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Prohibitins comprise an evolutionarily conserved and ubiquitously expressed family of membrane proteins
with poorly described functions. Large assemblies of PHB1 and PHB2 subunits are localized in the inner
membrane of mitochondria, but various roles in other cellular compartments have also been proposed for both
proteins. Here, we used conditional gene targeting of murine Phb2 to define cellular activities of prohibitins.
Our experiments restrict the function of prohibitins to mitochondria and identify the processing of the
dynamin-like GTPase OPA1, an essential component of the mitochondrial fusion machinery, as the central
cellular process controlled by prohibitins. Deletion of Phb2 leads to the selective loss of long isoforms of
OPA1. This results in an aberrant cristae morphogenesis and an impaired cellular proliferation and resistance
toward apoptosis. Expression of a long OPA1 isoform in PHB2-deficient cells suppresses these defects,
identifying impaired OPA1 processing as the primary cellular defect in the absence of prohibitins. Our results
therefore assign an essential function for the formation of mitochondrial cristae to prohibitins and suggest a
coupling of cell proliferation to mitochondrial morphogenesis.
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Mitochondria are multifunctional, reticulated organelles
intimately embedded in cellular physiology (Chan
2006a; McBride et al. 2006). Dynamic morphological al-
terations of mitochondria allow the adaptation of their
activities to cellular demands in time and space (Oka-
moto and Shaw 2005; Chan 2006b; Hoppins et al. 2007).
At least four dynamin-related GTPases mediate the fis-
sion and fusion of mitochondrial membranes and deter-
mine the shape of the mitochondrial reticulum: mitofus-
ins (MFN1 and MFN2) in the outer and OPA1 in the
inner membrane control mitochondrial membrane fu-
sion, while DRP1 triggers fission events. Mutations in
MFN2 and OPA1 cause neurodegeneration (Alexander et
al. 2000; Delettre et al. 2000; Züchner et al. 2004), illus-
trating the importance of mitochondrial dynamics for
neuronal functions.

Prohibitins comprise an evolutionarily conserved fam-
ily of membrane proteins whose function is poorly un-

derstood (Nijtmans et al. 2002; Mishra et al. 2005). Mul-
tiple copies of two homologous subunits, PHB1 (BAP32,
often simply termed prohibitin) and PHB2 (BAP37, REA),
form large complexes in the inner membrane of mito-
chondria (Ikonen et al. 1995; Coates et al. 1997; Berger
and Yaffe 1998). The ring-like shape of yeast prohibitin
complexes (Back et al. 2002; Tatsuta et al. 2005) and the
sequence similarity to lipid raft-associated proteins of
the SPFH family suggest a scaffolding function of pro-
hibitins, which may define membrane microdomains
(Tavernarakis et al. 1999; Langhorst et al. 2005; Morrow
and Parton 2005; Browman et al. 2007). Such an activity
could explain synthetic lethal interactions of prohibitins
with a diverse set of genes in yeast (Berger and Yaffe
1998; Birner et al. 2003; Nolden et al. 2005; Osman et al.
2007) as well as multiple cellular roles that have been
assigned to prohibitins in mammals.

Inactivation of prohibitin genes in multicellular organ-
isms like mouse and Caenorhabditis elegans revealed
essential functions during organismal development
(Sanz et al. 2003; Park et al. 2005). However, the molecu-
lar basis of these loss-of-function phenotypes is unclear.
Most importantly, although a mitochondrial localization
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is widely accepted, PHB1 and PHB2 have also been iden-
tified in the nucleus and the plasma membrane in cer-
tain mammalian cell lines (Fusaro et al. 2003; Kurtev et
al. 2004; Kasashima et al. 2006). Subunits of prohibitins
have been suggested to regulate cell cycle and apoptotic
processes by interacting with retinoblastoma tumor sup-
pressor protein and p53 (Nuell et al. 1991; Wang et al.
2002; Kasashima et al. 2006), to repress the transcrip-
tional activity of estrogen receptors by interacting with
histone deacetylases (Montano et al. 1999; Kurtev et al.
2004), to modulate epithelial cell adhesion and migra-
tion by interacting with c-Raf (Rajalingam et al. 2005), or
to function as cell surface receptors (Terashima et al.
1994; Mengwasser et al. 2004; Sharma and Quadri 2004).
It should be noted, however, that many of these studies
did not consider a mitochondrial localization of prohib-
itins and addressed only the function of either PHB1 or
PHB2, although both proteins have been demonstrated
to assemble quantitatively with each other (Coates et al.
2001).

Here, we used conditional gene targeting of murine
Phb2 and define an essential role of the prohibitin com-
plex for the processing of OPA1 within mitochondria
that results in impaired cell proliferation, resistance to-
ward apoptosis, and mitochondrial cristae morphogenesis.

Results

Conditional gene targeting of murine Phb2

To investigate the function of PHB2 in vivo, we used
conditional gene targeting using Cre-loxP-mediated re-
combination. The murine Phb2 gene is located on Chro-
mosome 6 and composed of nine exons (Fig. 1A). We
constructed a gene replacement vector that introduced a
gene cassette consisting of the neomycin resistance gene
(Neo) and a flanking loxP site upstream of exon 3 and a
loxP site downstream from exon 4 into the endogenous
Phb2 gene (Fig. 1A). Deletion of the loxP-flanked exons 3
and 4 by Cre-recombinase causes a frameshift mutation
resulting in a stop of translation at amino acid 73 of
PHB2. After injection of embryonic stem (ES) cells har-
boring the targeted allele (Supplemental Fig. S1) germ-
line transmission was confirmed by Southern blot analy-
sis (Fig. 1B). Heterozygous Phb2+/− animals were gener-
ated upon breeding of Phb2fl/+ mice with a Cre-
transgenic mouse strain allowing universal expression of
Cre-recombinase in all tissues (Schwenk et al. 1995). In-
tercrossings of Phb2+/− mice neither revealed viable
Phb2−/− offspring nor were homozygous mutant embryos
identified before embryonic day 8.5 (Supplemental Table
S1). Similarly, breeding of Phb2fl/+ mice with a Cre line
expressing Cre-recombinase specifically in the brain did
not produce viable offspring (Supplemental Table S1).
These findings are in agreement with previous observa-
tions using a conventional knockout strategy (Park et al.
2005) and suggest an essential function of PHB2 in early
embryonic development.

