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Background: Protein disulfide isomerase (PDI) family members are chaperones involved in apoptotic signaling through
unclear mechanisms.
Results: Pharmacological inhibition of PDI and PDIA3 activities reduces apoptotic signaling. Purified PDI and PDIA3 proteins
induce Bak-dependent mitochondrial outer membrane permeabilization in vitro.
Conclusion: PDI and PDIA3 possess proapoptotic function through inducing Bak oligomerization.
Significance: The data show a novel mechanism of PDI/PDIA3-mediated apoptosis.

Protein disulfide isomerase (PDI) family proteins are classi-
fied as enzymatic chaperones for reconstructing misfolded pro-
teins. Previous studies have shown that several PDI members
possess potential proapoptotic functions. However, the detailed
molecular mechanisms of PDI-mediated apoptosis are not com-
pletely known. In this study, we investigated how two members
of PDI family, PDI and PDIA3, modulate apoptotic signaling.
Inhibiting PDI and PDIA3 activities pharmacologically allevi-
ates apoptosis induced by various apoptotic stimuli. Although a
decrease of PDIA3 expression alleviates apoptotic responses,
overexpression of PDIA3 exacerbates apoptotic signaling.
Importantly, Bak, but not Bax, is essential for PDIA3-induced
proapoptotic signaling. Furthermore, both purified PDI and
PDIA3 proteins induce Bak-dependent, but not Bax-dependent,
mitochondrial outer membrane permeabilization in vitro, prob-
ably through triggering Bak oligomerization on mitochondria.
Our results suggest that both of PDI and PDIA3 possess Bak-de-
pendent proapoptotic function through inducing mitochon-
drial outer membrane permeabilization, which provides a new
mechanism linking ER chaperone proteins and apoptotic
signaling.

Protein disulfide isomerase (PDI)2 is a multidomain and mul-
tifunctional enzyme that reconstructs misfolded proteins (1).
The PDI gene family currently comprises 21 genes, and PDI
proteins are mainly present in the endoplasmic reticulum (ER)
and also found in the nucleus, cytosol, mitochondria, and cell
membrane (2). PDI (P4HB) is the first described member of the

PDI gene family and plays a crucial role in oxidizing, reducing,
and isomerizing disulfide bonds (S-S) both in vitro and in vivo
(3). Another PDI family member, PDIA3 (also known as ERp57
and ERp60), also primarily localizes in the ER and catalyzes
intramolecular disulfide bond formation in proteins (4).

In eukaryotic cells, ER stress responses frequently result in an
unfolded protein response to induce up-regulated chaperone
expression, such as PDI and PDIA3, to protect against mis-
folded protein aggregation (2, 5). Loss of PDIs activity has been
associated with the pathogenesis of numerous disease states (6).
In particular, PDI and PDIA3 prevent apoptotic cell death asso-
ciated with ER stress and protein misfolding in various in vivo
and in vitro models (7–13). The up-regulation of PDIA3 corre-
lates with the accumulation of misfolded prion proteins and
suppresses prion neurotoxicity (7), whereas reducing PDIA3
expression in cancer cells increases the apoptotic response to
fenretinide (12). In response to hypoxia or transient forebrain
ischemia in astrocytes, PDI is up-regulated and protects against
apoptotic cell death (10). Inhibition of PDI enzymatic activity
sensitizes cells to apoptosis induced by oxidized low-density
lipoprotein (11), nitrosative stress (8), and chemotherapy drugs
(13). Furthermore, in prion-infected animals, expression of
prion protein mutants results in S-nitrosylation of PDI, and
blocking cellular nitric oxide synthase inhibits S-nitrosylation
of PDI and subsequent cytotoxicity (9).

Given their vital role in protein folding, PDI family members
are generally considered to be prosurvival by assisting cells to
adapt to the unfolded protein response (14). However, persis-
tent ER stress causes the release of PDI from the ER, initiates
apoptosis, and plays a critical role in the pathogenesis of multi-
ple diseases (15–17). A recent study demonstrates that inhibit-
ing PDI activities in rat brain cells suppresses apoptosis induced
by misfolded huntingtin and amyloid precursor protein/� amy-
loid protein (18). This proapoptotic function of PDI is distinct
from ER stress-mediated canonical apoptosis pathways (18).
Therefore, it has been proposed that the up-regulation of PDI
family members possesses a protective function to repair mis-
folded proteins and restores normal cellular homeostasis at the
early stage of ER stress. However, apoptotic cell death pathways
are initiated when the PDI accumulates at threshold levels in
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response to misfolded proteins, similar to p53 expression,
which induces apoptosis at extreme levels of DNA damage (19).
Recently, more evidence of proapoptotic activities of PDI mem-
bers has emerged. In human endothelial cells, reducing PDIA3
expression inhibits hyperoxia- or tunicamycin-induced apo-
ptosis by blocking caspase-3 activation and BiP/GRP78 induc-
tion (20). Similarly, decreasing or inhibiting activities of PDIA3
and GST pi 1(GSTP1) reduces oxidative processing and S-glu-
tathionylation of Fas, resulting in cell survival (21). Further-
more, a decrease in PDIA3 expression attenuates the influenza
A virus burden and reduces subsequent caspase-12 activation
and apoptosis in epithelial cells (22). PDI may induce apoptosis
through the reversal of iron(III)-mediated caspase-3 inhibition
through the formation of iron-sulfur complexes at active-site
thiols (23). Likewise, reducing endogenous PDI expression
preferentially amends cytotoxicity caused by a mutant prion
protein with an extra octa repeat insertion (9).

The proapoptotic functions of PDI family members and the
detailed molecular mechanisms of apoptosis mediated by them,
especially PDIA3, are not completely known. Therefore, a com-
prehensive study is necessary to elucidate the proapoptotic sig-
naling of PDI and PDIA3. In this work, we explored whether
PDI and PDIA3 directly induce apoptotic signaling and, if so,
which mechanism(s) is/are involved. Our data suggest that both
PDI and PDIA3 trigger MOMP through activating Bak, provid-
ing a new mechanism linking the unfolded protein response
and apoptotic signaling.

