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RESUMEN (en español)

Durante esta Tesis doctoral, hemos intentado confibuir al estudio de la función mitocondrial y
su relación con la patología humana, mediante varias aproximaciones. En primer lugar, hemos
generado ratones deficientes en dos proteasas mitocondriales, Oma'l y Lonp1, para analizar su
relevancia funcional y su papel en la fisiología y patología humana. Estas dos proteasas
mitocondriales forman parte del sistema de control de calidad mitocondrial, el cual mantiene la
integridad de las mitocondrias, degradando proteínas mal plegadas, dañadas, o simplemente
participando en el recambio proteico de las mismas. Mediante la generación de estos modelos
murinos, hemos demostrado que OMAl es una proteasa clave en el confol del metabolismo
debido a su función regulando la dinámica de las mitocondrias en respuesta a estrés. Además,
hemos comprobado que esa misma función de respuesta a esfés, la cual es beneficiosa en
condiciones fisiológicas, puede ser perjudiclal en condiciones patológicas como el daño renal.
Porotro lado, hemos generado ratones deficientes en LONP1, demostrando que esta proteasa
es indispensable para la vida, ya que los ratones deficientes en este enzima proteolftico
presentan letalidad embrionaria. Así mismo, utilizando los ratones haploinsuficientes y modelos
celulares de ganancia y pérdida de función, hemos comprobado que la proteasa Lon es un
oncogén, que participa en la reprogramación del metabolismo de las células fumorales a tavés
de la remodelación de la acüvidad mitocondrial. De este modo, los ratones deficientes en estas
dos proteasas nos han permitido definir su relevanciafuncional en diversos procesos celulares
yexfaer algunas claves acerca de su implicación en el cáncer yen laregulacióndel
metabolismo. Finalmente, hemos estudiado las alteraciones mitocondriales y metabólicas en un
modelo de envejecimiento prematuro causado por deficiencia en la metaloproteasa Zmpste24.
Nuestro fabajo en este sentido ha permitido definir los mecanismos subyacentes al fenotipo de
lipodistrofia que presentan dichos ratones mutantes y puede abrir nuevas estategias para el

fatamiento de enfermedades devastadoras como la progeria de Hutchinson-Gilford.

RESUMEN (en lnglés)

ln this Thesis, we have f ¡ed to contribute trr he strdy of mitochondrial function and heir relation
with human disease hrough different approaches. First, we have generated mice deficient in

two mitochondrial proteases, Omal and Lonp'1, to evaluate he physiological and pathological
role of those enzymes. These mitochondrial proteases belong to the quality confol system,
which maintains the integrity of mitochondria degrading misfolded or damaged proteins, or
participating inprotein furnover.Bygeneraüng these mouse models, we have shown thatOMAl
has a key role in the metabolic control due tr¡ its ability to regulate mitochondrial dynamics in
response to sfess. ln addition, we have found that his stess response function, which is

beneficial under physiological conditions, can be harmful under paürological situations such as
kidney injury. On the otherhand, we have generated mice deficient in LONPl , showing that this
protease is essential for life, since mice deficient in this protease show embryonic lethality.
Further, by using haploinsufficient mice and cellular models of gain- and loss-of-function, we
havefound hat LONPl actsas an oncogene, participating inthe metabolic reprogramming of
tumor cells through remodeling mitochondrial function. Therefore, üre generaüon of mice
deficient in these two proteolytic enzymes has allowed us to define their functional relevance in
various cellular processes and extract some clues about their relation with metabolism

ulation and cancer. Finallv. we have described the mitochondrial and metabolicalteraüons in
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a mouse model of accelerated aging caused by deficiency in Zmpste24 metalloprotease. Qrr
work in his regard has allowed us to define the mdecular mechanisms underlying the
lipodysfophy phenotype characteristic of hese mutant mice and may open new sfategies for
the featment of devastating human diseases such as Hutchinson-Gilford progeria syndrome.

SR. DIRECTOR DEL TEPARTAMENTO TE BIOQUIMICA Y BOLOGIA MOLECULAR
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Mitochondrial structure Introduction

Mitochondria are subcellular eukaryotic organelles derived from an α-proteobacteria

engulfed by the precursor of the modern eukaryotic cells. These organelles have evolved

within our cells in endosymbiosis during billions of years maintaining part of their ances-

tral characteristics, such as their own genome, known as mitochondrial DNA (mtDNA). In

addition, mitochondria have also conserved the capacity to produce ATP, being the central

core of energy metabolism within the cell. However, the endosymbiotic evolution has re-

sulted in profound changes in the mitochondrial genome and proteome, which have acquired

new components and functions from the host cell (Wallace, 2005). Although mitochondria

have been studied extensively since its discovery, over a hundred years ago, during the last

decades many works have shown new features that have changed the paradigm around the

static mitochondrial function. Furthermore, many diseases have been associated with mu-

tations or deregulations in mitochondrial proteins. These events have revealed the need to

explore more in depth the mitochondrial function to understand the mechanism of regulation

of these new features and the underlying causes of their associated diseases (Pagliarini and

Rutter, 2013).

Mitochondrial structure

Mitochondria comprise two phospholipid bilayers, the outer (OM) and inner mem-

brane (IM), which separate two aqueous compartments, the intermembrane space (IMS) and

the matrix (Friedman and Nunnari, 2014). The matrix contains the mtDNA which consists in

a small circular genome encoding 13 proteins, 2 ribosomal RNA and 22 transfer RNA genes.

The mtDNA-encoded proteins are components of the mitochondrial respiratory complexes,

while the mitochondrial RNAs are essential components of the mitochondrial translation

machinery. The mitochondrial OM is relatively smooth and very similar to the eukaryotic

bilayer in phospholipid composition, whereas the IM retains some characteristics of its

bacterial origin, such as the specific phospholipid cardiolipin (Claypool, 2009). Moreover,

IM expands its surface forming numerous structures towards the matrix, called cristae,

to increase the surface area and membrane proteins required for the multiple functions

occurring there. Mitochondria also contain some complex or scaffold proteins that stabi-

lize their internal structure, such as prohibitins in the inner membrane, the multicomplex

MitOS/MICOS/MINOS in the cristae junctions and the OPA1 protein in the cristae (Frezza

et al., 2006; von der Malsburg et al., 2011; Osman et al., 2009).

In contrast to classical visions of mitochondria, described as isolated entities with a

bean shape, it is now well established that these organelles form a complex and connected

network in the cell whose structure varies depending on the cell type and tissue, as well as

on the metabolic state. The dynamic capacity of mitochondria, along with the specialized

machinery developed in their outer and inner membrane, allow them to be shuttled by the
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Introduction Mitochondrial function

cytoskeleton and be physically connected with various cellular organelles and structures such

as plasma membrane, peroxisomes, autophagosomes, lysosomes or endoplasmic reticulum

(Westermann, 2010).

Mitochondrial function

Mitochondria are responsible for generating the bulk of cellular energy in the form of

ATP through oxidative phosphorylation (OXPHOS). The generation of energy in the cells is

based on the use of reducing equivalents of hydrogen, in form of NADH and FADH2, gene-

rated by an intricate system that coordinates glucose, fatty acid and amino acid oxidation. In

the mitochondria inner membrane, the electrons of these reducing equivalents pass through

an electron transport chain (ETC) and finally react with oxygen to generate water. The ETC

is composed of four mitochondrial respiratory complexes (complexes I-IV) and some mobile

carriers, through which the electrons pass via redox reactions. NADH reducing equivalents

enter into mitochondrial ETC through complex I, whereas FADH2 reducing equivalents

enter through complex II. The electron transport through the complex I, III and IV is coupled

to a pump of protons across the mitochondrial inner membrane, generating a proton gradient

used by complex V (ATPase) to generate ATP. This proton gradient, established between

the IMS and the matrix, is also used for other purposes, such as the import of calcium and

proteins into mitochondria or the generation of heat (Wallace et al., 2010).

Although the function of OXPHOS has been known for many years, the organization

of respiratory complexes in the inner membrane has generated much discussion and study.

Nowadays, it is widely accepted that mitochondrial complexes are associated into greater

entities, called supercomplexes (SCs). However, the model that could explain the assembly

and function of the OXPHOS complexes is still debated. The “plasticity model” is the

most plausible scenario in this regard and combines two original models in which single

complexes (“fluid model”) and different types of supercomplexes (“solid model”) coexist in

the inner membrane (Acín-Pérez et al., 2008). According to this integrative model, SCs can

be formed by the combination of two different complexes, like complex I and III or complex

III and IV, or by the combination of the three complexes I, III, and IV, in a structure known

as respirasome. The formation of these SCs allows a more efficient and fast transport of

electrons through the ETC and a reduction in ROS, leading to a better response in metabolic

adaptations (Lapuente-Brun et al., 2013; Acin-Perez and Enriquez, 2013).

Besides ATP generation, mitochondria are also implicated in several pathways of in-

termediate metabolism within the cell, such as beta-oxidation of fatty acids or synthesis of

pyrimidines and steroids, as well as in the regulation of different pathways of the cellular

metabolism. In addition, mitochondria also generate and regulate reactive oxygen species

6



Mitochondrial quality control Introduction

(ROS), maintain homeostasis and calcium buffering, and participate in essential cellular pro-

cesses such as apoptosis, cellular differentiation and signaling, immune response, cell cycle

or cell growth (McBride et al., 2006). Consistent with the wide diversity of functional roles

played by these organelles, mitochondrial dysfunctions are linked with several pathological

conditions such as degenerative diseases, metabolic disorders, immunological deficiencies

and cancer, but also with the normal process of aging, thereby playing a key role in the

balance between life and death (Nunnari and Suomalainen, 2012).

Mitochondrial quality control

During evolution, mitochondria have developed a complex protein quality control

system that maintains mitochondrial function and homeostasis (Baker et al., 2011). The

role of this control system, mainly mediated by chaperones and proteases, is to restore

mitochondrial proteostasis and function, acting at different levels depending on whether the

damage is induced at molecular, organellar or cellular level. When this control system fails,

mitochondria become sick, generating signals of damage to the cell which converge in the

loss of homeostasis, triggering pathological processes or, ultimately, the death. Among all

the proteins that participate in this system, mitochondrial proteases play essential roles in

almost all steps of the mitochondrial quality control, and are also implicated in the regula-

tion of different processes at organellar and cellular level, such as mitochondrial dynamics,

mitophagy or apoptosis (Anand et al., 2013).

Protease-mediated quality control

Mitochondrial proteases and chaperones are responsible for the first line of defense

against damage in mitochondria. These organelles contain more than a thousand proteins, of

which only 13 components of the OXPHOS system are encoded in mtDNA (Pagliarini et al.,

2008). The remaining proteins have to be translated in the cytoplasm and then imported, pro-

cessed, and assembled in the mitochondria (Schmidt et al., 2010). Therefore, mitochondria

and nucleus must coordinate their genomes in order to synthesize and import the mitochon-

drial components necessary to maintain their functionality. Thus, mitochondrial proteases

and chaperones participate in the import and trafficking of proteins from cytosol to mito-

chondria, the folding of imported proteins and the unfolding and subsequent degradation of

damaged and misfolded proteins, as well as in the protein turnover, facilitating the proper

functionality of mitochondria (Baker et al., 2011).
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Introduction Mitochondrial quality control

Mitochondrial proteases

Proteases are essential hydrolytic enzymes that break the peptide bonds joining the

amino acids together in proteins (López-Otín and Overall, 2002). Of the nearly 600 proteases

present in the human degradome, there are roughly 30 located in mitochondria. Although

the functional relevance of many of them is still unknown, a series of studies first performed

in yeast, and then in mammals, have underscore the key role of some of these proteolytic

enzymes in the mitochondrial function. However, the lack of mouse models of gain- or

loss-of-function for many of these proteases keeps their physiological function largely

unknown.
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Figure 1: Distribution of mitochondrial proteases in the human degradome.

Most of the mitochondrial proteases are involved in the mitochondrial quality control

system. There are four-major ATP-dependent proteases that participate actively in this

process: i-AAA and m-AAA proteases, which are located in the inner membrane with

their catalytic sites exposed to the intermembrane space and the matrix, respectively, and

ClpP and the Lon protease, both located in the matrix. Lon protease (LONP1) is a highly

conserved serine peptidase that contributes to protein quality control processes from bacteria

to eukaryotic cells (Lu et al., 2003). LONP1 plays an important role in the degradation
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of misfolded and damaged proteins in the matrix, supporting cell viability under different

stress conditions (Venkatesh et al., 2012). LONP1 function has been studied in depth in

bacteria and yeast, and there are several proposed substrates for this enzyme in mammals,

such as aconitase, cytochrome c oxidase isoform COX4-1 or TFAM (Bota and Davies, 2002;

Fukuda et al., 2007; Matsushima et al., 2010). However, the functional relevance of Lon

protease in mammals remains unclear. The second protease in the mitochondrial matrix is

ClpP, a serine protease that together with the chaperone ClpX, forms the complex ClpXP

which is implicated in the degradation of misfolded proteins (Haynes et al., 2007). The

i- and m-AAA are metalloproteases that form hexamers in the IM and have the capacity

to recognize unfolded proteins due to the characteristics of their AAA domains (Gerdes

et al., 2012). The m-AAA protease is composed of two different subunits in humans,

AFG3L2 and paraplegin (or SPG7), whereas i-AAA protease is only composed of a single

subunit, YME1L1 (Koppen et al., 2007; Stiburek et al., 2012). Their substrates are mainly

membrane-spanning and membrane-associated subunits of the ETC. In addition, m-AAA

protease processes the mitochondrial ribosomal protein MrpL32, which requires a second

proteolytic cleavage for its maturation after its import to mitochondria (Bonn et al., 2011).

Moreover, both proteases have been related to the processing of the fusion protein OPA1

(Ehses et al., 2009; Song et al., 2007). Notably, after proteolytic degradation by these ATP-

dependent proteases, some oligopeptidases, such as PITRM1, have been associated with the

further processing of polypeptides to small peptides in order to complete the degradation

of misfolded proteins (Stahl et al., 2002). Additionally, there are several ATP-independent

proteases that collaborate in the maintenance of mitochondrial homeostasis, such as HTRA2

or ATP23 in the IMS, or PARL and OMA1 in the IM. The function of these proteases is

not completely clear, but it is widely accepted that all of them play different roles in the

mitochondrial quality control (Anand et al., 2013).

Together with these proteases belonging to the quality control machinery, there is an-

other important subgroup of mitochondrial proteases whose function is related to the process-

ing and activation of imported proteins. These mitochondrial processing peptidases, which

include PMPCA/B and IMMP1L/2L, are responsible for removing mitochondrial import sig-

nals - amphipathic sequences mainly located in the N-terminal of some proteins - necessary

to their correct target and entry into mitochondria through the TOM and TIM complexes

(Gakh et al., 2002). Finally, other proteases such as MIPEP or XPNPEP3, collaborate with

the processing peptidases inducing a further proteolytic cleavage required in certain proteins

after being imported into the mitochondrial space (Vögtle et al., 2009).

Mitochondrial unfolded protein response

The balance between nuclear protein synthesis and the import and assembly into mito-

chondria must be perfectly coordinated, especially in the assembly of OXPHOS complexes,

9
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Figure 2: Mitochondrial quality control proteases. Representation of the main mitochondrial
quality control proteases and the fusion protein OPA1. Star denotes the location of the
active center of proteolytic enzymes.

which have components encoded by different genomes. The imbalance in the expression

of nuclear or mitochondrial OXPHOS subunits leads to accumulation of unassembled or

unfolded proteins and the subsequent mitochondrial stress and dysfunction. This equilib-

rium perturbation, also known as mitonuclear imbalance, induces the mitochondrial un-

folded protein response (UPRmt) (Houtkooper et al., 2013; Mouchiroud et al., 2013). The

UPRmt activates the transcription of nuclear encoded mitochondrial quality control compo-

nents along with other genes in order to re-establish mitochondrial proteostasis (Haynes and

Ron, 2010). Although the UPRmt was discovered in mammalian cells, its function has been

more extensively studied in Caenorhabditis elegans, where its activation increases longevity

(Houtkooper et al., 2013). In worms, UPRmt involves a protease-mediated digestion of un-

folded or unassembled proteins into peptides and the transport of these peptides to the cy-

toplasm, where they induce a transcriptional response that leads to the expression of com-

ponents of the mitochondrial quality control system, such as ClpXP protease and the mito-

chondrial chaperone mtHsp60 (Haynes et al., 2007).

Mitochondrial dynamics

Mitochondria are highly dynamic organelles that continually undergo processes of

fusion and fission. Thus, and depending on the cell type, tissue or metabolic state, mito-

chondria adopt morphologies ranging from small punctuate organelles to a highly connected

network (Westermann, 2010). Linked to the quality control mechanism exerted by proteases

and chaperones, the regulation of mitochondrial dynamics generates another point of con-

trol at organellar level. Accordingly, mitochondrial dynamics can result in more efficient

organelles through induction of mitochondrial fusion, or can protect the mitochondrial
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network under some stress conditions by coordinating mitochondrial fission (Friedman and

Nunnari, 2014). The study of mitochondrial dynamics during recent years has permitted the

identification of several components of the fusion and fission machinery, as well as some

components that participate in the regulation of these processes. In mammals, the fission

process is largely controlled by the dynamin-related GTPase DRP1, located in the cytoplasm

(Smirnova et al., 1998). This GTPase is recognized and recruited to mitochondria by specific

mitochondrial receptors in the outer membrane, such as MFF, FIS1 or MID49/51, forming

a ring-like structure that constricts mitochondrial membranes producing the fission event

(Losón et al., 2013). On the other hand, the fusion process is mainly performed by three

large GTPases, mitofusin 1 and 2 (MFN1 and MFN2) in the outer membrane and OPA1 in

the inner membrane (Chen et al., 2003; Cipolat et al., 2004). Both dynamic processes must

be highly controlled to maintain the balance between fusion and fission events, as well as to

enable a rapid response to a wide variety of stimuli in the cell. Thus, a decrease in ATP lev-

els, loss of mitochondrial membrane potential or apoptotic stimuli, induce fragmentation of

the mitochondrial network due to inhibition of the fusion process (Youle and van der Bliek,

2012). Conversely, the fission process is inhibited in response to starvation, increasing the

connection of the mitochondrial tubular network to protect mitochondria from degradation

by mitophagy (Gomes et al., 2011). The fusion event has been widely studied in the context

of OPA1, a very important protein for mitochondrial function and homeostasis, which is

associated with different degenerative diseases (Landes et al., 2010). OPA1 functions are

controlled by alternative splicing events and by proteolysis of these isoforms (Ishihara

et al., 2006). In mammals, OPA1 produces eight different isoforms, some of which are

proteolytically processed generating short isoforms (S-OPA1), while others keep their large

structure as long isoforms (L-OPA1). To produce the fusion event is necessary to maintain

equimolar amounts of the long and short isoforms, thereby only some of the long isoforms

are processed to generate short isoforms. Under stress conditions, all L-OPA1 isoforms

are cleaved exclusively generating S-OPA1 isoforms and inhibiting the fusion event. Many

proteases have been associated with the physiological processing and stress inactivation of

OPA1, such as m-AAA, YME1L1, PARL or OMA1 (Cipolat et al., 2006; Ehses et al., 2009;

Head et al., 2009; Song et al., 2007).

Besides OPA1, the other GTPases involved in mitochondrial dynamics are also

regulated by proteolysis. Both DRP1 and mitofusins are subjected to different types of

post-translational modifications adding new systems of complexity in their regulation.

For instance, the E3 ubiquitin ligase MARCH5 ubiquitinates DRP1, FIS1 and mitofusins,

while parkin ubiquitinates DRP1 (Park et al., 2010; Poole et al., 2008). The involvement of

ubiquitin ligases suggests a possible activity of some deubiquitinating enzymes affecting

mitochondrial dynamics, such as USP30 (Nakamura and Hirose, 2008). In addition, DRP1

is sumoylated by the mitochondrial-anchored protein ligase (MAPL), whereas the sestrin-
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specific protease 5 (SENP5) removes SUMO from DRP1, regulating its activity and stability

in the mitochondrial outer membrane (Braschi et al., 2009; Zunino et al., 2007).

Importantly, mitochondrial dynamics is also involved in other cellular functions, such

as the distribution of the mitochondrial pool during cell division, the mitochondrial transport

in the cell or the increase in the transmission of membrane potential (Westermann, 2010).

These functions indicate that the regulation of fusion and fission processes must be highly

regulated and coordinated not only by the mitochondrial quality control machinery, but also

by other cellular mechanisms. The importance of mitochondrial networks is highlighted

by the fact that mutations in components involved in maintaining mitochondrial dynamics

result in neurodegenerative diseases (Itoh et al., 2013).

FISSION

FUSION

APOPTOSIS

MITOPHAGY

Depolarization

Recovery

DRP1 MFF

MFN1/2 OPA1

Figure 3: Mitochondrial life cycle. Representation of fusion and fission processes and their rela-
tionship with mitophagy and apoptosis.

Mitophagy

Mitophagy is a process by which damaged mitochondria are selectively degraded by

the autophagy machinery. Linked to mitochondrial dynamics, mitophagy removes damaged

mitochondria with low membrane potential whose function cannot be rescued and which

have been previously segregated from the network by mitochondrial fission (Twig et al.,
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2008). In addition, mitochondria can be removed by the autophagy machinery in a non-

selective degradation due to nutritional requirements in the cell, such as deprivation of nu-

trients (Mariño et al., 2014). The selective regulation of mitophagy depends on the recruit-

ment of autophagy proteins to the mitochondrial outer membrane through specific receptors.

Although the molecular mechanisms underlying this process are not completely well under-

stood, it is assumed that the main regulation depends on the E3 ubiquitin ligase parkin and

PINK1 (PTEN-induced kinase 1) (Youle and Narendra, 2011). In normal conditions, PINK1

is imported and inserted into the mitochondria inner membrane, through TOM and TIM

complexes by a mechanism dependent on mitochondrial membrane potential. Consequently,

PINK1 is degraded in the inner membrane by PARL and another as yet unidentified protease.

Loss of the mitochondrial membrane potential inhibits the import and degradation of PINK1

(Jin et al., 2010), thus remaining in the outer membrane. Then, PINK1 is recognized by

parkin, which is recruited to mitochondria and mediates the polyubiquitination of different

outer membrane proteins, such as mitofusins or VDAC1 (Voltage-Dependent Anion-Channel

1). Subsequently, autophagy proteins such as HDAC or p62 are also recruited to mitochon-

dria, binding to the ubiquitinated proteins and linking them to the autophagy machinery

for degradation (Youle and Narendra, 2011). Interestingly, ubiquitination of some proteins,

such as mitofusins, can also recruit the proteasome and p97 machinery, indicating that the

ubiquitin-proteasome system (UPS) is also involved in the mitochondrial quality control,

even degrading outer membrane proteins or participating in the mitophagy process (Tanaka

et al., 2010).

Apoptosis

Finally, when all previous steps of quality control fail, stressed cells undergo apoptosis.

As described previously, mitochondrial dynamics induces the fission of the mitochondrial

network after some kind of deleterious stress signals. In addition, mitochondrial fission

is also induced in apoptotic cells (Frank et al., 2001). During apoptosis, pro-apoptotic

members of the BCL-2 family BAX/BAK are translocated from cytosol to mitochondria

forming pores in the outer membrane and leading to the mitochondrial outer membrane

permeabilization (MOMP). This MOMP induces the release of cytochrome c and other

pro-apoptotic factors from the intermembrane space, promoting caspase activation and cell

death (Mariño et al., 2014). Accordingly, it is described that BAX/BAK oligomerization is

accumulated in foci where DRP1 and mitofusins are localized, and that DRP1 can stimulate

BAX oligomerization and cytochrome c release, independently of their GTPase activity,

indicating the convergence of both processes (Karbowski et al., 2002). On the other hand,

mitochondrial fusion protects against apoptosis, due to the inhibition of fragmentation and

the stabilization of OPA1, which maintains the integrity of cristae junctions inhibiting the

release of pro-apoptotic proteins (Frezza et al., 2006). In addition, the anti-apoptotic protein

BCL-2 plays a role in mitochondrial dynamics, stimulating fusion events (Autret and Martin,
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2009). These data illustrate a crosstalk between mitochondrial dynamics and apoptosis.

In summary, the mitochondrial quality control system protects mitochondria against

damages acting at different molecular and cellular levels. This system, consisting of a se-

ries of linked mechanisms, ensures a proper mitochondrial function. Conversely, defects in

the mitochondrial quality control system induce mitochondrial damage, and trigger several

pathological conditions.

Mitochondrial diseases

Mitochondrial diseases can be defined as inherited disorders resulting from mutations

in mtDNA or nDNA that impair mitochondrial function. There are nearly 300 monogenic

diseases associated with mitochondrial proteins, half of which are caused by mutations in

mitochondrial and nuclear genes encoding OXPHOS components (Koopman et al., 2012).

The resulting mutations induce defects in mitochondrial respiratory chain function, which

finally trigger a broad and diverse set of pathologies. Neurons are especially susceptible to

mitochondrial damage, because they are highly dependent on the mitochondrial function.

Thus, many mutations or defects in mitochondrial proteins cause neurodegenerative diseases

(Rugarli and Langer, 2012). Nevertheless, mitochondrial dysfunction and respiratory defects

are also common in other pathologies, which are not directly associated with mutations in

mitochondrial proteins but affect their function and can also be considered as mitochondrial

diseases. These include metabolic disorders, cardiac diseases, immunological defects or can-

cer, as well as the aging process (Wallace, 2011; Lopez-Otin et al., 2013).

Monogenic diseases

Most of the gene mutations that affect mitochondrial function follow a Mendelian

inheritance and can be autosomal or recessive. However, mutations in mtDNA genes follow

a maternal inheritance, because mitochondria are transmitted maternally. Thousands of

mutations have been identified in the human mtDNA, from which hundreds have clinical

relevance (Wallace, 2013). These mutations affect genes encoding both proteins and mi-

tochondrial tRNAs and rRNAs, having at least one human disease associated with each

of the 37 mtDNA genes (Koopman et al., 2013). The phenotypic characteristics of these

diseases are very heterogeneous and have a wide range of disease onset and severity. This

heterogeneity can be explained by the heteroplasmy – the presence of a mixture of native and

mutated mtDNA in the same cell – which arises due to the multiple copies of mtDNA within

each mitochondria (Schon et al., 2012). The heteroplasmy can render differences among

tissues or members of the same family who present the same mutation (Sharpley et al., 2012).
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Mutations in nDNA-encoded mitochondrial genes have been related to a broad spec-

trum of pathologies, ranging from severe neurological and lethal syndromes to metabolic

problems or predisposition to degenerative diseases (Koopman et al., 2012). These mutations

affect genes encoding proteins related to the OXPHOS system, replication and transcription

of the mtDNA, protein synthesis, metabolism, mitochondrial dynamics, biogenesis and

quality control. The decrease in respiration and OXPHOS defects are a common feature of

almost all the mitochondrial diseases. This pleiotropic consequence is explained because res-

piration has a plethora of mitochondrial proteins involved in its correct execution (Pagliarini

et al., 2008). Moreover, defects in proteins of the mitochondrial quality control system will

induce the same dysfunction, due to the absence of protein turnover and the accumulation

of misfolded and aggregated proteins (Andreux et al., 2013). Some examples of the most

relevant mitochondrial pathologies are summarized herein, with special attention to those

caused by defects in mitochondrial proteases or proteins related to the mitochondrial quality

control system.

Table 1: Mitodegradomopathies

Gene Function Associated Disease Reference

SPG7 PQC/dynamics Hereditary spastic paraplegia (Casari et al., 1998)

AFG3L2
PQC Spastic ataxia-neuropathy syndrome (Pierson et al., 2011)

dynamics Spinocerebellar ataxia SCA28 (Di Bella et al., 2010)

CLPP PQC Perrault syndrome (Jenkinson et al., 2013)

PARL PQC Parkinson disease (Shi et al., 2011)

PARK7 PQC Parkinson disease type VII (Bonifati et al., 2003)

UQCRC2 OXPHOS Mitochondrial complex III deficiency (Miyake et al., 2013)

CASP8 Apoptosis Autoimmune lymphoproliferative syndrome (Varfolomeev et al., 1998)

HTRA2 Apoptosis Parkinson disease (Strauss et al., 2005)

PITRM1 MPP Alzheimer disease (Pinho et al., 2010)

XPNPEP3 MPP Nephronophthisis-like nephropathy (O’Toole et al., 2010)

IMMP2L MPP Gilles de la Tourette syndrome (Petek et al., 2001)

PQC: Protein Quality Control. MPP: Mitochondrial Processing Peptidase

Mitodegradomopathies

Consistent with the essential roles of mitochondrial proteases for mitochondrial func-

tion, alterations in the mitochondrial proteolytic system underlie multiple pathological con-

ditions (López-Otín and Bond, 2008). Importantly, among the more than a hundred human

hereditary diseases associated with proteases (http://degradome.uniovi.es/), 12 are caused

by mutations or defects in mitochondrial proteases (Table 1). These diseases can be defined

as mitodegradomopathies. Because more than half of mitochondrial proteases have yet un-

known physiological function, the high percentage of human diseases associated with these

proteolytic enzymes highlights their importance for mitochondrial and cellular homeostasis.
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Neurodegenerative diseases

A common feature in the degenerative disorders, such as Parkinson disease (PD) or

Alzheimer (AD) disease is the loss of proteostasis (Powers et al., 2009). This loss, due to

an excessive protein misfolding or to defects in the degradation machinery, induces the ac-

cumulation of protein aggregates triggering a pathological process. Given the observation

that the protein aggregates related to PD or AD may appear into mitochondria, it is plausible

that mutations or defects in any of the mitochondrial QC components, essential to remove

misfolded proteins or defective mitochondria, may underlie some of these human diseases

(Kwong et al., 2006). In fact, mutations in mitochondrial proteases, such as DJ1 (PARK7)

or HRTA2 (PARK13), have been associated with PD due to possible defects in the clear-

ance of α-synuclein deposits in mitochondria (Table 1). Furthermore, defects in mitophagy,

due to mutations in PINK1 or PARK2, the gene encoding parkin, are the major causes of

an autosomal recessive form of early-onset PD (Kitada et al., 1998; Valente et al., 2004).

In addition, mutations and defects in PARL protease are also associated with PD, due to its

function processing PINK1 (Table 1). Likewise, the oligopeptidase PITRM1 has been impli-

cated in AD (Table 1), being the main peptidase degrading the amyloid β aggregates, despite

the translocation of amyloid β to mitochondria is unclear (Falkevall et al., 2006).Similarly

to the above discussed degenerative disorders, other neurological syndromes are caused by

defects in components of the mitochondrial quality control system. For example, mutations

in AFG3L2 and SPG7, encoding components of the m-AAA protease complex, cause spastic

paraplegia and ataxia syndromes with different degrees of severity (Table 1). Furthermore,

mutations in CLPP, which encodes another mitochondrial ATP-dependent protease, cause

Perrault syndrome, an heterogeneous autosomal-recessive condition characterized by sen-

sorineural hearing loss and ovarian failure (Table 1). Likewise, mutations in HSPD1, which

encodes the mitochondrial chaperonin HSP60, cause an autosomal dominant form of hered-

itary spastic paraplegia and an autosomal recessive form of Pelizaeus-Merzbacher-like dis-

ease (Hansen et al., 2007; Magen et al., 2008). In addition, deregulation of fusion or fission

events is also implicated in several human diseases, most of them related to neurological

disorders. Thus, mutations in MFN2 cause the Charcot-Marie-Tooth disease type 2A2 and a

hereditary motor and sensory neuropathy (Züchner et al., 2004, 2006). Similarly, a mutation

in DRP1 causes a postnatal death with neurodevelopmental disorder (Waterham et al., 2007).

Finally, mutations in OPA1 cause an autosomal dominant optic atrophy and other forms of

optic atrophy with or without deafness, ophthalmoplegia, myopathy, ataxia and neuropathy

(Delettre et al., 2000; Payne et al., 2004).

Mitochondrial dysfunction and metabolic alterations

Metabolic alterations, such as type 2 diabetes mellitus, are very common in many mi-

tochondrial diseases, appearing as secondary physiological effects due to the mitochondrial
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dysfunction (Liesa and Shirihai, 2013). Although there have not been described mutations in

proteins of the mitochondrial quality control system associated with metabolic alterations,

dysfunctions in this system have also a profound impact in metabolism due to the loss of

mitochondrial homeostasis. The loss of proteostasis induces defects in OXPHOS proteins as

well as in mitochondrial enzymes, triggering the alterations in the cellular metabolism which

likely contribute to physiological deregulations and metabolic disorders. Thus, defects in the

mitochondrial PARL protease, in components of the mitochondrial dynamics, such as mito-

fusins, or in mediators of the mitochondrial biogenesis, such as PGC1a, have been related to

type 2 diabetes mellitus and obesity (Civitarese et al., 2010; Lin et al., 2004; Sebastián et al.,

2012). Nevertheless, we cannot exclude that mutations in any component of the mitochon-

drial quality control machinery could be the primary cause of specific metabolic alterations,

but the severe neurological conditions that usually derive from these mutations can mask the

metabolic defect. In this regard, the generation of conditional mouse models of some of these

proteins, such as OPA1 or mitofusins, has shown that defects in mitochondrial dynamics in

specific cells or tissues can induce systemic metabolic alterations (Schneeberger et al., 2013;

Zhang et al., 2011).

Mitochondrial dysfunction and cancer

Deregulation of cellular energetics has emerged as a new “Hallmark of Cancer”, lead-

ing the study of metabolism and mitochondria to the first line of tumor biology (Hanahan and

Weinberg, 2011). As discussed above, mitochondria are the central core of the metabolic reg-

ulation in the cell and, because some defects in mitochondria alter the metabolism, it is not

surprising that changes in the metabolism of tumor cells are caused by defects or modifica-

tions in the mitochondrial function (Wallace, 2012). The main alteration observed in tumor

cells involving mitochondrial function is the glycolytic switch, in which tumor cells shift

their metabolism from oxidative phosphorylation to glycolytic metabolism (Vander Heiden

et al., 2009). However, this metabolic reprogramming is not unique, because depending on

the type and tumor stage, cancer cells can adapt their metabolism and transform their mito-

chondria from a highly oxidative organelle to an anabolic machine that generates ATP only

through glycolysis. Many mutations in mitochondrial proteins have been described as induc-

tors of the metabolic switch, due to inactivation of the OXPHOS system or the activation

or inhibition of different metabolic pathways (Zhang et al., 2012; Yan et al., 2009). Accord-

ingly, an increase in the expression of some proteins of the mitochondrial quality control

machinery, such as Lon protease or the HSP90 chaperone TRAP1, have also been associated

with tumor cells (Chae et al., 2012; Cheng et al., 2013). In addition, changes in the mitochon-

drial morphology, due to alterations of the mitochondrial dynamic proteins, seem to play a

key role in the invasion, migration and proliferation of different tumor cells, as well as in the

resistance to mitophagy and apoptosis (Zhao et al., 2013). Moreover, mutations in CASP8,

encoding a mitochondrial apoptotic protease, have been associated with hepatocellular car-
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cinoma and with the protection against breast and lung cancer (Soung et al., 2005; Sun et

al., 2007; Varfolomeev et al., 1998), supporting the idea of the different roles of proteolytic

enzymes in tumor biology (López-Otín and Hunter, 2010).

Mitochondrial dysfunction and aging

Mitochondrial dysfunction has been recently featured as one of the nine hallmarks

responsible for the aging process (Lopez-Otin et al., 2013). Although the mitochondrial

dysfunction has been associated with aging for many years, especially due to the free radical

hypothesis of aging and the mitochondrial theory of aging, the molecular mechanisms

underlining this association have changed substantially over the last years. As described in

the “Hallmarks of Aging”, mitochondrial dysfunction together with deregulated nutrient

sensing and cellular senescence are antagonistic hallmarks, induced as a response to mitigate

the damage caused by the primary hallmarks, but which can be deleterious and exacerbate

the damage when occurring chronically or at high levels. These primary hallmarks, which

include genomic instability, telomere attrition, epigenetic alterations and loss of proteostasis,

also affect the mitochondrial function directly, mainly mediated by the generation of mtDNA

mutations and the loss of mitochondrial proteostasis.

Mitochondrial function declines with age and this decline is accompanied by a de-

crease in respiration, mtDNA, protein levels and mitochondrial mass, as well as alterations in

mitochondrial morphology (Bratic and Larsson, 2013). The mitochondrial dysfunction can

be induced by different effectors, such as mtDNA mutations, destabilization of OXPHOS

complexes, decrease in mitochondrial biogenesis or alterations in mitochondrial dynamics

and mitophagy. Because mitochondrial quality control is involved in the maintenance of

all of these processes, defects in some of these components may also contribute or even

cause the mitochondrial dysfunction observed in the aging process (Baker and Haynes,

2011). Accordingly, many works suggest that the modulation of quality control proteins

could increase or decrease longevity. Thus, it is remarkable the case of Lon protease,

which increases the healthspan and lifespan of the fungus Podospora anserina when is

overexpressed, and induces accelerated aging in yeast when it is disrupted (Erjavec et al.,

2013; Luce and Osiewacz, 2009). Surprisingly, deletion of ClpP in P. anserina increases the

lifespan (Fischer et al., 2013). Finally, activation of UPRmt signaling due to a mitonuclear

imbalance, together with the mitohormesis induced by ROS, also modulate longevity in

worms and flies increasing healthspan and lifespan (Houtkooper et al., 2013; Mouchiroud et

al., 2013; Owusu-Ansah et al., 2013).

All these data illustrate the essential roles of the mitochondrial quality control sys-

tem maintaining mitochondrial and cellular homeostasis. However, despite all functions and

pathologies associated with some of these components, the functional relevance of many of
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them still remains unknown. Thus, expanding the study of these mitochondrial components

appears necessary, not only to know the functional and molecular mechanisms, but also to

analyze their possible relevance in different human physiological and pathological condi-

tions.
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Objectives

During the last years, studies on mitochondrial biology have revealed the critical role of

these organelles for cellular homeostasis. In addition, the discovery of mutations or defects

in numerous mitochondrial proteins underlying many human diseases and the observation

of mitochondrial dysfunctions associated with other pathologies, has prompted to study in

depth how mitochondria control and maintain their functionality. In this regard, many new

components and functions have been added to the mitochondrial quality control system, the

mechanism controlling the mitochondrial function. Recent studies have identified some mi-

tochondrial proteases which play essential roles in this quality control system. However, the

large complexity of the proteolytic landscape has made that the molecular and physiological

relevance of several of these mitochondrial proteases still remains unknown. On this basis,

and due to the interest of our laboratory in the functional analysis of proteolytic enzymes,

we have opened a new line of investigation focused on mitochondrial proteases. Accordingly,

the present Thesis work has addressed the generation and phenotypic characterization of two

mitochondrial proteases belonging to the mitochondrial quality control system, in order to

unravel their in vivo functional relevance. Moreover, the availability in our laboratory of a

mouse model of premature aging, showing many metabolic alterations, has focused our at-

tention on the analysis of mitochondrial and metabolic alterations present in these mice as a

model of lipodystrophy.

The main objectives of this Doctoral Thesis were:

• Generation of mice deficient in Oma1 to elucidate the putative role of this metallopro-

tease in the mitochondrial quality control system.

• Evaluation of physiological and pathological alterations in Oma1 -deficient mice.

• Generation of mice deficient in Lonp1 to analyze the in vivo functional relevance of

this quality control protease.

• Analysis of the potential implication of Lonp1 in tumor development using Lonp1 -

deficient mice and in vitro models.

• Characterization of mitochondrial and metabolic alterations in Zmpste24 -deficient

mice as a model of lipodystrophy.
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Molecular Biology Methods

General methods

The basic molecular biology techniques employed in this work, including digestion

with restriction enzymes, DNA ligations, agarose gel electrophoresis or Southern blot hy-

bridization, which are not detailed below, were performed following manufacturers’ instruc-

tions or standard protocols.

DNA constructs

Mouse cDNA from LONP1 was cloned tagged with a FLAG epitope in the carboxy

terminus and subcloned into the pMX retroviral vector (pMX). The construct was verified

by capillary sequencing. For RNA interference experiments, five shRNA vectors were pur-

chased for human and mouse LONP1 (RHS4533-NM_004793 for human and RMM4534-

NM_028782 for mouse; Open Biosystems, Thermo Scientific), and the ability of individual

and combinations of the shRNAs to repress the expression of LONP1 was evaluated by

Western-blot and quantitative RT-PCR after lentiviral infection.

RNA preparation

Collected tissues or cells were immediately homogenized in Trizol (Life Technologies)

and processed in the same day through alcohol precipitation according to the manufacturer’s

instructions. RNA pellets were then washed in cold 80% ethanol and stored at -80 ºC until

further use. Following re-suspension of RNA in nuclease-free water (Life Technologies),

the samples were quantified and evaluated for purity (260/280 nm ratio) using a NanoDrop

ND-1000 spectrophotometer (NanoDrop Technologies).

Real-time quantitative PCR

cDNA was synthesized using 1-2 µg of total RNA, 0.14 mM random hexamer primer,

0.2 mM of each deoxynucleoside triphosphate and Superscript II reverse transcriptase (Life

Technologies). Quantitative PCR (qPCR) was performed using TaqMan® gene expression

assay (Life Technologies) or Power SYBR® Green PCR Master Mix (Life Technologies),

following manufacturer’s instructions, using an Applied Biosystems 7300HT Real-Time

PCR System. As an internal control, gene expression was normalized to the β-actin gene us-

ing TaqMan® gene expression assay or specific oligonucleotides for Power SYBR® Green.

Relative expression is represented as relative quantification, using RQ value (RQ=2-ΔΔCt) or

with percentage relative to the wild-type animals.
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Transcriptional profiling and gene expression analysis

The full transcriptome analysis was conducted using Affymetrix Mouse Gene 1.0 ST

Array according to the protocols recommended by the manufacturer (Affymetrix). Total

RNA was isolated as described above from mice tissues maintained under the same high-

fat diet and light/dark cycle conditions. The RNA integrity was assessed using Agilent 2100

Bioanalyzer (Agilent). Labeling and hybridizations were performed according to protocols

from Affymetrix. Washing and scanning were performed using Fluidics Station 400 and

GeneChip Scanner (Affymetrix). After scanning, rawdata were processed with RMAEx-

press (http://RMAExpress.bmbolstad.com), using default settings. DAVID, Ingenuity and

OpenOffice software were used for data analysis. The DAVID web portal was used to calcu-

late statistical enrichment of KEGG pathways and Gene Ontology biological processes for

each group. The network analyses were generated through the use of Ingenuity Pathways

Analysis (Ingenuity® Systems; www.ingenuity.com).

Western blotting

Cultured cells were washed twice with 1× PBS and lysed in RIPA buffer containing 50

mM Tris buffer, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1 % SDS, 10 mM EDTA, and

complete protease inhibitor cocktail (Roche Applied Science). Mice tissues were immedi-

ately frozen in liquid nitrogen after extraction, then homogenized in RIPA buffer, and com-

plete protease inhibitor cocktail (Roche Applied Science). Once homogenized, lysed cells

or tissues were centrifuged at 13,000 g at 4 °C for 10 min, and supernatants were collected.

The protein concentration of the supernatant was evaluated by bicinchoninic acid technique

(BCA protein assay kit; Pierce Biotechnology Inc.). Protein samples (15 μg) were loaded into

SDS-polyacrylamide gels. After electrophoresis, gels were electrotransferred onto PVDF or

nitrocellulose membranes, blocked with 5% nonfat dried milk in TBS-T (TBS with 0.05%

Tween-20) and incubated with primary antibodies following the commercial instructions.

