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Abstract

Prohibitin (PHB) is a ubiquitously expressed and evolutionarily conserved mitochondrial protein 

with multiple functions. We have recently shown that PHB upregulation offers robust protection 

against neuronal injury in models of cerebral ischemia in vitro and in vivo, but the mechanism by 

which PHB affords neuroprotection remains to be elucidated. Here, we manipulated PHB 

expression in PC12 neural cells to investigate its impact on mitochondrial function and the 

mechanisms whereby it protects cells exposed to oxidative stress. PHB overexpression promoted 

cell survival while PHB downregulation diminished cell viability. Functionally, manipulation of 

PHB levels did not affect basal mitochondrial respiration, but it increased spare respiratory 

capacity. Moreover, PHB overexpression preserved mitochondrial respiratory function of cells 

exposed to oxidative stress. Preserved respiratory capacity in differentiated PHB overexpressing 

cells exposed to oxidative stress was associated with an elongated mitochondrial morphology, 

while PHB downregulation enhanced fragmentation. Mitochondrial complex I oxidative 

degradation was attenuated by PHB overexpression and increased in PHB knockdown cells. 

Changes in complex I degradation were associated with alterations of respiratory chain 

supercomplexes. Furthermore, we showed that PHB directly interacts with cardiolipin and that 

downregulation of PHB results in loss of cardiolipin in mitochondria, which may contribute to 

destabilizing respiratory chain supercomplexes. Taken together, these data demonstrate that PHB 

modulates mitochondrial integrity and bioenergetics under oxidative stress, and suggest that the 

protective effect of PHB is mediated by stabilization of the mitochondrial respiratory machinery 

and its functional capacity, by regulation of cardiolipin content.

Graphical Abstract

The mitochondrial protein prohibitin (PHB) confers protection against a variety of cellular insults. 

In this study we manipulated expression of PHB in cells to demonstrate that PHB level regulates 
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the viability of cells in an oxidative stress paradigm and maintains mitochondrial respiratory 

capacity, morphology, and respiratory complex stability. We show that PHB directly interacts with 

and maintains the content of the mitochondrial phospholipid cardiolipin (CL) that is required for 

respiratory chain complex and supercomplex stability and organelle morphology.
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Introduction

Prohibitin (PHB) is a nuclear-encoded protein that localizes to mitochondria. PHB is highly 

conserved among species and is involved in wide variety of cellular functions (Thuaud et al. 
2013, Merkwirth & Langer 2009), ranging from mitochondrial morphogenesis and 

formation of cristae (Merkwirth & Langer 2009) to stem cell rejuvenation in aged mice 

(Zhang et al. 2016). PHB forms a high molecular weight complex with PHB2 in the inner 

mitochondrial membrane that is required for its mitochondrial function (Tatsuta et al. 2005). 

PHB is also involved in mitochondrial dynamics regulation through stabilization of the 

dynamin-related GTPase OPA1 (Merkwirth & Langer 2009), a key protein in inner 

membrane fusion and cristae structure (Song et al. 2007).

Previously, we discovered that PHB is upregulated in ischemic preconditioning and 

demonstrated that PHB expression provides robust protection against different neuronal 

injury paradigms in vitro (Zhou et al. 2012) or cerebral ischemia in vivo (Kurinami et al. 
2014, Kahl et al. 2017). Mitochondria play a critical role in the pathophysiology of ischemic 

brain injury (Sims & Anderson 2002, Fiskum et al. 2004, Chinopoulos & Adam-Vizi 2006, 

Sims & Muyderman 2010). In ischemia/reperfusion, mitochondria produce large amounts of 

reactive oxygen species (ROS) (Liu et al. 2002, Chan 2001, Turrens & Boveris 1980, 

Lesnefsky et al. 2001, Niatsetskaya et al. 2012) that can damage mitochondria and injure 

neural tissues. PHB has been implicated in the assembly or degradation of mitochondrial 

complex I (CI) (Bourges et al. 2004), and a recent report suggests that PHB stabilizes 

electron transfer chain (ETC) supercomplexes in mitochondria (Jian et al. 2017). However, 

the mechanisms whereby PHB protects mitochondria under oxidative stress conditions 

remain to be elucidated.
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To gain new insight into the mechanisms of PHB-mediated neuroprotection we investigated 

its ability to protect neural cells in an oxidative stress paradigm. PHB levels were modulated 

in PC12 cells exposed to toxic levels of hydrogen peroxide (H2O2) and the effects on cell 

viability and mitochondrial functional and morphological properties were analyzed. We 

found that moderate changes in PHB expression levels had profound effects on cell viability, 

respiratory function, respiratory chain stability, and mitochondrial morphology. We also 

found that PHB binds cardiolipin and modulates its content in mitochondria. These findings 

identify PHB as a positive modulator of mitochondrial integrity and bioenergetic function in 

neural cells under oxidative stress, potentially via mediating the stability of cardiolipin, and 

provide a mechanistic link between PHB expression, mitochondrial health, and 

neuroprotection.

Materials and Methods

Materials

All routine laboratory chemicals including salts, detergents, and buffers were purchased 

from Sigma-Aldrich (St Louis, MO). Special chemicals including oligomycin (11342), 

FCCP (15218), antimycin A (19433) were from Cayman Chemicals (Ann Arbor, Michigan). 

All tissue culture reagents were purchased from Thermo-Fisher Scientific with the following 

catalog numbers: F-12K medium (21127030); heat-inactivated fetal bovine serum 

(16140071); heat inactivated horse serum (26050088); G418 (10131027); puromycin 

(A1113802); Lipofectamine LTX (15338500).

