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Bax, a pro-apoptotic protein from the Bcl-2 family, is

central to apoptosis regulation. To suppress spontaneous

apoptosis, Bax must be under stringent control that may

include regulation of Bax conformation and expression

levels. We report that IBRDC2, an IBR-type RING-finger E3

ubiquitin ligase, regulates the levels of Bax and protects

cells from unprompted Bax activation and cell death.

Downregulation of IBRDC2 induces increased cellular

levels and accumulation of the active form of Bax. The

ubiquitination-dependent regulation of Bax stability is

suppressed by IBRDC2 downregulation and stimulated

by IBRDC2 overexpression in both healthy and apoptotic

cells. Although mostly cytosolic in healthy cells, upon

induction of apoptosis, IBRDC2 accumulates in mitochon-

drial domains enriched with Bax. Mitochondrial accumu-

lation of IBRDC2 occurs in parallel with Bax activation

and also depends on the expression levels of Bcl-xL.

Furthermore, IBRDC2 physically interacts with activated

Bax. By applying Bax mutants in HCT116 Bax�/� cells,

combined with the use of active Bax-specific antibodies,

we have established that both mitochondrial localization

and apoptotic activation of Bax are required for IBRDC2

translocation to the mitochondria.
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Introduction

Apoptosis, a genetically driven form of cell death, results in a

highly organized dismantling of dying cells. Decomposition

of apoptotic cells is mediated by a family of proteases called

caspases that in some modes of apoptosis are regulated by

anti- and pro-apoptotic proteins from the Bcl-2 family. The

main structural target of the Bcl-2 family in mammalian cells

is the outer mitochondrial membrane (OMM). Bcl-2 proteins

can either induce OMM permeabilization and thus apoptosis

(e.g. Bax, Bak and Bok) or inhibit it and promote cell survival

(e.g. Bcl-2, Bcl-xL and Mcl-1) (for reviews see Chipuk and

Green, 2008; Youle and Strasser, 2008). Consequently, the

ratio of pro-apoptotic versus anti-apoptotic Bcl-2 family

members is a critical factor in regulating susceptibility to

cell death (Wei et al, 2001). Various regulatory mechanisms,

including regulation of Bcl-2 family protein expression, as

well as diverse posttranslational modifications, regulate the

balance of the activities of pro- and anti-apoptotic Bcl-2

family proteins in healthy cells, and upon induction of

apoptosis. Accordingly, stress-induced expression of pro-

apoptotic proteins, including Noxa or PUMA (Nakano and

Vousden, 2001; Villunger et al, 2003), or changes in the

phosphorylation status of pro-apoptotic Bad (Datta et al,

2002) can shift the Bcl-2 family balance toward apoptosis

and cell death (for reviews see Adams and Cory, 2007;

Youle and Strasser, 2008).

Recently, ubiquitin (Ub) conjugation and proteasomal

degradation (UPS) (Hershko and Ciechanover, 1998) have

also been shown to have a role in regulating apoptosis to

some extent through direct effects on Bcl-2 family proteins.

The degradation of anti-apoptotic factors, such as Bcl-2 and

Mcl-1, is mediated by their polyubiquitination and requires

the activity of the 26S proteasome (Breitschopf et al, 2000;

Zhong et al, 2005; Azad et al, 2006). The 482-kDa HECT-

domain-containing Ub ligase ARF-BP1/Mule (Mcl-1 Ub ligase

E3) is necessary and sufficient for the regulation of Mcl-1

stability in DNA-damage-induced apoptosis (Zhong et al,

2005). Disappearance of Mcl-1, achieved by combined block-

age of synthesis and degradation, is associated with the onset

of apoptosis, indicating that regulation of the Mcl-1 protein

level is essential for apoptosis induction (Cuconati et al, 2003;

Zhong et al, 2005).

The apoptotic activities of Bid and Bax, the pro-apoptotic

Bcl-2 family proteins, also seem to depend on the UPS system

(Tait et al, 2007). Bax is a short-lived protein in malignant

B-cell lines, and ubiquitination of Bax promotes its degrada-

tion in these cells (Agrawal et al, 2008). Supporting the

importance of stringent regulation of Bax turnover, increased

proteasomal degradation of Bax is a common feature of poor

prognosis chronic lymphocytic leukaemia (Agrawal et al,

2008). The abnormal proteasome-dependent degradation of

Bax also seems to be an important factor in the high resis-

tance of malignant B cells to TRAIL-induced apoptosis. In

these cells, TRAIL induces proteasome inhibition-sensitive,

aberrant Bax degradation and makes these cells more resis-

tant to apoptosis (Liu et al, 2008). It has also been shown that

the turnover of the 24-kD splice variant of Bax (Baxb) is

higher than the turnover rate of the more abundantly ex-

pressed 21-kD Baxa (Fu et al, 2009). Given that Baxb has a
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stronger pro-apoptotic activity than Baxa (Fu et al, 2009), it

has been proposed that proteasome-dependent degradation

of this proteins is critical for cell survival (Fu et al, 2009).

However, the mechanisms and molecular components that

are vital for both Baxa and Baxb ubiquitination and/or

regulation of proteasomal degradation of these proteins

remain unknown.

Our initial studies revealed that IBRDC2, an IBR-type

RING-finger E3 Ub ligase that has already been implicated

in p53-dependent apoptosis (Ng et al, 2003; Huang et al,

2006), accumulates on the mitochondria specifically upon

apoptosis induction, in synchrony with Bax activation.

Mitochondrial accumulation of IBRDC2 requires both Bax

and apoptosis induction and does not occur in apoptotic

Bax�/� cells. Although the ectopic expression of IBRDC2

increases Bax ubiquitination, downregulation of this protein

leads to accumulation of an activated form of Bax and results

in spontaneous apoptosis.

Results

IBRDC2 is a cytosol and mitochondria-localized

RING-finger E3 Ub ligase

IBRDC2 (IBR domain containing 2), also known as p53-

inducible RING-finger protein (p53RFP) or RNF144B (Ng

et al, 2003; Huang et al, 2006), contains an in-between-ring

(IBR)-type RING-finger domain (Marin et al, 2004) near its

N-terminus (Figure 1A and B), predicted C-terminal trans-

membrane domain (Figure 1B). IBRDC2 is well conserved in

higher eukaryotes, with orthologues in mouse (88% amino

acid similarity), dog (95% amino acid similarity) and

chicken (79% amino acid similarity). Yet, as in the case

of other mitochondria-associated RING E3 ligases, inclu-

ding MARCH5/MARCH-V/MITOL (Nakamura et al, 2006;

Yonashiro et al, 2006; Karbowski et al, 2007) and MULAN/

MAPL/GIDE (Li et al, 2008; Zhang et al, 2008; Braschi et al,

2009), the database searches failed to detect any obvious

orthologues of IBRDC2 in S. cerevisiae or C. elegans (data not

shown). Western blot analyses of human tissue extracts

showed that IBRDC2 is expressed in various tissues, with

the highest levels detectable in heart, ovary, testis and spleen

(Figure 1C).