After 3 washes with TBS-T, membranes were incubated with the corresponding secondary

antibody in 1.5% milk in TBS-T, and developed with Immobilon Western Chemiluminescent

HRP substrate (Millipore) in a LAS-3000 Imaging System (Fujifilm). Optical densities of the

immunoreactive bands were measured using ImageJ 1.40g analysis software or Multigauge

Software (Fujifilm). The antibodies against LONP1 were obtained from Atlas Antibodies;

against alpha-tubulin and beta-actin were from Sigma-Aldrich; against Flag, PARP, cleaved

caspase-3, AMPKα, Phospho-AMPKα (Thr172), Bcl-2 and ACO2 were from Cell Signal-

ing; against OPA1 and DRP1 were from BD Bioscience; against MFN2 was from Abcam;

against PRDX3, prelamin A, CPT1, UCP-1, and PCK1 were from Santa-Cruz Biotechnol-

ogy; against vimentin was from Biomedal SL. Finally, the antibody against ME1 was from

Proteintech.
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Lactate, glucose and ATP measurements

Extracellular lactate levels were measured by a colorimetric assay and glucose levels

were determined using the Accu-Chek II glucometer (Roche Diagnostics). Briefly, 5 x 104

cells were seeded in triplicates into 24-well plates for 48 h in the presence or absence of

500 µM of CoCl2. After that, media were collected and the content of glucose and lactate

was determined, normalizing to cell number and subtracting the time zero content of each

one. Lactate measurement was performed in a hydrazine/glycine buffer (0.5 M glycine, 0.4

M hydrazine, pH 9.0), containing 17 mg/mL NAD and 11.4 mg/mL lactate dehydrogenase

(LDH). The absorbance due to formation of NADH was monitored in a Power Wave XS

Microplate reader (Biotek) at 340 nm during 1 h at 25 ºC. The presence of lactate on samples

was correlated with the lactate concentrations from a standard curve. Cellular ATP levels

were determined using the ATP kit (Molecular probes, Invitrogen) according to the instruc-

tions of the manufacturer. Briefly, cells were collected by trypsinization and lysed using

passive lysis buffer (PLB) (Promega). The lysates were centrifuged at 12,000 g at 4 ºC for 5

min, and supernatants were collected. The protein concentration of the supernatant was eval-

uated by BCA protein assay kit (Pierce Biotechnology). We used 1-3 µg of lysed material

for ATP determination with a D-luciferin/firefly luciferase reaction mix, and luminescence

was measured in a Luminometer TD20/20 and compared to a freshly prepared ATP standard

curve.

Mitochondrial DNA copy number quantification

We quantified mtDNA by real-time PCR using ABI PRISM 7300 Sequence Detector

System (Life Technologies) and Power SYBR® Green PCR Master Mix (Life Technologies).

Total DNA was used as a template and amplified with specific oligodeoxynucleotides for mt-

Co2 and Sdha. We calculated the mtDNA copy number per cell using Sdha amplification as

a reference for nuclear genome.

ROS determination

The intracellular reactive oxygen species (ROS) levels were determined using the 2,7’-

dichloroflourescein diacetate (DCF-DA) dye (Sigma). Tissue or cellular samples were ho-

mogenized using PLB (Promega). The lysates were centrifuged at 12,000 × g for 5 min at 4

°C, and supernatants were collected. Protein concentration in the supernatants was evaluated

by the bicinchoninic acid technique as described above). Supernatants (50 μg) were mixed

with 25 μm DCF-DA and then incubated at 37 °C for 30 min in the dark. Fluorescence at

485/535 was measured using a LS55 PerkinElmer LifeScience spectrofluorometer.
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Mitochondria membrane potential assay

Mitochondrial membrane potential was determined using the tetramethylrhodamine

methyl ester (TMRM) fluorogenic probe (Sigma). Cells were harvested, washed with PBS,

and resuspended in media containing 200 nM TMRM and incubated at 37 °C for 15 min.

After that, cells were washed and resuspended in PBS. Samples were placed on ice and

analyzed by flow cytometry or fluorometry (540em; 595ex). For negative control we added

20 µM of CCCP, 30 min before treatment with TMRM. Mitochondrial membrane potential

was represented as a percentage of positive cells.

Oxygen consumption measurements

Endogenous respiration measurements in intact cells or polarography in digitonin-

permeabilized cells were performed using a Clark type oxygen electrode (Hansatech) as

previously described (Acín-Pérez et al., 2003). Briefly, for the O2 consumption determina-

tions in intact cells to measure the maximum respiration capacity, exponentially growing

cells were collected by trypsinization and centrifugation, and resuspended at 6.5 x 106 cells

per mL in 0.75 mL of DMEM containing glucose (4.5 g/L), supplemented with 10% FBS.

The cell suspension was transferred to the electrode’s 1.5 mL water-jacketed chamber con-

taining a small magnetic bar, thermostated at 37 ºC. Recording of oxygen consumption was

carried out for 150 s. Then, 65 nmol 2,4-dinitrophenol (DNP, Sigma) were added to uncouple

the respiration and oxygen consumption was monitored for an additional 150 s to determine

the maximum O2 consumption. For polarographic measurements of the individual respira-

tory complexes, cells were collected by trypsinization and centrifugation, and resuspended at

2-5 x 106 cells per mL in Respiration Buffer (250 mM HEPES, pH 7.1; 250 mM sucrose, 10

mM MgCl2, 1 mM ADP and 2 mM potassium phosphate). Cells were permeabilized using

10-20 µg digitonin per 106 cells and the oxygen consumption rates were determined using

specific substrates and inhibitors for each of the respiratory complexes: glutamate+malate

and rotenone for complex I; succinate+glycerol-3-phosphate and antimycin A for complex

III; TMPD and KCN for complex IV.

Seahorse analysis of mitochondrial function

Oxygen consumption was measured in 2 x 104 intact cells using a Seahorse Bioscience

XF96 extracellular flux analyzer, following manufacturer’s instructions. Briefly, after a 12

min equilibration, three measurements of 3 min were performed, separated by 3 min of

mixing. Maximal membrane potential was assessed by addition of 1 µM oligomycin, and

uncoupled mitochondrial respiration was induced by injection of 1 µM CCCP. To stop the

mitochondrial dependent oxygen consumption both 1 µM rotenone and antimycin were used.
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Electrophoretic analysis of mitochondrial supercomplexes assembly

Mitochondrial membranes were isolated from 5 × 106 cells as previously described

(Nijtmans et al., 2002). Mitochondrial membrane proteins were applied and run on a 3-

13% first dimension gradient blue native gel electrophoresis (BNGE) as previously de-

scribed (Schägger, 1995). After electrophoresis, the complexes were electroblotted onto

PVDF membranes and sequentially probed with specific antibodies against complex I, anti-

NDUFA9; complex III, anti-core1; complex IV, anti-COX5a; complex II, anti-Fp; complex

V, anti-F1-ATPase (ATP5B), all from Abcam and anti-Tom20 from Santa Cruz.

Spectrophotometric analysis of mitochondrial complexes

Measurements of mitochondrial complexes enzymatic activities were assessed individ-

ually in the spectrophotometer as described elsewhere (Birch-Machin and Turnbull, 2001).

Briefly, NADH-dehydrogenase activity rotenone sensitive (CI activity) was measured at 340

nm (ε = 6.22 mM-1cm-1) in a mix containing 25 mM K2HPO4, 5 mM MgCl2, 3 mM KCN,

2.5 mg/mL BSA, pH 7.2; 0.13 mM NADH, 0.13 mM UQ1 and 0.2 µg/mL antimycin A.

Rotenone sensitivity was measured under the same conditions adding 5 µM rotenone. Suc-

cinate dehydrogenase activity (CII activity) was measured at 600 nm (ε = 19.2 mM-1cm-1)

in a mix containing 25 mM K2HPO4, 5 mM MgCl2, 3 mM KCN, 2.5 mg/mL BSA, pH

7.2; 0.03 mM DCPIP (dichlorophenol indophenol), 10 mM succinate, 2 µg/mL antimycin

A and 5 µM rotenone. Cytochrome c oxidase activity (COX; CIV activity) was measured at

550 nm (ε = 21 mM-1cm-1) in a mix containing 100 mM K2HPO4 pH 7.4 and reduced cy-

tochrome c (1 mg/mL, freshly made). NADH cytochrome c oxido-reductase activity (CI+III)

was measured at 550 nm (ε = 21 mM-1cm-1) in a mix containing 25 mM K2HPO4, 5 mM

MgCl2, 3 mM KCN, 2.5 mg/mL BSA, pH 7.2; 0.2 mM KCN, 0.1 mM cytochrome c and

0.1 mM NADH. Succinate cytochrome c oxido-reductase activity (CII+III) was measured

at 550 nm (ε = 21 mM-1cm-1) in a mix containing 25 mM K2HPO4, 5 mM MgCl2, 3 mM

KCN, 2.5 mg/mL BSA, pH 7.2; 0.2 mM KCN, 0.1 mM cytochrome c, 3 mM succinate and

5 µM rotenone. Citrate synthase activity (CS) was measured at 412 nm (ε = 13.6 mM-1cm-1)

in a mix containing 10 mM Tris-HCl pH 8, 0.023 mg/mL acetyl CoA, 0.1 mM DTNB (5,5-

dithio-bis-2-nitrobenzoic acid), 0.25 mM oxalacetate and 0.1 % Triton X-100.

Aconitase activity

Aconitase activity was determined as previously described (Gardner et al., 1994).

Briefly, 10 µg of mitochondria were used to measure aconitase activity following the lin-

ear increase in absorbance at 340 nm during 60 min at 25 ºC in a reaction mixture containing

50 mM Tris-HCl (pH 7.4), 6 mM sodium citrate, 0.2% Triton X-100, 0.6 mM MnCl2, 0.2

mM NADP and 2 U/mL of NADP-dependent isocitrate dehydrogenase.
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Fatty acid synthesis assay

Fatty acid synthesis was determined as previously described (Sabbisetti et al., 2009),

with some modifications. Briefly, cells were plated in 6-well plate at 3x105 cells per dish and

incubated overnight. The next day, cells were incubated with 3 µCi of [1-14C] acetate during 4

h. After that, cells were harvested and resuspended in 500 µL of PBS, and 20 µL aliquots were

taken to assess protein content. Then, cells were pelleted and lipids were extracted following

Folch method, adding 1 mL of chloroform:methanol (2:1) with occasional vortexing. After

20 min incubation, 200 µL of PBS were added, the samples were mixed and centrifuged,

and the lower phase was counted for 14C using scintillation counter. Each experiment was

performed in triplicates and normalized with protein content.

Palmitate oxidation measurement

Oxidation of [1-14C] palmitic acid by tissue homogenates was performed as previously

described (Hirschey et al., 2010). Briefly, liver and BAT samples were extracted and homog-

enized in sucrose/Tris/EDTA buffer, incubated for 120 min in the reaction mixture (pH 8.0)

containing [1-14C] palmitic acid, and measured for acid-soluble metabolites. Palmitate ox-

idation rates in primary brown adipocytes were quantified as described (Antinozzi et al.,

1998) and corrected for total cellular protein content.

Proteomic methods for adipose tissue

Isoelectric focusing and two-dimensional-PAGE. For gel-based proteomic studies,

adipose tissue biopsies from four Zmpste24-/-and four wild-type mice were washed in

PBS immediately after removal and directly frozen in liquid nitrogen and stored at −80

°C. Samples were processed following a specific protocol previously optimized by us for

adipose tissue (Peinado et al., 2010). Three hundred and fifty micrograms (50 µL) of protein

from both wild-type and Zmpste24-/- mice, were diluted in 300 µL of Rehydratation Buffer

and 0.8% of 3–10NL IPG buffer (GE Healthcare). Immobilized pH gradient strips (18 cm,

pH 3–10 NL) were rehydrated overnight in a Ettan IPGPhor 3 System (GE Healthcare)

following a stepwise voltage: 300 V for 3 h, linear gradient to 1000 V for 4 h, linear gradient

to 8000 V for 2 h, and 8000 V until total Vh (40,000) is reached. Strips were equilibrated

in SDS Equilibration Buffer (75 mM Tris, pH 8.8, 6 M urea, 30% glycerol, 2% SDS)

containing 2% dithiothreitol for 15 min, followed by a 15 min wash with equilibration buffer

containing 2.5% iodoacetamide. Thereafter, proteins were separated on 12% Tris-glycine

gels using an Ettan Dalt Six device (GE Healthcare). These conditions resolved proteins

with a MW higher than 20 kDa. After migration, gels were stained with SYPRO Ruby dye

and/or 0.1% Coomassie brilliant blue G-250, 10% ammonium sulfate, 2% phosphoric acid,

and 20% methanol. Both stainings gave similar results. Staining of phosphoproteins was

performed using Pro-Q Diamond stain (Bio-Rad Laboratories) according to manufacturer’s
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instructions. Three hundred micrograms of adipose tissue extracts were set as the minimum

protein amount required for a correct identification of phosphorylated proteins. Images of

gels stained with Coomassie, SYPRO Ruby or Pro-Q Diamond were captured with the FX

system (Bio-Rad).

Identification of proteins and data analysis. Spots were excised automatically in a

ProPic station (Genomic Solutions) and subjected to MS analysis. MALDI-ToF-MS analyses

were carried out on a 4800 MALDI-ToF/ToF Analyzer (Applied Biosystems/MDS SCIEX).

Gel specimens were destained twice (30 min, 37 °C) with 200 mM ammonium bicarbon-

ate/40% acetonitrile. Gel pieces dehydrated for 5 min with pure acetonitrile and dried out

over 4 h were automatically digested with trypsin according to standard protocols in a Pro-

Gest station (Genomic Solutions). MS and MS/MS analyses of peptides of each sample were

analyzed in a 4700 Proteomics Station (Applied Biosystems) in automatic mode. Samples

were deposited onto MPep Chips prespotted with α-cyano-4-hydroxy-cinnamic acid (Sunyx)

using the thin layer affinity method and analyzed with the following setting: for the MS data,

m/z range 800 to 4000 with an accelerating voltage of 20 kV and delayed extraction, peak

density of maximum 50 peaks per 200 Da, and minimal signal-to-noise (S/N) ratio of 10 and

maximum peak at 65. Peak lists for MS/MS data sets were generated using the 4000 Se-

ries Explorer (TM) RAC Software, version 3.5.3 (Applied Biosystems/MDS SCIEX). For

the analysis of vimentin isoforms the m/z range was increased from 400 to 4000. Peak

lists were submitted to Mascot database in order to identify the proteins (Database, NCBInr

12012010 (10320603 sequences; 3520860234 residues); taxonomy, Mammalia (757310 se-

quences)). Analysis was limited to peptides of six or more amino acids and maximum one

missed cleavage site. Mass tolerance for precursor ions was set to 100 ppm and mass tol-

erance for fragment ions to 0.2 Da; oxidation of methionine was searched as variable mod-

ification and carbamidomethylation of cysteine was set as fixed modification. MS/MS data

were also searched against the ENSEMBL Mus musculus database using the open source

software X!Tandem (http://www.thegpm.org) with similar settings to those employed for

Mascot. Peptide false discovery rates were determined by a target decoy approach using a

reversed database concatenated to the parent forward database (Elias and Gygi, 2007). A

cutoff expectation value of ≤1.0 (significance threshold; expressed as the negative logarithm

of E-value) was chosen for individual MS/MS spectra that resulted in a false discovery rate

of ≤1%. Other post-translational modifications (i.e. phosphorylation) were also investigated

using Expasy proteomic server (FindMod and Aldente). To determine whether protein car-

bamylation occurred during the preparation of the samples, representative protein extracts

from mouse adipose tissue were analyzed by High-Performance Liquid Chromatography

and Tandem Mass spectrometry using LTQ-Orbitrap XL mass spectrometer (Thermo Fisher

Scientific Inc.) equipped with a nanoelectrospray ion source (nESI). 2-DE gel analysis was

performed by PDQuest software (Bio-Rad), version 8.0. Spots which gave significant re-
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sults (p < 0.05) were verified visually to exclude artifacts. Furthermore, statistically sig-

nificant spots were rechecked by two-tailed unpaired Student’s t test after reevaluation of

density with ImageJ 1.40g software. For further evaluation, proteins identified by the pro-

teomic study were analyzed using a pathway analysis software (Ingenuity Pathway Analysis

(IPA); Ingenuity Systems) to reveal their potential relationships with other proteins and/or

intracellular pathways.

Proteomic methods for cells

Protein digestion and iTRAQ labeling. Protein digestion was performed as described

(Bonzon-Kulichenko et al., 2011), with minor modifications. The resulting soluble protein

extracts from cell lysates or mitochondria-enriched samples were run on a SDS-PAGE gel

(10% resolving gel and 4% stacking gel) at 50V. The electrophoresis was stopped when the

front dye had barely passed into the resolving gel, ensuring concentration of all proteins into

a unique band. Staining was performed using GelCode® Blue Stain Reagent (Thermo Sci-

entific). Gel pieces were cut into cubes (2 mm). For the protein digestion, modified porcine

trypsin (Promega) was added at a final ratio of 1:20 (trypsin-protein). Digestion proceeded

overnight at 37 ºC in 100 mM ammonium bicarbonate, pH 8.8. The resulting tryptic peptides

were extracted twice by 1 h incubation at room temperature in 100% acetonitrile and 5%

formic acid and dried-down. Samples were desalted with C18 RP cartridges and vacuum

dried. The concentration of peptides was determined by measuring amide bonds in protein

chains with the Direct Detect® Spectrometer (Millipore). A total of 200 µg of each peptide

mixture were labeled with different iTRAQ tags according to the manufacturer protocol.

LONP1-overexpressed derived samples (LON) were labeled with 115 iTRAQ tag, while the

117 iTRAQ tag was used to label the LONP1-knockdown samples (shLon). The iTRAQ

tags 114 and 116 were used to label the corresponding controls, respectively. After labeling,

the samples were vacuum dried and finally dissolved in trifluoroacetic acid 1% for both

desalting and iTRAQ reagent excess removal in reversed-phase C-18 cartridges.

Identification and quantification of proteins. Tryptic peptide mixtures were sub-

jected to nano-liquid chromatography coupled to mass spectrometry for protein identifica-

tion and quantification. Peptides were separated on a C-18 reversed phase (RP) nano-column

(75 µm I.D. and 50 cm, Acclaim PepMap100, Thermo Scientific) and analyzed in a con-

tinuous acetonitrile gradient consisting of 0-30% B in 240 min, 50-90% B in 3 min (B =

90% acetonitrile, 0.5% acetic acid). A flow rate of ca. 200 nL/min was used to elute pep-

tides from the RP nano-column to an emitter nanospray needle for real time ionization and

peptide fragmentation on a Q-Exactive mass spectrometer (Thermo Fisher). An enhanced

FT-resolution spectrum (resolution=70000) followed by the MS/MS spectra from most in-

tense fifteen parent ions were analyzed along the chromatographic run (272 min). Dynamic

exclusion was set at 30 s. For protein identification, tandem mass spectra were extracted and
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charge state deconvoluted by Proteome Discoverer 1.4.0.288 (Thermo Fisher Scientific). All

MS/MS samples were analyzed using SEQUESTTM (Thermo Fisher Scientific). Searching

engines were set up to search Mouse_human keratin.fasta (119,718 entries). All searchings

were performed assuming full trypsin digestion. Two mixed cleavages were allowed, and an

error of 300 ppm or 15 ppm was set for full MS or MS/MS spectra searches, respectively. Ox-

idation in M, and deamidation in Q or N were selected as dynamic modifications. Database

searching results were analyzed using the probability ratio method (Martínez-Bartolomé et

al., 2008) and FDR was calculated using a decoy database and the refined method (Navarro

and Vázquez, 2009). Proteins that contained similar peptides and could not be differentiated

based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Sta-

tistical analysis of quantitative proteomics data were performed using the QuiXoT package,

an in-house developed software based on a statistical model previously described (Jorge et

al., 2009). In this model, the accuracy of individual quantifications is taken into account by

expressing protein abundance changes in units of standard deviation, using the standardized

variable zq, to which we also refer as the z-score.

Immunostaining

Normal and tumor colorectal samples were obtained from the tumor bank of the In-

stituto Universitario de Oncología del Principado de Asturias (IUOPA) and used to evaluate

LONP1 expression. The automated system DISCOVERY® (Ventana Medical Systems) was

used to carry out the immunohistochemical protein detection. Sections were deparaffinized

and rehydrated in EZ Prep® (Ventana Medical Systems) for 20 min. Antigen retrieval was

done by heating (CC1 HCl-Tris buffer solution, pH 9.0) (Ventana Medical Systems). En-

dogenous peroxidase activity was blocked with H2O2 solution (Inhibitor®, Ventana Medical

System) for 4 min. Samples were incubated with primary antibody at 37 ºC: polyclonal anti-

LONP1 (Atlas Antibodies). Slides were incubated with the secondary antibody (OmniMap®

Ventana Medical Systems) for 30 min at room temperature. Then the samples were visual-

ized with 3-3’-diaminobenzidine. Finally, samples were counterstained with hematoxylin,

dehydrated and mounted in Entellan (Merck). Sections were photographed (20X) under a

light microscope (Nikon-Eclipse 80i).

Cell Biology Methods

Cell culture

Murine embryo fibroblasts (MEFs) were extracted from E13.5 mouse embryos. Briefly,

embryos were sterilized with ethanol, washed with PBS, and triturated with razor blades.

Samples were then incubated in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)

overnight at 37 °C and 5% CO2. The next day, cultured cells were trypsinized and washed.
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Finally, MEFs were incubated at 37 °C and 5% CO2 and used for the corresponding ex-

periments. Adult murine fibroblasts (AFs) were extracted from 12-week-old mice ears. Ears

were sterilized with ethanol, washed with PBS, and triturated with razor blades. Samples

were then incubated with 600 µL of 4 mg/mL collagenase D (Roche Applied Science) and 4

mg/mL dispase II (Roche Applied Science) in DMEM for 45 min at 37 °C and 5% CO2. Af-

ter filtering and washing, 6 mL of DMEM with 10% fetal bovine serum (Invitrogen), and 1%

antimycotic-antibiotic (Invitrogen) were added, and the mixture was incubated at 37 °C and

5% CO2. Once extracted, cells were cultured in DMEM containing 10% fetal bovine serum

at 37 °C and 5% CO2. Brown preadipocytes were isolated from newborn mice by collagenase

digestion and were differentiated to mature adipocytes as previously described (Fasshauer et

al., 2000). Immortalized MEFs, AFs and preadipocytes were generated by SV40 transforma-

tion. Cancer cell lines 293T, HCT116, HCT15, HT29, SW480, SW620, DLD-1, RKO and

FHC were purchased from the American Type Culture Collection. The luciferase-expressing

cell line B16F10 Luc2 was purchased from Caliper Life Sciences. Cells were routinely main-

tained in DMEM containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100

µg/mL streptomycin (Life Technologies).

Proliferation assay

To quantify cell proliferation, a Cell Titer 96 Non Radioactive cell proliferation kit was

used following manufacturer’s instructions (Promega Corp.). Briefly, HCT116 and B16F10

cells infected with the corresponding vectors were seeded into 96-well plates at a density

of 5x103 cells per well (100 µL) and incubated at 37 ºC, 5% CO2 for 4 days. Cell prolif-

eration was quantified by measuring the conversion of a tetrazolium salt into formazan in

living cells. At the desired time points (0 h, 24 h, 48 h and 72 h), 15 µL of Dye solution

was added into each well (n=5) and cells were incubated at 37 ºC for 2 h. Then, 100 µL of

solubilization/stop mixture was added into each well. After 1 h of incubation at 37 ºC, ab-

sorbance was measured at 570 nm with a Power Wave XS Microplate reader (Biotek). Then,

each point was normalized to time 0 h and mean ± SEM was calculated and represented. Sta-

tistical significance was assessed using a non-parametric Mann Whitney-Wilcoxon test. For

classical proliferation assay, growth capacity was determined in 6-well test plates in which

6 x 104 cells were plated per well in 2.5 mL of DMEM medium and incubated at 37 °C for

72 h. Cells were daily counted by using a Neubauer chamber. Population doubling time was

calculated using the algorithm provided by http://www.doubling-time.com.

Viral package and cell infection

Lentiviruses and retrovirus were packaged in HEK-293T cells using a VSVG-based

and pCL-Ampho package system respectively, kindly provided by Dr. J.M. Silva (Columbia

University, New York, USA). Cells were transfected using TransITs-LT1 Transfection Rea-
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gent (Mirus Bio LLC) and a mixture of 2 μg of the desired plasmid and 1 μg of each viral

helper, following manufacturer’s instructions. Transfection medium was removed 24 h after

transfection and fresh medium was added to the plate. Cell supernatants were collected at

24 and 48 h and filtered through a 0.45-μm sterile filter. Cells were seeded in 6-well plates

at 20–30% confluence 24 h before infection. The following day, 1 mL of viral supernatant

supplemented with 5 mg/mL of polybrene (Millipore) was added to growing cells. This step

was repeated twice and cells were left to recover for 24 h in growth media before puromycin

selection (2 µg/mL).

Microscopy analysis

For fluorescence microscope analyses, mitochondrial morphology was examined af-

ter transfection of vector containing mito-DsRed, and images were obtained using a laser-

scanning confocal microscope (TCS-SP2-AOBS; Leica) using HCX PL APO Ibd BL ×63

NA 1.4 objective lense. Images were acquired with LCS Suite version 2.61 (Leica), and then

modified with ImageJ, using the maxima projection of 0.2 µm stacks images after convolve,

median filter and despeckle modification. Brightness/contrast was adjusted using ImageJ.

For transmission electron microscopy analysis, BAT samples were dissected from control

and cold-stress-induced mice and fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate

(pH 7.2) for 1 h at 4 °C. After 3 washes in 0.1 M Sorensen’s phosphate buffer, samples

were postfixed with 1% osmium tetroxide for 1 h and rinsed 3 times in Sorensen’s buffer.

Tissues were dehydrated in graded ethanol and infiltrated in 50% propylene oxide/50% resin

for 1 h, then placed in resin for 1 h, and embedded in a resin-based mold for polymeriza-

tion overnight in a 37 °C oven. Ultra-thin sections (85 nm) were taken from each sample

and analyzed on a Jeol (JEM-1011) transmission electron microscope at 80 kV. Images were

modified using ImageJ and Gimp 2.6 software.

Animal Model Methods

Generation of mouse models

For the generation of Oma1-deficient mice, we first constructed the targeting vector

in pKO scrambler V916 (Lexicon Genetics). A 4.3 kb SalI-NotI fragment from 5’-flanking

region, exon 1 and part of intron 1 was used as the 5’-homologous region, whereas a 3.2

kb XhoI-ClaI fragment containing part of intron 2 and exon 3 was used as the 3’-region

of homology. The 2.4 kb neo cassette was used as a positive marker and replaced a 2.9 kb

fragment containing exon 2 of the Oma1 gene. The thymidine kinase marker was used as

negative selection. The targeting vector was linearized by digestion with NotI, electropo-

rated into G4 embryonic stem cells, and selected for homologous recombination with G418

and ganciclovir. Positive clones were screened by Southern-blot after PvuII digestion of ge-
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nomic DNA and probed with radiolabeled 3’-external probe. A 7.5 kb fragment was detected

from wild-type allele and a 4.3 kb fragment from mutant allele. The targeted ES cells clones

were expanded and subsequently injected into blastocysts to generate chimeras. Chimeric

males were mated with C57BL/6N female mice and the offspring heterozygous for Oma1

were used to generate homozygous null mice. The Lonp1-heterozygous mice were provided

by Texas Institute for Genomic Medicine. In all cases, mice genotypes were determined by

PCR analysis. We used genomic DNA from tail samples for PCR genotyping using 3 primers

under the following conditions: denaturation at 94 ºC for 15 s, annealing at 62 ºC for 15 s, and

extension at 72 ºC for 45 s, 30 cycles. For Oma1, we used the following primers: a common

forward 5’-gagtgctgtttctctgggtgt-3’, a wild type-specific reverse 5’-tgccctaaactgaaggtgtg-3’,

and a mutant-specific reverse 5’- tagaccgcggctagaggta-3’. The bands amplified were 379 pb

for wild-type allele and 252 pb for the mutant allele. For Lonp1, we used: wild type-specific

forward 5’-ccctgactgcagagattgtgaa-3’, mutation-specific forward 5’-caggacatagcgttggctacc-

3’ and common reverse 5’-ttcagtgccagtgccttagagt-3’. The bands amplified were 200 bp for

wild-type allele and 300 bp for the mutant allele. Mutant mice deficient in Zmpste24 metal-

loproteinase have been previously described (Pendás et al., 2002).

Animal care

All animal procedures were approved in accordance with the guidelines of the Com-

mittee for Animal Experimentation of the Universidad de Oviedo and the Institutional animal

care and user committees of Charlie Norwood VA Medical Center and Medical College of

Georgia at Georgia Regent University.

Diet-induced obesity

For diet-induced obesity, four-week-old Oma1-deficient mice and their wild-type lit-

termates (C57BL/6/129Sv) were kept in microisolation cages on a 12 h day-night cycle and

fed a high-fat diet containing 42% fat (Harlan TD 88137). Mice were weighted once a week

for all the experiments. After 24 weeks, mice were sacrificed by cervical dislocation.

Renal ischemia/reperfusion and renal function

Male mice (8-week-old) were subjected to 25 min of bilateral renal ischemia as de-

tailed in previous studies (Wei et al., 2013; Wei and Dong, 2012). Mice were sacrificed at

indicated time points of reperfusion to collect blood samples and kidney tissues. For renal

function measurement, blood samples were collected from tail clip or at the time of sacrifice.

After clotting at room temperature, serum was collected after centrifugation at 12000g for

5 min. Blood urea nitrogen and serum creatinine were measured with analytical kits from

Stanbio Laboratory. For histological analysis, kidneys were collected freshly and fixed with

4% PFA. Tubular damage was scored as follows: 1: 0-25% of damage; 2: 26-50% of damage;
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3:51-75% of damage and 4: >75% of damage. The slides were checked in a blind manner

and the representative images were taken with a light microscope.

Colon carcinogenesis protocol

For colon carcinogenesis protocol, 6-week-old mice were injected intraperitoneally

with 10 mg/kg AOM (azoxymethane; Sigma-Aldrich). 4 days after AOM administration,

dextran sodium sulfate (DSS; MP Biomedicals) at 2% was administered in the drinking

water for five consecutive days. Thereafter, mice received reverse osmosis water. Two DSS

cycles more were administered with intervals of 16 days on water between cycles at 2% and

1.5% of DSS respectively. During the course of the experiment, mice were monitored for

body weight, rectal prolapse, diarrhea, and macroscopic bleeding as indicative of clinical

score (Neufert et al., 2007). Ten days after the last DSS cycle, mice were euthanized and

colons were resected, flushed with PBS and measured in length. Colons were fixed in 4%

PFA and transversal sections were hematoxylin and eosin (H&E) stained. Number of tumors

was count and grade of inflammatory lesions was analyzed in each mice.

Skin papillomas

Skin carcinogenesis was induced using DMBA/TPA as previously described (Balbín

et al., 2003). Briefly, 8-week-old mice backs were shaved and treated those 2 days later with

a single application of DMBA followed by bi-weekly applications of TPA for 12 weeks. The

number and size of papillomas per mouse was recorded weekly. Two weeks after the end

of TPA treatment, mice were sacrificed and papillomas were removed, fixed in 4% PFA and

subsequently stained with H&E to analyze the grade of lesions.

Experimental metastasis protocol

Lung metastasis experimental model was performed as previously described

(Gutierrez-Fernandez et al., 2008). Briefly, mice were anesthetized and 25,000 B16F10-luc2

tumor cells (100 µL) were injected through the jugular vein. Mice were sacrificed after 21

days and lungs were collected for histological analysis. Serial sections of the lung (at least

10 sections spaced 100 µm) were stained with H&E, and metastatic foci were counted.

Metastases were classified in small (<10 cells), medium (between 10 and 50 cells), and large

(>50 cells). For histological analysis, tissues were fixed in 4% PFA in PBS and stored in

70% ethanol. Fixed tissues were embedded in paraffin by standard procedures. Blocks were

sectioned (5 µm) and stained with H&E.
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Xenograft models

Xenograft studies were performed as previously described (Fraile et al., 2013). Briefly,

2 × 106 HCT116 cells infected with different constructs of pMX or shRNA vectors were

injected subcutaneously into the flanks of six-week-old athymic Nude-Foxn1nu/nu mice

(Charles River). Tumor size was measured twice a week with a caliper and tumor volume

was determined using the formula: V=0.4 x A x B2, where A is the largest and B is the small-

est dimension of the tumor. Significant differences were assessed by a linear mixed-effects

model.

Glucose and insulin tolerance test

Prior to studies, mice were fasted overnight. For glucose tolerance test (IPGTT), mice

received an intraperitoneal injection of glucose (2 mg/g body weight). In insulin tolerance

test (IPITT) studies, mice received an intraperitoneal injection of 1U of insulin per Kg of

body weight. Blood glucose levels were determined as describe above. Areas under the curve

during IPGTT and IPITT were then calculated by the linear trapezoidal method.

Indirect calorimetry

Energy expenditure and ambulation were assessed using Micro-Oxymax multiple sen-

sor (Columbus Instruments). Mice kept on standard rodent chow were housed individually

in Oxymax chambers and kept on a 12:12-h light-dark cycle. Constant airflow (0.5 L/min)

was drawn through each chamber. After one day of acclimation, O2 consumption, CO2 pro-

duction, RQ, heat and ambulation parameters were recorded during 72 h, using software

provided by Columbus Instruments.

Blood and plasma parameters

Animals fed on regular and high-fat diet were fasted overnight and used for measure-

ments of blood and plasma parameters. Blood glucose was measured with Accu-Chek glu-

cometer (Roche Diagnostics) using blood from the tail vein. For all the other measured pa-

rameters, blood was extracted directly from heart after anesthetizing mice with halothane.

For plasma extraction, blood was immediately centrifuged after collection at 3,000 g and 4

ºC, and the supernatant was collected and stored at -80 ºC until analysis. For plasma insulin,

leptin and free fatty-acid measurements, we used Millipore ELISA Kits. All protocols were

performed according to manufacturer´s instructions. Levels of hepatic transaminases, choles-

terol and triglycerides were determined in the Servicio de Bioquímica, Hospital Universitario

Central de Asturias, Oviedo-Spain.

40



Statistical Methods Experimental procedures

Serum metabolomics

Serum samples from eight Zmpste24+/+and Zmpste24−/− male mice were analyzed. A

global metabolite profiling UPLC®-MS methodology was employed, where all endogenous

metabolite related features, characterized by mass-to-charge ratio m/z and retention time

Rt, were included in a subsequent multivariate analysis procedure used to study metabolic

differences between the different groups of samples (Theodoridis et al., 2008). Where pos-

sible, Rt-m/z features corresponding to putative biomarkers were later identified. Sample

preparation, LC-MS system, data processing and multivariate data analysis were performed

as described previously (Barr et al., 2010). The top 50 candidate markers resulting from

this procedure were selected and subjected to additional statistical testing (fold changes and

Wilcoxon rank sum test p values). Finally, the following procedures were used in an attempt

to identify selected markers: a) Mass spectra recorded in the positive and negative ion modes

were analyzed to determine the most likely parent (as opposed to metal adducts or frag-

ments) ion m/z value and b) The exact mass information obtained, corrected to within a 5

ppm error, was checked against the ChemSpider10 online database, using the subdatabases:

KEGG, Lipid Maps and Human Metabolome database. Where possible, hit lists were further

reduced by comparison of theoretical/measured isotopic patterns.

Histological analysis

Tissues were fixed in 4% paraformaldehyde in phosphate-buffered saline and stored in

70% ethanol. Fixed tissues were embedded in paraffin by standard procedures. Blocks were

sectioned (5 µm) and stained with hematoxylin and eosin (H&E). For adipose tissue eval-

uation, portions of gonadal and subscapular fat pads and pieces of skin were processed as

described above. The number of adipocytes and their mean diameter were determined in 3-

µm tissue sections by computer-assisted image analysis. For each sample, different sections

were analyzed and 100 adipocytes were measured. The area of cells was calculated con-

sidering the maximum and minimum diameter of each adipocyte. For triglyceride detection,

liver samples were fixed with 4% formaldehyde and left overnight at 4 ºC. After that, samples

were treated with 15% sucrose in PBS for 4 h, and then with 30% sucrose solution overnight,

embedded in Tissue-Tek OCT compound (Sakura Finetechnical Co. Ltd.) and stored at -70

ºC. Finally, samples were sectioned at 5 μm thickness with cryostat (CM3050 S, Leica) and

cryosections were stained with Oil Red O. For BAT droplets quantification, pictures from

BAT sections stained with H&E were analyzed with Image J software.

Statistical Methods

All experimental data are reported as means and the error bars represent the standard

error of the mean (SEM). Differences between mean values were analyzed by two-tailed
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Student’s t test, except in the cases that indicate other statistical test. A value of P < 0.05

was considered significant and statistically significant differences are shown with asterisks.

All statistical analyses were done using LibreOffice, the statistical package R (http://www.r-

project.org) and the application Rstudio (http://www.rstudio.org).
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Results

I. Generation and characterization of Oma1-deficient mice

Oma1 was identified in yeast as a mitochondrial protease with activities overlapping

with m-AAA protease. The function of Oma1 was first associated with the proteolytic degra-

dation of misfolded proteins, being part of the quality control system in the inner membrane

of mitochondria. However, the identification of human OMA1 as one of the proteases in-

volved in the degradation of the fusion protein OPA1 suggested a new role for this enzyme

in mitochondrial dynamics. In this work, we describe the generation of mice deficient in

Oma1 and the identification of an unexpected key role of this mitochondrial protease in

the control of energy metabolism. In addition, we demonstrate that OMA1 plays an essen-

tial and non-redundant proteolytic inactivation of OPA1 regulating mitochondrial dynamics

under stress conditions.

Article 1: Pedro M. Quirós, Andrew J. Ramsay, David Sala, Erika Fernández-

Vizarra, Francisco Rodríguez, Juan R. Peinado, Maria Soledad Fernández-García, José A.

Vega, José A. Enríquez, Antonio Zorzano, and Carlos López-Otín. “Loss of mitochondrial

protease OMA1 alters processing of the GTPase OPA1 and causes obesity and defective

thermogenesis in mice”.

EMBO J. 2012 May 2; 31(9): 2117–2133.
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Mitochondria are dynamic subcellular organelles that

convert nutrient intermediates into readily available

energy equivalents. Optimal mitochondrial function is

ensured by a highly evolved quality control system,

coordinated by protein machinery that regulates a process

of continual fusion and fission. In this work, we provide

in vivo evidence that the ATP-independent metallopro-

tease OMA1 plays an essential role in the proteolytic

inactivation of the dynamin-related GTPase OPA1 (optic

atrophy 1). We also show that OMA1 deficiency causes a

profound perturbation of the mitochondrial fusion–fission

equilibrium that has important implications for metabolic

homeostasis. Thus, ablation of OMA1 in mice results in

marked transcriptional changes in genes of lipid and

glucose metabolic pathways and substantial alterations

in circulating blood parameters. Additionally, Oma1-

mutant mice exhibit an increase in body weight due to

increased adipose mass, hepatic steatosis, decreased en-

ergy expenditure and impaired thermogenenesis. These

alterations are especially significant under metabolic

stress conditions, indicating that an intact OMA1-OPA1

system is essential for developing the appropriate adaptive

response to different metabolic stressors such as a high-fat

diet or cold-shock. This study provides the first description

of an unexpected role in energy metabolism for the

metalloprotease OMA1 and reinforces the importance of

mitochondrial quality control for normal metabolic function.

The EMBO Journal advance online publication, 20 March

2012; doi:10.1038/emboj.2012.70

Subject Categories: proteins; cellular metabolism

Keywords: ageing; apoptosis; degradome; metabolism;

mitochondrial dynamics

Introduction

Mitochondria are fundamental and highly dynamic orga-

nelles of eukaryotic cells that play critical roles in energy

generation, control of intermediate metabolism, homeostasis

of intracellular calcium and regulation of apoptosis events

(Mammucari and Rizzuto, 2010; Wallace et al, 2010).

Additionally, mitochondria are also the primary source of

endogenous reactive oxygen species (Orrenius et al, 2007).

Due to these multiple functions, it is not surprising that

mitochondrial alterations have been associated with many

pathological conditions including cancer, neurodegenerative

disorders and cardiovascular diseases (Green and Kroemer,

2004; Wallace, 2005; Chen and Chan, 2009; Fulda et al, 2010).

To maintain their functional activities, mitochondria have

developed a quality control mechanism, in which several

proteolytic enzymes play important roles (Tatsuta and

Langer, 2008). These mitochondrial proteases, together with

some mitochondrial chaperones, monitor the folding and

assembly of mitochondrial proteins and selectively degrade

misfolded and non-assembled polypeptides from the orga-

nelle (Voos, 2009). Among the proteolytic enzymes impli-

cated in the mitochondrial quality control system, there are

several ATP-dependent proteases such as Yme1L and m-AAA

proteases located in the inner membrane, or ClpP and Lonp1

that carry out their functions in the matrix (Koppen and

Langer, 2007). The functional relevance of these mitochon-

drial enzymes is underscored by the finding that deficiencies

in m-AAA proteases SPG7 and AFG3L2 are responsible for

important neurodegenerative diseases such as hereditary

spastic paraplegia or a dominant form of spinocerebellar

ataxia (Casari et al, 1998; Di Bella et al, 2010).

In addition to the key role of mitochondrial proteases in

the quality control system characteristic of these organelles,

these enzymes may also regulate the activity of some mito-

chondrial proteins through their ability to perform highly

specific reactions of proteolytic processing, which contribute

to the maturation or inactivation of these substrates. This

may be the case of OMA1, a proteolytic enzyme located in the

inner mitochondrial membrane, which was first identified in

yeast as a protease with overlapping activities with m-AAA

proteases (Kaser et al, 2003). OMA1 is a zinc metalloprotease

of the M48 family, which exhibits multiple transmembraneReceived: 20 September 2011; accepted: 17 February 2012
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domains and significant amino-acid sequence similarity with

FACE1/ZMPSTE24, a protease involved in the processing of

prelamin-A and whose mutations cause premature ageing

disorders (Navarro et al, 2005; Varela et al, 2005, 2008). Yeast

OMA1 seems to play a role in mitochondrial quality control

through a mechanism similar to that of m-AAA proteases,

although in an ATP-independent manner. This activity has

been proposed to be part of a salvage system of quality

control, reminiscent of that performed in Escherichia coli by

HtpX, a stress protease with overlapping activities with the

AAA protease FtsH (Shimohata et al, 2002). Recently, a series

of in vitro studies have permitted the conclusion that OMA1,

in collaboration with m-AAA protease isoenzymes, contri-

butes to the proteolytic processing of OPA1 (optic atrophy 1),

a dynamin-related GTPase involved in mitochondrial inner

membrane fusion as well as in the regulation of mitochon-

drial morphology and in the protection of cells from apopto-

sis (Ehses et al, 2009; Head et al, 2009).

To further characterize the in vivo role of this mitochon-

drial metalloprotease, we have generated mutant mice defi-

cient in OMA1. These mice are viable and fertile, but exhibit a

marked obesity with metabolic alterations, reduced energy

expenditure and altered thermogenic response. Furthermore,

we have found that OMA1 plays an essential and non-

redundant role in the in vivo proteolytic inactivation of the

GTPase OPA1. Finally, we describe studies of mitochondrial

activity and function in brown fat tissue and primary adipo-

cytes deficient in OMA1. On the basis of these findings, we

propose that OMA1 participates in mitochondrial quality

control regulating mitochondrial dynamics, and its absence

induces mitochondrial dysfunctions, which have an impor-

tant impact on mouse metabolic homeostasis.

Results

Generation of mice deficient in OMA1

To evaluate the in vivo roles of OMA1 mitochondrial protease,

we engineered a targeting vector to generate a null allele of

Oma1. This vector was designed to replace exon 2 of the

Oma1 gene with a neo cassette (Supplementary Figure S1A).

The linearized construct was electroporated into G4 embryo-

nic stem cells and after homologous recombination, we

obtained seven positive targeted clones that were used to

generate chimeric mice. These mice were then bred to

C57BL/6 mice to generate heterozygous mice. After inter-

crossing these heterozygous mice, we generated Oma1�/�

animals at the expected Mendelian ratio. Homozygosity for

the mutation was confirmed by Southern blot and PCR

analysis (Supplementary Figure S1B and C).

Despite the Oma1 deficiency, these mutant mice developed

normally, with males and females being fertile, and their

survival rates indistinguishable from those of their wild-type

littermates (Supplementary Figure S2A). During the time

period we studied the animals, we did not observe any

physical indicators of neurological abnormalities. Moreover,

histopathological analysis of the brain, specifically the hip-

pocampus, from 18-month-old mice did not reveal any neu-

ronal loss, nor increment in ubiquitin staining in Oma1-

deficient mice compared with their littermates controls.

Finally, all samples analysed for both genotypes displayed

changes consistent with normal ageing (Supplementary

Figure S2B). These findings demonstrate that OMA1 is

dispensable for embryonic and adult mouse development,

as well as for normal growth and fertility, possibly due to

functional redundancy with other peptidases present in the

inner membrane of mitochondria.