Cell culture and viability assays

The study was not pre-registered and used PC12, a cell line derived from rat adrenal gland 

pheochromocytoma that is not listed as a commonly misidentified cell line by the 

International Cell Line Authentication Committee (ICLAC) but not authenticated in this 

study. PC12 cells were purchased from ATCC (# CRL-1721; RRID:CVCL_0481) and 

cultured in F-12K medium containing 2.5% heat-inactivated fetal bovine serum and 15% 

heat inactivated horse serum at 37°C with 5% CO2, unless otherwise indicated. The culture 

medium was changed twice a week. Experiments were conducted in cell lines at the same 

passage number and lines were discarded after 20 passages. Cell viability was assayed with 

a commercially available MTS assay kit following the manufacture’s protocols (Promega).

No Institutional approval was required for this study other than primary neuronal culture. 

The experimental procedures for primary neuronal culture using timed pregnant mice were 

approved by the Institutional Animal Care and Use Committee of Weill Cornell Medicine 

(protocol number 2009-0079). Timed pregnant mice (C57BL/6) at embryonic day 16 were 

sacrificed under deep anesthesia. Primary cortical neuronal cultures were obtained following 

procedures described previously (Zhou et al. 2012).

DNA transfection and stable cell line selection

The DNA construct for human PHB expression was described previously (Zhou et al. 2012). 

The shRNA plasmid (psi-U6) specific for rat PHB was purchased from GeneCopoeia. PC12 

cells were transfected with linearized plasmid DNA using an electroporation apparatus 
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(Nucleofector-2b, Amaxa-Lonza). Three days after transfection, cells were selected in 

1mg/ml G418 (PHB expression plasmid) or 10μg/ml puromycin (PHB shRNA plasmid) for 

two weeks and sub-cloned in 96 wells. The lines were expanded and the expression levels of 

PHB assayed by immunoblotting using an anti-PHB1 antibody (LifeSpan Cat# LS-

C85387-100, RRID:AB_1665767).

Oxygen consumption assay

Oxygen consumption in intact PC12 cells was performed according to the procedure 

described by Brand and Nicolls (Brand & Nicholls 2011). PC12 cells stably transfected with 

PHB or knockdown for PHB (shPHB) were assayed for O2 consumption together with their 

corresponding controls: vector for PHB and a scrambled shRNA (shSCR) for shPHB. Cells 

(2×106/assay) were suspended in warm fresh culture medium (with glucose) and placed in a 

sealed chamber equipped with a Clark-type O2 sensor (Oxygraphy Plus, Hansatech) at 37°C. 

After 3 min in the chamber to obtain a stable oxygen trace, oligomycin (1.5μM) was added 

to the cells to inhibit the mitochondrial ATPase. The oxygen consumption rate before 

oligomycin addition was used as basal respiration rate. The rate after oligomycin addition 

was used as a measure of proton leak. The cells were then treated with the protonophore 

carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 1μM) to fully uncouple 

mitochondria and stimulate maximum respiration. At the end of the measurement, a 

combination of rotenone and antimycin A (1μM each) was added to the cells to fully inhibit 

mitochondrial respiration and measure non-respiratory chain driven oxygen consumption, 

which was subtracted from all other values in the calculation of mitochondrial respiration.

Mitochondrial morphology measurements

For mitochondrial length measurements in neuritic processes, 0.35×106 PC12 cells were 

cultured on collagen coated glass cover slips (25mm, EMS) and co-transfected with mito-

RFP to label mitochondria and GFP for cytosolic labeling using Lipofectamine LTX 

(Invitrogen). After transfection, cell differentiation was induced with recombinant human β-

NGF (100ng/ml, R&D Systems, 256-GF/CF). After 6 days, differentiated PC12 cells were 

treated with 0.25mM H202 for 2hrs in order to induce oxidative stress and then fixed with 

4% paraformaldehyde in PBS and mounted on imaging slides.

Mitochondria were visualized using a Leica TCS SP5 confocal laser-scanning microscope 

(Mannheim, Germany). Images were captured with a 63x oil objective and a zoom of 4. 

Confocal settings were kept unchanged for all experiments (z-step-size: 0.1μm, 600Hz, 

1024×1024). To confirm cell integrity and localization of the mitochondria in the cell 

processes, only mito-RFP/GFP labeled cells were analyzed. Neurites from 5–10 cells were 

randomly selected and imaged per cover slip. Mitochondrial length was assessed using NIH 

Image J software by an operator blinded to treatment conditions.

For analysis of mitochondrial morphology in primary neurons, freshly dissociated cortical 

neurons were co-transfected with mouse PHB specific siRNA (si-PHB) and a mitochondria-

targeted red fluorescent protein, dsRed2 (mt-dsRed). Control cells were transfected with a 

scrambled siRNA (si-Ctrl) and mt-dsRed. Neurons were seeded either on glass-bottom or 

plastic dishes. After five days in culture, cells in plastic dishes were used to make lysates for 

Anderson et al. Page 4

J Neurochem. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



western blot analysis, while cells on glass bottom dishes were used to acquire mitochondrial 

morphology images using a confocal microscope (63 x objective lens) as described above. 

