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Abstract

The GTPase OPA1 and the AAA-protease OMA1 serve well-established roles in mitochondrial stress responses and

mitochondria-initiated cell death. In addition to its role in mitochondrial membrane fusion, cristae structure, and bioenergetic

function, OPA1 controls apoptosis by sequestering cytochrome c (cyt c) in mitochondrial cristae. Cleavage of functional

long OPA1 (L-OPA1) isoforms by OMA1 inactivates mitochondrial fusion and primes apoptosis. OPA1 cleavage is

regulated by the prohibitin (PHB) complex, a heteromeric, ring-shaped mitochondrial inner membrane scaffolding complex

composed of PHB1 and PHB2. In neurons, PHB plays a protective role against various stresses, and PHB deletion

destabilizes OPA1 causing neurodegeneration. While deletion of OMA1 prevents OPA1 destabilization and attenuates

neurodegeneration in PHB2 KO mice, how PHB levels regulate OMA1 is still unknown. Here, we investigate the effects of

modulating neuronal PHB levels on OMA1 stability and OPA1 cleavage. We demonstrate that PHB promotes OMA1

turnover, effectively decreasing the pool of OMA1. Further, we show that OMA1 binds to cardiolipin (CL), a major

mitochondrial phospholipid. CL binding promotes OMA1 turnover, as we show that deleting the CL-binding domain of

OMA1 decreases its turnover rate. Since PHB is known to stabilize CL, these data suggest that PHB modulates OMA1

through CL. Furthermore, we show that PHB decreases cyt c release induced by tBID and attenuates caspase 9 activation in

response to hypoxic stress in neurons. Taken together, our results suggest that PHB-mediated CL stabilization regulates

stress responses and cell death through OMA1 turnover and cyt c release.

Introduction

The prohibitin (PHB) complex is an inner membrane

megaDalton-sized scaffold composed of the highly conserved

proteins PHB1 and PHB2. Several functions have been pro-

posed for PHB, including scaffolding mitochondrial proteins,

regulating mitochondrial morphology and cristae architecture,

signaling for mitophagy, and stabilizing mitochondrial lipids

[1, 2]. Specifically, studies have demonstrated that PHB is

involved in mitochondrial lipid maturation and binds the

phospholipid cardiolipin (CL) [3, 4], a major component of

the mitochondrial inner membrane (IMM). PHB was also

shown to stabilize the respiratory chain supercomplexes and

promote respiratory functions in neural cells [3]. Another

function of PHB is thought to be the stabilization of the

GTPase optic atrophy 1 (OPA1), which plays a fundamental

role in regulating inner membrane fusion and cristae structure

[5–9]. Proteolytic cleavage of long OPA1 (L-OPA1) isoforms

into short OPA1 (S-OPA1) isoforms regulates OPA1 func-

tion. Ablation of PHB2 destabilizes L-OPA1, disrupting

cristae structure and resulting in neurodegeneration [10]. On

the other hand, increasing PHB is beneficial, as potent neu-

roprotection is conferred by PHB overexpression in neurons

subjected to various stressors, in vitro and in vivo [3, 11–13].

The ATP-independent mitochondrial protease OMA1 cleaves

OPA1 in response to stress [14–17]. However, whether PHB

regulates OMA1 activity and L-OPA1 cleavage under stress

is unknown. Here, to address the role of PHB in regulating

OMA1 activity and OPA1 cleavage in basal conditions and

under mitochondrial stress, we modulate the expression of

PHB in neurons and assess the effects on OPA1 and OMA1.
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Surprisingly, we find that PHB overexpression increases basal

L-OPA1 processing and does not preserve L-OPA1 from

stress-induced cleavage. However, we show that PHB reg-

ulates OMA1 turnover, revealing a novel role of PHB in

mitochondrial proteostasis. We also show that OMA1 binds

to CL and that CL binding promotes OMA1 turnover, sug-

gesting that PHB regulation of OMA1 could occur through its

CL-stabilizing function.

Results

PHB does not affect depolarization-induced OPA1
cleavage in neurons, despite regulating OMA1 levels

Ablation of the PHB complex by PHB2 knockout was shown

to destabilize L-OPA1 [10]. However, whether increasing

PHB affects OPA1 processing is unknown. Surprisingly, we

found that transient overexpression of both subunits of the

PHB complex, PHB1 and PHB2, in mouse neuroblastoma

Neuro-2a (N2a) cells results in a decrease in L-OPA1 content

relative to vector control cells at baseline (Fig. 1a, b).

Moreover, upon treatment with the membrane potential

(ΔΨm) dissipating protonophore carbonyl cyanide m-

chlorophenyl hydrazone (CCCP), processing of L-OPA1

was similar in PHB1/2 overexpressing cells and vector con-

trols. This result was confirmed in another neuron-like cell

line (PC12 cells) stably overexpressing PHB1 [3] exposed to

oxidative stress. PHB1-expressing PC12 cells showed

decreased L-OPA1 at baseline and after treatment with H2O2

relative to control cells (Supplementary Fig. 1A, B). In

addition, we found that the differentiation of PHB1-

expressing PC12 cells induced by nerve growth factor

(NGF) was increased relative to vector controls, with no

change in neurite length, indicating that a slight decrease in

L-OPA1 is not detrimental to neurons (Supplementary

Fig. 1C–E).

