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ORIGINAL ARTICLE

Nutlin-3 enhances the bortezomib sensitivity of
p53-defective cancer cells by inducing paraptosis
Dong Min Lee1,2, In Young Kim1,2, Min Ji Seo1,2, Mi Ri Kwon1,2 and Kyeong Sook Choi1,2
The proteasome inhibitor, bortezomib, is ineffective against many solid tumors. Nutlin-3 is a potent antagonist of human
homolog of murine double minute 2/p53 interaction exhibiting promising therapeutic anti-cancer activity. In this study, we show
that treatment of various p53-defective bortezomib-resistant solid tumor cells with bortezomib plus nutlin-3 induces paraptosis,
which is a cell death mode accompanied by dilation of the endoplasmic reticulum (ER) and mitochondria. Bortezomib alone
did not markedly alter cellular morphology, and nutlin-3 alone induced only a transient mitochondrial dilation. However,
bortezomib/nutlin-3 co-treatment triggered the progressive fusion of swollen ER and the formation of megamitochondria,
leading to cell death. Mechanistically, proteasomal-impairment-induced ER stress, CHOP upregulation and disruption of Ca2+
homeostasis were found to be critically involved in the bortezomib/nutlin-3-induced dilation of the ER. Our results further
suggest that mitochondrial unfolded protein stress may play an important role in the mitochondrial dilation observed during
bortezomib/nutlin-3-induced cell death. Collectively, these ﬁndings suggest that bortezomib/nutlin-3 perturbs proteostasis,
triggering ER/mitochondria stress and irrecoverable impairments in their structure and function, ultimately leading to paraptotic
cell death.
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INTRODUCTION
Proteasome-speciﬁc inhibitors have positive clinical beneﬁts
for cancer therapy. Bortezomib (PS341, Velcade), the ﬁrst
FDA-approved proteasome inhibitor (PI), is currently used to
treat newly diagnosed and relapsed multiple myeloma and
mantle cell lymphoma (MCL).1,2 Although bortezomib
improves clinical outcomes when used as a single agent, most
patients who do not respond to this drug almost uniformly
relapse.3,4 Moreover, the clinical response to bortezomib has
proven unsatisfactory in other hematologic malignancies and in
solid tumors.3,5 Therefore, we need to develop clinically
applicable approaches that will allow us to overcome the
resistance of cancer cells to PIs and extend the activity of such
agents to address a broader spectrum of tumors.
Nutlin-3 is a small-molecule antagonist of human homolog
of murine double minute 2 (HDM2). It binds in the
p53-binding pocket of HDM2 to block the HDM2-directed
degradation of p53.6,7 The ability of nutlin-3 to restore the
apoptotic response requires the presence of a p53 that is
capable of transactivating its target genes; thus, nutlin-3 is
believed to work best on tumors with wild-type p53.6,8
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However, studies have also identiﬁed p53-independent effects
of nutlin-3,9–13 further broadening its potential therapeutic
range. For example, nutlin-3 was found to suppress cell growth
and induce apoptosis in the absence of wild-type p53 via the
p53 homolog, p73.9,10 In addition, nutlin-3 has been shown to
sensitize p53-defective cancer cells to various anti-cancer
agents, including radiation,11 doxorubicin,12 and arsenic
trioxide.13
As defects in apoptotic signaling pathways (including those
involving p53) are known to contribute to cancer development
and therapeutic resistance in many types of malignant
tumors,14,15 strategies to induce non-apoptotic cell death in
such tumors may have considerable merit. Paraptosis
(para = next to or related to, and apoptosis) is a cell death
mode that is characterized by: dilation of the ER and/or
mitochondria; the requirement for new gene transcription
and translation; and the lack of characteristic apoptotic
features, such as apoptotic body formation, chromatin condensation, DNA fragmentation and caspase dependency.16,17
Recent work has shown that paraptosis is associated with the
perturbation of cellular proteostasis (due to proteasome
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inhibition and disruption of sulfhydryl homeostasis),18–24
generation of reactive oxygen species,18,24–26 and/or imbalanced
homeostasis of ions (for example, Ca2+ and K+).19,20,24,27,28
However, the mechanisms underlying paraptosis, particularly
the signals responsible for dilation of the ER and mitochondria,
are still not clearly understood.
In the present study, we show that subtoxic doses of nutlin-3
can effectively overcome the bortezomib resistance of various
p53-defective cancer cells by inducing the progressive swelling
and fusion of the ER, the formation of megamitochondria, and
eventual cell death (that is, paraptosis). Mechanistically, we
found that proteasomal-impairment-induced ER stress, CHOP
upregulation and disruption of Ca2+ homeostasis were critically
involved in the ER dilation induced by bortezomib/nutlin-3.
In addition, our data show that the mitochondrial unfolded
protein stress response may contribute to the mitochondrial
dilation induced by this combined treatment. We speculate that
bortezomib/nultin-3 irreversibly perturbs proteostasis, leading
to fatal impairments in the structures/functions of both the ER
and mitochondria. Therefore, the use of bortezomib/nutlin-3
to induce paraptosis may offer a two-pronged attack
strategy for killing resistant cancer cells and improving the
effectiveness of this proteasome inhibitor as a therapeutic
anti-cancer agent.
MATERIALS AND METHODS
Chemicals and antibodies
The chemicals used in this study were cycloheximide (CHX), MG132,
1,2-bis (o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid (BAPTA)
and 1,2-bis (o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid acetoxymethyl ester (BAPTA-AM) (Sigma-Aldrich, St Louis, MO, USA);
Nutlin-3 (TOCRIS, Avonmouth, Bristol, UK); Rhod-2-acetoxymethyl
ester (Rhod-2-AM), Fluo-3-acetoxymethyl ester (Fluo-3-AM),
MitoTracker-Red (MTR), MitoTracker-Green (MTG), calceinacetoxymethyl ester (calcein-AM), ethidium homodimer-1 (EthD-1),
and 4′,6-diamidino-2-phenylindole (DAPI) (Molecular Probe, Eugene,
OR, USA); Ru360 (Calbiochem, Darmstadt, Germany); bortezomib,
and carﬁlzomib (Selleckchem, Houston, TX, USA). The antibodies
used in this study were anti-β-actin, ubiquitin, ATF4, mitochondrial
Ca2+ uniporter (MCU), HDM2 and p53 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); CHOP/GADD153, GRP78, and mtHsp70
(Cell Signaling Technology, Danvers, MA, USA); cytochrome oxidase
subunit II (COX II) (Invitrogen, Grand Island, NY, USA); protein
disulﬁde isomerase (PDI) (Enzo Life Sciences, Farmingdale, NY,
USA); rabbit IgG HRP, mouse IgG HRP and goat IgG HRP
(Molecular Probe).

