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Abstract

Decades of research reveal that MDM2 participates in cellular processes ranging from macro-

molecular metabolism to cancer signaling mechanisms. Two recent studies uncovered a new role 

for MDM2 in mitochondrial bioenergetics. Through the negative regulation of NDUFS1 

(NADH:ubiquinone oxidoreductase 75 kDa Fe-S protein 1) and MT-ND6 (NADH dehydrogenase 

6), MDM2 decreases the function and efficiency of Complex I (CI). These observations propose 

several important questions: (1) Where does MDM2 affect CI activity? (2) What are the cellular 

consequences of MDM2-mediated regulation of CI? (3) What are the physiological implications of 

these interactions? Here, we will address these questions and position these observations within 

the MDM2 literature.
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1. Introduction

Mitochondria are double membrane organelles responsible for cellular bioenergetics by 

converting nutrients into energy in the form of adenosine triphosphate (ATP). The outer 

mitochondrial membrane (OMM) is permeable up to several kilodaltons and allows for 

equilibration with the cytosol, while the inner mitochondrial membrane (IMM) is 

impermeable and establishes the electrochemical proton gradient (ΔΨM) necessary for ATP 

production (Hatefi, 1985; Mitchell, 2011; Saraste, 1999; Smeitink et al., 2001). Central to 

ATP production is the electron transport chain (ETC), an assembly of five enzymatic 

complexes within the IMM that convert energy from NADH and/or FADH2 into ATP and 

H2O via coupled electron (e−) transport and oxidative phosphorylation (OXPHOS) (Figure 

2A) (Hatefi, 1985; Letts and Sazanov, 2017; Saraste, 1999; Smeitink et al., 2001). In 

parallel, and also dependent upon ΔΨM, mitochondria produce metabolic precursors for 

DNA, protein, and lipid synthesis; and regulate multiple pathways including calcium 

signaling and reactive oxygen species (ROS) generation.

ATP production requires the biosynthesis, assembly, and catalytic functions of multi-subunit 

protein complexes that constitute the ETC and ATP synthase. Complexes I, III, IV, and V 

(CI, CIII, CIV, & CV) are encoded by nuclear and mitochondrial genomes, while Complex 

II (CII) is exclusively encoded within the nucleus (Letts and Sazanov, 2017; Smeitink et al., 

2001; Taanman, 1999). These complexes consist of integral membrane proteins that anchor 

and support the subunits within the IMM, proteins with intrinsic enzymatic activities to 

catalyse NADH and FADH2 oxidation, and iron-sulfur (Fe-S) cluster proteins responsible 

for e movement throughout the complex to eventually reduce e− carriers between the 

complexes (Figure 2A). The stoichiometric expression and assembly of subunits into large 

complexes enables efficient e− flow through the ETC, eventually destined for molecular 

oxygen as the final e− acceptor (Letts and Sazanov, 2017). In addition to e− transport, CI, 

CIII, and CIV concomitantly pump protons (H+) from the matrix (i.e., the space within the 

IMM) to the inner membrane space (IMS) to generate ΔΨM, which is utilized by CV (also 

referred to as ATPase synthase) to convert adenosine diphosphate and inorganic phosphate 

(ADP and PO4-, respectively) into ATP (Figure 2A) (Letts and Sazanov, 2017).

In addition to the functional and structural subunits that comprise the respiratory complexes 

within the IMM, there are many essential proteins that assist in the assembly, IMM 

integration, and maturation of the complexes. For example, CI consists of over forty 

subunits, which require at least fourteen additional proteins to assemble within the IMM 

(Letts et al., 2016; Vinothkumar et al., 2014). Of the forty CI subunits, seven are encoded by 

the mitochondrial genome and translated by mitochondrial ribosomes within the matrix --- 

with the remaining subunits encoded by the nuclear genome, translated on cytoplasmic 

ribosomes, and imported into the mitochondrial network (Formosa et al., 2018). Due to the 
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elaborate coordinated nature of multiple genomes and localizations for proteins essential in 

CI function, the mechanisms of CI assembly remain an active area of investigation; but the 

current model suggests that CI is assembled through the stoichiometric association of 

smaller intermediate modules containing core subunits within the IMM (Formosa et al., 

2018; Guerrero-Castillo et al., 2017; Lazarou et al., 2007). Given the number of pathways 

and proteins essential for establishing and maintaining bioenergetics, we likely do not have a 

clear understanding of all the cellular factors that impact upon individual complex subunits 

or modules, and how these interactions subsequently alter CI activity and bioenergetics.