EXPERIMENTAL PROCEDURES

Reagents—Actinomycin D, Polybrene, and thapsigargin were
purchased from Sigma. Tunicamycin was purchased from Enzo
(Farmingdale, NY). Propidium iodide was obtained from Invit-
rogen. Securinine, bacitracin, thiomuscimol, and muscimol
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). DMEM and penicillin/streptomycin were obtained from
Mediatech (Manassas, VA), and fetal bovine serum was pur-
chased from Gemini (Broderick, CA). The SensoLyte homoge-
neous Rh110 caspase-3/7 assay kit was purchased from Ana-
Spec (San Jose, CA). The antibodies used were anti-actin mAb
(Sigma), anti-cytochrome c mAb (Santa Cruz Biotechnology),
anti-Bak, N-terminal pAb (Millipore, Billerica, MA), anti-
Tom40 pAb (Santa Cruz Biotechnology), anti-PDI pAb (Enzo,
Western blot), anti-PDI pAb (Santa Cruz Biotechnology,
immunofluorescence), anti-PDIA3 pAb (Enzo, Western blot),
and anti-PDIA3 pAb antibodies (Santa Cruz Biotechnology,
immunofluorescence). Recombinant human full-length PDI
protein with a histidine tag at its N terminus was purchased
from ProSpec-Tany (East Brunswick, NJ). Recombinant human
full-length PDIA3 protein with a GST tag at its N terminus was
purchased from Abnova (Walnut, CA). Recombinant Bcl-2
proteins Bax, hBcl-xL, and htBid were acquired as described
previously (24).

Plasmids—Murine Bak cDNA or murine Bax cDNA was
cloned into the retroviral expression vector pBABE-IRES-
EGFP with the GFP functioning as an indicator expressed from
an internal ribosomal entry site (IRES). The cDNAs of human
PDI and PDIA3 were obtained from Origene (Rockville, MD)
and subcloned into pBABE-IRES-EGFP. Human PDI cDNA or

human PDIA3 cDNA was cloned into the retroviral expression
vector pBABE-Puro. Murine Bak cDNA or murine Bax cDNA
was also cloned into pEGFP-C1 (Clontech, Mountain View,
CA). The identity of the plasmids was confirmed by sequencing.
Lentiviral PDI shRNA and PDIA3 shRNA plasmids were pur-
chased from Santa Cruz Biotechnology.

Retrovirus and Lentivirus Production—For retrovirus pro-
duction, the package cell line HEK293T was transfected with
the plasmids pBABE-mBak-IRES-EGFP, pBABE-mBax-IRES-
EGFP, pBABE-hPDI-IRES-EGFP, pBABE-hPDIA3-IRES-EGFP,
pBABE-Puro-hPDI, pBABE-Puro-hPDIA3, or the correspond-
ing empty vector and two retroviral helper plasmids (pUMVC
and pMD2.G) using jetPRIME� transfection reagent (Polyplus
Transfection, New York, NY). Medium containing retrovirus
was collected 48 –72 h after transfection. To produce lentivirus,
HEK293T cells were transfected with the shRNA plasmids
along with the helper plasmids pMDLg/pRRE, pRSV.Rev, and
pMDG2.0, with jetPRIME� transfection reagent used as a lipid
transport milieu. Lentivirus in the medium was obtained 48 –72
h after transfection.

Cell Lines—Bak�/�Bax�/� murine embryonic fibroblast (MEF)
cells expressing the empty vector, Bak, or Bax were cultured as
described previously (25). MEF cells overexpressing PDI or
PDIA3 were generated by infection with the retroviral superna-
tants containing 10 �g/ml of Polybrene (Sigma) to increase
infection efficiency. Over 95% of infected cells were GFP-posi-
tive, as measured by flow cytometry (FACScalibur, BD Biosci-
ences, San Jose, CA). Because Bak�/�Bax�/� MEF cells reex-
pressing Bak or Bax are GFP-positive, retroviral medium
obtained from cells transfected with pBABE-Puro-hPDI or
pBABE-Puro-hPDIA3 was used to infect respective cells to
overexpress PDI or PDIA3. Cell lines stably overexpressing PDI
or PDIA3 were acquired by culturing cells in medium supple-
mented with 1.5 �g/ml puromycin. To generate MEF cells with
reduced PDI and PDIA3 expression or vector control, medium
containing lentivirus was used to infect MEF cells, and 10
�g/ml of Polybrene was added to the medium. Stable cell lines
were obtained by culturing cells in the medium with 1.5 �g/ml
puromycin. All MEF cells were cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 units/ml of penicillin,
and 100 �g/ml of streptomycin. MEF cells were cultured in a 5%
CO2 tissue culture incubator at 37 °C.

