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Abstract. Bcl-2/E1B-19K-interacting protein 3 (BNIP3)
is a member of the apoptotic B-cell lymphoma-2
family that regulates cell death. Although BNIP3 tar-
geted normally to the mitochondrial outer mem-
brane by its transmembrane domain was originally
considered to be essential for its pro-apoptotic activ-
ity, accumulating evidence has shown that BNIP3 is
localized to endoplasmic reticulum at physiological
conditions and that forced expression of BNIP3 can
initiate cell death via multiple pathways depending
on the subcellular compartment it targets. Targeting
BNIP3 to endoplasmic reticulum has been shown to
participate in cell death during endoplasmic reticu-
lum stress. However, the molecular events responsi-
ble for BNIP3-induced cell death in the endoplasmic
reticulum remain poorly understood. In the present
study, the transmembrane domain of BNIP3 was re-
placed with a segment of cytochrome b5 that targets
BNIP3 into endoplasmic reticulum, which induced
cell death as effectively as its wild-type molecule in
the SW480 cell line (colon carcinoma). Furthermore,
a pan-caspase inhibitor, z-VAD-fmk, and PD150606,
a specific calpain inhibitor, both significantly sup-
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pressed the endoplasmic reticulum-targeted BNIP3-
induced cell death. These results suggest that endo-
plasmic reticulum-targeted BNIP3 induced a mixed
mode of cell death requiring both caspases and cal-
pains.

Introduction

Programmed cell death (apoptosis) is a physiological
process shared by all multi-cellular organisms. It is crit-
ical for normal development and tissue homeostasis,
and dysregulation of apoptosis has been implicated in a
wide variety of diseases. It is tightly regulated by a num-
ber of apoptosis regulators. Among them, the B-cell
lymphoma-2 protein family (Bcl-2) is unique in that it
can be either pro-apoptotic or anti-apoptotic (Knight et
al., 2019). The anti-apoptotic members possessing all four
Bcl-2 homology (BH) domains include Bcel-2, Bel-x1,
Bcl-w, Mcl-1 and A1, while the pro-apoptotic proteins
can be further divided into two distinct sub-families: the
multi-domain proteins including Bax, Bak and Bok, and
the BH3 only proteins including Bad, Bid, Bik/Nbk,
Bim, Bmf, Nix, Hrk, Noxa and Puma, and BNIP3. BNIP3
comprises four main domains: a PEST domain that tar-
gets BNIP3 for degradation, a putative BH3 domain that
is homologous to other Bcl-2 family members, a conserved
domain that is conserved from C. elegans to humans,
and a transmembrane domain (TM) that is responsible
for dimerization and essential for the mitochondria-tar-
geted BNIP3-induced apoptosis (Opferman and Kothari,
2017).

Endoplasmic reticulum (ER) has been recognized as
the second most common intracellular organelle next to
mitochondria for initiating the apoptosis process by Bcl-2
protein family (Rodriguez et al., 2010; Pih4n et al.,
2017). Bcl-2 family proteins in ER regulate apoptosis
through both caspase-dependent and caspase-independ-
ent signalling pathways (Nutt et al., 2002; Scorrano et
al., 2003). Conversely, Bcl-2 family proteins themselves
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can be modulated by signals inside ER, where they play
an essential role in apoptosis during ER stress (Foyouzi-
Youssefi et al., 2000). Like other Bcl-2 family members,
BNIP3 can localize to ER in both physiological and
pathological conditions, indicating that BNIP3 may ex-
ecute its apoptosis-related functions (Hanna et al., 2012).
Recently, it was demonstrated that targeting BNIP3 to
mitochondria or ER impairs the intracellular Ca** ho-
meostasis and induces a mixed mode cell death in
Mes23.5 dopaminergic cells (Zhang et al., 2009). This
suggests that BNIP3 may induce cell death via different
signalling pathways depending on the cell type and its
intracellular localization. ER stress has been implicated
in BNIP3-induced cell death. However, the molecular
mechanisms involved in this event are not fully eluci-
dated. Here, we demonstrated that the ER-targeted
BNIP3-induced cell death is mediated by both calpains
and caspases, but not caspase-3, a cytoplasmic protein
activated with the help of cytochrome c released from
mitochondria.