Cleavage of L-OPA1 and disruption of OPA1 oligomers

have been shown to cause release of proapoptotic cyto-

chrome c from IMM cristae [7, 9, 18–20]. Given the effect

we observed of PHB on L-OPA1 stability, we investigated

if PHB also regulates cytochrome c release. Isolated mito-

chondria from N2a cells overexpressing PHB1/2 and vector

controls were treated with tBID to induce cytochrome

c release [7, 21]. PHB1/2 overexpression attenuated tBID-

induced cytochrome c release from mitochondria (Fig. 1c,

d). These data suggest that PHB overexpression prevents

the induction of apoptosis, despite increasing OPA1 pro-

teolytic processing, dissociating the antiapoptotic effect of

PHB from its effect on OPA1.

The protease that cleaves OPA1 is OMA1, which is acti-

vated by proteolytic cleavage under stress conditions [14–17].

Many proteases are produced as zymogens, inactive

proenzymes, and their activity is regulated by continuous

turnover until a stimulus removes the inhibitory prodomain to

activate the enzyme [22]. OMA1 appears to be regulated in

this manner, as it is generated as a proenzyme and becomes

active when stress stimulates its autocatalytic cleavage to

remove the C-terminal prodomain, generating a very short-

lived active enzyme [14, 17], which is difficult to detect

(Fig. 2a). To assess the effects of modulating PHB levels on

the processing and turnover of OMA1 at baseline and under

mitochondrial depolarization, we utilized a C-terminally Flag-

tagged OMA1 construct (Fig. 1e) due to the unavailability of

reliable antibodies targeting the inactive protein (Supplemen-

tary Fig. 2A, B). In vehicle treated cells, this construct

expressed a band migrating at ~43 kDa, which has been

proposed to be the inactive pro-OMA1 [14, 17] (Fig. 1f).

Upon CCCP treatment, this OMA1 band disappeared, while

L-OPA1 was cleaved (Fig. 1f), indicating that OMA1 was

activated and demonstrating that OMA1-Flag performed as

expected. Using an established OMA1 KO mouse embryonic

fibroblast line [23] and N2a cells silenced for OMA1, we

confirmed that OMA1 is the protease responsible for cleaving

OPA1 in response to CCCP (Supplementary Fig. 2A, C), as

previously described [14–17].

To ascertain the effect of PHB expression on OMA1, we

transiently transfected OMA1-Flag together with PHB1/2 or

siRNA targeting PHB1, in N2a cells (Fig. 1g). PHB1/2

overexpression reduced the content of OMA1 by more than

50%, while PHB1 silencing, which as expected also

decreases PHB2 [24], resulted in an accumulation of pro-

OMA1 (Fig. 1g, h). These data demonstrate that PHB

regulates the levels of OMA1.

PHB regulates OMA1 processing and degradation

OMA1 is cleaved at its N-terminus to remove the

mitochondrial-targeting sequence (MTS) and, upon mito-

chondrial depolarization, at its C-terminus to activate the

proteolytic function [14, 17]. Therefore, to obtain a com-

prehensive view of OMA1 cleavage, which is not feasible

with only the C-terminal Flag construct, we generated a

second OMA1 construct with an internal Flag tag after

amino acid 212, immediately following the transmembrane

domain of the protein (Fig. 2f). In OMA1 KO MEFs, this

construct produced the expected bands for full-length

OMA1, containing the MTS (~60 kDa), and pro-OMA1

(~43 kDa), but not the band corresponding to the proposed

active S-OMA1 (~37 kDa) [17] (Fig. 2a). Instead, we

detected Flag-immunoreactive bands between 15 and

20 kDa (Fig. 2a), suggestive of degradation products (deg-

OMA1). With this OMA1 construct, we showed that PHB1/

2 overexpression decreases the levels of both pro-OMA1

and deg-OMA1 (Fig. 2a, b). Treatment of N2a cells

expressing this OMA1 construct with CCCP resulted in the
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loss of pro-OMA1, indicating OMA1 processing into its

active form, and confirming that inserting an internal Flag

tag did not impair sensitivity of the protein to depolarization

(Fig. 2c, d). CCCP also increased the proportion of deg-

OMA1 to total OMA1, while the total amount of OMA1

was unchanged by CCCP treatment. To further investigate

if deg-OMA1 is the result of a discrete cleavage event of

pro-OMA1 we generated a third internal Flag-OMA1 con-

struct, in which we deleted the region containing a pre-

sumptive cleavage site, based on the size of the cleavage

products of the other constructs (deletion of amino acids

245–305, Fig. 2f). Deleting this internal site of OMA1 did

not prevent the generation of deg-OMA1 fragments in N2A

cells (Fig. 2e), suggesting that deg-OMA1 is not the result

Fig. 1 PHB modulates OPA1 and OMA1 levels and attenuates

cytochrome c release, but does not prevent CCCP-induced OPA1

processing. a Representative western blot of OPA1 long (L-OPA1)

and short (S-OPA1) isoforms in N2a cells transiently overexpressing

PHB1/2 (PHB) or empty vector. Cells were treated with 10 µM CCCP

or vehicle (DMSO). β-actin was used as a loading control. b The ratio

of L-OPA1 to S-OPA1 was quantified from n= 4 experiments. *p <

0.05, Student’s t test. c Cytochrome c content in mitochondrial pellets

(P) or released into supernatant (S) measured by western blots of

mitochondria isolated from N2a cells overexpressing PHB or vector

control incubated for 30 min with 100 nM tBID at 30 °C.