To define functional consequences of a deletion of
Phb2, mouse embryonic fibroblasts (MEFs) were isolated

from homozygous Phb2fl/fl embryos and transduced with
purified Cre-recombinase, leading to efficient deletion of
Phb2 in vitro (Fig. 1C). Western blot analysis confirmed
the absence of PHB2 in Phb2−/− cells (Fig. 1D). Notably,
depletion of PHB2 was accompanied by the loss of its
assembly partner PHB1 (Fig. 1D). RT–PCR experiments
demonstrated that transcription of Phb1 proceeds irre-
spective of the presence of Phb2 in the cells (Fig. 1E).
Thus, similar to other organisms (Berger and Yaffe 1998;
Sanz et al. 2003), murine PHB1 and PHB2 are function-
ally interdependent, defining the assembled prohibitin
complex as the functionally active unit.

PHB2 ensures cell proliferation and protects
against apoptosis

The effect of Phb2 deletion on cell proliferation was as-
sessed by determining the 3H-thymidine incorporation

Figure 1. Conditional inactivation of murine Phb2 in vivo and
in vitro. (A) Schematic representation of the wild-type Phb2
locus (WT), the targeting vector (TV), the targeted Phb2fl(neo)/+

locus after homologous recombination (FN), the conditional
Phb2fl/fl locus after Flpe-mediated recombination (F), and the
knockout locus upon Cre-mediated recombination (�). Positive
and negative selection markers (NeoR and TK), exons (black
bars), FRT and loxP sites (black ovals and black triangles, re-
spectively), external probes (black boxes, A and B), locations of
PCR primers (black arrows, P1–P3), and relevant HindIII restric-
tion sites (H) are indicated. (B) Southern blot analysis of germ-
line transmitted offspring harboring the targeted Phb2fl(neo)/+

locus. Genomic DNA isolated from ES cells and tail biopsies
was digested with HindIII, hybridized, and analyzed by autora-
diography. (C) PCR analysis of DNA isolated from MEFs. Am-
plified DNA fragments for the wild-type (WT), floxed (flox), and
knockout (�) locus are shown. (D) Immunoblot analysis of total
protein lysates. MEFs, transduced with Cre-recombinase when
indicated, were lysed and analyzed by immunoblotting using
PHB1- and PHB2-specific antibodies. A cross-reacting band was
used as a loading control. (E) RT–PCR analysis of Phb1 and Phb2
transcripts in Phb2-deficient and control MEFs. Transcripts of
�-actin were used as control.
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in Phb2fl/+ and Phb2fl/fl fibroblasts transduced with Cre-
recombinase. Whereas Cre-transduction did not affect
DNA labeling in heterozygous Phb2fl/+ cells, incorporation

of 3H-thymidine was strongly impaired in cells lacking
PHB2 (Fig. 2A). Consistently, cell growth was impaired in
Phb2fl/fl cells after Cre-transduction (Phb2−/−) (Fig. 2B).

Figure 2. Phb2 is required for cell proliferation and apoptotic resistance. (A) Incorporation of 3H-thymidine in MEFs after Cre-
transduction. Data represent mean ± standard deviations of three independent experiments. (***) P < 0.001. (B) Growth curves of
PHB2-deficient and control MEFs. Cells (5 × 104) were plated on 60-mm dishes and Cre-transduced when indicated. Triplicates of cell
samples were counted per time point. (**) P < 0.01; (***) P < 0.001. (C) TUNEL staining of Phb2fl/fl MEFs treated with Cre-recombinase
when indicated. DNase I-treated MEFs were analyzed in parallel for control. Bar, 10 µm. (D) Cre-induced expression of Phb2 in
Phb2-deficient MEFs. Phb2fl/fl MEFs were stably transfected with the CAGs–NeoR–STOP–IRES–EGFP constructs harboring the Phb2
cDNA (Phb2fl/fl�Phb2). Cre-mediated recombination results in the inactivation of the endogenous, floxed Phb2 alleles and, simul-
taneously, in the removal of the floxed transcriptional STOP cassette, allowing expression of the Phb2 transgene under control of the
CAGs promoter. IRES-EGFP expression was used as a reporter. (E) Caspase activation in Phb2fl/fl and Phb2fl/fl�Phb2 cells in the
presence of etoposide. Cell lines were transduced with Cre-recombinase when indicated and treated for 5 h with increasing concen-
trations of etoposide (0, 0.5, 1, 5, 10, 15 µM). Cell lysates were analyzed by SDS-PAGE and immunoblotting using antibodies directed
against caspase-3, PARP, and PHB2. �-Actin was used as a loading control. (F) Caspase activation in Phb2fl/fl and Phb2fl/fl�Phb2 cells
by various intrinsic and extrinsic apoptotic stimuli. After Cre-transduction, cells were treated with staurosporine (STS, 1 µM),
actinomycin D (ActD, 1 µg/mL), or TNF-� (10 ng/mL) for 5 h. Cell lysates were analyzed as in E. (G) Cytochrome c release from
prohibitin-deficient mitochondria in the presence of actinomycin D. Cells transduced with Cre-recombinase when indicated were
cultivated in the presence or absence of actinomycin D (1 µg/mL) for 5 h and analyzed by immunofluorescence. Nuclear DNA was
stained with DAPI. Bar, 10 µm. (H) Quantification of cytochrome c release from prohibitin-deficient mitochondria. Data represent
mean ± standard deviation of three independent experiments. Approximately 300 cells of each type were analyzed. (***) P < 0.001.
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TUNEL staining of PHB2-deficient cells, immunoblot-
ting of cell lysates for activated caspase-3, and cyto-
chrome c immunofluorescence did not provide any evi-
dence for spontaneous apoptosis (Fig. 2C–H). Bax and
Bcl2 as well as the anti-apoptotic protein Hax1 accumu-
lated at similar levels in wild-type and PHB2-deficient
cells (Supplemental Fig. S2). However, Phb2−/− cells ex-
hibited an increased susceptibility toward various intrin-
sic and extrinsic apoptotic stimuli (Fig. 2E–H; Supple-
mental Fig. S2). Activated caspase-3 and cleaved PARP
accumulated in PHB2-deficient but not in wild-type
MEFs treated with various stimuli of the intrinsic path-
way of apoptosis, including etoposide, staurosporine, and
actinomycin D (Fig. 2E,F). Notably, the absence of PHB2
affected also the extrinsic pathway of apoptosis induced
by TNF� (Fig. 2F). In agreement with these findings, cy-
tochrome c was released from mitochondria of PHB2-
deficient but not Phb2fl/fl cells after stimulation with
limited concentrations of actinomycin D (Fig. 2G,H).