Studies from Arena et al. and Elkholi et al. provide new mechanistic insights into how CI 

assembly and function are regulated by the E3 ubiquitin ligase mouse double minute 2 

(MDM2) (Arena et al., 2018; Elkholi et al., 2018). A unifying observation from both studies 

is that MDM2 negatively regulates CI function. However, these papers describe that MDM2 

regulates CI via distinct cellular localizations and mechanisms. Arena et al. offers an 

interesting insight into MDM2 biology by describing the import of MDM2 into the 

mitochondrial matrix where it reduces the expression of the mitochondrial encoded gene 

essential for CI, NADH dehydrogenase 6 (MT-ND6) (Arena et al., 2018). In contrast, 

Elkholi et al. demonstrates that MDM2 sequesters the CI subunit NADH:ubiquinone 

oxidoreductase 75 kDa Fe-S protein 1 (NDUFS1) in the cytosol (Elkholi et al., 2018). Both 

mechanisms result in a reduction of CI activity followed by a decrease in mitochondrial 

respiration and subsequent increase in ROS. The cellular consequences of MDM2-mediated 

mitochondrial dysfunction ranges from induction of apoptosis (Elkholi et al., 2018) to 

increased invasion and migration of cancer cells (Arena et al., 2018). Here, we discuss how 

these observations fit within the broader scope of MDM2 literature and provide prospective 

for the role of MDM2 and CI interactions in physiology and disease.

2. MDM2 binding to different components of CI regulates bioenergetics

Wild type MDM2 (MDM2WT) contains several conserved structural domains (Figure 1) that 

function by regulating MDM2 subcellular localizations and interactions with diverse protein 

partners (Karni-Schmidt et al., 2016; Nicholson et al., 2014). An example of a highly studied 

MDM2-interacting protein is the tumor suppressor, p53. This interaction allows for the 

constitutive degradation of p53 via MDM2’s E3 ubiquitin ligase activity to ensure the 

absence of p53-dependent effects (e.g., regulation of gene expression, cell cycle arrest, 

apoptosis, and senescence), which are prevented in the absence of genotoxic stress (Honda et 

al., 1997). In cancer settings with constitutive genomic stress, p53-dependent effects are also 

often inherently inhibited by either p53 mutation (i.e., prevents p53-dependent gene 

expression) or MDM2 amplification, which allows for hyper-constitutive p53 sequestration 

to block it’s tumor suppressor activities (Bieging and Attardi, 2012; Momand et al., 1992; 

Wade et al., 2013). One key development in understanding the biological consequences and 

pharmacological utility of this pathway arose from the development of MDM2 inhibitors 

(e.g., Nutlin-3A) which liberate p53 from MDM2 to promote p53 mediated responses 

(Vassilev et al., 2004). As such, several studies have also utilized Nutlin-3A to investigate 

the MDM2 protein-protein interaction landscape outside the context of p53.
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For example, a screen conducted by Nicholson et al. discovered that a subset of Nutlin-3A 

regulated MDM2 interacting proteins are associated with mitochondrial function, including 

mitochondrial transporters (e.g., TIMM8A, TIMM13) and the CI subunit, NDUFS1 

(Nicholson et al., 2014). Elkholi and colleagues corroborated this study and further linked 

MDM2 to NDUFS1 by discovering that cytosolic MDM2 binds NDUFS1, leading to its 

cytosolic retention rather than mitochondrial localization (Figure 3) --- moreover, Nutlin-3A 

also enhanced the binding of MDM2 to NDUFS1(Elkholi et al., 2018). A consequence of 

MDM2-mediated sequestration of NDUFS1 is a decrease in mitochondrial respiration and 

increased ROS production, an effect that can be phenocopied by the genetic silencing of 

NDUFS1 expression (Elkholi et al., 2018).