Ten random images containing mt-dsRed transfected neurons were taken for each dish by 

one person. Each image was coded with letter/number combination that revealed no 

information about the cells in the image. The images were analyzed in a blinded manner by 

another person who had no knowledge of the image coding and scored according to the 

morphology of mitochondria in neurite branches. Neurons were scored to a particular 

category when a majority of the imaged mitochondria were tubular, termed “elongated” or 

punctate, termed “fragmented.” Neurons that contain an intermediate proportion of 

elongated and fragmented mitochondrial in their neurites were labeled “mix.”

Mitochondrial Preparation and blue native (BN) gel electrophoresis

Crude mitochondrial preparations were made from cell lines as previously described 

(D’Aurelio et al., 2010). Cells were washed and harvested in a buffer containing 225mM 

mannitol, 75mM sucrose, 5mM HEPES, and 1mM EGTA before homogenization in a glass/

Teflon homogenizer. Whole cells were centrifuged at 800xg for 5 minutes, supernatant 

collected and spun at 12,000xg for 10 minutes at 4°C. The crude mitochondrial pellet was 

washed once in the same buffer and centrifuged at 12,000xg for 10 minutes. The pellets 

were used for the BN gel electrophoresis performed as described previously (Wittig et al. 
2006). Briefly, for assembled mitochondrial respiratory chain complex I detection using one-

dimension BN gels, mitochondria were lysed with n-dodecyl β-d-maltoside (1.6g/g of 

protein) and 20μg of protein was loaded per lane in 4–12% Bis-Tris gradient gels and run at 

4°C overnight. To detect respiratory chain supercomplexes, mitochondria were lysed in 

digitonin (8mg/ml) for 20 min followed by BN gel electrophoresis. The separated proteins 

were transferred to polyvinylidene difluoride (PVDF) membranes for immunoblotting.

Mitochondrial Cardiolipin Content Measurement

Cardolipin content was measured in crude mitochondrial preparations using an enzyme-

linked immunosorbent assay kit according to manufacturer’s instructions 

(EKU02951,Biomatik, Wilmington, DE). Mitochondria were isolated and 100μg were lysed 

in PBS by sonication on ice immediately before assaying.

Cardlolipin Binding Assay

Mitochondrial cardiolipin-binding proteins were pulled down using cardiolipin coated beads 

(P-BCLP, Echelon Biosciences, Salt Lake City, UT). Following crude mitochondrial 

isolation, 100μg of mitochondria were lysed in 1.0% NP-40, 150 mM NaCl, 10 mM HEPES, 

pH 7.4 on ice for 30 minutes. The resulting lysate was incubated overnight with beads 

coated in cardiolipin or uncoated control beads. Beads were washed 5 times with 0.5% 

NP-40, 150 mM NaCl, 10 mM HEPES, pH 7.4 and bound proteins were eluted in 2x SDS 

sample buffer. Eluted samples and 25μg of unbound mitochondrial input lysate were 

resolved by SDS-PAGE and immunoblotted as indicated.
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Western blot analyses

For immunoblotting in whole cell lysates, cells were homogenized in RIPA (50mM Tris 

HCl, pH of 7.4, 150mM NaCl, 1.0% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, and 

1.0mM EDTA, 0.1% (w/v) SDS) buffer plus 1% protease inhibitors (05892791001, 

Complete Mini; Roche, Mannheim, Germany). Equal amounts of proteins (25 – 50 μg) were 

separated by SDS-PAGE and transferred to PVDF membranes. For immunoblotting in 

mitochondria, equal amounts of proteins from crude mitochondrial preps were lysed in RIPA 

with 1% protease inhibitor for 30 minutes on ice before SDS-PAGE. Antibodies used were 

anti-PHB antibody (1:2000 dilution, clone # II-14-10, Thermo Scientific), anti-PHB2 

(1:1000, Cell Signaling Technology), anti-HSP60 (1:1000, source), anti-SLP-2 (1:1000, 

ProteinTech), anti-β-actin (1:3000, Cell Signaling Technology). Representative subunits of 

CI were detected with anti-NDUFA9 (1:1000, Abcam) and anti-NDUFVI (1:500, Santa 

Cruz) antibodies. Complex III was detected with an anti-Core 2 subunit antibody (1:1000, 

Abcam). Protein bands were detected using a LI-COR Digital Imaging system and band 

intensities were quantified with Image Studio software.

Relative mitochondrial DNA copy number measurement by RT-PCR

Total DNA was extracted from undifferentiated PC12 cells using Wizard SV Genomic DNA 

Purification System (A2360, Promega, Madison, WI) and measured by quantitative real-time 

PCR analysis with Maxima SYBR Green/ROX qPCR Master Mix (K0221,Thermo 

Scientific, Waltham, MA). Amplifications were performed on a Chromo 4 Detector (Bio-

Rad, Hercules, CA) using a two-step cycling protocol (50°C for 2 min and 95°C for 10 min 

followed by 45 cycles of 95°C for 15 sec, 60°C for 1 min). The following primers were 

used: mtDNA (F: 5′-AGAGAAAGTACCGCAAGGGAA-3′ and R: 5′-

GTTTGGTTTCGGGGTTCTTAG-3′) and 28sRNA nuclear DNA (F: 5′-

GGGTTTTAAGCAGGAGGTGTC-3′ and R: 5′-TGGCAACAACACATCATCAGT-3′). 

The data are shown as mean±SEM relative to control lines.

Statistical analyses

Data are presented as mean+/−SEM. No sample calculation and no randomization was 

performed. Statistical differences between two groups were evaluated by unpaired, two-

tailed, t-test. ANOVA with Tukey’s post-hoc was used to compare differences across 

multiple samples. Kruskal-Wallis test was used for comparing mitochondrial size in different 

groups followed by Dunn’s for multiple comparison test using Graphpad Prism 7 software. 