Material and Methods

Reagents

Mito-tracker Red CMXRos and ER-Tracker Red dye
were purchased from Thermo Fisher Scientific (Waltham,
MA). Pan-caspase inhibitor z-VAD-fmk, caspase-3-spe-
cific inhibitor AC-VAD-CHO and calpain inhibitor
PD150606 were purchased from Calbiochem (La Jolla,
CA). Anti-caspase-3 (ab4051) antibody was purchased
from Abcam (Cambridge, UK). SW480 and MCF-7
cells were purchased from ATCC (Manassas, VA), Lipo-
fectamine 2000, foetal bovine serum, penicillin/strepto-
mycin, and cell culture media and additives were the
products of Thermo Fisher Scientific. All other chemi-
cals, unless specified otherwise, were from Sigma-
Aldrich (Steinheim, Germany). Plasmid construction
and transient transfection: the human sequence encod-
ing BNIP3 (NM_004052.3) was synthesized and cloned
into pcDNA3.0 (Invitrogen, San Diego, CA), generating
pcDNA-BNIP3, and two mutants, BNIP3ATM where
amino acid (AA) residues 164-184 were deleted, and
BNIP3cyb5 where AA164-184 was replaced with
AA100-134 of rat hepatic cytochrome b5, were gen-
erated by splice overlap polymerase chain reaction
(PCR) as described (Ray et al., 2000). All plasmids were
subcloned into pEGFP-N1 with forward primer
(5‘-ACTAAGCTTAATGGGCGACGCGGCCG- CAG-
3°) containing a Hindlll site, and reverse primer
(5’-CATGGATCCGAAAGGTGCTGGTGGAGG-
TTG-3") containing a BamHI site. All plasmids were
sequenced to confirm their identities.

Cell culture and transient transfection

The SW480 cells, a human colon carcinoma cell line
and MCF-7 cells, a human breast adenocarcinoma cell
line, were cultured with RPMI-1640 medium containing
10% foetal bovine serum, 100 U/ml penicillin, 100 mg/ml

streptomycin and in humidified air with 5% CO, at
37 °C. Cells were seeded in 60 mm dishes containing
coverslips at 0.8 x 10° the day before transfection. Cells
were then transiently transfected with plasmids using
Lipofectamine 2000 following vendor’s instructions.
After overnight incubation, cells were loaded with Mito-
tracker Red CMXRos (mitochondria probe, Ex/Em =
579 nm/ 599 nm) or ER-Tracker Red dye (endoplasmic
reticulum probe, Ex/Em = 587 nm/615 nm), respective-
ly, and continued to incubate for another 12 h. After in-
cubation, coverslips were washed with PBS and cells
were fixed with 4% (w/v) paraformaldehyde for 10 min
at room temperature, permeabilized, and then counter-
stained with DAPI (solution at 0.5 pg/ml (CST,
1:50,000) for 15 min at room temperature. After rins-
ing with PBS, the coverslips were mounted with mount-
ing medium.

Confocal microscopy

The intracellular localization was analysed by confo-
cal microscopy using a Zeiss LSM 510 NLO Two-Photon
Microscope (Jena, Germany) with a x40 C-Apochromat
objective. Lasers employed for excitation of fluores-
cence were Ar (458, 477,488, and 514 nm), green HeNe
(543 nm), and red HeNe (633 nm) and images were ana-
lysed with Aim Image Browser (Zeiss, Jena, Germany).

Cell death analysis

Cells were fixed in 4% paraformaldehyde for 40 min
at 24 or 48 h, respectively, post-transfection, and then
stained with 1 pg/ml DAPI for 20 min. GFP-positive
cells were counted under a fluorescence microscope
(Nikon, Tokyo, Japan). The percentage of dying cells
was calculated by assessing the number of blue cells
with condensed or fragmented nuclear morphology in
the total population of GFP-positive cells. For each
group of cells, at least 3,000 cells were counted.