Determination of cellular viability using calcein-AM and
EthD-1 (live/dead assay)
Cells (5 × 104 cells) were cultured in 24-well plates and treated as
indicated. For measurement of cellular viability, 2 μM calcein-AM, a green
ﬂuorescent indicator of the intracellular esterase activity of cells, and 4 μM
EthD-1, a red ﬂuorescent indicator of membrane damaged (dead) cells,
were added to each well, and the plates were incubated for 5 min in 5%
CO2 at 37 °C. Cells were then observed under a ﬂuorescence microscope
(Axiovert 200M; Carl Zeiss, Oberkochen, Germany) equipped with Zeiss
ﬁlter sets #46 and #64HE. Viable cells, corresponding to those that
exclusively exhibited green ﬂuorescence, were counted in ﬁve ﬁelds per
well at × 200 magniﬁcation. Only exclusively green cells were counted as
live because bicolored (green and red) cells cannot be unambiguously
assigned to live or dead groups. The percentage of live cells (live %),
calculated as green cells/(green+red+bicolored cells), was normalized to
that of untreated control cells (100%).

Examination of the stable cell lines expressing the
ﬂuorescence speciﬁcally in mitochondria or the endoplasmic
reticulum
To establish the stable cell lines expressing the ﬂuorescence speciﬁcally
in mitochondria or the ER, MDA-MB 435S cells were transfected with
the pEYFP-Mito or pEYFP-ER vector (Clontech, Mountain View,
CA, USA). Stable cell lines expressing pEYFP-Mito or pEYFP-ER
(YFP-Mito or YFP-ER) were selected with fresh medium containing
500 μg ml − 1 G418 (Calbiochem). To quantitatively measure the
dilation of the ER and mitochondria induced by treatment with
bortezomib and/or nutlin-3, we analyzed the average width of the
vacuoles originated from mitochondria and the ER in YFP-Mito
cells and YFP-ER cells using AxioVision Rel. 4.8 software (Zeiss).
More than 200 clearly identiﬁable vacuoles derived from the ER in 50
YFP-ER cells and more than 200 clearly identiﬁable vacuoles derived
from mitochondria in 50 YFP-Mito cells per experiment were
randomly selected and measured in three independent experiments.

Western blotting
Cells were washed in PBS and lysed in boiling sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer (62.5 mM Tris (pH 6.8), 1% SDS, 10% glycerol and 5%
β-mercaptoethanol). The lysates were boiled for 5 min, separated by
SDS-PAGE, and transferred to an Immobilon membrane (Millipore,
Bredford, MA, USA). After blocking nonspeciﬁc binding sites for 1 h
using 5% skim milk, membranes were incubated for 2 h with speciﬁc
Abs. Membranes were then washed three times with TBST and
incubated further for 1 h with horseradish peroxidase-conjugated
anti-rabbit, anti-mouse or anti-goat antibody. Visualization of protein
bands was accomplished using ECL (Advansta, Menlo Park, CA,
USA). The representative results from at least three independent
experiments are shown.

Immunocytochemistry
Cell culture
The MDA-MB 435S (breast cancer), DLD-1 (colon cancer), HeLa
(cervical cancer), T98G (glioblastoma), HCT116 (colon cancer),
MCF-10A (normal breast) and CCD-841CoN (colon epithelial) cells
were purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS) and antibiotics (GIBCO-BRL,
Grand Island, NY, USA) and incubated in 5% CO2 at 37 °C.
Experimental & Molecular Medicine

After treatments, cells were ﬁxed with acetone/methanol (1:1) for
5 min at − 20 °C, blocked in 5% BSA in PBS for 30 min, and incubated
overnight at 4 °C with primary antibody (anti-COX II (1:500, mouse,
Invitrogen), anti-PDI (1:500, rabbit, Enzo Life Sciences, Farmingdale,
NY, USA), anti-mtHsp70 (1:250, rabbit, Cell Signaling Technology))
diluted in PBS. And then slides were washed three times in PBS,
incubated for 1 h at room temperature with anti-rabbit or anti-mouse
Alexa Fluor 488 or 594 (1:500, Molecular Probe), and mounted
with ProLong Gold antifade mounting reagent (Molecular Probe).
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Cell staining was visualized with a ﬂuorescence microscope using Zeiss
ﬁlter sets #46 and #64HE (excitation band pass, 598/25 nm; emission
band pass, 647/70 nm). Colocalization of mtHsp70 and COX II
following staining with anti-rabbit or anti-mouse Alexa Fluor 488 or
594, respectively, was analyzed by qualitative line scans proﬁles using
AxioVision Rel. 4.8 software (Zeiss).

individual dose of bortezomib and nutlin-3 required to produce an
effect, and (D)1 and (D)2 are the doses of bortezomib and nutlin-3,
respectively, in combination that produce the same effect. From this
analysis, the combined effects of the two drugs can be summarized as
follows: CIo1 indicates synergism; CI = 1 indicates summation
(additive and zero interaction); and CI41 indicates antagonism.