TIM23 served as a mitochondrial protein loading control. d Quanti-

fication of cytochrome c localization in tBID treated mitochondria

relative to total cytochrome c detected, n= 5 experiments. *p < 0.05 S

relative to P fraction, Student’s t test. e Schematic representation of C-

terminal OMA1-Flag constructed and proposed activating cleavage

site (dashed line) and resulting OMA1 isoforms. f OMA1 activation

visualized by western blot of lysates prepared from N2a cells tran-

siently expressing a C-terminal OMA1-Flag and treated with 10 µM

CCCP or vehicle (DMSO). Blots were probed with antibodies to

OPA1, Flag, and β-actin as a loading control. g Western blot of whole

cell lysates from N2a cells overexpressing a C-terminal OMA1-Flag

construct plus PHB1/2, siRNA targeting PHB1, or scrambled (Scr)

control siRNA. Blots were probed with specific antibodies to Flag,

PHB1, PHB2, and β-actin as a loading control. h Quantification of

relative OMA1-Flag band intensity normalized by β-actin from n= 4

experiments. *p < 0.05, **p < 0.01 relative to Scr controls, Student’s

t test.
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of a discrete cleavage event, but more likely results from

C-terminal degradation of OMA1, which produces multiple

Flag-immunoreactive bands. These data indicate that pro-

cessing of OMA1 generates previously unreported deg-

OMA1 fragments, and demonstrate that PHB regulates the

total content of OMA1.

PHB regulates OPA1 and OMA1 processing in
primary cortical neurons

Maintenance of L-OPA1 is essential for neuronal viability,

and loss of OPA1 results in neurodegeneration [25, 26].

Since we find that PHB regulates OPA1 and OMA1 in

neuronal cell lines, we sought to determine if PHB also

governs the processing of these proteins in primary neurons.

First, we observed a decrease in L-OPA1 in primary neu-

rons expressing PHB1/2 by lentiviral transduction (Fig. 3a,

b). Second, we found that overexpression of PHB1/2 did

not prevent L-OPA1 processing in neurons treated with

CCCP (Fig. 3a, b). Third, by transduction with lentivirus

expressing internal OMA1-Flag (Fig. 2f) we found that

inactive pro-OMA1 levels were decreased in primary neu-

rons overexpressing PHB1/2 (Fig. 3c, d). At baseline, deg-

OMA1 was detected in neurons, demonstrating that these

fragments of OMA1 are consistently observed across dif-

ferent cell models. When neurons were treated with CCCP,

the processing of pro-OMA1 to deg-OMA1 in PHB1/2

overexpressing neurons was significantly less than in vector

transduced cells (Fig. 3c, e). Taken together these results

validate the findings obtained in cell lines, showing that

PHB regulates the processing and turnover of OMA1 and

OPA1 in primary neurons.

Proteolytic processing of L-OPA1 has been observed in

models of neuronal hypoxia [27–30]. To recapitulate

pathophysiological features of ischemia-reperfusion injury,

we subjected neurons to oxygen and glucose deprivation

Fig. 2 OMA1 turnover is

regulated by PHB. a Western

blot of lysates from OMA1 KO

MEFs transiently transfected

with an internally Flag-tagged

OMA1 construct and PHB1/2 or

vector control probed with

specific antibodies to Flag,

PHB1, and β-actin as a loading

control. b OMA1-Flag bands

were quantified relative to β-

actin from n= 5 experiments.

*p < 0.05, **p < 0.01, Student’s

t test. c Western blot of N2a

cells transfected with internal

Flag-OMA1 treated with 10 µM

CCCP for 30 min or vehicle

(DMSO). d OMA1-Flag bands

were quantified relative to β-

actin from n= 5 experiments.

***p < 0.001, Student’s t test. e

Western blot of N2a cells

transfected with empty vector or

full length (FL) or deletion

(Δ245–305) internal OMA1-

Flag constructs. Hyphen

indicates an empty lane to

control for background signal.