Caspase-3 activity assay

The activity of caspase-3 was measured using the
Caspase-3 activity kit (Beyotime Institute of Biotech-
nology, Haimen, China) according to the manufacturer’s
instructions. Briefly, cell lysates were prepared after
their respective transfection with BNIP3 and its mutants
at indicated time points. Assays were performed in 96-
well microtitre plates by incubating 10 pul protein of cell
lysate per sample in 80 pl reaction buffer (1% NP-40,
20 mM Tris-HCI (PH 7.5), 137 mM Nad and 10% glyc-
erol) containing 10 pl caspase-3 substrate (Ac-DEVD-
pNA) (2 mM). Lysates were incubated at 37 °C for 4 h.
Samples were measured with an ELISA reader at an ab-
sorbance of 405 nm.

Western blotting

After 24 h of transient transfection, cells were washed
with ice-cold phosphate-buffered saline and lysed in a
buffer containing 50 mM HEPES, pH 7.5, 1.5 mM
MgCl,, 150 mM NaCl, I mM EGTA, 20 mM NaF, 10 mM
sodium pyrophosphate, 10% glycerol, 1% Triton X-100,
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3 mM benzamidine, 10 mM phenylmethylsulphonyl
fluoride, 1 pM pepstatin, 10 pg/ml aprotinin, 5 mM
iodoacetic acid, and 2 pg/ml leupeptin to prepare whole-
cell lysates. Lysates were clarified by centrifugation at
14,000 x g for 5 min, and the supernatant was quanti-
tated by BCA assay. Ten pg of lysate was resolved in
10% SDS-PAGE and transferred to PVDF membrane.
The membrane was sequentially blocked with PBST
containing 5% non-fat dry milk powder, probed with
primary antibodies against caspase-3 and a-actin, re-
spectively, and incubated with the corresponding HRP-
conjugated secondary antibody. The membrane was then
developed with Superglow ECL (Shenggong, Shanghai,
China) and images were acquired with BioRad Gel
Documentation systems (Hercules, CA).

Statistical analyses

All data are presented as mean + SD from at least
three independent experiments with each in triplicate.
Statistical analysis between two groups was performed
using the Student’s #-test. P < 0.05 was considered sig-
nificant and P < 0.01 was considered very significant.

Results
The transmembrane domain is required for
BNIP3-mediated apoptosis

Although hypoxia had been regarded as the major
pathological inducer of BNIP3-mediated apoptosis
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Fig. 1. Over-expression of BNIP3 induces cell death.

(Kubasiak et al., 2002; Regula et al., 2002), many stud-
ies have now shown that hypoxia is not indispensable,
especially when BNIP3 was over-expressed (Zhang et
al., 2009; Ray et al., 2000). When plasmids pEGFP-N1
(BNIP3Empty), pEGFP-N1-BNIP3 (BNIP3WT), and
pEGFP-N1-BNIP3ATM (BNIP3ATM) were transiently
transfected into SW480 cells, the respective plasmid ex-
pression in SW480 cells was confirmed by fluorescence
microscopy (Fig. 1A). To evaluate the pro-apoptotic ef-
fects of BNIP3WT, the GFP-positive cells were counted
under a fluorescence microscope, and the percentage of
dying cells was calculated by assessing the number of
blue cells with condensed or fragmented nuclear mor-
phology in the total population of GFP-positive cells
(Fig. 1B). As shown in Fig.1C, BNIP3WT resulted in
significantly increased apoptosis at both 24 and 48 h
compared to BNIP3Empty, whereas deletion of the
transmembrane domain (BNIP3ATM) completely abol-
ished its apoptotic effect in SW480 cells. Similar results
were obtained in MCF-7 cells (Fig. 1D).