In a majority of cells, yellow fluorescent protein-tagged

IBRDC2 (YFP-IBRDC2) localized mainly to the cytosol, with

a small subset of the protein showing a diffuse or vesicle-

like distribution, partially associated with mitochondria

(Figure 1D). However, in a small number of cells (B1%)

YFP-IBRDC2 was highly enriched on the mitochondria

(Figure 1E), as revealed by colocalization with Tom20, a

marker of the OMM. This localization pattern was also

detected using MYC-tagged IBRDC2 (MYC-IBRDC2) and

C-terminal YFP fusion of IBRDC2 (IBRDC2-YFP), indicating

that YFP fusion does not affect localization of IBRDC2

(Supplementary Figures S1 and S2). Similar localizations of

YFP-IBRDC2 and MYC-IBRDC2 were detected in cells with

diverse expression levels of these proteins, suggesting that

Figure 1 Identification of IBRDC2, a novel mitochondria-associated RING-finger protein. (A) Protein sequence of IBRDC2. IBRDC2 is an IBR-
type RING-finger protein with predicted C-terminal transmembrane domain (red), and two RING-finger domains (underlined text) flanking in-
between-ring domain (bold). (B) Schematic representation of IBRDC2 domains and Kyte–Doolittle plot revealing a predicted transmembrane
domain. (C) The expression patterns of IBRDC2 in various human tissues. A total of 25 mg of human tissue lysates (Imgenex) was resolved by
SDS–PAGE and analysed for IBRDC2 with anti-IBRDC2 mAb; anti-mitochondrial respiratory complex I (subunit 20 kD) mAb was used as
control. The tested tissue samples were: (1) heart, (2) kidney, (3) liver, (4) ovary, (5) testis, (6) spleen and (7) brain. (D, E) HeLa cells
transfected with YFP-IBRDC2 (green) were immunostained with anti-cytochrome c mAb (red) and analysed by confocal microscopy. Right
panels show detailed images of the areas marked with white rectangles. Bars: 20mm (overlay), 5.5mm (detail). (F) A total of 40mg of total cell
lysates (TCLs), mitochondria-enriched heavy membrane (HM) pellets and post mitochondrial supernatants (PMS) were analysed by western
blot using antibodies indicated in the figure.
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the variability in subcellular localization of IBRDC2 is not due

to ectopic expression. As the anti-IBRDC2 antibodies were

not applicable for immunofluorescence, we applied subcel-

lular fractionation followed by western blot analysis of

endogenous IBRDC2. This assay showed a high degree of

IBRDC2 association with the mitochondria-enriched heavy

membrane fraction (HM), yet a significant part of this protein

was also detected in the postmitochondrial supernatant frac-

tion (PMS; Figure 1F).

We noted that in cells with mitochondria-accumulated

YFP-IBRDC2, mitochondrial fragmentation was readily ap-

parent (Figure 1E; detail). As mitochondrial fragmentation is

often associated with functional changes in these organelles,

these data suggest that, as in the case of Parkin (Narendra

et al, 2008) and SenP5 (Zunino et al, 2007), the proteins

implicated in ubiquitination or SUMOylation of mitochon-

drial proteins, mitochondrial accumulation of IBRDC2 might

be regulated by the functional state of mitochondria or a

mitochondria-related signal.

Induction of apoptosis triggers mitochondrial

accumulation of IBRDC2

To test this possibility, YFP-IBRDC2-overexpressing cells were

treated with (1) m-chlorocarbonyl cyanide phenylhydrazone

(CCCP), a mitochondrial uncoupler and inducer of perme-

ability transition (PT) and (2) inducers of mitochondria-

dependent apoptosis: actinomycin D (ActD), a DNA replica-

tion and transcription inhibitor; staurosporine (STS), a gen-

eral kinase inhibitor; and tunicamycin (Tun), an inhibitor of

protein glycosylation in the ER. In addition, mitochondrial

function was perturbed using local laser irradiation of TMRE-

labelled mitochondria in living cells, as described by De

Giorgi et al (2002). This induces mitochondrial permeability

transition and subsequent mitochondrial damage (De Giorgi

et al, 2002). To avoid caspase activation-induced detachment

of apoptotic cells, cells were pretreated with a caspase

inhibitor zVAD-fmk before respective treatments. Cells were

fixed, immunostained for Tom20 and analysed using fluores-

cence microscopy. The data showed an extensive redistribu-

tion of IBRDC2 from the cytosol to the mitochondria in

cells treated with ActD (Figure 2A and C), STS (Figure 2B

and C) and Tun (Figure 2C), but not in CCCP-treated cells

(Figure 2C), or cells with photodamaged mitochondria.

Furthermore, in cells co-transfected with IBRDC2 and Bcl-

xL, an anti-apoptotic protein from the Bcl-2 family, ActD and

STS failed to induce mitochondrial translocation of IBRDC2

(Figure 2C), indicating that apoptosis induction is a prere-

quisite for this process. The extent of colocalization of

IBRDC2 with Tom20 (mitochondria), GM130 (Golgi complex)

and LAMP1 (lysosomes) was analysed using quantification of

pixel distribution in red (mitochondria, Golgi complex or

lysosomes) and green (IBRDC2) channels of images using

the colocalization module of the AxioVision4 software

(Zeiss). As revealed by Pearson’s correlation values, in

ActD- and STS-treated cells with punctiform IBRDC2 distribu-

tion, colocalization of IBRDC2 with mitochondria, but not

with the Golgi complex or lysosomes, was detected

(Figure 2D). There was no colocalization between the ana-

lysed organelles and IBRDC2 in healthy cells (Figure 2D).

Thus, the majority of IBRDC2 relocates from the cytosol to

the mitochondria, but not to other tested organelles, specifi-

cally in apoptotic cells. Next, cells treated with ActD and STS

and also DMSO-treated control cells were fractionated into

mitochondria-enriched HM fractions and PMS cytosolic

fractions followed by western blot. Consistent with the

immunofluorescence results, a substantial redistribution of

endogenous IBRDC2 from the PMS to the mitochondria-

enriched HM fractions was detected in both ActD- and STS-

treated cells (Figure 2E).

Mitochondrial accumulation of IBRDC2 correlates

with cytochrome c release, depends on a predicted

transmembrane domain and is modulated by

RING domain activity

Cytochrome c is a mitochondrial intermembrane space pro-

tein released from the mitochondria to the cytosol early

during apoptosis (Kluck et al, 1997). To test the temporal

relation of mitochondrial accumulation of IBRDC2 and OMM

permeabilization, cells expressing YFP-IBRDC2 were treated

with ActD or STS, immunostained for cytochrome c and then

analysed by microscopy (Figure 3). In ActD- or STS-treated

cells with mitochondria-accumulated YFP-IBRDC2, cyto-

chrome c was released into the cytosol (Figure 3A and D),

indicating a high correlation between the OMM permeabili-

zation and mitochondria accumulation of YFP-IBRDC2.

To test the mechanism of mitochondrial translocation of

IBRDC2, we constructed: (1) an IBRDC2 mutant lacking

a predicted transmembrane domain (amino acid residues

1–258; IBRDC2DTM), (2) a fragment that includes the predicted

transmembrane domain but not the C-terminal part of the

protein (amino acid residues 258–303; IBRDC2TM) and (3) a

mutant expected to inhibit the zinc coordination in the two

RING domains of IBRDC2, and thus the E3 Ub ligase activity

of this protein (H161W, H216W; IBRDC2RING�). The subcel-

lular localization of these proteins was analysed in healthy

and apoptotic cells (Figure 3). The data showed that YFP-

IBRDC2DTM localized to the cytosol in healthy cells and,

unlike YFP-IBRDC2, failed to translocate to the mitochondria

upon induction of apoptosis (Figure 3B and D). YFP-IBRDC2

showed a diffuse localization in healthy cells (Supplementary

Figure S3) but localized to mitochondria in apoptotic cells

(Figure 3C and D; Supplementary Figure S3). Thus, the

predicted transmembrane domain of IBRDC2 is essential

for the IBRDC2 response to apoptotic triggers. As YFP-

IBRDC2RING� also localized to the cytosol in healthy cells

(data not shown), but mitochondrial association of YFP-

IBRDC2RING� was noticeable only in B50% of apoptotic

cells (Figure 3D), one can conclude that the activity of the

RING domain also contributes to changes in the cellular

distribution of IBRDC2.

