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Abstract

The ATP-dependent Lon protease is located in the mitochondrial matrix and oxidized proteins 

are among its primary targets for their degradation. Impairment of mitochondrial morphology 

and function together with apoptosis were observed in lung fibroblasts depleted for Lon 

expression while accumulation of carbonylated mitochondrial proteins has been reported for 

yeast and HeLa Lon deficient cells. In addition, age-related mitochondrial dysfunction has been 

associated with an impairment of Lon expression. Using a HeLa cell line stably transfected with 

an inducible shRNA directed against Lon, we have previously observed that Lon depletion 

results in a mild phenotype characterized by an increase of both production of reactive oxygen 

species and level of oxidized proteins (Bayot et al., 2014, Biochimie, 100: 38-47). In this study 

using the same cell line, we now show that Lon knockdown leads to modifications of the 

expression of a number of specific proteins involved in protein quality control, stress response 

and energy metabolism, as evidenced using a 2D gel-based proteomic approach and to 

alteration of the mitochondrial network morphology. We also show that these effects are 

associated with decreased proliferation and can be modulated by culture conditions in galactose 

versus glucose containing medium.
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Introduction

Mitochondrial functions are various such as aerobic energy metabolism, regulation of 

intracellular calcium homeostasis, phospholipids and heme synthesis, contribution to cell 

growth and differentiation, cell cycle control and cell death. This broad repertoire includes ATP 

production by the respiratory chain for which mitochondria is often referred to as the 

powerhouse of the cell, a role that also makes it the main provider of intracellular reactive 

oxygen species (ROS) due to incomplete reduction of O2 by the respiratory chain [1]. Although 

critical as signaling molecules when they are present at physiological levels [2], ROS can have 

detrimental effects when their production exceeds the antioxidant defense capacity, an 

imbalance that leads to oxidative injury involved in numerous diseases and in the aging process. 

Due to their close proximity with the respiratory chain, mitochondrial proteins are highly 

susceptible to oxidative damage. To counteract the deleterious effects of accumulation of 

damaged and misfolded proteins, mitochondria are equipped with quality control systems such 

as the Lon protease known to be a key player in the degradation of oxidized proteins [3] [4] [5].

First ATP-dependent protease being identified, Lon is located in the mitochondrial 

matrix where it is active as a homo-oligomeric ring complex. Each of its polypeptide chains 

contains both an AAA+ domain and a protease domain with a Ser-Lys catalytic dyad. Up to 

now, only another protease, called ClpP, has been identified in the mitochondrial matrix. While 

ClpP has been particularly involved in the mitochondrial unfolded protein response, Lon is 

active in degradation of oxidized proteins. Enzymes prone to oxidative damage are among its 

primary targets [5]. Both yeast and HeLa cells depleted for PIM1/Lon have been characterized 

by increased level of protein carbonylation [3], [6].

Thanks to its contribution to the mitochondrial quality control, Lon has a critical role in the 

maintenance of mitochondrial matrix protein homeostasis and hence in mitochondrial 

functional and structural integrity [7]. Thus, it was not surprising that impairment of 
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mitochondrial morphology and function and activation of apoptosis were observed in lung 

fibroblasts with Lon depletion [8]. Moreover, mitochondrial dysfunction reported in aged 

tissues or senescent cells has been associated with impairment of Lon protease expression and 

accumulation of oxidized mitochondrial proteins [9], [10]. The quality control activities of Lon 

are not restricted to degradation of modified protein and can also affect misfolded proteins and 

mitochondrial DNA [4]. Due to the emerging role of the Lon protease as an important regulator 

of mitochondrial functions [11], it is expected that Lon down-regulation impairs several 

mitochondrial activities with an impact on cellular functions.

To investigate this hypothesis, we used a previously described transgenic HeLa cell line 

that can inducibly express Lon shRNA when treated with doxycycline [6]. Using a 2D DIGE 

proteomic approach, we show that the mild oxidative stress induced by Lon depletion is 

correlated with an altered expression pattern of proteins involved in several cellular pathways 

such as energy metabolism, protein quality control and stress response. In agreement with these 

results, we then demonstrate that loss of Lon in HeLa cells affects their metabolic activity with 

negative consequences on both ATP production and cell proliferation. Interestingly, we show 

that most of these effects, that are indicative of mitochondrial dysfunction, can be modulated 

by culture conditions.
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Material and methods 

Materials and cells

All reagents were purchased from Sigma (Sigma Aldrich, St. Louis, MO, USA) unless 

otherwise stated. HeLa T-Rex cells were transfected as previously reported [6] with a 68-base 

Lon-specific oligonucleotide 

(50-gatctccgttcgtctcgcccagccttttcaagagaaaggctgggcgagacgaactttttggaaagctt-30) annealed to its 

complementary sequence pENTR/H1/T0+ (Block it-Invitrogen) and inserted into pENTR/H1/ 

T0+ (Block it-Invitrogen). For the glucose containing medium condition, clones of HeLa-tet-

on-shLon cells were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco Life 

Technologies, Carlsbad, CA, USA) with 5mM glucose. For the galactose containing medium 

condition, clones of HeLa-tet-on-shLon cells were cultivated in DMEM (Gibco Life 

Technologies) with 5mM galactose and 1mM pyruvate. Both media were supplemented with 

10% fetal bovine serum, 5 mg/ml blasticidin (Invitrogen), 200 mg/ml zeocin (Invitrogen), with 

(Dox+) or without (Dox-) 2 µg/ ml doxycycline.

