic reticulum (ER) ; when mitofusion-2 is depleted,

ATAD3A localization to mitochondrial-associated membranes is increased . As an ATP-dependent chaperonin, HSP60

mediates mitochondrial proteostasis with its co-chaperonin HSP10. In particular, the interaction of ATAD3A and HSP60

has been detected at ATAD3A’s C-terminal  (Figure 2). ATP binding-deficient ATAD3A harbors a mutation in its WA

domain, leading to mitochondrial fragmentation in glioblastoma cells .
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Figure 2. The complexity of the ATAD3A signaling network in mitochondria. The main signaling pathways involve (1) the

regulation of ATAD3A expression levels by mTOR, (2) the proper folding and mitochondrial localization of newly

synthesized ATAD3A protein associated with S100B’s function, (3) ATAD3A protein stability regulation by PKC, (4) and

communication between the endoplasmic reticulum (ER) and mitochondria mediated by the ATAD3A/WASF3/GPR78 axis.

Moreover, ATAD3A has been identified as one essential part of transduceosome, also known as the cholesterol transfer

complex. ATAD3A has the ability to assist with the transportation and metabolism of cholesterol by interacting with

voltage-dependent anion channel (VDAC) and CYP11A1 in mitochondria. ATAD3A governs mitochondrial dynamics

through the functional regulations of mitochondrial fission- dynamin-related protein 1 (DRP1) and fusion protein-OPA1.

ATAD3A also contributes to mitochondrial respiration via interactions with several important respiration proteins, such as

prohibitin, UQCRC2 and SLC25A3.

Mitochondrial DNA (mtDNA) is organized in the nucleoprotein complex associated with the IMM. mtDNA segregation and

changes in mitochondrial architecture can be induced by altering the structure or composition of the nucleoid .

Interestingly, altered ATAD3A expression perturbs mtDNA maintenance and replication . A more recent study shows

that ATAD3A is a detergent-resistant component that organizes mtDNA and segregates mitochondrial nucleoids, and that

ATAD3A deficiency leads to modifications in mtDNA organization . Moreover, loss of ATAD3A induces early and severe

mitochondrial structural abnormalities, progressive mtDNA depletion and deletions, and muscle atrophy in mice . Loss

of ATAD3A also leads to a dramatic reduction in mitochondrial cristae junctions and changes in cristae morphology .

Further, ATAD3A plays a critical role in regulating IMM structure, leading to secondary defects in mtDNA replication,

complex V, and cholesterol levels . Interestingly, in later work evaluating human siblings with a recessive missense

ATAD3A mutation that likely disrupts WB, it was found that while the patient’s fibroblast possessed mitochondrial cristae

malformations alongside decreased ATAD3A levels, in contrast to knockout mouse models, no changes in oxidative

phosphorylation complexes were seen . Importantly, ATAD3A has been reported to maintain homeostasis in mouse

hematopoietic cells by impeding Pink1 mitophagy. Here, it was seen that the deletion of ATAD3A hyperactivates

mitophagy by facilitating Pink1 transportation and activity .

Mitochondria–ER interactions are critical to enabling mitochondrial adaptation and maintaining organelle homeostasis.

Particularly, the ER supplies biomolecules needed for biogenesis and helps govern numerous processes, such as those

involved in stress and morphological changes . Given the critical link between these two organelles, it has been

suggested that ATAD3, as a contact site, could represent an evolutionary step towards mitochondrial adaptation to ER

interactions . Nevertheless, ATAD3A’s various involvements and precise functions have yet to be fully elucidated.

2.3. The Role of ATAD3A in Mitochondrial Metabolism and Respiration

From Nematoda to mammalian, ATAD3A is critical in the development of a number of multicellular organisms. Silencing

ATAD3A in C. elegans and Drosophila induces growth arrest in larvae . In murine embryos, knockout of ATAD3A is

lethal, causing retardation and defects in trophoblast lineages, possibly due to low mitochondrial biogenesis and ATP

production . Deletion or mutation of ATAD3A in the WA domain has also been linked to distinct neurological syndromes

in humans, including global developmental delay, hypotonia, optic atrophy, axonal neuropathy, and hypertrophic

cardiomyopathy . Steroid hormones are synthesized in the mitochondria and smooth ER by a variety of tissues,

such as the adrenal cortex, gonads, and placenta. These hormones are all derived from cholesterol and influence the

development and progression of human cancers by binding steroid hormone receptors (SHRs) . Cholesterol

trafficking occurs between the ER and mitochondria, where communication between the two organelles facilitates both
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steroidogenesis substrate availability and mitochondria product passage to different steroidogenic enzymes in the ER .

During steroidogenesis, the rate-limiting step is the transfer of cholesterol from the OMM to the IMM, where it is converted

into pregnenolone by the cytochrome P450 enzyme CYP11A1  (Figure 2). Alongside the voltage-dependent anion

channel (VDAC) and other constituents like cytosolic proteins, ATAD3A has been identified as an essential component of

the transduceosome complex through which this transport of cholesterol is facilitated  (Figure 2).

In MA-10 mouse tumor Leydig cells, knockdown of ATAD3A leads to a significant decrease in steroid production ; and

in patients with ATAD3 gene cluster deletions, derived fibroblasts display abnormalities in cholesterol metabolism . Our

studies show that the ATAD3A-WASF3-GRP78 axis, which bridges the interaction between the mitochondria and ER, may

possess a potential role in the regulation of cholesterol traffic . In addition, the critical role of ATAD3A in mitochondria

metabolism, especially of lipids, has been confirmed in several kinds of model organisms. In C. elegans, reduction of

intestinal fat storage and low lysosomal content have been reported when ATAD3A is knocked down . Interestingly, it

has been revealed that both the N-terminal and C-terminal of ATAD3A are required for normal cell growth and cholesterol

channeling in Drosophila . Lastly, altered cholesterol metabolism was reported in the skeletal muscle of conditional

ATAD3A knockout mice .

It has also been demonstrated that ATAD3A participates in mitochondrial respiration . In C. elegans, silencing ATAD3A
decreases levels of both complex I and citrate synthase, diminishing mitochondrial activity and ultimately impeding larval

development . In mouse hematopoietic cells, knockout of ATAD3A results in decreased mitochondrial mass and

impaired mitochondrial functions, with abnormalities seen through lower rates of basal oxygen-consumption and

diminished oxidative capacity . Several interactions between ATAD3A and components critical to mitochondrial

respiration have been identified and include prohibitin, UQCRC2, and SLC25A3  (Figure 2). Prohibitin associates and

stabilizes respiratory complexes, particularly Complex I, and regulates the proteolysis of unassembled IMM proteins of the

oxidative phosphorylation system . As a core subunit of Complex III, UQCRC2 is needed for complex III’s conversion

into its catalytically active homodimer form, which can subsequently be incorporated into a larger supercomplex that

functions as one enzyme . SLC25A3 is located in the IMM and serves to transports phosphate groups (along with H+)

from the cytosol to the mitochondrial matrix during oxidative phosphorylation . The ways by which ATAD3A regulates

mitochondrial respiration through these protein interactions, however, remains unclear. Notably, numerous other

respiratory complex components have been found to be directly or indirectly related to ATAD3A, further obscuring the

protein’s exact roles. Particularly, ATAD3A knockdown in mouse 3T3-L is seen to decrease the expression, for example, of

MTCO1, MTCO2, ATP5A, UQCRC2, SDHB, NDUFB8, and NDUFA10 .
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