Detecting Bak and Bax Oligomerization on Mitochondria and
Cytochrome c Release—Mitochondria were isolated from wild-
type and Bak�/�Bax�/� MEF cells reexpressing Bak, Bax, or the
empty vector as described previously (26). Purified mitochon-
dria were resuspended in buffer containing 12 mM HEPES (pH
7.5), 1.7 mM Tris-HCl (pH 7.5), 100 mM KCl, 140 mM mannitol, 23
mM sucrose, 2 mM KH2PO4, 1 mM MgCl2, 0.67 mM EGTA, and 0.6
mM EDTA supplemented with protease inhibitors (Complete,
Roche Diagnostics). After incubation with purified PDI protein or
PDIA3 protein and different recombinant Bcl-2 proteins at 30 °C
for 1 h, mitochondrial vesicles were resuspended in 100 �l of 100
mM Na2CO3 (pH 11.3) and put on ice for 30 min to remove pro-
teins loosely associated with mitochondria. Mitochondrial vesicles
were then incubated with the chemical cross-linking agent bisma-
leimidohexane (0.1 mM) for 30 min at room temperature. Treated
mitochondrial vesicles were centrifuged at 10,000 � g for 10 min,
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FIGURE 1. Inhibiting PDI catalytic activities reduces apoptosis induced by apoptotic stimuli. A, caspase-3/7 activity was measured in wild-type MEFs after
24-h incubation with or without securinine, followed by a treatment with actinomycin D (Act D, 0.4 �g/ml), thapsigargin (Thaps, 0.4 �M), or tunicamycin (Tuni,
0.2 �g/ml) for 24 h. RFU, relative fluorescence unit; con, control. B, MEFs were preincubated with or without 10 or 20 �M securinine for 24 h. MEFs were then
treated with actinomycin D (0.4 �g/ml), thapsigargin (0.7 �M), or tunicamycin (0.4 �g/ml) for 24 h, and cell viability was determined using flow cytometry
analysis. C, after preincubation with or without 500 or 750 �M bacitracin for 24 h, MEFs were treated with actinomycin D (0.4 �g/ml), thapsigargin (0.4 �M), or
tunicamycin (0.2 �g/ml) for 24 h, and caspase-3/7 activity was measured. baci, bacitracin. D, MEFs were preincubated with or without 500 or 750 �M bacitracin
for 24 h. MEFs were treated with actinomycin D (0.4 �g/ml), thapsigargin (0.7 �M), or tunicamycin (0.4 �g/ml) for 24 h, and cell viability was measured. E, MEFs
were preincubated with 15 �M thiomuscimol or 15 �M muscimol for 24 h. MEFs were then treated with actinomycin D (0.4 �g/ml), thapsigargin (0.4 �M), or
tunicamycin (0.2 �g/ml) for 24 h, and caspase-3/7 activity was measured. mus, muscimol; thio, thiomuscimol. F, after incubation with 15 �M thiomuscimol or
15 �M muscimol for 24 h, MEFs were treated with actinomycin D (0.4 �g/ml), thapsigargin (0.7 �M), or tunicamycin (0.4 �g/ml) for 24 h, and cell viability was
measured. All data are presented as mean � S.D. of three different experiments that were carried out in triplicate. *, p � 0.05; **, p � 0.01; unpaired Student’s
t test.
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and vesicles were dissolved in 1� SDS-PAGE loading buffer. Pro-
teins in the vesicle fractions were detected by Western blot analy-
sis. Cytochrome c release experiments were carried out as
described previously (24). Tom40 was used as a loading control.

Detection of the Insertion of Bax into Mitochondria—Mito-
chondria were isolated from Bak�/�Bax�/� MEFs as described
previously (25). Purified mitochondria were resuspended in 12
mM HEPES (pH 7.5), 1.7 mM Tris-HCl (pH 7.5), 100 mM KCl,
140 mM mannitol, 23 mM sucrose, 2 mM KH2PO4, 1 mM MgCl2,
0.67 mM EGTA, and 0.6 mM EDTA supplemented with protease
inhibitors (Complete, Roche Diagnostics). After incubation
with PDI and PDIA3 and different recombinant Bcl-2 proteins
at 30 °C for 1 h, mitochondrial vesicles were resuspended in 100
�l of 100 mM Na2CO3 (pH 11.3), and the suspension was put on
ice for 30 min to remove proteins loosely associated with mito-
chondria. Treated mitochondrial vesicles were centrifuged at
10,000 � g for 10 min, and vesicles were dissolved in 1� SDS-
PAGE loading buffer. Proteins in the vesicle fractions were
detected by Western blot analysis. Tom40 was used as a loading
control.

Cell Death Assay—After treatment for the indicated time,
cells were collected in the presence of 1 �g/ml propidium
iodide, and the percentage of live cells was measured using flow
cytometry analysis as described previously (25, 26). The viabil-
ity of treated cells was calculated as the percentage of the via-
bility of untreated cells.

Caspase-3/7 Assay—Caspase-3/7 activity was detected directly
in cells using the SensoLyte� homogeneous Rh110 caspase-3/7
assay kit (AnaSpec). Cells were plated in 96-well white-walled
plates, and the assay was carried out according to the instruc-

tions of the manufacturer. The fluorescence signal (excitation/
emission � 496/520 nm) was measured kinetically over 2 h at
1-min intervals using a Gemini EM microplate spectrofluorim-
eter (Molecular Devices, Sunnyvale, CA). Data were plotted as
relative fluorescence units versus time, and the slope was deter-
mined (relative fluorescence units per minute).

Western Blot Analysis—Whole cell lysates of collected cells
were prepared by lysing cells in radioimmune precipitation
assay lysis buffer (150 mM sodium chloride, 1.0% (v/v) Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM

Tris-HCl (pH 8.0)) containing Complete protease inhibitors
(Roche). The total protein concentration was measured
using a BCA assay (Thermo, Waltham, MA). A 20-�g por-
tion of total protein per sample was separated on a 4 –12%
BisTris gel (Bio-Rad) and transferred onto a PVDF mem-
brane (Millipore). The membrane filters were incubated
with appropriate primary and secondary antibodies and 10%
(w/v) nonfat dried skimmed milk (Bio-Rad) in blotting buffer
(1� PBS, 0.2% Tween 20). Proteins were detected using the
enhanced chemiluminescence detection system (Thermo) as
described previously (27).