It is also noteworthy that the interaction between MDM2 and NDUFS1 is characteristically 

akin to the MDM2-p53 interaction (Nicholson et al., 2014). Structural composition analysis 

comparing the amino termini of p53 and NDUFS1 revealed shared amino acid similarities 

critical for interacting with MDM2. Pharmacological regulation of MDM2 with its binding 

proteins can occur either through disruption of the interaction interface (e.g., Nutlin-3A 

disruption of MDM2 and p53) or by forcing allosteric changes within the MDM2 structure 

that either enhance or reduce its affinity for interacting proteins; and the enhanced binding of 

NDUFS1 to MDM2 in the presence of Nutlin-3A appears to support the later (Elkholi et al., 

2018). Furthermore, the notion that Nutlin-3A enhances the interaction between MDM2 and 

NDUFS1 fits with previous observations of Nutlin-3A affecting cell signaling independently 

of p53 (Fahraeus and Olivares-Illana, 2014; Ye et al., 2017). Taken together, these 

observations emphasize a broader impact of MDM2 and its pharmacology in cell biology; 

and more specifically, in CI activity and cellular bioenergetics.

To discuss the potential impact of the MDM2-NDUFS1 interaction, an introduction to 

NDUFS1 function is necessary. While mechanistic insights into NDUFS1 are limited, 

NDUFS1 appears to be a critical CI subunit for the entry and efficient transfer of e−, which 

is based on two observations: (1) NDUFS1 contains three Fe-S clusters that integrate into 

the redox center in CI and (2) NDUFS1 forms part of the interaction interface between CI 

and CIII (Lopez-Fabuel et al., 2016; Maio et al., 2017; Wu et al., 2016). The assembly of CI, 

CIII, and CIV into higher organized structures in the IMM are collectively known as 

supercomplexes (Figure 2B). According to current opinion, supercomplexes are involved in 

efficient e− transport, minimized ROS production, stabilization of individual complexes, and 

optimal respiratory chain capacity (Milenkovic et al., 2017). Ekholi et al. demonstrated that 

MDM2-mediated decrease in mitochondrial function was not caused by a disassembly of CI 

itself, but rather through a decrease in CI activity through the dissociation of CI from CIII, 

suggesting that appropriate import and mitochondrial localization of NDUFS1 are critical to 

maintain supercomplex assembly and optimal bioenergetic homeostasis (Elkholi et al., 

2018). Incidentally, the role of NDUFS1 and supercomplex formation has been compared in 

primary neuron and astrocyte cultures where bioenergetic differences between these cell 

types is imposed by NDUFS1-mediated supercomplex assembly (Lopez-Fabuel et al., 2016). 

Therefore, it stands to reason that MDM2 and Nutlin-3A mediated regulation of NDUFS1 

may broadly impact upon a range of energetically demanding cell and tissue types when 

MDM2 and NDUFS1 are expressed.
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Similar to NDUFS1, MT-ND6 is also essential for the assembly and respiratory function of 

CI (Vartak et al., 2015). Recently, Arena et al. showed that MDM2 can co-localize with 

transcriptional factor A, mitochondrial (TFAM) in the mitochondrial matrix in a p53-

independent manner. In response to ROS production and in hypoxic conditions, MDM2 

decreases the binding of TFAM to the light strand promoter (LSP) of the mitochondrial 

genome, which encodes for MT-ND6, leading to decreased MT-ND6 expression, CI activity, 

and oxygen consumption (Figure 3) (Arena et al., 2018). Although Arena and colleagues did 

not investigate if decreased MT-ND6 expression affected the assembly of supercomplexes, 

other reports have indicated that MT-ND6 is important for the recruitment of ND1–5 into CI, 

but not necessarily for the assembly of supercomplexes --- however, this later point remains 

a topic of debate and requires further investigation (Vartak et al., 2015). Collectively, two 

distinct, but complementary mechanisms are described for MDM2-mediated regulation of 

CI activity and supercomplex assembly by decreasing MT-ND6 and NDUFS1, respectively.