We established stable Phb2fl/fl cell lines that harbor
PHB2 downstream from a stop-cassette with flanking
loxP sites (Fig. 2D). Expression of transgenes can be in-
duced by Cre-transduction of these cells, which results
concomitantly in the deletion of genomic Phb2. Expres-
sion of PHB2 in Phb2−/− cells restored cell proliferation
(Fig. 2A), cell growth (Fig. 2B), and the apoptotic resis-
tance of the cells (Fig. 2E–H), demonstrating that both
phenotypes can be solely attributed to the loss of PHB2.
We therefore conclude that deletion of murine Phb2 im-
pairs cell proliferation without inducing apoptosis but
renders MEFs highly susceptible to apoptotic stimuli.

Cell proliferation depends on mitochondrial targeting
of PHB2

Given the pleiotropic functions that have been suggested
for prohibitins in different cellular compartments, we
examined whether cellular defects of Phb2−/− cells are
caused by the loss of PHB2 within mitochondria. We
first replaced conserved arginine residues in the N-ter-
minal mitochondrial targeting sequence of PHB2 (Fig.
3A; Kasashima et al. 2006) and analyzed mitochondrial
targeting of the PHB2 variants both in vitro and in vivo.
35S-labeled wild-type PHB2 was imported into mito-
chondria isolated from murine liver and accumulated in
a protease-protected form (Fig. 3B). Import of PHB2 de-
pends on a membrane potential across the inner mem-
brane and is not accompanied by proteolytic cleavage
(Fig. 3B). Replacement of single positively charged amino
acids at position 11, 17, or 24 by alanine did not affect
import of PHB2 in vitro; however, it was severely im-
paired upon mutation of two arginine residues at posi-
tions 11 and 17 (PHB2AARR) (Fig. 3C). Similarly, import
of a quadruple mutant containing two additional muta-
tions of arginine residues at positions 48 and 54 was
blocked in vitro (PHB2AAAA) (Fig. 3C). When transiently
expressed as an EGFP fusion protein in MEFs, mitochon-
drial targeting of PHB2AARR was still observed, most
likely as a consequence of overexpression of the mutant
variant (Fig. 3D). Similarly, PHB2RRAA-EGFP targeted

mitochondria when transiently expressed in MEFs (Fig.
3D). In contrast, PHB2AAAA-EGFP accumulated in the
cytosol, demonstrating that mitochondrial sorting is in-
hibited in vivo (Fig. 3D).

To examine the activity of the PHB2 variants, we es-
tablished stable Phb2fl/fl cell lines allowing the expres-
sion of PHB2AARR, PHB2RRAA, and PHB2AAAA trans-
genes upon Cre-mediated recombination (see Fig. 2D).
Cell proliferation of PHB2-deficient MEFs was restored
by transgenic expression of PHB2AARR or PHB2RRAA (Fig.
3E), which accumulated at similar levels as PHB2 in
Phb2fl/fl cells (Fig. 3F; data not shown). In contrast, ex-
pression of the cytosolic variant PHB2AAAA did not sup-
port cell proliferation (Fig. 3E). Although expressed (Fig.
3G), neither mitochondrial PHB1 nor cytosolic
PHB2AAAA accumulated stably in these cells, indicating
degradation of both proteins (Fig. 3F). On the other hand,
mutations in a putative nuclear localization signal and a
nuclear receptor box motif did not interfere with cell
proliferation (Supplemental Fig. S3). These results reveal
a striking correlation between mitochondrial targeting
and the maintenance of cell proliferation, pointing to a
crucial role of PHB2 within mitochondria.

PHB2 is required for maintenance of tubular
mitochondria and normal cristae morphology

To examine the morphology of PHB2-deficient mito-
chondria, we expressed mitochondria-targeted red fluo-
rescent protein in Phb2+/+, Phb2fl/+, Phb2fl/fl, and in a
Phb2fl/fl cell line complemented with Phb2. Ablation of
Phb2 by Cre-transduction had severe effects on mito-
chondrial morphology and led to fragmentation of mito-
chondria in >90% of Phb2−/− cells (Fig. 4A,B). Frag-
mented mitochondria were not observed in Phb2+/+ or
Phb2fl/+ cells, excluding deleterious effects of Cre-re-
combinase on mitochondrial morphology (Fig. 4A,B).
Cre-mediated expression of Phb2 in Phb2−/− cells re-
stored the tubular morphology of mitochondria (Fig.
4A,B).

The ultrastructure of mitochondria in Cre-transduced
Phb2fl/+, Phb2fl/fl, and Phb2fl/fl�Phb2 MEFs was exam-
ined by electron microscopy (Fig. 4C,D). The presence of
loxP-flanked Phb2 or the deletion of Phb2 in heterozy-
gous Phb2fl/+ cells did not affect the ultrastructure of
mitochondria (Fig. 4C, panels a,b). However, a large frac-
tion of mitochondria in Phb2−/− cells harbored defective
cristae (Fig. 4C [panels d–g], D). Either lamellar cristae
were almost completely lost or balloon-like, vesicular
structures were detected within mitochondria (Fig. 4C,
panels d–g). This effect was largely reversed upon expres-
sion of PHB2 in Phb2−/− cells (Fig. 4C [panel c], D).

To obtain high-resolution images of the three-dimen-
sional organization of mitochondria, we analyzed serial
ultrathin sections of Phb2fl/fl and Phb2−/− cells by trans-
mission electron microscopy (Fig. 4E). Three-dimen-
sional models generated from these images revealed the
presence of regular lamellar cristae in Phb2fl/fl cells (Fig.
4E). In contrast, morphologically distinct vesicular struc-
tures were observed to accumulate within mitochondria
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of PHB2-deficient cells (Fig. 4E). We conclude that the
formation of lamellar mitochondrial cristae depends on
PHB2.