Immunofluorescence—Bak�/�Bax�/� MEF cells (4 � 104)
were plated on 18-mm coverslips in a 12-well tissue culture
plate and cultured for 24 h. Cells were transiently transfected
with the pEGFP-C1 plasmids carrying Bak cDNA or Bax cDNA
using Lipofectamine 2000 transfection reagent (Life Technolo-
gies) following the instructions of the manufacturer. Forty-
eight hours later, cells were washed twice with 1� Hanks’
balanced salt solution followed by fixation with 0.4% parafor-
maldehyde for 15 min. After three washes with 1� Hanks’ bal-

FIGURE 2. Decreasing expression of PDIA3, but not PDI, alleviates apoptotic signaling. A, PDI and PDIA3 expression in MEF cells was stably reduced by
shRNA. The expression levels of PDI and PDIA3 were determined by Western blot analysis. B, less apoptosis was detected in MEF cells with reduced PDIA3
expression compared with cells with reduced PDI expression or control vector cells. Caspase-3/7 activity was assessed after 24-h incubation with actinomycin
D (Act D, 0.4 �g/ml) or tunicamycin (Tuni, 0.2 �g/ml). RFU, relative fluorescence unit; con, control. C, cell death was measured after 24-h incubation with
actinomycin D (0.4 �g/ml) or tunicamycin (0.4 �g/ml) of MEF cells with reduced PDIA1 and PDIA3 expression. Data are mean � S.D. of three independent
experiments. *, p � 0.05; **, p � 0.01; unpaired Student’s t test.
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anced salt solution, cells were permeabilized with 0.2% Triton
X-100 for 15 min. Cells were then washed with incubation solu-
tion (0.02% Triton X-100 and 1.5% FBS in 1� Hanks’ balanced
salt solution) and incubated with primary antibodies in incuba-
tion solution for 3 h at room temperature. After three washes
with incubation solution, cells were incubated with Alexa Fluor
594 goat anti-rabbit IgG for 3 h at room temperature and again
washed three times with incubation solution. The coverslips

were put on slides with mounting medium (Dako, Carpinteria,
CA) and mounted onto a Nikon Eclipse Ti confocal micro-
scope. Individual cells were visualized using a PlanApo �60,
1.42 numerical aperture oil immersion objective and confocal
images were acquired.

Statistical Analysis—All experiments were performed in
triplicate at least three times independently. Results are pre-
sented as mean � S.D. Statistical analysis was performed using

FIGURE 3. Overexpression of PDIA3, but not PDI, enhances apoptosis induced by different apoptotic stimuli. A, PDI and PDIA3 were stably overex-
pressed in MEF cells by retroviral infection. The expression levels of PDI and PDIA3 were determined by Western blot analysis. B, no significant change
of caspase3/7 activation was found in MEF cells with higher PDI expression following 24-h treatment with actinomycin D (Act D, 0.1 �g/ml) or
tunicamycin (Tuni, 0.1 �g/ml). RFU, relative fluorescence unit. C, actinomycin D (0.1 �g/ml) or tunicamycin (0.1 �g/ml) induced more caspase-3/7
activation in MEF cells with higher PDIA3 expression following 24-h treatment. D, cell death was measured after 24-h incubation with actinomycin D (0.4
�g/ml) or tunicamycin (0.4 �g/ml) of MEF cells with higher PDI and PDIA3 expression. All data are mean � S.D. of three independent experiments
performed in triplicate. *, p � 0.05; unpaired Student’s t test.
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Student’s t test. p � 0.05 between groups was considered
significant.

RESULTS

Cytotoxic Effects of Apoptotic Stimuli Depend on PDI and
PDIA3 Catalytic Activities—To explore the role of PDI family
members in apoptotic signaling, we first investigated whether
PDI and PDIA3 catalytic activities to facilitate protein folding
are essential to mediate apoptotic responses. Several small mol-
ecules have been found to inhibit PDI and PDIA3 catalytic
activities and have been used to elucidate the role of the protein
folding catalyst in a variety of signaling pathways (18, 21, 28,
29). MEF cells were treated with a range of reagents known to
induce apoptosis in the presence or absence of the PDI inhibitor
securinine (18). The activity of the effector caspases, caspase-3
and caspase-7, was measured. Lower levels of caspase-3/7 acti-
vation were observed in cells preincubated with securinine in
all apoptosis paradigms examined (Fig. 1A). Similarly, treat-
ment with securinine resulted in less cell death, consistent with
the caspase-3/7 data (Fig. 1B). To further confirm that PDI and
PDIA3 catalytic activities are vital to mediate apoptotic signal-
ing, two other PDI and PDIA3 inhibitors, bacitracin and thio-
muscimol, were investigated (18, 21, 28, 29). In agreement with
the study of securinine, both bacitracin and thiomuscimol alle-
viated the cytotoxic effects of different apoptotic stimuli in
MEF cells (Fig. 1, C–F). Moreover, the thiomuscimol-inactive
analog muscimol failed to decrease cell death and caspase-3/7
activation induced by apoptotic stimuli, indicating that the
effects of thiomuscimol on cytotoxicity is due to PDI and
PDIA3 catalytic activities (Fig. 1, E and F). These data suggest
that both PDI and PDIA3 activities to promote protein folding
are involved in apoptotic signaling in various apoptotic
paradigms.

Reducing PDIA3 Expression Decreases Apoptosis Induced by
Apoptotic Stimuli—To elucidate the role of individual PDI fam-
ily members in apoptotic signaling, we examined PDI and
PDIA3, two members of PDI family implicated previously in
apoptotic regulation (9, 18, 20 –23). PDI and PDIA3 expression
were stably reduced in MEF cells to a comparable degree using
shRNA (Fig. 2A). Less actinomycin D- and tunicamycin-in-
duced cell death and caspase-3/7 activation were observed in
MEF cells with decreased PDIA3 expression compared with
cells expressing a control shRNA vector (Fig. 2, B and C). In
contrast, changes in PDI expression level failed to influence
cellular responses to apoptotic stimuli, suggesting that some
activity of PDI to mediate apoptotic signaling might be
redundant.