IBRDC2 regulates cellular levels of Bax

To date, a majority of RING domain proteins, including IBR

proteins, are thought to possess E3 Ub ligase activity

(Joazeiro and Weissman, 2000; Fang et al, 2003; Marin

et al, 2004). The most common outcome of protein ubiqui-

tination is a subsequent proteasomal degradation of target

proteins (Hershko and Ciechanover, 1992). The reported E3

Ub ligase properties of IBRDC2 (Ng et al, 2003; Huang et al,

2006) prompted us to test whether downregulation of IBRDC2

affects proteins associated with mitochondrial steps in apop-

tosis. We applied short hairpin RNA interference (shRNAi) to

downregulate IBRDC2 expression; a construct targeting green

fluorescent protein was used as a control (Control RNAi).

Ubiquitin-dependent regulation of activated Bax
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Figure 2 Apoptosis-induced mitochondrial accumulation of IBRDC2. (A, B) HeLa cells were transfected with YFP-IBRDC2 (green). At 18 h
after transfection, cells were treated with 10 mM ActD (A) or 1mM STS (B). To prevent detachment of apoptotic cells, 50 mM zVAD-fmk was
added B30 min before addition of ActD and STS. Cells were immunostained with anti-Tom20 mAb (red), followed by fluorescent microscopy
analysis. Bars: 20mm (overlay), 2.3mm (detail). (C) Quantification of the number of cells expressing YFP-IBRDC2 showing mitochondrial
accumulation of IBRDC2 after treatments with ActD, STS, Tun, and CCCP, as specified in the figure. Cells were also co-transfected with YFP-
IBRDC2 and CFP-Bcl-xL and mitochondrial translocation of IBRDC2 was quantified in ActD- and STS-treated YFP-IBRDC2 and CFP-Bcl-xL
expressing cells. Data represent the average±s.d. of three experiments with 4200 cells/condition counted each time. (D) Colocalization of
IBRDC2 with mitochondria (M), Golgi complex (G) and lysosomes (L) was analysed in untreated cells and cells treated with ActD or STS. The
values represent Pearson’s correlation units (r) that reveal the degree of association of pixels in different channels of the image. Data represent
the average±s.d. of 415 cells/condition. Values obtained from each measurement are also shown (black diamonds). (E) Control HeLa cells, or
cells treated with ActD or STS, were fractionated into heavy membrane (HM) and cytosolic fractions (PMS) followed by western blot analysis
for the subcellular distribution of endogenous IBRDC2.
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Total cell lysates of IBRDC2 RNAi and Control RNAi cells

were resolved with SDS–PAGE followed by blotting with

antibodies against various apoptosis-related proteins such

as Bax, Bak, Mcl-1, Bcl-2 and Bcl-xL (Figure 4A and data

not shown). Among the tested proteins, the protein level of

Bax was substantially increased by IBRDC2 downregulation

(Figure 4A). The quantification of Bax level changes in

several independent experiments revealed that downregula-

tion of IBRDC2 induces 1.93±0.49-fold increase (n¼ 5) in

Bax levels when compared with Control RNAi cells. As the

levels of all analysed members of the Bcl-2 protein family,

except Bax but including Bak, the closest Bax homologue

(Wei et al, 2001), were not altered by IBRDC2 knockdown,

this effect seems to be highly specific. This result was

confirmed using two other effective IBRDC2 shRNAi con-

structs (Figure 4B). In addition, IBRDC2 downregulation in

human colorectal cancer cells (HCT116) also induced Bax

accumulation (Figure 4C). Thus, lowered IBRDC2 protein

levels are primary factors leading to cellular accumulation

of Bax, suggesting a role for IBRDC2 in the regulation of Bax

stability. Furthermore, Bax level decreases were more pro-

nounced in protein inhibitor, cycloheximide (CHX)-treated

Control RNAi cells than in IBRDC2 RNAi cells (Supple-

mentary Figure S4A), suggesting that IBRDC2 regulates

stability of Bax.

Role of IBRDC2 in Ub-dependent regulation of Bax

To test the mechanism by which IBRDC2 regulates the steady-

state levels of Bax, we first analysed the effects of the

proteasome inhibitor MG132 on Bax turnover. As, in addition

to proteasomal degradation, the relative rates of ubiquitina-

tion and deubiquitination can also regulate the fate and

function of Ub-conjugated proteins (Figure 5A), we also

tested the effect of a specific inhibitor of de-ubiquitinating

enzymes (DUBs) on Bax levels. The activity of DUBs is

sensitive to 4H-Thiopyran-4,one,tetrahydro-3,5-bis[(4-nitro-

phenylmethylene]-,1,1-dioxide (G5) (Aleo et al, 2006;

Fontanini et al, 2009). The data showed that although an

Figure 3 Mechanism of mitochondrial translocation of IBRDC2. (A–C) Cells transfected with YFP-IBRDC2 (A), YFP-IBRDC2DTM (B) and YFP-
IBRDC2TM (C) (green) were treated with ActD, and then immunostained with anti-cytochrome c mAb (red). Bars: 20 mm. (D) Quantification of
the number of cells expressing (1) YFP-IBRDC2, (2) YFP-IBRDC2 RING domain mutant (YFP-IBRDC2RING�), (3) YFP-IBRDC2, (4) YFP-
IBRDC2D and (5) YFP-IBRDC2TM showing mitochondrial accumulation of IBRDC2, versus subcellular localization of cytochrome c after
treatments with ActD or STS. A typical experiment with 4300 cells/condition is shown.
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accumulation of the short-lived protein Mcl-1 was detected as

early as 2 h after MG132 treatment (Figure 5B), no increase in

either 21-kD Baxa or the recently characterized 24-kD Baxb
(Fu et al, 2009) was detected even at 6 h of MG132 treatment

(Figure 5B). Consistent with a recent study (Fu et al, 2009),

24-kD Baxb was detected after a prolonged 15 h treatment

with MG132, yet we did not detect any noticeable changes in

the level of Baxa (Supplementary Figure S4B and C). Thus,

when compared with Mcl-1, the steady-state stability of both

Bax variants, and of Baxa in particular, is high. Cells treated

with G5 for 2 h, 4 h and 6 h were analysed using western blot

(Figure 5B). As expected, treatment with G5 resulted in an

increase in the pool of ubiquitinated proteins and a decrease

in a monomeric Ub (Figure 5B). Notably, G5 treatment also

induced a gradual decrease in Bax levels, suggesting that

inhibition of Bax deubiquitination leads to the destabilization

of this protein.

We also tested whether G5 stabilizes the ubiquitinated

form of Bax. To achieve this, HA-tagged Ub (HA-Ub) was

immunoprecipitated from cells treated with G5, and tested by

western blot for Bax. The data showed that Bax coimmuno-

precipitated with HA-Ub in a G5-dependent manner

(Figure 5C).