Mitochondrial morphological analysis

For immunofluorescent labeling of the mitochondrial compartment, cells were plated at 

subconfluence on glass coverslips in different conditions: 2.5 days in DMEM + 5mM glucose, 

1.5 day in DMEM + 1mM pyruvate and 5mM galactose, 20 hours in DMEM + 1mM pyruvate 

and 10mM déoxyglucose, 20 hours in DMEM + 5mM glucose with 1µg/ml oligomycin, 3 hours 

in DMEM + 5mM glucose with 250µM tert-butyl-hydroperoxide, 3 days in DMEM + 5mM 

glucose and 3% oxygen in a Baker Ruskinn SCI-tive hypoxia workstation, 1 day in DMEM + 

5mM glucose with 100µM deferoxamine (DFO). After fixation (4% paraformaldehyde, 0.1% 

glutaraldehyde), the mitochondrial compartment was visualized by immunofluorescence using 
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polyclonal antibody directed against cytochrome c oxidase subunit 2 (Anti-MTCO2 Abcam 

ab91317) and then anti-rabbit IgG (H+L) secondary antibody Alexa Fluor® 568. The 

coverslips were mounted in Fluoroshield mounting medium (Sigma) containing 0.15μg/mL 

DAPI. Fluorescent images were acquired using Zeiss microscope (Zeiss, Jena, Germany) and 

processed with Motic Images Advance 3.2. Quantitative analysis of mitochondrial morphology 

(area and perimeter) was performed according to the protocol described by Koopman et al [12] 

using ImageJ software. 30 individual cells were analyzed per cover slip and the aspect ratio 

(AR), that represents mitochondrial elongation, was calculated for each condition. 

Mitochondrial ROS evaluation with flow cytometry

Mitochondrial superoxide anion production was monitored using MitoSOX™ Red 5µM 

(Molecular probes, Courtaboeuf, France). Cell fluorescence was quantified by flow cytometry 

using MACSQuant VYB.

Proliferation Assay

Cell proliferation was quantified by EdU incorporation (10 µM for 15 min in cell culture media). 

For EdU detection, the Click-iT EdU Cell Assay kit (Invitrogen) was used following the 

manufacturer’s instructions.

Cellular ATP assay

Cellular ATP levels were determined using CellTiter-Glo® Luminescent Assay (Promega, 

Madison, WI, USA) according to the manufacturer’s instructions.
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Preparation of mitochondrial fractions

For preparation of mitochondria-enriched fractions, cells were harvested and resuspended in 

HEPES-sucrose buffer (Hepes 10mM sucrose 250mM, pH 7.4). All the subsequent steps were 

carried out at 4° C. Cells were homogenized and then passed through a 22G needle. Membranes 

and nuclear fractions were removed by centrifugation at 1000 g for 5 min and supernatants were 

centrifuged (11000 g, 10 min, 4°C). Mitochondrial fraction present in the pellets was 

immediately used for protein extraction or frozen. 

Protein extracts

For whole cell extracts, cells were harvested and lysed in Cell Lytic M (Sigma Aldrich C2978) 

according to the manufacturer’s instructions.

Protein content of whole cell and mitochondrial fractions were determined using the Bradford 

protein assay (Bio-Rad, Marnes la Coquette, France), with bovine serum albumine as a standard.

Detection of carbonylated proteins 

Carbonylated proteins were detected and analyzed after labeling of protein carbonyl groups 

with CF647DI hydrazide (Biotium, Fremont, CA, USA) for 45 min at room temperature under 

medium agitation. Labeled samples were resolved by SDS-PAGE in Any-KD precast gels (Bio-

Rad). After three washes in 7% acetic acid/10% ethanol, gels were scanned with Ettan DIGE 

Imager (GE Healthcare, Saclay, France).

Western blotting

Proteins were separated by SDS-PAGE using Biorad Any-KD precast gels and electro-

transferred onto Hybond nitrocellulose membrane (GE Healthcare). Primary antibodies used 

were anti-CLPP (Abcam ab124822), anti-MSRB2 (Abcam ab101513), anti-FKHRH-144 
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(Santa Cruz Biotechnology, Dallas, TX, USA, sc-11351), anti-NRF2 (Santa Cruz 

Biotechnology, sc-365949), and anti Lon prepared as previously described [13]. After overnight 

incubation at 4°C in PBST/milk 5% or PBST/Sea block Blocking buffer (37527 Thermo Fisher 

Scientific, Courtaboeuf, France ), primary antibodies were detected using peroxidase-

conjugated secondary antibodies (Bio-Rad) or goat anti-rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody, Dy Light 800 (Invitrogen). Quantification of western blot signals was 

performed using the ImageJ software.

2D DIGE proteomic analysis

Frozen mitochondria pellets were resuspended and homogeneized in lysis buffer (8M urea, 2M 

thiourea, 4% CHAPS, 60mM DTT). Then the protein extracts were clarified by ultra-

centrifugation at 100000g for 1 h at 4°C. Samples were treated with the 2D Clean-Up kit (GE 

Healthcare) according to the manufacturer’s instructions. The resulting dry pellets were 

resuspended in lysis buffer (8M urea, 2M thiourea and 4% CHAPS) and adjusted to pH 8.5 

with 1.5M Tris-base. After lysates clarification by centrifugation at 20 000g for 15 min at 4°C, 

protein concentrations of the supernatants were determined by the Bradford method, and were 

in the range of 6–10µg/µL.

For 2D DIGE experiment, protein labelling with CyDyesTMFluor minimal dyes (GE 

Healthcare) and 2D-electrophoresis were done as previously described [14] using 50µg 

mitochondrial extracts. 

Image analysis, relative quantification and statistical evaluation were carried out using 

DeCyderTM 2D software (GE Healthcare, version 7.2). The fold change (FC) and Student’s t-

test p-values were calculated across pairwise comparisons (glucose Dox- vs glucose Dox+; 

galactose Dox- vs galactose Dox+) and considered significant for p values < 0.05 and FC ≥1.3 

or ≤1.3. Spots of interest were identified for protein content by mass spectrometry.
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Mass spectrometry

In-gel digestion was carried out with trypsin, according to previously published procedure with 

minor modifications [15]: samples were destained twice with a mixture of 100mM ammonium 

bicarbonate (ABC) and 50 % (vol/vol) acetonitrile (ACN) for 45 min at room temperature. 