Overexpression of PDIA3 Exacerbates Apoptosis in Different
Apoptotic Paradigms—To further explore the involvement of
PDI and PDIA3 in mediating apoptosis, PDI and PDIA3 were
stably overexpressed in MEF cells by retroviral infection.
Western blot analysis showed that PDI and PDIA3 expres-
sion was increased significantly in MEF cells (Fig. 3A).
Higher caspase-3/7 activation and cell death were observed
in PDIA3-overexpressing cells compared with cells express-
ing the empty vector upon the treatment with actinomycin D
or tunicamycin (Fig. 3, C and D). These data are consistent
with the study of cells with reduced PDIA3 expression (Fig.
2), further validating the role of PDIA3 in apoptotic signal-
ing. In accordance with PDI reduction, enhancing PDI
expression failed to influence cellular responses to apoptotic
stimuli (Fig. 3, B and D).

Decrease in Apoptotic Signaling Mediated by Reducing
PDIA3 Expression Is Dependent on Bak—Bax and Bak are the
two proapoptotic Bcl-2 family members for the execution of the
apoptotic program (30). Although the functions of Bak and Bax
are largely overlapping, they display distinct activities in certain
apoptotic signaling (30, 31). To investigate the role of Bak and
Bax in PDI- and PDIA3-induced apoptotic singling, Bax�/�

Bak�/� MEF cell lines stably reexpressing only Bax or Bak were
established (Fig. 4A). PDI and PDIA3 expression were then sta-
bly reduced in Bax�/�Bak�/� MEF cell lines reexpressing Bak
only or Bax only to comparable degrees using shRNA (Fig. 4, B
and C). Upon reducing PDIA3 but not PDI expression, less
actinomycin D- and tunicamycin-induced caspase-3/7 acti-
vation and cell death were observed in Bax�/�Bak�/� MEF
cells expressing Bak but not Bax (Figs. 4, D–G), indicating
that PDIA3 modulates apoptotic signaling in a Bak-depen-
dent fashion.

Bak Is Involved in Enhanced Apoptotic Signaling Mediated by
PDIA3 Overexpression—To further explore the roles of Bak and
Bax in apoptotic singling mediated by PDI and PDIA3, PDI or
PDIA3 was stably overexpressed in Bak-expressing or Bax-ex-
pressing MEFs, respectively, by retroviral infection. As shown
in Fig. 5, A and B, PDI and PDIA3 expression were increased
significantly in these two cell lines. Upon treatment with acti-
nomycin D or tunicamycin, more caspase-3/7 activation and
cell death were detected in cells overexpressing PDIA3 but not
in cells overexpressing PDI in a Bak-dependent manner (Fig. 5,
C–F). In agreement with the knockdown experiments (Fig. 4),
these data provide more evidence that Bak, but not Bax, is crit-
ical for PDIA3-induced apoptotic signaling.

PDI and PDIA3 Induce Mitochondrial Outer Membrane
Permeabilization—To investigate the detailed molecular
mechanisms of apoptosis mediated by a particular PDI family

FIGURE 4. PDIA3-induced proapoptotic signaling is dependent on Bak but not Bax. A, stable expression of Bak and Bax in Bak�/�Bax�/� MEF cells was
examined by Western blot analysis. B, expression of PDI or PDIA3 was stably reduced by shRNA in Bak�/�Bax�/�MEF cells expressing Bak. C, stable reduction
of PDI or PDIA3 expression in Bak�/�Bax�/� MEF cells reexpressing Bax was determined by Western blot analysis. D, upon treatment with actinomycin D (Act
D, 0.2 �g/ml) or tunicamycin (tuni, 0.8 �g/ml) for 24 h, less caspase-3/7 activation was detected in Bak-expressing MEF cells with reduced PDIA3 expression.
RFU, relative fluorescence unit; con, control. E, actinomycin D (0.4 �g/ml) or tunicamycin (0.8 �g/ml) induced less cell death in Bak�/�Bax�/� MEF cells
expressing Bak but not Bax with reduced PDIA3 following 24-h treatment. F, no significant changes in caspase-3/7 activation was detected in Bak�/�Bax�/�

MEF cells reexpressing Bax with reduced PDI or PDIA3 expression following 24-h treatment with actinomycin D (0.8 �g/ml) or tunicamycin (0.2 �g/ml). G, cell
death was measured in Bax-expressing MEF cells with reduced PDIA1 or PDIA3 expression following 24-h incubation of actinomycin D (0.8 �g/ml) or tunica-
mycin (0.8 �g/ml). All data are mean � S.D. of three independent experiments performed in triplicate. *, p � 0.05; **, p � 0.01; ns, not significant; unpaired
Student’s t test.
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member, we examined the effects of purified recombinant PDI
and PDIA3 proteins on MOMP. Mitochondria isolated from
wild-type MEFs were incubated with various concentrations of

purified PDI protein, purified PDIA3 protein, or purified BH3-
only Bcl-2 protein truncated Bid (tBid), which is known to per-
meabilize the mitochondrial outer membrane (32). The release
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of cytochrome c from mitochondria was determined as a
parameter of MOMP. Like the well documented tBid (32), PDI
or PDIA3 was able to induce cytochrome c release from mito-
chondria in a dose-dependent fashion (Figs. 6, A and B). These
data indicate that both PDI and PDIA3 function directly on
mitochondria to induce MOMP in vitro.