Differences were considered significant when p<0.05.

Results

PHB expression modulates cell viability under oxidative stress

To evaluate the effect of PHB on mitochondrial function, we generated PC12 cell lines with 

stably overexpressed or downregulated PHB levels (Fig 1A, B). PHB overexpressing cells 

showed a 1-fold increase of PHB protein levels compared to vector control cells. The 

maximum stable shRNA-mediated knockdown we could achieve resulted in a 60% decrease 

of PHB level. This is likely because cells with lower PHB levels did not survive the selection 
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process, as PHB is essential for cell viability (Artal-Sanz et al. 2003, He et al. 2008). This 

level of silencing is comparable to RNAi-mediated PHB knockdown in other studies (Jian et 

al. 2017). Under normal cell culture conditions, PHB overexpressing or knockdown cell 

lines exhibited morphological features, such as cell shape, size, growth rate, and viability, 

similar to control lines (Supplemental Figure 1).

To determine if PHB modulates the viability of PC12 cells under oxidative stress, we treated 

cells with H2O2 (0.2mM for 2hrs). Consistent with our previous results in primary neuronal 

cultures (Zhou et al. 2012), PHB overexpression significantly improved cell survival of 

PC12 cells, while PHB downregulation caused decreased cell viability (Fig 1C). In order to 

control for off-target effects of the shRNA used to produce our knockdown line, we repeated 

this experiment using two independent lentiviral shRNAs constructs targeting PHB. We 

observed comparable decrease in both PHB level and viability under oxidative stress 

(Supplemental Fig 2A, B). These data support the hypothesis that PHB levels modulate cell 

viability under oxidative stress.

PHB expression modulates mitochondrial respiration

To gain insight into the potential mechanisms underlying the protective effect of PHB, we 

investigated how PHB expression modulates mitochondrial respiratory function in basal and 

oxidative stress conditions. We measured respiration in intact cells, in which the undisturbed 

cellular environment and the preserved interaction of mitochondria with other cellular 

components is useful in assessing the functional status of mitochondria (Brand & Nicholls 

2011). In normal culture conditions, PHB expressing cells showed similar O2 consumption 

rates compared to control cells (Fig 2A). PHB knockdown did not result in a significant 

decline of O2 consumption in basal conditions, suggesting that endogenous PHB levels can 

be decreased up to 60% without causing overt deficits in respiration. After exposure to 

oxidative stress, O2 consumption decreased in all cell lines, indicating mitochondrial 

impairment. This impairment was ameliorated by PHB overexpression (Fig. 2A), while PHB 

knockdown resulted in a more severe respiratory decline, consistent with the hypothesis that 

PHB levels mediate mitochondrial susceptibility to oxidative stress. To determine if 

oxidative stress caused uncoupling of mitochondria we measured proton leak. Addition of 

oligomycin decreased O2 consumption with no significant differences among cell lines with 

or without H2O2 treatment (Fig 2B). These results indicate that PHB levels do not affect 

respiration by altering proton leak and that the oxidative stress used in our model does not 

cause uncoupling of mitochondria.

In normal culture conditions, PHB overexpression did not affect the maximal respiration rate 

induced by the protonophore FCCP (Fig. 2C). However, under oxidative stress, control cells 

showed a significant decrease of the maximum respiration rate, which was ameliorated by 

PHB overexpression. Interestingly, the maximal respiration in PHB knockdown cells was 

significantly decreased in both normal and oxidative conditions. Consequently, spare 

respiratory capacity, which is the difference between the maximal and basal respiration, was 

preserved in PHB overexpressing cells under oxidative stress, but not in vector cells. In PHB 

knockdown cells, spare respiratory capacity was reduced in basal conditions and severely 
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impaired after oxidative stress (Fig 2D). These data suggest that PHB modulates the function 

of the respiratory chain under oxidative stress.

To determine if differences in mitochondrial respiration could be attributed to altered 

mitochondrial content, we measured the amount of mitochondrial DNA relative to nuclear 

DNA by real-time PCR. No significant differences in relative mitochondrial copy number 

between control cells and PHB overexpressing or knockdown lines were observed (Fig 2E), 

thereby excluding that differences in cell respiration were due to changes in mitochondrial 

content.

PHB levels modulate mitochondrial dynamics

Next, we examined whether modulation of PHB expression was associated with changes in 

mitochondrial morphology. PC12 cells were transfected with a mitochondrially targeted RFP 

(mito-RFP) and differentiated into neuron-like cells with nerve growth factor (NGF) to 

facilitate the visualization of mitochondrial morphology in neural processes. We measured 

mitochondrial length in normal and oxidative stress conditions to assess the potential 

association between PHB protein level and mitochondrial size. In normal conditions, 

analysis of the relative frequency distribution of mitochondrial size revealed that PHB 

overexpression significantly shifted the size distribution toward longer mitochondria. 

Conversely, downregulation of PHB resulted in a shift towards shorter (fragmented) 

mitochondria (Fig. 3A, B, C). After exposure to H2O2, mitochondrial length distributions 

underwent dramatic changes. In PHB overexpressing cells, mitochondrial fragmentation was 

largely prevented, maintaining a length distribution similar to untreated control cells (Fig. 