PHB2 controls cleavage of OPA1 in the inner
membrane

The dynamin-like GTPase OPA1 is required for both the
maintenance of normal cristae in the inner membrane
and cristae remodeling during mitochondria-mediated

apoptosis (Olichon et al. 2003; Griparic et al. 2004;
Frezza et al. 2006). It is therefore conceivable that dele-
tion of Phb2 affects OPA1 function. Expression of eight
OPA1 splice variants and proteolytic processing leads to
the formation of at least five different isoforms of OPA1,
two long forms designated L1 and L2, which can be pro-
teolytically converted to three short forms, designated
S3–S5 (Ishihara et al. 2006; Duvezin-Caubet et al. 2007;
Griparic et al. 2007; Olichon et al. 2007; Song et al.
2007). Immunoblotting of Phb2−/− and Phb2−/−�Phb2

Figure 3. Cell proliferation depends on mitochondrial targeting of PHB2. (A) N-terminal amino acids of murine PHB2. Residues
highly conserved among prohibitins are shown in black, and homologous amino acids are shown in gray. Arginine residues replaced
by alanine at positions 11, 17, 48, and 54 of PHB2 are shown. The N terminus of PHB2�N44 is indicated by an arrowhead. (B)
Membrane potential-dependent import of PHB2 into mitochondria. PHB2 was synthesized in a cell-free system in the presence of
35S-methionine and imported for 30 min at 25°C into isolated murine liver mitochondria. The membrane potential across the inner
membrane was dissipated by adding valinomycin prior to (−��) or after completion (+��) of import. Nonimported preproteins were
degraded by trypsin treatment (50 µg/mL). The samples were analyzed by SDS-PAGE and autoradiography. Input corresponds to 10%.
(C) Import of PHB2 mutant variants into isolated mitochondria. Import experiments using 35S-labeled PHB2 and mutant variants were
performed as described in B. Import reactions were quantified by PhosphorImaging analysis. (D) Mitochondrial targeting of PHB2
variants in vivo. MEFs were transfected with EGFP-tagged murine PHB2 and mito-DsRed and analyzed by fluorescence microscopy.
PHB2 hybrid proteins carrying mutations at the positions indicated are schematically shown. Bar, 10 µm. (E) Proliferation of stable cell
lines expressing PHB2 variants monitored by 3H-thymidine incorporation. Stable cell lines expressing PHB2 mutants (as in D) and
IRES-EGFP were established as described in Figure 2D. Data represent mean values ± standard deviation of three independent experi-
ments. (F) Immunoblot analysis of MEF cell lines expressing PHB2 or mutant variants thereof. Cell extracts were analyzed by SDS-
PAGE and immunoblotting using PHB1- and PHB2-specific antibodies. The �-subunit of the F1 particle of complex V (Su�) was used as a
loading control. (G) RT–PCR analysis of Phb1 and Phb2 transcripts in various MEF cell lines. Phb2 transcripts derived from the genomic
locus (Phb2) and the transgene (Phb2*) were amplified using allele-specific primer pairs. Transcripts of Gapdh were used as control.
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cells with OPA1-specific antibodies revealed drastic al-
terations in the pattern of OPA1 isoforms accumulating
in the absence of PHB2 (Fig. 5A). While the long forms L1
and L2 and the short form S4 were absent or hardly de-
tectable, S3 and, more pronounced, S5 accumulated in
cells lacking PHB2 (Fig. 5A). These alterations were re-
versed in Phb2−/− cells complemented by PHB2 (Fig. 5A).

Mitochondrial dysfunction and the dissipation of the
membrane potential across the inner membrane can in-
duce OPA1 processing and mitochondrial fragmentation
(Duvezin-Caubet et al. 2006; Ishihara et al. 2006) and
may cause the accumulation of S-OPA1 in the absence of
PHB2. We therefore assessed the mitochondrial mem-
brane potential in Phb2−/− cells by JC-1 staining and fluo-
rescence-activated cell sorting (Fig. 5B). The membrane
potential was maintained in PHB2-deficient cells (Fig.
5B). Moreover, neither cellular ATP levels nor cellular
oxygen consumption and the enzymatic activities of re-
spiratory complexes in the inner membrane were af-

fected in the absence of PHB2 (Fig. 5C,D; Supplemental
Fig. S5). Thus, the accelerated processing of OPA1 in
PHB2-deficient cells is not caused by an impaired mem-
brane potential or respiratory activity.

Deficiencies in Phb2−/− cells are caused by the loss
of L-OPA1

The selective loss of L-OPA1 in PHB2-deficient cells
may explain both the accumulation of aberrant mito-
chondria and the increased susceptibility of Phb2−/− cells
toward apoptotic stimuli. To examine this possibility,
we transiently expressed in Phb2fl/fl cells a Flag-tagged
isoform 1 of OPA1 that cannot be cleaved as amino acid
residues flanking the processing site had been deleted
(L-OPA1�) (Ishihara et al. 2006). In parallel, a Flag-tagged
hybrid protein composed of the short form of OPA1
(amino acids 230–997) fused to the mitochondrial target-
ing sequence of AIF (amino acids 1–95; S-OPA1) was