After dehydration using 100 % ACN for 15 min, sample were reduced with 25mM ABC (10mM 

DTT) for 1 h at 57 °C and alkylated (55mM iodoacetamide in 25mM ABC) for 30 min in the 

dark at room temperature. Gel pieces were washed twice with 25mM ABC, dehydrated twice 

with 100% ACN (15 min each) and dried (20 min). Gel cubes were incubated with sequencing 

grade-modified trypsin (Promega; 12.5 ng/μl in 40mM ABC with 10% ACN, pH 8.0) overnight 

at 37 °C. After digestion, peptides were extracted twice from gel pieces, first with a mixture of 

50 % ACN – 5 % formic acid (FA) and second with 100% ACN. All these steps were done 

with a robot (Tecan, Mannedorf, Switzerland). Extracts were then dried using a vacuum 

centrifuge concentrator plus (Eppendorf, Hamburg, Germany).

Mass spectrometry analyses were performed using an Ultimate 3000 Rapid Separation Liquid 

Chromatographic (RSLC) system (Thermo Fisher Scientific) online with a Q Exactive Plus 

hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher Scientific). Briefly, peptides 

were solubilized in 3.5 μL of 10 % ACN - 0.1 % TriFluoroAcetic acid (TFA). Then, peptides 

were loaded and washed on a C18 reverse-phase precolumn (3 μm particle size, 100 Å pore size, 

75 μm i.d., 2 cm length). The loading buffer contained 98% H2O, 2% ACN and 0.1% TFA. 

Peptides were then separated on a C18 reverse-phase resin (2 μm particle size, 100 Å pore size, 

75 μm i.d., 25 cm length) with a 20 min gradient from 99 % A (0.1 % TFA and 100 % H2O) to 

50 % B (80 % ACN, 0.085 % TFA and 20% H2O).

The mass spectrometer acquired data throughout the elution process and operated in a data-

dependent scheme with full MS scans acquired with the Orbitrap, followed by up to 10 MS/MS 

HCD spectra in the Orbitrap. Mass spectrometer settings were: full MS (AGC: 3 × 10e6, 
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resolution: 7 × 10e4, m/z range 400–2000, maximum ion injection time: 100 ms) and MS/MS 

(AGC: 1 × 10e5, maximum injection time: 100 ms, isolation window: 4m/z, dynamic exclusion 

time setting: 15 s). The fragmentation was permitted for precursors with a charge state of 2, 3 

and 4. For the spectral processing, the software used to generate .mgf files was Proteome 

discoverer 1.4. Database searches were carried out using Mascot version 2.5.1 (Matrix Science, 

London, UK) on ‘human’ proteins (20,273 sequences) from the SwissProt databank containing 

550 552 sequences (196 472 675 residues) (February 2016). The search parameters were as 

follows: the enzyme specificity as trypsin, carbamidomethylation as a variable modification for 

cysteins and oxidation as a variable modification for methionines. Up to 1 missed cleavage was 

tolerated, and mass accuracy tolerance levels of 4 ppm for precursors and 20 mmu for fragments 

were used for all tryptic mass searches. Positive identification was based on a Mascot score 

above the significance level (i.e. 5%). The reported proteins were always those with the highest 

number of peptide matches. Analysis, integration and interpretation of proteomic data derived 

from this 2D DIGE were performed with the Ingenuity Pathway Analysis software.

Seahorse metabolic analysis

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were analyzed on 

a Seahorse XFe24 extracellular flux analyser (Seahorse Biosciences, North Billerica, MA, 

USA) according to the manufacturer's instructions. Briefly, control and mutant cells were 

seeded at a density of 80 000 cells per well in a Seahorse XF24 plate and cultured for 12 hrs. 

The seeding density was based on initial assays that optimized both OCR and ECAR. One hour 

before the assay, cultured cells were washed three times in DMEM minimal assay media 

(Seahorse Biosciences, 37 °C, pH 7.40) supplemented with 1mM pyruvate and 2mM glutamine 

for ECAR measurements and with 5mM glucose or 5mM galactose for OCR essays, and 

equilibrated for 1 h at 37 °C in a non-CO2 incubator. OCR and ECAR were measured in control 
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condition (basal rates) and after successive injections of oligomycin 1µM, FCCP 1µM and 

rotenone 10µM for OCR measurements, and 5mM glucose or 5mM galactose, 1µm oligomycin 

and 100µM 2 deoxy-D-glucose for ECAR measurements. At the end of the experiment, proteins 

were extracted using 10µl of lysis buffer and quantified using the Bradford assay. OCR and 

ECAR values were then normalized to protein concentration in order to compare different 

conditions.

Statistical analysis

Results are presented as mean ± SEM. Differences between two groups were assessed by 

Student’s t-test or Mann-Whitney test for non Gaussian distributions. Comparisons between 

more than two groups were assessed using one-way Anova test or Kruskal-Wallis test for non 

Gaussian distributions. Principal component analysis (PCA) was performed using the DeCyder 

software. PCA is a mathematical procedure that can convert a set of variables (here proteome 

maps) into a coordinate system so that the greatest variance is depicted on the first coordinate 

(called first component or PC1), the second greatest variance on the second coordinate (PC2).
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Results

Lon depletion is generally associated with a more fragmented mitochondrial network and 

increased carbonylated protein level and mitochondrial superoxide production

Since the Lon protease has been characterized as a stress responsive protein [16], we first 

examined the effects of three metabolic settings, namely galactose, 2-Deoxy-D-glucose (2-DG), 

oligomycin, of tert-butyl-hydroperoxide (tBH) [17] for its oxidant properties, and of two 

hypoxic conditions, i.e. upon 3% oxygen and using deferoxamine (DFO), on mitochondrial 

dynamics and protein carbonylation of control and Lon-depleted cells. Both are interesting 

informers regarding stress. Indeed, the first one can be considered as an early sign of cellular 

stress [18] while the second one is a major indicator of protein oxidative damage [19] against 

which Lon is especially effective [20], [21].

Due to the importance of the appearance of the mitochondrial network in revealing the status 

of mitochondria, we investigated mitochondrial dynamics, and more specifically changes in 

mitochondrion length, using the aspect ratio (AR) defined by Koopman et al [12]. In basal 

conditions (glucose), Lon-depleted cells are characterized by a reduced AR factor compared to 

control cells, revealing an increased fragmentation of the mitochondrial network (Fig 1A & B). 