3A H2O2 panels, B, C). In contrast, PHB knockdown cells exhibited severe fragmentation 

(Fig. 3A H2O2 panels, B, C), with 95% of mitochondria having the major axis shorter than 

0.6 μm (Fig. 3A, shPHB/H2O2 panel). These results demonstrate that PHB is an important 

regulator of mitochondrial morphology, and is able to prevent mitochondrial fragmentation 

in conditions of oxidative stress.

To assess if these findings extend to neurons, we analyzed mitochondrial morphology in 

mouse primary cortical neurons, while manipulating PHB content. We knocked down 

endogenous PHB using siRNA electroporation and simultaneously labeled mitochondria 

with mt-dsRed. Neurons were cultured for five days in vitro (DIV), a time point we have 

previously reported to be sufficient for PHB knockdown but before any ensuing reduction in 

cell viability (Zhou et al. 2012). At 5 DIV, we lysed cells for PHB protein level assessment 

or imaged neurons to analyze mitochondrial morphology. On average, si-PHB transfection 

reduced PHB protein content by 70% relative to si-Ctrl transfected neurons (Fig. 4A, B). 

Mitochondria in processes of PHB knockdown neurons exhibited a dramatic shift from an 

elongated to a predominantly fragmented morphology (Fig. 4C). When PHB was 

downregulated, the fraction of neurons containing elongated mitochondria decreased by half, 

and the proportion of neurons with fragmented mitochondria doubled (Fig. 4D). Together 

with data obtained using PC12 cells, these results demonstrate that PHB is a potent 

modulator of mitochondria morphology also in neurons.
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PHB expression promotes mitochondrial respiratory chain complex and supercomplex 
stability

In order to gain insight into how PHB expression modulates mitochondrial function, we 

examined the levels of individual subunits of the electron transfer chain complexes. We 

found that representative subunits of CI were significantly reduced in PHB knockdown cells 

(Fig. 5A–D), suggesting that PHB is needed in maintaining the levels of CI specifically, as 

no significant alteration in levels of CIII core 2 subunit was observed (Fig 5E, F). These 

results were confirmed using two independent lentiviral shRNAs targeting PHB in PC12 

cells (Supplemental Fig 2 C).

Mitochondrial respiratory complexes exist in a dynamic arrangement of supercomplexes 

(RSCs), which facilitate efficient energy production (Genova & Lenaz 2014, Lapuente-Brun 

et al. 2013). RSC can be formed from combinations of either CIII with CIV (CIII2/CIV) or 

CI with CIII and CIV (CI/CIII2/CIV), among other variations (Acin-Perez et al. 2008, 

Moreno-Lastres et al. 2012). Because CI plays an essential role in RSC assembly (Moreno-

Lastres et al. 2012, Lenaz et al. 2016) and CI level was modulated by PHB expression (Fig 

5A–D), we further examined whether PHB expression also modulates CI in RSCs of PC12 

cells.

RSCs can be visualized in digitonin permeabilized mitochondrial fractions by BN gel 

electrophoresis combined with western blotting (Acin-Perez et al. 2008, Schagger & Pfeiffer 

2001, Dudkina et al. 2010). Strikingly, when digitonin solubilized mitochondria were 

resolved by BN gel and probed with CI and CIII specific antibodies, we observed more 

RSCs composed of CI, CIII2 and CIV in PHB overexpressing cells than in controls (Fig. 5G, 

two left lanes). Mitochondria from shPHB cells showed much lower RSC levels than sh-

scrambled controls (Fig. 5G, two right lanes). Similar results were obtained when a CIII 

antibody was used to probe the RSC in the same set of samples (Fig. 5H), confirming the 

effect of PHB expression on RSC assembly.

Next, we treated cells with H2O2 in order to assess the stability of CI under oxidative stress 

conditions. We confirm previous reports that CI is sensitive to oxidative stress, as assembled 

CI detected by BN-PAGE in maltoside-purified mitochondria underwent a time- and dose-

dependent degradation (Fig. 6A, B). PHB overexpression largely preserved the levels of CI 

subunit NDUFA9 from H2O2 induced degradation, while PHB knockdown led to the 

acceleration of its breakdown (Fig 6C, D). These data suggest that PHB not only contributes 

to the stability of CI subunits but also in complex stability, including supercomplex stability, 

under oxidative stress conditions.

PHB binds cardiolipin and modulates mitochondrial cardiolipin content

Increasing evidences suggest that phospholipids play a critical role in modulating 

mitochondrial respiratory complex activity and the assembly of RSC (Mileykovskaya & 

Dowhan 2014, Pfeiffer et al. 2003). However, whether mitochondrial lipids are involved in 

the effects of PHB expression on RSC assembly remains to be determined. Therefore, we 

first performed a cardiolipin binding assay to examine if native PHB and cardiolipin interact 

directly using cardiolipin coated beads to pull down cardiolipin-binding proteins from 
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mitochondrial lysates. As shown in Fig 7A, cardiolipin coated beads bound and pulled down 

PHB and PHB2, indicating a direct interaction between PHB complex and cardiolipin. 

Because of the direct interaction between PHB and cardiolipin, we next sought to examine 

whether PHB expression could directly modulate cardiolipin content in our model. Using 

ELISA, we found a significant 40% decrease of cardiolipin content in mitochondria isolated 

from PHB knockdown cells compared to scrambled shRNA control cells (Fig 7B). This 

result is consistent with previous reports that PHB is required for the formation of mature 

cardiolipin in mitochondria (Osman et al. 2009, Richter-Dennerlein et al. 2014). Together, 

these data suggest that PHB may participate in the modulation of RSC assembly through its 

binding to cardiolipin.