3. How is MDM2 imported into mitochondria?

Arena and colleagues were the first to demonstrate MDM2 localization to the mitochondrial 

matrix, an intriguing result considering the majority of literature focuses on the cytosolic 

and nuclear roles of MDM2. Mitochondria contain nearly two thousand proteins, with the 

vast majority (>99%) encoded by the nuclear genome, synthesized on cytosolic ribosomes, 

and imported into the mitochondrial network via a multi-component conserved import 

machinery (Harbauer et al., 2014; Schmidt et al., 2010). Proteins destined for mitochondrial 

membranes and matrix are often synthesized as precursors containing a cleavable 

mitochondrial targeting signal (MTS) within the amino terminus. The MTS is recognized by 

translocases of the outer membrane (TOM) complex (i.e., TOM20), which facilitate the 

active import of proteins from the cytosol into the IMS. The translocases of the inner 

membrane (TIMs, i.e., TIM23) then take control, in a ΔΨM dependent manner, to distribute 

peptides either laterally across the IMM or completely into the mitochondrial matrix 

(Harbauer et al., 2014; Schmidt et al., 2010).

As mentioned earlier, MDM2 interacts with multiple mitochondrial transporters (e.g., 
TIMM8A, TIMM13) in a Nutlin-3A dependent manner (Nicholson et al., 2014), and Arena 

et al. further expanded upon this interaction repertoire by demonstrating that MDM2 also 

binds to TOM20 and TIM23 (Arena et al., 2018). Moreover, MDM2 interacts with 

mitochondrial HSP70, which is potentially required to stabilize mitochondrial MDM2 for 

efficient binding to mtDNA (Arena et al., 2018). However, analysis of the MDM2 amino 

acid sequence did not reveal a canonical MTS (Arena et al., 2018), which raises the question 

of how MDM2 is imported into mitochondria? The authors suggest that mitochondrial 

import of MDM2 depends on binding to additional MTS-containing proteins (Arena et al., 

2018). Curiously, the mechanism for transport of non-MTS containing proteins into 

mitochondria has been previously proposed for p53 (Ahn et al., 2010). Under hypoxic 

conditions p53 binds to TID1, a MTS-containing chaperone that assists in the translocation 

of p53 from the cytosol into the mitochondria to potentially regulate apoptosis. Likewise, 

MDM2 also interacts with TID1, which gives an indication that MDM2 may share 

conserved mechanisms (Arena et al., 2018).
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Although further analysis is necessary to investigate the regulatory mechanisms of MDM2 

import into mitochondria, the presence of MDM2 in different subcellular compartments (i.e., 
mitochondria, cytosol, and nucleus) and the differing means of regulating CI activity is one 

of the most interesting observations arising from the Elkholi and Arena studies. These 

mechanistic differences suggest MDM2 has multiple levels of control over mitochondrial 

function and bioenergetics in order to assure cellular homeostasis.

4. MDM2 alters mitochondrial dynamics

The above findings position MDM2 into an unexpected mechanism controlling a central 

core of mitochondrial bioenergetics; yet diverse components of mitochondrial biology (e.g., 
mitochondrial dynamics, mitochondrial quality control) impact upon bioenergetics, and links 

between MDM2 and these pathways remain scant. However, MDM2 and mitochondrial 

biology were recently united via the regulation of mitochondrial morphology (Arena et al., 

2018). The mitochondrial network undergoes regulated fusion and fission, which are 

essential for maintaining mitochondrial homogeneity (e.g., protein, lipid, and nucleoid 

distribution) within a cell, and the same dynamics also influence ETC function and assembly 

into supercomplexes (Cogliati et al., 2013). Moreover, reciprocal regulation is also observed 

as blocking CI function (e.g., pharmacological inhibition with rotenone) affects 

mitochondrial morphology (Benard et al., 2007).

Mitochondrial fusion is regulated by Mitofusin 1 and 2 (MFN1 & MFN2), whereas fission is 

mainly mediated by dynamin related protein 1 (DRP1) (Trotta and Chipuk, 2017). 