We then treated control and Lon-knockdown cells with four chemical stressors in order to 

investigate the effect of Lon depletion in these conditions. Two carbon sources (i. e. glucose 

and galactose) and low oxygen (i.e. 3%) cell culture condition were also used. Results, 

presented in figure 1A and B, show that Lon depletion markedly increases mitochondrial 

fragmentation when cells are cultured in galactose condition but only slightly affects the 

mitochondrial network in response to 2-DG, oligomycine, tBH, 3% oxygen and DFO treatments. 

Interestingly, 3% oxygen is the only condition associated with a slightly more interconnected 

mitochondrial network upon Lon down-regulation. Although DFO is often used as a hypoxia-
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mimicking agent [22], no significant change in mitochondrial network morphology is observed 

upon treatment with this iron chelator in a context of Lon depletion.

We have previously reported that Lon depletion in HeLa cells is associated with an increase of 

oxidatively modified proteins when cells are cultured with glucose as carbon source [6]. Using 

protein carbonyls as a marker of irreversible protein oxidation [23], Lon-depleted cells (Dox+) 

showed significant increase in protein carbonylation compared to control cells (Dox-) when 

cultured in glucose condition (Fig 1C & D). This phenotype is similar when cells are cultured 

in presence of galactose and the same trend is also observed with tBH (Fig 1D). In contrast, 

treatments with 2-DG and oligomycin, that are inhibiting glycolysis or mitochondrial 

respiration respectively, did not result in increased protein oxidation either in control or in Lon-

depleted cells. Similar observations or, on the contrary, increased oxidative stress have already 

been noted with both reagents [24], [25], [26], [27], [28], [29]. Concerning the 3% oxygen and 

the hypoxia-mimetic DFO treatments, Lon knockdown is associated with no significant change 

in protein carbonylation in the first case and with more carbonylated proteins in the second 

case. Taken together, these results are in accordance with a more fragmented mitochondrial 

network being a predominant morphological state during elevated stress [30].

Interestingly, replacing glucose by galactose to promote mitochondrial respiration, induced the 

most important increase in mitochondrial network fragmentation (Fig 1A) as well as elevated 

levels of protein carbonylation (Fig 1C) in Lon-depleted cells as compared to control cells. 

These results led us to further investigate the effects of Lon depletion with HeLa cells cultured 

in galactose versus glucose containing medium. 

To address the effects of Lon depletion on mitochondria oxidative status, we measured 

mitochondrial superoxide production (Fig 1E) and carbonylated proteins levels (Fig 1F). 

Results, presented in figure 1E and F, show that Lon knockdown is associated with an increase 

in each parameter, in both glucose and galactose conditions. Regarding the increase in ROS 
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and carbonylation levels in galactose compared to glucose medium, these results are consistent 

with those found when galactose was used to instigate aging in various models [31].

Lon depletion affects mitochondrial protein maintenance in galactose and glucose 

containing medium

We then investigated whether other mitochondrial proteases or repair proteins may compensate 

for Lon depletion. We focused on two proteins, namely ClpP, the second other protease 

localized in the mitochondrial matrix, and MsrB2 involved in oxidized protein repair, [4] [32]. 

Results, presented in figure 2, show a significant up-regulation of MsrB2 expression in both 

glucose and galactose conditions (Fig 2A), together with an increased ClpP level in galactose 

(Fig 2B). These results demonstrate that Lon depletion, by the increase of mitochondrial ROS 

production and accumulation of carbonylated proteins, leads to cell compensation through up-

regulation of ClpP and MsrB2 expression, with a more important response in galactose 

containing medium.

Lon depletion leads to increased expression of mitochondrial proteins

To fully explore protein expression modifications arising with Lon deficiency, we then 

investigated the consequences of Lon depletion on cell proteome using the 2D DIGE 

technology. Four mitochondria-enriched fractions of each condition (glucose Dox-, glucose 

Dox+, galactose Dox-, galactose Dox+) were compared, with each condition being labeled with 

an individual CyDye (Fig 3A). After electrofocusing and migration, gels were analyzed with 

DeCyder. The Principal Component Analysis (PCA) grouped together the samples belonging 

to the same category (Fig 3B) revealing that each group have its own profile determined by 

both expression level of the Lon protease and culture medium. In glucose condition, mass 

spectrometry of selected spots analysis resulted in the identification of 78 proteins, the 
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expression of which is altered when Lon is depleted. Among them, 43 proteins are 

overexpressed, with more than 50% being previously described in mitochondria (Table 1). In 

contrast, among the 35 proteins that exhibit a down-regulated expression, less than 20% are 

localized in mitochondria (Table 2). Similar results were obtained when cells are cultured in 

presence of galactose (Tables 3 & 4), suggesting that Lon depletion leads to increased 

expression levels of proteins localized in mitochondria. 

Lon depletion results in altered expression of proteins involved in quality control and stress 

response and in energy metabolism

We then investigated the consequences of Lon depletion on cellular pathways. A first global 

analysis using DeCyder revealed that whatever the glucose or galactose condition, more than 

50% of the proteins the expression of which is affected by Lon depletion are involved in stress 

response and protein quality control or in bioenergetic pathways. A second analysis, using the 

Ingenuity Pathway Analysis software showed that, in glucose medium (Fig 4A), proteins with 

modified expression notably act in four fields of the stress response and protein quality control, 

namely (1) stress response (PHB, YWHAE/14-3-3 protein epsilon), (2) apoptosis (Diablo, 

HtrA2), (3) NADH/NAD+ regulation (HSD17B10, DLD) and (4) chaperone activity 

(HSPD1/Hsp60, the tandem Hsp70-Hsp90 and the PI3Kinase complex). Interactions between 

the PI3K complex and Hsps have been previously demonstrated [33], [34]. In galactose medium 

three of these four fields are affected by a Lon deficiency (Fig 4B).

As both 14-3-3 protein epsilon and PI3kinase have been involved in regulation of Foxo and 

Nrf2 signaling pathways, we then investigated the expression levels of these two transcription 

factors inducible by oxidative stress [35], [36]. Western-blot results presented in figure 5 show 

that, in glucose medium, FoxO3 expression decreased (Fig 5A) while Nrf2 expression is 

slightly up-regulated by Lon depletion (Fig 5B),. These results are consistent with the 
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overexpression of 14-3-3 protein epsilon and PI3K. Indeed, downstream of PI3K, active AKT 

phosphorylates FoxO transcription factors generating binding points for 14-3-3 proteins which 

block FoxO DNA binding and accelerate its nuclear export while inhibiting import [37], [38]. 