If IBRDC2 is required for Bax ubiquitination, then down-

regulation of IBRDC2 should decrease the effects of G5 on

steady-state levels of Bax, whereas overexpression of IBRDC2

would augment these effects (Figure 5D). To test this hypoth-

esis, we first examined whether downregulation of IBRDC2

influences G5-induced changes in the Bax levels in healthy

cells and upon induction of apoptosis. IBRDC2 RNAi and

Control RNAi cells were treated with G5 for 2 h, with STS for

6 h or left untreated. In one group of STS-treated cells, G5 was

added after 4 h into STS treatment. Total cell lysates were

analysed using western blot (Figure 5D). The data showed

that although a decrease in Bax levels was induced by G5

treatment in both healthy and STS-treated Control RNAi cells,

the levels of Bax were slightly increased by G5 treatment in

IBRDC2 RNAi cells. Overall accumulation of ubiquitinated

proteins was not changed in IBRDC2 RNAi cells (Figure 5D).

We also analysed the role of IBRDC2 in the regulation of Bax

stability using cells transfected with MYC-tagged wild-type

(WT) IBRDC2 (MYC-IBRDC2) or mutated IBRDC2 (MYC-

IBRDC2DTM), with pEYFP vector as a control (Figure 5E).

Cells were treated with G5 for 2 h or 6 h, with STS for 6 h or

left untreated. In one group of STS-treated cells, G5 was

added at 4 h into treatment as before. The data showed that

G5-induced decreases in monomeric Bax were associated

with a moderate increase in high-molecular-weight Bax in

cells expressing MYC-IBRDC2TM when compared with con-

trol cells (Figure 5E). STS-induced changes in Bax mobility

were extensively stabilized by G5 in cells expressing MYC-

IBRDC2, but not detectably so in control cells or cells

expressing MYC-IBRDC2D, indicating that IBRDC2 partici-

pates in Bax ubiquitination. The lack of a major difference

in the amount of the STS/G5-induced high-molecular-weight

form of Bax between control cells and cells expressing

MYC-IBRDC2DTM (Figure 5E) indicates that mitochondrial

translocation of IBRDC2 might be required for Bax ubiquiti-

nation detected in STS/G5-treated cells.

Synchronous mitochondrial translocation of IBRDC2

and Bax

Similar to IBRDC2, in healthy cells Bax resides in both the

cytosol and on mitochondria (Hsu et al, 1997; Hsu and Youle,

1998), but it accumulates on mitochondria during the early

stages of apoptosis (Hsu et al, 1997; Hsu and Youle, 1998).

Moreover, Bax as well as Bak, the OMM-resident homologue

of Bax, are required for, or participate in, OMM permeabiliza-

tion, mitochondrial fragmentation and subsequent activation

of caspases and mitochondrial damage (Wei et al, 2001;

Karbowski et al, 2002; Schinzel et al, 2004). To test the

time of IBRDC2 mitochondrial translocation in relation to

changes in the subcellular localization of Bax, cells coexpres-

sing YFP-IBRDC2 and CFP-tagged human Bax (CFP-Bax)

were pre-incubated with zVAD-fmk, treated with STS and

then analysed using time-lapse confocal microscopy. The

data showed a highly synchronized mitochondrial accumula-

tion of YFP-IBRDC2 and CFP-Bax (Figure 6A). The quanti-

fication of single-cell experiments (Figure 6B) showed a high

statistical correlation of the mitochondrial accumula-

tion times of IBRDC2 and Bax (rIBRDC2/Bax¼ 0.946±0.048;

n¼ 10, with the values between 0.7 and 1.0 being indicative

of the strong positive correlation). Given that mitochondrial

translocation of other pro-apoptotic members of the Bcl-2

family, including Bid and Bad, often does not correlate with

mitochondrial accumulation of Bax (Nechushtan et al, 2001),

these data further support a functional link between IBRDC2

and Bax.

Spatial relation of Bax and IBRDC2 on the mitochondria

Quantitative analyses of the colocalization between Tom20, a

homogenously distributed marker of the OMM, and Bax, or

between Tom20 and IBRDC2, revealed that in both ActD- and

STS-treated apoptotic cells, B90% of Bax or B90% of

IBRDC2 colocalized with B50% of Tom20 (Figure 7A).

These data support the observation that both Bax

(Nechushtan et al, 2001; Karbowski et al, 2002) and

Figure 4 Downregulation of IBRDC2 induces an abnormal accu-
mulation of Bax. The IBRDC2 expression in HeLa (A, B), and
HCT116 (C) cells was downregulated using the shRNAi method.
The total cell lysates were resolved with SDS–PAGE followed by
immunoblotting for various apoptosis-related proteins as indicated
in the figure. In B three different IBRDC2 shRNAi constructs were
tested; no. 3 represents the construct used in A, C and all other
experiments.
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IBRDC2 (see Figure 2) localize in discrete submitochondrial

domains, which in both cases cover B50% of the OMM area.

Furthermore, the detected overlap of B80% of Bax and

B80% of IBRDC2 (Figure 7A) indicates that Bax and

IBRDC2 probably localize to the same domains on mitochon-

dria. Indeed, the high-resolution fluorescent images of

apoptotic cells expressing YFP-IBRDC2 and immunostained

for Bax and Tom20 (Figure 7B and C) revealed that Bax

and IBRDC2 either colocalize or are adjacent to each

other within the same submitochondrial structures in both

ActD- (Figure 7B) and STS-treated cells (Figure 7C). Using

Blue-Native gel electrophoresis (BN-PAGE) combined with

SDS–PAGE of mitochondrial fractions isolated from ActD- and

STS-treated cells, we also found that a subset of Bax is

distributed in a similar manner to a subset of IBRDC2

(Supplementary Figure S5).

Bax and apoptotic triggers are required for the

mitochondrial accumulation of IBRDC2

Taking into account that Bax and IBRDC2 cotranslocate to

mitochondria and that these proteins colocalize in discrete

submitochondrial domains, we tested whether apoptosis-

Figure 5 Role of IBRDC2 in ubiquitination-dependent regulation of Bax. (A) Schematic depiction of the potential role of IBRDC2-mediated
ubiquitination and deubiquitination in the regulation of Bax stability. (B) HeLa cells were treated with proteasome inhibitor (MG132; 10mM) or
Ub isopeptidase inhibitor (G5; 5 mM) for 0 h, 2 h, 4 h and 6 h. The total cell lysates were resolved with SDS–PAGE followed by immunoblotting
for proteins indicated in the figure. (C) The SDS/Triton X-100 cell lysates of HA-Ub-transfected HeLa cells that were treated with G5 in the
presence or absence of ActD were immunoprecipitated with anti-HA mAb. The immunoprecipitating complexes were resolved with SDS–PAGE
and analysed by western blot as indicated in the figure. Profile plots of Bax (left) were generated using ImageJ software. The protein amounts in
each sample were normalized to the levels of light chain (indicated with *). Note an increase in high-molecular-weight species of Bax
accumulating in the presence of G5. (D) IBRDC2 RNAi and Control RNAi cells were treated with G5 for 2 h, with STS for 6 h or left untreated. In
one group of STS-treated cells, G5 was added at 4 h of treatment, followed by 2 h of additional incubation. Total cell lysates were resolved with
SDS–PAGE followed by western blot as indicated in the figure. (E) HeLa cells transfected with MYC-tagged wild-type IBRDC2 (MYC-IBRDC2),
MYC-IBRDC2DTM and pEYFP vector as a control were treated with G5 for 2 h or 6 h, with STS for 6 h or left untreated. In one group of STS-
treated cells, G5 was added at 4 h of treatment, followed by 2 h of additional incubation. Total cell lysates were resolved with SDS–PAGE
followed by western blot as indicated in the figure. Note that MYC-IBRDC2 is an unstable protein and is destabilized by apoptosis-inducing
triggers. *Top band likely represent posttranslational modification of MYC-IBRDC2 that can be also detected when endogenous protein is
tested.
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induced mitochondrial accumulation of IBRDC2 requires Bax