Targeting BNIP3 into ER by replacing the TM
with a fragment of cytochrome b5

We generated BNIP3cyb5, where the COOH-terminal
TM of BNIP3 was replaced with the COOH-terminal
transmembrane segment of cytochrome b5 (AA100-
134), a sequence previously shown to target ER (Fig.
2A). Transient transfection of SW480 cells showed that
the vector expressing GFP only (BNIP3Empty) was al-
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(A) Representative photomicrographs showing GFP-positive cells after transfection of SW480 cells with BNIP3Empty,
BNIP3 A TM and BNIP3WT, respectively, at 24 h. (B) Representative images showing condensed or fragmented nuclear
morphology stained by DAPI (blue) after transfection of SW480 cells with BNIP3WT at 24 h. (C) To evaluate the pro-
apoptotic effects of BNIP3WT and its mutants on SW480 and MCF-7 cells, the GFP-positive cells were counted under a
fluorescence microscope, and the percentage of dying cells was calculated by assessing the number of blue cells with
condensed or fragmented nuclear morphology in the total population of GFP-positive cells. Forced expression of BNIP3
WT significantly increased cell death at both 24 and 48 h compared to that of BNIP3Empty, and forced expression of
BNIP3 A TM abolished BNIP3WT-induced cell death in both SW480 (1C) and MCF-7 (1D) cells. Data are presented as
means £ SD, with ** denoting P < 0.01. Scale bar in Fig. A, 200 um, Scale bar in Fig. B, 10 um.
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most homogenously intracellular, BNIP3WT was local-
ized to both mitochondria (co-localized with Mito-
Tracker Red) and ER (co-localized with ER-Tracker
Red), BNIP3cybS5 was largely localized to ER as expect-
ed, and BNIP3ATM was localized neither to mito-
chondria nor to ER, but dispersed throughout the cell
(Fig. 2B).

ER-targeted BNIP3 induces a similar degree of
cell death as mitochondria-localized BNIP3

To explore whether ER-localized BNIP3 has any pro-
apoptotic effect, SW480 cells, seeded in 6-well plates
with a coverslip in each well, were transiently trans-
fected with BNIP3Empty, BNIP3WT, BNIP3cybS5,
and BNIP3ATM, respectively. As shown in Fig. 3,
BNIP3cyb5 localized to ER and induced cell death with
condensed or fragmented nuclear morphology after
transfection with BNIP3cybS at 24 h. Quantitated data
showed that BNIP3cyb5 (Cyb5) induced more than
10% and 20% increased apoptosis at 24 and 48 h rela-
tive to BNIP3Empty (Empty), respectively, which was
similar to that of BNIP3WT (WT). BNIP3ATM (AM)
abolished the pro-apoptotic effect of BNIP3WT, show-
ing no differences compared to that of the BNIP3Empty
at both 24 and 48 h.

ER-targeted BNIP3-induced apoptosis requires
both calpains and caspases

To investigate the molecular mechanisms involved in
BNIP3-induced apoptosis in ER, SW480 cells were
transfected with the aforementioned plasmids in the ab-

Fig. 2. Subcellular localization of BNIP3 and its mutants
(A) Schematic presentation of BNIP3WT, BNIP3ATM, and BNIP3cybS5 constructs. (B) Representative images showing
that DAPI-stained nuclei are in blue, Mito-tracker Red CMXRos and ER-tracker Red Dye are in red, respectively, and
GFP indicates the forced expression of BNIP3 and its mutants. Merged images showing that BNIP3WT localized to both
mitochondria and ER, BNIP3cyb5 localized mainly to ER, and BNIP3ATM and GFPEmpty are localized neither to mi-
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Fig. 3. BNIP3-mediated cell death in ER stress

(A) Representative photomicrographs showing that BNIP-
3cyb5 localized to ER and induced cell death. (B) Quanti-
tated data showing that BNIP3WT and BNIP3Cyb5 in-
duced significant cell death compared to BNIP3Empty
after transient transfection of SW480 cells at 24 and 48 h,
respectively, whereas transfection of BNIP3ATM almost
completely abrogated WT-induced cell death at both 24
and 48 h. Data are presented as means + SD, with ** denot-
ing P <0.01. Scale bar, 10 pm.

sence or presence of 20 uM z-VAD-fmk, a pan-caspase
inhibitor, or 30 uM of PD150606, a specific calpain
inhibitor, 3 h prior to the transfection, respectively. The
cells were continued to incubate for a total of 48 h. Treat-
ment with z-VAD-fmk had no effect on BNIP3Empty
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Fig. 4. Both caspases and calpains are required for BNIP3-induced cell death in ER.

(A) Quantitated data showing that both BNIP3WT and BNIP3Cyb5 induced significant cell death compared to BNIP3Emp-
ty and BNIP3ATM plasmid-transfected SW480 cells at both 24 and 48 h, respectively, and pre-treatment of cells with
20 um z-VAD-fmk significantly inhibited BNIP3Cyb5-induced cell death at both 24 and 48 h, respectively. (B) Both
BNIP3WT and BNIP3CybS5 induced significant cell death compared to Empty and BNIP3ATM plasmid-transfected
SW480 cells at both 24 and 48 h, respectively, and pre-treatment of cells with 30 um PD150606 significantly inhibited
cell death in BNIP3CybS5-transfected cells at both 24 and 48 h, respectively. Data are presented as means + SD, with *
denoting P < 0.05 and ** denoting P <0.01.