Measurement of cytosolic and mitochondrial Ca2+ levels

Statistical analysis

To measure cytosolic [Ca2+]c levels, treated cells were incubated with
1 μM Fluo-3-AM at 37 °C for 20 min, washed with HBSS (without
Ca2+ or Mg2+), and analyzed immediately by ﬂow cytometry, or
visualized by the ﬂuorescence microscopy using Zeiss ﬁlter sets #46.
To measure mitochondrial [Ca2+]mt levels, treated cells were incubated
with 1 μM Rhod-2-AM at 4 °C for 30 min, washed with HBSS (without
Ca2+ or Mg2+), further incubated with HBSS at 37 °C for 20 min, and
then analyzed by ﬂow cytometry. To conﬁrm the mitochondrial
localization of the Rhod-2 probe, cells were loaded with 1 μM Rhod-2AM in HBSS (without Ca2+ or Mg2+) for 30 min at 4 °C, then washed
with HBSS, loaded with 100 nM MTG for 10 min in HBSS and
visualized by the ﬂuorescence microscopy using Zeiss ﬁlter sets #46
and #20.

Statistical analysis was performed with GraphPad Prism (GraphPad
Software, Sandiego, CA, USA) was used. Unless otherwise speciﬁed,
each experiment was repeated at least three times. Normality of data
was assessed by Kolmogorov–Smirnov testes and equal variance using
Bartlett’s test. For normal distribution, statistical differences were
determined using an analysis of variance (ANOVA) followed by
Bonferroni multiple comparison test. If the data were not normally
distributed, Kruskal–Wallis test was performed followed by Dunn’s
test. Po0.05 was considered statistically signiﬁcant.

Small interfering RNA- or small hairpin RNA-mediated
knockdown of proteins
The small interfering RNA (siRNA) duplexes of MCU (catalog no.
L-015519-02) were purchased from Dharmacon (Lafeyette, CO, USA).
Negative Universal Control (Invitrogen) was used as the control.
After annealing of the pairs of siRNA oligos, cells were transfected
with siRNA oligonucleotides. For the knockdown experiments
using CHOP-targeting shRNA, HEK293TN cells were transfected
with the plasmid containing the non-targeting shRNA (SHC002V,
Sigma-Aldrich) or the plasmid containing CHOP-targeting shRNA
(TRCN0000364328, Sigma-Aldrich), together with pMD2.G (the
envelope plasmid) and pPsAX2.0 plasmid (the packaging plasmid)
using TransIT-2020 transfection reagents (Mirus Bio LLC, Madison,
WI, USA) according to the manufacturer’s instructions. After 48 h of
lentiviral particle production, MDA-MB 435S cells were infected with
the ﬁltered lentiviral medium (derived from HEK293TN cultures)
supplemented with 10 μg ml − 1 polybrene. To conﬁrm successful
siRNA- or shRNA-mediated knockdown, Western blotting of the
proteins of interest was performed.

Transmission electron microscopy
Cells were preﬁxed in Karnovsky’s solution (1% paraformaldehyde,
2% glutaraldehyde, 2 mM calcium chloride, 0.1 M cacodylate buffer,
pH 7.4) for 2 h and washed with cacodylate buffer. Post-ﬁxing was
carried out in 1% osmium tetroxide and 1.5% potassium ferrocyanide
for 1 h. After dehydration with 50–100% alcohol, the cells were
embedded in Poly/Bed 812 resin (Pelco, Redding, CA, USA), polymerized and observed under electron microscope (EM 902A, Zeiss).

Isobologram analysis
To determine the effect of combination of bortezomib and nutlin-3 on
MDA-MB 435S, DLD-1, HeLa and T98G cells, dose-dependent effects
were determined for each compound and for one compound with
ﬁxed concentrations of another. The interaction of bortezomib and
nutlin-3 was quantiﬁed by determining the combination index (CI),
in accordance with the following classic isobologram (Chou TC
& Talalay P., 1984). The equation for the isobologram is shown as
CI = (D)1/(Dx)1+(D)2/(Dx)2, where (Dx)1 and (Dx)2 indicate the