Figure 4. Defective cristae morphogen-
esis in Phb2−/− cells. (A) Fragmentation of
mitochondria in prohibitin-deficient
MEFs. Cell lines were transfected with
mito-DsRed, treated with Cre-recombi-
nase when indicated, and analyzed after 72
h by fluorescence microscopy. Bar, 10 µm.
(B) Quantification of mitochondrial mor-
phology in control (Phb2fl/fl�Phb2) and
prohibitin-deficient MEFs. Cells contain-
ing tubular (white bars) or fragmented
(black bars) mitochondria were classified.
More than 200 cells were scored per ex-
periment. (C) Defective mitochondrial ul-
trastructure in Phb2−/− cells. Representa-
tive transmission electron micrographs of
mitochondria in the following cell lines
are shown: Phb2fl/fl (panel a), Phb2fl/+ +Cre
(panel b), Phb2fl/fl�Phb2 +Cre (panel c),
and Phb2fl/fl +Cre (panels d–g). Bar, 500
nm. (D) Quantification of cristae morphol-
ogy in Phb2fl/fl, Phb2fl/fl�Phb2, and
Phb2fl/fl MEFs transduced with Cre-re-
combinase when indicated. Approxi-
mately 50% of cells with disorganized
cristae morphology contain vesicular cris-
tae structures. Approximately 100 sec-
tions of individual cells were scored per
experiment. (E) Three-dimensional recon-
structions from serial transmission elec-
tron microscopy sections of Phb2fl/fl cells
(panel a) transduced with Cre-recombi-
nase (panel b). Bar, 500 nm.
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transiently expressed in Phb2fl/fl cells (Fig. 6A). Phb2
was deleted by Cre-transduction, and the expression of
the OPA1 variants was monitored by immunoblot analy-
sis (Fig. 6B). A long isoform of OPA1 was detected in
cells upon transfection of L-OPA1� that was absent in
PHB2-deficient control cells (Fig. 6B). After coexpression
of mitochondria-targeted red fluorescent protein with L-
and S-OPA1 in Phb2−/− cells, the morphology of mito-
chondria was assessed by fluorescence microscopy.
While ∼90% of PHB2-deficient cells contained frag-
mented mitochondria, expression of L-OPA1� restored
tubular mitochondria in ∼50% of the cells (Fig. 6C,D).
Expression of S-OPA1, on the other hand, did not signifi-

cantly affect the morphology of mitochondria (Fig.
6C,D).

Next, we analyzed the ultrastructure of mitochondria
by electron microscopy of Phb2−/− cells that expressed
PHB2, S-OPA1, or L-OPA1�. Expression of PHB2 re-
stored normal cristae morphology in >90% of Phb2−/−

cells (Fig. 6E,F). Strikingly, mitochondrial cristae were
also maintained in ∼55% of Phb2−/− cells expressing
L-OPA1� (Fig. 6E,F). In contrast, aberrant mitochondria
lacking cristae and containing vesiculated inner mem-
brane structures were formed in Phb2−/− cells regardless
of the presence of S-OPA1 in these cells (Fig. 6E,F). We
conclude that the long variant of the OPA1 isoform 1 is
sufficient to maintain tubular mitochondria and normal
cristae in the absence of PHB2. It should be noted that
expression of L-OPA1� appears to substitute for the loss
of both L1 and L2 isoforms, indicating functional redun-
dancy. Taken together, the aberrant morphogenesis of
mitochondria in PHB2-deficient cells is solely caused by
the absence of long OPA1 isoforms.

In further experiments, we examined whether expres-
sion of L-OPA1� also restores the apoptotic resistance of
Phb2−/− cells. After transient expression of L-OPA1� or
S-OPA1 in Phb2fl/fl cells and deletion of Phb2 by Cre-
transduction, apoptosis was stimulated by actinomycin
D (Fig. 7A). Cells expressing OPA1 variants were identi-
fied by cotransfection with mitochondria-targeted
DsRed, which enabled us to monitor mitochondrial mor-
phology and cytochrome c release in the same cells. Ex-
pression of S-OPA1 did not prevent mitochondrial frag-
mentation upon Phb2 deletion (see also Fig. 6) nor the
release of cytochrome c from PHB2-deficient mitochon-
dria in the presence of actinomycin D (Fig. 7B–D). In
contrast, expression of L-OPA1� restored tubular mito-
chondria and inhibited to a large extent cytochrome c
release in the presence of actinomycin D (Fig. 7B–D).
Thus, stabilization of L-OPA1 by PHB2 protects cells
against apoptosis.

These results identify the control of OPA1 cleavage as
the central function of prohibitins within mitochondria.
As cell proliferation depends on mitochondria-targeted
PHB2, it is conceivable that the proliferation defect of
PHB2-deficient cells is a direct consequence of the im-
paired processing of OPA1 within mitochondria as well.
We therefore performed 3H-thymidine DNA labeling ex-
periments in Phb2−/− cells transiently expressing
S-OPA1 and L-OPA1� (Fig. 7E). While the presence of
S-OPA1 did not improve proliferation of Phb2−/− cells,
we observed a partial but statistically significant resto-
ration of cell proliferation upon expression of L-OPA1�

(Fig. 7E). These findings indicate that the absence of L-
OPA1 and defects in mitochondrial morphology deterio-
rate the proliferation of PHB2-deficient cells.

Discussion

We used conditional gene targeting of Phb2 in MEFs to
define cellular activities of prohibitins. PHB2 ensures
cell proliferation, acts anti-apoptotic, and maintains nor-
mal cristae morphology. As PHB1 and PHB2 are func-

Figure 5. PHB2 controls cleavage of OPA1 but does not affect
respiratory activities. (A) Immunoblot analysis of Phb2fl/fl and
Phb2fl/fl�Phb2 cells transduced with Cre-recombinase. Cell ly-
sates were analyzed by SDS-PAGE and immunoblotting using
OPA1-specific, PHB1-specific, PHB2-specific, and, for control,
�-actin-specific antibodies. (B) Maintenance of mitochondrial
membrane potential in prohibitin-deficient MEFs. The cell lines
indicated were stained with the fluorescent dye JC-1 and ana-
lyzed by flow cytometry at 590 nm. Dissipation of the mem-
brane potential with CCCP and unstained cells were used as
controls. (C) Oxygen consumption in permeabilized control
(n = 5; white bars) and Phb2−/− MEFs (n = 3; black bars) after
Cre-mediated inactivation of Phb2 under conditions of sub-
strate-driven respiration. Data represent mean value ± standard
deviations. (D) Relative activities of respiratory chain and TCA
cycle enzymes in control (n = 5, white bars) and Phb2−/− MEFs
(n = 4, black bars) after Cre-mediated inactivation of Phb2. (CII)
Succinate quinone dichlorophenol indophenol reductase;
(CII + CIII) succinate cytochrome c reductase; (CIII) decylubi-
quinol cytochrome c reductase; (CIV) cytochrome c oxidase;
(CS) citrate synthase; (IDH) isocitrate dehydrogenase. Data rep-
resent mean value ± standard deviation.
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tionally interdependent, cellular defects observed in
Phb2−/− cells can be attributed to the loss of the as-
sembled prohibitin complex. Complementation assays
restrict its function to mitochondria and identify the
processing of the dynamin-like GTPase OPA1 in the in-
ner membrane as the central cellular process controlled
by prohibitins.