Interestingly, MDM2 depletion results in an increase in DRP1 phosphorylation on serine 637 

(Arena et al., 2018), a post-translational modification described to inactivate DRP1 (Chang 

and Blackstone, 2007; Cribbs and Strack, 2007; Trotta and Chipuk, 2017). Nevertheless, the 

increase in the phosphorylation at serine 637 correlated with an increase in mitochondrial 

fission --- and not fusion --- an observation that requires further clarification and 

corroboration using different molecular and cellular tools (Arena et al., 2018). In contrast, 

over-expression of mitochondrially-localized MDM2 resulted in altered cristae morphology 

and increased perinuclear clustering of mitochondria --- all of which are indicative that 

MDM2 may induce mitochondrial fusion and impact on cellular REDOX, potentially linking 

to CI dysfunction. Indeed, the effects of MDM2 on mitochondrial ROS production can be 

mitigated by either treating with mitoquinone mesylate (MitoQ) or expression of superoxide 

dismutase 1 (SOD1) (Elkholi et al., 2018). MDM2-mediated changes to mitochondrial 

structure could be a response to enforce mitochondrial quality control. For example, 

mitochondrial fission typically preceds the induction of mitophagy, a form of autophagy that 

selectively removes dysfunctional mitochondria from the cell (Pickles et al., 2018). 

Although a direct link between MDM2 and mitochondrial quality control remains unknown, 

mitochondrial bioenergetics and mitochondrial dynamics mutually influence each other and 

are regulated by common pathways that include MDM2 signaling. Certainly more 

investigations into these intersections are critical to fully appreciate the impact of MDM2 on 

mitochondrial biology.
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5. MDM2: a pro-apoptotic and pro-survival signal?

Aside from the bioenergetic and metabolic functions governed by mitochondria, these 

organelles are also the central mediators and targets of pro-apoptotic signals (Luna-Vargas 

and Chipuk, 2016). In order for cells to commit themselves to the mitochondrial pathway of 

apoptosis, a cohort of B-cell lymphoma 2 (BCL-2) proteins must functionally collaborate at 

the OMM. This activates a process referred to as mitochondrial outer membrane 

permeabilization (MOMP), which leads to the release of IMS proteins (i.e., cytochrome c, 

SMAC/Diablo) into the cytoplasm, which induces caspase activation and subsequent 

commitment to death. The pro-apoptotic proteins BCL-2 antagonist killer (BAK) and 

BCL-2-associated X (BAX) are responsible for initiating MOMP, however they require 

interactions with the pro-apoptotic BH3-only proteins (i.e., BIM and BID) to activate and 

permeabilize the OMM. The anti-apoptotic BCL-2 proteins (e.g., BCL-2, BCL-XL, BCL-W, 

& MCL-1) preserve OMM integrity by directly inhibiting the pro-apoptotic BCL-2 proteins 

(Luna-Vargas and Chipuk, 2016).

MDM2-mediated sequestration of NDUFS1 and subsequent CI efficiency is described to 

cause an accumulation of oxidative stress often leading to apoptosis (Elkholi et al., 2018). 

An apoptotic program consisting of BIM and BAX are described to promote MDM2-

initiated cell death, and indeed molecular studies have previously described a specific role of 

BIM-mediated BAX activation (Sarosiek et al., 2013). MDM2-induced apoptosis appears to 

be initiated by the mitochondrial accumulation of BIM-S, the shorter form of BIM, yet the 

signals linking oxidative stress to BIM-S accumulation remain unknown, but evidence 

suggests that post-translational mechanisms are likely responsible (Elkholi et al., 2018). As 

expected, apoptosis induced by MDM2 is also tightly controlled by the anti-apoptotic 

BCL-2 proteins (e.g., BCL-xL and MCL-1). Collectively, these data are indicative of the 

mitochondrial pathway of apoptosis being activated following MDM2 overexpression, 

potentially due to oxidative stress, but what additional cellular components contribute to this 

response?

Exogenous MDM2 induces a marked production of ROS, which correlates with DNA 

damage (i.e., measured through the accumulation of nuclear ɣH2AX foci and chromatid 

breaks), and co-treatment with the antioxidant enzyme superoxide dismutase (SOD1) 

inhibited MDM2-induced apoptosis (Elkholi et al., 2018). The likely source underlying ROS 

accumulation and apoptosis is likely mediated by MDM2’s sequestration of NDUFS1. 

Indeed, RNAi of NDUFS1 phenocopied many of the cell stress and death effects induced by 

MDM2. Linking the direct MDM2-NDUFS1 interaction to apoptosis, Elkholi and 

colleagues discovered a glycine residue at position 58 (MDM2G58) that is essential for the 

interaction with NDUFS1 and apoptosis (Elkholi et al 2018). Mutation of this glycine 

residue to isoleucine (MDM2G58I) reduced MDM2 binding to NDUFS1, ROS production, 

and apoptosis compared to MDM2WT (Elkholi et al., 2018).