PDI- and PDIA3-induced MOMP Are Dependent on Bak but
Not Bax—Bak and Bax are required for MOMP in almost all
apoptotic paradigms (33). To investigate whether Bak and Bax
are also vital in PDI- and PDIA3-induced MOMP, we examined
the influence of PDI and PDIA3 on the integrity of mitochon-
dria containing only Bak, only Bax, or neither of them. Mito-
chondria were purified from Bax�/�Bak�/� MEFs reexpress-
ing the empty vector, Bak only, or Bax only. After incubation
with purified PDI and PDIA3 proteins, mitochondrial mem-
brane integrity was assessed. PDI induced cytochrome c release
from mitochondria of Bak-expressing cells but not from those
of Bax-expressing cells or the vector control cells (Figs. 7, A and
B). By contrast, tBid was able to permeabilize mitochondria
from both Bak-expressing and Bax-expressing cells. In agree-
ment with PDI, purified PDIA3 was only able to induce perme-
abilization of mitochondria with Bak but not those with Bax
(Fig. 7, C and D). These data indicate that both PDI and PDIA3
induce MOMP in a Bak- but not Bax-dependent fashion, which
is consistent with the cellular study indicating that Bak but not
Bax is involved in PDIA3-mediated proapoptotic signaling
(Figs. 4 and 5).

The Permeabilizing Activity of PDI or PDIA3 on the Mito-
chondrial Membrane Can Be Blocked—Antiapoptotic Bcl-2
protein Bcl-xL has been shown to inhibit apoptosis by blocking
MOMP triggered by proapoptotic Bcl-2 protein in vitro (34).
We investigated whether MOMP-induced by PDI and PDIA3
proteins was also modulated by Bcl-xL. MOMP assays were
carried out using mitochondria isolated from wild-type MEFs
(Fig. 8, A and B). The addition of Bcl-xL alone had a minimal
effect on cytochrome c release. In the presence of purified PDI
or PDIA3 protein, Bcl-xL was able to prevent MOMP, reminis-
cent of its ability to maintain MOM integrity under similar
conditions with tBid (24). Our data suggest that PDI and PDIA3
induce MOMP in a similar fashion as the well studied proapo-
ptotic BH3-only Bcl-2 proteins tBid.

The best known enzymatic activities of PDI and PDIA3 are
oxidizing, reducing, and isomerizing disulfide bonds (1), and
our data suggest that PDI and PDIA3 enzymatic activities are
involved in apoptotic signaling (Fig. 1). We studied whether
their enzymatic activities are essential for their ability to per-
meabilize mitochondria. Isolated mitochondria from wild-type
MEFs were incubated with PDI or PDIA3 proteins with or with-
out the PDI and PDIA3 enzymatic activity inhibitor thiomusci-
mol (18). Thiomuscimol failed to affect MOMP by itself but
blocked MOMP triggered by PDI or PDIA3 (Fig. 8, C–E), pro-
viding evidence that the PDI enzymatic activities are essential
for its effects on MOM integrity. Overall, our results suggest
that permeabilization of mitochondria by PDI or PDIA3 is a
controlled biological process.

PDI and PDIA3 Induce Bak, but Not Bax, Oligomerization in
Mitochondria—The oligomerization of Bak in the mitochon-
drial outer membrane is one of the ultimate control points for
the mitochondrial apoptosis pathway, which is thought to be
responsible for forming permeation pores on mitochondria
(32). Because PDI and PDIA3 induce Bak-dependent cyto-
chrome c release, we examined whether they were able to alter
Bak protein conformation on mitochondria in a fashion similar
to the proapoptotic BH3-only Bcl-2 protein tBid (35). After
incubation with purified PDI or PDIA3 protein, mitochondria
isolated from wild-type MEF cells were treated with the sulfhy-
dryl-reactive cross-linker bismaleimidohexane to cross-link the
oligomerized proteins. Bak oligomerization on mitochondria
was increased by both PDI and PDIA3, as indicated by the
enhanced intensity of slowly migrating bands recognized by
Bak antibodies following treatment (Fig. 9A). Importantly, PDI-
or PDIA3-induced oligomerization of Bak was reduced mark-
edly by Bcl-xL, correlating with its influence on MOMP, as
shown in Fig. 8. Similar results were obtained using the PDI
inhibitor thiomuscimol (Fig. 9). Therefore, Bak oligomerization
on mitochondria induced by PDI or PDIA3 is a regulated bio-
logical process that depends on its catalytic activities and is

FIGURE 5. Bak, but not Bax, is involved in PDIA3-mediated proapoptotic signaling. A, PDI and PDIA3 were stably overexpressed in Bak�/�Bax�/� MEF cells
expressing Bak by retroviral infection. The expression levels of PDI and PDIA3 were determined by Western blot analysis. B, stable overexpression of PDI and
PDIA3 in Bak�/�Bax�/� MEF cells expressing Bax was examined by Western blot analysis. C and D, after treatment with actinomycin D (Act D, 0.1 �g/ml) or
tunicamycin (Tuni, 0.4 �g/ml) for 24 h, more caspase-3/7 activation (C) and cell death (D) were detected in Bak-expressing MEF cells with reduced PDIA3
expression but not with reduced PDI expression. RFU, relative fluorescence unit; con, control. E, 24-h treatment with actinomycin D (0.8 �g/ml) or tunicamycin
(0.1 �g/ml) induced the same level of caspase-3/7 activation in Bak�/�Bax�/� MEF cells expressing Bax with higher PDIA1 or PDIA3 expression. F, cell death was
measured in Bax-expressing MEFs with increased PDIA1 or PDIA3 expression after 24-h incubation of actinomycin D (0.8 �g/ml) or tunicamycin (0.2 �g/ml). All
data are mean � S.D. of three independent experiments performed in triplicate. *, p � 0.05; **, p � 0.01; ns, not significant; unpaired Student’s t test.

FIGURE 6. PDI and PDIA3 induce MOMP in vitro. PDI and PDIA3 cause dose-
dependent MOMP. Mitochondria purified from wild-type MEF cells were incu-
bated with recombinant tBid protein or different concentrations of recombi-
nant PDI protein (A) or recombinant PDIA3 protein (B). GST protein was used
as a negative control of PDIA3. Cytochrome c in the mitochondrial vesicle
fractions (pellet, P) or the released fractions (supernatant, S) was detected by
Western blot analysis.