Diet-induced obesity in Oma1�/� mice

In the course of phenotypic characterization of Oma1-defi-

cient mice, we noticed a significant increase in the body

weight of Oma1�/� mice as compared with their wild-type

littermates kept on standard chow (Supplementary Figure

S2C). This observation encouraged us to evaluate a putative

role for OMA1 in adipose tissue biology. Accordingly, wild-

type and Oma1 knockout mice were fed a high-fat diet and

total body weights were determined for 24 weeks. We started

our study with 4-week-old mice, which displayed similar

weights and adipose deposit composition in males and

females of each genotype (Supplementary Figure S2D). At

8 weeks, we observed significant weight differences in Oma1�/�

males when compared with controls, and these marked changes

continued until the end of the experiment. In the case of

Oma1�/� females, there was also an increase of weight when

compared with the corresponding controls, but lower than in

male mice (Figure 1A and B). Statistical analysis revealed that

the gain of weight observed at the end of the experiment was

significantly higher in both male and female mice deficient in

Oma1 than in their littermate controls (Figure 1C).

To determine whether the increase of body weight

observed in Oma1-deficient mice was due to an increase in

fat content, gonadal and subscapular fat pad deposits were

separately weighted. We only detected an increase of gonadal

fat pads weight and their weight normalized to total body

weight in Oma1-null mice (Figure 1D and E), whereas sub-

scapular fat pads and their weight relative to total body

weight did not reach statistical significant differences.

Histological analysis of white adipose tissue (WAT) from

gonadal and subcutaneous deposits showed a marked adipo-

cyte hypertrophy in Oma1�/� mice (Figure 1F), which was

confirmed by morphometric measurement of adipocyte area

(Figure 1G). Analysis of brown adipose tissue (BAT) of

Oma1-deficient mice did not show any significant alteration

in fat content (Supplementary Figure S3A), indicating that the

obesity-induced phenotype was only related to WAT hyper-

trophy. Interestingly, those Oma1�/� mice exhibiting the

most severe obesity phenotype often presented granuloma-

like lesions in the intestinal mesenteric fat. Further histolo-

gical analysis of these granulomatous lesions revealed the

presence of fat necrosis foci containing foamy histiocytes and

cholesterol crystals (Supplementary Figure S3B). Similar

lesions have been described previously as crown-like struc-

tures, which appear to manifest as a result of increased

inflammation and adipocyte cell death (Cinti et al, 2005).

All these findings suggest that the absence of OMA1 protease

leads to profound alterations in WAT homeostasis after

nutritional challenges.

Metabolic changes in Oma1�/� mice

To further evaluate the phenotypic alterations observed in

Oma1�/� mice, we performed an analysis of biochemical

parameters and metabolic enzymes in the liver of these

mutant mice under both standard and high-fat diet. First,

and because in many animal models of obesity blood glucose

tends to be above normal due to obesity-induced insulin

Metabolic control by mitochondrial protease OMA1
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resistance, we measured blood glucose levels in Oma1�/�

adult mice, but we did not observe any differences with

control mice in both standard and high-fat diet conditions

(Figure 2A). Furthermore, analysis of liver parameters did not

reveal significant differences in levels of hepatic transami-

nases under standard chow diet. However, under high-fat

diet, we observed an increment in the levels of both Ala- and

Asp-transaminases (Figure 2B). Total levels of cholesterol in

mutant mice did not exhibit significant differences with those

of control animals under chow and high-fat diet (Figure 2C).

Nevertheless, levels of triglycerides were significantly higher

in Oma1�/� mice compared with littermate controls, in both

A

C

D E

F G

B

Figure 1 Increase of body weight and fat content in Oma1�/� mice after diet-induced obesity. (A) Photograph of representative Oma1þ /þ and
Oma1�/� mice after high-fat diet induced obesity. (B) Body weight curves of males and females of Oma1þ /þ (~) and Oma1�/� (&) mice
(n¼ 8–12). (C) Lean body mass in the same animals. (D) Gonadal and subscapular fat mass and (E) gonadal and subscapular fat mass as a
percentage of total body weight of the same animals at the end of the experiment. (F) H&E sections of gonadal WATand skin of Oma1þ /þ and
Oma1�/� mice. Original magnifications WAT: � 200; skin: � 40. Scale bar: 60mm. (G) Mean of adipocyte area in gonadal WATand skin. Results
are mean±s.e.m. (n¼ 6–12). *Po0.05; **Po0.01; ***Po0.001.
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standard and high-fat diet (Figure 2D). Consistent with this,

Oil Red O staining revealed a marked steatosis in the liver of

Oma1�/� mice maintained on a normal chow diet, which

increased significantly under a high-fat diet (Figure 2E).

Levels of free fatty acids were comparable between genotypes

on both diets (Figure 2F). Interestingly, analysis of insulin

and leptin plasma levels showed different patterns under

standard and high-fat diet. Thus, under standard rodent

chow, both insulin and leptin plasma levels were reduced

in mutant mice. However, under high-fat diet, insulin levels

did not show differences despite the increment levels in

control and mutant mice. Furthermore, leptin levels were

significant enhanced as expected in an obese mouse model

(Figure 2G and H).

The absence of hyperglycaemia in Oma1-deficient mice,

together with their low insulin levels under standard chow

diet, suggested the possibility of an increased insulin sensi-

tivity of Oma1�/� mice. Accordingly, intraperitoneal glucose

tolerance tests (IPGTTs) revealed that Oma1�/� mice showed

improved glucose clearance compared with control mice

(Figure 2I). Intraperitoneal insulin tolerance tests (IPITTs)

confirmed that Oma1�/� mice presented increased insulin

sensitivity (Figure 2J), which is consistent with their low

insulin levels. Remarkably, these advantages in glucose

metabolism were lost when Oma1-deficient mice were fed a

high-fat diet. Thus, the metabolic tests in mutant mice

showed a decrease in glucose tolerance and the same insulin

insensitivity than control mice (Figure 2I and J, lower

panels). Insulin tolerance was also analysed at 8 weeks,

with animals displaying similar insulin responses to those

observed at 12 weeks (data not shown). In addition, obese

Oma1�/� mice showed the same higher levels of insulin than

A B C

D

E I J

F G H

Figure 2 Lipid metabolism and glucose tolerance alterations in Oma1�/� mice under standard chow and high-fat diet. Analysis of serum and
plasma parameters of Oma1þ /þ and Oma1�/� mice (12–20 weeks old, n¼ 6–12 for each group). Mice were fed on standard chow and high-fat
diet, and analysis was determined after an overnight fast. (A) Blood glucose levels in Oma1þ /þ and Oma1�/� mice. (B) Serum levels of
alanine aminotransaminase (ALT) and aspartate aminotransaminase (AST), (C) cholesterol and (D) triglycerides. (E) Oil Red O staining of
histological sections of liver from Oma1þ /þ and Oma1�/� mice under chow diet (CD) and high-fat diet (HFD). Scale bar: 20 mm. Levels of
(F) free fatty acids, (G) insulin and (H) leptin in plasma of Oma1þ /þ and Oma1�/� mice. (I) IPGTT and (J) IPITT in wild-type and Oma1�/�

male mice (8–12 weeks old, n¼ 6–8). AUC, area under the curve (arbitrary units). Bars represent mean values±s.e.m. ns denotes no
significant difference. *Po0.05.
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controls (Figure 2F), which explains the observed insulin

insensitivity.

To further investigate these metabolic alterations observed

in Oma1-deficient mice, we performed oligonucleotide-based

microarrays to analyse transcriptional changes in adipose

tissue from Oma1�/� mice kept under high-fat diet. As can

be seen in Supplementary Table S1, we found a marked

up-regulation in the expression of genes encoding proteins

related with lipid metabolism and transport such as fatty-acid

binding protein 1 (FABP1) and several apolipoproteins and

cytochromes. Further, bioinformatic analysis revealed that a

number of the up-regulated genes in Oma1-deficient mice

are associated with two metabolic pathways (peroxisome

proliferator-activated receptors a and g, and retinol pathway),

which can be related to the obesity phenotype observed in

these mutant mice (Supplementary Figure S4). Collectively,

these results indicate that mutant mice deficient in OMA1

mitochondrial protease exhibit significant alterations in

lipid metabolism, characterized by an increase in triglycer-

ides and hepatic steatosis, as well as an improved glucose

clearance likely derived from an increased sensitivity to

insulin.

Energy balance and thermogenesis are altered in

Oma1-deficient mice

To determine the possible causes of the obesity and metabolic

dysfunction observed in Oma1-deficient mice, we performed

analyses of their food-intake and energy balance in mice

maintained on a control chow diet. We did not find significant

differences in food-intake of Oma1�/� mice relative to control

littermates (Figure 3A). However, indirect calorimetry studies

indicated that Oma1-deficient mice showed reduced oxygen

consumption and CO2 production, which correlated with a

significant reduction in heat production in these mice (Figure

3B–D). These alterations occurred in the absence of changes

in respiratory quotient values (Figure 3E) and could not be

explained by changes in ambulation (Figure 3F). Thus, we

decided to study thermogenic activity of BATunder basal and

cold-stress conditions. As expected, wild-type mice showed

an increase in body temperature at night under basal condi-

tions (221C), which was not observed in Oma1-deficient mice

(Figure 3G). To further evaluate their adaptive thermogenic

response, Oma1þ /þ and Oma1�/� mice were subjected to

cold exposure at 41C monitoring their temperature for 12 h.

As can be seen in Figure 3H, Oma1�/� mice showed a

significant decrease in body core temperature when com-

pared with controls from 3 to 12 h. We analysed UCP1 protein

levels after cold-stress but we did not find any differences,

indicating that the observed failure in thermogenic response

was not due to a decrease in UCP1-mediated uncoupling

(data not shown). However, histological analysis of BAT

showed that while control mice depleted lipid droplets

under cold-stress, Oma1-deficient animals retained most of

them (Figure 3I and J). Taken together, these results indicate

that Oma1 ablation causes reduced energy expenditure under

stress conditions, which may explain the susceptibility of

these mice to obesity and their impaired adaptive thermo-

genic response.

Next, we examined whether reduced respiration of Oma1-

deficient mice could be explained by alterations in the

expression of genes coding for mitochondrial proteins or for

the nuclear co-activator PGC1a, an essential transcriptional

regulator of mitochondria and oxidative metabolic pro-

grammes (Finck and Kelly, 2006; Uldry et al, 2006;

Fernandez-Marcos and Auwerx, 2011). To this end, we

obtained tissues from wild-type and Oma1-deficient mice

chronically subjected to a high-fat diet (20 weeks) and

analysed the expression of selected genes by real-time

qPCR. BAT samples showed reduced expression of b-oxida-

tion genes, Cpt1b and Vlcad in the Oma1-deficient group

(Table I). Livers from Oma1-deficient mice showed a reduced

expression of Ndufa9, Uqcrc2 and CoxIV (Table I).

Furthermore, we detected increase in Pgc1a and decrease in

Pgc1b, together with an increase in lipogenic genes Fasn and

Scd1 in Oma1-deficient mice compared with controls

(Table I). In addition, we also detected reduced expression

of Sdha and Atp5a1 in skeletal muscle from Oma1-null mice

(Supplementary Table S2). Collectively, these data indicate

that Oma1 deficiency causes a reduced expression of nuclear

genes encoding mitochondrial proteins, decrease in b-oxida-

tion genes and increase in lipogenic genes, which may

explain the low oxygen consumption and obesity phenotype

of these animals. Notably, Oma1 deletion also led to a

marked decrease in the expression of genes encoding proteins

involved in mitochondrial fusion (Mfn2 or Opa1) or in

mitochondrial fission (Drp1). In fact, Mfn2 was markedly

down-regulated in BAT and WAT from Oma1-null mice,

whereas Opa1 was down-regulated in BAT, WAT and skeletal

muscle (Table I; Supplementary Table S2). Additionally, Drp1

was down-regulated in BAT, skeletal muscle and liver from

Oma1-deficient mice (Table I; Supplementary Table S2).

Alteration of OPA1 processing in Oma1�/� mice

Recent in vitro studies have shown that OMA1 cooperates

with m-AAA proteases in the proteolytic inactivation of OPA1

(Ehses et al, 2009; Head et al, 2009). To evaluate how mouse

OMA1 induces this proteolytic inactivation, we first com-

pared the levels of the different isoforms of OPA1 in murine

embryonic fibroblasts (MEFs) from Oma1þ /þ and Oma1�/�

mice. In Oma1þ /þ cells, we detected the five characteristic

isoforms of OPA1 (labelled a–e) (Figure 4A). After treatment

of these cells with the protonophore carbonylcyanide

m-chlorophenylhydrazone (CCCP), an inducer of loss of

mitochondrial membrane potential, we detected the conver-

sion of bands b–e (Figure 4A). This proteolytic event involves

the processing of large (L-OPA1) to short (S-OPA1) isoforms

of OPA1 and protects cells from mitochondrial fusion under

stress conditions. Interestingly, we could not detect the

S-OPA1 isoform corresponding to band c in Oma1�/� MEFs,

concomitant with a decrease in the production of band e

(Figure 4A). Furthermore, we did not observe the cleavage of

L-OPA1 (band b) to S-OPA1 isoforms (band e) in Oma1�/�

cells treated with CCCP (Figure 4A). Similar results were

obtained when cells were treated with staurosporine, a

known apoptosis inducer, or with oligomycin, an inhibitor

of ATP synthesis (Figure 4B). Analysis of tissue samples from

Oma1-deficient mice also revealed alterations in OPA1 pro-

cessing, characterized by the absence of isoform c in all cases

(Supplementary Figure S5A and B). Interestingly, analysis of

WAT samples from high-fat diet showed an increase in iso-

form e and a decrease in L-OPA1 isoforms in control mice, a

characteristic pattern of stress conditions, whereas Oma1-

deficient mice maintained all L-OPA1 isoforms intact

(Supplementary Figure S5C). Accordingly, we conclude that
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OMA1 mediates the in vivo cleavage and inactivation

of OPA1.

To further investigate the molecular consequences of

Oma1 deletion on mitochondrial structure and function, we

examined mitochondrial morphology in immortalized MEFs

from Oma1þ /þ and Oma1�/� mice. We observed that

Oma1�/� MEFs show a lower percentage of mitochondrial

fragmentation than control MEFs, as well as an increase in

tubular connections (Figure 4C and D; Supplementary Figure

S5D). We also examined the mitochondrial morphology of

–
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Figure 3 Decrease of energy expenditure and impaired thermogenesis in Oma1�/� mice. (A) Food-intake of 2-month-old Oma1þ /þ and
Oma1�/� mice kept on standard rodent chow (n¼ 6). (B) Whole body oxygen consumption (ACC O2), (C) carbon dioxide production (ACC
CO2), (D) heat production, (E) respiratory quotient (RQ) and (F) ambulatory movement of 2-month-old Oma1þ /þ and Oma1�/� mice during
dark period of 3 days kept on standard rodent chow (n¼ 6–8). (G) Basal rectal temperature of Oma1þ /þ and Oma1�/� mice measured during
daytime (1000 hours) and night (2200 hours) for 3 consecutive days (n¼ 5). (H) Body temperature curve of 2-month-old Oma1þ /þ and
Oma1�/� mice exposed to 41C during 12 h (n¼ 6). (I) Representation of BAT histology stained with H&E of Oma1-deficient mice and controls
before and after cold exposure for 3 h. Scale bar: 50 mm. (J) The cumulative area occupied by all lipid droplets in each of the tissue sections was
determined using image J and presented as a percentage of the total area analysed (n¼ 4). *Po0.05; **Po0.01; ***Po0.001.
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MEFs from mutant and control mice after treatment with

CCCP. We observed that the CCCP-induced mitochondrial

fragmentation is lower in Oma1�/� cells than in their corre-

sponding controls (Figure 4E). Likewise, mutant cells pre-

dominantly maintain the tubular network morphology when

compared with cells from wild-type mice (Figure 4E).

Furthermore, after treatment with this inducer of membrane

potential loss, we still observed a significant percentage of

Oma1�/� cells that conserved the highly connected mito-

chondrial morphology (Figure 4E). Collectively, these results

provide evidence that Oma1�/� cells are unable to perform

the protease-mediated process of inactivation of OPA1 and

are also refractory to the stress signals induced by CCCP,

maintaining the mitochondrial tubular network morphology.

It has been previously reported that OPA1 is cleaved

concomitantly with cytochrome c release during apoptosis

(Cipolat et al, 2006; Baricault et al, 2007; Griparic et al, 2007).

As can be seen in Figure 4B, proteolytic processing of OPA1 in

Oma1-deficient cells was blocked after induction of apoptosis

with staurosporine. To further evaluate the putative impact of

Oma1 deficiency on apoptosis, Oma1�/� cells were treated

with staurosporine and the number of apoptotic cells was

determined. The percentage of pyknotic nuclei was signifi-

cantly lower in Oma1-deficient cells than in controls

(Figure 4F). Western blot analysis of PARP cleavage and

activated caspase-3 levels confirmed the decreased sensitivity

to apoptosis of Oma1-deficient cells after treatment with

staurosporine and etoposide (Figure 4G). Taken together,

these results indicate that Oma1 deficiency impairs cellular

sensitivity to apoptosis.

Analysis of mitochondrial function in Oma1�/� cells

To determine whether the deficiency in OMA1 metalloprotei-

nase has any effect on mitochondrial activity, we performed a

series of functional experiments using Oma1�/� MEFs. First,

we assessed the proliferation rate of Oma1-deficient MEFs

but we did not observe significant differences with control

cells (Supplementary Figure S6A). Similarly, we did not find

significant differences in OXPHOS function in the absence of

OMA1. In fact, coupled and CCCP-uncoupled respiration

rates were comparable between Oma1þ /þ and Oma1�/�

cells, as well as oligomycin- and KCN-insensitive oxidation

(Supplementary Figure S6B). Furthermore, the ratio between

uncoupled and coupled respiration (Supplementary Figure

S6C) and the polarography measurements of mitochondrial

complexes did not show significant differences between

Oma1þ /þ and Oma1�/� cells (Supplementary Figure S6D).

Moreover, ATP levels in mutant cells were very similar to

those of control cells under both basal and oxidative stress

conditions (Supplementary Figure S6E). Collectively, these

results indicate that OMA1 does not play a major role in the

maintenance of OXPHOS function. Analysis of mitochondrial

inner membrane potential (DCm) using TMRM fluorescence

probe did not show differences between Oma1þ /þ and

Oma1�/� cells, in neither control nor CCCP-stimulated

uncoupling conditions (Supplementary Figure S6F).

However, we could detect a significant loss of mtDNA in

Oma1-deficient cells (Supplementary Figure S6G). This

decrease could not be explained by a decrease in mitochondrial

mass as the activity of citrate synthase (Supplementary Figure

S6H), a known marker of mitochondrial mass, and MitoTracker

flow cytometry analysis (Supplementary Figure S6I) was com-

parable in cells from both genotypes. Thus, it is reasonable to

speculate that the loss of OMA1 alters the copy number of

mtDNA, likely as a consequence of defective OPA1 processing

and the subsequent changes in the mitochondrial morphology.

To study mitochondrial function in tissues, we analysed

mitochondrial respiration rates in mitochondria isolated from

livers of Oma1þ /þ and Oma1�/� mice on control and high-

fat diet. Thus, we measured the respiration rates in states 3

and 4 using two different combinations of substrates (gluta-

mateþmalate and succinate). Similar to the above cell

analysis, we did not observe differences between the two

genotypes in respiration control rate or ATP synthesis per O2

consumed—represented as P/O rate—under control and

high-fat diets (Figure 5A and B; Supplementary Figure

S7A). These results demonstrate that abnormalities observed

in Oma1-deficient mice were not due to defects in the

OXPHOS system. To analyse other possible pathways that

could explain the phenotype observed in Oma1-deficient

mice, we assessed fatty-acid utilization in the BAT and liver

of Oma1�/� mice on both control and high-fat diets. As

shown in Figure 5C and D, Oma1-deficient mice on a high-

fat diet had a significant decrease in fatty-acid b-oxidation in

BAT and liver compared with wild-type controls. Under a

control diet, a significant decrease in fatty-acid utilization

was found only in the BAT of Oma1�/� mice, indicating that

the dysfunction in b-oxidation was due to primary defects in

BAT and not a result of an inflammatory state caused by the

obesity phenotype. However, and because the impaired

b-oxidation was only observed in the livers of Oma1þ /þ

on a high-fat diet, we cannot exclude that inflammation may

contribute to defective fatty-acid utilization in this tissue.

Table I Expression of mitochondrial genes in BAT and liver of
Oma1+/+ and Oma1�/� under high-fat diet

Brown adipose tissue Liver

Oma1+/+ Oma1�/� Oma1+/+ Oma1�/�

Mitochondrial dynamics
Mfn2 1±0.18 0.55±0.09* 1±0.25 0.64±0.11
Opa1 1±0.37 0.47±0.05 1±0.12 0.94±0.30
Drp1 1±0.17 0.56±0.07* 1±0.21 0.41±0.07*

OXPHOS genes
Ndufa9 1±0.30 0.93±0.07 1±0.11 0.67±0.14*
SdhA 1±0.42 0.64±0.10 1±0.14 1.18±0.33
Uqcrc2 1±0.39 0.84±0.08 1±0.16 0.61±0.12*
CoxIV 1±0.29 1.13±0.12 1±0.05 0.77±0.09*
Atp5a1 1±0.35 0.73±0.05 1±0.12 0.91±0.18

Metabolic regulators
Pgc1a 1±0.11 0.82±0.24 1±0.01 1.62±0.19*
Pgc1b 1±0.16 0.64±0.12 1±0.19 0.53±0.07*

b-Oxidation genes
Mcad 1±0.17 0.83±0.13 1±0.08 0.82±0.17
Vlcad 1±0.14 0.65±0.65* 1±0.11 0.92±0.14
Cpt1a 1±0.15 1.07±0.21
Cpt1b 1±0.08 0.67±0.13*
Cpt2 1±0.11 0.82±0.24 1±0.10 0.84±0.11

Lipogenic genes
Fasn 1±0.11 0.82±0.24 1±0.14 2.79±0.45**
Acc1 1±0.06 0.91±0.21 1±0.06 1.27±0.13
Scd1 1±0.13 0.81±0.04 1±0.11 2.16±0.47*

Gene expression relative to b-actin. Data represent mean±s.e.m. of
at least five mice per group. *Po0.05; **Po0.01.
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Additionally, we measured citrate synthase activity in both

liver and BAT from Oma1þ /þ and Oma1�/� mice on control

and high-fat diet, and did not find differences under these

conditions between the two genotypes (Supplementary

Figure S7B and C). These results demonstrate that differences

in b-oxidation were due to specific mitochondrial defects and

not attributable to a decrease in mitochondrial mass.

Having identified a significant inability of Oma1-deficient

mitochondria to oxidize fatty acids under control and high-fat

diets in BAT, we next chose to explore the impact of Oma1

ablation on the morphology of mitochondria in this tissue by

electron microscopy. Measurements of mitochondrial size

showed a significant increase in mitochondrial area from

Oma1�/� BAT compared with controls (Figure 5E and F).
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Figure 4 Impaired OPA1 processing induces mitochondrial morphology alterations and apoptosis resistance in Oma1�/� mice. (A) Western
blot analysis of OPA1 processing in Oma1þ /þ and Oma1�/� MEFs after treatment with 20mM of CCCP for 60min. (B) Western blot analysis of
OPA1 processing after treatment of Oma1þ /þ and Oma1�/� MEFs with 20mM CCCP, 20mM oligomycine (OLG) and 1 mM staurosporine (STS)
during 3 h. (C) Confocal images of Oma1þ /þ and Oma1�/� MEFs in control cells and after CCCP treatment. Insets represent characteristic
mitochondrial morphologies observed in each situation. Scale bar: 10 mm. (D) Mitochondrial morphology of Oma1þ /þ and Oma1�/�. MEFs
were visualized after transfection with a vector containing mito-DsRed, and (E) after treatment with 20mM of CCCP during 3 h. More than 100
cells were scored. Bars represent mean values±s.e.m. and are shown as a percentage of the total, of three independent experiments
(**Po0.01). (F) Percentage of apoptotic cells was determined by counting pyknotic nuclei after treatment of Oma1þ /þ and Oma1�/� MEFs
with 1mM staurosporine during each time point. More than 150 cells were counted. Bars represent mean values±s.e.m. and are shown as a
percentage of the total, of three independent experiments (**Po0.01). (G) Western blot analysis of PARP and activated caspase-3 as apoptosis
markers in Oma1þ /þ and Oma1�/� MEFs, after treatment of these cells with 1mM staurosporine and 100mM etoposide (ETP) during 3 and
16h, respectively. Figure source data can be found in Supplementary data.
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Figure 5 Mitochondrial alterations in liver and BATafter obesity and cold-stress. Analysis of OXPHOS function in mitochondria isolated from
liver of Oma1þ /þ and Oma1�/� mice on control and high-fat diet. (A) Mitochondrial respiration control rate (RCR) and (B) P/O ratio, using
glutamateþmalate or succinate as substrates. Reduced fatty-acid utilization in Oma1-deficient mice. Mitochondrial fatty-acid oxidation was
measured by the incubation of 14C-palmitate (100 mM) in liver (C) and BAT (D) extracts from mice under control diet and high-fat diet (n¼ 4).
(E) Electron microscopy (EM) images from BATof Oma1þ /þ and Oma1�/� mice on control and cold-stress. Scale bar: 0.4mm. Mitochondrial
morphology quantification in EM was measured with ImageJ, represented as (F) area of mitochondria and (G) number of mitochondria per
field, using at least 12 different pictures of each condition. (H) Western blot analysis of OPA1, MFN2 and DRP1 in BAT samples extracted from
mice after control and cold-stress treatment. Bars represent mean values±s.e.m. *Po0.05; **Po0.01; ***Po0.001. Figure source data can be
found in Supplementary data.
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Moreover, we found that after cold-stress, Oma1þ /þ BAT

increased the size of mitochondria while Oma1�/� BAT

maintained an identical mitochondrial size (Figure 5F). All

of these changes were produced without significant differ-

ences in the mitochondrial number between control and

Oma1-deficient mice (Figure 5G). Focusing on OPA1 proces-

sing after cold-stress, Oma1þ /þ mice displayed a small but

appreciable loss of isoform ‘a’ and a clear accumulation of

isoform ‘c’, the isoform exclusively generated by OMA1 in

response to cold-stress (Figure 5H). This pattern of OPA1

processing was absent in Oma1�/� BAT, indicating that cold-

stress initiates OMA1-mediated processing of OPA1.

Moreover, while OPA1 remodelling was detected in BAT,

neither MFN2 nor DRP1 proteins showed a clear difference

in either condition. Collectively, these results indicate that

Oma1-null mice are unable to develop the appropriate mito-

chondrial dynamic response required for cold-stress-induced

thermogenesis.

OMA1-OPA1 system is necessary for brown adipocytes

function

To explore the connection observed in BAT between OPA1

processing by OMA1 and b-oxidation function, we next

analysed fatty-acid utilization in primary brown adipocytes

from Oma1þ /þ and Oma1�/� mice. Brown preadipocytes

were isolated from newborn mice, immortalized and differ-

entiated into mature brown adipocytes. We then analysed

palmitate oxidation rates as an indicator of b-oxidation func-

tion in Oma1þ /þ and Oma1�/� mature brown adipocytes. In

agreement with our experiments in BAT (Figure 5D), Oma1-

deficient adipocytes displayed significantly lower palmitate

oxidation rates in comparison to wild-type control cells

(Figure 6A). Next, to delineate the importance of OPA1 for

brown adipocyte function, we ablated OPA1 protein levels in

Oma1þ /þ using siRNA and then analysed palmitate oxida-

tion rates. This protocol involved first differentiating the

primary brown preadipocytes for 2 days with insulin, T3,

IBMX, dexamethasone and indomethacin, and then transfect-

ing the cells with an siRNA targeting OPA1 mRNA or a

scrambled control. The cells were maintained for a further

72 h with insulin and T3 to complete adipocyte differentiation

and then analysed for palmitate oxidation rates. This

approach reduced OPA1 protein levels by B75% in the

final mature brown adipocytes (Figure 6B). Interestingly,

knockdown of OPA1 decreased palmitate oxidation rates by

B25% in Oma1þ /þ brown adipocytes compared with cells

transfected with the scrambled siRNA (Figure 6C). This

indicates that OPA1 is required for the correct functioning

of brown adipocyte b-oxidation. Further, to specifically

demonstrate the relevance of OPA1 processing by OMA1 in

brown adipocyte function, we restored OPA1 in these cells by

reintroducing wild-type OPA1 or a mutant OPA1 isoform not

cleavable by OMA1. Brown adipocytes were transfected with

OPA1 siRNA to remove endogenous OPA1 protein as outlined

previously, then 24 h later, we transfected a mammalian

expression vector containing a wild-type full-length cDNA

of OPA1 (OPA1-S1) or a mutant cDNA isoform of OPA1

without the S1 cleavage site that is utilized by OMA1

(OPA1-DS1) (Ishihara et al, 2006). Both constructs were

insensitive to the siRNA targeting mouse Opa1 due to their

human origin and lack of homology in the targeted region

and contained a Flag epitope for detection by western blot

(Figure 6B). Thus, reintroduction of full-length OPA1 in

adipocytes partially restored the levels of palmitate oxidation

(Figure 6C). However, mutant OPA1-DS1 did not demonstrate

a similar ability to increase the levels of palmitate oxidation,

displaying similar oxidation rates to those observed in OPA1-

depleted cells (Figure 6C). These results indicate that

b-oxidation in brown adipocytes requires the OMA1-OPA1

system, and an absence of OPA1 or its proteolytic regulator

OMA1, impairs mitochondrial function.

In summary, our results indicate a pivotal role for the

OMA1 protease in mitochondrial homeostasis by regulating

the mitochondrial dynamics that is essential for lipid meta-

bolism as well as to maintain body temperature and energy

expenditure under cold-stress conditions.

Discussion

We describe herein the generation and phenotypic character-

ization of mutant mice deficient in OMA1, a mitochondrial

metalloprotease proposed to be involved in protein quality

control. Despite the wide tissue distribution of OMA1, the

disruption of this gene does not cause the severe abnormal-

ities observed in mice deficient in other mitochondrial

proteases such as SPG7, AFG3L2 or PARL (Ferreirinha et al,

2004; Cipolat et al, 2006; Maltecca et al, 2008). However,

further analysis of Oma1�/� mice revealed an unexpected

contribution of this protease to metabolic homeostasis.

In fact, Oma1-deficient mice exhibit a progressive increase

in body weight when compared with control animals, and

these differences are further enhanced when mice from both

genotypes are maintained on a high-fat diet. Histological

analysis showed a marked hypertrophy of adipocytes from

Oma1�/� mice. These mutant animals also exhibited hepatic

steatosis as well as a significant increase in plasma triglycer-

ides and a decrease in circulating leptin and insulin levels.

Moreover, glucose and insulin tolerance tests revealed that

Oma1-null mice display improved glucose tolerance and

increased insulin sensitivity. Furthermore, after high-fat

diet induced obesity, Oma1-deficient mice lost glucose toler-

ance protection and developed insulin insensitivity, display-

ing higher levels of leptin than those found in obese

controls. Finally, hepatic steatosis and triglyceride levels

were also dramatically enhanced in mutant mice after high-

fat diet.

The finding of this array of metabolic changes in Oma1�/�

mice prompted us to explore their putative links to the

absence of this mitochondrial metalloproteinase, which had

not been previously associated with metabolic homeostasis.

In this regard, there is growing evidence that a number of

metabolic disorders are caused by alterations of mitochon-

drial function and dynamics (Detmer and Chan, 2007; Suen

et al, 2008; Hyde et al, 2010; Westermann, 2010). There are

many proteins implicated in the regulation of the appropriate

balance between mitochondrial fission and fusion. In mam-

mals, mitochondrial fission is largely controlled by the

dynamin-related GTPase DRP1 (Chang and Blackstone,

2010), whereas mitochondrial fusion mainly depends on the

activity of three large GTPases, the mitofusins (MFN1 and

MFN2) and OPA1 (Hoppins and Nunnari, 2009; Zorzano et al,

2010). On the basis of these previous findings, we speculated

that the absence of OMA1 could alter the levels of some

of these proteins involved in modulating mitochondrial

Metabolic control by mitochondrial protease OMA1
PM Quirós et al

The EMBO Journal &2012 European Molecular Biology Organization10

Results

56



dynamics, shifting the balance towards fusion or fission

events, and finally resulting in the metabolic alterations

observed in Oma1-mutant mice. In fact, our proteomic ana-

lysis of cells and tissues from Oma1�/� mice revealed that

OMA1 plays an in vivo non-redundant role in the proteolytic

processing of OPA1, which leads to its functional inactivation

under stress conditions, thus extending recent in vitro find-

ings showing that OPA1 can be targeted by OMA1 (Ehses

et al, 2009; Head et al, 2009). There are at least five OPA1

isoforms in mammalian cells, including two long forms (L-

OPA1) and three short isoforms (S-OPA1) (Duvezin-Caubet

et al, 2006; Ishihara et al, 2006; Griparic et al, 2007; Song

et al, 2007). The precise molecular balance between these

long and short isoforms is necessary for mitochondrial fusion

to occur. However, under stress conditions such as loss of

mitochondrial membrane potential, low levels of mitochon-

drial ATP or induction of apoptosis, L-OPA1 isoforms are

cleaved to S-OPA1 isoforms and mitochondrial fusion is

blocked (Song et al, 2007). Our finding that Oma1�/� MEFs

lack one isoform (‘c’) and have a decrease in another isoform

(‘e’) of the three S-OPA1 isoforms, clearly indicate that OMA1

is responsible for the in vivo proteolytic processing of L-OPA1

isoforms. Notably, even under stress conditions, Oma1�/�

cells display the same pattern of OPA1 isoforms characterized

by the lack of processing of L-OPA1, which finally results in

the shift of mitochondrial dynamics towards fusion events.

Tissue samples from Oma1-deficient mice also lack one

S-OPA1 isoform in all cases (isoform ‘c’), although the

pattern of OPA1 bands exhibits some differences with that

of MEFs, which can be due to variations in compensatory or

redundant proteolytic activities operating in the different cells

and tissues from Oma1-null mice under normal conditions.

The OPA1-processing deficiency was also clearly evident in

BAT samples from mutant mice after cold-stress and in WAT

samples after high-fat diet, as assessed by the maintenance of

all L-OPA1 isoforms and the absence of any increase in S-

OPA1 bands. Collectively, these results demonstrate that both

cells and tissues from Oma1-null mice exhibit an in vivo

impairment of OPA1 inactivation, which is especially signifi-

cant under stress conditions. Consistent with this proteolytic

processing deficiency, Oma1�/�-deficient cells show an in-

crease of highly connected and less-fragmented mitochondria

when compared with control cells. Likewise, after treatment

of cells with CCCP, which induces loss of mitochondrial

membrane potential, most mitochondria from Oma1-defi-

cient cells maintain their archetypal tubular network,

whereas those present in control cells show a fragmented

morphology. We found the same protection against mito-

chondrial fission when Oma1-mutant cells were treated

with a respiratory chain inhibitor such as oligomycin or

with an apoptosis inducer such as staurosporine, demonstrat-

ing that even under different stress conditions, the absence of

OMA1 imposes a pro-fusion phenotype in mitochondria from

Oma1-mutant mice.

A

C

B

Figure 6 b-Oxidation in brown adipocytes depends on OMA1 and OPA1 function. (A) Analysis of palmitate oxidation rate in brown adipocytes
obtained from Oma1þ /þ and Oma1�/� mice (n¼ 3). (B) OPA1, Flag-tag and actin western blot analyses from wild-type adipocytes after
transfection with an siRNA scrambled control (Scramble) or Opa1 siRNA (siOPA1) (top panel, Opa1 western blot) or siOPA1 samples
retransfected with hOPA1-S1 or hOPA1-DS1 (bottom panel, Flag western blot). To the right of each representative western blot, is the
densitometry analysis from three independent experiments, normalized to actin levels. (C) Palmitate oxidation rate in wild-type brown
adipocytes after 72 h of the above transfections. Bars represent mean values±s.e.m. of three independent experiments. *Po0.05; ***Po0.001.
Figure source data can be found in Supplementary data.
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In addition to its mitochondrial pro-fusion activity, OPA1

plays an important role in the maintenance of cristae junc-

tions of the organelle, protecting cells from apoptosis by

preventing cytochrome c release and mitochondrial depolar-

ization (Olichon et al, 2003; Cipolat et al, 2006; Frezza et al,

2006). Accordingly, we also examined whether the defects in

L-OPA1 proteolytic processing observed in Oma1-deficient

cells could have an impact on apoptosis in these cells. In

fact, Oma1�/� cells display low sensitivity to apoptosis

compared with control cells, thus demonstrating that the

absence of OMA1 metalloprotease has a profound impact

on both pro-fusion and anti-apoptotic activities of OPA1. The

proposed implication of OMA1 in the OPA1-mediated control

of cristae remodelling and cytochrome c release during

apoptosis likely derives from its ability to cleave L-OPA1

isoforms. In fact, these transmembrane isoforms keep in

check the cristae junctions through the formation of stabiliz-

ing oligomeric structures with soluble short isoforms of OPA1

(Cipolat et al, 2006; Frezza et al, 2006). Since Oma1-deficient

cells maintain their L-OPA1 isoforms intact, even under stress

conditions, and still have available some soluble S-OPA1

isoform, the tight structural organization of cristae junctions

is completely preserved. This situation prevents the redis-

tribution and release of cristae-stored cytochrome c and

finally results in apoptosis impairment. Notably, we also

observed a significant decrease of mtDNA levels in

Oma1�/� cells, which was not a consequence of any putative

mitochondrial mass decrease between normal and mutant

cells. The recent finding that OPA1 is also linked to mtDNA

stability (Landes et al, 2010) suggests that the OPA1-proces-

sing deficiency found in mitochondria from Oma1�/� cells

could contribute to explain why these cells are prone to

mtDNA loss.

Interestingly, despite all these mitochondrial abnormalities

observed in Oma1�/� cells, including inhibition of mitochon-

drial fission and loss of mtDNA, mitochondria deficient in

OMA1 metalloprotease do not display marked respiratory

defects, indicating that this enzyme is dispensable for

OXPHOS function. This somewhat paradoxical situation is

not unprecedented, as mitochondria deficient in rhomboid

PARL1 protease do not exhibit primary respiratory defects in

a variety of cell types, although this enzyme is also involved

in OPA1 processing (Cipolat et al, 2006). These observations

reinforce the usefulness of in vivo models to define the

specific functions of proteins, which form part of complex

and redundant regulatory pathways like those involving

proteolytic systems (Lopez-Otin and Bond, 2008; Lopez-

Otin and Hunter, 2010). In fact, over recent years, several

mitochondrial proteases from different catalytic classes,

including the serine protease PARL1 and several ATP-

dependent and -independent metalloproteases, have been

implicated in the constitutive or regulated proteolytic proces-

sing of mammalian OPA1 (Cipolat et al, 2006; Ishihara et al,

2006; Griparic et al, 2007; Song et al, 2007). These studies

were initially based on in vitro experiments involving cell

cultures and pointed to a large degree of overlapping func-

tions between candidate OPA1-processing proteases.

However, the recent introduction of studies based on animal

models of protease deficiency such as those presented herein,

has finally demonstrated the non-redundant in vivo role of

enzymes such as OMA1 in the proteolytic regulation of the

mitochondrial function of the dynamin-related GTPase OPA1.

It is also remarkable that the absence of significant patho-

logical alterations in adult mice deficient in OMA1 facilitated

the identification of the obesity phenotype, which has led us

to propose a new and unexpected role for this mitochondrial

protease in metabolic control. How can we explain that the

deficient OPA1 processing observed in Oma1-null mice leads

to an obesity phenotype? Our data indicate that Oma1

deficiency causes reduced energy expenditure, which agrees

with previous results, indicating that a reduction in energy

expenditure causes obesity in animal models (Lowell et al,

1993; Feldmann et al, 2009). Accordingly, we suggest that the

reduced energy expenditure in Oma1-deficient mice may

account for their increased adipose mass. In addition,

Oma1 deficiency causes a reduced expression of nuclear

genes encoding for mitochondrial proteins and key metabolic

transcription co-activators, and this may be instrumental in

the reduced energy expenditure shown in Oma1-null mice.

Moreover, deregulation in lipid metabolism due to defects in

b-oxidation genes observed in Oma1-deficient mice contri-

butes to the obesity and thermoregulation defects. In this

respect, we can speculate that altered OPA1 processing

induces changes in mitochondrial dynamics, modifying

expression levels of dynamic proteins to compensate or

counteract this deficiency. Thus, under physiological condi-

tions and in the absence of any relevant stressor, the lack of

OMA1 induces changes in mitochondrial dynamics without

seriously affecting any physiological function. In this situa-

tion, Oma1-deficient mice display a modest increase in body

weight, improvement in glucose metabolism, hepatic steato-

sis, decrement in energy expenditure and low body tempera-

ture. However, under stress conditions such as a high-fat diet,

the lack of OMA1 induces obesity, loss of glucose metabolism

improvement and decrease in b-oxidation that induce the

marked increase in the expression of genes of the lipogenic

pathway and manifests as the significant hepatic steatosis

observed in Oma1-deficient mice. Likewise, cold-stress in-

duces impaired thermogenic response diminishing core body

temperature, due to defects in b-oxidation and dysfunction

in mitochondrial dynamics in response to cold-stress.

Interestingly, a recent in vitro study using 3T3-L1 adipocytes

has described a new function for OPA1 as a dual-specificity

A-kinase anchoring protein, which interacts with perilipin

and PKA forming a supramolecular complex involved in the

lipolysis of lipid droplets (Pidoux et al, 2011). We did not

observe any change in perilipin phosphorylation in Oma1-

deficient BAT in comparison to normal tissue (data not

shown), although this does suggests that perilipin functions

normally in Oma1�/� BAT and likely does not contribute to

the numerous defects we have described in these mutant

mice, it may function in other tissues, for example white

adipose, a possibility that will require further detailed exam-

ination in the future. Finally, and in relation to the putative

implications of these findings for human metabolic control,

several genome-wide linkage studies have found evidence of

a quantitative trait locus for human obesity phenotypes in the

region harbouring OMA1 (Saar et al, 2003; Choquette et al,

2008). Nevertheless, further epidemiological studies will also

be necessary to clarify the putative relevance of OMA1

mutations or polymorphisms in abnormal weight control

and glucose metabolism in humans.

In summary, the generation and characterization of

Oma1-deficient mice has contributed to clarifying the
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in vivo functional role of this metalloproteinase in mitochon-

drial quality control and metabolic homeostasis (Figure 7).

The first steps in these processes are performed by mitochon-

drial peptidases, which play direct roles in the degradation of

misfolded and damaged proteins or participate in the proteo-

lytic processing of proteins that form part of the mitochon-

drial dynamics machinery. OMA1 belongs to this second

category of mitochondrial proteases due to its ability to target

OPA1. Accordingly, Oma1-deficient cells have marked altera-

tions in mitochondrial dynamics due to the incomplete

processing of L-OPA1. This perturbation of the fusion–fission

equilibrium in Oma1�/� cells has clear implications for

metabolic homeostasis and causes a series of energy meta-

bolic derangements, which finally result in abnormal weight

control, hepatic steatosis and defective thermogenesis. The

absence of OMA1 is especially significant under stress con-

ditions, indicating that an intact OMA1-OPA1 system is

essential for developing the appropriate adaptive response

to different metabolic stressors such as high-fat diet or

cold-shock. However, we cannot discard that, despite all

of these metabolic derangements observed, other potential

substrates/interacting proteins for OMA1 may be involved

in this process. The marked transcriptional changes observed

in genes of lipid and glucose metabolic pathways and the

substantial alterations in circulating blood parameters found

in Oma1-mutant mice, are likely part of an exacerbated or

anomalous adaptive response, which finally fails in the

absence of OMA1 and leads to the phenotypes observed in

these mice including obesity and defective thermogenesis.

Hopefully, the identification of OMA1 as a proteolytic enzyme

involved in the regulation of energy metabolism may open

new ways for a better understanding of human obesity, a

major medical problem that is reaching epidemic dimensions

worldwide.