and/or whether mitochondrial accumulation of Bax depends

on IBRDC2. HCT116 Bax�/� cells were transfected with YFP-

IBRDC2 alone (Figure 8A) or together with CFP-Bax

(Figure 8B) or CFP-Bak (Figure 8C), immunostained for

cytochrome c and analysed using confocal microscopy.

Given that Bax and Bak overexpression are strong pro-apop-

totic signals leading to apoptotic cell death without additional

external stimuli (Nechushtan et al, 1999; Schinzel et al,

2004), cells were fixed and analysed B18 h after transfection

without any further treatment. Apoptosis induction in both

Bax- and Bak-overexpressing HCT116 Bax�/� cells was evi-

denced by cytochrome c release from the mitochondria to the

cytosol (Kluck et al, 1997) (Figure 8A–D). YFP-IBRDC2-

expressing HCT116 Bax�/� cells (Figure 8A) or HCT116

Bax�/� cells co-transfected with either YFP-IBRDC2 and

CFP-Bax (Figure 8B) or YFP-IBRDC2 and CFP-Bak

(Figure 8C) were grouped based on the subcellular localiza-

tion of cytochrome c and IBRDC2 (Figure 8D). The data

showed that although in B100% of Bax-expressing HCT116

Bax�/� cells with cytosolic cytochrome c, YFP-IBRDC2 loca-

lized to mitochondria, the mitochondrial accumulation of

YFP-IBRDC2 was not detected in apoptotic HCT116 Bax�/�

cells overexpressing CFP-Bak (Figure 8D). In none of the

control cells was cytochrome c release and mitochondrial

localization of IBRDC2 detected (Figure 8A and D). Thus,

considering that in HCT116 Bax�/� cells only Bax, but not

Bak, overexpression-induced apoptosis triggers mitochon-

drial translocation of IBRDC2, one can conclude that Bax

regulates the subcellular distribution of IBRDC2.

Next we asked whether mitochondrial localization of Bax

is sufficient to induce mitochondrial translocation of IBRDC2

in non-apoptotic cells. HCT116 Bax�/� cells were transfected

with YFP-IBRDC2 together with CFP-tagged BaxS184V (CFP-

BaxS184V). Similar to WT Bax, ectopic expression of BaxS184V

is a potent pro-apoptotic trigger (Nechushtan et al, 1999);

however, BaxS184V also localizes exclusively to the mitochon-

dria in non-apoptotic cells (Nechushtan et al, 1999). To reveal

Figure 6 Synchronous mitochondrial translocation of IBRDC2 and Bax. HeLa cells were co-transfected with YFP-IBRDC2 (green) and CFP-Bax
(red). Cells were pretreated with zVAD-fmk, to abolish detachment of apoptotic cells, followed by treatment with 1mM STS. (A) An example of
a time-lapse experiment. Bars: 20 mm, 10mm (detail image). (B) The averaged pixel s.d. from 10 single-cell measurements obtained on two
separate occasions, representing shifts from a more homogenous distribution to increased variability, were quantified using Metamorph image
analysis software (Molecular Devices) and are plotted against the time of treatment. The traces shown in (B) were scaled so that the images
obtained 10 min before detectable changes in pixel s.d. were used as 0 min.
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apoptotic activation of Bax, cells were immunostained with

anti-Bax 6A7 antibody that binds to an epitope that is hidden

in healthy cells and becomes antibody accessible upon in-

duction of apoptosis (Hsu and Youle, 1998). The data showed

that in non-apoptotic cells (Bax 6A7 epitope-negative) ex-

pressing CFP-BaxS184V, YFP-IBRDC2 localized to the cytosol

(Figure 8E and G). In contrast, apoptotic cells (Bax 6A7

epitope-positive) expressing CFP-BaxS184V showed mitochon-

drial localization of YFP-IBRDC2 (Figure 8F and G). This

indicates that the apoptosis-associated change(s) in Bax

conformation is required for mitochondrial accumulation of

IBRDC2. Furthermore, western blot analyses showed that Bax

re-expression, but not ectopic expression of Bak, increases

the amount of endogenous IBRDC2 associated with mito-

chondria in ActD-treated HCT116 Bax�/� cells (Figure 8H).

It has been shown that whereas Triton X-100 readily

exposes the 6A7 Bax epitope, Chaps does not expose this

epitope (Hsu and Youle, 1998). To determine whether IBRDC2

can physically interact with active Bax, we used the immu-

noprecipitation of Triton X-100 or Chaps cell lysates with anti-

Bax 6A7 antibodies (Figure 8I). Furthermore, as viral mito-

chondria-associated inhibitor of apoptosis (vMIA) can bind

and stabilize Bax in a non-apoptotic conformation (Arnoult

et al, 2004; Norris and Youle, 2008), Bax 6A7 immunopreci-

pitations using vMIA-expressing cell lysates were used as

control. The data showed that although IBRDC2 can be

detected in samples obtained from Triton X-100 immunopre-

cipitates of control cells (Figure 8I), it is not detectable in

Triton X-100 immunoprecipitates obtained from vMIA-trans-

fected cells, even though similar amounts of Bax were

detected (Figure 8I). Thus, one can conclude that coimmu-

noprecipitation of IBRDC2 with Bax 6A7 is specific, and

regulated by Bax conformation controlling factors (e.g.

vMIA). Supporting the specificity of the IBRDC2 interaction

with Bax 6A7, we did not detect any Bax and IBRDC2 in

Chaps lysates (Figure 8I).

In contrast to the critical role of 6A7 epitope-positive Bax

in mitochondrial accumulation of IBRDC2, IBRDC2 is not

required for mitochondrial translocation of Bax. Conversely,

a significant increase in mitochondrial translocation of Bax

(7.94±1.58% of cells; n4200), when compared with Control

RNAi cells (0.3±0.26% of cells; n4200), was apparent. To

reveal the functional status of Bax (6A7 positive versus 6A7

negative) in Control RNAi and IBRDC2 RNAi cells, we applied

immunoprecipitation using anti-Bax 6A7 antibody. As re-

vealed by Bax 6A7 immunoprecipitation from Chaps lysates

obtained from Control RNAi and IBRDC2 RNAi cells, down-

regulation of IBRDC2 leads to a striking accumulation of 6A7

epitope-positive Bax in IBRDC2 RNAi cells when compared

with Control RNAi cells (Figure 8J). Amounts of 6A7 epitope-

positive Bax, only slightly higher than from Chaps lysates of

IBRDC2 RNAi cells, were immunoprecipitated from Triton X-

100 lysates of both Control RNAi and IBRDC2 RNAi cells.