Blots were probed with specific

antibodies to Flag and β-actin as

a loading control. f Schematic

representation of internally Flag-

tagged OMA1 constructs with

cleavages sites for the MTS and

inhibitory C-terminus

(activating).
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(OGD), a more disease relevant model system than mito-

chondrial stress induced by CCCP. Primary neurons trans-

duced with PHB1/2 were protected from OGD-induced cell

death assessed 24 h after reoxygenation (Fig. 3f). Decreased

cell death corresponded to decreased activation of apoptosis

measured by caspase 9 activity 8 h after reoxygenation

(Fig. 3g). Furthermore, as anticipated, neurons exposed to

OGD stress developed decreased average mitochondrial

length, but surprisingly PHB overexpression did not prevent

mitochondrial fragmentation (Fig. 3h). Together, these data

suggest that PHB protects neurons from hypoxia-induced

cell death despite increased OPA1 cleavage at baseline

(Fig. 3a, b) and indicate that PHB neuroprotection and

mitochondrial morphological changes are dissociated events

in the context of ischemia-reperfusion injury.

PHB regulation of OMA1 processing is not
dependent on ΔΨm or Yme1L

We show here that PHB regulates OMA1 processing from

pro-OMA1 to deg-OMA1, and it is also known that OMA1

activity can be regulated by ΔΨm [14, 15, 17]. Therefore, to

Fig. 3 PHB regulates OMA1 cleavage in neurons. a Western blot of

primary cortical neurons transduced with lentivirus to overexpress

PHB1/2 or vector control treated with 10 µM CCCP. Blots were

probed with specific antibodies to PHB1, PHB2, OPA1, and β-actin as

a loading control. b The ratio of L-OPA1 to S-OPA1 was quantified

from n= 5 experiments. **p < 0.01, Student’s t test. c Western blot of

primary cortical neurons transduced with lentivirus containing

internally Flag-tagged OMA1 and either PHB1/2 or vector control

treated with 10 µM CCCP. Blots were probed with specific antibodies

to Flag and β-actin as a loading control. d Quantification of pro-

OMA1-Flag band (~43 kDa) relative to untreated vector control. n= 3

experiments. *p < 0.05, Student’s t test. e Quantification of deg-

OMA1-Flag band (~18 kDa) relative to untreated vector control. n= 3

experiments. *p < 0.05, Student’s t test. f Quantification of neuronal

viability for each condition after 4 h OGD plus 24 h reoxygenation.

n= 5 experiments. The fraction of alive, calcein positive cells is

expressed relative to sham-treated controls. **p < 0.01 relative to

vector. g Caspase 9 activity was assayed in neuronal lysate after 4 h

OGD plus reoxygenation for the indicated time and expressed as a

percentage of vector sham-treated condition. n= 3. *p < 0.05.

h Mitochondrial length in µm measured in neurons expressing mito-

DsRed2 plus PHB1/2 or vector during OGD and after reperfusion

quantified using MetaMorph. n= 4 experiments.
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determine if PHB levels regulate OMA1 by altering ΔΨm

we modulated its expression in N2a cells and assessed

ΔΨm by TMRM fluorescence. Neither PHB1/2 over-

expression nor PHB1 downregulation by siRNA sig-

nificantly altered ΔΨm (Fig. 4a, b). Furthermore, since the

mitochondrial protease Yme1L has been shown to cleave

OMA1 under certain stress conditions [31], we assessed

the effects of modulating PHB on the levels of Yme1L. We

show that PHB1/2 overexpression and PHB1 silencing do

not alter Yme1L levels in N2A cells (Fig. 4c, d). Moreover,

to further demonstrate that Yme1L does not mediate the

effects of PHB on OMA1, we silenced Yme1L in N2a cells

and assessed the effects on PHB1/2 regulation of OMA1

processing from pro-OMA1 to deg-OMA1. Yme1L

downregulation did not affect PHB1/2 overexpression

effects on pro-OMA1, but it increased the levels of deg-

OMA1, suggesting that Yme1L is involved in the elim-

ination of deg-OMA1. Overall, these results indicate that

PHB regulation of OMA1 processing is not dependent on

ΔΨm or Yme1L, and suggest that autocatalytic turnover of

OMA1 can be activated in a PHB1/2-dependent and ΔΨm-

independent manner.

OMA1 binds CL and is part of high-molecular-weight
complexes in mitochondria

PHB binds CL and regulates its levels in mitochondria

[3, 4]. PHB is also essential to stabilize large molecular

Fig. 4 PHB does not alter mitochondrial membrane potential or

Yme1L levels. a Membrane potential was measured in N2a cells

transiently expressing empty vector, PHB1/2, scrambled siRNA con-

trol, or siRNA targeting PHB1 using 50 nM TMRM fluorescence (left

panels). Background fluorescence was measured after treatment with

10 µM CCCP for 30 min (right panels). Scale bar= 25 µm. b Quan-

tification of average TMRM fluorescence minus background fluores-

cence after CCCP. n= 5 vect, n= 12 PHB, n= 5 Scr, and

n= 12 siPHB wells. c Western blots of whole cell lysates from N2a

cells expressing empty vector, PHB1/2, scrambled siRNA control, or

siRNA targeting PHB1. Blots were probed with specific antibodies to

Yme1L and β-actin as a loading control. d Quantification of relative

Yme1L band intensity normalized by β-actin from n= 4 independent

experiments. e Western blots of whole cell lysates from N2a cells

transfected with internally Flag-tagged OMA1 plus siRNA targeting

Yme1L or scrambled siRNA control. Blots were probed with specific

antibodies to Flag, Yme1L, PHB1, and β-actin as a loading control.
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weight protein complexes in the IMM [3]. Furthermore,