To our surprise, contrary to a previous report (Christie et al. 2011), we did not observe 

interaction between cardiolipin and another mitochondrial inner membrane protein, stomatin 

like protein 2 (SLP-2). SLP-2 has been reported to interact with PHB, and SLP-2 

knockdown by siRNA leads to the instability of PHB (Da Cruz et al. 2008). However, when 

we assessed SLP-2 protein levels in cells in which PHB was downregulated, we found a 

significant decrease in expression of SLP-2 (Fig 7C, D), suggesting that SLP-2 is not stable 

when PHB levels are decreased. Taken together, these data suggest that PHB and SLP-2 are 

mutually dependent in PC12 mitochondria but in our assay condition only PHB binds 

cardiolipin directly.

Discussion

We investigated the mechanistic aspects of PHB mediated neuroprotection, focusing on the 

effects of modulating PHB levels on mitochondrial function in normal and oxidative stress 

conditions. We found that PHB modules the mitochondrial response to oxidative stress by 

preserving mitochondrial morphology, respiratory capacity, preventing oxidative degradation 

of complex I, and stabilizing respiratory supercomplexes. PHB binds to cardiolipin and 

regulates its levels, which are known to be critical for complex and supercomplex assembly 

and stability (Pfeiffer et al. 2003, Mileykovskaya & Dowhan 2014). Collectively, these 

findings suggest that PHB is essential for stabilizing the lipid environment and respiratory 

machinery in the mitochondrial inner membrane and that, in conditions of oxidative stress, 

PHB overexpression exerts a protective effect by preserving the integrity of the respiratory 

machinery and bioenergetic capacity.

Surprisingly, PHB overexpression did not increase respiration in basal conditions (Fig. 2) 

despite increased levels of respiratory supercomplexes (Fig. 5). Therefore, it appears that 

endogenous PHB content is sufficient to achieve maximum basal respiratory capacity in 

normal conditions. However, PHB overexpression largely preserved both basal and spare 

respiratory capacity in oxidative stress conditions (Fig 2), suggesting that increased PHB 

levels are beneficial when cells are subjected to stress. On the other hand, decreasing PHB 

by 60% was sufficient to impair basal respiration after oxidative stress. Further, PHB 

knockdown significantly impaired maximal mitochondrial respiration and spare respiratory 

capacity both in basal and oxidative stress conditions (Fig. 2). These data demonstrate that 

PHB is necessary to maintain healthy mitochondrial function under basal and stressed 

conditions.
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Maintaining a healthy mitochondrial spare respiratory capacity could prevent energy defects 

in pathological states. Impaired spare respiratory capacity, for example, was identified in 

fibroblasts derived from AD patients (Gray & Quinn 2015). Furthermore, it was shown that 

spare respiratory capacity regulates excitotoxicity mediated by rotenone-induced complex I 

inhibition in a neuronal culture model of Parkinson’s disease (Yadava & Nicholls 2007). A 

decline of spare respiratory capacity has also been linked to aging (Desler et al. 2012). 

Conversely, human adipocytes with higher spare respiratory capacity are better at 

maintaining ATP homeostasis under hypoglycemic conditions (Keuper et al. 2014). 

Furthermore, enhanced spare respiratory capacity in non-transformed fibroblasts is linked to 

increased cell survival (Nickens et al. 2013). Our results suggest that PHB modulates 

mitochondrial function by increasing spare respiratory capacity, although the detailed 

mechanisms responsible for this effect of PHB need to be further investigated.

Mitochondria are dynamic organelles that constantly undergo balanced fission and fusion 

that control shape, size, and number of the organelle. Balanced mitochondrial dynamics is 

critical for normal cell activity, as evidenced by the neuropathology in patients harboring 

loss-of-function mutations in the mitochondrial fusion genes, OPA1 and MFN2. OPA1 

mutations cause autosomal dominant optic atrophy in retinal ganglion cells and optic nerve 

degeneration (Delettre et al. 2000) and mutations in MFN2 cause peripheral motor and 

sensory neuron loss (Zuchner et al. 2004). On the other hand, diminished fission is equally 

detrimental to cells. Impaired fission due to deletion of dynamin-related protein 1 (Drp1), a 

protein involved in the fission process, leads to the disruption of mitochondrial bioenergetics 

and synaptic function in CA1 hippocampal neurons (Shields et al. 2015). In response to 

stress, the balance tends to shift toward increased fission, leading to mitochondrial 

fragmentation and depolarization, ultrastructural damage, subsequent cytochrome c release 

and ROS production that contribute to cell death (Barsoum et al. 2006, Knott et al. 2008, 

Youle & van der Bliek 2012, Burte et al. 2015). Stress-induced mitochondrial fragmentation 

precedes neurite injury and neuronal cell death (Barsoum et al. 2006), highlighting a 

causative role of imbalanced mitochondrial fusion and fission in neuronal injury. Our results 

show that mitochondrial dynamics in the neurites of differentiated PC12 cells and in primary 

neurons is modulated by PHB. The preservation of mitochondrial length by PHB under 

oxidative stress (Fig. 3) may explain why PC12 cells overexpressing PHB exhibited 

increased viability, whereas cells with reduced PHB levels showed exacerbated cell death 

after H2O2 treatment. Further detailed biochemical studies are needed to elucidate how PHB 

modulates mitochondrial dynamics.