Materials and methods

Generation of Oma1�/� mice
We first constructed the targeting vector in pKO scrambler V916
(Lexicon Genetics). A 4.3-kb SalI–NotI fragment from 50-flanking
region, exon 1 and part of intron 1 was used as the 50-homologous
region, whereas a 3.2-kb XhoI–ClaI fragment containing part of
intron 2 and exon 3 was used as the 30-region of homology. The
2.4-kb neo cassette was used as a positive marker and replaced a
2.9-kb fragment containing exon 2 of the Oma1 gene. The
thymidine kinase marker was used as negative selection (Supple-
mentary Figure S1A). The targeting vector was linearized by
digestion with NotI, electroporated into G4 embryonic stem cells,

Figure 7 Schematic model summarizing the functional relevance of OMA1 in mitochondrial dynamics and metabolic homeostasis.
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and selected for homologous recombination with G418 and
ganciclovir. Positive clones were screened by Southern blot after
PvuII digestion of genomic DNA and probed with radiolabelled
30-external probe. A 7.5-kb fragment was detected from wild-type
allele and a 4.3-kb fragment from mutant allele. The targeted ES
cells clones were expanded and subsequently injected into
blastocysts to generate chimeras. Chimeric males were mated with
C57BL/6 female mice and the offspring heterozygous for Oma1
were used to generate homozygous null mice. In all cases, mice
genotypes were determined by PCR analysis of tail DNA.

Animal care
All animal procedures were approved in accordance with the
guidelines of the Committee for Animal Experimentation of the
Universidad de Oviedo. For diet-induced obesity, 4-week-old Oma1-
deficient mice and their wild-type littermates (C57BL/6/129Sv)
were kept in microisolation cages on a 12-h day–night cycle and fed
a high-fat diet containing 42% fat (Harlan TD 88137). Mice were
weighted once a week for all the experiments. After 24 weeks, mice
were sacrificed by cervical dislocation.

Histological analysis
Tissues were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) and stored in 70% ethanol. Fixed tissues were
embedded in paraffin by standard procedures. Blocks were
sectioned (5 mm) and stained with haematoxylin and eosin (H&E).
For adipose tissue evaluation, portions of gonadal and subscapular
fat pads and pieces of skin were processed as described above. The
number of adipocytes and their mean diameter were determined in
3mm tissue sections by computer-assisted image analysis. For each
sample, different sections were analysed and 100 adipocytes were
measured. The area of cells was calculated considering the
maximum and minimum diameter of each adipocyte. For triglycer-
ide detection, liver samples were fixed with 4% formaldehyde and
left overnight at 41C. After that, samples were treated with 15%
sucrose in PBS for 4 h, and then with 30% sucrose solution
overnight, embedded in Tissue-Tek OCT compound (Sakura
Finetechnical Co. Ltd.) and stored at �701C. Finally, samples were
sectioned at 5mm thickness with cryostat (CM3050 S, Leica) and
cryosections were stained with Oil Red O. For BAT droplets
quantification, pictures from BAT sections stained with H&E were
analysed with Image J software.

Blood and plasma parameters
Animals fed on regular and high-fat diet were fasted overnight
and used for measurements of blood and plasma parameters.
Blood glucose was measured with Accu-Chek glucometer (Roche
Diagnostics) using blood from the tail vein. For all the other
measured parameters, blood was extracted directly from heart after
anaesthetizing mice with halothane. Plasma was obtained as
previously described. Briefly, blood was immediately centrifuged
after collection at 3000 g and 41C, and the supernatant was collected
and stored at �801C until analysis. For plasma insulin, leptin and
free fatty-acid measurements, we used Millipore ELISA Kits. All
protocols were performed according to the manufacturer’s instruc-
tions. Levels of hepatic transaminases, cholesterol and triglycerides
were determined in the Servicio de Bioquı́mica, Hospital Universi-
tario Central de Asturias, Oviedo, Spain.

Glucose and insulin tolerance test
Prior to studies, mice were fasted overnight. For IPGTT, mice
received an intraperitoneal injection of glucose (2mg/g body
weight). In IPITT studies, mice received an intraperitoneal injection
of 1U of insulin per kg of body weight. Blood glucose levels were
determined as describe above. Areas under the curve during IPGTT
and IPITT were then calculated by the linear trapezoidal method.

Indirect calorimetry
Energy expenditure and ambulation were assessed using Micro-
Oxymax multiple sensor (Columbus Instruments). Oma1þ /þ and
Oma1�/� mice kept on standard rodent chow were housed
individually in Oxymax chambers and kept on a 12:12-h light–dark
cycle. Constant airflow (0.5 l/min) was drawn through each
chamber. After 1 day of acclimation, O2 consumption, CO2

production, RQ, heat and ambulation parameters were recorded
during 72h, using software provided by Columbus Instruments.

RNA preparation
Collected tissue was immediately homogenized in TRI reagent
(Sigma-Aldrich, St Louis, MO, USA) and processed in the same day
through alcohol precipitation according to the manufacturer’s
instructions. RNA pellets were then washed in cold 80% ethanol
and stored at �801C until further use. Following resuspension of
RNA in nuclease-free water (Ambion, Austin, TX, USA), the
samples were quantified and evaluated for purity (260/280nm
ratio) using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA), and 100mg of each sample
was further purified using RNeasy spin columns according to the
manufacturer’s instructions (Qiagen, Valencia, CA, USA).

Transcriptional profiling and gene expression analysis
The full transcriptome analysis was conducted using Affymetrix
Mouse Gene 1.0 ST Array according to the protocols recommended
by the manufacturer (Affymetrix, Santa Clara, CA, USA). Total RNA
was isolated as described above from mice tissues maintained
under the same high-fat diet and light/dark cycle conditions. The
RNA integrity was assessed using Agilent 2100 Bioanalyzer (Agilent,
Palo Alto, CA, USA). Labelling and hybridizations were performed
according to the protocols from Affymetrix. Washing and scanning
were performed using Fluidics Station 400 and GeneChip Scanner
(Affymetrix). After scanning, raw data were processed with
RMAExpress (http://RMAExpress.bmbolstad.com), using default
settings. DAVID, Ingenuity and OpenOffice software were used for
data analysis. The DAVID web portal was used to calculate
statistical enrichment of KEGG pathways and Gene Ontology
biological processes for each group (Dennis et al, 2003; Huang da
et al, 2009). The network analyses were generated through the
use of Ingenuity Pathways Analysis (Ingenuitys Systems; http://
www.ingenuity.com).

Real-time quantitative PCR
cDNAwas synthesized using 1–5mg of total RNA, 0.14mM random
hexamer primer, 0.2mM of each deoxynucleoside triphosphate and
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
Quantitative reverse transcription–PCR (qRT–PCR) was carried out
in triplicate for each sample using 20ng of cDNA, TaqMans

Universal PCR master mix (Applied Biosystems, San Francisco, CA,
USA), and 1 ml of the specific TaqMan custom gene expression assay
for the gene of interest (Applied Biosystems). To quantitate gene
expression, PCR was performed at 951C for 10min, followed by 40
cycles at 951C for 15 s, 601C for 30 s and 721C for 30 s using an ABI
Prism 7300 sequence detector system. As an internal control, gene
expression was normalized to the mouse b-actin gene using the
Mouse b-actin Endogenous Control (VICs/MGB Probe, Primer
Limited) TaqMan gene expression assay (Applied Biosystems).
Relative expression of the analysed genes was calculated according
to the manufacturer’s instructions. Briefly, the analysed gene
expression was normalized to b-actin in wild-type or Oma1�/�

derived samples, using the following formula: the mean value of
2DCTgene (Gene of interest)�DCTgene (b-actin) for at least six different wild-
type animals were considered 100% for each analysed gene and the
same values for Oma1�/� mice tissues were referred to those values
as previously described.

Western blotting
Mice tissues were immediately frozen in liquid nitrogen after
extraction, then homogenized in 50mM Tris buffer, pH 7.4,
containing 150mM NaCl, 1% Triton X-100, 10mM EDTA and
complete protease inhibitor cocktail (Roche Applied Science). Once
homogenized, tissue extracts were centrifuged at 13 000 g and 41C
for 5min, and supernatants were collected. The protein concentra-
tion of the supernatant was evaluated by bicinchoninic acid
technique (BCA protein assay kit; Pierce Biotechnology Inc.). A
protein sample (15mg) was loaded on SDS–polyacrylamide gels.
After electrophoresis, gels were electrotransferred onto PVDF filters,
and the filters were blocked with 5% non-fat dried milk in TBS-T
(TBS with 0.05% Tween-20) and incubated with primary antibodies
following the commercial instructions. After three washes with
TBS-T, filters were incubated with the corresponding secondary
antibody in 1.5% milk in TBS-T, and developed with Immobilon
Western Chemiluminescent HRP substrate (Millipore) in a LAS-
3000 Imaging System (Fujifilm). The antibodies against OPA1 and
DRP1 were from BD Bioscience, and the antibody against MFN2
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was from Abcam. All the other antibodies used in this work were
from Cell Signaling.

Cell culture and microscopy analysis
Primary MEFs were extracted from E13.5 embryos. Briefly, embryos
were sterilized with ethanol, washed with PBS and triturated with
razor blades. Samples were then incubated in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco) overnight at 371C and 5% CO2.
The next day, cultured cells were trypsinized and washed. Finally,
MEFs were incubated at 371C and 5% CO2 and used for the
corresponding experiments. Adult murine fibroblasts (AFs) were
extracted from 12-week-old mice ears. Ears were sterilized with
ethanol, washed with PBS and triturated with razor blades. Samples
were then incubated with 600 ml of 4mg/ml collagenase D (Roche
Applied Science) and 4mg/ml dispase II (Roche Applied Science) in
DMEM (Gibco) for 45min at 371C and 5% CO2. After filtering and
washing, 6ml of DMEM with 10% fetal bovine serum (Invitrogen),
and 1% antimycotic-antibiotic (Invitrogen) were added, and the
mixture was incubated at 371C and 5% CO2. Once extracted, cells
were cultured in DMEM containing 10% fetal bovine serum at 371C
and 5% CO2. Brown preadipocytes were isolated from newborn
mice by collagenase digestion and were differentiated to mature
adipocytes as previously described (Fasshauer et al, 2000).
Immortalized MEFs, AFs and preadipocytes were generated by
SV40 transformation. For fluorescence microscope analyses, mito-
chondrial morphology was examined after transfection of vector
containing mito-DsRed, and images were obtained using a laser-
scanning confocal microscope (TCS-SP2-AOBS; Leica) using HCX
PL APO Ibd BL � 63 NA 1.4 objective lens. Images were acquired
with LCS Suite version 2.61 (Leica), and then modified with ImageJ,
using the maxima projection of 0.2mm stacks images after
convolve, median filter and despeckle modification. Brightness/
contrast was adjusted using ImageJ.

Transmission electron microscopy
BAT samples were dissected from control and cold-stress-induced
mice and fixed in 3% glutaraldehyde in 0.1M sodium cacodylate
(pH 7.2) for 1 h at 41C. After three washes in 0.1M Sorensen’s
phosphate buffer, samples were postfixed with 1% osmium
tetroxide for 1 h and rinsed three times in Sorensen’s buffer. Tissues
were dehydrated in graded ethanol and infiltrated in 50% propylene
oxide/50% resin for 1 h, then placed in resin for 1 h, and embedded
in a resin-based mould for polymerization overnight in a 371C oven.
Ultra-thin sections (85 nm) were taken from each sample and
analysed on a Jeol (JEM-1011) transmission electron microscope at
80 kV. Images were modified using ImageJ and Gimp 2.6 software.

Proliferation assays
Growth capacity was determined in six-well test plates in which
6�104 cells were plated per well in 2.5ml of DMEM medium and
incubated at 371C for 72 h. Cells were daily counted by using a
Neubauer chamber. Population doubling time was calculated using
the algorithm provided by http://www.doubling-time.com.

Mitochondrial ATP content
Cellular ATP levels were determined using the ATP determination
kit (Molecular probes, Invitrogen) according to the instructions of
the manufacturer. Briefly, MEFs were collected by trypsinization
and lysed using PLB (Promega). The lysates were centrifuged at
12 000 g and 41C for 5min, and supernatants were collected. The
protein concentration of the supernatant was evaluated by
bicinchoninic acid technique (BCA protein assay kit, Pierce
Biotechnology, Rockford, IL, USA). We used 3 mg of lysated material
for ATP determination with a D-luciferin/firefly luciferase reaction
mix, and luminescence was measured in a Luminometer TD20/20
and compared with a freshly prepared ATP standard curve.

Mitochondrial DNA copy number quantification
We quantified mtDNA by real-time PCR using ABI PRISM 7300
Sequence Detector System (Applied Biosystems) and TaqMan
Universal PCR master mix (Applied Biosystems). Total DNA was
used as a template and amplified with specific oligodeoxynucleo-
tides for mt-Co2 and Sdha. We calculated the mtDNA copy number
per cell using Sdha amplification as a reference for nuclear genome
(Moreno-Loshuertos et al, 2006).

Citrate synthase activity
We determined mitochondrial citrate synthase activity in whole
MEFs lysates and tissues homogenates. Briefly, MEFs were collected
by trypsinization, washed twice with PBS and resuspended in buffer
A (0.25M sucrose and 20mMMOPS-KOH, pH 7.4). Then, we added
digitonin to a final concentration of 0.1mg/ml, and cells were kept
on ice for 5min and centrifuged at 5000 g and 41C for 5min. The
pellets were resuspended in buffer B (0.25M sucrose, 1mM EDTA
and 20mM MOPS-KOH, pH 7.4), kept on ice 5min and centrifuged
again at 10 000 g. The final mitochondrial fraction pellets were
resuspended in 10mM of potassium phosphate buffer (pH 7.4) and
samples were freezed-thawed three times in liquid nitrogen before
use. For tissue analysis, homogenates were prepared as described in
palmitate oxidation protocol. Citrate synthase activity was deter-
mined spectrophotometrically at 301C as the reduction rate of
100mM DTNB (5,50-dithio-bis-2-nitrobenzoic acid) at 412 nm
(e¼ 13.8/mM/cm) after the addition of 400mM acetyl-Coenzyme
A and 500mM oxalacetate (Sigma-Aldrich).

Oxygen consumption measurements
Endogenous respiration measurements in intact cells or polarogra-
phy in digitonin-permeabilized cells were performed using a Clark
type oxygen electrode (Hansatech) as previously described
(Hofhaus et al, 1996; Acin-Perez et al, 2003). Briefly, for the O2

consumption determinations in intact cells to measure the
maximum respiration capacity, exponentially growing cells were
collected by trypsinization and centrifugation, and resuspended at
6.5�106 cells/ml in 0.75ml of DMEM containing glucose (4.5 g/l),
supplemented with 10% FBS. The cell suspension was transferred
to the electrode’s 1.5ml water-jacketed chamber containing a small
magnetic bar, thermostated at 371C. Recording of oxygen consump-
tion was carried out for 150 s. Then, 65 nmol 2,4-dinitrophenol
(DNP; Sigma) were added to uncouple the respiration and oxygen
consumption was monitored for an additional 150 s to determine
the maximum O2 consumption. For polarographic measurements
of the individual respiratory complexes, cells were collected
by trypsinization and centrifugation, and resuspended at
2–5�106 cells/ml in Respiration Buffer (250mM HEPES, pH 7.1;
250mM sucrose, 10mM MgCl2, 1mM ADP and 2mM potassium
phosphate). Cells were permeabilized using 10–20mg digitonin per
106 cells and the oxygen consumption rates were determined using
specific substrates and inhibitors for each of the respiratory
complexes: glutamateþmalate and rotenone for complex I;
succinateþ glycerol-3-phosphate and antimycin A for complex III;
TMPD and KCN for complex IV.

Palmitate oxidation measurement
Oxidation of [1-14C]-palmitic acid by tissue homogenates was
performed as previously described (Hirschey et al, 2010). Briefly,
liver and BAT samples were extracted and homogenized in sucrose/
Tris/EDTA buffer, incubated for 120min in the reaction mixture (pH
8.0) containing [1-14C]-palmitic acid, and measured for acid-soluble
metabolites. Palmitate oxidation rates in primary brown adipocytes
were quantified as described (Antinozzi et al, 1998) and corrected
for total cellular protein content.

Statistical analysis
All experimental data are reported as mean and the error bars
represent the standard error of the mean (s.e.m.). Differences
between mean values were analysed by two-tailed Student’s t-test.
A value of Po0.05 was considered significant. Statistical significant
differences are shown with asterisks.

Accession numbers
The Affymetrics GeneChip data set is publicly available from the
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)
with the accession number GSE27525.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Results

II. Metabolic control by mitochondrial protease OMA1

The proper regulation of mitochondrial dynamics is essential to maintain mitochon-

drial homeostasis. Under some stress conditions, mitochondria are divided to protect mito-

chondrial network. However, and because the balance between fusion and fission must be

perfectly coordinated in order to induce the mitochondrial fragmentation it is necessary to

concomitantly inhibit the fusion events. OMA1 protease mediates the inactivation of mi-

tochondrial fusion by proteolytic processing of OPA1. Defects in this system induce alter-

ations under some stress conditions, including metabolic changes such as high-fat diet or

cold-stress, which can underlie some metabolic-related diseases. Our finding of this novel

and unexpected role of OMA1 as a key factor controlling energy metabolism, prompted us

to compile all these data in a mini-review.

Article 2: Pedro M. Quirós, Andrew J. Ramsay, and Carlos López-Otín. “New roles

for OMA1 metalloprotease: From mitochondrial proteostasis to metabolic homeostasis”.
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From mitochondrial proteostasis to metabolic homeostasis

Pedro M. Quirós, Andrew J. Ramsay and Carlos López-Otín*

Departamento de Bioquímica y Biología Molecular; Facultad de Medicina; Instituto Universitario de Oncología; Universidad de Oviedo; Oviedo, Spain

Keywords: obesity, brown adipose tissue, protease, mitochondrial dynamics

The mitochondrial quality control system is essential for the

preservation and regulation of mitochondrial function. This

system is formed by a complex machinery that controls and

maintains protein function and regulates mitochondrial

morphology through a coordinated system of continual fusion

and fission events. Impairments in the mitochondrial quality

control system through either mutation or deficiency in any of

its components, can lead to mitochondrial dysfunction.

However, the physiological consequences of these deficiencies

remain unknown in most cases. Here, we briefly review the

role of the OPA1-OMA1 system in mitochondrial biology, and

summarize our recent report on the generation and pheno-

typic characterization of a model deficient in OMA1, an ATP-

independent mitochondrial metalloprotease that participates

in mitochondrial quality control. Interestingly, Oma1-deficient

mice display an obesity phenotype, characterized by hepatic

steatosis, decrease in energy expenditure and defective

thermogenic regulation. In addition, our study has provided

in vivo evidence of OMA1 function as a mitochondrial quality

control protease, inactivating OPA1 under stress conditions

and inhibiting mitochondrial fusion. Further, we have demon-

strated the essential role of the OMA1-OPA1 system for brown

adipose function and how this system regulates metabolic

homeostasis in mice.

Mitochondria are the central core of energy metabolism within
the cell, producing ATP through oxidative phosphorylation, as
well as participating in many pathways of intermediate metabol-
ism, calcium regulation and other processes such as apoptosis.1

For this reason, mitochondria have developed a complex quality
control system, comprised of a network of proteases and
chaperones, which regulate the assembly, folding and turnover
of mitochondrial proteins to maintain proper function.2,3

Mitochondria are highly dynamic organelles that continually
undergo a process of fusion and division. As such, depending on
the cell type, tissue or moment, mitochondria adopt morphologies
ranging from small punctuate organelles to a highly connected
network.4 Linked to the quality control mechanism exerted by
proteases and chaperones, the regulation of mitochondrial
dynamics generates another point of control. Thus, mitochondrial

dynamics can result in more efficient organelles through induction
of mitochondrial fusion, or can protect the mitochondrial
network under some stress conditions by coordinating mitochon-
drial fission. Due to the range and importance of the functions in
which mitochondria participate, a highly evolved process of
cellular safeguarding has developed. As an illustrative example, if
mitochondrial damage continues unabated and its function
cannot be rescued, small mitochondria generated by fission can
be removed by mitophagy, or apoptotic signals can be
orchestrated to remove damaged cells and protect organismal
viability.5,6 Given the importance of the quality control
machinery, it is plausible that mutations in any of its protein
components could induce mitochondrial dysfunction and under-
lie human diseases.

The study of mitochondrial dynamics during recent years has
permitted the identification of several components of the fusion
and fission machinery, as well as some components that
participate in the regulation of these processes. In mammals, the
fusion process is principally performed by three large GTPases,
mitofusin 1 and 2 (MFN1 and MFN2) in the outer membrane
and OPA1 in the inner membrane.7,8 The fission process is largely
controlled by the dynamin-related GTPase DRP1, located in the
cytoplasm, which is recruited to mitochondria and recognized by
specific mitochondrial receptors in the outer membrane, MFF or
FIS1.9,10 Both dynamic processes have to be highly controlled to
maintain the balance between fusion and fission events, as well as
to enable a rapid response to a wide variety of stimuli in the cell.
Thus, a decrease in ATP levels, loss of mitochondrial membrane
potential or apoptotic stimuli, induce fragmentation of the
mitochondrial network due to inhibition of the fusion process.11

Conversely, the fission process is inhibited in response to
starvation, increasing the connection of the mitochondrial tubular
network to protect mitochondria from degradation and increase
cell viability.12 Deregulation of fusion or fission events is
implicated in several human diseases, most of them related to
neurological disorders, as neurons appear to be particularly
susceptible to mitochondrial defects.13 Thus, Charcot-Marie-
Tooth type 2A, autosomal dominant optic atrophy or postnatal
death with neurodevelopmental disorder, are due to mutation in
MFN2, OPA1 and DRP1, respectively.14-17 Moreover, OPA1

mutations are also associated with different forms of optic atrophy
with or without deafness, ophthalmoplegia, myopathy, ataxia and
neuropathy,18,19 as well as with susceptibility to normal tension
glaucoma20,21 Indeed, mutations in other proteases of the
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mitochondrial inner membrane that belong to quality control
systems and are associated with OPA1 processing, have a clear
neurological phenotype, such as spastic paraplegia and a dominant
form of spinocerebellar ataxia caused by mutations in SPG7 and
AFG3L2, respectively.22,23

Despite recent advances in our understanding of mitochondrial
dynamics, the generation of animal models is essential to
understand the entirety of this molecular process and its
functional relevance in pathophysiology. In this regard, we have
recently reported that OMA1, a mitochondrial metalloprotease
that processes the GTPase OPA1 in response to stress stimuli, has
a new key role in metabolic homeostasis.24 OMA1 was identified
in yeast as a mitochondrial protease of overlapping activity with
the m-AAA protease,25 a mitochondrial quality control protease
located in the inner membrane.26 Subsequent in vitro studies in
mammalian cells determined that OMA1 proteolytically inacti-
vates OPA1, inhibiting the fusion process and catalyzing
mitochondrial fragmentation.27,28 However, the physiological role
of this protease remained unknown. Thus, we generated a
knockout mouse model of Oma1 in order to delineate the in vivo
roles and relevance in mitochondrial function and quality control
of this protease. Surprisingly, Oma1-deficient mice showed an
unexpected metabolic phenotype, characterized by increase in
body weight and hepatic steatosis, together with defective energy
balance and thermogenic regulation. Under control conditions,
Oma1-deficient mice displayed a slight body weight increase and
hepatic steatosis. However, on a high-fat diet, Oma1 knockout
mice developed a marked obesity phenotype with a significant
increase in body weight and fat mass compared with controls.
Further, gonadal and skin adipocytes showed a clear hypertrophy,
and hepatic steatosis was enhanced together with an increase in
triglyceride levels in blood. In addition, Oma1−/− mice displayed
reduced energy expenditure, which is in accordance with previous
studies in mouse models as a possible cause of an obesity
phenotype.29,30 Further, the metabolic alterations observed in
Oma1-deficient mice were accompanied by a decrease in the
expression of genes controlling mitochondrial dynamics and
oxidative phosphorylation, metabolic regulation, β-oxidation and
an increase in lipogenic genes in both liver and brown adipose
tissues. These gene changes were similarly consistent with
previous observations in other murine models in which an
obesity phenotype was related to mitochondrial dysfunction.31

Moreover, thermogenic control and adaptive thermogenic
response to cold-stress were both altered, indicating a possible
dysfunction in brown adipose tissue function regulating heat
production.

Interest in brown adipose tissue has gained significant
momentum over the last few years due to recent studies
correlating its function to, not only the generation of heat in
animals and newborns, but also as an integral tissue for
regulating metabolic homeostasis and as a possible control point
for obesity.32,33 In our studies of Oma1-deficient mice, brown
adipose tissue showed reduced β-oxidation rates in both normal
and high-fat diets. These results indicated a dysfunction in
brown adipose tissue due to deficiency of the OMA1 protease,
under both normal and stress conditions. We analyzed

mitochondrial structure by electron microscopy, and found that
Oma1-deficient mice displayed an increase in mitochondrial size
without changes in the number of mitochondria. It has been
previously described that under cold-stress conditions, mito-
chondria elongate, increasing fusion in an attempt to protecting
the mitochondrial network.34 However, analysis of mitochon-
drial structure after cold-stress of brown adipose tissue from
Oma1-deficient mice did no display an increase in mitochondrial
size in contrast to control mice, indicating a dysfunction in the
response to cold-induced stress by the mitochondrial dynamic
machinery. In addition, using in vitro experiments with brown
adipocytes, we confirmed that both OMA1 and OPA1 are
required for β-oxidation, and that this function was dependent
on OPA1 isoforms generated by OMA1 activity. Further,
analysis of mitochondrial respiratory rates and ATP production
were not altered in the liver under normal or high-fat diets;
however, β-oxidation rates were significantly reduced in liver
under high-fat diet treatment. These results confirmed that the
OMA1-OPA1 system is required for the proper function of
brown adipose tissue and for keeping metabolic homeostasis in
mice.

The deficiency in OMA1 alters the balance between fusion and
fission, and can be the origin of the metabolic alterations observed
in our mouse model. Thus, we have demonstrated in vivo that
OMA1 has a non-redundant role in the proteolytic inactivation of
OPA1 under stress conditions. OPA1 functions are controlled by
alternative splicing and proteolysis of the different isoforms.
Thereby, OPA1 is characterized by at least five different isoforms,
two long isoforms (L-OPA1; a and b), and three short isoforms
(S-OPA1; c–e).11,35 Under stress conditions, such as loss of
mitochondrial membrane potential or apoptotic stimuli, L-OPA1
isoforms are cleaved to S-OPA1 isoforms by OMA1 activity,
inhibiting the fusion event.36,37 This inhibition is due to the fact
that, for an inner membrane fusion event to occur, OPA1 requires
at least one of each of the long and short isoforms, forming a
complex structure to induce the fusion of membranes. At present,
several mitochondrial proteases have been implicated in the
processing and regulation of OPA1 levels, such as PARL1, m-
AAA and YME1L1.27,35,38 Analysis of Oma1-deficient cells
demonstrated the absence of one of the short isoforms of OPA1
and a decrease in the expression of the other under basal
conditions (Fig. 1; c and e, respectively). Moreover, under stress
conditions, Oma1-deficient cells displayed no proteolysis of
OPA1 to generate the shorter isoforms. This observation
reinforces that under normal conditions, several inner membrane
proteases could regulate the generation of some S-OPA1 isoforms,
although in response to stress conditions the inactivation of OPA1
is exclusively due to OMA1 function.

As fusion and fission are interdependent, inhibition of one of
the two creates disequilibrium in the balance of these two events.
Under normal conditions mitochondria adopt a tubular morpho-
logy that fragments in response to fission predominance.
Conversely, inhibition of fission increases the tubular connection
of mitochondria due to increased fusion. Analysis of mitochondria
from Oma1-deficient MEFs showed, predominantly, an arche-
typal tubular morphology with a significant increase in the
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elongated mitochondrial morphologies. Further, under stress
conditions, Oma1−/− MEFs maintain their tubular morphology
due to absent fusion. Intriguingly, the stabilization of L-OPA1
isoforms in Oma1-deficient MEFs protected cells from apoptotic
stimuli, due to maintenance of cristae morphology and prevention
of cytochrome c release.38,39 Thus, the OMA1-OPA1 system is
critical to maintain mitochondrial function and has an important
role in mitochondrial quality control, exerting its function on
mitochondrial dynamics and apoptosis levels. The alterations in
this control system due to Oma1 ablation induce mitochondrial
dysfunction under stress conditions due to inability to adequately
respond to stress stimuli, such as metabolic stress induced by
high-fat diet or cold-stress.

Future Perspectives

Oma1-deficient mice have provided the first in vivo evidence linking
dysfunction in the mitochondrial quality control system with an
obesity phenotype and deregulated thermogenic control.
Interestingly, recent publications have shown that OPA1 function
is necessary for mitochondrial glucose-stimulated ATP production in
pancreatic β cells,40 and for mediating adrenergic control of lipolysis,
as a dual-specificity A-kinase anchoring protein in lipid droplets.41

Collectively, these findings further emphasize the importance of the
OMA1-OPA1 system for metabolic homeostasis. Looking toward
the future, the possibility must be entertained that OMA1 has other
additional substrates and interaction partners that can contribute to

Figure 1. Schematic representation of mitochondrial dynamics regulation, the mitochondrial dynamics response mediated by OMA1 and the alterations

observed in Oma1-deficient mice due to alterations in mitochondrial dynamics equilibrium under stress conditions.
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the quality control system or to other mitochondrial pathways. The
potential identification of novel regulatory proteins belonging to the
OMA1 proteostasis network would provide further insights into
mitochondrial function and could also shed new light on human
pathologies. Accordingly, Oma1 knockout generation has allowed
the discovery of an unexpected role of this mitochondrial quality
control protease as a new key regulator of metabolic homeostasis.
Hopefully, the use of this and other mouse models of mitochondrial
quality control components will let us further understand this
complex system and its associated human diseases.
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Results

III. Characterization of the role of OMA1 in renal failure

Acute kidney injury (AKI) is a major kidney disease that is associated with high mor-

tality and an increased incidence of chronic kidney disease. AKI can be caused by a renal

ischemia/reperfusion, due to different physiological and pathological conditions. Recent evi-

dences have demonstrated that the renal damage is centered on mitochondria, which remark-

ably contributes to renal tubular cell injury and death in AKI. In addition, the ATP-depletion

observed in tubular cells resulting in mitochondrial fragmentation and apoptosis. Accord-

ingly, to better understand the molecular mechanisms of cell injury caused by mitochondrial

fragmentation and the subsequent apoptosis, we employed the mice deficient in OMA1 to

explore the possible key role of this protease in renal disease regulating mitochondrial dy-

namics.
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Abstract

Acute kidney injury (AKI) is associated with mitochondrial fragmentation, which contributes to 

mitochondrial damage and tubular cell apoptosis. Mitochondrial fragmentation involves the 

cleavage of both mitochondrial outer and inner membranes. Cleavage of the outer membrane 

results from Drp-1-mediated fission activation and Bak-promoted fusion arrest, but the molecular 

mechanism of inner membrane cleavage remains elusive. OMA1-mediated proteolysis of OPA1, a 

key inner membrane fusion protein, was recently suggested to account for inner membrane 

cleavage during cell stress. In this study, we have determined the role of OMA1 in OPA1 proteolysis 

and mitochondrial fragmentation in experimental models of ischemic AKI. In ATP-depletion injury, 

knockdown of OMA1 suppressed OPA1 proteolysis, mitochondrial fragmentation, cytochrome c 

release and consequent apoptosis in renal proximal tubular cells. In mice, OMA1-deficiency 

prevented ischemic AKI as indicated by better renal function, less tubular damage, and lower 

apoptosis. OPA1 proteolysis and mitochondrial injury during ischemic AKI were ameliorated in 

OMA1-deficient mice. Thus OMA1-mediated OPA1 proteolysis plays an important role in the 

disruption of mitochondrial dynamics in ischemic AKI. 

Keywords:  acute kidney injury; ischemia/reperfusion, mitochondria, apoptosis
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Introduction

      Acute kidney injury (AKI) is a major kidney disease that is associated with high mortality and an 

increased incidence of chronic kidney disease (CKD) (10, 12, 13, 33). One of the main causes of 

AKI in clinical settings is renal ischemia/reperfusion, which occurs during kidney transplantation, 

vascular occlusion in major surgeries, renal vascular obstruction, and hypoperfusion of kidneys due 

to dehydration, hypotension and decreased cardiac output (2, 29). Due to decreased blood flow in 

kidneys, ischemia leads to the deprivation of oxygen and nutrients in tissues, resulting in ATP 

depletion and related injury in kidney cells.  Restoration of blood-flow following ischemia further 

induces reperfusion injury.  

       Despite decades of study, the cellular and molecular mechanism of AKI induced by renal 

ischemia/reperfusion remains elusive (2, 29).  The research in recent years has demonstrated that 

the cell death pathway centered on mitochondrial damage contributes remarkably to renal tubular 

cell injury and death in AKI (11, 19, 27).  Especially, it is now known that mitochondria are a class of 

dynamic organelles that constantly undergo fission and fusion under physiological conditions.  

During ATP-depletion in vitro and ischemia AKI in vivo, mitochondrial dynamics is shifted to fission, 

resulting in mitochondrial fragmentation, which, along with pro-death molecules such as Bax and 

Bak, induces mitochondrial membrane permeabilization and the release of apoptotic factors (eg. 

cytochrome c) to initiate the cascade of apoptosis (5, 38). 

       As double-membrane organelles, mitochondria maintain their dynamics at both inner and outer 

membranes (9, 25, 37). At the outer membrane, fission is mainly controlled by Drp1, while fusion 

depends on the functional interaction between mitofusin proteins (14, 30, 37). Relatively little is 

known about the regulation of inner membrane dynamics. Nonetheless, OPA1 is known to be the 

fusion protein for mitochondrial inner membrane in mammalian cells and the regulation of OPA1 

depends on proteolytic processing (1, 31).  In 2009, two groups reported separately that OMA1, a 

zinc metalloprotease located at mitochondrial inner membrane, is responsible for OPA1 proteolysis 

and inactivation during cell stress (15, 20). The proteolysis of OPA1 by OMA1 leads to the loss of 
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the long isoforms of OPA1 (L-OPA1), resulting the inactivation of OPA1 and cessation of inner 

membrane fusion (15, 20, 31). More recently, OMA1 has been implicated in OPA1 proteolysis in 

vivo in metabolic stress (28). However, it remains unclear if OMA1 mediates OPA1 proteolysis and 

inactivation and alterations of mitochondrial dynamics in vivo under other pathological conditions 

such as ischemia/reperfusion. In addition, the regulation of OPA1 and OMA1 has not been 

examined in renal cells or tissues. Therefore, the current study was designed to investigate the role 

of OMA1 in OPA1 proteolysis, mitochondrial fragmentation, and tubular cell apoptosis in 

experimental models of ischemic AKI. 
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Materials and methods 

Cells and OMA1 knockdown: The immortalized rat kidney proximal tubular cell line (RPTC) used in 

this study was originally from Dr. Ulrich Hopfer’s lab (Case Western Reserve University, Cleveland, 

OH). OMA1-shRNA was purchased from Origene technologies, Inc. (Rockville, MD). To generate 

OMA1 knockdown stable RPTC cells, OMA1-shRNA was transfected into RPTCs at the confluence 

of 60% using Lipofectamine LTX (Life technologies, Grand Island, NY). At 24 hours after 

transfection, cells were subjected to 20 �M of puromycin (Clontech Laboratories, Inc., Mountain 

View, CA) selection for two weeks. The knockdown effect was confirmed by immunoblot analysis 

with anti-OMA1 antibody (Abcam, Cambridge, MA). RPTC cells stably transfected with scramble-

shRNA were used as control cells.

 

ATP-depletion of RPTC:  RPTCs were treated with 10 mM of sodium azide (Sigma Aldrich, St. 

Louis, MO) for 2.5 hours in a glucose-free Krebs-Ringer bicarbonate buffer followed by reperfusion 

with fresh culture medium for 3 hours. Cells were then fixed with 4% paraformaldehyde and stained 

with Hoechst 33342 (Molecular Probes, Eugene, OR). Apoptotic cells were evaluated 

morphologically by phase contrast and fluorescence microscopy as described previously (7).  

 

Animals and renal ischemia/reperfusion:  The mice used in this study were housed and treated 

following the protocols approved by the Institutional animal care and user committees of Charlie 

Norwood VA Medical Center and Medical College of Georgia at Georgia Regent University. 

C57BL/6 mice were originally purchased from Jackson Laboratory (Bar Harbor, ME). The OMA1 

germ-line knockout (OMA1-KO) mouse model was established as previously described (28). 

OMA1-KO mice were mated with C57BL/6 mice to generate heterozygotes as breeders for the 

production of WT and KO littermates for experiment. The genotypes of the mice were determined 

by PCR with the primers: 1. Forward: gagtgctgtttctctgggtgt; 2 Reverse for WT: tgccctaaactgaaggtgtg; 

3 Reverse for KO: tagaccgcggctagaggta. The WT allele product was 379bp and the KO allele 
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product was 252bp. For experiment, male mice of 8 week old (WT and OMA1-KO) were subjected 

to 25 min of bilateral renal ischemia as detailed in previous studies (34, 36). Mice were sacrificed at 

indicated time points of reperfusion to collect blood samples and kidney tissues. 

 

Renal function measurement:  Blood samples were collected from tail clip or at the time of sacrifice. 

After clotting at room temperature, serum was collected after centrifugation at 12000g for 5 min. 

BUN and serum creatinine were measured with analytical kits from Stanbio Laboratory (Boerne, 

TX). 

 

Histology: Kidneys were collected freshly and fixed with 4% paraformaldehyde at 4°C overnight, 

followed by dehydration and paraffin embedding. The paraffin embedded tissues were cut into 5-

micrometer sections for the Hematoxylin and Eosin (H & E) staining. Tubular damage was scored 

as follows: 1: 0-25% of damage; 2: 26-50% of damage; 3:51-75% of damage and 4: >75% of 

damage. The slides were checked in a blind manner and the representative images were taken with 

a light microscope. 

 

TUNEL staining: Paraffin-embedded kidney tissue sections were rehydrated and permeabilized 

with 0.1 M of sodium citrate, PH 6.0 for 60 min at 60°C. The slides were then incubated with a 

TUNEL reaction enzyme mixture from in situ Cell Death Detection kit (Roche Applied Science, 

Indianapolis, IN) for 40 min at 37°C. The slides were mounted with Prolong Gold Anti-fade Reagent 

(Life technologies, Grand Island, NY). For quantification, 10-20 fields were randomly selected from 

each tissue section and the amount of TUNEL positive cells per 1mm2 was evaluated as before(5, 

21, 35). 

Analysis of mitochondrial fragmentation:  To evaluate mitochondrial fragmentation in cultured cells, 

the pAcGFP1-Mito (Mito-Green from Clontech Laboratories, Inc., Mountain View, CA) was 
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transiently transfected into RPTCs. Following treatment, the cells were fixed with 4% 

paraformaldehyde and mounted with Prolong Gold Anti-fade Reagent (Life technologies, Grand 

Island, NY). The definition of fragmented mitochondria was described in our previous studies (7). 

Totally 100-200 cells were examined to determine the percentage of cells with fragmented 

mitochondria in each group and three separated experiments were conducted for statistical analysis. 

To analyze mitochondrial fragmentation in vivo, kidney tissues were collected and fixed for electron 

microscopy to count the tubular cells with fragmented mitochondria as described in our previous 

study (6).

 

Analysis of cytochrome c release:  To examine cytochrome c release in RPTCs, the cells were 

lysed with an isotonic sucrose buffer containing 0.05% digitonin (w/v) for 5 min to collect the cytosol 

and mitochondrial fraction as described previously (30). To analyze cytochrome c release in mouse 

kidney tissues, fresh mouse kidney cortical tissues were collected to separate the cytosol and 

mitochondrial fractions as described in our previous study (35). The samples were analyzed by 

immunoblotting. 

 

Immunoblot analysis:  Protein samples were separated on the denatured SDS-PAGE gels and then 

transferred to PVDF membrane for immunoblot analysis. After blocking in 5% milk, the blots were 

incubated in primary antibodies and secondary antibodies subsequently. The specific signals were 

detected by chemiluminescence. 

 

Statistics: Microsoft Excel (14.1.2) was used for all the data analysis. Student t-test with P<0.05 

was considered as statistically significant difference. 
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Results

Knockdown of OMA1 suppresses ATP-depletion induced apoptosis in RPTC. 

     We initially examined the role of OMA1 in apoptosis following ATP-depletion in cultured renal 

proximal tubular cells (RPTCs). RPTCs were stably transfected with shRNAs to knockdown OMA1. 

As shown in Fig. 1A and B, OMA1-shRNA transfection induced ~50% decrease of OMA1 

expression comparing to the scramble shRNA transfection. Both OMA1 knockdown cells and 

scrambled sequence transfected cells were treated with sodium azide (a mitochondrial respiration 

inhibitor) in glucose-free medium to induce ATP depletion, followed by recovery in full culture 

medium (5). The treatment induced 35% apoptosis in scrambled sequence transfected cells, but 

only 15% in OMA1 knockdown cells (Fig 1C and D).  Consistently, scrambled sequence transfected 

cells had a significantly higher level of cleaved/active caspase-3 than the OMA1 knockdown cells 

(Fig 1E: lane 5 vs. 6). These results indicate that the loss of OMA1 alleviates the apoptosis induced 

by ATP-depletion in RPTCs, supporting a role of OMA1 in tubular cell apoptosis in this model. 

Knockdown of OMA1 inhibits OPA1 proteolysis and mitochondrial fragmentation during ATP-

depletion. 

       Cytochrome c release from mitochondria to cytosol is a hallmark of the intrinsic pathway of 

apoptosis (8).  As shown in Fig .2A, cytochrome c was released during azide treatment of RPTCs 

(lane 3) and this release was inhibited in OMA1 knockdown cells (lane 4).  As OMA1 has been 

implicated in OPA1 cleavage during mitochondrial injury and stress (15, 20, 28), we further 

examined the spectrum of OPA1 isoforms in those cells. Two long isoforms (L1 and L2) and three 

short isoforms (S1, S2 and S3) of OPA1 were detected by immunoblot analysis in control cells (Fig 

2B: lanes 1, 2). Following azide treatment, the long isoforms of OPA1 disappeared and, 

concomitantly, there was a marked accumulation of OPA1-S3 short form (Fig. 2B: lane 3), indicative 
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of OPA1 proteolysis. Notably, the OPA1 proteolysis was suppressed in OMA1 knockdown cells (Fig 

2B: lane 4). 

      OPA1 is the key fusion protein for mitochondrial inner membrane. Excessive proteolysis leads 

to the inactivation of OPA1 followed by the arrest of inner membrane fusion, contributing to inner 

membrane cleavage(1). We reasoned that the preservation of OPA1 in OMA1-knockdown cells (Fig. 

2B) would prevent mitochondrial fragmentation as a consequence of lack of inner membrane 

cleavage.  To monitor mitochondrial morphology, the cells were transfected with Mito-Green to label 

mitochondria and then subjected to azide treatment.  Representative images of cells with 

filamentous (right panel) and fragmented (left panel) mitochondria are shown in Fig. 2C. By cell 

counting, we detected some (less than 25%) cells with fragmented mitochondria under control 

conditions, which were not affected by OMA1 knockdown. After azide treatment, 52% cells showed 

fragmented mitochondria, which was suppressed to 37% when OMA1 was knocked down (Fig 2D). 

      Together, these in vitro experimental results suggest that under ATP-depletion condition, OMA1 

may regulate apoptosis by mediating OPA1 proteolysis and inducing mitochondrial fragmentation 

and pro-apoptotic factors leakage in kidney tubular cells. 

 

OPA1 proteolysis occurs during renal ischemia/reperfusion in mice. 

      To assess whether OMA1-dependent OPA1 proteolysis plays a pathological role in vivo, we 

examined a mouse model of renal ischemia/reperfusion. C57BL/6 mice were subjected to 25 

minutes of bilateral renal ischemia followed by 48 hours of reperfusion. Fig. 3A and B show that 

after ischemia/reperfusion the blood urea nitrogen (BUN) and serum creatinine values significantly 

increased as compared with control. Meanwhile, the kidney injury molecule-1 (Kim-1), a biomarker 

of kidney proximal tubular injury (32), was markedly induced at 48 hours of reperfusion (Fig. 3C). 

The loss of renal function was accompanied with OPA1 proteolysis. As shown in Fig. 3D, after 

ischemia/reperfusion, the long isoforms of OPA1 (L1 and L2) showed obvious decreases, while the 

shortest OPA1 (S3, arrowed) accumulated (Fig 3D).   
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OMA1 knockout protects renal function and reduces OPA1 proteolysis in ischemic AKI. 