A consequence of supercomplex disassembly and loss of CI activity is inefficient e− 

transport and accumulation of ROS (Lopez-Fabuel et al., 2016), which appears to be 

sufficient to provoke DNA damage and apoptosis. In contrast, mitochondrial-targeted 

MDM2 variants investigated by Arena et al do not induce apoptosis, despite using the same 
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lung cancer cell line (H1299) and observing decreased CI activity and increased ROS levels. 

Perhaps in this setting, MDM2 mediated decreases in CI are useful to reduce cellular 

bioenergetics to preserve key nutrients while transiently disrupting REDOX. This 

discrepancy may also be partially explained by differences in the amount of MDM2 

expressed, timing of experiments (e.g., Elkholi et al. notes that MDM2-induced apoptosis 

requires at least two days), or culture conditions impacting upon MDM2 and NDUFS1 

expression and localization. Indeed, cytosolic localization of MDM2 is critical for apoptosis, 

not nuclear MDM2, yet this observation does not exclude a role for nuclear MDM2 in stress 

signaling or cell death commitment. Taken together, the contrasting yet complementary 

observations reveal that additional investigations are necessary to understand how signaling 

and setting influence MDM2-mediated cellular phenotypes. As the majority of observations 

are based on exogenous expression of MDM2, more clear insights may come from studies 

that investigate which physiological scenarios promote MDM2’s regulation of bioenergetics.

6. Physiological impact of MDM2-mediated CI regulation

The development of Mdm2 transgenic animal models have been vital to understanding the 

significance of MDM2 in normal physiology and cancer settings. The first literature 

describing genetic regulation of Mdm2 expression in vivo was the creation of Mdm2 null 

mice, which exhibit embryonic lethality, unless trp53 is conjointly deleted (Itahana et al., 

2007; Jones et al., 1995; Montes de Oca Luna et al., 1995). Interestingly, this lethality 

phenotype was also observed in a murine model where the MDM2 E3 ligase activity was 

disrupted by mutating the MDM2 RING domain (MDM2C462A), indicating that constitutive 

MDM2-p53 regulation is critical for murine development (Itahana et al., 2007).

Around the same time that Mdm2 null mice were created, fundamental observations across a 

wide variety of human tumor specimens established that MDM2 was frequently amplified, 

suggesting an oncogenic function (Biernat et al., 1997; Higashiyama et al., 1997; Jones et 

al., 1998; Leite et al., 2001; McCann et al., 1995; Nakayama et al., 1995). However, initial 

gain-of-function mouse models were challenging to generate as mice expressing Mdm2 two-

fold over physiological levels succumbed to lethality in utero, suggesting a tumor suppressor 

(potentially pro-apoptotic) role (Jones et al., 1998). Using conditional alleles allowing for 

specific expression in breast epithelial cells of WT and trp53 null mice, Mdm2 exhibited 

growth inhibitory characteristics: including induction of S-phase cell cycle arrest, increased 

polyploidy, and abnormal mammary gland development --- indicating that MDM2 has tumor 

suppressor activity that was not fully dependent upon trp53 (Alkhalaf et al., 1999).

Recent findings point to an evolutionary conserved function of MDM2 to regulate apoptosis, 

potentially through CI, in Drosophila melanogaster (Elkholi et al., 2018). This in vivo model 

offers an interesting alternative to Mdm2 mouse models for three main reasons: (1) 

components of cell stress and caspase-dependent cell death pathways are conserved between 

Drosophila and mammals (Tittel and Steller, 2000), (2) the Drosophila p53 pathway has no 

known MDM2 homolog, and (3) Drosophila p53 is not regulated by mammalian MDM2 

(Folberg-Blum et al., 2002). Specific overexpression of MDM2 in either the eye or imaginal 

wing disc, resulted in increased mitochondrial ROS and DNA damage. This oxidative stress 

resulted in apoptotic cell death and tissue ablation in an MDM2 dose-dependent manner. All 
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of these apoptotic phenotypes can be effectively reversed in flies genetically engineered to 

disable cellular commitment to apoptosis (i.e., deletion of reaper/grim/hid prevent apoptosis 