Conversely, PI3K can promote the translocation of Nrf2 to the nucleus where it can activate the 

antioxidant response genes expression [39].

Analysis of the 2D DIGE experiment also revealed modifications of energy metabolism 

pathways, with a decreased expression of five and three glycolytic enzymes in glucose and 

galactose conditions respectively (Fig 6A). Oxidative phosphorylation is mainly impacted by 

the overexpression of components of complexes I, III and V. Still in mitochondria, other energy 

metabolism pathways are also impacted such as gluconeogenesis, TCA cycle, fatty acid β-

oxidation, lipid synthesis and urea cycle (Tables 1 to 4 in supplementary data).

As observed for quality control and stress response, the number of proteins involved in energy 

metabolism and showing modified expression upon Lon depletion was also more important in 

glucose compared to galactose containing medium (Fig 4A & B; Fig 6A & B).

Lon depletion results in alterations of the energetic metabolism

In view of these proteomic results focusing on energy metabolism, we next performed 

functional studies using the Seahorse analyzer to assess the contribution of the mitochondrial 

respiratory chain and glycolysis to the energetic status of Lon-depleted cells. In both glucose 

and galactose conditions, Lon-depleted cells exhibited reduced metabolic activity both in terms 

of oxygen consumption (OCR) and extracellular acidification (ECAR) (Fig 7A & B). 

Considering the ratio OCR versus ECAR as a measure of the relative magnitude of OXPHOS 

versus glycolysis, Lon-depleted cells in glucose exhibited a higher preference for glycolysis 

(Fig 7C). As expected, HeLa cells in galactose demonstrated a reduced glycolytic activity 

compared to glucose condition, (Fig 7A) but, surprisingly, this decline was not compensated 
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by an increase of OXPHOS activity (Fig 7B).

Concerning the cellular responses to drugs injections performed during the Seahorse metabolic 

analyzer experiments, Lon-depleted cells presented a decreased productivity in term of OCR 

(basal respiration, ATP linked respiration, maximal respiratory capacity and reserve respiratory 

capacity) except for proton leak respiration (Fig 7D to H). This last observation is in accordance 

with the increase of mitochondrial ROS production that is observed in Lon-depleted cells and 

that is known to activate proton leak [40] [41]. This stimulation may minimize oxidative 

damage by tempering electrical potential and mitochondrial superoxide production [42].

Regarding glycolytic activities measured with ECAR, glycolytic capacity is the only declining 

parameter when Lon is knocked down (Fig 7J). Lon-depleted cells in glucose exhibit no 

modifications of their basal glycolysis (Fig 7I) but the lowest reserve respiratory capacity (Fig 

7G) that may be related with their more glycolytic profile (Fig 7C). 

Taken together, all these results show that Lon depletion leads to mitochondrial network 

fragmentation, increased ROS and protein carbonylation levels and altered energetic 

metabolism, revealing a mitochondrial dysfunction. 

Lon depletion differentially affects HeLa cells proliferation and ATP levels in galactose 

versus glucose containing medium

In view of the consequences of Lon depletion on mitochondria, we then investigated whether 

it could also impact cell survival or proliferation. Analysis of their proliferation revealed a 

marked decrease in the number of EdU-positive cells compared to control cells (Fig 8A & B). 

This decline is not observed in glucose condition, but only when cells are cultured in galactose, 

as already reported for cancer cells in this medium [43] [44]. This result is correlated with the 

reduction of the glycolytic capacity noted in Lon-depleted cells in galactose, and suggests an 

altered ATP production. As expected, Lon-depleted cells exhibit a marked reduction of their 
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ATP levels (Fig 8C), a phenotype that could account for the reduction of their proliferative 

capacity. Taken together, these results indicate that in HeLa cells, Lon protease is critical for 

the maintenance of mitochondrial function, and as a consequence, for cell proliferation. In its 

absence, HeLa cells exhibit altered expression of quality control and stress response pathways 

and altered energy metabolism leading to increased ROS and carbonylation levels and to a 

reduced proliferation. 
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Discussion

In this study, we have investigated the effects of Lon depletion on protein and redox 

homeostasis as well as mitochondrial function in different metabolic conditions and stress 

situations. The observed mitochondrial network fragmentation and increase in carbonylated 

protein levels generally concomitant with Lon knockdown (Fig 1) validates the important role 

of this mitochondrial protease in protein homeostasis, particularly when it comes to oxidative 

stress [20]. Variations of mitochondria morphology were previously observed in human lung 

fibroblasts with a Lon depletion on the basis of criteria that differ from the quantitative AR 

factor used here [8].

Mitochondrial network modifications associated with Lon deficiency (Fig 1A) support a 

deleterious effect of Lon down-expression. Mitochondrial dynamics is a part of quality control 

systems as fusion allows mitochondria to compensate defects in some of them while fission 

segregates healthy from damaged mitochondria when a certain threshold of damage is reached 

[45]. Fragmentation predominantly observed here with Lon down-regulation can thus indicate 

a mitochondrial dysfunction that appears more important in galactose than in glucose. 