Thus, one can conclude that IBRDC2 downregulation leads to

a very extensive increase in 6A7 epitope-positive Bax.

Consistently, as revealed using BN-PAGE, the levels of oligo-

meric Bax were also largely increased in IBRDC2 RNAi cells,

without apparent changes in monomeric Bax (Figure 8K),

when compared with Control RNAi cells.

The role of IBRDC2 in the regulation of apoptosis

The apoptotic responses of IBRDC2 RNAi cells and Control

RNAi cells upon treatment with ActD and STS were exam-

ined. To this end, apoptotic cleavage of the caspase substrate

Poly (ADP-ribose) polymerase (PARP), as well as caspase-3

and -9 activation (Figure 9A), was assayed using western

blotting. The data showed major increases in PARP cleavage

(Figure 9A and B) as well as caspase-3 and -9 processing

(Figure 9A) in both untreated and apoptosis-inducing agent-

treated IBRDC2 RNAi cells when compared with Control

RNAi cells. Furthermore, FACS analyses of cells incubated

for 1 h with a fluorescent cell-permeable inhibitor of caspase-

3 and -7 (FLICA) revealed a three- to four-fold increase in the

number of FLICA-positive cells in IBRDC2 RNAi cells when

compared with Control RNAi cells (20.6±0.4 versus

5.7±0.1% of cells, respectively, in the experiment shown

in Figure 9C). The higher number of FLICA-positive cells in

Figure 7 Submitochondrial localization of IBRDC2 and Bax. Cells
transfected with YFP-IBRDC2 (green in B, C) were treated with
ActD (A, B) and STS (A, C) followed by immunostaining for Tom20
(blue on overlay images in B, C) and Bax (red in B, C). Bars: 20 mm
and 1.3mm (detail images). (A) Images were analysed for pixel
overlap between green (IBRDC2) and red (Bax), green and blue
(Tom20) and red and blue channels using colocalization module of
image acquisition and analysis software AxioVison 4 (Zeiss). Data
represent the average±s.d. (n¼ 78 images in ActD-treated cells and
66 images in STS-treated cells).
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Figure 8 Activated Bax is required and sufficient for mitochondrial accumulation of IBRDC2. HCT116 Bax�/� cells were transfected with YFP-
IBRDC2 (green) alone (A) or together with Bax (B) or Bak (C), immunostained for cytochrome c (red) and then analysed by confocal
microscopy. The apoptosis induction in both Bax- and Bak-overexpressing HCT116 Bax�/� cells was revealed by cytochrome c release from the
mitochondria to the cytosol (B, C; middle panels). Bars: 20 mm. (D) HCT116 Bax�/� cells transfected as in A–C were grouped based on the
subcellular localizations of cytochrome c and IBRDC2 (for details see figure). (E, F) HCT116Bax�/� cells were transfected with YFP-IBRDC2
together with CFP-BaxS184V. To reveal apoptotic activation of Bax, cells were immunostained with antibodies against the 6A7 epitope of Bax and
then analysed by confocal microscopy. Bars: 20mm. (G) Subcellular localization of YFP-IBRDC2 in CFP- BaxS184V-expressing cells 6A7 epitope-
negative (as in E) and positive (as in F) is quantified. Data represent the average±s.d. of three experiments with 4150 cells counted each time.
(H) Western blot analyses of endogenous IBRDC2 associated with mitochondria in Bax- or Bak-overexpressing HCT116Bax�/� cells. Cells were
transfected with indicated amounts of DNA, and then 16 h after transfection were treated with 10mM ActD for 3 h to induce apoptosis, followed
by cell fractionation and western blot analyses of mitochondria-enriched HM fraction, as indicated in the figure. (I) Coimmunoprecipitation of
6A7 Bax and IBRDC2 from Chaps and Triton X-100 lysates of control cells and cells expressing vMIA. (J) Immunoprecipitation of 6A7 epitope-
positive Bax from Chaps and Triton X-100 lysates of IBRDC2 RNAi and Control RNAi cells. (K) Control RNAi and IBRDC2 RNAi cells were
analysed with BN-PAGE for oligomerization status of Bax.
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IBRDC2 RNAi than in Control RNAi cells was also detected at

5 h of treatment with ActD or STS (Figure 9C), indicating a

higher sensitivity to ActD- and STS-induced apoptosis in cells

with lowered levels of IBRDC2. On the other hand, Mcl-1

degradation and ActD-induced DNA-damage-dependent sta-

bilization of p53, the early ubiquitination-dependent events

in apoptosis (Zhong et al, 2005; Ringshausen et al, 2006), are

IBRDC2 protein-level independent (Figure 9D), suggesting

that the initial cellular stress response itself is not noticeably

affected by IBRDC2 downregulation. Yet, the increased activ-

ity of caspases in IBRDC2 RNAi cells (Figure 9A and C)

indicates that abnormal apoptosis activation is a response

to reduced levels of IBRDC2.

To test the role of Bax in IBRDC2 downregulation-induced

apoptosis, we applied IBRDC2 shRNAi in WT and Bax�/�

HCT116 cells. As it has been shown that targeted disruption

of the Bax gene in HCT116 cells renders the cells resistant to

apoptosis induced by various unrelated stimuli, we first

tested sensitivity of these cells to ActD- and STS-induced

apoptosis. To normalize treatment conditions with RNAi

cells, HCT116 WT and HCT116 Bax�/�cells were first trans-

fected with pEYFP vector, and then 18 h after transfection

treated with 10mM ActD and 1mM STS for 10 h. We found that

treatment with ActD or STS resulted in increased PARP

cleavage in Bax�/� HCT116 cells that was only slightly less

apparent than in HCT116 WT cells (Figure 9E). Next, Control

and IBRDC2 RNAi WT and Bax�/� HCT116 cells were treated

with the same concentrations of ActD and STS for 3 h and 6 h

and analysed using western blot for PARP cleavage

(Figure 9F). The data showed an increase in PARP cleavage

in HCT116 WT IBRDC2 RNAi cells that was much less

apparent in HCT116 Bax�/� IBRDC2 RNAi cells when com-

pared with respective Control RNAi cells.

In sum, these data indicate that loss of IBRDC2 activity

sensitizes cells to Bax-dependent apoptosis. However, as

IBRDC2 overexpression does not seem to affect cell survival

(Supplementary Figure S6), IBRDC2 is not an anti-apoptotic

protein per se.