RESULTS
Bortezomib and nutlin-3 synergistically induce cell death
accompanied by vacuolation in various p53-defective
cancer cell lines
Bortezomib and nutlin-3 were previously shown to synergistically induce apoptosis in various cell types, including multiple
myeloma cells29,30 and MCL cells.31 In the present study,
we tested the effects of the combination of bortezomib and
nutlin-3 on various solid tumor cell lines. The cancer cells used
in this study commonly harbored functionally defective p53:
MDA-MB 435S breast cancer cells have G266E-mutant p53,32
T98G glioma cells have M237I-mutant p53,33 DLD-1 colon
cancer cells have S241P mutant p53,34 and HeLa cervical cancer
cells have non-functional p53 due to the expression of E6.35,36
Thus, our investigations focused on the p53-independent
sensitizing activities of nutlin-3. While treatment with
nutlin-3 up to 30 μM was not cytotoxic to these cancer cells,
MDA-MB 435S, T98G, DLD-1 and HeLa cells were resistant to
bortezomib up to 10, 6, 40 and 50 nM, respectively (Figure 1a).
In contrast, nutlin-3 commonly and dose-dependently
enhanced cell death when combined with subtoxic doses of
bortezomib. Particularly, in HeLa cells, which were very
resistant to bortezomib (IC5048.0 μM), 10 nM bortezomib
was sufﬁcient to kill 50% of these cells when combined with
30 μM nutlin-3. Isobologram analysis showed that bortezomib
and nutlin-3 synergistically induced cell death in all of the
tested cancer cell lines (Figure 1b). Taken together, these results
indicate that nutlin-3 effectively overcomes the bortezomib
resistance of the tested p53-defective cancer cell lines. To
conﬁrm that nutlin-3 sensitizes cells to bortezomib-mediated
cell death in a p53-independent manner, we additionally
examined two HCT116 isogenic cell lines that differ in their
p53 status: HCT116 p53 wild-type (WT) cells and HCT116
p53-null (p53 − / − ) cells. Interestingly, nutlin-3 alone demonstrated dose-dependent cytotoxicity in HCT116 WT cells, but
this was almost completely blocked by pretreatment with
piﬁthrin-α, which is a speciﬁc inhibitor of p53-mediated
transcriptional activity (Figure 1c).37 In contrast, treatment
with 20 μM nutlin-3 alone did not induce cell death in HCT116
Experimental & Molecular Medicine
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p53 − / − cells, indicating that the cytotoxic effect of nutlin-3
alone depends on p53. Bortezomib alone (5 nM) did not induce
noticeable cell death in HCT116 WT or HCT 116 p53 − / − cells.
Co-treatment of HCT116 WT cells with bortezomib and
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nultin-3 slightly increased the observed nutlin-3-induced
cytotoxicity, and this effect was partially alleviated by
piﬁthrin-α. In HCT116 p53 − / − cells, in contrast, co-treatment
with bortezomib and nutlin-3 (bortezomib/nutlin-3) effectively
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induced cell death, regardless of piﬁthrin-α pretreatment
(Figure 1c). Phase-contrast microscopy conﬁrmed that 5 nM
bortezomib alone had no effect on HCT116 WT and HCT116
p53 − / − cells (Figure 1d). Treatment with 20 μM nultin-3
triggered cellular detachment due to death in HCT116
WT cells, but not in HCT116 p53 − / − cells. Bortezomib/
nutlin-3 markedly induced cell death in both cell lines, but
notable vacuolation was seen in HCT116 p53 − / − cells. Taken
together, these results indicate that nutlin-3 can overcome the
bortezomib resistance of the tested cancer cell lines via a novel
mechanism that does not require p53.
Next, we examined whether bortezomib/nutlin-3 induces
cell death accompanied by vacuolation in other p53-defective
cancer cell lines. Treatment with 30 μM nutlin-3 alone did not
noticeably alter the cellular morphologies of MDA-MB 435S,
T98G, DLD-1 or HeLa cells (Figure 1e). Treatment with
subtoxic doses of bortezomib (5 nM in MDA-MB 435S cell,
3 nM in T98G, 20 nM DLD-1 and 10 nM in HeLa cells) also
did not noticeably affect cellular morphology. In contrast,
bortezomib/nutlin-3 commonly induced extensive cytoplasmic
vacuolation and cell death in these cancer cells. Next, we tested
whether nutlin-3 could sensitize cancer cells to the effects
of other proteasome inhibitors. We found that treatment
with nutlin-3 and subtoxic doses of carﬁlzomib or MG132
also dose-dependently and synergistically induced cell death in
MDA-MB 435S cells (Figure 1f and g). Similar to bortezomib/
nutlin-3, both carﬁlzomib/nutlin-3 and MG132/nutlin-3, but
not 10 nM carﬁlzomib or 0.25 μM MG132 alone, induced
marked vacuolation (Figure 1h). Thus, these results suggest
that nutlin-3 may effectively sensitize cancer cells to death
when combined with various proteasome inhibitors. To further
examine the effect of bortezomib/nutlin-3 on normal cells,
we employed MCF-10A breast cells and CCD-841CoN colon
epithelial cells as counterpart cells for breast cancer cells and
colon cancer cells, respectively. We found that both MCF-10A
and CCD-841CoN cells were resistant to the indicated concentrations of bortezomib/nutlin-3 (Figure 1i). In addition, we
could not observe notable cytoplasmic vacuolation (Figure 1i)
or cell death (Figure 1j) in bortezomib/nutlin-3-treated
MCF-10A and CCD-841CoN cells. These results suggest that

bortezomib/nutlin-3 treatment may be preferentially cytotoxic
to cancer cells (at least those of the breast and colon) over their
normal counterpart cells.
To examine the cell death mode induced by bortezomib/
nutlin-3, we ﬁrst tested the effects of the apoptosis inhibitor,
z-VAD-fmk. Bortezomib/nutlin-3-induced cytoplasmic vacuolation and cell death were not altered by z-VAD-fmk in any of
the tested cancer cell lines (Supplementary Figure 1a and b).
However, when we assessed cell viability using calcein-AM and
EthD-1 and employing TRAIL as a representative apoptotic
inducer, we found that z-VAD-fmk pretreatment effectively
inhibited TRAIL-induced cell death in MDA-MB 435S cells
(Supplementary Figure 1c). Flow cytometry of annexin
V/PI-stained cells showed that treatment of MDA-MB 435S
cells with TRAIL for 48 h increased both the annexin V (+)/PI
(+) and annexin V (-)/PI (+) cell populations, indicating that
TRAIL may induce both late apoptosis and necrosis. In
contrast, we did not notably detect annexin V (+) or PI (+)
cells in cultures treated with bortezomib/nutlin-3 for 24 h
(Supplementary Figure 1d). Taken together, these results
suggest that apoptosis may not be a major cell death mode
in the anti-cancer effect of bortezomib/nutlin-3. Moreover,
the abilities of bortezomib/nutlin-3 to induce cytoplasmic
vacuolation and cell death in the tested cancer cells were not
affected by necrostatin-1 (an inhibitor of necroptosis), 3-MA,
or baﬁlomycin A (an inhibitor of autophagy) (Supplementary
Figure 1a and b). Collectively, our ﬁndings suggest that an
alternative cell death mode that does not involve apoptosis,
necroptosis, or autophagic cell death may be critically
involved in the bortezomib/nutlin-3-indcued killing of breast
cancer cells.
Bortezomib/nutlin-3 induces paraptosis in various
p53-defective cancer cell lines
We recently showed that curcumin or celastrol can induce
paraptosis, and that proteasome inhibition plays a critical role
in this cell death.18,20 Here we tested whether the vacuolation
induced by bortezomib/nutlin-3 is associated with paraptotic
changes. For this purpose, we employed MDA-MB 435S
sublines transfected with the YFP-ER or YFP-Mito plasmids,