Furthermore oxidative phosphorylation deficiency has been previously proven to be responsible 

for mitochondrial fragmentation [46]. A mitochondrial dysfunction was also found in Lon-

depleted melanoma cells that displayed an increase in mitochondrial fragmentation and ROS 

production, which caused the proteolytic processing of OPA1 [47]. Indeed, an excessive OPA1 

processing can also promote mitochondrial fragmentation [48]. Concerning the network 

elongation exhibited by control cells in galactose and 2-DG, this has already been reported in 

HeLa cells upon glucose deprivation [43] [49]. This is most likely due to a switch from 

anaerobic to aerobic energy production, an adaptative response accompanied by a more 

extended mitochondrial network [50].
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Different parameters must be taken into account regarding the slight mitochondrial network 

elongation observed in a hypoxic environment, i.e. with 3% O2. HeLa cells originated from a 

human cervical cancer and exposition of cancer cells to long-term hypoxia, as it is the case with 

3% O2 during 72 hours, can induce mitochondrial fusion in order to evade apoptosis in a HIF-

1 dependent manner [51]. It is also with the aim of avoiding cell death that HeLa cells are 

responding to a redox stress with a fusion mechanism [52]. That may explain why Lon-depleted 

cells have more elongated mitochondrial network when submitted to 3% O2 (Fig 1A and B). It 

is also possible that the triggered expression of Lon previously reported upon hypoxia [53] [54] 

[55] has partly offset the Lon knockdown. Furthermore, this mitochondrial elongation can result 

from a Keap1-Nrf2 stress response pathway [56] given that an enhanced Nrf2 expression (Fig 

5B) is observed when Lon is down-regulated. 

Interestingly, it is with DFO that the most important increase in protein carbonylation was 

observed in Lon-depleted cells (Fig 1 C and D). Indeed, beside the mitochondrial dysfunction 

that could be induced by this reagent, DFO has also demonstrated oxidant capacities [57] [58] 

[59] that may contribute to the oxidized protein build-up observed in the absence of Lon (Fig 

1A and B). In contrast, together with the elongated mitochondrial network, the absence of 

increased protein carbonylation noted in Lon-depleted cells grown under 3% O2 (Fig 1C) 

confirm that cells adapt here to hypoxia using a different strategy, probably by decreasing ROS 

levels as previously reported in human fibroblasts [60].

Relevant with the efficiency of Lon protease in eliminating oxidized proteins, high levels of 

carbonylated proteins was also observed upon Lon depletion and tBH induced oxidative stress 

(Fig 1D). Concerning the different metabolic conditions with 2-DG and oligomycin, they did 

not seem to impose on Lon-depleted cells more oxidative injury than in glucose condition. 

Important levels of protein carbonylation in both control and Lon-depleted cells were obtained 
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with galactose (Fig 1C) which is consistent with galactose propensity to promote aging in some 

animal models [61] particularly through increased oxidative stress [62].

Based on the network morphology and the oxidative status of the Lon-depleted cells, we can 

propose, except when cells are grown under 3% O2, that Lon knockdown has created a stressful 

condition that could affect mitochondrial function. This observation appeared to be underlined 

by mitochondrial quality control actors since a proteotoxic stress response arose in Lon-

depleted cells from MsrB2 (Fig 2B) and, in a lesser extent, the ClpP protease (Fig 2A). 

Concerning the decreased expression of FoxO3 in cells with galactose and upon Lon depletion 

(Fig 5A), this has already been found in aging cells and animals [63] [61]. The signaling 

pathway response may rather come from Nrf2 (Fig 5B), well-known for its role in antioxidant 

defense, particularly in the case of threatened mitochondrial homeostasis [36], even if galactose 

treatment reduced Nrf2 protein levels in mice [64]. Moreover, a binding site for Nrf2 was found 

on the Lon promoter in a region essential for up-regulating Lon in the presence of oxidative 

stress [65].

Analysis of the 2D DIGE results confirmed that stress response and protein quality control were 

particularly affected by Lon depletion (Fig 3C and tables 1 to 4 in supplementary data). In 

particular, without Lon, another mitochondrial serine protease showed enhanced expression, i.e. 

HtrA2 (Fig 4 area 2), which is known for acting in case of oxidative stress [66]. Also 

overexpressed when Lon is down-regulated, prohibitins (Fig 4 area 1) have been reported to 

play a role in protecting against oxidative stress [67]. Concerning the modified expression of 

dehydrogenases found in Lon-depleted cells (Fig 4 area 3), their potential effect on the 

NAD/NADH ratio may also influence the oxidative status [68].

2D DIGE results also revealed modified expression of numerous proteins involved in energy 

metabolism. Down-regulated proteins upon Lon depletion are essentially located in cytosol and 

implicated in glycolysis (Fig 6A). A down-expression of enzymes involved in glycolysis has 
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been previously found in muscle of old women with decreased energy metabolism [69]. 

Moreover, inhibition of enzymes of glycolysis can be a strategy to combat oxidative stress [70]. 

Up-regulated proteins are rather situated in the mitochondria and involved in OXPHOS (tables 

1 to 4 in supplementary data), (Fig 6B). Such a transcriptional activation of proteins involved 

in the composition, functioning and assembly of respiratory chain has already been reported in 

response to mitochondrial OXPHOS deficiencies [71]. In glucose condition, this remodeling is 

accompanied by overexpression of β-oxidation components and reduced levels of lipid 

synthesis related proteins. A similar metabolic reorganization has already been reported in 

cancer cells [72] and obesity-resistant mice [73] showing decreased lipid biosynthesis and 

increased lipid utilization in the mitochondria through fatty acid oxidation. This could 

counterbalance the reduced glycolysis and OXPHOS activities observed with Lon depletion 

(Fig 7A, B) through increased production of lipolytic products and down-regulation of 

lipid/sterol synthetic pathways. 

Reduced energy metabolic activity noted in Lon-depleted cells (Fig 7A & B) confirmed the 

hypothesis of mitochondrial dysfunction related to Lon deficiency and more importantly in 

galactose medium. This is consistent with the fall in ATP levels observed in Lon-depleted cells 

(Fig 8C). Lon-depleted cells revealed less active energy metabolic activity for most parameters 

measured in this study (Fig 7D to K). Such an hypometabolism has been noted in a mouse 

model of Alzheimer’s disease exhibiting oxidative stress and mitochondrial dysfunction [74]. 

Among the parameters that can indicate mitochondrial anomalies are respiratory reserve (Fig 

7G), the exhaustion of which has been reported with altered mitochondrial function [75], and 

decreased glycolytic reserve (Fig 7K) also indicating less tolerance to metabolic stress.