(Empty), BNIP3WT and BNIP3ATM (ATM)-induced
apoptosis, whereas it significantly decreased BNIP3cyb5

pase-3 is the most extensively studied apoptotic protein
among the caspase family members. To investigate

(Cyb5)-induced apoptosis at both 24 and 48 h (Fig. 4A).
Similarly, treatment with PD150606 had no effect on
BNIP3Empty, BNIP3WT and BNIP3ATM-induced ap-
optosis, whereas it significantly decreased BNIP3cybS5-
induced apoptosis at both 24 and 48 h (Fig. 4B). Cas-

whether caspase-3 is involved in BNIP3-induced apop-
tosis due to ER stress in SW480 cells, we first examined
the effect of AC-VAD-CHO, a caspase-3 specific inhib-
itor, on the apoptotic effects of BNIP3 and its mutants.
As shown in Fig. 5A, treatment with 20 uM AC-VAD-
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Fig. 5. Caspase-3 is not involved in BNIP3-induced cell death in ER.

(A) Quantitated data showing that both BNIP3WT and BNIP3cyb5 induced significant cell death compared to BNIP3Emp-
ty and BNIP3ATM plasmid-transfected SW480 cells at both 24 and 48 h, respectively, and pre-treatment of cells with
20 um AC-VAD-CHO did not inhibit the cell death induced by BNIP3cyb5 at both 24 and 48 h, respectively. Data are
presented as means + SD. (B) The activity of caspase-3 was measured at indicated time points using the Caspase-3 activity
kit. Cells were either treated with 1 um staurosporine followed by UV exposure, or transfected with BNIP3cybS. Each
value was expressed as the ratio of caspase-3 activation level to control level (0 h), and the value of control was set to
100 %. Data are presented as means = SD of five measurements, with ** denoting P < 0.01. (C) Representative image
showing caspase-3 bands in all lanes and cleaved caspase-3 band in the only lane labelled as Positive (6 h UV irradiation
in the presence of 1 um staurosporine) (top panel), and their corresponding a-actin (bottom panel) in all lanes labelled
after 24 h transfection.
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CHO had no effects on both BNIP3WT (WT) and
BNIP3cyb5 (Cyb5)-induced apoptosis. We also estimat-
ed the caspase-3 activity in SW480 cells after transfec-
tion of BNIP3cybS5. Positive control cells treated with 1
um staurosporine followed by UV exposure showed in-
creased levels of caspase-3 activity at indicated time
points, whereas the levels of caspase-3 activity were not
changed in the cells transfected with BNIP3cybS5 at indi-
cated time points (Fig. 5B). In accordance with the
time course data, forced expression of BNIP3Empty,
BNIP3WT, BNIP3cyb5, and BNIP3ATM did not change
much of the ratio of caspase-3 to a-actin, nor caused the
cleavage of caspase-3. In contrast, a clear cleaved cas-
pase-3 immunoreactive band was seen in the positive
control (Positive) where cells were treated with 1 pm
staurosporine followed by UV exposure, suggesting that
caspase-3 was not activated by forced expression of
those plasmids (Fig. 5C). Taken together, these results
suggest that ER-targeted BNIP3-induced cell death re-
quires both calpains and caspases, but not caspase-3.

Discussion

In the present study, we demonstrated that (1) the TM
domain of BNIP3 that targets BNIP3 mainly to mito-
chondria is necessary for BNIP3-induced cell death, (2)
targeting BNIP3 into ER induced cell death nearly as
effectively as that of BNIP3WT, and (3) targeting
BNIP3 into ER induced cell death in dependence on cal-
pains and caspases, but not caspase-3.

It has been well established that the TM of BNIP3
mediating dimerization and mitochondrial localization
plays important roles in BNIP-3-induced cell death.
Consistently, deletion of the TM prevented BNIP3 from
targeting to mitochondria in SW480 cells (Fig. 2B) and
abrogated its death-inducing effect in both SW480 and
MCF-7 cells (Fig. 1C-D).