Figure 1 Bortezomib and nutlin-3 synergistically induce the cell death accompanied by cytoplasmic vacuolation in various cancer cells.
(a, j) Cells were treated with the indicated concentrations of bortezomib and/or nutlin-3 for 24 h and cellular viability was assessed using
calcein-AM and EthD-1. The percentage of live cells was normalized to that of untreated control cells (100%). Data represent the
means ± s.d. One-way ANOVA and Bonferroni’s post hoc test. *Po0.005, **Po0.01 vs untreated cells. The experiment was repeated at
least three times with similar results. (b) Isoboles for the combination of bortezomib and nutlin-3, which were isoeffective (IC50) for
inhibition of cell viability, are shown. (c) Two HCT116 isogenic cell lines were treated with bortezomib and/or nutlin-3 at the indicated
concentration in the absence or presence of 20 μM piﬁthrin-α for 24 h. Cellular viability was assessed using calcein-AM and EthD-1. Data
represent the means ± s.d. Kruskal–Wallis test was performed followed by Dunn’s test. *Po0.005 vs untreated cells, Po0.005, ##Po0.01
vs cells treated with 20 μM nutlin-3, NS, not signiﬁcant. (d, e, i) Cells were treated with the indicated concentration of bortezomib and/or
nutlin-3 for 24 h and observed under the phase-contrast microscope. Scale bars, 10 μm. (f) MDA-MB 435S cells were treated with the
indicated concentrations of carﬁlzomib and/or nutlin-3 or MG132 and/or nutlin-3 for 24 h and cellular viability was assessed using calceinAM and EthD-1. Data represent the means ± s.d. One-way ANOVA and Bonferroni’s post hoc test. *Po0.005, **Po0.01 vs untreated
cells. (g) Isoboles for the combination of carﬁlzomib and nutlin-3 or isoboles for the combination of MG132 and nutlin-3, which were
isoeffective (IC50) for inhibition of cell viability, are shown. (h) MDA-MB 435S cells were treated with the indicated concentrations of
carﬁlzomib and/or nutlin-3 or MG132 and/or nutlin-3 for 24 h and observed under the phase-contrast microscope. Scale bars, 10 μm.
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which label the ER or mitochondria, respectively (YFP-ER cells
and YFP-Mito cells, respectively). Fluorescence microscopy of
YFP-ER cells showed that the ER structures of reticular shape
were not markedly affected by 5 nM bortezomib or 30 μM
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nutlin-3 alone (Figure 2a). In contrast, cells treated with
bortezomib/nutlin-3 for 8 h exhibited ﬂuorescence within
numerous cytosolic vacuoles, suggesting that these vacuoles
were derived from the ER. As the incubation time increased,
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these ER-derived vacuoles increased in size and decreased in
number (Figure 2b), suggesting that the swollen ER underwent
progressive fusion events. The mitochondria of untreated YFPMito cells exhibited ﬁlamentous and elongated morphologies,
whereas those of the corresponding 5 nM bortezomib-treated
cells exhibited mitochondrial fragmentation (Figure 2c).
Interestingly, treatment with nutlin-3 alone induced mitochondrial dilation (to an average width 41 μm) from 8 to 16 h post
treatment (Figure 2c and d). However, the mitochondriaderived vacuoles were slightly reduced in size after 24 h of
treatment of cells with nutlin-3 alone, suggesting that mitochondria might be transiently dilated and then undergo ﬁssion
in these cells. Co-treatment with bortezomib/nutlin-3 induced
a marked dilation of mitochondria around the nuclei by 8 h
post treatment; notably, these mitochondria-derived vacuoles
were much bigger than those induced by nutlin-3 alone
(Figure 2c and d). The ﬂuorescence intensity of the
mitochondria-derived vacuoles was somewhat weakened at
24 h post treatment with bortezomib/nutlin-3 (Figure 2c).
When we assessed the percentages of cells with mitochondrial
dilation, our ﬁndings indicated that bortezomib/nultin-3
induced a mitochondrial dilation that began at 8 h and
continued thereafter, whereas treatment with nutlin-3 alone
triggered a transient increase of mitochondrial dilation that
peaked at 8 h post treatment (Figure 2e). Bortezomib/nutlin-3induced dilation of both the ER and mitochondria was also
observed by the ﬂuorescence microscopy of YFP-ER cells
following by staining with MTR (Figure 2f). We further
performed immunocytochemistry of COX II, a protein
localized in the inner mitochondrial membrane, and PDI, an
ER-resident protein. In MDA-MB 435S cells treated with
bortezomib/nutlin-3, COX II expression was detected as a
small ring shape at the perinuclear area, while PDI expression
was observed as a larger ring shape at the cellular periphery
(Figure 2g). Similar results were obtained in T98G, DLD-1 and
HeLa cells treated with bortezomib/nutlin-3 (Supplementary
Figure 2), suggesting that bortezomib/nutlin-3 induces dilation
of the ER and mitochondria in various cancer cell lines.
Electron microscopy revealed that treatment of MDA-MB
435S cells with 5 nM bortezomib for 8 h induced mitochondrial
fragmentation with disruption of cristae structures and a very
slight swelling of the ER (Figure 2h). In contrast, treatment