The fragmented mitochondria harboring highly disor-
ganized and swollen cristae in prohibitin-deficient cells
strikingly resemble mitochondria that were observed
upon down-regulation of OPA1 (Olichon et al. 2003; Gri-
paric et al. 2004). Our experiments in prohibitin-defi-
cient mitochondria ascribe these phenotypes to the se-
lective loss of L-OPA1 isoforms and are therefore consis-
tent with recent findings demonstrating the requirement
of both L-OPA1 and S-OPA1 for mitochondrial fusion
(Song et al. 2007). Moreover, the absence of L-OPA1 ex-
plains the increased susceptibility of Phb2−/− cells to ap-
optosis. To facilitate cytochrome c release from the in-
termembrane space, mitochondrial cristae are restruc-
tured at early stages of apoptosis, a process controlled by
OPA1 (Frezza et al. 2006). A current model suggests that

a complex containing L-OPA1 and S-OPA1 controls mi-
tochondrial cristae junctions and prevents the redistri-
bution of cytochrome c from the cristal lumen to the
peripheral intermembrane space (Frezza et al. 2006). Ac-
cordingly, the loss of L-OPA1 in Phb2−/− cells might fa-
cilitate cytochrome c release from intracristal compart-
ments. However, alternative models are also conceiv-
able. A recent tomographic analysis of mitochondrial
transformation during apoptosis suggests that cristae re-
modeling is not required for efficient cytochrome c re-
lease (Sun et al. 2007). Energized mitochondria contain-
ing vesicular intramitochondrial structures have been
observed in HeLa cells shortly after induction of apopto-
sis and cytochrome c release (Sun et al. 2007). This is
highly reminiscent of Phb2−/− cells, which are fully en-
ergized and not apoptotic but more susceptible to apo-
ptotic stimuli. It therefore appears that pre-existing ul-
trastructural mitochondrial alterations in Phb2−/− cells
cause the facilitated progression of the apoptotic pro-
gram after stimulation, which is required to trigger cy-
tochrome c release. Consistently, expression of L-OPA1
substitutes for the absence of prohibitins and protects

Figure 6. Expression of L-OPA1� restores mitochon-
drial morphology in Phb2−/− cells. (A) Flow chart for
complementation experiments using OPA1 variants.
MEFs were transiently transfected twice within 4 h
with plasmids indicated and subjected to Cre-transduc-
tion. After incubation for a further 72 h, cells were ana-
lyzed by immunoblotting and fluorescence microscopy.
(B) Immunoblot analysis of Phb2fl/fl MEFs transfected
with plasmids and transduced with Cre-recombinase as
indicated. Endogenous OPA1 isoforms and transfected
Flag-tagged OPA1 variants were detected with OPA1-
and Flag-specific antibodies, respectively. The arrow in-
dicates the presence of the L-OPA1� in PHB2-depleted
MEFs after transfection. �-Actin was used as a loading
control. (C) Restoration of tubular mitochondria in pro-
hibitin-deficient MEFs upon expression of L-OPA1�.
Phb2fl/fl cells complemented with PHB2 when indi-
cated were transfected with mito-DsRed and the indi-
cated plasmids, treated with Cre-recombinase, and ana-
lyzed after 72 h by fluorescence microscopy. Bar, 10 µm.
(D) Quantification of mitochondrial morphology in pro-
hibitin-deficient MEFs transfected with mito-DsRed
and OPA1 variants. Cells containing tubular (black
bars) or fragmented (white bars) mitochondria were
classified. More than 200 cells were scored in three in-
dependent experiments. (**) P < 0.01. Error bars indi-
cate ±standard deviations. (E) Restoration of cristae
morphology in Phb2−/− cells upon expression of
L-OPA1�. MEFs were transfected with the indicated
plasmids, and mitochondrial morphology was assessed
by transmission electron microscopy. Bar, 500 nm. (F)
Quantification of deficiencies in cristae morphology in
Phb2−/− cells upon expression of S-OPA1 and L-OPA1�.
Approximately 100 sections of individual cells were
scored per experiment. (***) P < 0.001. Error bars indi-
cate standard deviations.
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prohibitin-deficient cells against apoptosis, demonstrat-
ing that PHB2 exerts its anti-apoptotic function via
OPA1. It remains to be established, however, how an
altered cristae morphology due to loss of L-OPA1 triggers
an increased sensitivity of mitochondria to outer mem-
brane permeabilization. Notably, we did not observe an

anti-apoptotic effect of S-OPA1 that has been described
previously (Cipolat et al. 2006). This apparent discrep-
ancy could be explained by the absence of L-OPA1 in
Phb2−/− cells used in this study, while S-OPA1 was over-
expressed in wild-type fibroblasts in previous experi-
ments (Cipolat et al. 2006). It therefore appears likely

Figure 7. The loss of L-OPA1 renders Phb2−/− cells
susceptible toward apoptosis. (A) Flow chart for
complementation experiments using OPA1 variants.
Phb2−/− cells were transiently transfected twice within
4 h with plasmids indicated and subjected to Cre-trans-
duction. After a further incubation for 72 h, cells were
cultivated in the presence of actinomycin D (1 µg/mL),
and induction of apoptosis was assessed monitoring cy-
tochrome c release and caspase activation. (B) Restora-
tion of apoptotic resistance of Phb2−/− cells upon ex-
pression of L-OPA1�. After Cre-transduction of Phb2fl/fl