      Since OPA1 proteolysis occurs in ischemic AKI in mouse, we determined whether the 

proteolysis is OMA1 dependent. To this end, we used a recently described OMA1 knockout mouse 

model (28). The deficiency of OMA1 in this model was verified by genotyping (Fig 4A). OMA1 

knockout did not induce noticeable defects in renal function and histology at the age of 8 weeks of 

our experiments (Fig. 4B and C, Fig. 5A). Male littermates of OMA1-knockout (KO) and wild-type 

(WT) were subjected to 25 minutes of bilateral renal ischemia. At 24 hours of reperfusion, BUN in 

WT mice increased to 159 mg/dl, compared with 93 mg/dl in KO mice (Fig 4B). The BUN in WT 

mice further increased to over 200 mg/dl at 48 hours of reperfusion, while that of KO started to 

decrease. Consistently, serum creatinine in KO mice (0.52 mg/dl) was significantly lower than that 

of WT mice (1.35 mg/dl) (Fig. 4C). Immunoblot analysis showed a dramatic induction of Kim-1 in 

the kidney tissues of WT mice after ischemia/reperfusion, which was marked lower in KO tissues 

(Fig. 4D). Notably, OPA1 proteolysis during renal ischemia/reperfusion was also ameliorated in KO 

tissues (Fig. 4E), suggesting a role of OMA1 in mediating OPA1 proteolysis and ischemic AKI. 

 

Tubular damage and apoptosis are attenuated in OMA1-KO mice during renal ischemia/reperfusion.  

      In histology, renal ischemia/reperfusion induced significant tubular damage in WT mice, as 

indicated by lysis of tubules and massive cast formation (Fig. 5A: left lower panel). Tubular damage 

was also detected in OMA1-KO tissues (Fig. 5A: right lower panel).  In semi-quantification, WT 

tissues had a tubular damage score of 2 vs. 1.25 for KO tissues (Fig. 5B).  We further evaluated 

renal apoptosis by TUNEL assay. After renal ischemia/reperfusion, ~50 TUNEL positive cells were 

detected in each mm2 of WT kidney tissues, whereas 35 in OMA1-KO tissues (Fig 5C and D). 

These results indicate that OMA1 deficiency protects kidneys from ischemic injury. 
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Resistance of OMA1-KO tissues to mitochondrial fragmentation and cytochrome c release in 

ischemic AKI.  

      Our results shown above support a role of OMA1 in tubular cell injury and death in ischemic AKI. 

Mechanistically, OMA1 mediates OPA1 proteolysis under the disease condition. OPA1 is a 

mitochondria inner membrane fusion protein, which plays an important role in cytochrome c 

retention in mitochondria (16). Thus, to further understand the involvement of OMA1 in ischemia 

AKI, we examined mitochondrial morphology and cytochrome c release in the WT and KO kidneys 

(Fig 6A and B). By electron microscopy, we observed proximal tubular cells in kidneys with 

filamentous or fragmented mitochondria (Fig 6A).  The basal level of tubular cells with fragmented 

mitochondria was about 10% in both WT and OMA1-KO mice. Renal ischemia induced 

mitochondrial fragmentation in 26.1% of tubular cells in WT mice, but only 18.2% in KO mice (Fig 

6B), supporting a role of OMA1 in mitochondrial fragmentation. We further examined cytochrome c 

release in WT and OMA1-KO mouse kidneys.  No cytochrome c release from mitochondria was 

detected in sham-operated kidneys (Fig. 6C: lanes 1, 2).  After 25 minutes of ischemia and 16 

hours of reperfusion, there was significant release of cytochrome c in WT mouse kidneys (lane 3), 

which was partially suppressed in OMA1-KO mouse kidneys (lane 4). 

Results

85



OMA1�in�ischemic�AKI�

�

12�

�

Discussion

Tubular cell apoptosis contributes significantly to the pathogenesis of AKI (19, 27). Especially, the 

intrinsic pathway of apoptosis plays an important role in tubular apoptosis under this disease 

condition. The intrinsic pathway is characterized by Bax/Bak-mediated mitochondrial membrane 

permeabilization and the release of apoptogenic factors, such as cytochrome c.  Our recent work 

demonstrated that Bax or Bak-deficient mice are protected from AKI following renal 

ischemia/reperfusion (35). Interestingly, prior to mitochondrial membrane permeabilization, 

mitochondria become fragmented during tubular cell apoptosis, and inhibition of mitochondrial 

fragmentation prevents mitochondrial damage and reduces apoptosis and kidney injury, supporting 

a pathogenic role of mitochondrial fragmentation (5). We and others further showed that fragmented 

mitochondria are sensitized to Bax “attack” of mitochondria (3, 17), providing an explanation as to 

how mitochondrial fragmentation participates in apoptosis. Of note, all these studies focused on the 

molecular events at mitochondrial outer membrane.  

In the present study, we have examined the role of OMA1 in the proteolysis of OPA1, a key 

mitochondrial inner membrane fusion protein.  We firstly used an ATP-depletion model to 

demonstrate the involvement of OMA1 in OPA1 proteolysis and mitochondria fragmentation during 

renal tubular cell apoptosis. Further in vivo study confirmed the role of OMA1 in a mouse model of 

renal ischemia/reperfusion. Compared with wild-type mice, OMA1-KO mice exhibited better kidney 

function, less tubular damage and apoptosis in response to ischemic challenge.  These effects were 

associated with the preservation of OPA1, suppression of mitochondrial fragmentation, and 

decrease of cytochrome c release and apoptosis in OMA1-KO tissues. Collectively, these in vitro 

and in vivo observations suggest that OMA1 mediates OPA1 proteolysis, contributing to 

mitochondrial fragmentation and consequent mitochondrial damage and cell death in pathological 

conditions. 

As highly dynamic organelles, mitochondria frequently undergo fission and fusion in normal 

physiological conditions and the dynamics is important to the homeostasis, function and viability of 
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mitochondria and the cell (9, 25, 37). Mitochondrial fission depends on the activation of fission 

proteins such as Drp1, while fusion is controlled by mitofusin proteins at the outer membrane and 

OPA1 at the inner membrane. In response to cell stress, mitochondrial fission is activated and 

fusion arrested, resulting in fragmentation of the organelles. Inhibition of mitochondrial 

fragmentation by blocking Drp1 or expressing mitofusins prevents mitochondrial damage and 

apoptosis, supporting a critical role of mitochondrial fragmentation in cell injury and death under 

pathological conditions. Notably, blockade of mitochondrial fragmentation leads to the prevention of 

apoptosis and tissue damage in disease models (5, 18, 24, 26), further supporting a pathogenic role 

of mitochondrial fragmentation.  

Mitochondria are double membrane bound and, as a result, mitochondrial fragmentation 

during cell stress involves the cleavage of both the outer and inner membranes. The cleavage of 

the outer membrane is a combined result of fission activation and fusion arrest. During cell stress, 

Drp1 is activated by mechanisms including dephosphorylation to induce outer membrane fission. 

Meanwhile, mitofusins are inactivated by interacting with regulatory proteins such as Bak (4, 7). In 

contrast, relatively little is known about inner membrane cleavage. In mammalian cells, OPA1 is the 

key fusion protein at mitochondrial inner membrane. The current understanding is that the cleavage 

of mitochondrial inner membrane depends on the inactivation of OPA1 (22).  

OPA1 exists in cells in multiple forms due to alternative splicing and proteolytic processing 

(1, 31). In immunoblot analysis, two long and three short OPA1 isoforms can be distinguished. 

Interestingly, the fusion activity of OPA1 depends on the presence of both long and short OPA1 

isoforms. During cell stress, OPA1 is excessively proteolyzed, leading to the loss of the long 

isoforms and ensuing inactivation of OPA1. Several proteases have been implicated in the 

cleavage of OPA1. However, in 2009 two separate studies identified OMA1 as the key protease 

responsible for the excessive OPA1 proteolysis during cell stress (15, 20).  In mouse, OMA1 was 

shown to mediate OPA1 proteolysis during metabolic stress induced by high fat diet (28). Our 

current results demonstrate OPA1 proteolysis in experimental models of renal ischemia/reperfusion. 
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Importantly, this study further supports a critical role of OMA1 in OPA1 proteolysis under 

pathological conditions. 

OMA1 is a zinc metalloprotease located in the mitochondrial inner membrane. Despite the 

implication of OMA1 in OPA1 proteolysis, it remains elusive as to how OMA1 is activated for OPA1 

proteolysis during cell stress. In this regard, OMA1 has been proposed to be normally sequestered 

by prohibitin complexes and, upon cell stress, OMA1 is released (23). This scenario, while being 

attractive, remains to be investigated. For example, it is unclear whether OMA1 is indeed 

sequestered in prohibitin complexes and whether these complexes are disrupted to release OMA1 

during cell stress. In addition, the factors governing the integrity of prohibitin complexes are 

completely unknown. Addressing these questions would gain significant new insights into the 

molecular regulation of mitochondrial inner membrane dynamics under patho-physiological 

conditions. 
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Figure Legends 

Fig. 1 OMA1 knockdown suppresses ATP-depletion induced apoptosis in RPTCs.  RPTCs 

were transfected with OMA1-shRNA or scrambled sequence shRNA plasmids to generate stable 

cell lines. The cells were then left untreated (Control) or treated with 10mM sodium azide sodium 

azide in glucose-free buffer for 2.5 hours to induce ATP depletion (A), followed by 3 hours of 

recovery in fresh culture medium (A/R).  (A) Representative immunoblots showing OMA1 

knockdown in OMA1-shRNA transfected cells; �-actin was probed as internal protein control. (B) 

Densitometry quantification of immunoblots confirming OMA1 knockdown in OMA1-shRNA 

transfected cells (n=3). *, P<0.05.  (C) Representative images of cell morphology (upper panel) and 

nuclear morphology after Hoechst staining (lower panel). (D) Percentage of apoptosis evaluated by 

counting the cells with typical apoptotic morphology (n=3). *, P<0.05 vs. Control; #, P<0.05 vs. 

treated OMA1-shRNA cells. (E) Immunoblot of cleaved, active caspase 3.  

 

Fig. 2 OMA1 knockdown inhibits ATP-depletion induced OPA1 proteolysis, mitochondrial 

fragmentation and cytochrome c release. OMA1 shRNA- or scrambled sequence-  transfected 

RPTCs were left untreated (Control) or treated with 10 mM sodium azide to induce ATP-depletion. 

(A) Immunoblots of cytochrome c. Cells were fractionated into mitochondria-enriched membrane 

fraction and cytosolic fraction for immunoblot analysis.  (B) Immunoblot of OPA1 in whole cell lysate. 

The long (L1, L2) and short (S1, S2, S3) OPA1 isoforms are indicated. �-actin was used as loading 

control. (C) Representative images of RPTCs with fragmented  or filamentous  mitochondria.  (D) 

Quantification of percentage of cells with fragmented mitochondria (n=3). *, P<0.05  vs. Control 

groups; #, <0.05 vs. treated OMA1-shRNA group.  
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Fig. 3 OPA1 proteolysis occurs during renal ischemia/reperfusion in mice. C57BL/6 mice was 

subjected to 25 minutes of bilateral renal ischemia followed by 48 hours of reperfusion.  (A) BUN 

increase (n=4). *, P<0.05 vs. Control; #, P<0.05 vs. 24 hours’ BUN value. (B) Serum creatinine 

values at 48 hours of reperfusion (n=4). *, P<0.05 vs. Control group.  (C) Immunoblot of Kim-1. (D) 

Immunoblot of OPA1 showing OPA1 proteolysis during renal ischemia/reperfusion. Arrows: the 

shortest OPA1 isoform (S3). 

 

Fig. 4 OMA1 knockout protects renal function and reduces OPA1 proteolysis in ischemic AKI.  

Male littermates of wild-type (WT) and OMA1-knockout (KO) mice were subjected 25 minutes of 

bilateral renal ischemia and 48 hours of reperfusion. (A) PCR-based genotyping results to confirm 

OMA1 deletion in KO mice. Wild-type allele, 379bp; OMA-knockout allele, 252bp. (B) BUN values 

of WT and KO mice during renal ischemia/reperfusion (n=5 pairs). *, P<0.05 vs. control group; #, 

P<0.05 vs. KO mouse values. (C) Serum creatinine value at 48 hours of reperfusion (n=5 pairs). *, 

P<0.05 vs. control group. #, P<0.05 vs. treated KO mouse values. (D) Immunoblots of Kim-1. (E) 

Immunoblot of OPA1 showing the changes of various OPA1 isoforms during renal 

ischemia/reperfusion in the WT and KO mice. ��acting was probed as loading control. 

 

Fig. 5 Tubular damage and apoptosis are attenuated in OMA1-KO mice during renal 

ischemia/reperfusion.  Kidney tissues with or without 25 minutes of ischemia and 48 hours of 

reperfusion were fixed and processed for paraffin embedding, followed by H & E or TUNEL staining. 

(A) Representative images of H & E staining. (B) kidney tubular damage score from H & E staining 

for WT and KO mice with ischemic AKI (n=5). *, P<0.05 vs. the KO group. (C) Representative 

images of TUNEL staining. (D) Quantification of apoptotic cells from TUNEL images (n=5). *, 

P<0.05 vs. the KO group.  
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Fig. 6 Resistance of OMA1-KO tissues to mitochondrial fragmentation and cytochrome c 

release in ischemic AKI. (A, B) Male littermates of wild-type (WT) and OMA1-knockout (KO) mice 

were subjected 25 minutes of bilateral renal ischemia and a brief period (~15 minutes) of 

reperfusion. Kidney tissues were fixed and processed for electron microscopy to record 

representative images (A) and quantify the cells with fragmented mitochondria in collected images 

(B).  (C) The mice were subjected 25 minutes of bilateral renal ischemia and 16 hours of 

reperfusion. Kidney tissues were collected to exact mitochondrial and cytosol fractions for 

immunoblot analysis of cytochrome c. 

 

 

Results

93



Fig.�1�OMA1�knockdown�suppresses�ATP�depletion�induced�apoptosis
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Fig.�2�OMA1�knockdown�inhibits�ATP�depletion�induced�OPA1�proteolysis,�

mitochondrial�fragmentation�and�cytochrome�c�release
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Fig.�3�OPA1�proteolysis�occurs�during�renal�ischemia/reperfusion�in�mice
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Fig.�4�OMA1�knockout�protects�renal�function�and�reduces�OPA1�

proteolysis�in�ischemic�AKI
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Fig.�5�Tubular�damage�and�apoptosis�are�attenuated�in�OMA1�KO�

mice�during�renal�ischemia/reperfusion
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Fig.�6�Resistance�of�OMA1�KO�tissues�to�mitochondrial�fragmentation�

and�cytochrome�c�release�in�ischemic�AKI�
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Results

IV. Generation and cancer susceptibility of Lonp1-deficient mice

Lon protease (LONP1) is a highly conserved serine protease that contributes to protein

quality control processes from bacteria to eukaryotic cells. LONP1 plays a crucial role de-

grading misfolded and damaged proteins and protecting mitochondrial function under stress

conditions. Accordingly, changes in the expression levels of this protease gene are associated

with several diseases, including cancer. Nevertheless, although the function of Lon protease

is well known in lower organisms and several in vitro substrates have been identified for

this protease in mammalian cells, the physiological function of LONP1 remains unknown.

In this work, we report the generation of mice deficient in the Lon protease demonstrat-

ing the essential function of this proteolytic enzyme for embryonic development and cancer

susceptibility. In addition, we show that LONP1 plays a key role in metabolic reprogram-

ming of tumor cells by remodeling OXPHOS complexes and protecting against senescence,

identifying this protease as a central regulator of mitochondrial activity in oncogenesis.
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ABSTRACT  
 

We have generated mice deficient in Lon protease (LONP1), a major enzyme of the 

mitochondrial quality control machinery. Homozygous deletion of Lonp1 causes early embryonic 

lethality, while its haploinsufficiency protects against colorectal and skin tumors. Furthermore, 

LONP1 knockdown inhibits cellular proliferation and tumor and metastasis formation, whereas 

its overexpression increases tumorigenesis. Clinical studies indicate that high levels of LONP1 

are a poor prognosis marker in human colorectal cancer and melanoma. Additionally, functional 

analyses show that LONP1 plays a key role in metabolic reprogramming by remodeling 

OXPHOS complexes and protecting against senescence. Our findings demonstrate the relevance 

of LONP1 for cellular and organismal viability, and identify this protease as a central regulator of 

mitochondrial activity in oncogenesis.  

 
 
Highlights 
 

LONP1 is a mitochondrial protease essential for embryonic development 
LONP1 is up-regulated in human colorectal and melanoma tumors 
LONP1 loss induces mitochondrial dysfunction and triggers cellular senescence  
LONP1 regulates metabolic reprogramming through remodeling mitochondrial function 
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INTRODUCTION  

Mitochondria are subcellular organelles of eukaryotic cells responsible for generating the 

bulk of cellular energy in the form of ATP through oxidative phosphorylation (OXPHOS) 

(Wallace et al., 2010). In addition, mitochondria are involved in other pathways of intermediate 

metabolism, generate and regulate reactive oxygen species (ROS), maintain homeostasis and 

calcium buffering, and participate in essential cellular processes such as apoptosis (Galluzzi et 

al., 2012; Rizzuto et al., 2012; Sena and Chandel, 2012; Wallace, 2011). Consistent with the wide 

diversity of functional roles played by these organelles, mitochondrial dysfunctions are 

associated with aging and various pathological processes such as cancer and neurological 

diseases (Lopez-Otin et al., 2013; Wallace, 2005). To exert their functions properly, mitochondria 

have developed a quality control system composed of proteases and chaperones that regulate the 

assembly, folding and turnover of proteins, as well as the removal of damaged proteins (Tatsuta, 

2009; Voos, 2013). In mammals, there are four-major ATP-dependent proteases that participate in 

mitochondrial quality control: Yme1 and m-AAA proteases localized in the inner membrane, and 

ClpP and Lon located in the matrix (Anand et al., 2013; Rugarli and Langer, 2012). Additionally, 

there are several ATP-independent proteases that collaborate in mitochondrial homeostasis 

(Cipolat et al., 2006; Quirós et al., 2012). 

Lon protease (LONP1) is a highly conserved serine peptidase that contributes to protein 

quality control processes from bacteria to eukaryotic cells (Lu et al., 2003). LONP1 plays an 

important role in the degradation of misfolded and damaged proteins, and supports cell viability 

under oxidative, hypoxia and ER-stress conditions (Venkatesh et al., 2012). Thus, LONP1 

degrades aconitase, a key enzyme of the Krebs cycle which is highly susceptible to oxidative 

inactivation (Bota and Davies, 2002). Likewise, LONP1 degrades the cytochrome c oxidase 

isoform COX4-1 under hypoxic conditions, enabling the function of COX4-2, which is more 

efficient under low oxygen conditions (Fukuda et al., 2007). The proteolytic function of LONP1 

is also involved in cholesterol metabolism by degrading the steroidogenic acute regulatory 

protein and in the heme biosynthesis pathway by targeting 5-aminolevulinic acid synthase, the 

first rate-controlling enzyme in this pathway (Granot et al., 2007; Tian et al., 2011). Besides its 
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functions as a protease, LONP1 is a DNA-binding protein both in prokaryotic and eukaryotic 

cells (Fu and Markovitz, 1998). In particular, mammalian LONP1 binds to single strand mtDNA 

in G-rich consensus sequences and participates in mtDNA maintenance and gene expression 

regulation through association with nucleoids and interaction with mtDNA polymerase gamma 

and the twinkle helicase (Cheng et al., 2005; Liu et al., 2004). Moreover, LONP1 degrades 

mitochondrial transcription factor A (TFAM), regulating mtDNA copy number and metabolism to 

maintain the TFAM/mtDNA ratio necessary to control replication and transcription (Lu et al., 

2013; Matsushima et al., 2010).  

Consistent with LONP1 crucial role in the control of mitochondrial function under stress 

conditions, changes in the expression levels of this protease gene are associated with several 

diseases. Thus, LONP1 expression is up-regulated in different mitochondrial syndromes, such as 

Friedrich ataxia, MERRF (myoclonic epilepsy with ragged red fibers), and MELAS 

(mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) (Felk et al., 2010; 

Guillon et al., 2009; Wu et al., 2010). Conversely, LONP1 expression is down-regulated in 

hereditary spastic paraplegia, familial amyotrophic lateral sclerosis, and aging (Erjavec et al., 

2013; Fukada et al., 2004; Hansen et al., 2008; Ngo and Davies, 2007; Ngo et al., 2011). 

Moreover, LONP1 levels are increased in different tumor cell lines, like human mammary 

epithelial cells or hepatoma cells (Kita et al., 2012), as well as in different tumors, including non-

small-cell lung carcinoma and lymphoma (Bernstein et al., 2012; Hu et al., 2005). Interestingly, 

down-regulation of LONP1 in some tumor cell lines causes apoptosis and cell death (Bota et al., 

2005), indicating a possible addiction of tumor cells to LONP1 function, as occurs with other 

intracellular proteases associated with cancer (Bulteau and Bayot, 2011; Fraile et al., 2011; Freije 

et al., 2011).  

To further analyze the in vivo roles of this mitochondrial protease in both normal and 

pathological conditions, including cancer, we have generated mutant mice deficient in Lonp1. 

Homozygous deletion of Lonp1 causes early embryonic lethality due to an arrest in mouse 

embryonic development. However, Lonp1+/- heterozygous mice are fertile and viable, thereby 

facilitating studies of cancer susceptibility which have shown that these haploinsufficient animals 

are protected against colon and skin carcinomas induced by chemical carcinogens. Moreover, 
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knockdown of Lon protease in colorectal and melanoma cells inhibits in vivo tumor growth and 

metastasis, respectively, while LONP1 overexpression promotes tumorigenesis. Finally, we 

provide evidence that LONP1 regulates metabolic reprogramming and controls tumor 

bioenergetics by remodeling OXPHOS complexes. Together, our results indicate that LONP1 is 

an essential protease for embryonic development and operates as a pro-tumor protease during 

carcinogenesis.  

 

 

 

RESULTS 

Lonp1 deletion causes embryonic lethality in mice 

Mice heterozygous for the targeted allele of the mitochondrial Lon protease (Lonp1+/-) 

were viable and fertile with no obvious abnormalities. These mice were intercrossed to generate 

homozygous mice deficient in Lonp1 (Figure S1A). However, we did not detect homozygous 

pups at weaning (Figure S1B), suggesting that Lonp1 homozygous deletion causes embryonic 

lethality. To further assess this hypothesis, we analyzed and genotyped embryos at different 

stages of development, from 3.5 to 9.5 days post coitum (dpc). We found that at blastocyst stage 

(3.5 dpc), the number of embryos of the different genotypes followed the expected Mendelian 

ratios. However, at 8.5 dpc, only one of the analyzed viable embryos carried the homozygous 

mutation, whereas at 9.5 dpc none of them carried the mutation in homozygosis (Figure 1A and 

Figure S1B). Moreover, analysis of non-viable mutant embryos at 8.5 dpc showed a clear 

reduction in size when compared with their littermate controls, looking like 7.5 dpc embryos and 

suggesting that their development was arrested. These differences were maintained at 9.5 dpc 

(Figure 1A). To clarify the embryonic lethality of Lonp1-/- in the gastrulation period, we 

performed comparative histological analysis of 5.5 to 7.5 dpc embryos from both genotypes. 

Lonp1-/- embryos from 5.5 and 6.5 dpc showed normal size and development (Figure 1B). 

However, at 7.5 dpc, Lonp1-null embryos showed a marked growth decrease, being much smaller 

than their littermate controls and exhibiting incomplete formation of embryo cavities, thereby 

pointing to a developmental arrest at the egg-cylinder early gastrulation stage (Figure 1B).  
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To further characterize the cause of lethality observed in Lonp1-null embryos, we first 

tried to generate ES cells or murine embryonic fibroblasts (MEFs) with homozygous deletion of 

Lonp1. However, after repeated experiments, we were unable to obtain any Lonp1-deficient cell 

line. To evaluate the putative relationship between mtDNA deficiencies and embryonic lethality 

in Lonp1-null mice, we analyzed mtDNA copy number in Lonp1-null embryos during 

development. We observed that at 3.5 dpc there were no differences between control, 

heterozygous and Lonp1-null embryos (Figure 1C). However, analysis at 7.5 dpc showed a 

decrease in mtDNA copy number in Lonp1-deficient embryos compared with control and 

heterozygous embryos (Figure 1C). To further evaluate the influence of LONP1 deficiency in 

embryo development, we analyzed the in vitro growth of embryos. Thus, we isolated 

preimplantation embryos by uterine flushing at blastocyst stage (3.5 dpc), from control and 

knockout mice. As shown in Figure 1D and Figure S1B, almost all blastocysts obtained from 

intercrossed heterozygous mice were normal and viable, and Lonp1-null blastocysts were 

indistinguishable from the corresponding controls. We then cultured blastocysts in vitro for 5 

days in ES cells media, finding that virtually all analyzed embryos developed normally. However, 

Lonp1-deficient embryos showed a smaller size in the inner cell mass (ICM) and trophoblast cells 

(TB) compared with littermates (Figure 1E), indicating a growth arrest similar to that observed in 

the in vivo experiments. Taken together, these results indicate that LONP1 is essential for in vivo 

and in vitro embryo development. Embryonic absence of this protease leads to marked growth 

retardation and arrest likely due to mitochondrial dysfunction and loss of mtDNA, with 

subsequent failure to accomplish the energy requirements necessary for embryonic development. 

In marked contrast to embryonic lethality of Lonp1-/- mice, Lonp1+/- mice developed 

normally and did not display any obvious pathological alterations. Analysis of Lonp1 expression 

in heterozygous mice indicated a 50% reduction at both RNA and protein levels in these animals 

(Figure 1F and 1G). These findings demonstrate that LONP1 haploinsufficiency is compatible 

with embryonic and adult mouse development, as well as with normal growth and fertility, thus 

opening the possibility to perform long-term studies aimed at analyzing cancer susceptibility in 

Lonp1+/- mice. 
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 Lonp1-haploinsufficient mice are protected against colorectal cancer and chemically-

induced skin tumors 

To analyze the role of LONP1 in tumor development, we induced colon carcinoma in 

Lonp1+/- mice and in littermate Lonp1+/+ controls, using a combined treatment with 

azoxymethane (AOM) and dextrane sulfate (DSS) (Figure 2A). At the end of the experiment, all 

Lonp1 wild-type mice, but only 72% Lonp1 heterozygous mice, developed colorectal tumors (P < 

0.05) (Figure 2B). Moreover, Lonp1+/- mice had significantly fewer tumors than control animals 

(Figure 2C and 2D). There was also a decrease in the colon length in Lonp1 control mice 

compared with heterozygous mice (Figure 2E). Quantitative analysis of the clinical score during 

the carcinogenesis protocol revealed that Lonp1+/- mice exhibited milder clinical features than 

wild-type animals (Figure 2F). These results indicate that a decrease in Lonp1 levels protects 

against colorectal carcinoma in mice. 

To further characterize the putative role of LONP1 in tumor development, we used an 

additional chemical carcinogenesis protocol to induce skin tumors. For this purpose, we subjected 

Lonp1-heterozygous mice and their wild-type littermate controls to a conventional 7,12-

dimethylbenzanthracene and tetradecanoylphorbol acetate (DMBA/TPA) carcinogenesis protocol 

that induces skin papillomas. Lonp1 heterozygous mice developed significantly less papillomas 

during the TPA treatment, from week 9 to the end of the experiment, both in size and in total 

number of papillomas per mouse (Figure 2G). Moreover, Lonp1-heterozygous mice displayed 

significantly lower incidence in papilloma appearance (P < 0.05) (Figure 2H), while histological 

analysis of papillomas showed tumor size differences between both groups (Figure 2I). These 

results indicate that LONP1 has a key role in the development of colon and skin tumors, and 

decrease in Lonp1 levels protects against colorectal carcinoma and papilloma formation in mice. 

 

 

LONP1 is upregulated in colon cancer and promotes tumor growth  

To clarify the role of this mitochondrial protease in colorectal cancer, we studied LONP1 

expression in different human colorectal cancer cell lines (HCT116, HCT15, HT29, SW480, 

SW620, DLD-1 and RKO), as well as in a colon epithelial cell line (FHC). qPCR analysis 
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showed high expression of LONP1 in all colon cancer cell lines compared to the control cells 

(Figure 3A). Interestingly, in four of the seven cell lines analyzed (HCT116, HCT15, DLD-1 and 

RKO), the increase in LONP1 expression relative to colon fibroblasts was more than 10-fold. 

These four cell lines with very high expression levels of LONP1 display microsatellite instability, 

while those showing less than 10-fold changes in LONP1 relative expression (HT29, SW620 and 

SW480) exhibit microsatellite stability phenotypes (Kleivi et al., 2004). To extend these LONP1 

expression data to the protein level, we performed Western-blot analysis of these cell lines. This 

analysis showed increased LONP1 protein levels in all cell lines compared to control colon 

fibroblasts, although these protein levels did not perfectly correlate with those of RNA (Figure 

3B). To analyze the relevance of Lon protease in these colon carcinoma cells, we used HCT116 

cells to perform in vitro and in vivo studies of loss- and gain-of-function. Thus, we reduced Lon 

protease levels using lentiviral-based shRNAs against LONP1, and ectopically induced LONP1 

using a retroviral system that expresses a Flag-tagged LONP1 cDNA construct. The expression of 

LONP1 was confirmed by qPCR analysis and western-blot analysis (Figure 3C and Figure S2A). 

Knockdown of LONP1 (shLon) significantly reduced cell proliferation in vitro compared to 

control cells (pLKO1) (Figure 3D and Figure S2B). However, ectopic expression of LONP1 

(LON) did not increase proliferation when compared to its corresponding control cell line (pMX) 

(Figure 3D). Likewise, overexpression of LONP1 in DLD-1, a colon cancer cell line with 

relatively low levels of LONP1 expression, did not increase the proliferation rates (Figure S2C). 

We then examined the in vivo relevance of LONP1 expression on tumor growth, using a 

xenograft model. Thus, the shLon engineered cells were injected subcutaneously into the flanks 

of nude mice and the size of tumors measured. As shown in Figure 3E, tumor growth of shLon 

cells was significantly reduced when compared to pLKO1 control cells. On the other hand, 

ectopic expression of LONP1 increased growth of tumors in nude mice compared to those 

generated by pMX control cells (Figure 3F). These results indicate that LONP1 is necessary to 

maintain the proliferative rates and tumor growth of this colorectal cancer cell line.  

To further evaluate the relevance of LONP1 expression in colon carcinoma, we performed 

an immunohistochemical analysis of human samples from normal and tumor colorectal sections. 

Thus, in agreement with previous data, LONP1 is expressed in normal colon samples and highly 
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up-regulated in colon cancer mucosa (Figure 3G). Moreover, analysis of transcriptional data from 

colorectal adenomas and normal mucosa (Sabates-Bellver et al., 2007), showed a significant 

increase in LONP1 expression in adenomas compared to their matched normal mucosa (Figure 

3H). In addition, detailed analysis of reported data on survival of colorectal carcinoma patients 

with Duke's stages A-C, showed a positive correlation between high LONP1 expression and 

lower survival (Figure 3I). Collectively, these results suggest that Lonp1 up-regulation is 

common in colorectal cancer and may provide some advantage to tumor cells, thereby facilitating 

cancer development. 

 

 

LONP1 is necessary for proliferation and metastasis of melanoma cells  

As described above, Lonp1-heterozygous mice displayed less susceptibility to develop 

tumors than control mice, and the expression of LONP1 is increased during malignant 

transformation in both human colon and skin tumors. A deeper analysis of human cutaneous 

melanoma (Talantov et al., 2005), showed a significant increase in LONP1 levels in melanoma 

compared to normal skin or benign nevi samples (Figure 4A). Moreover, analysis of clinical 

outcome of melanoma patients with metastasis (Bogunovic et al., 2009), showed a positive 

correlation between LONP1 expression and short survival (Figure 4B). To further evaluate the 

functional relevance of Lon protease in tumor and metastasis formation in vivo, we used the 

murine B16F10 melanoma cells in which, similar to the above experiments with HCT116 

colorectal cancer cells, we reduced LONP1 levels using lentiviral-based shRNA and induced 

ectopic expression of LONP1 using a retroviral system. A complete set of shRNA (shLon) 

reduced both LONP1 mRNA and protein levels approximately 90% compared with control 

pLKO1 shRNA, whereas ectopic expression of Lon increased the levels of protein and mRNA 

10-fold (Figure 4C-D and Figure S3A). Knockdown of LONP1 diminished in vitro proliferation 

of B16F10 cells, whereas ectopic expression of LONP1 did not increase proliferation rates 

(Figure 4E and Figure S3A). We then analyzed the in vivo formation of experimental lung 

metastasis using this highly metastatic melanoma cell line. Thus, we intravenously injected 

25,000 B16F10 cells in C57BL/6 mice, and after three weeks, mice were sacrificed and the 
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number of lung metastasis determined by histological analysis. As shown in Figure 4F, 

knockdown of LONP1 inhibited metastasis formation, reducing 10-fold the number of metastasis 

compared to pLKO1 control cells. Conversely, overexpression of Lon protease increased 

significantly the number of metastasis (Figure 4G). Together, these results indicate that LONP1 is 

essential for cell proliferation as well as for metastasis formation in vivo, and high levels of 

LONP1 are a marker of poor prognosis in human melanoma. 

  

 

LONP1 induces a metabolic switch and regulates tumor bioenergetics by remodeling 

OXPHOS complexes 

To study the role of LONP1 in the regulation of mitochondrial function in cancer, we used 

the above described B16F10 melanoma cells with knockdown or overexpression of Lon protease. 

Knockdown of LONP1 decreased cellular ATP content, whereas ectopic expression of LONP1 

increased ATP content (Figure 5A and Figure S4A). Further, analysis of mitochondrial respiration 

showed a decrease in basal oxygen consumption in LONP1 ablated cells when compared to 

controls (Figure 5B and Figure S4B). Interestingly, overexpression of Lon protease also showed a 

decrease in mitochondrial respiration compared to control cells (Figure 5B). Stimulation with the 

chemical uncoupler trifluorocarbonylcyanide phenylhydrazone (FCCP) increased oxygen 

consumption to maximal respiration rate (MRR) in both pLKO1 and pMX control cells. 

Nevertheless, neither knockdown nor overexpression of Lon protease reached similar oxygen 

consumptions than control cells (Figure 5B and Figure S4B). In addition, both knockdown and 

ectopic expression of LONP1 increased the glucose consumption and lactate production 

compared to controls (Figure 5C-D and Figure S4C-D). These results were puzzling because both 

conditions, i.e. ablation and overexpression of LONP1, induce the down-regulation of respiration 

and the up-regulation of the glycolytic pathway. To try to understand this phenomenon, we 

examined mitochondrial respiratory complexes by blue-native gel electrophoresis (BNGE) in 

both situations. We detected a significant decrease in complex I (Figure 5E and Figure S4E) and a 

concomitant decrease in complex III-containing supercomplexes (Figure 5F and Figure S4E) in 

shLon cells. Similarly, we observed a significant decrease in complex I, II, and IV in cells 
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overexpressing LONP1 (Figure 5G and Figure S4F), as well as a reduction in complex III-

containing supercomplexes (Figure 5H and Figure S4F). We also noticed that the relative amount 

of complex V in dimers was reduced in both models (Figure 5F and Figure 5H). The observed 

decrease in mitochondrial complexes in both models likely derives from enhanced degradation or 

from a reduction in their assembly and could underlie the decrease in mitochondrial respiration in 

both LONP1-overexpressing and LONP1-deficient cells.  

We next evaluated the individual activities of mitochondrial complexes by 

spectrophotometric analysis of mitochondria isolated from both cells. We observed that shLon 

cells showed significantly lower activities of CI and combined CII+III activity (Table 1), 

consistent with the low levels of CI and assembled CIII measured by BNGE (Figure 5E and 5F). 

In contrast, overexpression of LONP1 decreased almost all individual complex activities. Thus, 

we observed a reduction in CII and CIV, as well as combined CI+III and CII+III activities (Table 

1), consistent with the decrease observed by BNGE (Figure 5G and 5H). Moreover, knockdown 

of Lon protease specifically induced an increased activity of CI+III relative to CI (CI+III/CI) and 

decreased activity of CII+III relative to CII (CII+III/CII) (Figure 5I), suggesting that complex III 

is more dedicated to complex I than to complex II, favoring the use NADH equivalents and the 

respiration through complex I. However, overexpression of Lon protease reduced the respiration 

through complex I, demonstrating decreased activity of CI+III relative to CI (CI+III/CI) (Figure 

5J), while respiration efficiency through complex II (CII+III/CII) remained unaltered. These 

changes are consistent with a metabolic reprograming of the OXPHOS system by primarily 

reducing the flux from NADH electrons (more catabolic), but maintaining the flux through the 

FAD dependent enzymes, that are also involved in anabolic (nucleotide and amino acid 

metabolism) and detoxifying metabolic pathways. 

To further clarify the putative differences observed in the regulation of OXPHOS 

complexes in LONP1-overexpressing and LONP1-knockdown cells, we performed a quantitative 

proteomic analysis, using iTRAQ labeling and subsequent LC-MS/MS analysis. To enrich the 

amount of mitochondrial proteins and reduce the experimental variability, we performed these 

experiments in preparations of purified mitochondria. As a control of our proteomic analysis, we 

detected a significant increase in LONP1 protein in the overexpression model, whereas we did 
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not find it in the downregulation model (Figure 5K). Consistent with the above described 

findings in OXPHOS complex levels, we detected a significant alteration in the amount of 

complex I proteins in both LONP1-overexpressing and LONP1–knockdown cells (Figure 5K). 

However, the affected complex I protein components differed between both cells, suggesting a 

distinct mechanism of regulation in each condition. Thus, all CI proteins were downregulated in 

LONP1–knockdown cells, while they presented variability in LONP1-overexpressing cells, being 

some of them upregulated and other downregulated. Furthermore, CI structural proteins, such as 

NDUFB6, 8, 10 and 11, were the more downregulated proteins in LONP1-knockdown cells, 

while they were upregulated in LONP1-overexpressing cells. Importantly, these proteins are 

associated with the assembly and stability of the CI membrane domains and are required for their 

activity (Andrews et al., 2013; García-Ruiz et al., 2013; Loublier et al., 2011; Perales-Clemente et 

al., 2010). Conversely, among the most decreased proteins in the LONP1-overexpressing cells, 

there were four subunits of the NADH dehydrogenase and hydrogenase catalytic modules of CI, 

such as NDUFV1, NDUFV2, NDUFS3 and NDUFS7. Interestingly, it has been described that 

these proteins can be removed and replaced in the complex I without degrading the whole 

complex (Dieteren et al., 2012; Lazarou et al., 2007). These results indicate that the observed 

complex I decrease in shLon cells was a consequence of loss of stability of this complex, while in 

LONP1-overexpressing cells the decrease was functional, maintaining the structural domains. 

Moreover, complex V subunits were clearly downregulated in shLon cells (Figure 5K), which is 

in line with the observed decrease in complex V dimers (Figure 5F). Interestingly, LONP1-

overexpressing cells showed an increase in complex V subunits (Figure 5K), despite the observed 

decrease in dimers (Figure 5H), which indicates that these cells have a different complex V 

regulation.  

Overall, these data strongly suggest that the apparent convergence in the decrease in 

aerobic respiration and the subsequent glycolysis activation, by either knockdown or 

overexpression of LONP1, takes place through different mechanisms. The loss of mitochondrial 

complexes would operate in shLon cells, while OXPHOS complexes remodeling would underlie 

the alterations found in LONP1-overexpressing cells. 
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LONP1 keeps mitochondrial function and induces a global metabolic 

reprogramming  

To further clarify the observed alterations in LONP1-overexpressing and LONP1-

knockdown cells, we analyzed other parameters related to mitochondrial function in these cells. 

We first found that LONP1-knockdown, but not its overexpression, induced a decrease in both 

mitochondrial membrane potential (Figure 6A) and mtDNA content (Figure 6B). shLon cells also 

displayed an increase in mitochondrial fragmentation (Figure 6C and Figure S5A) and ROS 

production (Figure 6D), which caused the proteolytic processing of OPA1 (Figure 6E and Figure 

S5B). These findings are indicative of a clear mitochondrial dysfunction, which is not observed 

in LONP1-overexpressing cells. Moreover, knockdown of Lon protease activated the AMPK 

pathway, exemplified by an increase in AMPK phosphorylation (Figure 6E), which is in line with 

the low ATP levels and the mitochondrial stress scenario observed in these cells. In contrast, 

overexpression of LONP1 decreased AMPK activation (Figure 6E). In addition, and consistent 

with the enhancement of the glycolytic pathway detected in both LONP1-overexpressing and 

LONP1-knockdown cells, there was an increase in the expression of glycolytic genes in both 

cases (Figure S5C). However, analysis of lipid synthesis showed a significant decrease in shLon 

cells, which agrees with the AMPK activation in these cells, whereas LONP1-overexpressing 

cells displayed similar rates than control cells (Figure 6F and Figure S5D). Interestingly, and 

despite we did not detect differences in apoptosis (data not shown), we found increased levels of 

the anti-apoptotic protein Bcl-2 in LONP1-overexpressing cells and decreased levels in shLon 

cells (Figure 6E), which suggests a possible increase in apoptosis sensitivity in LONP1-deficient 

cells. We next examined in both LONP1-overexpressing and LONP1-knockdown cells the levels 

and activity of aconitase (ACO2), a well-established substrate for Lon protease. We found a 

decrease in ACO2 activity in LONP1-overexpressing cells and an increased activity of this 

enzyme in shLon cells (Figure S5E). The low expression levels of ACO2 in these cells precluded 

the detection of clear differences in enzyme levels. However, after transfection of a cDNA 

encoding ACO2, we detected increased levels and activity of this enzyme in control cells, but not 

in LONP1-overexpressing cells (Figure S5F-G), indicating that LONP1 processes ACO2 under 

conditions where this substrate is highly expressed. 
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Taken together, these results indicate that the absence of LONP1 induces a generalized 

mitochondrial dysfunction, whereas its overexpression does not alter the mitochondrial 

homeostasis. To further characterize the cellular alterations induced by the depletion and 

overexpression of LONP1, we analyzed the global protein changes obtained by quantitative 

proteomic analysis of the corresponding cells. Thus, we found that LONP1-overexpression 

increased the levels of proteins related with protein synthesis, such as eukaryotic translation 

initiation factor complex 3 and ribosomal proteins (Figure 6G). We also found increased levels of 

proteins related with the spliceosome, proteasome and chaperone-containing T complex (Figure 

6H), which is consistent with the increased tumorigenesis observed in LONP1-overexpressing 

cells. Conversely, LONP1-deficient cells showed reduced levels of all of these proteins (Figure 

6G and 6H), which agrees well with the low proliferation rate and tumorigenic potential of these 

cells. Collectively, these data illustrate the occurrence of marked differences in the process of 

metabolic adaptation after modulation of LONP1 levels, which leads to a profound mitochondrial 

dysfunction when cells are depleted of Lon protease and to a global metabolic remodeling when 

this mitochondrial enzyme is overexpressed.  

 

 

LONP1 contributes to bypass oncogene-induced senescence 

 We have described above that knockdown of Lon protease induces growth arrest and 

mitochondrial dysfunction in melanoma cells, impairing mitochondrial respiration and causing 

the loss of mitochondrial integrity. Interestingly, besides lower proliferation rates, we observed 

that shLon cells displayed an increase in size compared with control pLKO1 or LONP1-

overexpressing cells, suggesting the occurrence of a cellular senescence phenotype (Figure 7A). 

Moreover, analysis of β-galactosidase staining, which is a marker of senescent cells, showed an 

increase in the number of positive cells in those lacking Lonp1, whereas overexpression of 

LONP1 decreased the number of positive cells (Figure 7B). The induction of cellular senescence 

is mainly mediated by signals derived from a permanent DNA damage response (DDR). 

Accordingly, we found that the loss of mitochondrial integrity caused by LONP1 deficiency 

induced a DDR likely mediated by p53, as assessed by the increased levels of direct 
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transcriptional targets of this tumor suppressor, including Atf3, Gadd45g and Cdkn1a/p21 (Figure 

7C). Interestingly, knockdown of LONP1 in p53-deficient cells resulted in lower proliferation 

defects when compared to wild-type cells, indicating that p53 contributes to the observed 

alterations (Figure 7D). Notably, overexpression of LONP1 in B16F10 cells reduced the levels of 

those markers and β-galactosidase activity (Figure 7B and 7D), indicating a protection against 

senescence by Lon protease, which was consistent with the observed tumorigenesis increase of 

these melanoma cells. On the other hand, it is well established that mutations in genes like HRAS 

or BRAF also induce a senescence phenotype, known as oncogene-induced senescence (OIS), as 

part of a cell protective response against tumor transformation (Michaloglou et al., 2005; Serrano 

et al., 1997). On this basis, we explored available cancer transcriptome databases looking for 

putative differences in LONP1 expression levels during OIS processes. Thus, by analyzing data 

from previous studies involving transformation of fibroblasts with mutant MEK (Collado et al., 

2005), we found that induced OIS did not promote changes in LONP1 expression. However, 

bypassing senescence in these fibroblasts using viral oncoproteins, significantly increased 

LONP1 expression (Figure 7E), further supporting the idea that up-regulation of Lon protease 

may favor oncogenic transformation. Collectively, these results demonstrate that LONP1 is 

essential to protect against senescence, and reinforce the proposal that levels of this serine 

protease contribute to modulate the tumorigenic properties of cancer cells. 