with 30 μM nutlin-3 alone induced a mitochondrial swelling in
which the cristae structures were pushed toward the periphery,
and no obvious alteration of the ER structure was seen.
Interestingly, in cells treated with bortezomib/nutlin-3, fusion
among the swollen ER and formation of megamitochondria
(MG) were noted. Thus, bortezomib/nutlin-3 appears to
induce the morphological features of paraptosis in various
p53-defective cancer cells.
Since paraptosis is known to require active protein synthesis,
we further tested the effect of the protein synthesis inhibitor,
CHX.38 We found that CHX pretreatment very effectively
blocked the cell death induced by bortezomib/nutlin-3 in
MDA-MB 435S, T98G, DLD-1 and HeLa cells (Figure 3a).
Phase-contrast microscopy showed that CHX pretreatment
dose-dependently inhibited bortezomib/nutlin-3-induced
cellular vacuolation and cell death in MDA-MB 435S cells
(Figure 3a and b). Furthermore, CHX pretreatment effectively
inhibited the vacuolation and cell death also in T98G, DLD-1,
and HeLa cells treated with bortezomib/nutlin-3 (Figure 3a
and c). Furthermore, ﬂuorescence microscopy of MTR-stained
YFP-ER cells showed that CHX pretreatment completely
blocked the bortezomib/nutlin-3-induced dilation of the ER
and mitochondria (Figure 3d). Collectively, these results
indicate that bortezomib/nutlin-3 induces paraptosis in various
cancer cells independently of p53.
CHOP induction critically contributes to ER dilation during
bortezomib/nultin-3-induced paraptosis
To investigate how nutlin-3 enhances bortezomib sensitivity
in the tested cancer cell lines, we ﬁrst examined whether
nutlin-3 affects bortezomib-mediated proteasome inhibition.
We found that the bortezomib-induced accumulation of
poly-ubiquitinated proteins was further potentiated by nutlin-3
co-treatment in MDA-MB 435S, T98G, DLD-1 and HeLa cells
(Figure 4a). In addition, combined treatment commonly and
markedly increased the protein levels of CHOP, a bona ﬁde ER
stress marker,39 compared to either bortezomib or nutlin-3
alone. A time-course experiment showed that bortezomib/
nutlin-3 treatment progressively increased the protein levels
of both poly-ubiquitinated proteins and CHOP (Figure 4b).
These results suggest that co-treatment with nutlin-3 aggravates
the bortezomib-mediated impairment of proteasomal activity

Figure 2 Vacuolation induced by bortezomib/nutlin-3 is derived from the dilation of both the ER and mitochondria. (a, c) YFP-ER/435S
cells expressing the ﬂuorescence selectively in the ER (a) or YFP-Mito/435S cells expressing the ﬂuorescence selectively in mitochondria
(c), were treated with 5 nM bortezomib and/or 30 μM nutlin-3 for the indicated time points and observed under the ﬂuorescent and
phase-contrast microscope. Scale bars, 20 μm. (b) The average widths of the vacuoles originated from the ER and the numbers of the
vacuoles per cells were measured in YFP-ER cells treated with bortezomib and/or nutlin-3 for the indicated time points using AxioVision
Rel. 4.8 software (Zeiss). (d) Mitochondrial morphology of ‘elongated’, ‘fragmented’ and ‘dilated’ was deﬁned as the mitochondria with the
length longer than 6 μm, those with shorter than 6 μm, and those with widths longer than 1 μm. Representative mitochondrial
morphologies of YFP-Mito/435S cells treated as indicated are shown. (e) YFP-Mito/435S cells with mitochondrial dilation were quantiﬁed
following treatment with 5 nM bortezomib and/or 30 μM nutlin-3 for the indicated time points. (f) YFP-ER/435S cells treated with 5 nM
bortezomib and 30 μM nutlin-3 for 8 h were stained with 100 nM MitoTracker-Red (MTR) and observed under the phase-contrast and
ﬂuorescence microscope. Scale bar, 20 μm. (g) MDA-MB 435S cells were treated with 5 nM bortezomib and/or 30 μM nutlin-3 for 16 h,
ﬁxed, and subjected to the immunocytochemistry of PDI and COX II. Scale bar, 20 μm. (h) MDA-MB 435S cells were treated with 5 nM
bortezomib and/or 30 μM nutlin-3 for 8 h, ﬁxed, and subjected to electron microscopy. Scale bars, 0.5 μm.
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Figure 3 CHX pretreatment effectively blocks the vacuolation and cell death induced by bortezomib/nutlin-3. (a) The respective cells
pretreated with or without CHX were further treated with the indicated concentrations of bortezomib plus nutlin-3 for 24 h. Cell viability
was assessed using calcein-AM and EthD-1. Data represent the means ± s.d. One-way ANOVA and Bonferroni’s post hoc test. *Po0.005
vs untreated cells; #Po0.005 vs cells treated with bortezomib/nutlin-3. The experiment was repeated at least three times with similar
results. (b) MDA-MB 435S cells pretreated with CHX at the indicated concentrations were further treated with 5 nM bortezomib plus 30 μM
nutlin-3 for 24 h and observed under the phase-contrast microscope. Scale bar, 10 μm. (c) T98G cells treated with 3 nM bortezomib plus
30 μM nutlin-3, DLD-1 cells treated with 20 nM bortezomib plus 30 μM nutlin-3 and HeLa cells treated with 10 nM bortezomib plus 30 μM
nutlin-3 for 16 h in the absence or presence of CHX were observed under the phase-contrast microscope. Scale bars, 10 μm. (d) YFP-ER/
435S cells were pre-treated with or without 2 μM CHX and further treated with 5 nM bortezomib and 30 μM nutlin-3 for 8 h. Treated cells
were stained with 100 nM MTR and observed under the phase-contrast and ﬂuorescence microscope. Scale bars, 20 μm.

and subsequent ER stress. Accordingly, we investigated the
functional signiﬁcance of CHOP induction for the cell
death induced by bortezomib/nutlin-3. When we incubated
MDA-MB 435S cells with lentiviruses containing non-targeting
shRNA (shNT) or CHOP-targeting shRNA (shCHOP) and
further treated the cells with bortezomib/nutlin-3, we found
that both cell death and vacuolation were signiﬁcantly
attenuated by CHOP knockdown (Figure 4c and d). Moreover,
immunocytochemical analysis of PDI and COX II showed that
CHOP knockdown remarkably inhibited the dilation of the ER
induced by bortezomib/nutlin-3 (Figure 4e), but did not affect
the mitochondrial dilation induced by bortezomib/nutlin-3
or nutlin-3 alone. Taken together, these results suggest that
CHOP plays a critical role in bortezomib/nutlin-3-induced
ER dilation, contributing to the paraptosis induced by this
co-treatment.
Experimental & Molecular Medicine