Protein Disulfate Isomerase Mediates Apoptosis

APRIL 3, 2015 • VOLUME 290 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 8957



FIGURE 7. Bak, but not Bax, is involved in PDI and PDIA3-induced MOMP. PDI and PDIA3 induce Bak-dependent, but not Bax-dependent, cytochrome c
release. A and C, mitochondria isolated from Bak�/�Bax�/� MEF cells expressing the empty vector, Bak, or Bax were incubated with recombinant tBid protein
(4 nM), recombinant PDI protein (A), or recombinant PDIA3 protein (C). Cytochrome c in the mitochondrial vesicle fractions (pellet, P) or the released fractions
(supernatant, S) was detected by Western blotting. ctrl, control. B, the intensities of cytochrome c in mitochondrial fractions and released fractions shown in A
were quantified using ImageJ software (National Institutes of Health). D, the intensities of cytochrome c in mitochondrial fractions and released fractions shown
in C were quantified. Cytochrome c release is represented as a percentage of the sum of the protein intensity in the supernatant and pellet. Mean � S.D. for
three independent experiments are shown. *, p � 0.05; **, p � 0.01; unpaired Student’s t test.
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modulated by antiapoptotic Bcl-2 proteins. In contrast, PDI
and PDIA3 failed to induce detectable Bax oligomerization on
mitochondria (Fig. 9C). Furthermore, we isolated mitochon-
dria from Bax�/�Bak�/� MEFs and incubated them with puri-
fied recombinant Bax along with tBid, PDI, or PDIA3. Unlike
the well documented Bax activator tBid, PDI or PDIA3 failed to
induce Bax insertion into mitochondria, providing more evi-
dence that Bax is not involved in PDI- or PDIA3-induced cyto-
chrome c release (Fig. 9D). Moreover, in accordance with PDI-
and PDIA3-induced Bak, but not Bax, oligomerization in
mitochondria isolated from wild-type MEFs (Fig. 9, A and C),
PDI and PDIA3 induced Bak oligomerization in mitochondria
from Bax�/�Bak�/� MEF cell lines reexpressing only Bak but
failed to trigger Bax oligomerization in mitochondria from Bax-

reexpressing cells (Fig. 9, E and F). In addition, immunofluores-
cent studies demonstrated that both PDI and PDIA3 were par-
tially colocalized with Bak (Fig. 10). In summary, these results
reveal a correlation between the assembly of Bak oligomers
and the increase in MOM permeability in the presence of
PDI or PDIA3 in vitro, suggesting that PDI or PDIA3 per-
meabilizes the mitochondrial outer membrane by triggering
Bak conformational change and subsequent Bak oligomeri-
zation on mitochondria.

DISCUSSION

The mitochondrially mediated apoptotic pathway is the
most common form of apoptosis (36). In this pathway, MOMP
is recognized to be a “no return” step during apoptotic signaling

FIGURE 8. Bcl-xL and inhibiting PDI enzymatic activities regulate the permeabilizing activity of PDI and PDIA3. A, mitochondria purified from wild-type
MEF cells were incubated with recombinant PDI protein (2 �M) or recombinant PDIA3 protein (2 �M) with or without recombinant Bcl-xL protein (0.5 �M).
Cytochrome c release was determined by Western blot analysis. P, pellet, mitochondrial fraction; S, supernatant, released fraction. B, the intensities of
cytochrome c in mitochondrial fractions and released fractions shown in A were quantified. Cytochrome c release is represented as a percentage of the sum of
the protein intensity in the supernatant and pellet. C and D, mitochondria purified from wild-type MEF cells were incubated with 2 �M recombinant PDI protein
(C) or 2 �M recombinant PDIA3 protein (D) in the absence or presence of thiomuscimol (10 mM). Cytochrome c in the mitochondrial fractions or the released
fractions was assessed by Western blot analysis. E, cytochrome c intensities in mitochondrial fractions and released fractions presented in C and D were
determined. Cytochrome c release is calculated as a percentage of the sum of the protein intensity in the supernatant and pellet. Data are mean � S.D. for three
independent experiments. *, p � 0.05; **, p � 0.01; unpaired Student’s t test.
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(37). The induction of MOMP leads to the release of cyto-
chrome c from the mitochondrial intermembrane space, which
serves as a cofactor for apoptotic protease-activating factor 1
(APAF-1) to trigger apoptosis (38). Although Hoffstrom et al.
(18) have reported that PDI purified from bovine liver is able to
cause MOMP in vitro, the PDI preparation contains more than
one member of PDI family proteins.3 It is still unclear which
particular PDI family member is essential for MOMP. In this
study, purified recombinant PDI and PDIA3 proteins were
examined, and the evidence that catalytic activities of PDI
members are vital for their roles in apoptotic signaling are pre-
sented. Both PDI and PDIA3 directly induced MOMP in a fash-
ion similar to the BH3-only Bcl-2 protein tBid in vitro. Impor-
tantly, the activity of PDI and PDIA3 on mitochondrial
membrane permeability was also diminished by the antiapop-
totic Bcl-2 protein Bcl-xL. The permeabilizing activity of PDI
and PDIA3 on the mitochondrial membrane is likely attributed
to their ability to induce Bak oligomerization.