Complex I is degraded in damaged mitochondria (Guaras & Enriquez 2017, Pryde et al. 
2016). Here we show for the first time that PHB overexpression preserves complex I in cells 

under oxidative stress. Furthermore, RSC formation was enhanced in PHB overexpressing 

cells, while it was diminished in PHB knockdown cells. Because of the critical role that CI 

plays in RSC assembly (Moreno-Lastres et al. 2012), and since PHB interacts with CI 

(Bourges et al. 2004), PHB may favor the association of the subunits of CI into a functional 

complex that serves as a foundation for RSC assembly together with CIII and CIV. PHB 

overexpression prevented the degradation of CI subunits under oxidative stress, while PHB 

knockdown exacerbated it (Fig. 6), indicating an important function of PHB in protecting CI 
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from oxidative breakdown. Preserving assembled CI could contribute to the protection of 

CI-containing RSC and enhanced spare respiratory capacity.

Cardiolipin is an essential mitochondrial phospholipid. There is convincing evidence to 

support a role for cardiolipin in higher order organization of respiratory supercomplexes. 

Mitochondria from patients of Barth syndrome, a disease characterized by cardiomyopathy 

and skeletal myopathy caused by mutations in the gene for cardiolipin maturation, show 

lower levels of cardiolipin and decreased RSC formation (McKenzie et al. 2006). RSCs 

composed of CIII2CIV are unstable in the absence of cardiolipin (Pfeiffer et al. 2003, Zhang 

et al. 2002). Cardiolipin also contributes to mitochondrial inner membrane fusion, according 

to a recent study (Liu & Chan 2017, Ban et al. 2017). Our observation that PHB level 

modulates both RSC stability and cardiolipin content raises the possibility that the effect of 

PHB on CI and RSC is mediated through its ability to control cardiolipin content. Further, 

PHB expression may modulate both RSC formation and mitochondrial morphology by 

directly regulating cardiolipin content in mitochondria, although the detailed mechanisms by 

which PHB modulates cardiolipin level need to be further elucidated.

A role for the PHB in the regulation of cardiolipin has been previously reported by synthetic 

lethality screening in yeast (Osman et al. 2009) and in the maturation of cardiolipin in HEK 

cells (Richter-Dennerlein et al. 2014). Our data demonstrate the interaction of the PHB 

complex with cardiolipin and confirm that reduction of PHB decreases cardiolipin in 

mammalian mitochondria (Fig 7). Another SPFH-domain containing protein, SLP-2, has 

been proposed to complex with PHB, bind cardiolipin, and regulate ETC supercomplex 

stability (Da Cruz et al. 2008, Christie et al. 2011, Mitsopoulos et al. 2017). Further, it has 

been reported that SLP-2 stabilizes PHB in mitochondrial lipid microdomains (Christie et al. 

2011). We found that loss of PHB leads to a reduction in SLP-2. The reciprocal regulation of 

PHB and SLP-2 is intriguing and increases the complexity of the role of PHB in regulating 

mitochondrial function. Taken together, these data suggest that the decrease of PHB and 

consequent reduction of cardiolipin drive mitochondrial dysfunction.

In summary, here we demonstrate that PHB plays an important role in the protection of 

PC12 cells subjected to oxidative stress by modulating mitochondrial respiratory machinery, 

dynamics, and supercomplexes stability. This study provides a deeper mechanistic 

understanding of how PHB may exert its protective effects. Our findings have potential 

implications for brain ischemia and other pathologies involving oxidative stress, as 

modulating the expression of PHB may have a significant impact on brain injury and 

recovery.
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Abbreviation list

PHB prohibitin

CI complex I

CIII complex III

ETC electron transfer chain

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium

shRNA short hairpin ribonucleic acid

SCR scrambled

FCCP carbonyl cyanide-4-trifluoromethoxy)phenylhydrazone

mito mitochondria

RFP red fluorescence protein

GFP green fluorescence protein

β-NGF beta-nerve growth factor

PBS phosphate buffered saline

siRNA small interference RNA

BN blue native

HEPES hydroxyethyl piperazineethanesulfonic acid

EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid

PVDF polyvinylidene difluoride

SDS-PAGE sodium dodecyl sulfate- polyacrylamide gel electrophoresis

RIPA Radioimmunoprecipitation assay

HSP heat shock protein

SLP-2 Stomatin-like protein 2

RT-PCR real time polymerase chain reaction

mtDNA mitochondrial DNA

DIV days in vitro

RSC respiratory supercomplex

ELISA enzyme-linked immunosorbent assay
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ROS reactive oxygen species

HEK cells Human Embryonic Kidney cells
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Figure 1. PHB levels in PC12 cells affect cell viability in oxidative stress conditions
(A) Western blots analyses for PHB. PC12 cells stably transfected with PHB overexpression, 

shRNA silencing, and vector control plasmids and grown in normal growth medium were 

harvested and lysed. Each lane was loaded with 20μg of cell lysate. β-actin was used as 

loading control. (B) Protein band intensity quantification. Mean band intensity was 

normalized to β-actin levels and expressed as a proportion of control lines. **p<0.01 

compared to vector or shSCR lines, n=8 independent experiments. (C) Cell viability 

analyses. Cell viability was determined using MTS assay after cells were treated for 2hrs 

with H2O2 (0.2mM) or vehicle. Viability was calculated as percentage of vehicle treated 

cells for each line. ***p<0.001 compared to vector or shSCR, n=6 independent experiments. 