Cytosolic Ca2+ plays an important role in the ER-derived
vacuolation and cell death induced by bortezomib/nutlin-3
Since bortezomib/nutlin-3 induced marked structural changes
in the ER, a major reservoir of intracellular Ca2+, we next
examined whether this co-treatment affected intracellular
Ca2+ homeostasis. Flow cytometry of cells exposed to the
cell-permeable calcium indicator dye, Fluo-3, demonstrated
that bortezomib/nutlin-3 time-dependently increased intracellular Ca2+ levels in MDA-MB 435S cells, whereas treatment
with bortezomib or nutlin-3 alone had no such effect
(Figure 5a). To investigate the functional signiﬁcance of the
increased Ca2+ levels observed during bortezomib/nutlin-3indcued cell death, we tested the effect of the extracellular
Ca2+ scavenger, BAPTA, or the intracellular Ca2+ scavenger,
BAPTA-AM. We found that both BAPTA and BAPTA-AM
dose-dependently inhibited the cell death induced by
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Figure 4 CHOP induction critically contributes to the dilation of the ER and subsequent cell death by bortezomib/nultin-3. (a) Cell extracts
were prepared from MDA-MB 435S cells treated with the indicated concentrations of bortezomib and/or nutlin-3 for 8 h and western
blotting of the proteins associated with ER stress was performed. β-actin was used as a loading control in western blots. (b) Cell extracts
were prepared from MDA-MB 435S cells treated with 5 nM bortezomib plus 30 μM nutlin-3 for indicated time points and western blotting
of ubiquitin and CHOP was performed. β-Actin was used as a loading control in western blots. (c–e) MDA-MB 435S cells were infected
with the lentivirus containing non-targeting (NT) shRNA or a CHOP-targeting shRNA (CHOP shRNA) for 24 h. Infected cells were treated
with 5 nM bortezomib plus 30 μM nutlin-3 for 24 h (c, d) or for 16 h (e). (c) Cell viability was assessed using calcein-AM and EthD-1. The
percentage of live cells was normalized to that of cells transfected with shNT without treatment (100%). Data represent the means ± s.d.
One-way ANOVA and Bonferroni’s post hoc test. *Po0.005 vs cells transfected with shNT without treatment, #Po0.005 vs cells
transfected with shNT and further treated with bortezomib/nutlin-3. The experiment was repeated at least three times with similar results.
(d) Treated cells as indicated were observed under the phase-contrast microscope. Scale bar, 10 μm. (e) Treated cells as indicated were
ﬁxed and subjected for immunocytochemistry of PDI and COX II. Scale bars, 20 μm.

bortezomib/nutlin-3, with BAPTA-AM demonstrating a
stronger inhibitory effect (Figure 5b). Co-treatment with
BAPTA and BAPTA-AM more potently blocked the cell death
induced by bortezomib/nutlin-3 compared to either single
treatment. Furthermore, pretreatment with BAPTA plus
BAPTA-AM effectively blocked the vacuolation induced
by bortezomib/nutlin-3, and was associated with marked
scavenging of the increased Ca2+ (Figure 5c). When we
further examined the morphologies of the ER and
mitochondria employing YFP-ER cells and MTR, dilation
of the ER, but not mitochondrial dilation, was effectively
blocked by pretreatment with BAPTA plus BAPTA-AM
(Figure 5d). Collectively, these results suggest that disruption
of intracellular Ca2+ homeostasis due (at least in part) to an
inﬂux of extracellular Ca2+ may critically contribute to the
ER dilation and subsequent cell death induced by bortezomib/
nutlin-3.

Mitochondrial Ca2+ overload contributes to the cell death
induced by bortezomib/nutlin-3 but may not directly cause
the observed mitochondrial dilation
When cytosolic Ca2+ levels are high, Ca2+ can enter mitochondria though the MCU.40,41 Therefore, we tested whether
bortezomib/nutlin-3 increases mitochondrial Ca2+ levels and,
if so, whether this effect is important for the paraptosis
induced by the combined treatment. We measured changes
in mitochondrial Ca2+ levels by ﬂow cytometry using Rhod-2
(a cell-permeable mitochondrial calcium-indicator dye), and
found that treatment of MDA-MB 435S cells with bortezomib/
nutlin-3, but not either agent alone, increased the mitochondrial calcium levels to a peak at 12 h post treatment (Figure 6a).
Since MCU-mediated mitochondrial Ca2+ uptake is known to
be inhibited by Ru360,41 we next investigated the effect of
Ru360 on the cell death by bortezomib/nutlin-3. We found
that Ru360 pretreatment signiﬁcantly inhibited this parameter
Experimental & Molecular Medicine
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Figure 5 Disruption of intracellular Ca2+ homeostasis critically contributes to the dilation of the ER and subsequent cell death by
bortezomib/nultin-3. (a) MDA-MB 435S cells treated with 5 nM bortezomib plus 30 μM nutlin-3 for the indicated time points were
subjected to ﬂow cytometry using 1 μM Fluo-3 and changes in Ca2+ levels were compared among the treatment groups. (b) MDA-MB 435S
cells were pretreated with BAPTA, BAPTA-AM or BAPTA plus BAPTA-AM at the indicated concentrations and further treated with 5 nM
bortezomib plus 30 μM nutlin-3 for 24 h. Cell viability was measured using calcein-AM and EthD-1. Data represent the means ± s.d.
One-way ANOVA and Bonferroni’s post hoc test. *Po0.005 vs untreated cells, #Po0.005 vs bortezomib/nutlin-3-treated group. The
experiment was repeated at least three times with similar results. (c) MDA-MB 435S cells were pretreated with 10 μM BAPTA, 10 μM
BAPTA-AM or 10 μM BAPTA plus 10 μM BAPTA-AM and further treated with 5 nM bortezomib plus 30 μM nutlin-3 for 16 h. Treated cells
were stained with 1 μM Fluo-3 and observed under the phase-contrast and ﬂuorescence microscope. Scale bar, 20 μm. (d) YFP-ER/435S
cells were pretreated with 10 μM BAPTA plus 10 μM BAPTA-AM and further treated with 5 nM bortezomib plus 30 μM nutlin-3 for 16 h.
Treated cells were stained with 100 nM MTR and observed under phase-contrast and the ﬂuorescence microscope. Scale bar, 20 μm.