OMA1 contains an N-terminal hydrophobic region and

positively charged residues that are required for

depolarization-induced activation [14], which could act as a

sensor via ionic interactions with lipid membranes. We and

others have demonstrated that PHB regulates CL content in

mitochondria. Thus, to test if OMA1 binds CL, we obtained

native protein lysates from N2a mitochondria expressing the

internal OMA1-Flag construct. We showed that OMA1 was

pulled down by CL-coated beads, but not by control beads

without CL (Fig. 5b). Moreover, a OMA1 deletion mutant

devoid of the putative CL-binding domain [14] (Δ144–163,

Fig. 5a), failed to bind CL-coated beads (Fig. 5b).

PHB1/2 form large molecular weight complexes in

mitochondria and previous studies have reported that

OMA1 is a part of large protein complexes in yeast and

mammalian cells [14, 32]. Given the functional interaction

between PHB and OMA1, we investigated the participation

of OMA1 and PHB in high-molecular-weight complexes

with OPA1. We separated native proteins from N2a cells

expressing Flag-tagged OMA1 by 2D blue native poly-

acrylamide gel electrophoresis (BN-PAGE). We detected

pro-OMA1 (~43 kDa) in high-molecular-weight complexes

whose migration overlapped with both PHB and OPA1

(Fig. 5c, outlined region). Interestingly, a fraction of deg-

OMA1 (~15–20 kDa) co-migrated with PHB, OPA1, and

pro-OMA1 in the high-molecular-weight complexes. Deg-

OMA1 was also detected in smaller complexes corre-

sponding to the size of previously reported structures

[14, 32], in addition to a large portion of monomeric form.

Taken together, these results confirm that OMA1 binds CL

and suggest that it is part of a large molecular complex,

which includes PHB1/2 and OPA1.

Discussion

Our results identify a role for the PHB complex in reg-

ulating OMA1 turnover in cell lines and neurons. While the

precise molecular mechanisms of this regulation remain to

be fully elucidated, we hypothesize that PHB mediates

OMA1 processing from pro-OMA1 to deg-OMA1 through

its CL-binding and stabilizing properties [3, 4], as we report

the novel finding that OMA1 binds CL and participates in

high-molecular-weight complexes, which may also contain

PHB1/2 and OPA1. OMA1 activation occurs in depolarized

mitochondria by an autocatalytic cleavage [14], but OMA1

can also be cleaved by the protease Yme1L in certain stress

conditions [31]. However, since Yme1L levels were

unchanged by altering PHB expression and silencing of

Yme1L did not alter the effects of PHB on pro-OMA1,

Yme1L is unlikely to mediate the effect of PHB on OMA1.

Using an internally Flag-tagged OMA1 construct, we

observed OMA1 cleavage products defined here as deg-

OMA1, which accumulate in response to mitochondrial

depolarization. Deletion mutant studies suggested that deg-

OMA1 likely derives from C-terminal degradation of the

protein. Interestingly, data suggest that Yme1L is involved

in the turnover of deg-OMA1, as deg-OMA1 accumulates

in Yme1L silenced cells.

The prodomain of OMA1 is required for its activation in

response to ΔѰm loss, suggesting a functional role beyond

inhibiting peptidase activity [14]. Zymogen prodomains

can also regulate the localization and compartmentalization

of enzymes [22]. Here, we showed that OMA1 binds CL,

raising the possibility that the N-terminal prodomain

sequesters OMA1 in CL microdomains in the IMM. A

functional relationship between CL and OMA1 is sup-

ported by data demonstrating that OMA1 is activated by

loss of DNAJC19, a CL structuring protein related to the

PHB complex [4]. Interestingly, depletion of DNAJC19

does not change ΔѰm [4], similar to PHB depletion,

Fig. 5 OMA1 binds CL and forms HMW complexes that co-

migrate with PHB. a Schematic representation of full length (FL) and

Δ144–163 deletion mutant internally Flag-tagged OMA1 constructs.

b Western blot of CL-binding proteins pulled down using CL-

conjugated beads from crude mitochondria isolated from N2a cells

expressing either full length (FL) or CL-binding domain deletion

(Δ144–163) internally Flag-tagged OMA1 constructs. Blots were

probed with specific antibodies to Flag, PHB1 as a positive CL-

binding control, and HSP60 as a non-CL-binding control. c 2D BN-

PAGE of digitonin-treated mitochondria from N2a cells expressing

internally Flag-tagged OMA1. Blot probed with specific antibodies to

OPA1, Flag, and PHB1. OPA1, Flag, and PHB immunoreactivity align

in high-molecular-weight complexes (dashed box).

1902 C. J. Anderson et al.



suggesting that OMA1 stability is affected by CL-binding

IMM proteins, and can be regulated independent of ΔѰm.