The data are shown as mean±SEM.
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Figure 2. PHB levels modulate mitochondrial respiration
PC12 cells treated with H2O2 (0.2 mM, 2 hrs) or vehicle were analyzed by oxygraph. (A) 

Basal respiration. (B) Proton leakage measurement after oligomycin (1μM) addition. (C) 

Maximum respiration induced by the protonophore FCCP (1μM). (D) Spare respiratory 

capacity obtained by subtracting basal respiration from maximum respiration. *p<0.05 

compared to vehicle treated cells, #p<0.05 compared to corresponding shSCR group. Each 

bar represents between 6 and 9 samples from 3 independent experiments. (E) Relative 

mitochondrial DNA copy number measured by real-time RT-qPCR and normalized to 

28sRNA nuclear DNA. The data are shown as mean±SEM.
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Figure 3. PHB levels modulate mitochondrial length in differentiated PC12 cells
PC12 cells on glass bottom dishes were transfected with mito-RFP and induced to 

differentiate with NGF for 6 days. (A) Mitochondrial length distribution in normal (upper 

panels) and in oxidative stress conditions (lower panels). (B) Box-and-whisker diagrams 

showing mitochondrial length distribution derived from the Kruskal-Wallis test for the four 

cell lines in basal conditions (untreated) and under oxidative stress (H2O2 treatment). The 

box is interquartile range from the first to the third (midspread 50%); the data range (max 

and min values) is represented by the lines above and below the box; the bar inside the box 

represents the median value. Significant differences among groups revealed by the Dunn’s 

test for multiple comparisons are indicated (*p<0.05, total n=359–763 mitochondria per 

group in normal conditions and n=211–1096 mitochondria per group in H2O2 treated cells). 

(C) Representative images of mitochondrial network in PHB expressing and PHB 

knockdown cells in basal conditions and after oxidative stress. Data were obtained from 

three independent experiments measuring individual mitochondria.
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Figure 4. PHB knockdown in primary neurons causes mitochondrial fragmentation
Primary neurons co-transfected with PHB siRNA and mt-dsRed were cultured for 5 days 

before PHB protein level and mitochondrial morphology analyses. (A) Western blot analysis 

of PHB protein level in si-PHB and si-Ctrl transfected neurons and β-actin as loading 

control. (B) Quantitative measurement of PHB protein band intensity normalized to β-actin. 

(C) Representative confocal images of mitochondrial morphology in the neurites of neurons 

transfected with mt-dsRed and either si-PHB or si-Ctrl as indicated. Images were taken with 

63X oil objective. (D) Quantitative analyses of siRNA transfected neurons containing 

elongated tubular or fragmented mitochondria. Neurons containing a mix of elongated and 

fragmented mitochondria were grouped separately. *p<0.05, n=3 separate experiments 

totaling 224 cells for si-PHB group and 254 for si-Ctrl group. Data are shown as mean

±SEM.
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Figure 5. PHB expression modulates mitochondrial complex I subunit levels and RSC formation
Mitochondria from PHB overexpressing or knockdown cells and respective controls were 

partially purified and lysed with either RIPA buffer for SDS-PAGE or by digitonin for BN-

PAGE analyses. (A, B) Mitochondrial complex CI level assessment with CI subunit 

NDUFA9 specific antibody and quantitative protein band analysis. HSP60 was used as 

loading control. (C, D) CI level assessment with a different antibody specific for CI subunit 

NDUFVI and protein band intensity measurements. (E, F) CIII level assessment with 

antibody specific for CIII subunit core 2 and protein band intensity measurements. (G) 

Supercomplex assembly assessment with antibodies for CI subunit A9. Mitochondrial 

preparations were solubilized using digitonin and separated by BN-PAGE. (H) 

Supercomplex assembly assessed by antibody specific for CIII core 2 subunit. Shown in 

each panel is one representative blot image from 3–4 separate experiments. *p<0.05, 

**p<0.01. The data are shown as mean±SEM.
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Figure 6. PHB expression prevents oxidative breakdown of CI
Oxidative breakdown of CI was assayed in mitochondrial preparations from WT PC12 cells. 

Intact CI was solubilized using maltoside from mitochondria of cells that were treated with 

increasing concentrations of H2O2 for 2 hrs (A) or with 0.5mM H2O2 for 0, 30, 60, 90, 120, 

or 180 minutes (B). Solubilized intact CI was resolved by BN-PAGE and probed with 

antibodies to CI subunit NDUFA9. To assess the effect of PHB on CI stability, PHB 

overexpressing or knockdown cells and a vector control line were treated with 0.5mM H2O2 

for 4 hrs. Mitochondrial preparations were lysed and content of representative CI subunit 

NDUFA9 was assayed by SDS-PAGE and western blotting (C). CI NDUFA9 band intensity 

was normalized using TIM23 (D). *p<0.05, n=4 separate experiments; ns, not significant. 

The data are shown as mean±SEM.
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Figure 7. PHB binds cardiolipin and modulates its content in mitochondria
(A) Levels of PHB1 and SLP-2 were measured in whole cell lysates by immunoblot. HSP60 

was used as a loading control. (B) Cardiolipin content was measured in mitochondria 

isolated from shSCR and shPHB PC12 cells. (C) Cardiolipin binding proteins were pulled 

down from mitochondrial lysates using cardiolipin coated beads and separated by SDS-

PAGE for immunoblotting. Uncoated beads were used to control for non-specific binding 

and unbound lysate was used as an input control. *p<0.05, n=3 separate experiments. (D) 

The data are shown as mean±SEM.
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