Oxidative stress has been shown to inhibit glycolysis [76] and to impair oxidative 

phosphorylation [77]. Due to the complex interplay between protein oxidative damage and 

energy metabolism defect, it is not easy to determine how each of them shares the responsibility 
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of the decline of mitochondrial function observed here. Actually a decline of mitochondrial 

function is found in numerous diseases and the aging process [78]. Decreased mitochondrial 

respiration can also be an adaptive stress response to face a redox stress [79] as well as reduced 

flux of the lower part of glycolysis [80]. It was mainly in this part of glycolysis that we found 

a down-regulation of some glycolytic enzymes when Lon is depleted.

At the cellular level, the mitochondrial dysfunction observed with Lon depletion is associated 

with reduced ATP levels (Fig 8C), and decreased proliferation in galactose medium (Fig 8A & 

B). In galactose, energy metabolism is more dependent on oxidative phosphorylation [81] [82]. 

Hence the mitochondrial failure linked to Lon knockdown is more pronounced in galactose 

condition that cumulates the decreased ATP production and proliferative capacity as noted in 

cells with OXPHOS anomalies [83].

Conclusion

Lon knockdown induced a number of effects indicative of mitochondrial dysfunction in a 

context of oxidative stress. This mitochondrial dysfunction manifests in a particularly 

significant way through impaired energy metabolism. Moreover, the effects of Lon deficiency 

vary depending on the conditions showing more signs of mitochondrial alterations in galactose 

medium and much less when cells are grown under 3% O2 that underscores the importance of 

the Lon protease in mitochondrial aerobic energy metabolisms and stress response as well as 

its privileged cooperation with such signaling pathways as the Nrf2-Keap1 pathway.
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Legend figures

Fig 1. Quantitative analysis of mitochondrial morphology, detection of oxidatively 
modified proteins and mitochondrial ROS production. A) Average value of aspect ratio 
(AR) factor. After 10 days of induction with doxycycline, under different conditions (glucose, 
galactose, 2-DG, oligomycin, tBH, 3% oxygen, DFO), control (Dox-) or Lon-depleted (Dox+) 
cells were plated at subconfluence. After fixation in 4% paraformaldehyde and 0.1% 
glutaraldehyde, mitochondrial compartment was visualized using polyclonal antibodies against 
cytochrome c oxidase subunit 2. After acquisition and binarization of fluorescent images, 
mitochondrial network morphology was measured using the calculation of the Aspect Ratio 
(AR). Data represent the mean ± SEM (n=30); Mann-Whitney test: *p<0.05, ***p<0.001. B) 
AR factor ratio (Dox+/Dox-), n=30. C) Carbonylated proteins levels of cell extracts. Total cell 
extracts were prepared from control (Dox-) or Lon-depleted (Dox+) cells after 10 days of 
induction with doxycycline, under different conditions (glucose, galactose, 2-DG, oligomycin, 
tBH, 3% oxygen, DFO). Data represent the mean ± SEM (n=3 to 10); Student t test: *p<0.05, 
**p<0.01. D) Ratios Dox+/Dox- of carbonylated proteins levels of cell extracts, n=3 to 5, 
Mann-Whitney test: **p<0.01. E) Superoxide production measured using MitoSox fluorescent 
intensity levels under glucose or galactose conditions. Data are normalized to the glucose Dox- 
condition and represent the mean ± SEM (n=3 to 6); Student t test: **p<0.01. F) Carbonylated 
proteins levels of mitochondrial fractions extracts. Mitochondrial extracts were prepared from 
control (Dox-) or Lon-depleted (Dox+) cells after 10 days of induction with doxycycline under 
glucose or galactose conditions. Data are normalized to the glucose Dox- condition and 
represent the mean ± SEM (n=3 to 4); Student t test: **p<0.01.

Fig 2. Mitochondrial protein quality control response. Western blot analysis of 
mitochondrial proteins involved in protein quality control in whole cells homogenate of control 
(Dox-) or Lon-depleted (Dox+) cells after 10 days of induction with doxycycline, under glucose 
or galactose condition. Representative Western blots of the amount of A) ClpP, Mann-Whitney 
test: *p<0.05, **p<0.01; B) MsrB2, Student t test: **p<0.01. Data are normalized to glucose 
Dox- condition and represent the mean ± SEM (n=5 to 6).

Fig 3. 2D DIGE and DeCyder analysis of proteomes of mitochondrial fractions. A) 
Representative 2D DIGE gel images of proteins of mitochondrial fractions of HeLa cells 
cultured in glucose medium with or without Lon depletion. After being labeled with CyDyes, 
proteins were electrofocused, separated on gradient acrylamide SDS-PAGE and scanned. The 
combined protein profile of internal standard and samples named Glucose Dox+1 and Glucose 
Dox-5 shows green spots (proteins up-expressed in the Glucose Dox+1 sample), red spots 
(proteins up-expressed in the Glucose Dox-5 sample) and white spots (unchanged expression). 
B) Principal component analysis (PCA) showing the distribution of Cy3- and Cy5-labeled 
DIGE spots of interest (fold change ≥1.3; p value ≤ 0,05) of 14 samples separated on the basis 
of the differentially expressed protein under glucose or galactose conditions. C) Using UniProt 
data, classification based on biological functions of proteins identified by mass spectrometry 
with significant expression modification in Lon-depleted (Dox+) cells compared to control 
(Dox-) cells.



33

Fig 4. Cellular pathways analysis of proteins reported to be modified by Lon down-
regulation through the use of Ingenuity Pathways Analysis (Ingenuity Systems, 
http://www.ingenuity.com/). Analysis with Ingenuity Pathway of protein involved in quality 
control and stress response under A) glucose or B) galactose condition. Proteins in red and 
green correspond respectively to some of the proteins identified as overexpressed or under-
expressed when Lon is down-regulated. Proteins in grey correspond to some of the proteins 
modified but not significantly when Lon is down-regulated. White open nodes indicate proteins 
not identified in this analysis, but associated with the regulation of some of the proteins 
identified. A line denotes binding of proteins, whereas a line with an arrow denotes “acts on.” 
A dotted line denotes an indirect interaction. Areas 1 to 4 point out groups of proteins covered 
in the results and the discussion.