cells and transfection of plasmids encoding S-OPA1 or
L-OPA1� as indicated, cytochrome c release was moni-
tored by immunofluorescence using cytochrome c-spe-
cific antibodies. Nuclear DNA was stained with DAPI.
Representative images are shown. Bar, 10 µm. (C)
Quantification of cytochrome c release from prohibitin-
deficient mitochondria supplemented with S-OPA1 or
L-OPA1� and stimulated with actinomycin D. Approxi-
mately 300 cells were counted for each genotype in
three independent experiments. (**) P < 0.01. (D) Quan-
titative assessment of mitochondrial morphology in
prohibitin-deficient cells supplemented with S-OPA1
or L-OPA1� and stimulated with actinomycin D. Tu-
bular mitochondria in cells transfected with vector
(white bars), S-OPA1 (gray bars), or L-OPA1� (black
bars) were classified. Approximately 300 cells were
scored for each genotype in three independent experi-
ments. (**) P < 0.01. (E) Expression of L-OPA1� pro-
motes proliferation of Phb2−/− cells. Growth of prohibi-
tin-deficient MEFs was monitored after transfection of
S-OPA1 and L-OPA1� by determining the incorporation
of 3H-thymidine into DNA. Data represent the
mean ± standard deviation of four independent experi-
ments. (*) P < 0.05; (**) P < 0.01.
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that S-OPA1 exerts its anti-apoptotic effect only in com-
plex with L-OPA1.

Our complementation experiments in Phb2−/− MEFs
restrict the function of prohibitins to mitochondria and
did not provide any evidence for nonmitochondrial ac-
tivities. The proliferation of Phb2−/− cells is only re-
stored upon expression of mitochondrially targeted
PHB2, assigning a crucial role for cell proliferation to
mitochondria-localized prohibitins. Expression of
L-OPA1� not only restored mitochondrial morphogen-
esis in Phb2−/− cells and their resistance to apoptosis, but
also promoted the proliferation of prohibitin-deficient
MEFs. These findings directly link growth deficiencies of
Phb2−/− cells to defects in mitochondrial morphogenesis.
How an impaired morphology of mitochondria impacts
on cell proliferation remains to be determined. Cellular
ATP levels and respiration were not grossly affected in
the absence of prohibitins, indicating that mitochondria
control cell proliferation independent of their function
for cellular energy metabolism.

How do prohibitins affect the processing of OPA1
within mitochondria? OPA1 cleavage correlates with the
energy status of mitochondria and is induced upon apo-
ptosis (Duvezin-Caubet et al. 2006; Baricault et al. 2007).
However, deletion of Phb2 did not affect the mitochon-
drial membrane potential or respiratory activity, nor do
PHB2-deficient cells undergo apoptosis in the absence of
stimuli, indicating that OPA1 cleavage is under direct
control by prohibitins. As deficiencies of Phb2−/− cells
can be rescued by L-OPA1, a role of prohibitins for the
biogenesis or folding of OPA1 appears unlikely. Rather,
the loss of L-OPA1 and accumulation of S-OPA1 iso-
forms in Phb2−/− cells indicates that L-OPA1 isoforms
are destabilized and processing is facilitated in the ab-
sence of PHB2. This is reminiscent of findings in yeast
where deletion of prohibitin genes results in an acceler-
ated proteolysis of nonassembled inner membrane pro-
teins by the m-AAA protease (Steglich et al. 1999). Large
assemblies of prohibitins and m-AAA proteases are pres-
ent in the mitochondrial inner membrane (Steglich et al.
1999). Moreover, reconstitution experiments in yeast re-
vealed that various mammalian m-AAA protease isoen-
zymes are able to cleave OPA1 (Duvezin-Caubet et al.
2007). Notably, several peptidases appear to regulate
OPA1 cleavage at different sites (Cipolat et al. 2006; Ishi-
hara et al. 2006; Duvezin-Caubet et al. 2007; Griparic et
al. 2007; Song et al. 2007). In contrast to other OPA1
isoforms, S4 appears to be generated by the i-AAA pro-
tease Yme1L (Griparic et al. 2007; Song et al. 2007). It
accumulates at decreased levels absent in Phb2−/− cells,
suggesting that prohibitins may regulate the cleavage of
OPA1 by various peptidases.

We propose that prohibitins serve as scaffolds in the
inner membrane and define the spatial organization of
components that control the stability and processing of
OPA1 and coordinate membrane fusion. Ring-like pro-
hibitin complexes may sequester OPA1 and recruit m-
AAA proteases to membrane domains involved in the
fusion process. Considering the sequence similarity of
prohibitins to lipid raft-associated proteins (Tavernara-

kis et al. 1999; Langhorst et al. 2005; Morrow and Parton
2005), prohibitins may also promote the lateral segrega-
tion of membrane lipids resulting in the formation of
lipid microdomains. Surrounding membrane lipids are
likely to affect the vectorial membrane dislocation of
OPA1 or the proteolytic activity of m-AAA proteases.
Moreover, increasing evidence points to an important
role of lipids and lipid microdomains in various cellular
fusion events (Fratti et al. 2004; Altmann and Wester-
mann 2005; Boukh-Viner et al. 2005; Choi et al. 2006)
and apoptotic processes (Choi et al. 2007). The identifi-
cation of prohibitins as regulators of mitochondrial cris-
tae morphology now paves the way for a detailed under-
standing of the role of spatial membrane organization for
the morphogenesis and function of mitochondria.

Materials and methods

Generation of conditional Phb2 mice

A targeting vector for the conditional allele of murine Phb2 was
generated by insertion of a 1.4-kb genomic fragment containing
exons 3 and 4 between two loxP sites of the pRAPIDflirt vector
(A. Bruehl and A. Waisman, unpubl.). An upstream 2.2-kb frag-
ment and a 4.5-kb downstream fragment were used as homology
arms. Additionally, the targeting construct contained an FRT-
flanked PGKneoR cassette and the Herpes Simplex Virus thy-
midine kinase gene (HSV-TK) for positive and negative selec-
tion, respectively. The final construct was linearized by SwaI
digestion prior to transfection.

Bruce-4 ES cells (Kontgen et al. 1993) derived from C57BL/6
mice were transfected, cultured, and selected as described pre-
viously (Kuhn and Torres 2002). G418- and gancyclovir-resis-
tant ES cell colonies were screened by Southern blotting using
external and internal genomic probes (Supplemental Fig. S1).

Chimeric mice were generated by injection of Phb2fl(neo)/+ ES
cells into blastocysts from CB20 mice. Matings of male chime-
ras to C57BL/6 females resulted in germline transmitted off-
spring of pure C57BL/6 genetic background.