Further, OMA1 contains a domain that mediates its stabi-

lity and function [14], which we show to be critical for CL

binding. Both pro-OMA1 and deg-OMA1 are decreased by

PHB overexpression. Thus, we could speculate that PHB

regulates OMA1 through CL interactions, by promoting

turnover and decreasing the pool of pro-OMA1 available to

be activated under mitochondrial stress. In this way, PHB

could fine-tune OMA1 levels as a stress-responsive

rheostat.

Despite leading to increased L-OPA1 processing, PHB

overexpression decreases cytochrome c release induced by

tBID from isolated mitochondria and attenuates apoptosis in

neurons exposed to OGD. These results suggest that PHB

mediates a protective effect independently of preventing

OPA1 cleavage. The mechanisms by which PHB prevents

apoptosis remain to be fully elucidated, but some hypoth-

eses can be generated from our results. It is well-established

that CL binds cytochrome c and is required for its cristae

localization [33, 34]. Oxidation and loss of CL, resulting in

cytochrome c release, are among the first steps in the

induction of apoptosis [35, 36]. Because PHB binds to and

stabilizes CL in mitochondria [3, 4] and reduces reactive

oxygen species production [13], the role of PHB in reg-

ulating pro-OMA1, cytochrome c release, and cell death

may be mediated by a common mechanism involving CL

stabilization.

Interestingly, decreasing pro-OMA1 did not prevent

OPA1 cleavage induced by CCCP, demonstrating that

OMA1 is maintained at levels that exceed the amount

required to maximally cleave OPA1 upon mitochondrial

depolarization. This excess pro-OMA1 points to functions

other than OPA1 processing, but very few have been

identified thus far. In addition to itself and OPA1, OMA1

has been reported to cleave the protein UQCC3 upon

mitochondrial depolarization [37]. UQCC3 binds CL and is

involved in the stability of respiratory chain super-

complexes, a function we and others have reported for PHB

[3, 24]. Further, OMA1 is required for the stability of

supercomplexes and maximal respiratory output from

mitochondria [32]. Taken together, these observations

implicate OMA1 as a critical regulator of mitochondrial

functions beyond OPA1 cleavage.

In summary, we uncover a previously unappreciated role

of PHB in the regulation of the mitochondrial stress-

responsive protease OMA1 in neurons. Using a model of

neuronal hypoxia, we also demonstrate that modulation of

PHB expression regulates apoptosis, independently of

OPA1 and mitochondrial fission. These data expand our

molecular understanding of the role of PHB in mitochon-

drial function and provide novel insights into the regulation

of mitochondrial cell death pathways.

Materials and methods

Cell culture and primary cortical neuron cultures

The N2a mouse neuroblastoma cell line (ATCC® CCL-

131™) was cultured in DMEM with 10% fetal bovine

serum at 37 °C in a 5% CO2 incubator. PC12 cells stably

overexpressing PHB1 were previously described [3]. The

generation of OMA1 knockout mouse embryonic fibro-

blasts was previously described [23]. Cells were tested

periodically for mycoplasma contamination by PCR. Cells

were passaged regularly and plated for individual experi-

ments by dissociating them with 0.25% Trypsin-EDTA up

to 20 total passages. Where indicated, cells were transfected

with Lipofectamine 3000 (Thermo Fisher) according to

manufacturer’s protocol and assayed at 48 h post transfec-

tion. Cells were treated with 10 µM carbonyl cyanide m-

chlorophenyl hydrazine (CCCP) or DMSO (vehicle control)

in serum-free media where indicated.

Experimental protocols using timed pregnancies were

approved by the Institutional Animal Care and Use Com-

mittee of Weill Cornell Medicine. Pregnant C57BL/6 mice

at embryonic day 16.5 (E16.5) were euthanized under deep

anesthesia. Primary cortical neurons were isolated and dis-

sociated as described previously [13]. Briefly, cortices from

embryos were removed and washed in ice-cold HBSS

before incubation with 0.25% trypsin and 0.15 µg/mL

DNase. Cortical tissue was triturated with 30 passages

through a P1000 tip to dissociate cells. Cells were spun

down and resuspended in Neurobasal Media plus

B27 supplement (Thermo Fisher). Cells were then plated on

poly-L-ornithine coated dishes and kept at 37 °C in a 5%

CO2 incubator. Media was changed completely at 1 day

in vitro (DIV) and half media was replaced every 2 days

thereafter. To transduce primary neurons, lentiviral particles

were added to neurons at a multiplicity of infection (MOI)

of 3 on 5 DIV. Cells were incubated with lentivirus over-

night before half media was exchanged. Neurons were used

at 12–14 DIV. For transient overexpression or knock down

experiments N2a cells were transfected with Lipofectamine

3000 (Thermo Fisher) according to manufacturer’s proto-

cols. Oligonucleotides used for Yme1L and PHB1 silencing

and negative control were from Thermo Fisher Silencer

Select library.