  

 

DISCUSSION 

We describe herein the generation and phenotypic characterization of mice deficient in the 

mitochondrial Lon protease, as well as the functional analysis of this ATP-dependent enzyme in 

tumor formation and metastasis development. We have found that mice deficient in LONP1 show 

a lethal phenotype during gastrulation, a period in which a well-fitted mitochondrial function is 

required to induce profound changes in embryo development (Nagy et al., 2003). At this stage, 

Lonp1-null embryos display loss of mtDNA and growth arrest, which are features observed in 

mice deficient in OXPHOS complex subunits, like GRIM19 and SCO2 (Huang et al., 2004; Yang 
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et al., 2010), or in mtDNA-associated proteins, such as POLG, POLG2 and TFAM (Hance et al., 

2005; Humble et al., 2013; Larsson et al., 1998), that also exhibit embryonic lethality. In contrast, 

Lonp1-heterozygous mice develop normally with no obvious alterations, allowing us to evaluate 

in vivo the functional and pathological relevance of LONP1 happloinsufficiency. Interestingly, 

Lonp1+/- mice are protected against chemically-induced colorectal and skin tumors, suggesting an 

oncogenic function for this mitochondrial protease. Consistent with this hypothesis, LONP1 is 

up-regulated in human colorectal and skin carcinomas and their levels are associated with poor 

clinical outcome of the corresponding patients. Accordingly, LONP1-knockdown in HCT116 

colorectal cancer cells reduces in vitro cell proliferation and in vivo growth of tumors derived 

from these cells, whereas ectopic expression of LONP1 increases tumor growth. Moreover, 

overexpression of LONP1 in melanoma cells increases experimental metastasis formation, 

whereas knockdown of this protease decreases cell proliferation and lung metastasis. Notably, 

LONP1 up-regulation does not stimulate cell proliferation, despite the observed increase in tumor 

growth and metastasis in vivo. The metabolic and stress adaptations undergone by cancer cells 

during the tumorigenesis process, which are not perfectly replicated in the in vitro experiments, 

may explain these differences, also observed in similar studies involving other metabolic genes 

with oncogenic function (Bhalla et al., 2011). Accordingly, we propose that the up-regulation of 

LONP1 observed in many cancer cell lines and tumor samples (Bernstein et al., 2012; Hu et al., 

2005), is probably the consequence of an adaptive metabolic response during malignant 

transformation. 

Metabolic reprogramming of tumor cells has been recently established as a new 

hallmark of cancer, because of its ability to induce changes in tumor cells that provide them with 

proliferative advantages and adaptive responses against the stress conditions associated with 

tumorigenesis (Hanahan and Weinberg, 2011; Ward and Thompson, 2012). Several enzymes have 

been proposed to act as protumorigenic factors and contribute to this metabolic reprogramming 

(Chae et al., 2012; Haq et al., 2013; Locasale et al., 2011; Mitsuishi et al., 2012; Vazquez et al., 

2013). Furthermore, mutations in genes encoding mitochondrial and metabolic enzymes have 

been widely reported in human malignancies (Rodríguez et al., 2013; Yan et al., 2009; Zhang et 

al., 2012), indicating that tumor cells harbor genetic alterations that affect metabolic function and 
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facilitate tumor formation. The main feature of this reprogramming process is the switch from 

oxidative to glycolytic metabolism (Vander Heiden et al., 2009). Apparently, both up-regulation 

and knockdown of Lon protease in melanoma cells are able to induce the same glycolytic switch, 

turning cells from oxidative to anaerobic metabolism. How is it possible to elicit a similar 

phenotype with two opposing stimuli? It is well established that up-regulation of the glycolytic 

pathway is triggered by oncogenic signals during tumor transformation, as well as by many 

physiological and pathological conditions which cause metabolic changes (Metallo and Vander 

Heiden, 2013; Rossignol et al., 2004; Wallace et al., 2010). Additionally, a glycolytic shift is also 

induced by impairment of the mitochondrial respiratory chain (Hu et al., 2012; Landor et al., 

2011; López-Ríos et al., 2007; Lu et al., 2012). This impairment of mitochondrial OXPHOS 

triggers glycolytic metabolism as a survival mechanism which often ends with cell collapse, due 

to the inability of these damaged cells to reprogram their metabolism (Benard et al., 2007; 

Wallace, 2005). Accordingly, the glycolytic switch observed in cells lacking LONP1 may be an 

obligate consequence of their mitochondrial dysfunction, not being related to metabolic 

reprogramming of cancer cells. Conversely, the switch observed in LONP1-overexpressing cells 

is a mitochondria-controlled mechanism, which is part of a generalized metabolic reprogramming 

that contributes to the development and progression of cancer. 

Previous studies on different cellular models have provided some insights into the 

molecular mechanisms that could underlie these LONP1-mediated modulatory functions of 

mitochondrial activity. Thus, Pim1, a Lon-like serine protease of Saccharomyces cerevisiae, 

degrades several components of the mitochondrial respiratory chain (Bayot et al., 2010), and its 

disruption results in accelerated aging (Erjavec et al., 2013). Moreover, a decrease in LONP1 

levels in several cell lines induces the formation of mitochondrial aggregates (Bernstein et al., 

2012), the oxidation of key mitochondrial enzymes (Bota and Davies, 2002), and the decrease in 

mitochondrial function (Bota et al., 2005). Similarly, inactivation of Lon protease function with 

peroxynitrite decreases the activity of some mitochondrial complexes (Stanyer et al., 2008). The 

metabolic adaptation of shLon cells induces a change in respiration and in the use of electron 

equivalents, decreasing respiration through CII and favoring the use of NADH electron 

equivalents feeding CI (Lapuente-Brun et al., 2013). However, the decrease in CI and CIII-
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containing supercomplexes due to loss of specific structural subunits implies that it is not a 

regulated mechanism, but a consequence of defective assembly or mitochondrial membrane 

destabilization.  In addition, the subsequent loss of membrane potential and the alterations in 

complex V cause a decrease in ATP generation, while the increase in ROS levels likely due to 

the defective activity of CI (Murphy, 2009)  exacerbates this mitochondrial dysfunction. These 

stress conditions induce the OPA1 processing and mitochondrial fragmentation events that may 

contribute to the decrease in respiration and functional supercomplexes assembly (Cogliati et al., 

2013). Moreover, the loss of mitochondrial membrane potential may inhibit the entry of pyruvate 

into mitochondria (Bricker et al., 2012; Herzig et al., 2012), reducing the Krebs cycle function 

and the generation of essential metabolites for cell viability. Consequently, the decrease in ATP 

levels and the mitochondrial stress signals induce AMPK activation, which down-regulates 

anabolic pathways, such as lipid synthesis, and up-regulates catabolic reactions, like glycolysis, 

to try to counteract this stress scenario. However, despite the activation of all these stress-

response mechanisms, shLon cells are unable to avoid mitochondrial dysfunction due to the 

dramatic alterations present in them. Interestingly, previous studies have described that 

mitochondria dysfunction activates a stress response which coordinates a mitochondrial-nuclear 

retrograde signal aimed at inducing the expression of nuclear genes able to cope with the stressor 

signals (Butow and Avadhani, 2004; Formentini et al., 2012). Accordingly, the loss of 

mitochondrial integrity in shLon cells activates a genetic damage response, likely mediated by 

the p53 tumor suppressor pathway, which finally triggers cell cycle arrest and senescence. This 

response mechanism induced as a consequence of irreversible mitochondrial damage reinforces 

the role of LONP1 as a guardian against reduced cellular and organismal fitness by contributing 

to maintain mitochondrial integrity.  

Conversely, the glycolytic switch observed in LONP1-overexpressing cells is triggered 

by a regulated metabolic reprogramming, maintaining other mitochondrial functions unaltered. 

The upregulation of LONP1 induces a remodeling of mitochondrial complexes and 

supercomplexes, decreasing the mitochondrial respiration and favoring the metabolic switch 

because, under these conditions, respiratory reactions shift towards the glycolytic pathway, being 

unnecessary to maintain an excess of active mitochondrial complexes (Hsu and Sabatini, 2008; 
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Wallace, 2012). Moreover, the overexpression of Lon protease reduces the use of NADH 

equivalents and the respiration through CI, which is frequently mutated and inactivated in tumor 

cell lines (Bonora et al., 2006; Gasparre et al., 2007; Santidrian et al., 2013). However, despite 

the reduction of levels and activity of mitochondrial complexes, LONP1 also increases the 

stability of the CI basic structure, reducing specifically the catalytic active motive. This 

conversion indicates that the inactivation is regulated and that remodeling could maintain the 

ability to activate the respiration in order to increase metabolic flexibility when it is required, 

mechanism proposed in other similar contexts (Dieteren et al., 2012; Lazarou et al., 2007). In 

agreement with that, CV stability is also reinforced. Lon protease appears to be a key factor in 

metabolic reprogramming through remodeling of mitochondrial function, supporting the idea that 

steady-state alterations of this ATP-dependent protease have a significant impact on respiratory 

chain activity (Figure 7F). The function of LONP1 as a key protease in the regulation of the 

respiratory complex is consistent with previous studies showing that it degrades COX4-1 in 

response to HIF1a and leads to the exchange of this subunit with COX4-2, which is more 

effective under hypoxic conditions (Fukuda et al., 2007). Recent studies have also shown that 

overexpression of Lon protease induces the expression of the CI subunit NDUFS8 and generates 

a more aggressive phenotype in cancer cells (Cheng et al., 2013). All of these data illustrate the 

essential roles of LONP1 in the regulation of mitochondrial and OXPHOS function in tumor 

cells. We have also observed that metabolic reprogramming promoted by LONP1 enhances 

protein synthesis and metabolism, and activates different pathways which may contribute to the 

observed aggressiveness of cancer cells overexpressing LONP1. Nevertheless, because the Lon 

protease is also increased in response to other stress stimuli (Hori et al., 2002), it is likely that 

additional proteolytic processing events associated with these stress responses may also 

contribute to the increased tumorigenesis caused by up-regulation of this enzyme. Further, the 

increase in LONP1 expression after bypass of OIS highlights the importance of Lon protease in 

tumor transformation and mitochondrial metabolic reprogramming. Hence, LONP1 emerges as 

an indispensable protease for cellular life, also being necessary for tumor growth due to its ability 

to maintain and modulate mitochondrial activity. 

In summary, the generation of Lonp1-deficient mice has allowed us to identify the 
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essential roles of this mitochondrial protease in cell and organismal viability. Additionally, the 

identification of LONP1 as a key metabolic factor affecting mitochondrial reprogramming and 

tumor bioenergetics, may open a new way to develop cancer therapies. These results confirm the 

importance of studying genetic and metabolic alterations in tumor cells, in order to rationalize an 

effective response to anticipate the development of cancer. 

 

 

METHODS  

Generation of Lonp1-/- mice and genotyping 

The Lonp1-heterozygous mice were provided by Texas Institute for Genomic Medicine 

(Figure S1A). We used genomic DNA from tail samples for PCR genotyping under the following 

conditions: denaturation at 94 ºC for 15 s, annealing at 62 ºC for 15 s, and extension at 72 ºC for 

45 s, 30 cycles. We used the following primers for genotyping: wild type-specific forward 5’-

CCCTGACTGCAGAGATTGTGAA-3’, mutation-specific forward 5’-CAGGACATAGCGTTG 

GCTACC-3’ and common reverse 5’-TTCAGTGCCAGTGCCTTAGAGT-3’. 

 

Animal studies and carcinogenesis protocols 

All animal procedures were approved in accordance with the guidelines of the Committee 

for Animal Experimentation of the Universidad de Oviedo (Oviedo, Spain). Xenograft studies 

were performed as previously described (Fraile et al., 2013). Briefly, 2 × 106 HCT116 cells 

infected with different constructs of pMX or shRNA vectors were injected subcutaneously into 

the flanks of six-week-old athymic Nude-Foxn1nu/nu mice (Charles River). Tumor size was 

measured twice a week with a caliper and tumor volume was determined using the formula: 

V=0.4 x A x B2, where A is the largest and B is the smallest dimension of the tumor. Significant 

differences were assessed by a linear mixed-effects model. For colon carcinogenesis protocol, 6-

week-old mice were injected intraperitoneally with 10 mg/kg AOM (azoxymethane; Sigma-

Aldrich, St. Louis, MO, USA). 4 days after AOM administration, dextran sodium sulfate (DSS; 
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MP Biomedicals) at 2% was administered in the drinking water for five consecutive days. 

Thereafter, mice received reverse osmosis water. Two DSS cycles more were administered with 

intervals of 16 days on water between cycles at 2% and 1.5% of DSS respectively. During the 

course of the experiment, mice were monitored for body weight, rectal prolapse, diarrhea, and 

macroscopic bleeding as indicative of clinical score (Neufert et al., 2007). Ten days after the last 

DSS cycle, mice were euthanized and colons were resected, flushed with phosphate-buffered 

saline (PBS) and measured in length. Colons were fixed in 4% paraformaldehyde (PFA) and 

transversal sections were hematoxylin and eosin (H&E) stained. Number of tumors was count 

and grade of inflammatory lesions was analyzed in each mice. Skin carcinogenesis was induced 

using DMBA/TPA as previously described (Balbín et al., 2003). Briefly, 8-week-old mice backs 

were shaved and treated those 2 days later with a single application of DMBA followed by bi-

weekly applications of TPA for 12 weeks. The number and size of papillomas per mouse was 

recorded weekly. Two weeks after the end of TPA treatment, mice were sacrificed and papillomas 

were removed, fixed in 4% PFA and subsequently stained with H&E to analyze the grade of 

lesions. The lung metastasis experimental model was performed as previously described 

(Gutiérrez-Fernández et al., 2008). Briefly, mice were anesthetized and 25,000 B16F10-luc2 

tumor cells (100 µl) were injected through the jugular vein. Mice were sacrificed after 21 days 

and lungs were collected for histological analysis. Serial sections of the lung (at least 10 sections 

spaced 100 µm) were stained with H&E, and metastatic foci were counted. Metastases were 

classified in small (<10 cells), medium (between 10 and 50 cells), and large (>50 cells). For 

histological analysis, tissues were fixed in 4% PFA in PBS and stored in 70% ethanol. Fixed 

tissues were embedded in paraffin by standard procedures. Blocks were sectioned (5 µm) and 

stained with H&E.  

 

Immunostaining 

Normal and tumor colorectal samples were obtained from the tumor bank of the Instituto 

Universitario de Oncología del Principado de Asturias (IUOPA) and used to evaluate LONP1 

expression. The automated system DISCOVERY® (Ventana Medical Systems) was used to carry 

out the immunohistochemical protein detection. Sections were deparaffinized and rehydrated in 
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EZ Prep® (Ventana Medical Systems) for 20 min. Antigen retrieval was done by heating (CC1 

HCl-Tris buffer solution, pH 9.0) (Ventana Medical Systems). Endogenous peroxidase activity 

was blocked with H2O2 solution (Inhibitor®, Ventana Medical System) for 4 min. Samples were 

incubated with primary antibody at 37 ºC: polyclonal anti-LONP1 (Atlas Antibodies). Slides 

were incubated with the secondary antibody (OmniMap® Ventana Medical Systems) for 30 min 

at room temperature. Then the samples were visualized with 3-3 ́-diaminobenzidine (DAB). 

Finally, samples were counterstained with hematoxylin, dehydrated and mounted in Entellan 

(Merck). Sections were photographed (20X) under a light microscope (Nikon-Eclipse 80i). 

 

RNA preparation  

Cells were washed twice with PBS and immediately homogenized in Trizol (Life 

Technologies) and processed in the same day through alcohol precipitation according to the 

manufacturer’s instructions. RNA pellets were then washed in cold 80% ethanol and stored at -80 

ºC until further use. Following re-suspension of RNA in nuclease-free water (Life Technologies), 

the samples were quantified and evaluated for purity (260/280 nm ratio) using a NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies). 

 

Real-time quantitative PCR 

cDNA was synthesized using 2 µg of total RNA, 0.14 mM random hexamer primer, 0.2 

mM of each deoxynucleoside triphosphate and Superscript II reverse transcriptase (Life 

Technologies). Quantitative PCR (qPCR) was performed using TaqMan® gene expression assay 

(Life Technologies) or Power SYBR® Green PCR Master Mix (Life Technologies), following 

manufacturer’s instructions, using an Applied Biosystems 7300HT Real-Time PCR System. As 

an internal control, gene expression was normalized to the β-actin gene using TaqMan® gene 

expression assay. Relative expression is represented as relative quantification, using RQ value 

(RQ=2-ΔΔCt). 

 

Cell culture  

Cancer cell lines 293T, HCT116, HCT15, HT29, SW480, SW620, DLD-1, RKO and FHC 

Results

124



 

23 
 
 
 
 
 

 

were purchased from the American Type Culture Collection. The luciferase-expressing cell line 

B16F10 Luc2 was purchased from Caliper Life Sciences. Cells were routinely maintained in 

Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 

U/ml penicillin and 100 µg/ml streptomycin (Life Technologies). 

 

DNA constructs 

Mouse cDNA from LONP1 was cloned tagged with a FLAG epitope in the carboxy 

terminus and subcloned into the pMX retroviral vector (pMX). The construct was verified by 

capillary sequencing. For RNA interference experiments, five shRNA vectors were purchased for 

human and mouse LONP1 (RHS4533-NM_004793 for human and RMM4534-NM_028782 for 

mouse; Open Biosystems, Thermo Scientific), and the ability of individual and combinations of 

the shRNAs to repress the expression of LONP1 was evaluated by Western-blot and quantitative 

RT-PCR after lentiviral infection. 

 
Viral package and cell infection 

Lentiviruses and retrovirus were packaged in HEK-293T cells using a VSVG-based and 

pCL-Ampho package system respectively, kindly provided by Dr. J.M. Silva (Columbia 

University, New York, USA). Cells were transfected using TransITs-LT1 Transfection Reagent 

(Mirus Bio LLC) and a mixture of 2 μg of the desired plasmid and 1 μg of each viral helper, 

following manufacturer’s instructions. Transfection medium was removed 24 h after transfection 

and fresh medium was added to the plate. Cell supernatants were collected at 24 and 48 h and 

filtered through a 0.45-μm sterile filter. Cells were seeded in 6-well plates at 20–30% confluence 

24 h before infection. The following day, 1 ml of viral supernatant supplemented with 5 mg/ml of 

polybrene (Millipore) was added to growing cells. This step was repeated twice and cells were 

left to recover for 24 h in growth media before puromycin selection (2 µg/ml). 

 

Proliferation assay 

To quantify cell proliferation, a Cell Titer 96 Non Radioactive cell proliferation kit was 
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used following manufacturer’s instructions (Promega Corp.). Briefly, HCT116 and B16F10 cells 

infected with the corresponding vectors were seeded into 96-well plates at a density of 5x103 

cells per well (100 µl) and incubated at 37ºC, 5% CO2 for 4 days. Cell proliferation was 

quantified by measuring the conversion of a tetrazolium salt into formazan in living cells. At the 

desired time points (0 h, 24 h, 48 h and 72 h), 15 µl of Dye solution was added into each well 

(n=5) and cells were incubated at 37 ºC for 2 h. Then, 100 µl of solubilization/stop mixture was 

added into each well. After 1 h of incubation at 37 ºC, absorbance was measured at 570 nm with a 

Power Wave XS Microplate reader (Biotek). Then, each point was normalized to time 0 h and 

mean ± SEM was calculated and represented. Statistical significance was assessed using a non-

parametric Mann Whitney-Wilcoxon test. 

 

Western blotting 

Cultured cells were washed twice with 1× PBS and lysed in RIPA buffer containing 50 

mM Tris buffer, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1 % SDS, 10 mM EDTA, and 

complete protease inhibitor cocktail (Roche Applied Science). Once homogenized, lysed cells 

were centrifuged at 13,000 g at 4 °C for 10 min, and supernatants were collected. The protein 

concentration of the supernatant was evaluated by bicinchoninic acid technique (BCA protein 

assay kit; Pierce Biotechnology Inc.). Protein samples (15 μg) were loaded into SDS-

polyacrylamide gels. After electrophoresis, gels were electrotransferred onto PVDF membranes, 

blocked with 5% nonfat dried milk in TBS-T (TBS with 0.05% Tween-20) and incubated with 

primary antibodies following the commercial instructions. After 3 washes with TBS-T, 

membranes were incubated with the corresponding secondary antibody in 1.5% milk  in TBS-T, 

and developed with Immobilon Western Chemiluminescent HRP substrate (Millipore) in a LAS-

3000 Imaging System (Fujifilm). Antibodies against LONP1 were obtained from Atlas 

Antibodies; anti-alpha-tubulin and anti-actin were from Sigma-Aldrich; anti-Flag, anti-AMPKα, 

anti-phospho-AMPKα (Thr172), anti-Bcl-2 and anti-ACO2 were from Cell Signaling; and anti-

OPA1 was from BD Bioscience. 

 

Mitochondrial analysis  
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We quantified mtDNA by real-time PCR using an Applied Biosystems 7300HT Real-

Time PCR System and Power SYBR® Green PCR Master Mix (Life Technologies) as previously 

described (Moreno-Loshuertos et al., 2006). Briefly, total DNA was used as a template and 

amplified with specific oligodeoxynucleotides for mt-Co2 and Sdha. We calculated the mtDNA 

copy number per cell using Sdha amplification as a reference for the nuclear genome. 

Mitochondrial membrane potential, ROS levels, and mitochondrial morphology were determined 

as previously described (Quirós et al., 2012). Aconitase activity was determined as previously 

described (Gardner et al., 1994). Briefly, 10 µg of mitochondria were used to measure aconitase 

activity following the linear increase in absorbance at 340 nm during 60 min at 25 ºC in a 

reaction mixture containing 50 mM Tris-HCl (pH 7.4), 6 mM sodium citrate, 0.2% Triton X-100, 

0.6 mM MnCl2, 0.2 mM NADP and 2 U/mL of NADP-dependent isocitrate dehydrogenase.  

 

Lactate, glucose and ATP measurements 

Extracellular lactate levels were measured by a colorimetric assay and glucose levels 

were determined using the Accu-Chek II glucometer (Roche Diagnostics). Briefly, 5 x 104 cells 

were seeded in triplicates into 24-well plates for 48 hours in the presence or absence of 500 µM 

of CoCl2. After that, media were collected and the content of glucose and lactate was determined, 

normalizing to cell number and subtracting the time zero content of each one. Lactate 

measurement was performed in a hydrazine/glycine buffer (0.5 M glycine, 0.4 M hydrazine, pH 

9.0), containing 17 mg/ml NAD and 11.4 mg/ml lactate dehydrogenase (LDH). The absorbance 

due to formation of NADH was monitored in a Power Wave XS Microplate reader (Biotek) at 

340 nm during 1 h at 25 ºC. The presence of lactate on samples was correlated with the lactate 

concentrations from a standard curve. Cellular ATP levels were determined using the ATP 

determination kit (Molecular probes, Invitrogen) according to the instructions of the 

manufacturer. Briefly, cells were collected by trypsinization and lysed using passive lysis buffer 

(PLB) (Promega). The lysates were centrifuged at 12,000 g at 4 ºC for 5 min, and supernatants 

were collected. The protein concentration of the supernatant was evaluated by BCA protein assay 

kit (Pierce Biotechnology). We used 1 µg of lysed material for ATP determination with a D-

luciferin/firefly luciferase reaction mix, and luminescence was measured in a Luminometer 
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TD20/20 and compared to a freshly prepared ATP standard curve. 

 

Electrophoretic analysis of mitochondrial supercomplexes assembly 

Mitochondrial membranes were isolated from 5 × 106 cells as previously described 

(Nijtmans et al., 2002). Mitochondrial membrane proteins were applied and run on a 3-13% first 

dimension gradient blue native gel electrophoresis (BNGE) as previously described (Schägger, 

1995). After electrophoresis, the complexes were electroblotted onto PVDF membranes and 

sequentially probed with specific antibodies against complex I, anti-NDUFA9; complex III, anti-

core1; complex IV, anti-COX5a; complex II, anti-Fp; complex V, anti-F1-ATPase (ATP5B), all 

from Abcam and anti-Tom20 from Santa Cruz. 

 

Spectrophotometric analysis of mitochondrial complexes 

Measurements of mitochondrial complexes enzymatic activities were assessed 

individually in the spectrophotometer as described elsewhere (Birch-Machin and Turnbull, 2001). 

Briefly, NADH-dehydrogenase activity rotenone sensitive (CI activity) was measured at 340 nm 

(ε = 6.22 mM-1cm-1) in a mix containing 25 mM K2HPO4, 5 mM MgCl2, 3 mM KCN, 2.5 mg/ml 

BSA, pH 7.2; 0.13 mM NADH, 0.13 mM UQ1 and 0.2 µg/ml antimycin A. Rotenone sensitivity 

was measured under the same conditions adding 5 µM rotenone. Succinate dehydrogenase 

activity (CII activity) was measured at 600 nm (ε = 19.2 mM-1cm-1) in a mix containing 25 mM 

K2HPO4, 5 mM MgCl2, 3 mM KCN, 2.5 mg/ml BSA, pH 7.2; 0.03 mM DCPIP (dichlorophenol 

indophenol), 10 mM succinate, 2 µg/ml antimycin A and 5 µM rotenone. Cytochrome c oxidase 

activity (COX; CIV activity) was measured at 550 nm (ε = 21 mM-1cm-1) in a mix containing 100 

mM K2HPO4 pH 7.4 and reduced cytochrome c (1 mg/ml, freshly made). NADH cytochrome c 

oxido-reductase activity (CI+III) was measured at 550 nm (ε = 21 mM-1cm-1) in a mix containing 

25 mM K2HPO4, 5 mM MgCl2, 3 mM KCN, 2.5 mg/mL BSA, pH 7.2; 0.2 mM KCN, 0.1 mM 

cytochrome c and 0.1 mM NADH. Succinate cytochrome c oxido-reductase activity (CII+III) 

was measured at 550 nm (ε = 21 mM-1cm-1) in a mix containing 25 mM K2HPO4, 5 mM MgCl2, 3 

mM KCN, 2.5 mg/ml BSA, pH 7.2; 0.2 mM KCN, 0.1 mM cytochrome c, 3 mM succinate and 5 

µM rotenone. Citrate synthase activity (CS) was measured at 412 nm (ε = 13.6 mM-1cm-1) in a 
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mix containing 10 mM Tris-HCl pH 8, 0.023 mg/ml acetyl CoA, 0.1 mM DTNB (5,5-dithio-bis-

2-nitrobenzoic acid), 0.25 mM oxalacetate and 0.1 % Triton X-100.  

 

Seahorse analysis of mitochondrial function 

Oxygen consumption was measured in 2 x 104 intact cells using a Seahorse Bioscience 

XF96 extracellular flux analyzer, following manufacturer’s instructions. Briefly, after a 12 min 

equilibration, three measurements of 3 min were performed, separated by 3 minutes of mixing. 

Maximal membrane potential was assessed by addition of 1 µM oligomycin, and uncoupled 

mitochondrial respiration was induced by injection of 1 µM CCCP. To stop the mitochondrial 

dependent oxygen consumption both 1 µM rotenone and antimycin were used. 

 

Fatty acid synthesis assay 

Fatty acid synthesis was determined as previously described (Sabbisetti et al., 2009), 

with some modifications. Briefly, cells were plated in 6-well plate at 3x105 cells per dish and 

incubated overnight. The next day, cells were incubated with 3 µCi of [1-14C] acetate during 4 h. 

After that, cells were harvested and resuspended in 500 µL of PBS, and 20 µL aliquots were 

taken to assess protein content. Then, cells were pelleted and lipids were extracted following 

Folch method, adding 1 mL of chloroform:methanol (2:1) with occasional vortexing. After 20 

min incubation, 200 µL of PBS were added, the samples were mixed and centrifuged, and the 

lower phase was counted for 14C using scintillation counter. Each experiment was performed in 

triplicates and normalized with protein content. 

 

Protein digestion and iTRAQ labeling 

 Protein digestion was performed as described (Bonzon-Kulichenko et al., 2011), with 

minor modifications. The resulting soluble protein extracts from cell lysates or mitochondria-

enriched samples were run on a SDS-PAGE gel (10% resolving gel and 4% stacking gel) at 50V. 

The electrophoresis was stopped when the front dye had barely passed into the resolving gel, 

ensuring concentration of all proteins into a unique band. Staining was performed using 

GelCode® Blue Stain Reagent (Thermo Scientific). Gel pieces were cut into cubes (2 mm). For 
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the protein digestion, modified porcine trypsin (Promega) was added at a final ratio of 1:20 

(trypsin-protein). Digestion proceeded overnight at 37 ºC in 100 mM ammonium bicarbonate, pH 

8.8. The resulting tryptic peptides were extracted twice by 1 h incubation at room temperature in 

100% acetonitrile and 5% formic acid and dried-down. Samples were desalted with C18 RP 

cartridges and vacuum dried. The concentration of peptides was determined by measuring amide 

bonds in protein chains with the Direct Detect® Spectrometer (Millipore). A total of 200 µg of 

each peptide mixture were labeled with different iTRAQ tags according to the manufacturer 

protocol.  LONP1-overxpressed derived samples (LON) were labeled with 115 iTRAQ tag, while 

the 117 iTRAQ tag was used to label the LONP1-knockdown samples (shLon). The iTRAQ tags 

114 and 116 were used to label the corresponding controls, respectively. After labeling, the 

samples were vacuum dried and finally dissolved in trifluoroacetic acid 1% for both desalting and 

iTRAQ reagent excess removal in reversed-phase C-18 cartridges. 

 

Identification and quantification of proteins  

Tryptic peptide mixtures were subjected to nano-liquid chromatography coupled to mass 

spectrometry for protein identification and quantification. Peptides were separated on a C-18 

reversed phase (RP) nano-column (75 µm I.D. and 50 cm, Acclaim PepMap100, Thermo 

Scientific) and analyzed in a continuous acetonitrile gradient consisting of 0-30% B in 240 min, 

50-90% B in 3 min (B = 90% acetonitrile, 0.5% acetic acid). A flow rate of ca. 200 nL/min was 

used to elute peptides from the RP nano-column to an emitter nanospray needle for real time 

ionization and peptide fragmentation on a Q-Exactive mass spectrometer (Thermo Fisher). An 

enhanced FT-resolution spectrum (resolution=70000) followed by the MS/MS spectra from most 

intense fifteen parent ions were analyzed along the chromatographic run (272 min). Dynamic 

exclusion was set at 30 s. For protein identification, tandem mass spectra were extracted and 

charge state deconvoluted by Proteome Discoverer 1.4.0.288 (Thermo Fisher Scientific). All 

MS/MS samples were analyzed using SEQUESTTM (Thermo Fisher Scientific). Searching 

engines were set up to search Mouse_human keratin.fasta (119,718 entries). All searchings were 

performed assuming full trypsin digestion. Two mixed cleavages were allowed, and an error of 

300 ppm or 15 ppm was set for full MS or MS/MS spectra searches, respectively. Oxidation in 
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M, and deamidation in Q or N were selected as dynamic modifications. Database searching 

results were analyzed using the probability ratio method (Martínez-Bartolomé et al., 2008) and 

FDR was calculated using a decoy database and the refined method (Navarro and Vázquez, 

2009). Proteins that contained similar peptides and could not be differentiated based on MS/MS 

analysis alone were grouped to satisfy the principles of parsimony.  

 

Statistical analysis 

All experimental data are reported as means and the error bars represent the standard 

error of the mean (SEM). Differences between mean values were analyzed by two-tailed 

Student’s t test, except in the cases that indicate other statistical test. A value of P < 0.05 was 

considered significant and statistically significant differences are shown with asterisks. All 

statistical analyses were done using LibreOffice or the statistical package R (http://www.r-

project.org/) and the application Rstudio (www.rstudio.org). Statistical analysis of quantitative 

proteomics data were performed using the QuiXoT package, an in-house developed software 

based on a statistical model previously described (Jorge et al., 2009). In this model, the accuracy 

of individual quantifications is taken into account by expressing protein abundance changes in 

units of standard deviation, using the standardized variable zq, to which we also refer as the z-

score. 
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FIGURE LEGENDS  
 

Figure 1. Lonp1 deletion causes embryonic lethality. (A) Representative images of Lonp1+/+ 

and Lonp1-/-embryos at 8.5 and 9.5 dpc. Scale bar: 1 mm. Right panel shows PCR analysis of 

Lonp1 embryos’ genotypes. (B) Histological analysis of embryos from 5.5 to 7.5 dpc of control 

and Lonp1-deficient embryos. EX: extraembryonic part; EM: embryonic part; epc: ectoplacental 

cavity; exc: exocoelomic cavity; ac: amniotic cavity. Scale bar: 100 µm. (C) Analysis of mtDNA 

quantity expressed as a percentage of levels in control embryos at 3.5 dpc and 7.5 dpc embryos. 

(n= 10-20), ** P < 0.01. (D) Representative images of blastocysts (3.5 dpc embryos) obtained 

after heterozygous intercrosses of Lonp1 mice. (E) Lonp1-null embryos showed reduced size and 

delayed development in vitro compared with control blastocysts. ICM: inner cell mass. TB: 

trophoblastic cells. Scale bar: 50 µm. (F) qPCR and (G) Western-blot analysis of LONP1 

expression in MEFs derived from Lonp1+/+ and Lonp1+/- mice. ** P < 0.01. 

 

Figure 2. Lonp1+/- mice display less susceptibility to AOM-induced colon tumors and skin 

chemical carcinogenesis induced by DMBA/TPA. (A) Scheme of AOM-induced colon tumor 

protocol. (B) Percentage of animals with tumors (P < 0.05). (C) Average of tumors observed in 

Lonp1+/+ and Lonp1+/- mice. (D) Representative images of H&E staining of colon sections from 

Lonp1+/+ and Lonp1+/- mice at the end of the experiment. Scale bar = 200 µm. (E) Measurement 

of the length of the colon at the end of the experiment. (F) Clinical score throughout the 

experiment based on stool consistency and rectal bleeding, as previously described (Wirtz et al., 

2007) (n=11-14) * P < 0.05. (G) Average number of papillomas per mouse grouped by size 

(diameter of the lesion in mm), and represented for each genotype, Lonp1+/+ (left) and Lonp1+/- 

(right) (n=10). (H) Inverse Kaplan-Meier analysis of the percentage of mice with papillomas. 

Log-rank test P = 0.0439. (I) Representative pictures of papilloma lesions of Lonp1+/+ and 

Lonp1+/- at week 18. Scale bar = 200 µm.  
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Figure 3. LONP1 is up-regulated in colon cancer cell lines and colorectal tumors and 

promotes tumorigenesis in vivo. (A) qPCR analysis of LONP1 expression in colon cancer cell 

lines, normalized to colon fibroblast and represented with a RQ value. (B) Western-blot analysis 

and densitometry quantification of LONP1 expression in the same colon cancer cell lines and 

control colon fibroblasts. (C) Western-blot and densitometry quantification of HCT116 colon 

cancer cells transduced with LONP1 shRNA vectors (shLon) or with the empty vector as a 

control (pLKO1), as well as with pMX expressing murine LONP1 (LON) and the empty vector 

(pMX). LONP1 values correspond to the concomitant expression of endogenous and flagged-

transgene.  (D) MTT analysis showed decreased proliferation in shLon HCT116 cell lines when 

compared to control cells; * P < 0.05. Tumor xenograft experiments were carried out using 

HCT116 cells and comparing (E) shLon transduced cells vs. pLKO1 control cells and (F) LONP1 

overexpressing cells vs. pMX control cells. Tumor volume was calculated for each group at the 

indicated times after cancer cells injection, and significant differences were assessed by a linear 

mixed-effects model; (n=7), * P < 0.05. (G) Immunohistochemical analysis of LONP1 

expression in normal and tumor colon human samples. (H) Relative expression of LONP1 

extracted from a previously reported comparative data set of transcriptomes of 32 adenomas and 

those of normal mucosa from the same individuals (GEO accession GDS2947) (Sabates-Bellver 

et al., 2007). (I) Kaplan-Meier survival curves for 64 patients with colorectal cancer expressing 

high (top 25% of patients) and low (bottom 25% of patients) LONP1 levels. (GSE14333), 

(Jorissen et al., 2009). 

 

Figure 4. LONP1 expression is essential for tumor development and metastasis formation.  

(A) Relative expression levels of LONP1 in normal skin, benign nevi and melanoma from data 

set GDS1375 (Talantov et al., 2005). (B) Kaplan-Meier survival curves for 27 patients with 

metastatic melanoma expressing high (top 25% of patients) and low (bottom 25% of patients) 

LONP1 levels. (GSE19234), (Bogunovic et al., 2009). (C) Analysis of LONP1 levels in B16F10-

luc2 cells after lentiviral transduction with a control pLKO1 empty vector and shRNA against 

Lonp1 (shLon) as wells as after retroviral transduction of LON protease (LON) and empty vector 

pMX, followed by western-blot analysis with densitometry quantification and (D) qPCR 
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represented with a RQ value. LONP1 levels in the overexpressing cells were the cumulative 

values of endogenous and flagged-construct expression. (E) MTT analysis showed a decrease in 

proliferation in shLon B16F10-luc2 cells lines. ** P < 0.01.  (F) Total number of lung metastasis, 

generated in the left lung, using pLKO1 control and shLon B16F10-luc2 melanoma cells, and (G) 

pMX control and overexpression of Lon protease (LON) (n= 10) * P < 0.05, *** P < 0.001. (F 

and G; bottom panels) Representative images of lungs at the end of each experiment.  

 

Figure 5. LONP1 controls tumor bioenergetics by remodeling OXPHOS subunits. B16F10 

melanoma cells with knockdown (shLon) and overexpression (LON) of Lon protease and their 

respective controls pLKO1 and pMX were used to study OXPHOS function. (A) Relative ATP 

levels of the analyzed cells. (B) Oxygen consumption rate (OCR) in basal conditions and after 

stimulation with FCCP, MRR (maximal respiration rate), represented as OCR per cell relative to 

each control cell. (C) Percentage of glucose consumption and (D) lactate production during 48 h, 

relative to control cells. BNGE quantification of OXPHOS subunits (RC complex) using TOM20 

as a loading control of isolated mitochondria from (E) shLon and (G) LON cells, relative to each 

control. BNGE quantification of complexes contained in SC relative to complex free of isolated 

mitochondria from (F) shLon and (H) LON cells, relative to each control. Combined 

mitochondrial complexes activities relative to free complexes in order to assess the use of NADH 

(CI+III/CI) or FAD electron equivalents (CII+III/CII) in (I) shLon cells and (J) LON cells. All 

experiments were independently carried out at least three times, using triplicates for each cell 

line; * P < 0.05, ** P < 0.01, *** P < 0.001. (K) Heatmap showing protein abundance changes in 

subunits of complex I and V, and Lon protease, obtained by high-throughput quantitative 

proteomics of enriched mitochondrial preparations. The relative abundance changes in LON and 

shLon cells are expressed using the z-score in relation to each control. ND, not determined. 

 

Figure 6. LONP1 maintains mitochondrial function and promotes a metabolic remodeling 

process. B16F10 melanoma cells with knockdown (shLon) and overexpression of Lon protease 

(LON) and their respective controls pLKO1 and pMX were used to study mitochondrial function. 

(A) Mitochondrial membrane potential (ΔΨm) represented as a percentage of TMRM 
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fluorescence, in normal cells and after CCCP treatment. (B) Mitochondrial DNA (mtDNA) levels 

represented as percentage relative to each control. (C) Percentage of fragmented mitochondria 

quantified after mtDsRed2 transfection. (D) ROS levels represented as relative levels of DCF-DA 

fluorescence.  (E) Western-blot analysis showing proteolytic processing of OPA1 long isoforms 

(a and b) and increase in the short isoforms (c to e), activation of AMPK, and decrease in Bcl-2 in 

shLon cells. Overexpression of LON causes reduced AMPK activity and an increase in Bcl2 

levels. (F) Fatty acid synthesis rate measured as 14C incorporation into cellular lipids represented 

as relative units (RU). All experiments were independently carried out at least three times, using 

triplicates for each condition; * P < 0.05, *** P < 0.001. Heatmap showing abundance changes of 

proteins belonging to the eukaryotic translation initiation factor 3 (Eif3) and the ribosomal  

complexes (G), and to the spliceosome, the proteasome and the chaperone-containing T (CCT) 

complex (H), obtained by high-throughput quantitative proteomics of whole-cell lysates. The 

relative abundance changes in LON and shLon cells are expressed using the z-score in relation to 

each control. 

 

Figure 7. LONP1 is necessary to bypass oncogene-induced senescence. (A) Brightfield images 

of B16F10 melanoma cells used. Scale bar = 100 µm. (B) Percentage of cells positive for β-

galactosidase activity as a measure of cellular senescence. (C) Transcriptional qPCR analysis of 

p53-target genes (Atf3, Gadd45g and Cdkn1a/p21) in these melanoma cells. Data are shown as 

RQ value. (D) MTT analysis of p53-deficient and wild-type fibroblasts after knockdown of 

LONP1. The decrease in Lon protease in a background deficient in p53 has less effect than in 

wild-type background. (E) LONP1 relative expression levels in control, senescence-induced and 

senescence-bypassed fibroblasts extracted from the data set GSE2484 (Collado et al., 2005). *** 

P < 0.001. (F) Model summarizing the functional relevance of Lon protease in reprogramming 

mitochondrial activity in cancer.   
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Table 1. Comparison of mitochondrial activities of individual and associated OXPHOS 
complexes, measured as specific activity (IU/mg) and relative to the citrate synthase activity. 
 
 
  pLKO1 shLon  pMX LON  

 CI  1.00 ± 0.05 0.66 ± 0.04 *** 1.00 ± 0.09 1.23 ± 0.19  

 CII  1.00 ± 0.03 0.93 ± 0.09  1.00 ± 0.02 0.75 ± 0.04 ** 

Specific activity CI+III  1.00 ± 0.08 0.84 ± 0.17  1.00 ± 0.06 0.76 ± 0.03 ** 

(IU/mg) CII+III  1.00 ± 0.08 0.73 ± 0.08  ** 1.00 ± 0.04 0.67 ± 0.07 *** 

 COX 1.00 ± 0.11 0.96 ± 0.16  1.00 ± 0.11 0.69 ± 0.11 ** 

 CS 1.00 ± 0.09 0.95 ± 0.07  1.00 ± 0.10 1.16 ± 0.18   

        

  CI  1.00 ± 0.10 0.70 ± 0.07 *** 1.00 ± 0.06 1.16 ± 0.18  

Specific activity CII  1.00 ± 0.11 0.99 ± 0.14  1.00 ± 0.11 0.72 ± 0.15 ** 

relative to CS CI+III  1.00 ± 0.08 0.88 ± 0.13   1.00 ± 0.10 0.72 ± 0.15 ** 

 CII+III  1.00 ± 0.10 0.77 ± 0.10 *** 1.00 ± 0.11 0.66 ± 0.21 ** 

 COX 1.00 ± 0.08 1.01 ± 0.12  1.00 ± 0.03 0.70 ± 0.15 ** 
 
Data shown correspond to three independent experiments carried out in triplicated. Statistical 
significance was performed by analysis of variance (ANOVA). Paired differences were assessed 
by the post hoc Fisher’s protected least significant difference test (PLSD). CI: complex I; CII: 
complex II; CIII: complex III; COX: complex IV; CS: citrate synthase. ** P < 0.01; *** P < 
0.001. 
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SUPPLEMENTAL INFORMATION  
 
Quiros et al. “ATP-dependent Lon protease promotes cancer and metastasis by 

reprogramming mitochondrial activity” 
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Figure S1, related to Figure 1 
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Figure S2, related to Figure 3 
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Figure S3, related to Figure 4 
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Figure S4, related to Figure 5 
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Figure S5, related to Figure 6 
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7 

Supplemental Figure legends 

 

Figure S1. (A) Schematic representation of wild-type and mutant Lonp1 alleles, and the targeting 

vector. The exons are indicated with boxes, the bold solid lines represent introns and the thin solid 

lines indicate the plasmid backbone in the targeting vector. (B) Analysis of embryos derived from 

intercrossing of Lonp1 heterozygous mice shows an embryonic lethality at 8.5 dpc. Genotypes were 

determined by PCR analysis. 