Fig 5. Oxidative stress response. Western blot analysis of transcription factors involved in 
oxidative stress response in whole cells homogenate of control (Dox-) or Lon-depleted (Dox+) 
cells after 10 days of induction with doxycycline, under glucose or galactose condition. 
Representative Western blots of the amount of A) FoxO3, Student t test: **p<0.01; B) Nrf2, 
Student t test: **p<0.01. Data are normalized to glucose Dox- condition and represent the mean 
± SEM (n=4 to 5). 

Fig 6. Differentially expressed proteins reported to act in energy metabolism upon Lon 
depletion. Differentially expressed proteins involved in A) glycolysis and B) oxidative 
phosphorylation. Proteins in red and green correspond respectively to some of the proteins 
identified as overexpressed or under-expressed when Lon is down-regulated. Proteins in grey 
correspond to some of the proteins modified but not significantly when Lon is down-regulated. 
Abbreviations: HK, hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofructo-kinase-
1; ALDO, aldolase; TPI, triose phosphate isomerase; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; PGK, phosphoglycerate kinase; PGM, phosphoglycero-mutase; ENO, enolase; 
PK, pyruvate kinase.

Fig 7. ECAR and OCR in glucose or galactose medium with or without Lon depletion. A) 
Extracellular acidification rate (ECAR) and B) oxygen consumption rate (OCR) were measured 
in a Seahorse XF24 analyzer. Each data-point represents mean +/- SEM, n=3. Cells were seeded 
at a density of 80,000. Glucose 10mM, galactose 10µM, oligomycin 1µM, 2-Deoxy-D-glucose 
100mM, FCCP 1µM and rotenone 10µM were injected at the times indicated by the arrows. C) 
Basal OCR versus basal ECAR calculated from the data points 4,5,6 after glucose or galactose 
injection. D) The basal respiration OCR was calculated using the difference between the mean 
OCR of time points 1 to 3 (baseline) and the mean OCR of time points 10 to 12 (rotenone 
treatment). E) The ATP linked respiration OCR was calculated using the difference between 
the mean OCR of time points 1 to 3 (baseline) and the mean OCR of time points 4 to 6 
(oligomycin treatment). F) The maximal respiratory capacity respiration OCR was calculated 
using the difference between the mean OCR of time points 7 to 9 (FCCP treatment) and the 
mean OCR of time points 10 to 12 (rotenone treatment). G) The reserve respiratory capacity 
OCR was calculated using the difference between the mean OCR of time points 7 to 9 (FCCP 
treatment) and the mean OCR of time points 1 to 3 (baseline). H) The proton leak respiration 
OCR was calculated using the difference between the mean OCR of time points 4 to 6 
(oligomycin treatment) and the mean OCR of time points 10 to 12 (rotenone treatment). I) The 
glycolysis ECAR was calculated using the difference between the mean ECAR of time points 

http://www.ingenuity.com/
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4 to 6 (glucose or galactose treatment) and the mean ECAR of time points 10 to 12 (2-DG 
treatment). J) The glycolytic capacity ECAR was calculated using the difference between the 
mean ECAR of time points 7 to 9 (oligomycin treatment) and the mean ECAR of time points 
10 to 12 (2-DG treatment). K) The glycolytic reserve ECAR was calculated using the difference 
between the mean OCR of time points 7 to 9 (oligomycin treatment) and the mean ECAR of 
time points 4 to 6 (glucose or galactose treatment). One-way ANOVA test or Kruskal-Wallis 
test: *p<0.05, **p<0.01.

Fig 8. Cell proliferation and ATP production. A) Detection of proliferation in control (Dox-) 
or Lon-depleted (Dox+) cells after 10 days of induction with doxycycline, under glucose or 
galactose condition. Cells were treated with 10 μM EdU for 4 hr, then detected an Alexa 
Fluor™ 488 azide (green). Cells were counterstained with DAPI (blue). B) Quantification of 
EdU-positive cells. Data represent the mean ± SEM (n=3 to 5); Student t test: *p<0.05. C) 
CellTiter-Glo assay measuring cellular ATP levels of control (Dox-) or Lon-depleted (Dox+) 
cells after 10 days of induction with doxycycline, under glucose or galactose condition. Data 
are normalized to the glucose Dox- condition and represent the mean ± SEM (n=3); Student t 
test: *p<0.05, **p<0.01. 

Supplementary data

Table 1. Protein overexpressed in glucose condition upon Lon depletion. Protein 
identification of 2D DIGE-identified differentially expressed spots in mitochondrial fractions 
of HeLa cells cultured in glucose medium with or without Lon depletion. Spots of interest (fold 
change ≥ 1.2; ANOVA test p ≤ 5%, n = 4) were identified by mass spectrometry as described 
in Materials and methods. Proteins expressed in whole or in part in mitochondria are mentioned 
in red. 

Table 2. Protein down-expressed in glucose condition upon Lon depletion. Protein 
identification of 2D DIGE-identified differentially expressed spots in mitochondrial fractions 
of HeLa cells cultured in glucose medium with or without Lon depletion. Spots of interest (fold 
change ≥ 1.2; ANOVA test p ≤ 5%, n = 4) were identified by mass spectrometry as described 
in Materials and methods. Proteins expressed in whole or in part in mitochondria are mentioned 
in red.

Table 3. Protein overexpressed in galactose condition upon Lon depletion. Protein 
identification of 2D DIGE-identified differentially expressed spots in mitochondrial fractions 
of HeLa cells cultured in galactose medium with or without Lon depletion. Spots of interest 
(fold change ≥ 1.2; ANOVA test p ≤ 5%, n = 4) were identified by mass spectrometry as 
described in Materials and methods. Proteins expressed in whole or in part in mitochondria are 
mentioned in red.

Table 4. Protein down-expressed in galactose condition upon Lon depletion. Protein 
identification of 2D DIGE-identified differentially expressed spots in mitochondrial fractions 
of HeLa cells cultured in galactose medium with or without Lon depletion. Spots of interest 
(fold change ≥ 1.2; ANOVA test p ≤ 5%, n = 4) were identified by mass spectrometry as 
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described in Materials and methods. Proteins expressed in whole or in part in mitochondria are 
mentioned in red.






