Cloning and lentivirus production

Plasmids in the pcDNA3.1 backbone were used for transient

transfection of cell lines and in pLenti lentivector under the

control of a CMV promoter for lentiviral production. cDNA

clones of mouse PHB1, PHB2, and flag-tagged

OMA1 sequences were obtained from OriGene. Restric-

tion sites were added to inserts by overlap extension PCR
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before ligation into digested plasmid DNA. Internally

Flagged OMA1 constructs were manufactured by Genscript

and ligated into either the pLenti backbone or pcDNA3.1.

Constructs were verified by sequencing.

Lentiviral particles were produced in HEK293T cells

using a second-generation system following a standard

protocol [38]. Briefly, HEK293T cells were transfected with

the pLenti vector containing cDNA inserts, packaging

vector pCMV-Δ8.91, and VSVG envelope vector pMD2.G

using Lipofectamine 3000. After 6 h, media was changed to

B27 supplemented Neurobasal (Thermo Fisher). Culture

media containing lentivirus was collected after 24 h and

replaced with fresh media for another 24 h before a second

collection. The resulting lentivirus was pooled, spun at

1000 × g to remove debris, filtered through a 0.45 µm

polyvinylidene difluoride (PVDF) filter, and frozen in ali-

quots at −80 °C until use.

Oxygen-glucose deprivation (OGD) model

To model ischemia-like conditions, primary neurons were

exposed to glucose-free buffered saline solution (BSS; 138

mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 20 mM NaHCO3,

1.8 mM CaCl2, 0.9 mM MgCl2, 15 mM HEPES) bubbled

with a 95% nitrogen, 5% CO2 gas mixture for 5 min to

remove oxygen. Cells were placed in a Billups-Rothenberg

modular incubation chamber flushed with the same gas

mixture for 6 min. Sham controls received the same number

of media changes but were incubated with BSS containing

10 mM glucose in a normoxic incubator. Reoxygenation

was accomplished by replacing BSS or BSS with glucose

with regular glucose-containing culture media and returning

cells to a normoxic incubator.

Neuronal viability and mitochondrial morphology
imaging

To assess neuronal viability, cells were stained with 1 µM

calcein red-orange (Thermo Fisher) and 1 µg/mL Hoescht

(Thermo Fisher) for 30 min and washed twice with phos-

phate buffered saline (PBS). Neuronal viability was asses-

sed using a Nikon TE2000 inverted fluorescence

microscope. Neurons were identified from other cell types

by their polar morphology and viable cells counted based

on the presence of calcein fluorescence and intact, uniform

nuclei stained by Hoescht. Nonviable neurons were appar-

ent in bright field images but were not stained or weakly

stained by calcein and contained fragmented, pyknotic

nuclei. The fraction of viable cells to total cells was

expressed relative to untreated or sham treated, parallel

control cultures transduced with the same lentivectors.

For mitochondrial length measurements, primary neu-

rons transduced with a dsRed2 fluorescent protein targeted

to mitochondria (mito-dsRed2) at 5 DIV were imaged at 12

DIV with or without OGD/reoxygenation. Neurons plated

on poly-L-ornithine coated No. 1.0 coverglass were fixed in

4% paraformaldehyde/0.1 M phosphate buffer for 15 min

and mounted on slides using Fluoromount G (Electron

Microscopy Sciences). Mitochondria were visualized using

a Leica TCS SP5 confocal laser-scanning microscope

(Mannheim, Germany). Images were captured with a 63×

oil-immersion objective with a 4× optical zoom. Z-stack

images (400 Hz, 1024 × 1024) at 0.1 µM intervals were

captured throughout the thickness of a cell. Mitochondrial

length was measured using MetaMorph software (Mole-

cular Devices).

Crude mitochondrial preparation

N2a cells were washed once with ice-cold PBS and scraped

from plates in ice-cold mannitol-sucrose buffer (MS-EGTA;

225 mM mannitol, 75 mM sucrose, 5 mM HEPES, 1 mM

EGTA, 0.4 mg/mL fatty-acid free BSA, pH 7.4). Cells were

pelleted at 800 × g for 5 min and homogenized in a glass/

Teflon homogenizer in MS-EGTA buffer. Remaining intact

cells were pelleted with another spin at 800 × g and super-

natant containing mitochondria was collected and spun at

10,000 × g for 15 min at 4 °C. The resulting pellet was

washed once in MS-EGTA and spun again at 10,000 × g for

15 min. Mitochondrial fractions were resuspended in a

buffer containing 225 mM mannitol, 75 mM sucrose, 5 mM

HEPES, 0.1 mM EGTA, and 0.1 mg/mL fatty-acid free

BSA. Protein content was measured using the BCA Protein

Assay (Pierce).