 

Figure S2. (A) qPCR analysis of HCT116 colon cancer cells transduced with LONP1 shRNA 

vectors (shLon) or with the empty vector as a control (pLKO1), as well as with pMX expressing 

murine LONP1 (LON) and the empty vector (pMX). qPCR analysis was carried out using two 

different LONP1 probes to detect endogenous (HsLonp1) and exogenous (MmLonp1) LONP1 

expression values. (B) MTT and Western-blot analysis of HCT116 colon cancer cells transduced 

with two different single shRNA against LONP1. (C) MTT and Western-blot analysis of DLD-1 

colon cancer cells transduced with a LONP1-flagged construction and the empty vector pMX.  

 

Figure S3. (A) MTT and Western-blot analysis of B16F10 melanoma cells transduced with two 

different single shRNA against LONP1, and the complete set of shRNAs. Notice the effect in the 

use of complete set compared to the use of single shRNA to decrease LONP1 levels. 

 

Figure S4. B16F10 melanoma cells with knockdown of LONP1 using two single shRNAs (sh#58 

and sh#59). (A) Relative ATP levels of the analyzed cells. (B) Oxygen consumption rate (OCR) in 

basal conditions and after stimulation with FCCP, MRR (maximal respiration rate), represented as 

OCR per cell relative to each control cell. (C) Percentage of glucose consumption and (D) lactate 

production during 48 h, relative to control. BNGE immunoblots showing distribution of CI, CIII, 

CIV and CV free and in supercomplexes detected with indicated antibodies in each case, as well as 

FpSDH (CII) using TOM20 as loading control, in (E) pLKO1 and shLon cells, and (F) pMX and 

LON cells. All experiments were carried out in triplicate in at least three independent experiments. 

Bars represent means ± SEM.  * P < 0.05, *** P < 0.001. 

 

Figure S5. (A) Representative pictures of mitochondrial morphology from pLKO1, shLon, pMX 

and LON cells. Mitochondria were visualized after transfection with a vector containing mito-

DsRed2. (B) Western-blot analysis of OPA1 processing in B16F10 melanoma cells with knockdown 

of LONP1 using two single shRNAs (sh#58 and sh#59) and the complete set of shRNAs (sh#all). 
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(C) Relative expression levels of glycolytic genes, glucokinase (GCK), phosphofructokinase 

(PFKL) and pyruvate kinase (PKLR) in the indicated cells. (D) Fatty acid synthesis rate measured 

as 14C incorporation into cellular lipids represented as relative units (RU). (E) Aconitase (ACO2) 

activity relative to citrate synthase activity. (F) Western-blot analysis and densitometry 

quantification of ACO2 levels in control (pMX) and LONP1-overexpressing cells (LON), 

determined in cellular extracts and isolated mitochondria, after transfection of ACO2 cDNA. (G) 

ACO2 activity relative to citrate synthase activity of cells previously described. All experiments 

were carried out in triplicate in at least three independent experiments. Bars represent means ± 

SEM. * P < 0.05, ** P < 0.01, *** P < 0.001. 
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V. Mitochondrial alterations in a mouse model of premature

aging

Lipodystrophy is a pathological condition characterized by loss of adipose tissue. This

loss can be localized or generalized and caused by genetic or acquired defects. Mutations in

genes encoding the nuclear protein lamin A or its processing enzyme, the metalloprotease

Zmpste24, cause diverse human progeroid syndromes and are associated with the develop-

ment of lipodystrophy. Likewise, mice deficient in Zmpste24 exhibit phenotypic features of

accelerated aging, including lipodystrophy. The study of metabolic alterations in these mice

may be useful for understanding the molecular mechanisms underlying the adipose tissue

dysfunction observed in laminopathies and other lipodystrophic syndromes, as well as to

develop novel strategies to prevent or ameliorate these diseases. On this basis, we analyzed

the proteomic profiling of the adipose tissue from Zmpste24 -deficient mice, as a model of

lipodystrophy syndrome and premature aging. Using this strategy, we have identified alter-

ations in the protein profile and metabolic state associated with lipoatrophy, highlighting the

importance of mitochondrial function for the development of lipodystrophy and aging.

Article 5: Juan R. Peinado, Pedro M. Quirós, Marina R. Pulido, Guillermo Mariño,

Maria L. Martínez-Chantar, Rafael Vázquez-Martínez, José M. P. Freije, Carlos López-Otín,

and María M. Malagón. “Proteomic profiling of adipose tissue from Zmpste24−/− mice,

a model of lipodystrophy and premature aging, reveals major changes in mitochondrial

function and vimentin processing”.

Mol Cell Proteomics. 2011 November; 10(11): M111.008094.
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histological alterations. In addition, I carried out the determination of ROS levels and colla-

borated in western-blot analysis of selected proteins. Finally, I contributed to the discussion

of the results with Dr. Juan R. Peinado and participated in the writing of the manuscript.
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Proteomic Profiling of Adipose Tissue from
Zmpste24�/� Mice, a Model of Lipodystrophy
and Premature Aging, Reveals Major Changes
in Mitochondrial Function and Vimentin
Processing*□S

Juan R. Peinado‡�, Pedro M. Quirós§, Marina R. Pulido‡, Guillermo Mariño§,

Maria L. Martínez-Chantar¶, Rafael Vázquez-Martínez‡, José M. P. Freije§,

Carlos López-Otín§, and María M. Malagón‡‡‡

Lipodystrophy is a major disease involving severe altera-

tions of adipose tissue distribution and metabolism. Mu-

tations in genes encoding the nuclear envelope protein

lamin A or its processing enzyme, the metalloproteinase

Zmpste24, cause diverse human progeroid syndromes

that are commonly characterized by a selective loss of

adipose tissue. Similarly to humans, mice deficient in

Zmpste24 accumulate prelamin A and display phenotypic

features of accelerated aging, including lipodystrophy.

Herein, we report the proteome and phosphoproteome of

adipose tissue as well as serum metabolome in lipodys-

trophy by using Zmpste24�/� mice as experimental

model. We show that Zmpste24 deficiency enhanced li-

polysis, fatty acid biogenesis and �-oxidation as well as

decreased fatty acid re-esterification, thus pointing to an

increased partitioning of fatty acid toward �-oxidation

and away from storage that likely underlies the observed

size reduction of Zmpste24-null adipocytes. Besides the

mitochondrial proteins related to lipid metabolism, other

protein networks related to mitochondrial function, in-

cluding those involved in tricarboxylic acid cycle

and oxidative phosphorylation, were up-regulated in

Zmpste24�/� mice. These results, together with the ob-

servation of an increased mitochondrial response to oxi-

dative stress, support the relationship between defective

prelamin A processing and mitochondrial dysfunction and

highlight the relevance of oxidative damage in lipo-

atrophy and aging. We also show that absence of

Zmpste24 profoundly alters the processing of the cyto-

skeletal protein vimentin and identify a novel protein dys-

regulated in lipodystrophy, High-Mobility Group Box-1

Protein. Finally, we found several lipid derivates with im-

portant roles in energy balance, such as Lysophosphati-

dylcholine or 2-arachidonoylglycerol, to be dysregulated

in Zmpste24�/� serum. Together, our findings in

Zmpste24�/� mice may be useful to unveil the mecha-

nisms underlying adipose tissue dysfunction and its over-

all contribution to body homeostasis in progeria and

other lipodystrophy syndromes as well as to develop

novel strategies to prevent or ameliorate these

diseases. Molecular & Cellular Proteomics 10: 10.1074/

mcp.M111.008094, 1–16, 2011.

Adipose tissue has emerged as one of the most important

organs regulating body homeostasis as it serves not only for

the storage of energy in the form of triglycerides but it is also

a source of paracrine and endocrine signals (i.e. adipokines)

that influence systemic metabolism (1–4). Dysfunction of ad-

ipose tissue, as occurs in conditions of excess (obesity) or

reduced (lipodystrophy) body fat, results in an abnormal man-

agement of triglycerides and alteration of adipokine secretion,

leading to several metabolic disturbances such as insulin

resistance, dyslipidemia, hepatic steatosis, and type 2 diabe-

tes (4, 5). Accordingly, much effort has been made to eluci-

date the molecular mechanisms underlying adipose tissue

dysfunction and its role in the development of metabolic

diseases, including the utilization of proteomic approaches

(reviewed in (6, 7)). Indeed, both the number and quality of

adipose tissue proteomic studies have notably increased in

the last years. Thus, proteome studies have been conducted

on adipose tissue biopsies from different fat depots (i.e. vis-

ceral and subcutaneous adipose tissue) (8) as well as on the

two fractions comprising adipose tissue, mature adipocytes

and the stromal vascular fraction (9). Isolation of the separate
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cellular components of the latter fraction has also enabled to

establish the proteome of adipose-derived adult stem cells

and adipogenesis (10–12). Moreover, novel adipose tissue

secreted peptides and proteins have been identified using

proteomic techniques (6, 13, 14) .

Because obesity is the most prevalent condition affecting

adipose tissue function, the vast majority of the proteomic

studies carried out to date have focused on the molecular

characterization of adipose tissue from obese human (8, 15),

mouse (16, 17), or rat (18, 19) models. Actually, no other

pathological states of adipose tissue have been investigated

so far using proteomic techniques. In this regard, lipodystro-

phy, which includes a variety of distinct syndromes that may

be inherited or acquired in origin, is characterized by a gen-

eralized or partial lack of adipose tissue (reviewed by (5, 20)).

Inherited lipodystrophies are commonly associated to muta-

tions in single genes whereas acquired lipodystrophies de-

velop in patients with certain autoimmune diseases and, more

often, in HIV-infected patients under antiretroviral therapy

(reviewed by (5, 21–22)).

The most common genetic disorders of inherited lipodys-

trophies have been linked to mutations in the LMNA gene

encoding the nuclear envelope A-type lamins, lamins A and C

(5). Although these proteins are expressed in nearly all cell

types, mutations in LMNA are responsible for at least a dozen

different disorders with tissue-selective affections and collec-

tively referred to as laminopathies, including Dunnigan-type

familial partial lipodystrophy (23). In addition to a structural

role, lamins are also involved in the regulation of DNA repli-

cation, transcription, and repair (24). In the case of adipose

tissue, it has been suggested that lamins play a role in adi-

pocyte differentiation yet the molecular mechanisms respon-

sible for the loss of adipose tissue associated to lamin A/C

deficiency are not completely understood (reviewed by (5,

24)). In humans, mutations in the gene encoding the zinc

metalloproteinase Zmpste24/FACE1, which is involved in the

post-translational cleavage of carboxy-terminal residues of

farnesylated prelamin A to form mature lamin A (25) (Fig. 1),

cause progeroid syndromes (i.e. restrictive dermopathy and

mandibuloacral dysplasia) characterized by a generalized loss

of fat, especially pronounced in extremities and the truncal

region (23, 24). Similarly to humans, mice lacking Zmpste24

accumulate prelamin A and display phenotypic features of

progeria including also a generalized lipodystrophy (26), as

well as substantial changes in circulating plasma levels of

several adipokines (27), hormones and growth factors (28,

29).

In order to investigate the exact impact of the impairment of

prelamin A processing on the functioning of adipocytes, we

have carried out a proteomic study of adipose tissue from

Zmpste24�/� mice. Our findings indicate that the absence of

Zmpste24 enhances mitochondrial function, especially the

tricarboxylic acid (TCA) cycle and electron transport chain, to

such a level that it causes oxidative damage. Other metabolic

disturbances directly affecting lipid management, such as

fatty acid (FA)1 �-oxidation and re-esterification, together with

alterations in vimentin processing, likely contribute to the

lipoatrophic state associated with lamin A-related diseases.

Finally, serum metabolomics revealed for the first time several

markers of lipodystrophy, mostly lipid compounds, further

supporting the relevance of the dysregulation of lipid metab-

olism in the premature aging phenotype.

EXPERIMENTAL PROCEDURES

Animals—Mutant mice deficient in Zmpste24 metalloproteinase

have been previously described (26). A total of 38 animals have been

used for these studies (18 Zmpste24�/� and 20 wild-type males).

Animal procedures were conducted in accordance with the guidelines

of the Committee on Animal Experimentation of the University of Ov

iedo (Oviedo, Spain).

Histological Analysis—For histological analysis, adipose tissue

samples from the visceral fat pad obtained from four Zmpste24�/�

and three wild-type animals were fixed in 4% paraformaldehyde in

PBS and stored in 70% ethanol. Fixed tissues were embedded in

paraffin by standard procedures. Blocks were sectioned (5 �m) and

tissues stained with hematoxylin and eosin. The number of adi-

pocytes and their mean diameter were determined in 5-�m tissue

sections by computer-assisted image analysis. For each sample,

different microscopic fields were analyzed, and at least 100 adi-

pocytes were measured.

Protein Extraction—For proteomic studies, adipose tissue biopsies

from four Zmpste24�/� and four wild-type animals were washed in

PBS immediately after removal and directly frozen in liquid nitrogen

1 The abbreviations used are: FA, Fatty acid; CPT1, Carnitine palmi-

toyltransferase I; HMGB1, High-Mobility Group Box-1 protein; LPC,

Lysophosphatidylcholine; TCA, Tricarboxylic acid cycle; UCP-1, Un-

coupling protein 1.

FIG. 1. Maturation of the lamin A precursor (prelamin A) re-

quires several post-translational processing steps: farnesylation

of the C-terminal CaaX motif, proteolysis of the C-terminal aaX

residues by endoproteases Zmpste24, and/or Rce1, carboxy-

methylation of the farnesylated cysteine and endoproteolysis of

the 15 C-terminal amino acids by Zmpste24.
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and stored at �80 °C. Samples were processed following a specific

protocol previously optimized by us for adipose tissue (9). Thus, fat

samples were thawed by adding 0.4 ml of cold urea/thiourea buffer (7

M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]pro-

panesulfonate, 45 mM Tris pH 7.4, 60 mM dithiotreitol, and complete

protease inhibitors (1 tablet/20 ml, Roche, Barcelona, Spain)) supple-

mented with 0.1 mM NaCl, mechanically disrupted and briefly soni-

cated. Then, they were adjusted to 900 �l with lysis buffer (20 mM Tris

pH 7.4, 100 mM NaCl, 1% Triton, and protease inhibitors; Complete,

Roche) and incubated for 15 min at 35 °C. After cooling on ice for 10

min, 100 �l of 0.1 M Tris, pH 7, and 50 mM MgCl2 were added to the

homogenates, which were then incubated with DNase I (30 U, Sigma)

for 10 min on ice. The homogenate was centrifuged (15 min, 10,000 �

g, 4 °C) and the aqueous phase between the upper lipid phase and

lower cellular debris phase was collected. Extensive delipidation was

accomplished by Tri-n-butylphosphate-acetone-methanol precipita-

tion. Precipitated proteins were resuspended in 75 �l of urea/thiourea

buffer. After Bradford assay for protein quantification, samples were

diluted to 7 �g/�l with urea/thiourea buffer and frozen at �20 °C.

Isoelectric Focusing and Two-dimensional-PAGE—Three hundred

and fifty micrograms (50 �l) of protein from both wild-type and

Zmpste24�/� mice, were diluted in 300 �l of Rehydratation Buffer and

0.8% of 3–10NL IPG buffer (GE Healthcare, Barcelona, Spain). Im-

mobilized pH gradient strips (18 cm, pH 3–10 NL) were rehydrated

overnight in a Ettan IPGPhor 3 System (GE Healthcare) following a

stepwise voltage: 300 V for 3 h, linear gradient to 1000 V for 4 h, linear

gradient to 8000 V for 2 h, and 8000 V until total Vh (40,000) is

reached. Strips were equilibrated in SDS Equilibration Buffer (75 mM

Tris, pH 8.8, 6 M urea, 30% glycerol, 2% SDS) containing 2% dithi-

othreitol for 15 min, followed by a 15-min wash with equilibration

buffer containing 2.5% iodoacetamide. Thereafter, proteins were sep-

arated on 12% Tris-glycine gels using an Ettan Dalt Six device (GE

Healthcare). These conditions resolved proteins with a MW higher

than 20 kDa. After migration, gels were stained with SYPRO Ruby dye

and/or 0.1% Coomassie brilliant blue G-250, 10% ammonium sulfate,

2% phosphoric acid, and 20% methanol. Both stainings gave similar

results.

Staining of phosphoproteins was performed using Pro-Q Diamond

stain (Bio-Rad Laboratories, Hercules, CA) according to manufactur-

er’s instructions. Three hundred micrograms of adipose tissue ex-

tracts were set as the minimum protein amount required for a correct

identification of phosphorylated proteins. Images of gels stained with

Coomassie, SYPRO Ruby or Pro-Q Diamond were captured with the

FX system (Bio-Rad).

Matrix-Assisted Laser Desorption Ionization/Time of Flight-MS

Analysis—Spots were excised automatically in a ProPic station

(Genomic Solutions, Huntingdon, UK) and subjected to MS analysis.

MALDI-ToF-MS analysis were carried out on a 4800 MALDI-ToF/ToF

Analyzer (Applied Biosystems/MDS SCIEX, Concord, Ontario, Can-

ada). Gel specimens were destained twice (30 min, 37 °C) with 200

mM ammonium bicarbonate/40% acetonitrile. Gel pieces dehydrated

for 5 min with pure acetonitrile and dried out over 4 h were automat-

ically digested with trypsin according to standard protocols in a

ProGest station (Genomic Solutions). MS and MS/MS analyses of

peptides of each sample were analyzed in a 4700 Proteomics Station

(Applied Biosystems) in automatic mode. Samples were deposited

onto MPep Chips prespotted with �-cyano-4-hydroxy-cinnamic acid

(Sunyx, Germany) using the thin layer affinity method and analyzed

with the following setting: for the MS data, m/z range 800 to 4000 with

an accelerating voltage of 20 kV and delayed extraction, peak density

of maximum 50 peaks per 200 Da, and minimal signal-to-noise (S/N)

ratio of 10 and maximum peak at 65. Peak lists for MS/MS data sets

were generated using the 4000 Series Explorer (TM) RAC Software,

version 3.5.3 (Applied Biosystems/MDS SCIEX, Concord, Ontario,

Canada). For the analysis of vimentin isoforms the m/z range was

increased from 400 to 4000.

Peak lists were submitted to Mascot database in order to identify

the proteins (Database, NCBInr 12012010 (10320603 sequences;

3520860234 residues); taxonomy, Mammalia (757310 sequences)).

Analysis was limited to peptides of six or more amino acids and

maximum one missed cleavage site. Mass tolerance for precursor

ions was set to 100 ppm and mass tolerance for fragment ions to 0.2

Da; oxidation of methionine was searched as variable modification

and carbamidomethylation of cysteine was set as fixed modification.

MS/MS data were also searched against the ENSEMBL Mus muscu-

lus database using the open source software X!Tandem (http://

www.thegpm.org) with similar settings to those employed for Mascot.

Peptide false discovery rates were determined by a target decoy

approach using a reversed database concatenated to the parent

forward database (30). A cutoff expectation value of �1.0 (signifi-

cance threshold; expressed as the negative logarithm of E-value)

was chosen for individual MS/MS spectra that resulted in a false

discovery rate of �1%. Other post-translational modifications (i.e.

phosphorylation) were also investigated using Expasy proteomic

server (FindMod and Aldente). To determine whether protein car-

bamylation occurred during the preparation of the samples, repre-

sentative protein extracts from mouse adipose tissue were ana-

lyzed by High-Performance Liquid Chromatography and Tandem

Mass spectrometry using LTQ-Orbitrap XL mass spectrometer

(Thermo Fisher Scientific Inc.) equipped with a nanoelectrospray

ion source (nESI). No carbamylation was detected under these

conditions (data not shown).

Immunoblotting—Frozen fat samples from four additional wild-type

and Zmpste24�/� mice distinct from those employed for 2-DE were

disrupted in Triton buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1% Triton,

and complete protease inhibitor) and incubated in the presence of 30

units of DNase I (Sigma) for 15 min on ice. Thirty to 70 �g of protein

were loaded on 10% SDS-PAGE and transferred to nitrocellulose

membranes (Biotrace, Pall, Germany). After Ponceau staining to en-

sure equal sample loading, membranes were blocked for 1 h with 5%

dried milk in TTBS (TBS buffer with 0.05% Tween-20). Antibodies

against peroxiredoxin 3 (PRDX3), prelamin A, �-actin, carnitine palmi-

toyltransferase I (CPT1), uncoupling protein 1 (UCP-1), and phos-

phoenolpyruvate carboxykinase 1 (PCK1) were purchased from San-

ta-Cruz Biotechnology (Heidelberg, Germany). Anti-vimentin antibody

was purchased from Biomedal SL (Sevilla, Spain) and anti-malic en-

zyme 1 (ME1) antibody was from Proteintech Group, Inc. (Manchester,

UK). After overnight incubation at 4 °C with the corresponding primary

antibody, membranes were incubated with the appropriate IgG-HRP-

conjugated secondary antibody. Immunoreactive bands were visualized

with an enhanced-chemiluminescence reagent (Chemiluminescent

HRP substrate, Millipore, MA). Optical densities of the immunoreactive

bands were measured using ImageJ 1.40g analysis software.

ROS Determination—The intracellular reactive oxygen species

(ROS) levels were determined using the 2,7�-dichloroflourescein di-

acetate (DCF-DA) dye (Sigma). White adipose tissue was extracted

from mice and samples were homogenized using PLB (Promega). The

lysates were centrifuged at 12,000 � g for 5 min at 4 °C, and super-

natants were collected. Protein concentration in the supernatants was

evaluated by the bicinchoninic acid technique (BCA protein assay kit,

Pierce Biotechnology, Rockford, IL). Supernatants (50 �g) were mixed

with 25 �M DCF-DA and then incubated at 37 °C for 30 min in

the dark. Fluorescence at 485/535 was measured using a LS55

PerkinElmer LifeScience spectrofluorometer. Adipose tissue samples

from at least four different animals of each genotype were used for

measurement of ROS generation.

Serum Metabolomics—Sera from eight Zmpste24�/� and

Zmpste24�/� male mice samples were analyzed. A global metabolite

Proteomic Profile of Lipoatrophy

Molecular & Cellular Proteomics 10.11 10.1074/mcp.M111.008094–3

Results

165



profiling UPLC®-MS methodology was employed, where all endoge-

nous metabolite related features, characterized by mass-to-charge

ratio m/z and retention time Rt, were included in a subsequent mul-

tivariate analysis procedure used to study metabolic differences be-

tween the different groups of samples (31). Where possible, Rt-m/z

features corresponding to putative biomarkers were later identified.

Sample preparation, LC-MS system, data processing, multivariate

data analysis were performed as described previously (32). The top 50

candidate markers resulting from this procedure were selected and

subjected to additional statistical testing (fold changes and Wilcoxon

rank sum (Mann Whitney) test p values). Finally, the following proce-

dures were used in an attempt to identify selected markers: a) Mass

spectra recorded in the positive and negative ion modes were ana-

lyzed to determine the most likely parent (as opposed to metal ad-

ducts or fragments) ion m/z value and b) The exact mass information

obtained, corrected to within a 5 ppm error, was checked against the

ChemSpider10 online database, using the subdatabases: KEGG,

Lipid Maps and Human Metabolome database. Where possible, hit

lists were further reduced by comparison of theoretical/measured

isotopic patterns.

Data Analysis—2-DE gel analysis was performed by PDQuest soft-

ware (Bio-Rad), version 8.0. Spot volume values were normalized in

each gel by dividing the raw quantity of each spot by the total volume

of all the spots included in the same gel. Other normalizations pro-

vided by the PDQuest software were also performed with similar

results. Data were log transformed to meet the requirements of a

normal distribution and analyzed with Student’s t test using the sta-

tistics tools included in the PDQuest software. Spots which gave

significant results (p � 0.05) were verified visually to exclude artifacts.

Furthermore, statistically significant spots were rechecked by two-

tailed unpaired Student’s t test after reevaluation of density with

ImageJ 1.40g software.

Statistical analysis used SSPS statistical software, version 11.0 for

WINDOWS (SSPS INC., Chicago, IL). Statistical differences in West-

ern blot experiments were assessed by two-tailed unpaired Student’s

t test. Differences were considered significant at p � 0.05. All data are

expressed as mean � S.E. For further evaluation, proteins identified

by the proteomic study were analyzed using a pathway analysis

software (Ingenuity Pathway Analysis (IPA); Ingenuity Systems, Moun-

tain View, CA) to reveal their potential relationships with other proteins

and/or intracellular pathways.

RESULTS

Reduced Adipose Tissue in Zmpste24�/� Mice—

Zmpste24-null mice display a lipodystrophic phenotype char-

acterized by the absence of subcutaneous adipose tissue

(26). Herein, we have observed that they also suffer from a

marked reduction of the visceral fat depot (Fig. 2A), which in

some cases reached more than a sixfold decrease when

compared with that observed in their wild-type littermates.

This remaining fat pad can be easily removed together with

the gonads (Fig. 2B). Histological examination of hematoxylin-

eosin stained sections revealed that visceral adipose tissue

from Zmpste24�/� mice is composed of small adipocytes (Fig.

2C), which showed almost half the size of those from wild-type

animals. Specifically, minimum diameters of adipocytes from

Zmpste24-null and wild-type mice were 11 � 2.9 and 18 � 1.0

�m, respectively, which likely contributes to the increased num-

ber of total adipocytes observed in adipose tissue from Zmp-

ste24�/� mice (649.60 � 83.3 versus 443.4 � 28.5 cells/mm2 in

Zmpste24�/� and wild-type mice, respectively).

Adipose Tissue of Zmpste24�/� Mice Exhibits Altered Met-

abolic Pathways—Our proteomic analysis of visceral adipose

tissue allowed for the identification of �1,070 spots in a

typical two-dimensional gel. Comparative analysis of the pro-

teome of adipose tissue from Zmpste24�/� and wild-type

mice (four animals per group) revealed that 37 proteins were

significantly up-regulated in mutant mice while 9 proteins

were down-regulated (Fig. 3A). A representative spot corre-

sponding to pyruvate dehydrogenase beta (spot 31) is high-

lighted in Fig. 3B in order to show the reproducibility of the

observed differences between adipose tissue proteomes from

the two groups of animals. Differences in the proteome of the

four different animals analyzed per group were evaluated and

average of their density was used to elaborate Table I, where

only those proteins with consistent differences (p � 0.05)

were included. MALDI-TOF identification of the modified pro-

teins showed that the majority of the spots corresponded to

proteins participating in known metabolic pathways: 1) gly-

colysis (ENO1), 2) Acetyl-CoA synthesis and tricarboxylic acid

FIG. 2. Lipoatrophy of visceral adipose tissue in Zmpste24�/�

mice. A, Representative images showing adipose tissue distribution

in 4-month-old Zmpste24�/� and Zmpste24�/� male mice. Loss of

adipose tissue is evident in Zmpste24�/� mice (adipose tissue is

indicated by a red line). B, Visceral adipose tissue removed from

Zmpste24�/� and Zmpste24�/� animals. C, Comparisons of hema-

toxylin and eosin-stained cross sections of adipose tissue of

Zmpste24�/� and Zmpste24�/� mice, showing the decreased size of

adipocytes in Zmpste24-deficient mice. T, testis; AT, adipose tissue.
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(TCA) cycle-related proteins (PC, PDHB, PDX, CS, ACO2,

LDH3A, DLST, SUCLG2, SDHA, ME1, and MDH), 3) pentose

phosphate pathway (G6PD, PGD, TKT, and TALDO1), 4) fatty

acid synthesis (FAS and ACLY), 5) fatty acid re-esterification

(PCK1), 6) �-oxidation of fatty acids (ACSL1 and ACADS), 7)

lipolysis (triacylglycerol (TAG) lipase -ATGL- or desnutrin), 8)

the glycerol-3-phosphate shuttle (GPD1 and GPD2), and 9)

valine, leucine, and isoleucine degradation (PCCA, BCATm,

HIBADH, and HIBCH). Furthermore, several proteins of the

mitochondrial electron transport chain (NDUFA10, UQCR1,

and ATP5B), the mitochondrial response to oxidative stress

(PRDX3), cytoskeleton (vimentin and gelsolin), and proteins

with not yet known function in adipose tissue (HMGB1) were

also identified. Classical components of the serum were also

found to be modified in Zmpste24�/� mice (A2M and

SERPIN1A).

Herein, we have also observed by two-dimensional electro-

phoresis the accumulation of partially processed lamin A in

Zmpste24-null mice (Fig 4A). MALDI-TOF/TOF analysis of the

protein demonstrated that the accumulated protein lacks the

-aaX (Figs. 4B and 4C) which is consistent with previous

findings in Zmpste24�/� fibroblasts (33), thus suggesting that,

in addition to Zmpste24, other protease(s) (i.e. Rce1) are likely

able to carry out this proteolytic step (Fig. 4B). Furthermore,

the identified protein contains the sequence including the

second proposed cleavage site of Zmpste24 (Figs. 4B and

FIG. 3. A, Two-dimensional-PAGE of whole adipose tissue of Zmpste24�/� and Zmpste24�/� mice. Proteins were separated on a 2-DE

gel using 18 cm pH 3–10 NL strips in the first dimension and 12% SDS-PAGE gels in the second dimension. Molecular weights are indicated

(right). Differentially expressed proteins between the adipose tissue samples are indicated with white or black arrows. The numbers correspond

to the spot numbers in Table I. B, Magnification of the boxed region that contains protein pyruvate dehydrogenase � (quantified in middle

graph) in two-dimensional-PAGE gels corresponding to four Zmpste24�/� and four Zmpste24�/� mice. * p � 0.05.
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TABLE I

A, Proteins identified by MALDI-TOF/TOF up-regulated in ZMPSTE24�/�

Spot

num.a
Protein name Symbol

Accesion

numberb

MW

(kDa)/pI

%

Cover.c
Pep.d

Protein

E-value
e

Mean fold

changef

P Student´s

t-testg

1 Fatty acid synthase FAS CH466558 276.7/6.2 12 25 44 3.61 0.002

2 Pyruvate carboxylase PC EDL33053 130.3/6.2 48 46 118 2.51 0.001

3 ATP citrate lyaseh ACLY NP_598798 120.5/7.3 40 43 102 2.80 0.002

4 Mitochondrial inner membrane protein IMMT NP_083949 84.2/6.2 36 30 33 1.96 0.037

5 Aconitase 2, mitochondrial ACO2 NP_542364 86.3/8.1 50 37 116 2.38 0.003

6 Lamin A, precursor PRELA-MIN NP_733821 74.5/6.5 46 30 66 �10

7 Acyl-CoA synthetase long-chain family member 1 ACSL1 NP_032007 78.9/6.8 42 27 83 1.88 0.044

8 Propionyl CoA-carboxylase alpha-subunit PCCA AAL02364 80.2/7.0 56 37 100 1.98 0.013

9 Glycerol-3-phosphate dehydrogenase, mit. precursor

(GPD-M)

GPD2 Q64521 81.4/6.2 55 41 92 2.54 0.001

10 Succinate dehydrogenase SDHA NP_075770 73.62/7.1 48 14 15 1.62 0.048

11 Transketolase TKT NP_033414 68.3/7.2 63 34 139 1.77 0.010

12 Malic enzyme 1, NADP (�)-dependent, cytosolic ME1 NP_032641 64.5/7.2 62 33 159 2.34 0.022

13 Glucose-6-phosphate 1-dehydrogenase G6PD NP_032088 59.7/6.1 55 40 112 1.64 0.008

14 Mitochondrial aldehyde dehydrogenase 2 ALDH2 EDL19719 55.2/8.3 54 28 159 1.71 0.005

15 Desnutrinh ATGL AAU33824 54.4/6.0 34 22 37 1.79 0.036

16 mCG3880 	similar to Al-dehyde dehydrogenase family 3

member B1


EDL32976 52.7/6.2 32 19 36 1.44 0.050

17 Pyruvate dehydrogenase protein X PDHX NP_780303 54.2/7.6 35 19 31 1.79 0.020

18 Atp5b protein ATP5B AAH37127 56.7/5.2 64 25 112 1.40 0.018

19 Ubiquinol-cytochrome c reductase core protein 1 UQCRC1 NP_079683 53.3/5.7 48 21 86 1.84 0.039

20 2-Oxoglutarate dehydrogenase complex component E2 DLST Q01205 49.2/8.9 38 19 37 3.55 0.002

21 Enolase 1, alpha non-neuron ENO1 AAH03891 47.5/6.2 80 24 116 1.35 0.003

22 Succinyl-CoA ligase 	GDP-forming
 subunit beta SUCLG2 NP_035637 47.1/6.6 39 16 60 1.78 0.035

23 Acyl-Coenzyme A dehydrogenase, Short/branched chain ACADS AAH54428 48.3/8.0 33 19 56 2.25 0.001

24 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10h NDUFA10 NP_077159 40.1/6.4 37 23 62 2.19 0.025

25 Acyl-CoA thioesterase 2, mitochondrial precursor ACOT2 Q9QYR9 49.8/6.9 52 19 48 2.15 0.006

26 Citrate synthase, mitochondrial precursor CS NP_080720 51.9/8.7 31 18 42 2.23 0.009

27 Glutamate-ammonia ligase GLUL AAA17989 42.8/6.6 54 23 39 1.64 0.010

28 Isocitrate dehydrogena-se 3 (NAD�) alpha, IDH3B EDL25822 35.0/5.9 62 25 96 1.68 0.001

29 3-hydroxyisobutyryl-Coenzyme A hydrolase HIBCH EDK99981 43.34/8.2 59 24 60 1.63 0.050

30 Transaldolase 1 TALDO1 EDL18063 31.7/7.7 62 19 61 3.27 0.004

31 Pyruvate dehydrogenase (lipoamide) beta PDHB NP_077183 39.2/6.4 63 18 69 2.56 0.005

32 Branched-chain- amino-acid aminotransferase, mit. BCATm NP_033867 44.7/8.6 40 16 59 3.20 0.035

33 Glycerol-3-phosphate dehydrogenase GPD1 AAA37726 38.2/6.7 68 26 68 1.74 0.009

34 Malate dehydrogenase, cytoplasmic MDH1 NP_032644 36.6/6.2 38 13 89 1.41 0.011

35 3-hydroxyisobutyrate dehydrogenase HIBADH BAF42049 35.89/8.9 45 17 63 1.68 0.028

36 High mobility group box 1 HMGB1 NP_034569 24.8/6.4 57 16 47 1.87 0.023

37 Peroxiredoxin 3 PRDX3 NP_031478 28.3/7.1 31 11 104 1.45 0.009

P
ro

te
o

m
ic

P
ro

file
o

f
L

ip
o

a
tro

p
h

y

1
0
.1

0
7
4
/m

c
p

.M
1
1
1
.0

0
8
0
9
4

–
6

M
o

le
c
u

la
r

&
C

e
llu

la
r

P
ro

te
o

m
ic

s
1
0
.1

1

R
esults

168



TABLE I

B, Proteins identified by MALDI-TOF/TOF down-regulated in ZMPSTE24�/�

Spot

Num.a
Protein name Symbol Accesion numberb MW

(kDa)/pI

%

Cover.c
Pep.d

Protein

E-value
e

Mean

fold

changef

P

Student´s

t-testg

1 Gelsolin precursor GELSOLIN NP_666232 86.3/5.83 35 20 31 1.69 0.007

2 Phosphoenolpyruvate

carboxykinase 1,

cytosolic

PCK1 AAH37629 70.1/6.18 33 23 71 1.54 0.042

3 Vimentin VIM NP_035831 51.6/5.0 61 34 100 1.41 0.004

4 Alpha-1-antitrypsin SERPIN 1A AAH10988 47.3/5.2 41 17 47 1.55 0.014

5 Phosphoglycerate

dehydrogenase

PHGDH NP_058662 57.3/6.3 26 26 81 1.70 0.001

6 Vimentin VIM NP_035831 53.7/5.1

Observed

(�49)

66 33 107 1.88 0.067

7 Vimentin VIM NP_035831 53.7/5.1

Observed

(�46)

65 32 85 3.34 0.01

8 Vimentin VIM NP_035831 53.7/5.1

Observed

(�43)

64 36 103 5.55 0.009

9 Alpha-2-

macroglobulin 35

kDa subunit,

precursor

A2M Q61838 167.1/6.2 43 15 33 1.70 0.01

a Spot numbers correspond to those on Fig. 3A, right panel.
b Accession number from the NCBInr database.
c Coverage of all peptide sequences matched to the identified protein sequence (%).
d Pep. corresponds to the number of peptides identified (Mascot).
e X!Tandem E-value after reverse database search 	Data represented as –Log(E-value
.
f Mean fold change indicates the average volume ratio of 4 Zmpste24�/� and 4 Zmpste24�/� animals.
g Only those proteins with a p � 0.05 (Student’s t-test) were considered.
h Phosphorylated proteins also detected by ProQ-Diamond Staining.
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4C), indicating that the protein accumulated in mutant animals

corresponds exclusively to a partially mature form of lamin A

(asterisk in Fig. 4B).

Western Blot Analysis of Altered Proteins—Immunoblotting

using an antibody against �-actin revealed the existence of

significant differences in �-actin protein content between

Zmpste24�/� and wild-type animals (supplemental Fig. S1A),

thus precluding its use as housekeeping gene for quantitative

studies. Furthermore, neither GADPH nor tubulin gave con-

sistent results (data not shown). Consequently, all the exper-

iments were carried out loading equal amounts of proteins

from Zmpste24�/� and wild-type mice and values were fur-

ther normalized against Ponceau staining (supplemental

Fig. S1B).

Several proteins were chosen for validation of the results

obtained by two-dimensional electrophoresis: three pro-

teins up-regulated (ME1, PRDX3, and HMGB1; Figs. 5A–5C)

and two down-regulated (PCK1 and vimentin; Fig. 5D and

Fig. 6, respectively) in Zmpste24�/� mice. These analyses

revealed that ME1 was 1.5-fold increased in mutant mice

(Fig. 5A) and PRDX3 reached a fourfold increase (Fig. 5B) in

these animals when compared with levels observed in wild-

type mice. Likewise, HMGB1 protein content was signifi-

cantly higher in Zmpste24�/� mice (1.8-fold versus wild-

type animals; Fig. 5C) whereas PCK1 was diminished in

mutant mice (1.9-fold versus wild-type animals; Fig. 5D).

Data from immunoblot studies on vimentin are discussed

below.

FIG. 4. Prelamin A accumulation in Zmpste24�/� mice. A, Accumulation of partially processed lamin A in Zmpste24-null mice could be

observed in both bi-dimensional gels (pH: 3–10) and immunoblots (lower panel). B and C, Analysis of accumulated prelamin A by MALDI-TOF

revealed that it corresponded to the methylated form of this protein (B), which does not carry the C-terminal aaX amino acids, as observed by

MALDI-TOF analysis of the C-terminal tryptic peptides corresponding to the identified forms of prelamin A (1 and 2; C). A totally unprocessed

form of prelamin A was not detected. Farn, Farnesylated; CM, Carboxymethylated.
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Differential Processing of Vimentin in Adipocytes from

Zmpste24�/� Mice—Immunoblotting of adipose tissue ex-

tracts with the antivimentin serum confirmed the data ob-

tained by two-dimensional electrophoresis on the existence of

four distinct immunoreactive bands of 53, 49, 46, and 43 kDa

in mice adipose tissue (Fig. 6A). As observed by the proteomic

approach, the smaller isoforms of vimentin were down-regu-

lated in adipose tissue from mutant mice, in particular those of

46 and 43 kDa (Fig. 6A). Interestingly, these two short iso-

forms of vimentin, together with prelamin A, were identified in

the two-dimensional electrophoresis experiments as the most

differentially expressed proteins between Zmpste24�/� and

wild-type mice (Table I). Thus, 46-kDa and 43-kDa vimentin

forms were reduced by 3.3- and 5.5-fold, respectively, in the

proteome of mutant mice with respect to those observed in

wild-type animals (Table I). These data are largely in accordance

with the results obtained by semiquantitative immunoblotting

(Fig. 6B).

Although the presence of vimentin isoforms has also been

depicted in proteomic studies of human subcutaneous adi-

pose tissue (15), their origin is not known and no information

is yet available as to whether they may arise from alternative

splicing or post-translational processing. To address this is-

sue, we first analyzed vimentin isoforms by MALDI-TOF/TOF.

The identified proteins correspond to N-terminal truncated

variants within the region spanning the first 100 amino acid

residues of vimentin (supplemental Fig. S2). Fig. 6C shows the

first N-terminal tryptic peptide identified in each isoform, in-

cluding their predicted molecular weight and isoelectric point.

No cleavage was observed at the C-terminal end since the

tryptic product was readily detected in the MALDI mass spec-

trum of all isoforms (supplemental Fig. S2).

Analysis of Mitochondrial Function in Zmpste24�/� Adipose

Tissue—Given the finding that two proteins potentially in-

volved in mitochondrial fatty acid �-oxidation, long-chain

acyl-CoA synthetase-1 (ACSL1) and acyl-coenzymeA dehy-

drogenase, short chain (ACADS), were up-regulated in adi-

pose tissue of Zmpste24�/� mice, we investigated whether

mitochondrial fatty acid import could be also affected in these

animals by quantifying protein levels of the key enzyme medi-

ating this process, carnitine palmitoyltransferase I (CPT1) (34).

Western immunoblotting of adipose tissue protein extracts re-

vealed that Zmpste24�/� mice did indeed contain significantly

higher levels of CPT1 than wild-type mice (Fig. 7A).

Since proteomic studies revealed that several proteins of

the mitochondrial electron transport chain were up-regulated

in the adipose tissue of Zmpste24-null mice, including a sub-

unit of the mitochondrial ATP synthase complex, we hypoth-

esized that ATP levels could be altered in Zmpste24-null mice.

However, ATP content was not significantly modified in mu-

tant mice (data not shown). In order to evaluate whether an

increase in thermogenesis, via induction of uncoupling protein

1 (UCP-1; (35, 36)), could occur in Zmpste24-null mice, we

investigated its expression by Western blot. No immunoreac-

FIG. 5. Protein abundance (by West-

ern blot) of malic enzyme (ME1; A),

peroxiredoxin 3 (PRDX3; B), high-mo-

bility group box-1 protein (HMGB1; C),

and phosphoenolpyruvate carboxyki-

nase 1 (PCK1; D), in adipose tissue

from Zmpste24�/� (n � 6) and

Zmpste24�/� (n � 4) mice. * p � 0.05,

(�S.E.).
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tive band for UCP-1 was observed in these samples whereas

this protein was clearly visible in immunoblots from paired

samples of brown adipose tissue (Fig. 7B).

Finally, the increased levels of mitochondrial PRDX3 found

in Zmpste24�/� fat prompted us to evaluate the occurrence

of oxidative damage in the tissue. As shown in Fig. 7C, ROS

levels were significantly enhanced in adipose tissue of

Zmpste24�/� mice as compared with wild-type animals, in-

dicating that Zmpste24 deficiency increases oxidative stress.

Analysis of the Phosphoproteome of Adipose Tissue—

Phosphorylation is a ubiquitous and fundamental reversible,

regulatory mechanism that enables to modify protein function

by altering protein stability, cellular location, substrate affinity,

complex formation, or activity (37). Herein, together with the

analysis of adipose tissue from Zmpste24�/� and wild-type

mice by two-dimensional-PAGE, we also employed a phos-

phoproteomic approach to establish the phosphorylation fin-

gerprint of adipose tissue proteins in the presence or absence

of the metalloprotease (Fig. 8A). This has enabled us to iden-

tify, for the first time, six proteins that are regulated in adipose

tissue at the post-translational level: the mitochondrial com-

plex I subunit NDUFA10, the ATP citrate lyase (ACLY), the

rate-limiting enzyme for triglyceride catabolism in mice, des-

nutrin (human ATGL1), phosphoglucomutase 1 (PGM-1),

desmin, and pyruvate dehydrogenase alpha 1 (PDHA1). In

addition, the potential phosphorylation sites of three of these

proteins were also identified (Fig. 8B), including three sites

already described in PGM-1 (S95, T96, and T115), one in

desmin (T42), and a novel phosphothreonine residue in desnu-

trin (T452), which is close to the two C-terminal serine residues

previously reported to be phosphorylated in this protein (38).