from initiating or crossing with DIAP1 or p35 transgenic animals to suppress caspase 

activation). Interestingly, many of the transgenic MDM2 effects observed were phenocopied 

when the Drosophila homologue of NDUFS1 (i.e., ND-75) was silenced by RNAi, 

reinforcing the direct links between MDM2, mitochondrial biology, and apoptosis (Elkholi 

et al., 2018). These results are particularly interesting to consider because MDM2 has no 

effect on yeast mitochondrial bioenergetics, probably because NADH oxidase activity is 

mediated by a single protein, NDI1 (Marres et al., 1991). These observations potentially 

suggest that the evolution of CI into a multi-subunit, highly regulated assembled 

holoenzyme may have occurred simultaneously with a series of regulatory proteins (i.e, 

MDM2) as a mean of adding further complexity to bioenergetics.

In stark contrast to MDM2’s ability to induce cell death is a large body of literature 

describing its potent oncogenic function. Transgenic Mdm2 mouse models expressing four-

fold over normal levels developed tumors, with a tumor spectrum that differs from trp53 null 

mice (Jones et al., 1998). Moreover, mice that express two copies of the Mdm2 gene have a 

greater tumor burden compared with mice that only express one copy of the transgene, 

indicating a dose-dependent susceptibility to MDM2 over-expression (Jones et al., 1998). 

Indeed, MDM2 over-expression has been correlated with poorer patient prognosis 

(Reifenberger et al 1993, Matsumura et al 1996). Interestingly, several tumor types (e.g., 
liposarcoma) are characterized by the amplification of MDM2, decreased mitochondrial 

function, and high glycolytic rates (Nakayama et al., 1995), suggesting potential mechanistic 

links between MDM2 overexpression and metabolic reprogramming (i.e., the Warburg 

effect). Indeed, sarcoma cells are sensitive to glycolytic inhibitors like 2-deoxy-D-glucose, 

but not CI inhibitors, such as metformin (Issaq et al., 2014). From these findings one can 

speculate that MDM2 amplification in sarcoma results in mitochondrial dysfunction through 

decreased supercomplex formation and CI activity, which contributes changes to cellular 

metabolism and sensitivity to CI inhibitors. Similarly, mitochondrial localization of MDM2 

promotes tumor progression by increasing the migration and invasion capacity of lung 

cancer cells in vitro and in vivo (Arena et al., 2018). These cellular changes are also 

accompanied by an increase in the expression of genes that control epithelial to 

mesenchymal transition, a key phenotype of metastasising cancer cells. Intriguely, many 

cancer cells contain loss-of-function mutations within MT-ND6 that concomitantly occur 

with increased expression of metastasis genes (Koshikawa et al., 2017; Yuan et al., 2015). 

For example, primary lung cancer cytoplasmic hybrid (i.e., cybrid) cells expressing nonsense 

or missense MT-ND6 mutations possessed higher migratory and invasion capacity compared 

to wild type MT-ND6 cells (Yuan et al., 2015). Based on these observations it appears that 

inhibition of MT-ND6 expression, CI activity, and decreased mitochondrial activity, either 

through mitochondrial MDM2 or acquisition of MT-ND6 mutations is sufficient to alter 

gene expression profiles to promote tumor metastasis.

Beyond the effects mitochondrial MDM2 has on tumorigenesis, Arena et al. also provide 

interesting mechanistic insight into how MDM2 over-expression disrupts normal cellular 

homeostasis. For example, the relevance of the MDM2-mediated regulation of CI was 

analysed in vivo in murine skeletal muscle cells (Arena et al., 2018). Under hypoxic 
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conditions, MDM2 levels were increased in the mitochondria and this correlated with a 

decrease in MT-ND6 levels. When Mdm2 was silenced in striated skeletal muscles from 

trp53 null mice, MT-ND6 expression and subsequent CI activity increased under normoxia 

and hypoxia conditions compared to mice expressing Mdm2. Notably, the physical 

endurance of Mdm2 knockout mice under hypoxic conditions was higher when compared to 

control mice, suggesting that mitochondrial MDM2 may be a key regulator of the energetic 

output of skeletal muscles, which may impact on cellular survival in these cell types. 