During MOMP, Bax or Bak oligomerize and insert stably into
the mitochondrial outer membrane, which is an important pre-
requisite for MOMP (32). Bax and Bak are considered function-
ally redundant because the activation of either of them could
induce apoptosis in almost all apoptosis paradigms examined,
and loss of Bax or Bak alone fails to provide significant protec-
tion against apoptosis (39, 40). However, accumulating evi-
dence also suggests that they might have non-redundant roles
in apoptosis induced by certain death stimuli (30, 31, 41– 44).
Studies show that Bak, but not Bax, is essential for cytochrome
c release or apoptosis induced by NBK/BIK (41), Bcl-xS (43),
Neisseria gonorrhoeae (Ngo), and cisplatin (31). In this study,
we also found that Bak, but not Bax, is essential for PDIA3-
induced proapoptotic signaling (Figs. 4 and 5) in cells. Impor-
tantly, both PDI- and PDIA3-induced MOMP is Bak-depen-
dent but not Bax-dependent, probably through causing Bak
oligomerization on mitochondria (Figs. 7 and 9). These corrob-
orative findings provide the first evidence that proapoptotic ER
proteins induce apoptosis exclusively via Bak activation.
Indeed, antiapoptotic Bcl-2 proteins can block MOMP through3 G. Zhao and C. Li, unpublished data.

FIGURE 9. PDI and PDIA3 induce Bak, but not Bax, oligomerization in mitochondria. A, mitochondria purified from wild-type MEF cells were incubated with
the indicated combination of PDI protein (2 �M), PDIA3 protein (2 �M), Bcl-xL protein (0.5 �M), and thiomusciol (10 mM). After treatment with the cross-linking
reagent bismaleimidohexane, Bak oligomerization in mitochondria was determined by Western blot analysis. The molecular weights of protein standards are
indicated. B, the intensities of Bak dimer in mitochondria shown in A were quantified. The dimerization of Bak levels were normalized to the control sample with
buffer incubation only. C, mitochondria isolated from wild-type MEF cells were incubated with the indicated concentrations of PDI or PDIA3 protein. Following
the treatment with the cross-linking reagent bismaleimidohexane, Bax oligomerization in mitochondria was determined by Western blot analysis. The
molecular weights of protein standards are indicated. D, PDI or PDIA3 failed to induce Bax insertion into mitochondria. Mitochondria purified from Bak�/�Bax�/�

MEFs were incubated with Bax and either tBid, PDI, or PDIA3. Levels of Bax inserted into mitochondria were determined by Western blot analysis. E and F, mitochon-
dria purified from Bak�/�Bax�/� MEF cells expressing Bak only (E) or Bax only (F) were incubated with the indicated combination of PDI or PDIA3 protein. Bak
or Bax oligomerization in mitochondria was determined by Western blot analysis. ctrl, control. G and H, the intensities of Bak or Bax dimer in mitochondria
shown in E and F were quantified. Data are mean � S.D. for three independent experiments. **, p � 0.01; unpaired Student’s t test.

FIGURE 10. PDI and PDIA3 are partially colocalized with Bak. GFP and Bak fusion proteins were transiently expressed in Bak�/�Bax�/� MEFs. The
intracellular distribution of PDI or PDIA3 was detected by immunofluorescent staining. The fluorescence was visualized by confocal microscopy. Scale
bars � 10 �m.
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binding to deactivate Bak, which is a prevailing model of Bcl-2
protein interactions inherent to the regulation of MOMP (45).
Consistent with this model, Bcl-xL blocked the proapoptotic
activities of PDI and PDIA3 in our studies (Figs. 8 and 9). There-
fore, we propose that Bcl-xL directly binds to Bak and, subse-
quently, deactivates Bak to inhibit PDI- and PDIA3-induced
Bak oligomerization and MOMP.

It is generally believed that ER stress is an adaptive mecha-
nism to preserve cell function and survival. However, constant
ER stress triggers apoptosis, which has a critical role in the
development of many diseases (6). Our previous studies indi-
cate that PDI is released from the ER lumen during ER stress
(26). Recent studies have also shown that several ER luminal
chaperones released from the ER lumen exhibit unique proapo-
ptotic activities in various apoptotic paradigms (46 – 48).
Importantly, this study demonstrates that PDI and PDIA3 pro-
tein directly induce MOMP in vitro by selectively activating Bak
on mitochondria. It is conceivable that released ER luminal
PDIs directly induce Bak-dependent MOMP by catalyzing Bak
intermolecular disulfide bond formation. Alternatively, PDIs
might accumulate at the mitochondria-associated ER subcom-
partment to trigger MOMP, as suggested by the studies of
human neuronal cells expressing polyglutamine-expanded
huntingtin exon 1 (18).

In this work, molecules inhibiting PDI and PDIA3 catalytic
activities (securinine, thiomuscimol, or bacitracin) decreased
apoptotic cell death induced by different kinds of apoptotic
insults (actinomycin D, thapsigargin, and tunicamycin) (Fig.
1). The broad protective effects of PDI and PDIA3 in different
apoptosis paradigms suggest that they are involved in a critical step
of the canonical intrinsic mitochondrial apoptotic pathway.

Reducing PDIA3 protein expression alleviated apoptotic cell
death caused by apoptotic stimuli (Fig. 2), which is consistent
with earlier reports (20 –22). Furthermore, overexpression of
PDIA3 increased caspase-3/7 activation and cell death induced
by actinomycin or tunicamycin in MEF cells (Fig. 3, C and D).
These corroborative results suggest that PDIA3 exerts its pro-
apoptotic activities in MEF cells. Although purified PDI protein
permeabilizes mitochondria as effectively as purified PDIA3
protein in vitro (Fig. 6), reducing or enhancing PDI expression
failed to influence the cytotoxic effects of actinomycin or tuni-
camycin on MEF cells (Figs. 2–5). One possible explanation for
this discrepancy is that, in MEF cells, the majority of PDI is
retained inside the ER lumen during apoptosis. Therefore, PDI
is less likely to translocate to the mitochondrial outer mem-
brane to induce MOMP than PDIA3. As a result, changes in
PDI expression levels have a limited influence on cellular
responses to apoptotic insults.

In summary, this study reveals novel proapoptotic actions of
PDI and PDIA3, two chaperone proteins for reconstructing
misfolded proteins. A better understanding of how PDI- and
PDIA3-mediated apoptosis pathway may assist in discovering
therapeutic approaches for protein misfolding diseases.
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