Finally, three out of the six proteins found to be highly phos-

phorylated in mouse adipose tissue were also identified by

two-dimensional-PAGE on the basis of their overexpression in

mutant animals: NDUFA10, ACLY, and desnutrin (Table I).

FIG. 6. A, Magnification of a representative two-dimensional-PAGE gel from Zmpste24�/� and Zmpste24�/� animals showing the

area of the gel containing the four identified isoforms of vimentin (53, 49, 46, and 43 kDa approximately, left panel). All the isoforms were

identified by Western blot using the vimentin antibody (right panel). Two of the identified isoforms showed significant expression differences

between the two groups of animals when evaluated by Western blot (B). C, Predicted molecular weight and isoelectric point of the identified

forms of vimentin on the basis of MALDI-TOF identification.

FIG. 7. Western blot for carnitine palmitoyltransferase I (CPT1;

A, and uncoupling protein 1 (UCP1; B, in adipose tissue extracts.

C, Analysis of ROS levels measured as relative fluorescence units

(RFU) of DCF-DA, per �g of protein and minute. Zmpste24�/� (n � 6)

and Zmpste24�/� (n � 4) mice * p � 0.05, (�S.E.).
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Serum Metabolic Profile of Zmpste24�/� Mice—Although

microscopy and proteomic analysis of adipose tissue of

Zmpste24-null mice, together with previous data on the oc-

currence of hepatic steatosis in these animals (27), pointed to

the inability of adipocytes to properly store lipids, we ob-

served no changes in serum FA levels in mutant mice (data

not shown). To get further clues about the metabolic biomark-

ers associated to genetic lipodystrophy, we employed a

metabolomic strategy. Serum metabolic profiling revealed 32

metabolites up-regulated in Zmpste24�/� mice whereas 22

were found to be down-regulated. Of the identified metabo-

lites, 67% corresponded to known compounds (supple-

mental Table S3). Analysis of the altered metabolites by a

software for pathway analysis revealed major perturbations in

lipid metabolism and oxidative scavenging (Fig. 9). Remark-

ably, most of the down-regulated metabolites corresponded

to lysophospholipids and, in particular to several molecular

species of lysophosphatidylcholine (LPC). Increased levels of

several steroids including corticosterone (1.9-fold change)

and aldosterone (4.4- to 12.9-fold change) were also ob-

served in Zmpste24�/� mice, suggestive of alterations in ad-

renal gland function in these animals. Finally, in agreement

with previous observations (27), lower levels of glucose were

found in mutant mice as compared with wild-type animals.

DISCUSSION

Lipodystrophy is a major disease involving severe altera-

tions of adipose tissue distribution and metabolism. Muta-

tions in genes encoding the nuclear protein lamin A or its

processing enzyme, the metalloproteinase Zmpste24, cause

diverse human progeroid syndromes and are associated with

the development of lipodystrophy. By using mice deficient in

Zmpste24, we report for the first time the protein fingerprint of

lipoatrophy. We demonstrate that adipose tissue of

Zmpste24�/� mice exhibit marked alterations in key proteins

involved in lipid management and energy expenditure. This,

together with an abnormal processing of the cytoskeletal

protein vimentin in Zmpste24�/� adipocytes, may underlie the

lipodystrophic phenotype associated with the loss of

functional Zmpste24. Microscopic data revealed that

Zmpste24�/� mice contained significantly smaller adipocytes

than wild-type mice, thus indicating an impaired fat storage

FIG. 8. A, Phosphoproteomic analysis of adipose tissue from Zmpste24�/� and Zmpste24�/� mice. B, The phospho-peptides identified

by MALDI-TOF are indicated in the table. Potential phosphorylation sites are underlined. C: Carbamidomethyl. M_OX: Methionine Oxidated.
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capacity in these cells. Several processes may contribute to

decreased TAG accumulation: increased TAG lipolysis, de-

creased FA uptake or synthesis, decreased FA re-esterification

and increased FA release or oxidation. Our proteomic data

support the view that several of these processes may occur in

Zmpste24-null adipocytes (Fig. 10). Thus, the observed up-

regulation of the rate-limiting lipolytic enzyme adipose triglyc-

eride lipase (human ATGL/murine desnutrin) (39) in mutant

mice strongly suggest that TAG lipolysis is enhanced in these

animals. Intriguingly, we have identified a novel phosphoryla-

tion site in desnutrin (T452), which is close to the two C-ter-

minal region serines previously reported to be phosphorylated

in this protein (S406 and S430) (38). It has been recently

shown that phosphorylation at S406 or S430 is not necessary

for the hydrolase activity of desnutrin although the C-terminal

region appears to be important for TAG hydrolysis (40). Thus,

it seems likely that phosphorylation at T452 plays a role in the

regulation of desnutrin activity.

One of the most increased proteins in adipose tissue of null

mice was fatty acid synthase (FAS), an enzyme that plays a

central role in de novo FA biogenesis. FAS converts acetyl-

CoA and malonyl-CoA into palmitate in a process that re-

quires NADPH, which is supplied by both the pentose phos-

phate pathway and the pyruvate cycle (41). Interestingly,

many of the enzymes participating in these pathways were

also enhanced in adipose tissue of Zmpste24�/� mice. Taken

together, these findings suggest that de novo lipogenesis is

increased in mutant mice. In this scenario, the bulk of FA

synthesized de novo or generated by TAG hydrolysis does not

seem to be redirected for esterification into TAG in Zmpste24-

null adipocytes since, besides the aforementioned reduced

size of these cells, adipose tissue from mutant mice exhibited

diminished levels of the key enzyme involved in glyceroneo-

genesis and FA re-esterification in adipocytes, PCK1 (42). In

line with these findings, targeted ablation of PCK1 expression

in white adipose tissue in mice reduced body fat pads and,

FIG. 9. Metabolic pathway analysis of the serum metabolomics experiments allowed for the identification of one statistically

significant interaction map corresponding to free radical scavenging, lipid metabolism, and small molecule biochemistry (top). Nine

of the identified metabolites were identified to belong to this pathway (bottom).
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more notably, nearly 25% of the mutant mice were lipodys-

trophic (43). Likewise, ritonavir, a common component of the

antiretroviral therapy associated with the development of lip-

odystrophy in HIV patients (38), decreased PCK1 expression

in murine 3T3-L1 adipocytes (44). Collectively, these obser-

vations favor PCK1 as a common player in the development

of lipodystrophy.

Impaired FA re-esterification resulting from down-regula-

tion of PCK1 could lead to enhanced FA efflux from

Zmpste24-null adipocytes and subsequent ectopic deposi-

tion of lipids. Indeed, Zmpste24-null mice display a clear

hepatic steatosis (27). Nevertheless, we (data not shown) and

others (27) have found that serum FA levels are not elevated

in Zmpste24-null mice and thus, it is unlikely that FA from

adipose tissue contribute to the extensive lipid accumulation

observed in mutant mice liver (27). Instead, lack of Zmpste24

seems to cause a shift within adipocytes toward increased FA

utilization and energy expenditure. Thus, mutant mice exhib-

ited enhanced levels of two enzymes involved in FA �-oxida-

tion (ACSL1 and ACADS). These data, which are consistent

with the observed up-regulation of CPT1, the enzyme respon-

sible of FA translocation across the mitochondrial membrane

(45), support the view that adipocyte shrinkage in mutant mice

is due, at least in part, to an increased partitioning of FA

toward �-oxidation and away from storage as TAG. Further-

more, the increased expression of several proteins associated

with oxidative phosphorylation suggests that adipose tissue

metabolism in mutant mice could be remodeled toward ATP

production, which is rapidly mobilized to sustain the en-

hanced rate of FA synthesis. Notably, expression of UCP-1,

normally found only in brown adipose tissue but that can be

induced in white adipocytes by different stimuli (35, 36) was

not altered in Zmpste24�/� mice thus suggesting that excess

energy is not likely dissipated as heat, at least via UCP-1.

Taken together, our results reveal that the lack of Zmpste24

alters mitochondrial function and oxidative capacity of

adipocytes. Indeed, a total of 21 out of the 37 proteins overex-

pressed in Zmpste24�/� mice corresponded to mitochondrial

proteins involved in oxidative metabolism. Considering the

prominent role of adipose tissue mitochondria in lipogenesis

and adipogenesis (46), it is reasonable to propose that mito-

chondrial alterations caused by Zmpste24 depletion contrib-

ute to the lipoatrophic phenotype of mutant mice. Remark-

ably, antiretroviral treatment of HIV patients which causes

severe lipoatrophies, altered the expression of genes involved

in FA oxidation, TCA cycle and oxidative phosphorylation in

FIG. 10. Schematic representation of the metabolic pathways altered in adipose tissue of Zmpste24�/� mice. Up-regulated (blue) and

down-regulated (green) proteins are highlighted. Proteins with more than a threefold increase between wild type and null mice are indicated

with a double arrow.
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adipose tissue (47–49). These changes were associated to

up-regulation of genes involved in oxidative stress (49, 50). In

particular, HIV antiretroviral protease inhibitors (PIs), which

inhibit Zmpste24 activity and lead to prelamin A accumulation

(51), induce the expression of oxidative stress markers in

adipose tissue in a manner comparable to that observed in

patients with LMNA mutations (52). In accordance with these

observations, evidence supporting the occurrence of oxida-

tive stress in adipose tissue of Zmpste24�/� mice is provided

by our findings of increased ROS levels. Taking into account

that PRDX3 provides a primary antioxidant defense of mito-

chondrial respiratory chain (53, 54), increased ROS levels may

account for the significant up-regulation of this peroxidase.

Taken together, these findings evidence the relationship be-

tween defective prelamin A processing and oxidative stress

and highlight the relevance of oxidative damage in the devel-

opment of lipoatrophy. Interestingly, mitochondrial dysfunc-

tion and oxidative stress induced by antiretroviral drugs or

prelamin A accumulation have been proposed to promote

premature cellular senescence of preadipocytes (52). Our

data on Zmpste24�/� mice, which exhibit clear features of

accelerated senescence, reinforce the notion of a functional

link between defective lamin A maturation, mitochondrial al-

terations and premature aging (55). Notably, Zmpste24 also

altered normal processing of the cytoskeletal protein vimen-

tin, an intermediate filament that has been suggested to reg-

ulate mitochondrial function by mediating the interaction of

mitochondria with microtubules (56). In addition, vimentin has

a prominent role in the development of lipid droplets during

adipocyte differentiation (57, 58) and in the control of lipid

metabolism in differentiated adipocytes (59) and, conse-

quently, the presence of vimentin variants may be necessary

to provide plasticity to the adipocyte for correct lipid manage-

ment. Our proteomic analysis has enabled the identification of

a novel protein dysregulated in Zmpste24�/� mice, HMGB1,

whose expression in adipose tissue has not been docu-

mented previously. HMGB1 is a chromatin-binding nuclear

protein implicated in DNA repair mechanisms (60), and has

been also proposed to play a role in sustaining autophagy

(61). Notably, previous studies have demonstrated that

Zmpste24�/� mice exhibit an extensive basal activation of

autophagy, which primarily represents a prosurvival mecha-

nism, in liver, skeletal muscle and heart (27, 62). In fact,

despite the progeroid phenotype of Zmpste24�/� mice, these

animals also display transcriptional alterations in metabolism

regulatory genes in the liver and profound changes in circu-

lating glucose and hormone levels indicative of an activated

antiaging response (27–29). In line with these findings, the

shift in the expression profile of metabolic proteins found in

Zmpste24�/� mice highly resembles that observed in adipose

tissue from old rats subjected to calorie restriction (18). Col-

lectively, our proteomic data support the original proposal by

Mariño et al. (27) that a protective metabolic response is

triggered in Zmpste24�/� mice in order to attenuate the del-

eterious consequences associated to partially processed

lamin A accumulation. Despite this adaptive response, con-

tinuous mitochondrial overload and subsequent oxidative

stress and, presumably, increased autophagy, would finally

lead to the loss of adipose tissue observed in mutant mice.

Metabolomic analysis revealed significant changes in

plasma metabolites in Zmpste24�/� mice. These include the

adrenal steroids corticosterone and aldosterone, which were

up-regulated in mutant animals. Interestingly, A-ZIP/F-1 mice,

a mouse model of lipodystrophy, display high corticosterone

serum levels, which can be partially reverted upon leptin

treatment (63). Taking into account that circulating leptin is

strongly diminished in Zmpste24�/� mice (27), its deficiency

may contribute, at least in part, to reduce the inhibitory tone

on corticosterone secretion by the adrenal gland in these

animals. Circulating levels of the endocannabinoid 2-arachi-

donoylglycerol were highly enhanced in Zmpste24�/� ani-

mals. There are evidences that endocannabinoids, which con-

trol food intake and energy expenditure via central actions

and are also produced by fat cells and regulate adipose tissue

metabolism, are increased in plasma and adipose tissue of

obese rodents and human (64). Our present findings support

the view that, as in conditions of excess of body fat, the

endogenous endocannabinoid system is also dysregulated in

conditions of adipose tissue deficiency. Finally, mutant mice

also exhibited a strong down-regulation of different species of

the phosphatidylcholine derivate LPC, and both anti-inflam-

matory (65, 66) and pro-inflammatory (67) properties have

been attributed for LPCs. Irrespectively of their function,

LPCs are increased in obese rats (68) and human (69).

Considering the observed LPC depletion in lipoatrophic

mice, LPC may therefore constitute a new marker of adi-

pose tissue dysfunction.

In summary, proteomic analysis of adipose tissue from

Zmpste24�/� mice and measurement of several metabolites

in both adipose tissue and serum has enabled us to identify

the changes in the protein expression profile and metabolic

state associated with lipodystrophy. Our results shed new

light on the importance of mitochondrial function for the

development of lipodystrophy and for the aging process

and link the accumulation of a partially mature form of lamin A

to the dysregulation of lipid metabolism and oxidative stress in

adipocytes. This, together with our novel findings on the regu-

lation of HMGB1 expression and vimentin processing by Zmp-

ste24, may be useful to unveil the mechanisms underlying ad-

ipose tissue dysfunction in laminopathies and other

lipodystrophic syndromes as well as to develop novel strategies

that may help to prevent or ameliorate these diseases.
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J. M., and López-Otin, C. (2010) Insulin-like growth factor 1 treatment

extends longevity in a mouse model of human premature aging by

restoring somatotroph axis function. Proc. Natl. Acad. Sci. U.S.A. 107,

16268–16273

29. Ugalde, A. P., Mariño, G., and López-Otín, C. (2010) Rejuvenating soma-
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The study of mitochondrial function has acquired great interest over the last decades

due to its large impact on human disease. Mitochondria are the core of energy production in

the cell and defects in their function have consequences for all metabolic pathways. Cellular

metabolism regulates, integrates and connects all these pathways, and defects in one cellular

function could have consequences in other parts of the metabolic network. Thus, the role

played by bioenergetics and mitochondria in the cellular and physiological functions ex-

plains why metabolic defects underlie a broad range of human diseases. Therefore, it is not

surprising that, due to the importance in the regulation of cellular bioenergetics, the study of

mitochondrial function has grown during the last years in parallel with that of metabolism.

Moreover, the increase in metabolic disorders, likely due to lifestyle changes, has impulsed

the study of metabolism and its regulation to first line of research. Furthermore, the growing

observations linking metabolic dysfunctions with many common diseases have generated a

new concept by which many of these pathological conditions can be redefined as metabolic

disorders. For instance cancer, which has been historically viewed as a cell proliferative

disorder, can also be considered as a metabolic disease, and many of the new anti-tumor

therapies are based on metabolic targets (Galluzzi et al., 2013).

Mitochondrial form and function depends closely on metabolic state and vice versa

(Liesa and Shirihai, 2013). Thus, the analysis of how mitochondria regulate their function

is essential to understand the defects observed in several metabolic diseases. In this regard,

the mitochondrial quality control system plays a key role controlling mitochondrial function

(ANdreux2013). The molecular study of this system gained additional interest with the

discovery of different neurological diseases caused by mutations in mitochondrial proteins,

such as OPA1 or SPG7, related to this control mechanism (Casari et al., 1998; Delettre et

al., 2000). Further studies of this quality control system also found relationships with other

different pathological conditions (Tatsuta and Langer, 2008). However, despite the progress

in this field, the physiological function of several of these proteins, including different

mitochondrial proteases, remains unknown. On this basis, the first part of this Thesis has

been aimed at the functional characterization of two of these mitochondrial enzymes by

using mouse models (I-IV).

There are several mitochondrial proteases associated with the quality control system

whose physiological function remains unknown. Among them, we first focused on OMA1, a

zinc metalloprotease located in the mitochondrial inner membrane. This enzyme belongs to

the M48 family, which also includes FACE1/ZMPSTE24, a very interesting metalloprotease

associated with premature aging disorders (Navarro et al., 2005; Varela et al., 2005). Yeast

OMA1 seems to play a role in mitochondrial quality control by degrading misfolded pro-

teins in the inner membrane in cooperation with m-AAA protease (Kaser et al., 2003). This

function has been proposed as a salvage system under stress conditions where the activity of
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AAA protease is reduced, similarly to its homologous protease in Escherichia coli, HtpX,

which is a stress-controlled protease located in the plasma membrane and whose activity

overlaps with the AAA protease, FtsH (Shimohata et al., 2002). However, in vitro studies

have demonstrated that in mammals OMA1 participates in the proteolytic processing of the

fusion protein OPA1, together with m-AAA protease (Ehses et al., 2009; Head et al., 2009).

On this basis, and to address the first two main objectives of the present Thesis, we generated

mice deficient in OMA1. These mice would serve us to analyze both the molecular and

physiological relevance of this mitochondrial quality control protease.

Mice deficient in OPA1 or in some proteases related to its proteolytic processing,

such as SPG7, AFG3L2 or PARL, displayed severe alterations ranging from neurological

disorders to embryonic lethality (Cipolat et al., 2006; Davies et al., 2007; Ferreirinha and

Quattrini, 2004; Maltecca et al., 2008). However, mice deficient in OMA1 were viable,

fertile and did not display any obvious alteration (I). This primary observation suggested a

possible redundancy in the mitochondrial inner membrane proteolysis mediated by OMA1.

However, a deep analysis of these mice revealed an unexpected contribution of this protease

to metabolic homeostasis. Oma1 -deficient mice displayed a diet-induced obesity phenotype,

accompanied by a marked hypertrophy of adipocytes, hepatic steatosis as well as an increase

in plasma triglycerides and leptin levels (I). In addition, Oma1 -deficient mice also exhibited

reduced energy expenditure and altered thermogenic response, common characteristics of

several obesity phenotypes (Feldmann et al., 2009). The most frequent causes of obesity

are increased food intake and reduced energy expenditure (Tschöp et al., 2012). Since these

mice did not show increase in food intake, the reduced energy expenditure could explain

the cause of obesity. Interestingly, under normal diet these mice showed increased insulin

sensitivity, feature that was lost under obesity phenotype, suggesting that some metabolic

conditions, such as high-fat diet, may alter the normal physiology of mice.

The in vivo functional relevance of OMA1 in mitochondrial function was analyzed

in cells and tissues derived from Oma1 mutant mice. Thus, we established that OMA1

participates in the physiological processing of OPA1 (I), generating short isoforms (S-

OPA1) required for the normal mitochondrial fusion. Notably, one of these short isoforms is

generated exclusively by OMA1 (I). More importantly, we demonstrated that OMA1 plays

an essential and non-redundant role in the proteolytic inactivation of OPA1, inhibiting the

mitochondrial fragmentation under stress conditions (I). Accordingly, the absence of OMA1

induces an increase in the mitochondrial network connection, showing a highly connected

and less-fragmented mitochondria, as well as a protection against mitochondrial fragmen-

tation under stress conditions (I). Interestingly, the inhibition of the proteolytic inactivation

of OPA1 under stress conditions also induces protection against apoptosis (I), because

under those conditions, the stabilization of the long OPA1 isoforms (L-OPA1) prevents
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cytochrome c release and mitochondrial depolarization (Cipolat et al., 2006; Freeman et al.,

2006; Olichon et al., 2007). However, despite OPA1 is involved in the OXPHOS remodeling

(Cogliati et al., 2013), mitochondria deficient in OMA1 did not display marked respiratory

defects (I), indicating that OMA1 is dispensable for OXPHOS function and does not par-

ticipate in the protein quality control at molecular level. Similar situation was observed in

mitochondria deficient in the rhomboid PARL1 protease, also associated with the OPA1

processing and L-OPA1 stabilization (Cipolat et al., 2006). Conversely, we detected defects

in beta-oxidation in Oma1-deficient cells, a process which depends on the OPA1 levels,

indicating that the system OMA1-OPA1 plays a key role regulating lipid metabolism (I).

There is growing evidence that a number of metabolic disorders are caused by alter-

ations of mitochondrial function and dynamics (Archer, 2013). Moreover, different studies

have evidenced that changes in mitochondrial morphology can be induced as a metabolic

response due to adaptations of cellular bioenergetics (Liesa and Shirihai, 2013). For exam-

ple, conditions that require high energy demand, such as limited nutrient availability, induce

mitochondrial elongation (Gomes et al., 2011). Conversely, excess of energy supply, such

as pancreatic beta cells exposed to excess nutrients, induce mitochondrial fragmentation

(Molina et al., 2009). Furthermore, changes in mitochondrial dynamics in specific tissues

can influence in the general metabolic homeostasis (Kasahara et al., 2013; Sebastián et al.,

2012; Shenouda et al., 2011) and for example, specific changes in neuronal circuits can

have impact in the general metabolic status of mice (Dietrich et al., 2013; Schneeberger

et al., 2013). Therefore, specific alterations in mitochondrial dynamics caused by OMA1

in one specific tissue may have a great impact in general homeostasis. In our analysis, we

observed that the major alterations in mitochondrial function were in brown adipose tissue

(BAT), where, among other defects, we found a mitochondrial dynamics alteration caused

by OPA1-processing deficiency as well as defects in beta-oxidation (I).

The control of temperature and energy expenditure, as well as fat mass, is carried out

by brown adipose tissue. Brown fat uses its high mitochondrial content and UCP1 protein

to uncouple respiration and dissipates chemical energy as heat (Seale et al., 2009). This

function occurs in response to the β-adrenergic stimulation induced by cold exposure and

spontaneous hyperphagia, although this diet-induced thermogenesis is still controversial

(Kozak, 2010). The non-shivering thermogenesis induced by cold-stress is a main regulator

of energy expenditure and depends on mitochondrial dynamics (Liesa and Shirihai, 2013).

Mice deficient in OMA1 showed a low night basal temperature and cold intolerance, both

correlated with a decrease in heat production (I). Interestingly, a recent study has shown that

this cold-induced adrenergic stimulation leads to mitochondrial fragmentation in BAT, which

is necessary to amplify the uncoupling signal in brown adipocytes. Accordingly, defects

in mitochondrial fragmentation reduce the uncoupling whereas inhibition of mitochondrial
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fusion increases this process (Wikstrom et al., 2014). These data strongly support our model

in which defects in mitochondrial dynamics regulation alter metabolism in brown adipose

tissue explaining the obesity phenotype, the low energy expenditure and the cold intolerance

observed in Oma1 -deficient mice (I). Therefore, we propose that OMA1 participates in

mitochondrial quality control regulating mitochondrial dynamics, and its absence induces

mitochondrial dysfunctions, which have an important impact on mouse metabolic home-

ostasis (I, II).

The generation of the Oma1 mouse model has allowed us the discovery of an unex-

pected role of this mitochondrial quality control protease as a new key regulator of metabolic

homeostasis (II). Interestingly, due to the fact that Oma1-deficient mice are not lethal, we

were able to analyze the physiological and pathological relevance of this mitochondrial

protease. As we demonstrated, the function of OMA1 seems to be critical under stress

condition, whereas in normal situations the existence of other proteases that process OPA1

seems enough to maintain the mitochondrial dynamics equilibrium in a normal range. Inter-

estingly, OMA1 is active under normal conditions, but highly active under stress situations,

which indicates that their physiological function must be perfectly regulated to avoid OPA1

overprocessing under non-stress conditions. Although the regulation and stability of OMA1

is not completely well understood, it has been proposed that this protein remains sequestered

by prohibitin complex and is released under stress conditions (Ehses et al., 2009). However,

the molecular mechanisms are not yet clear and additional studies will be required to address

the functional regulation of OMA1 in the mitochondrial inner membrane dynamics under

pathological conditions.

The function of OMA1 under stress conditions correlates perfectly with the origin

of OMA1 as a stress protease. In general, the stress signals induce healthy responses to

counteract some deleterious effects. However, continuous stress signals could induce a dys-

function or aggravate the initial damage. In this context, the function of OMA1 as “backup

protease” could be harmful in some pathological stress conditions. This paradoxical effect

could be explained because the mitochondrial fragmentation generated after a cell injury

causes apoptosis and cell death when the mitochondrial function cannot be rescued. Thus,

under normal conditions, the stress response leads to mitochondrial fragmentation mediated

by OMA1 to protect cell function, facilitating the recovery of mitochondria. However,

under some pathological conditions, the stress response could induce a generalized cell

death because the damage is constant and the cells are unable to restore their function,

aggravating the initial injury and promoting a pathological situation. This hypothesis has

been demonstrated in additional experiments performed in collaboration with the group of

Dr. Zheng Dong in the context of renal injury (III). Some renal diseases such as acute kidney

injury and chronic kidney disease are characterized by renal tissue injury and a decline of
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renal function. The healthy renal cells display a tubular mitochondrial morphology, but the

mitochondrial network becomes fragmented in the context of these renal pathologies (Zhan

et al., 2013). This mitochondrial fragmentation has been demonstrated in experimental

models of acute kidney injury as well as diabetic nephropathy, in both kidney cells and

tissues. Importantly, this fragmentation is accompanied by cell death, suggesting that the

pathogenic role of mitochondrial fragmentation is very important in renal diseases (Brooks

et al., 2009).

Several signals can contribute or cause the observed mitochondrial fragmentation, in-

cluding Bcl2 family proteins, over-activation of Drp1, deregulation of calcium metabolism,

reactive oxygen species or mitochondrial permeability transition (Youle and van der Bliek,

2012). Interestingly, the intrinsic apoptotic pathway, characterized by the BAX/BAK-

mediated mitochondrial membrane permeabilization, plays an important role under this

pathological condition because mice deficient in BAX or BAK proteins are protected

from acute kidney injury (Wei et al., 2013). However, the observation that mitochondrial

fragmentation precedes the activation of apoptosis supports the pathogenic role of this

fragmentation upstream BAX/BAK function. Thus, the over-activation of OMA1, due to an

excess of damage in renal cells, could underlie the pathogenesis of these diseases. In this

regard, we demonstrated that OMA1 plays a key role in OPA1 proteolysis and mitochondrial

fragmentation during renal tubular cell apoptosis (III). Importantly, mice deficient in OMA1

exhibited better kidney function, less tubular damage and less apoptosis in response to

ischemic challenge in a model of renal injury (III). This health improvement was associated

with the stabilization of L-OPA1 isoforms, the suppression of mitochondrial fragmentation,

and the decrease of cytochrome c release and apoptosis (III). Collectively, these data

strongly suggest that the proteolytic inactivation of OPA1 mediated by OMA1 contributes

to mitochondrial fragmentation and the subsequent mitochondrial damage and cell death in

pathological conditions. Additionally, the inhibition of mitochondrial fragmentation or the

increase in mitochondrial fusion, preventing mitochondrial damage and apoptosis, supports

the relevance of mitochondrial dynamics in several pathological conditions, including renal

diseases.

In summary, the generation and characterization of Oma1 -deficient mice has con-

tributed to clarifying the in vivo functional role of this metalloproteinase in mitochon-

drial quality control, metabolic homeostasis and pathological conditions. Thus, we have

demonstrated that OMA1 deficiency causes a profound perturbation of the mitochondrial

fusion–fission equilibrium that has important implications for metabolic homeostasis (I,

II). These alterations are especially significant under metabolic stress conditions, indicating

that an intact OMA1/OPA1 system is essential for developing the appropriate adaptive

response to some metabolic stressors (I, II). Additionally, our results in the study of renal
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diseases have demonstrated that the mitochondrial stress response mediated by OMA1 can

contribute to cellular damage, due to an excessive stress response of mitochondrial dynamic

system (III). Therefore, the function of OMA1 seems to be critical under some metabolic

or pathological conditions reinforcing the key role of mitochondrial dynamics for human

disease. Future studies with Oma1-deficient mice in different diseases affecting mitochon-

drial dynamics will help to clarify the possible clinical relevance of OMA1 inhibitors or

activators to treat these pathological conditions.

To continue with the study of mitochondrial proteases and expand the knowledge on

mitochondrial quality control system, we next focused on the Lon protease. LONP1 is a

serine protease located in the mitochondrial matrix and whose function has been associated

with quality control at molecular level. Despite Lon protease is very well known and is a

conserved protein from bacteria to eukaryotic cells, its physiological role in mammals is

largely unknown. To address the third and fourth objectives of this Thesis, we first generated

mice deficient in this proteolytic enzyme. In contrast to Oma1, the absence of LONP1 in

mice induced embryonic lethality. In addition, Lonp1 -deficient embryos showed an almost

total loss of mtDNA before dying (IV). These results confirm the essential function of this

protease for mitochondrial function, supporting previous findings in yeast and bacteria,

where the disruption of Lon protease induces serious defects (Erjavec et al., 2013). Further-

more, the inability to generate cells deficient in Lon protease and the observed decrease in

the in vitro growth of embryos lacking LONP1 suggested that this enzyme was essential

for cell life (IV). This embryonic lethality and some of the observed characteristics in

Lonp1 -deficient embryos were also common in other critical proteins for mitochondrial

function, such as OXPHOS complex subunits or mtDNA-associated proteins, supporting the

essential roles of mitochondrial function for embryonic development (Hance et al., 2005;

Huang et al., 2004).

Many works have described changes in the expression levels of Lon protease in several

diseases including cancer (Venkatesh et al., 2012). The putative function of LONP1 as a

mitochondrial quality control protease suggests that increased expression of this proteolytic

enzyme would have beneficial effects for cancer cells facilitating their survival under some

stress conditions. However, all these works suggesting a link between LONP1 function and

cancer were exclusively based on in vitro experiments or in its association with putative

substrates of interest in cancer (Bernstein et al., 2012; Cheng et al., 2013; Fukuda et al.,

2007). To clarify the role of LONP1 in tumor development, we studied the susceptibility

of Lonp1-happloinsufficient mice to different chemical carcinogenesis protocols. We found

that heterozygous mice for Lon protease were protected against colorectal tumors and skin

papillomas (IV). Accordingly, the expression levels of LONP1 in human colorectal and

melanoma tumor samples were increased and the survival of the corresponding patients was
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lower. This essential function of LONP1 was confirmed in cell-based experiments using

colorectal and melanoma cells lines, where a decrease in levels of this protease induced

a reduction in cell proliferation and tumor growth, while its upregulation enhanced the

tumorigenic properties of those cells (IV). All these data confirm in vivo the oncogenic

properties of this quality control protease.

The function of LONP1 seems to be critical for mitochondrial function because

disruption of this protease generates embryonic lethality and reduced proliferation in tumor

cell lines, whereas high levels of LONP1 increase the oncogenic properties of tumor cells.

Interestingly, the study of mitochondrial function in the cellular models of gain- and loss-of

function of Lon protease have allowed us to find an unexpected and paradoxical situation.

Thus, using melanoma cell lines we found that both upregulation and knockdown of LONP1

induced a glycolytic switch (IV). However, the convergence on this glycolytic switch was

not caused by the same mechanism. While the glycolytic switch in cells lacking LONP1

was induced as a consequence of their mitochondrial dysfunction, the switch observed in

LONP1-overexpressing cells was generated by a metabolic reprogramming. This situation

has been described in other cell models and is explained because the glycolytic shift can be

induced by different situations such as impairment of the mitochondrial respiratory chain,

oncogenic signals during tumor transformation, or metabolic adaptations under different

physiological and pathological conditions (Landor et al., 2011; Metallo and Vander Heiden,

2013; Wallace et al., 2010).

Functional analysis of cells deficient in LONP1 has also allowed us to describe an

essential role for Lon protease in maintaining mitochondrial and OXPHOS function. The

disruption of Lon protease induced a destabilization of complex I and some supercomplexes,

due to the specific loss of structural subunits of complex I (IV). These alterations, conse-

quence of the defective assembly or the mitochondrial membrane destabilization, promoted

an increase in ROS, likely mediated by the defective activity of CI (Murphy, 2009), as

well as loss of membrane potential and the decrease in complex V and ATP generation. In

addition, both OPA1 processing and mitochondrial fragmentation were induced as a con-

sequence of this mitochondrial dysfunction (IV). These subsequent alterations contributed

to the decrease in respiration and functional supercomplexes assembly (Cogliati et al.,

2013). Thus, the observed glycolytic switch was induced by the dysfunctional mitochondrial

respiration. In addition, the continuous stress promoted a deleterious cellular signal that

activates a genetic damage response which finally triggers cell cycle arrest and senescence

(IV). This mitochondrial dysfunction and the subsequent defects in respiration have also

been reported in yeast as well as in some cellular models (Bayot et al., 2010; Bota et al.,

2005).

189



Discussion

On the other hand, we found that upregulation of LONP1 induced a remodeling of

mitochondrial OXPHOS system, characterized by a general decrease in all mitochondrial

complexes and supercomplexes as well as in the global respiration. However, it is noteworthy

that the reduction in complex I was mainly due to a decrease in functional subunits, whereas

other structural subunits, which were reduced in Lonp1 -knockdown cells, were increased

(IV). These changes that increase the stability and reduce the activity of complex I support

a molecular control mechanism under low mitochondrial respiration requirements. Thus,

this regulated inactivation could maintain the ability to activate the respiration in order to

increase metabolic flexibility when it is required, a mechanism which has been proposed in

other similar contexts (Dieteren et al., 2012). Accordingly, the decrease in mitochondrial

respiration favors the glycolytic switch because under glycolytic metabolism is unnecessary

to maintain an excess of active mitochondrial complexes (Hsu and Sabatini, 2008). These

changes are part of a metabolic reprogramming response which favors tumor cells under

some conditions, explaining why increased levels of LONP1 are very common in tumor cell

lines. In fact, the metabolic reprogramming of cancer cells has been recently established as

a new hallmark of cancer, due to its ability to induce changes in tumor cells that provide

them with proliferative advantages and adaptive responses against the stress conditions

associated with tumorigenesis (Ward and Thompson, 2012). Interestingly, as part of this

reprogramming mediated by LONP1, we have also observed increased levels of different

components of protein synthesis machinery, as well as a series of chromatin remodelers and

components of the spliceosome, proteasome and chaperone-containing complexes (IV). No-

tably, all of these proteins were found decreased in the Lonp1-knockdown cells, indicating

that those changes were mediated by this mitochondrial protease (IV). The upregulation of

these proteins together with the glycolytic switch explains the enhanced of the tumorigenic

properties observed in these cells. Collectively, our results highlight the role of LONP1 as

an essential protease for cell life contributing to the maintenance of mitochondrial integrity,

as well as a necessary protease for tumor growth due to its ability to maintain and modulate

mitochondrial activity and metabolic reprogramming.

In summary, the generation of Lonp1 -deficient mice has allowed us to identify the key

roles of this mitochondrial quality control protease for cell life and organismal viability. In

addition, we have demonstrated the functional in vivo roles of this mitochondrial protease

in tumor development, identifying this enzyme as an oncogenic protease in both human

and mice. Additionally, we have characterized LONP1 as a quality control protease that

maintains the functionality of OXPHOS system and dynamics contributing to the metabolic

reprogramming of cancer cells. Finally, the identification of Lon protease as a key metabolic

regulator affecting mitochondrial reprogramming and tumor bioenergetics, may open a new

way to develop cancer therapies targeting this essential protease.
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The generation of mouse models deficient in selected mitochondrial proteases has

allowed us to analyze mitochondrial alterations caused by defects in components of the mi-

tochondrial quality control. However, some mitochondrial dysfunctions are not only caused

by defects or mutations in mitochondrial proteins, but can also be a consequence of different

cellular alterations. In particular, mitochondrial dysfunction induced during aging as an

initial response to the damage, becomes deleterious when the damage or stress conditions

are persistent (Lopez-Otin et al., 2013). The availability in our laboratory of a mouse model

of accelerated aging, caused by defects in the metalloproteinase Zmpste24 (Pendás et al.,

2002), encouraged us to study the mitochondrial and metabolic alterations underlying the

adipose tissue dysfunctions observed in these mice. Zmpste24-deficient mice accumulate

prelamin A and are a reliable model of human Hutchinson-Gilford progeria syndrome

(HGPS), which is caused by a mutation in the LMNA gene that generates a toxic form of the

protein called progerin (Gordon et al., 2014). One common feature in progeroid syndromes

is the development of lipodystrophy, characterized by the generalized loss of fat deposits.

Lipodystrophy involves severe alterations of adipose tissue distribution and metabolism, and

can be caused by genetic or metabolic defects. On this basis, the last objective of this Thesis

was to describe the protein fingerprint of the lipoatrophy observed in Zmpste24 -deficient

mice in order to characterize the mitochondrial and metabolic alterations underlying this

lipodystrophic syndrome.

Mice deficient in Zmpste24 display a decrease in fat deposits accompanied with a

reduction in the adipocyte size, which suggests the occurrence of an impairment of the fat

storage capacity in these animals (V). To unravel the causes underlying this lipodystrophic

phenotype, we analyzed the proteomic profile of the white adipose tissue obtained from

these mice to characterize the different altered pathways. Several processes may contribute

to the decrease in lipid accumulation such as an increase in triacylglyceride lipolysis; a

decrease in fatty-acid synthesis, uptake or re-esterification; or an increase in fatty-acid

oxidation or release. In this regard, several proteins of lipolysis and beta-oxidation were

found increased whereas some enzymes of fatty acid re-esterification were decreased in

Zmpste24 -deficient mice. Surprisingly, we also found increased levels of fatty acid synthase,

an enzyme that plays a central role in de novo fatty acid biogenesis, as well as enzymes

of the pentose phosphate pathway and pyruvate cycle, which supply NADPH to the fatty

acid synthesis (Menendez and Lupu, 2007). These data strongly suggest an increase in

fatty acid oxidation using lipids generated by lipolysis or synthesized de novo, which

explains the reduction in adipocyte size likely contributing to the lipodystrophic phenotype

(V). In addition, there were increased levels of several proteins associated with oxidative

phosphorylation, suggesting that the adipose tissue metabolism from these mutant mice has

increased OXPHOS function powered by lipids (V). Additionally, Zmpste24 -deficient mice

also showed an increase in ROS levels, which could contribute to the damage in adipose

191



Discussion

tissue function. Thus, these data suggest that the metabolic reprogramming observed in the

mitochondria of adipose tissue could be inefficient, generating an uncoupling respiration

due to the molecular alterations produced by the toxic effects of prelamin A. In this regard,

the increase in peroxidase PRDX3 could provide a primary antioxidant defense against

mitochondrial respiratory chain (Cox et al., 2009). Moreover, considering the prominent role

of the mitochondria from adipose tissue in lipogenesis and adipogenesis (De Pauw et al.,

2009), we propose that mitochondrial alterations caused by Zmpste24 depletion contribute

to the lipoatrophic phenotype of mutant mice. Interestingly, a recent study using skin fi-

broblasts derived from HGPS mouse models has demonstrated a mitochondrial dysfunction

induced by the expression of progerin or prelamin A (Rivera-Torres et al., 2013). This study

has shown a decrease in mitochondrial respiration, characterized by a loss of OXPHOS

subunits, and decrease in complex IV activity and ATP production, together with an increase

in glycolytic enzymes. In addition, a similar study has shown a decrease in complex IV and

mitochondrial ATP production in heart tissue samples (Villa-Bellosta et al., 2013). While

these data could represent differences with our model regarding mitochondrial function, the

tissue functionality may explain those changes.

The increase in lipolysis and beta-oxidation observed in our model could be induced

as a response to counteract the decrease in ATP production and energy mediated by local

or systemic effects. In this regard, an increase in beta-oxidation was observed in the liver

of these mice to counteract the upregulation of the gluconeogenic pathway and the low

levels of glucose present in these mice (Mariño et al., 2008). It is noteworthy that the

metabolic alterations previously described in Zmpste24-deficient mice have been proposed

as prosurvival mechanisms activated in response to the extensive damage. For instance,

the basal activation of autophagy in liver, skeletal muscle and heart, the metabolic tran-

scriptional changes in liver, and the profound changes in circulating glucose and hormone

levels, suggest an activation of an anti-aging response (Mariño et al., 2008; Ugalde et al.,

2010). Interestingly, the changes in the expression profile of metabolic proteins found in our

study highly resemble those observed in adipose tissue from old rats subjected to calorie

restriction (Valle et al., 2010). Therefore, our data strongly support the original proposals by

which a protective metabolic response is triggered in Zmpste24-deficient mice in order to

attenuate the deleterious consequences associated with prelamin A accumulation.

Additionally, along with the proteomic approach, we also conducted a serum meta-

bolomic analysis which revealed several markers of lipodystrophy, mostly lipid compounds

belonging to the free radical scavenging, lipid metabolism, and small molecule biochem-

istry categories, further supporting that the changes in these proteins are relevant to the

deregulation of lipid metabolism in the premature aging phenotype (V). On the other hand,

we found an alteration in the processing of the cytoskeletal protein vimentin which could
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provide another alteration in the lipid droplets of the adipocytes deficient in Zmpste24. It has

been suggested that vimentin regulates mitochondrial function by mediating the interaction

of mitochondria with microtubules (Tang et al., 2008). In addition, vimentin plays a role in

the development of lipid droplets during adipocyte differentiation and in the control of lipid

metabolism in differentiated adipocytes (Shen et al., 2012). Therefore, the absence of short

isoforms of vimentin in Zmpste24-deficient mice could contribute to the alterations in the

lipid metabolism.

Taken together, our findings shed new light on the importance of mitochondrial

function for the development of lipodystrophy as well as for the aging process, and link the

accumulation of an immature form of lamin A to the deregulation of lipid metabolism and

oxidative stress in adipocytes. Moreover, our data suggesting an increase in mitochondrial

function and ROS production together with alterations in lipid metabolism may be useful

to unveil the mechanisms underlying adipose tissue dysfunction in laminopathies and other

lipodystrophic syndromes, as well as to develop novel strategies that may help to prevent or

ameliorate these diseases.

In summary, in this Thesis we have tried to increase the knowledge on mitochondrial

function and the links of these organelles with relevant diseases such as metabolic disor-

ders and cancer. Thus, the generation of mouse models deficient in mitochondrial proteases

OMA1 and LONP1 have allowed us to underscore the physiological and pathological rele-

vance of both proteolytic enzymes. In the first part of this work, we have analyzed the Oma1-

deficient mice identifying an unexpected role of this mitochondrial protease in metabolic

homeostasis. In addition, we have found that OMA1 plays a non-redundant regulatory func-

tion of mitochondrial dynamics under stress conditions, and that this protective role can be

deleterious under pathological steady stress conditions such as those occurring in acute renal

injury. Additionally, we have generated mice deficient in the Lon protease that have allowed

us to characterize the essential role of this proteolytic enzyme in mitochondrial function and

cell life. Further, we have identified LONP1 as an oncogenic protease that participates in the

maintenance of mitochondrial function. Moreover, we have demonstrated that LONP1 plays

a key role regulating OXPHOS function and participates in the metabolic reprogramming of

cancer cells. Finally, by using a mouse model of accelerated aging, we have characterized the

mitochondrial and metabolic alterations in the adipose tissue of these progeroid mice, which

likely underlie the lipodystrophic phenotype characteristic of these animals and of patients

with accelerated aging syndromes. Collectively, our work has tried to highlight the relevance

of mitochondrial proteases and metabolic and mitochondrial regulation in human life and

disease, and hopefully, may contribute to improve some aspects of devastating pathological

conditions associated with these processes.
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Conclusions

1. OMA1 plays an essential and non-redundant role in the in vivo proteolytic inactivation

of OPA1.

2. OMA1 is a new metabolic factor which controls energy expenditure and thermogenesis

in mice through the regulation of mitochondrial dynamics.

3. OMA1 function results detrimental under mitochondrial stress conditions in acute kid-

ney injury contributing to renal cell death.

4. LONP1 is a mitochondrial protease essential for embryonic development and cell via-

bility, whose loss induces mitochondrial dysfunction and triggers cellular senescence.

5. LONP1 is an oncogenic protease that controls metabolic reprogramming through re-

modeling of mitochondrial function

6. The lipodystrophic phenotype observed of Zmpste24 -deficient mice is caused by the

defective processing of the cytoskeletal protein vimentin together with mitochondrial

dysfunction and severe metabolic alterations.
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