Altogether, the regulation of CI by MDM2 has broad physiological effects in different 

tissues and cell types that range from the control of bioenergetic requirements of highly 

activity tissues to the regulation of cell death and survival of cancer cells.

7. Future directions

Two recent articles have shown that MDM2 regulates CI, revealing a new field of research in 

the complex interplay between mitochondrial bioenergetics and the MDM2 pathway in 

physiology and disease. The identification and characterization of new MDM2 interacting 

partners affecting mitochondrial function propose multiple areas that require further 

attention. There is evidence suggesting MDM2 enters mitochondria under hypoxic 

conditions to affect MT-ND6 expression, but the molecular mechanisms underlying MDM2 

transport into mitochondria remain enigmatic. It has been suggested to occur through 

mitochondrial transporters, but because MDM2 has no MTS, further analysis is required to 

completely elucidate this mechanism. Similarly, the cellular conditions and upstream signals 

that promote the interaction between MDM2 and NDUFS1 remain undefined. It will be 

interesting to evaluate the MDM2-NDUFS1 interaction and the potential role of MDM2-

mediated regulation of CI in pathological conditions where mitochondrial respiration is 

compromised, such as additional cancers and neuropathies. Also, a broader understanding of 

MDM2-mitochondrial signaling axes is necessary to uncover the potential clinical 

applications of MDM2 modulation in disease.
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Figure 1: MDM2 gene and protein structure.
The diversity of MDM2 signaling comes from a complex gene and protein structure. 

Located on the long arm of chromosome 12, Mdm2 contains twelve exons and two 

promoters (P1 and P2). MDM2WT consists of 491 amino acids that comprise four functional 

domains essential to its function. They are the amino-terminal p53 binding domain, a central 

acidic domain, a zinc finger region, and the RING (Really Interesting New Gene) domain, 

which contains E3 ubiquitin ligase activity. The amino-terminus is commonly referred to as 

the p53-binding domain because this is its most characterized interaction, but it is also 

responsible for binding a variety of other proteins (e.g., E2F1 and p73). Following the 

amino-terminal domain is a linker region containing both a nuclear localization signal and a 

nuclear export signal (NLS and NES, respectively) that regulate MDM2 subcellular 

localization. The central acidic domain negatively regulates the p53-signalling pathway by 

inducing the ubiquitination of p53 or by inducing a conformational change that inhibits 

p53’s transcriptional activity (Cross et al., 2011). Finally, the E3 ubiquitin ligase activity of 

the RING domain is responsible for regulating both subcellular localization and degradation 

of various MDM2 interacting proteins.
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Figure 2. The electron transport chain mantains mitochondrial respiration and generates the 
proton-motive gradient.
(A) Schematic diagram of Complexes I-V (CI, CII, CIII, CIV, and CV), which are integrated 

in the inner mitochondrial membrane (IMM). CI is the entry point for electrons (e−) via the 

oxidation of NADH to NAD+. These electrons flow through CI and CII to ubiquinone (Q), 

which is involved in the reduction of oxygen (O2) to free radicals (O2
−). CII acts as a 

secondary electron entry point via the oxidation of FADH2 to FAD+. Collectively, electrons 

flow from CIII to reduce cytochrome c (Cyto c), which is then utilized by CIV to reduce 

molecular oxygen (the final electron acceptor) to water (H20). CI, CIII, and CIV generate 

the proton motive force (ΔψM) by pumping hydrogen ions (H+) from the mitochondrial 

matrix into the inner mitochondrial space (IMS). In turn, the H+ gradient generated by the 

electron transport chain (ETC) drives CV (ATPase synthase) to convert adenosine 

diphosphate and inorganic phosphate (ADP and PO4-, respectively) into ATP. (B) Assembly 
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of CI, CIII, and CIV into supercomplex structures, which promote efficient e− transport, 

reduced ROS production and optimal ETC capacity.
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Figure 3. MDM2 over-expression disrupts Complex I activity through two distinct mechanisms.
Mitochondrial MDM2 binds to mitochondrial DNA leading to decreased MT-ND6 
expression, Complex I activity, and induced mitochondrial fragmentation and ROS. 

Conversely, cytosolic MDM2 sequesters NDUFS1 in the cytosol causing supercomplex 

dissociation, decreased Complex I activity, increased ROS, DNA damage, and apoptosis.
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