Discussion

In this study we show that IBRDC2, a RING domain E3 Ub

ligase, is vital for the control of cell sensitivity to stress-

induced apoptosis. The data suggest that IBRDC2 activity is

required for protection from the potentially toxic effects of

accumulation of activated Bax. This notion is based on

several independent lines of evidence: (1) Downregulation

of IBRDC2 leads to an abnormal accumulation of activated

Bax, as evidenced by highly elevated Bax oligomerization and

accumulation of 6A7 epitope-positive Bax in IBRDC2 RNAi

cells. (2) Although overexpression of IBRDC2 destabilizes

Bax and leads to increases in Bax ubiquitination, down-

regulation of IBRDC2 increases Bax stability. (3) An apopto-

sis-specific conformation of Bax is required and sufficient for

Figure 9 Role of IBRDC2 in the regulation of apoptosis. (A) IBRDC2 RNAi and Control RNAi cells were treated with 1 mM STS or 10 mM ActD for
3 h and 6 h and analysed with western blot for PARP cleavage, caspase-3 and caspase-9 activation, IBRDC2 and GAPDH (loading control). ‘N’
refers to full-length proteins, ‘P’ processed proteins. (B) Quantification of PARP cleavage in IBRDC2 RNAi versus Control RNAi cells. Western
blots were scanned and intensities of cleaved PARP bends were quantified using ImageJ software. The data were normalized with cleaved PARP
in Control RNAi taken as 1.0 in each analysed sample (n¼ 3). (C) Untreated IBRDC2 RNAi (blue lines; two bottom panels) and Control RNAi
(blue lines; two top panels), and cells treated with ActD (black lines) and STS (black lines) for 5 h were incubated for 1 h with caspase-3- and
caspase-7-specific FLICA reagent and then analysed with FACS. Red line indicates the border between FLICA-negative and FLICA-positive cells.
(D) IBRDC2 RNAi cells and Control RNAi cells were treated as in A and analysed with western blot for changes in protein levels of Mcl-1 and
p53. (E) Control vector transfected WT and Bax�/� HCT116 cells were treated with 10 mM ActD or 1 mM STS for 10 h, followed by western blot
with antibodies indicated in the figure. (F) IBRDC2 RNAi WT or Bax�/� HCT116 cells and Control RNAi WT or Bax�/� HCT116 cells were
treated with 1mM STS or 10mM ActD for 3 h and 6 h and analysed for PARP processing. To confirm the RNAi efficiency in HCT116 cells, the
same membranes were also stained with anti-IBRDC2 mAb, anti-Bax mAb and anti-Tom20 polyclonal antibody (loading control).
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mitochondrial accumulation of IBRDC2. (4) IBRDC2 interacts

with 6A7 epitope-positive Bax, but not 6A7 epitope-negative

Bax. Data showing an increase in IBRDC2-dependent ubiqui-

tination of Bax in apoptotic cells, and thus cells with in-

creased amounts of activated Bax, support this scenario too.

We also found that the mitochondrial translocation-defi-

cient mutant of IBRDC2 does not affect ubiquitination of Bax,

suggesting that IBRDC2 indeed targets mitochondria-loca-

lized protein. Consistent with this, it has been shown that

Bax degradation occurs in mitochondria, but not in the

cytosol (Liu et al, 2008), suggesting that Bax conformational

changes might be recognized by the Ub conjugation machin-

ery and serve as a regulatory mechanism preventing the

accumulation of potentially dangerous active Bax in healthy

cells. This notion is supported by the fact that mitochondrial

localization and the apoptotic conformation of Bax are spe-

cifically required for movement of IBRDC2 from the cytosol to

the mitochondria. Consistent with this, BaxS184V, a mutant

of Bax constitutively associated with mitochondria but

showing a non-apoptotic (6A7 epitope-negative) conforma-

tion (Nechushtan et al, 1999), failed to recruit IBRDC2 to the

mitochondria in healthy cells before apoptotic activation.

Importantly, because in apoptotic HCT116 Bax�/� cells

IBRDC2 does not translocate to the mitochondria, the acti-

vated form of Bax, but not Bak or apoptosis-related altera-

tions of mitochondria, seems to be not only required, but also

sufficient for mitochondrial accumulation of IBRDC2.

Our findings suggest the existence of an Ub- and IBRDC2-

dependent apoptosis checkpoint safeguarding mitochondria

from Bax-dependent damage and thus cells from unprompted

apoptosis. This mechanism might resemble ubiquitination-

dependent regulation of caspases, important for the suppres-

sion of unwanted caspase activation (Salvesen and Duckett,

2002; Wilson et al, 2002; Morizane et al, 2005; Vaux

and Silke, 2005; Schile et al, 2008). Until the appropriate

pro-apoptotic signal level is reached, inhibitor-of-apoptosis

proteins (IAPs) suppress the activity of caspases (Wilson

et al, 2002; Morizane et al, 2005; Schile et al, 2008). It has

been shown that in mammalian cells IAPs might specifically

bind processed/activated caspases (Morizane et al, 2005),

thus preventing the cascade of caspase activation. We pro-

pose that IBRDC2 might have similar IAP-like function in the

regulation of activated Bax degradation. Yet, in contrast to

IAPs and a number of anti-apoptotic proteins from the Bcl-2

family (e.g. Bcl-xL or Mcl-1), overexpression of IBRDC2 does

not protect cells from ActD-, STS- or Bax/Bak overexpression-

induced apoptosis, even though a massive mitochondrial

accumulation of IBRDC2 occurs. One possibility is that

IBRDC2 exerts an effect in concert with other proteins, and

increasing the levels of IBRDC2 itself without increases in the

levels of its putative cofactors is not sufficient to protect cells

from apoptosis. However, as we show in this study, ectopic

expression of IBRDC2 increases Bax ubiquitination, as well as

slightly reduces levels of mitochondria-associated Bax in both

healthy and apoptotic cells, indicating that IBRDC2 expres-

sion levels influence the rates of Bax ubiquitination and

degradation, and thus, supporting the notion that ectopically

expressed IBRDC2 is an active protein. Furthermore, over-

expression of Bcl-xL, an anti-apoptotic protein known to

suppress Bax activation, also inhibits mitochondrial accumu-

lation of IBRDC2. Finally, the data showed that in a subset of

untreated cells (o1%), mitochondrial accumulation of

IBRDC2 can also be detected, which would not be expected

if IBRDC2 was exerting an effect directly as an anti-apoptotic

protein. Thus, a more likely alternative is that IBRDC2 does

not function as an anti-apoptotic protein per se, but is required

for Bax control in non-apoptotic cells. In such a scenario,

mitochondrial accumulation of IBRDC2 in apoptotic cells

would follow a massive mitochondrial accumulation of the

IBRDC2 substrate, 6A7 epitope-positive Bax, but not represent

any regulatory anti- or pro-apoptotic activity for IBRDC2.

The data shown in this study support a model in which

IBRDC2-dependent elimination of the 6A7-positive form of

Bax is critical in non-apoptotic cells for protection against

mitochondrial toxicity of activated Bax, without an effect on

Bax activation itself. In such a scenario IBRDC2 would exert

an effect downstream of anti-apoptotic proteins from the Bcl-

2 family and other factors implicated in the regulation of Bax

activation. Consistent with this, ectopic expression of Bcl-xL

inhibits mitochondrial accumulation of IBRDC2 and likely

regulates physical interaction of IBRDC2 and Bax. However,

untreated cells with reduced levels of endogenous IBRDC2

show an abnormal accumulation of active Bax, and perhaps

as a consequence of this, are spontaneously dying through

apoptosis without any external pro-apoptotic stimuli.