Many members of the Bcl-2 family have been shown
to induce cell death through their effects on ER (Singh
et al., 2019; Yang et al., 2019). Like other Bcl-2 mem-
bers, BNIP3 is also localized to ER under physiological
conditions and increasingly during ER stress. Recently,
it was demonstrated that selective targeting of BNIP3 to
ER can induce autophagy in HeLa and uncharacterized
cell death in Mes23.5 dopaminergic cells (Zhang et al.,
2009; Hanna et al., 2012), suggesting that BNIP3 can
also induce cell death in a mitochondria-independent
pathway. In agreement, when the TM of BNIP3 was re-
placed with the ER-targeting fragment of cytochrome b,
the resulting chimaeric protein, BNIP3cyb3, localized
mainly to ER (Fig. 2B), where it induced cell death near-
ly as effectively as BNIP3WT in SW480 cells (Fig. 3).

Caspases belong to a family of proteases that are es-
sential for programmed cell death (Mcilwain et al.,
2013). However, it remains controvesial whether
BNIP3-induced cell death is caspase dependent or not.
Regula, et al. (2002) reported that BNIP3-induced cell
death depends on caspase activation (Hamacher-Brady
et al., 2007), whereas others showed that caspase inhibi-

tors failed to block the BNIP3-induced cell death (Velde
et al., 2000; Kubasiak et al., 2002; Azad et al., 2008).
Although the discrepancy was attributed to differences
in cell models and experimental conditions used (Regula
et al., 2002; Hamacher-Brady et al., 2007), it remains
possible that the caspase activation in BNIP3-mediated
cell death resulted from the BNIP3 targeting to orga-
nelles other than mitochondria. Indeed, caspases local-
ized in ER can be activated by ER stress, leading to the
activation of the ER-specific apoptosis pathway (Na-
kagawa et al., 2000a,b). When BNIP3 was targeted to
ER by replacing the TM with a fragment of cytochro-
me b5 (Fig. 2B), pre-incubation of SW480 cells with
z-VAD-fimk, a specific caspase inhibitor, suppressed ER-
targeted BNIP3-induced cell death (Fig. 4A). However,
the most extensively studied pro-apoptotic member of
the caspase family, caspase-3, was not activated in the
cells over-expressing BNIP3WT and BNIP3cyb5 (Fig.
5B and C). Furthermore, AC-VAD-CHO, a caspase-
3-specific inhibitor, had no effect on both the BNIP3W'T-
and BNIP3cyb5-induced apoptosis (Fig. SA). Therefore,
we speculate that caspase-3 may not be required in
BNIP3-induced cell death in normal conditions, where-
as other caspases are indispensable when BNIP3 was
targeted into ER, a condition mimicking ER stress.

Calpains are a family of Ca?"-dependent, non-lysoso-
mal cysteine proteases expressed ubiquitously in many
organisms. Like caspases, they are synthesized as inac-
tive pro-enzymes that can be auto-processed to become
active, participating in many physiological processes
including apoptotic cell death (Storr et al., 2011; Chen et
al., 2018). Treatment of SW480 cells with PD150606, a
specific inhibitor of calpains, significantly suppressed
BNIP3cyb5-induced cell death (Fig. 4B), suggesting
that calpains are indispensable for the BNIP3-induced
cell death due to the BNIP3 ER localization. This is in
agreement with the discovery reported by Graham et al.
(2015) that calpains were the downstream modulator of
BNIP3-induced cardiomyocyte death under hypoxia
condition.

In summary, BNIP3 initiates different cell death sig-
nalling events in the mitochondria and ER. The BNIP3
TM domain-mediated targeting of BNIP3 to mitochon-
dria results in dysfunction of mitochondria, such as mi-
tochondrial swelling, rupture of the outer mitochondrial
membrane, release of small pro-apoptotic molecules,
and these events finally lead to cell death (Ray et al.,
2000; Zhang et al., 2009). In ER, BNIP3-induced cell
death requires the coordinated action of caspases and
calpains. Further studies are warranted to dissect the de-
tailed molecular pathways in ER-targeted BNIP3-indu-
ced cell death.
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