Western bot analyses

Whole cell lysates were prepared by lysing cells in RIPA

buffer (50 mM Tris HCl pH 7.4, 150 mM NaCl, 1.0% NP-

40, 0.5% sodium deoxycholate, 1.0 mM EDTA, 0.1% SDS)

plus 1× protease inhibitors (Complete Mini; Roche). Protein

content in samples was assessed using a BCA Protein Assay

Kit (Pierce) and equal amounts of proteins were loaded on

Tris-Glycine gels and separated by SDS-PAGE. Proteins

were transferred to PVDF membranes and blocked with 5%

BSA followed by immunoblotting with indicated antibodies

overnight at 4 °C. Antibodies used were anti-OPA1

(1:1000, BD Biosciences 612606), anti-β-actin (1:3000,

Cell Signaling Technology, 4970), anti-Flag-M2 (1:1000,

Sigma, F1804), anti-PHB1 (1:1000, clone # ll-14–10,

Thermo Fisher, MA5-12858), anti-PHB2 (1:1000, Cell

Signaling Technology, 14085), anti-cytochrome c (1:500,

A-8, Santa Cruz Biotechnology, sc-13156), anti-Yme1L

(1:1000, ProteinTech, 11510-1-AP). To detect antibody

binding, blots were probed with anti-mouse (1:10,000, LI-

COR Biosciences, 926-68072) or anti-rabbit IgG secondary
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antibodies (1:10,000, LI-COR Biosciences, 926–32213) for

1 h at room temperature then imaged using the LI-COR

CLx imaging system. Band intensities were quantified using

Image Studio software (vs3.1, LI-COR Biosciences). In the

Yme1L silencing experiments, the protein was detected

with enhanced chemiluminescence in a Chemidoc

(BioRad), using SuperSignal West Femto substrate

(Thermo Fisher, 34095).

Blue native polyacrylamide gel electrophoresis

Crude mitochondria preparations from N2a cells were used

for 2D blue native polyacrylamide gel electrophoresis (BN-

PAGE) performed as described previously [39]. Briefly,

mitochondria were lysed in digitonin (8 mg/ml) for 20 min

followed by a clearing spin at 20,000 × g. The resulting

supernatant was collected and 10× sample buffer (750 mM

aminocaproic acid, 50 mM Bis-Tris, 0.5 mM EDTA, 5%

Coomassie Brilliant Blue G) was added. Solubilized native

proteins were separated in the first dimension on 4–12%

NativePAGE gradient gels (Thermo Fisher). Individual

sample lanes from these gels were removed and incubated

in 1× Laemmli sample buffer containing β-mercaptoethanol.

The resulting gel strips containing denatured proteins were

loaded onto 12% Tris-Glycine gels and separated by con-

ventional SDS-PAGE. Separated proteins were transferred

to PVDF membranes for immunoblotting.

Caspase 9 activity assay

Primary neurons were washed once in ice-cold PBS and

homogenized in lysis buffer (5 mM MgCl2, 1.5 mM EDTA,

1 mM EGTA, 25 mM HEPES pH 7.4, 2 mM DTT, 0.1%

Triton-X, 1× protease inhibitor cocktail), incubated on ice

for 10 min, and centrifuged at 13,000 × g for 5 min. The

supernatant was collected and mixed with an equal volume

of 2× assay buffer (20 mM HEPES pH 7.4, 100 mM NaCl,

1 mM EDTA, 0.1% CHAPS, 10% sucrose, 10 mM DTT)

containing 5 µM of the caspase 9 substrate AC-LEHD-AFC.

Samples were incubated for 1 h at 37 °C before fluorescence

was read by plate reader at 405 nm excitation and 505

emission.

Cytochrome c release assay

Crude mitochondria (50 µg) were suspended in isolation

buffer containing 1× protease inhibitor and 10 µM Boc-D-

FMK. Mitochondria were treated with a final concentration

of 100 nM caspase 8-cleaved BID (tBID) or tBID dilution

buffer (25 mM HEPES-KOH pH 7.4, 100 mM KCl, 0.1 mg/

mL fatty-acid free BSA) as a control for 30 min at 30 °C.

After treatment, mitochondrial fractions were separated by

spinning at 10,000 × g for 15 min and resuspended in 1×

SDS sample buffer. 4× SDS sample buffer was added to a

final 1× concentration in the supernatant collected after

mitochondria were spun down. Samples were resolved by

SDS-PAGE and analyzed by western blotting as

described above.

CL-binding assay

CL-binding proteins were pulled down with CL-coated

beads (Echelon Biosciences) from 100 µg of crude mito-

chondria isolated from N2a cells. Mitochondria were lysed

in 1.0% NP-40, 150 mM NaCl, 10 mM HEPES, pH 7.4 on

ice for 30 min, and the resulting lysate was incubated

overnight with CL-coated or uncoated control beads. Beads

were washed five times with 0.5% NP-40, 150 mM NaCl,

10 mM HEPES, pH 7.4, and bound proteins were eluted in

2× SDS sample buffer. Eluted samples and 25 µg of

unbound mitochondrial input lysate were resolved by SDS-

PAGE and immunoblotted as indicated.

Statistics

All experiments were repeated at least three times (exact n

is provided in the figure legends) and the statistical sig-

nificance was evaluated. Data in bar graphs are presented as

mean ± standard error of the mean (SEM). Statistical dif-

ferences between experimental and control groups were

evaluated by unpaired two-tailed Student’s t test. The

threshold for significance was set at p < 0.05.
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