Furthermore, as HCT116 Bax�/� cells are not sensitized to

apoptosis by IBRDC2 downregulation, it is likely that loss of

IBRDC2 activity is specifically linked to Bax, but not other

changes in cell physiology. The physical interaction of

IBRDC2 and 6A7 epitope-positive Bax in untreated cells

further support the specific role of IBRDC2 in the regulation

of Bax fate. Bearing in mind that overexpression of Bax or

Bak induces or sensitizes cells to apoptosis (Nechushtan et al,

1999; Schinzel et al, 2004) and that these proteins can be

activated in a cascade in which activated proteins induce

activation of latent proteins (Ruffolo and Shore, 2003; Tan

et al, 2006; Liu et al, 2008), early elimination of activated Bax

is likely to be critical for cell survival. Indeed, supporting the

possibility that self-activation of Bcl-2 family proteins has a

significant role in apoptosis activation, it has been shown

that an activated Bak mutant induced a conformation change

in, and oligomerization of, non-activated Bak (Ruffolo and

Shore, 2003). This notion has been further corroborated by

the data showing that truncated Bax (H2-H3) could activate

full-length Bax (Tan et al, 2006). Thus, as H2-H3 mimics the

part of Bax that, under physiological conditions, is exposed

after Bax is activated by BH3-only proteins, it has been

proposed that active Bax-induced Bax activation occurs dur-

ing apoptosis (Tan et al, 2006). Therefore, to prevent a self-

accelerating Bax activation cascade, active Bax needs to be

both neutralized through the activity of anti-apoptotic Bcl-2

family proteins and as we suggest, removed/degraded

through the IBRDC2- and Ub-dependent pathway. One

could speculate that the removal of active Bax may be

particularly relevant when a subthreshold BH3-only protein-

dependent apoptotic signal is overcome by a strong anti-

apoptotic response. On the other hand, as overexpression of

IBRDC2 does not affect apoptosis triggered by ActD,

STS or Bax overexpression, which are strong apoptosis

inducers able to overcome anti-apoptotic Bcl-2 family

proteins, elimination of activated Bax in cells destined to

die is not sufficient to affect the rates of apoptosis. This

notion is supported by the very low anti-apoptotic effect of

IBRDC2 ectopic expression.
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Materials and methods

Cell culture and transfection
HeLa cells were cultured in DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum, 2 mM Glutamax,
1 mM sodium pyruvate, MEM non-essential amino acids (GIBCO),
100 U/ml penicillin and 100mg/ml streptomycin in 5% CO2 at 371C.
HCT116 cells were cultured in McCoy’s 5A medium supplemented
with 10% heat-inactivated fetal bovine serum, 2 mM Glutamax,
1 mM sodium pyruvate and 100 U/ml penicillin and 100mg/ml
streptomycin in 5% CO2 at 371C. HCT 116 Bak�/� cells were
obtained by deletion of the Bak gene by homologous recombination
in the HCT116 WT cells (Wang and Youle, manuscript in
preparation). Cells were transfected with FuGene 6 (Roche; for
microscopy) or with FuGeneHD (Roche; for protein lysates)
according to the manufacturer’s instructions.

Cloning
PCR fragments of IBRDC2 were generated using the proofreading
Pfx DNA polymerase (Invitrogen) from commercially available
cDNA clone (IMAGE_30331343; Invitrogen) as template. The
primers used were: 50-CTAGACTAAGCTTCCATGGGCTCAGCTGG
TAGGC-30 and 30-ACTAGGGATCCCCGGTTGTGGATGGGTCGTGCTT-50.
PCR fragments were purified, digested with the appropriate
restriction enzymes and cloned into respective YFP (pEYFP-C1,
Clontech) and 3MYC-tag (pCMV-3Tag-2, Stratagene) encoding
vectors to generate YFP-IBRDC2 or 3MYC-IBRDC2. Inactive RING
mutant was generated by site-directed mutagenesis of the respective
plasmids using Pfu Turbo DNA polymerase (Stratagene) with the
primers: 50-GTTGCAAGGATGCTTGGTGGGCAGAGGTATCCTGTAGA
GACAGTCAG-30 and 50-CTGACTGTCTCTACAGGATACCTCTGCCCAC
CAAGCATCCTTGCAAC-30 changing the crucial histidine codons in
the RING domain to tryptophan codons. For the generation of YFP-
IBRDC2DTM, IBRDC2 was amplified using 50-CTAGACTAAGCTTCCA
TGGGCTCAGCTGGTAGGC-30 and 50-CTAGAAGCTTCCTTAGCCCCG
ACAGGACTTGCAGAC-30 and cloned into YFP-C1. All constructs
were verified by sequencing. pCDNA3.1-BAX, CFP-Bax, YFP-Bax,
CFP-BaxS184V and CFP-Bak were described previously (Nechushtan
et al, 1999, 2001; Karbowski et al, 2002). The short hairpin RNAi
was performed using commercially available IBRDC2 shRNAi
constructs (Thermo Scientific and Sigma). shRNAi constructs
targeted were: 1: 893-CGGGTTTATATCGAACGCAAT-913; 2: 569-
GCTGAGATTGCCTGTTTGGTA-589 and 3: 593-GTGGACCAGTTTCA
ACTTTAT-613, sequences of the reference human IBRDC2 mRNA
(Gene bank no. NM_182757.2) GFP shRNAi construct (Thermo
Scientific) was used as control. Cells were transfected with
respective constructs, and then B24 h after transfection, to select
transfected cells, they were incubated with 3mg/ml puromycine for
additional 3 days.

Western blot and immunoprecipitation
Cells were harvested and total cell protein lysates and cell
fractionations were prepared as previously described (Karbowski
et al, 2007). Protein lysates were analysed by western blot using:

anti-Bax mAb (BD Biosciences), anti-IBRDC2 mAb (Abcam or
Sigma), anti-Tom20 polyclonal antibody (Santa Cruz), anti-Ub
polyclonal antibody (Santa Cruz), anti-Drp1 mAb (BD Biosciences),
anti-Complex I (subunit 21-kD; Mitosciences), anti-GAPDH poly-
clonal antibody (Abcam), anti-PARP polyclonal antibody (Imge-
nex), anti-caspase 3 mAb (Imgenex), anti-caspase 9 mAb
(Imgenex), anti-p53 mAb (Imgenex) anti-Mcl-1 mAb (BD Bios-
ciences), anti-Bcl-xL mAb (BD Biosciences), anti-Bcl-2 mAb (BD
Biosciences), anti-Bak mAb (BD Biosciences) and anti-Myc tag mAb
(Roche). Immunoprecipitation was performed as described
(Norris and Youle, 2008). Blue Native PAGE was performed with
NativePAGE Bis-Tris gel system, using cell lysates obtained with 1%
DDM, following the manufacture’s recommendations (Invitrogen).

Immunofluorescence and confocal microscopy
The immunofluorescence and confocal microscopy analyses were
performed as previously described (Karbowski et al, 2007). The
primary antibodies used for immunofluorescence studies were:
anti-Tom20 polyclonal antibody (Santa Cruz), anti-cytochrome c
mAb (BD Biosciences) and anti-Bax 6A7 mAb (Abcam). Images
were acquired with a Zeiss LSM510 confocal microscope (Zeiss
Microlimaging), using a � 100/1.45 a-Plan-FLUAR objective lens or
ApoTome- and AxioCamMRm Rev.3 camera-equipped AxioObser-
ver Z1 (Zeiss Microlmaging), using � 100/1.4 Plan-Apochromat
objective lens. Projections of 12-bit confocal z-sections (interval
0.25mm) covering the entire depth of the cell, or single z-sections
obtained with AxioObserver Z1 were used. Live cell confocal
microscopy experiments were performed as previously described
(Karbowski et al, 2002, 2007). Colocalization analyses were
performed using colocalization module of AxioVision 4 software.

FACS analyses
Activity of caspase-3 and -7 was analysed using Vybrant FAM
Caspase-3 and -7 Assay Kit (Invitrogen) following the manufac-
ture’s instructions.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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