In vivo deletion of the FRT-flanked PGKneoR cassette yield-
ing Phb2fl/+ mice was achieved by crossing male germline trans-
mitted mice with FLPe-deleter mice (Rodriguez et al. 2000).
Phb2fl/+ mice were intercrossed to obtain the homozygous
Phb2fl/fl strain. Heterozygous PHB2-deficient mice were gener-
ated by crossing Phb2fl/+ mice to the Cre-Deleter strain (Sch-
wenk et al. 1995). Mice were genotyped by PCR using genomic
DNA isolated from tail biopsies. PCR primer sequences are
available upon request. Care of all animals was within institu-
tional animal care committee guidelines.

Cloning procedures

Phb2 was PCR-amplified from C57BL/6 mouse liver cDNA and
subcloned. Mutations were introduced using the QuikChange
Site-Directed Mutagenesis Kit (Stratagene). For cell-free synthe-
sis of PHB2, Phb2 was cloned into pGEM4 (Promega) allowing
expression by SP6-RNA polymerase. Full-length and truncated
Phb2 were cloned into pEGFP-N3 (Clontech) to produce C-ter-
minal in-frame fusions with EGFP.

To obtain Cre-inducible expression plasmids allowing the
generation of stable cell lines (pCAGs–STOP–IRES–EGFP), we
inserted a chicken �-actin promoter (CAGs) into the PacI site of
pSTOP–IRES–EGFP (Sasaki et al. 2006) and subcloned Phb2 and
mutant variants.
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Transduction of MEFs with Cre-recombinase

Recombinant His-TAT-NLS-Cre (HTNC) fusion protein was ex-
pressed and purified as described previously (Peitz et al. 2002).
HTNC was diluted in DMEM/PBS to a final concentration of
3–5 µM, sterile-filtered, and applied to MEFs grown in cell cul-
ture dishes. Cells were incubated for 20 h, washed with PBS, and
supplemented with growth medium. The efficiency of recom-
bination was assessed by Phb2 allele-specific PCR.

Assessment of cell proliferation

MEFs (1 × 106) were transduced with Cre-recombinase and col-
lected by trypsinization after 60 h. Onto 96-well tissue culture
plates, 1 × 104 cells were seeded per well and labeled for 12 h (1
µCi of 3H-thymidine per well). MEFs were harvested and spot-
ted onto glass fiber filters. Incorporated 3H-thymidine was de-
termined with a microplate scintillation �-counter.

Fluorescence microscopy

For Phb2 localization studies, 1 × 105 MEFs were plated on glass
coverslips and transfected with the indicated plasmids using
Lipofectamine 2000 (Invitrogen). Forty-eight hours after trans-
fection, cells were fixed in 4% p-formaldehyde and stained with
DAPI. Images were acquired using a Zeiss Axioplan microscope
and processed with the AxioVision software (Zeiss).

Mitochondrial morphology was examined by transfection of
mito-DsRed or pEYFP-mito (Clontech) using GeneJuice trans-
fection reagent (Merck Biosciences). MEFs (2 × 105) were plated
on coverslips and transfected twice with the indicated plasmids.
Mitochondrial morphology was analyzed using the DeltaVision
microscope system. Twenty-five stacks were acquired and sub-
jected to deconvolution.

Cytochrome c release was monitored by immunofluores-
cence microscopy. MEFs (2 × 105) were grown on coverslips,
transfected twice, and transduced with Cre-recombinase. MEFs
were treated with actinomycin D (1 µg/mL) for 5 h and fixed in
4% p-formaldehyde, followed by permeabilization with 0.15%
Triton X-100 in phosphate-buffered saline (PBS) for 15 min. Af-
ter incubation for 1 h in blocking buffer (3% bovine serum al-
bumine in PBS), cells were treated for 12 h with �-cytochrome
c antibody (BD Biosciences). MEFs were washed three times for
5 min each with blocking buffer, incubated for 2 h with Alexa
Fluor 488 �-mouse secondary antibody (Molecular Probes), and
stained with DAPI. After three washing steps for 5 min each
with blocking buffer, cells were mounted and images were ac-
quired using a DeltaVision microscope system.

Transmission electron microscopy

MEFs (2 × 105) were plated on glass coverslips (thickness 0.2
mm), transfected, Cre-transduced, and flat-embedded for trans-
mission electron microscopy as follows: After 72 h, cells were
fixed in 0.1 M HEPES/KOH (pH 7.2), 4 mM CaCl2, and 2.5%
glutaraldehyde for 4 h at room temperature. After three rinses
with 0.1 M HEPES/KOH (pH 7.2), 4 mM CaCl2, cells were post-
fixed in 1% osmium tetroxide for 45 min at 4°C, rinsed three
times in distilled water, and incubated in 1% uranyl acetate for
1 h at 4°C. Dehydration of the samples in a graduated ethanol
series, infiltration with Epon, and flat embedding was per-
formed according to standard procedures. Ultrathin sections
(40–70 nm) were cut and mounted on pioloform-coated copper
grids (Plano). Sections were stained with lead citrate and uranyl
acetate and viewed with a Zeiss CEM 902 transmission electron
microscope (Carl Zeiss) at 80 kV. Micrographs were taken using

EMS EM film (Maco). Three-dimensional reconstructions were
prepared from scanned films using IMOD software, version
3.5.5 (Kremer et al. 1996).

Cell death analysis

For TUNEL staining, 1 × 105 MEFs were grown on glass cover-
slips in six-well plates, treated with Cre-recombinase when in-
dicated, and cultured for 72 h. Cells were fixed in 4% p-form-
aldehyde for 10 min and washed in PBS, and TUNEL staining
was performed using the DeadEnd Fluorometric TUNEL system
(Promega).

MEFs (2 × 106) were transfected twice, transduced with Cre-
recombinase, and further cultivated for 72 h. To stimulate the
induction of apoptosis, cells were treated with TNF� (20 ng/mL
and 2.5 µg/mL cycloheximide), etoposide (10 µM), actinomycin
D (1 µg/mL), or staurosporine (1 µM) for 5 h, and cell lysates
were analyzed by immunoblotting.
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