(Figure 6b), suggesting that mitochondrial Ca2+ overload
may contribute to bortezomib/nutlin-3-induced cell death.
Interestingly, cellular detachment due to death, but not cellular
vacuolation, was markedly inhibited by Ru360 pretreatment
(Figure 6c). Fluorescence microscopy employing MTG and
Rhod-2 showed that enhanced Rhod-2 ﬂuorescence was
co-localized with dilated mitochondria in MDA-MB 435S cells
treated with bortezomib/nutlin-3 at 8 h post treatment
(Figure 6d). Ru360 pretreatment effectively diminished this
increase in mitochondrial Ca2+ levels, but did not affect the
vacuolation induced by bortezomib/nultilin-3. In addition,
Ru360 pretreatment did not affect the bortezomib/nultilin-3induced dilations of mitochondria or the ER, as shown by
ﬂuorescence microscopy of MTR-stained YFP-ER cells
(Figure 6e). We also examined whether MCU knockdown
reproduced the effect of RU360, and found that, similar to
Ru360 pretreatment (Figure 6b), MCU knockdown slightly but
signiﬁcantly attenuated the cell death induced by bortezomib/
nutlin-3 (Figure 6f). Phase-contrast microscopy also showed
that MCU knockdown reduced death-related cellular detachment but not vacuolation in bortezomib/nutlin-3-treated cells
(Figure 6g). Furthermore, ﬂuorescence microscopy using
speciﬁc antibodies against PDI and COX II showed that the
bortezomib/nutlin-3-induced dilations of the ER and mitochondria were not affected by MCU knockdown (Figure 6h).
We also investigated whether the increase in mitochondrial
Ca2+ depended on the increase in cytosolic Ca2+ levels observed
Experimental & Molecular Medicine

during bortezomib/nutlin-3-induced paraptosis. Pretreatment
with BAPTA plus BAPTA-AM markedly reduced the
bortezomib/nutlin-3-indcued increase of Rhod-2 intensity
(Figure 6i), suggesting that the bortezomib/nutlin-3-triggered
increase in cytosolic Ca2+ levels may lead to MCU-mediated
mitochondrial Ca2+ overload. Collectively, these results suggest
that mitochondrial Ca2+ overload contributes to the cancer cell
death induced by bortezomib/nutlin-3, but may not be a direct
cause of vacuolation.
Next, we investigated the possible cause of the mitochondrial
dilation seen during bortezomib/nutlin-3-indcued paraptosis.
Previously, Soslau and Nass42 showed that ethidium bromide
(EtBr) treatment induced the formation of MG, similar to
bortezomib/nutlin-3 co-treatment. In addition, EtBr was
shown to induce the mitochondrial unfolded protein response
(mtUPR).43 Although the mechanisms underlying the mtUPR
remain largely unknown, mitochondrial heat shock protein 70
(mtHSP70) has been proposed as a potential marker for
this process.44,45 To investigate whether nutlin-3-induced
mitochondrial dilation is associated with the mtUPR, we ﬁrst
tested whether EtBr treatment could induce mitochondrial
dilation in MDA-MB 435S cells. Fluorescence microscopy of
MTR-stained cells showed that treatment of MDA-MB 435S
cells with 5 μg ml − 1 EtBr-induced mitochondrial dilation
(Figure 7a). Immunocytochemical analysis of mtHsp70
demonstrated that EtBr treatment increased the expression
of mtHsp70 expression, and that this heat shock protein
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co-localized with COX II in dilated mitochondria (Figure 7b
and c). These results suggest that the mtUPR may be induced
during EtBr-induced mitochondrial dilation. Notably, nutlin-3
treatment also increased mtHsp70 expression in dilated mitochondria (Figure 7b and c). Next, we investigated whether EtBr
could mimic the ability of nutlin-3 to sensitize resistant cancer

cells to bortezomib-mediated cell death. We treated MDA-MB
435S cells with 5 μg ml − 1 EtBr for 12 or 24 h, refreshed the
medium, and further treated the cells with 5 nM bortezomib for
24 h. We found that this combined treatment with bortezomib
and EtBr induced signiﬁcantly more cell death than
either treatment alone (Figure 7d). Observation of cellular
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morphologies showed that bortezomib/EtBr, but not either
agent alone, triggered notable cellular vacuolation (Figure 7e).
Immunocytochemical analysis of PDI and COX II showed that
bortezomib/EtBr also induced dilation of the ER and mitochondria prior to cell death (Figure 7f). Furthermore, not only
bortezomib/EtBr but also bortezomib/nutlin-3 markedly
increased the expression of mtHsp70 within the dilated
mitochondria (Figure 7g). These results collectively suggest
that nultin-3 may induce the accumulation of misfolded
proteins within mitochondria, thereby contributing to mitochondrial dilation. The resulting mitochondrial stress may
trigger the mtUPR in cancer cells. However, simultaneously
and chronically imposed stress on the ER and mitochondria by
bortezomib/nutlin-3 may result in irreversible failure in
proteostasis, induction of terminal UPR and ultimately cell
death, although its underlying mechanisms remain to be
further explored.
Bortezomib/nutlin-3 co-treatment induces proteostatic
failure and subsequent ER and mitochondrial stress,
potentially contributing to the dilations of these organelles
Finally, we investigated the relationship among the critical
signals involved in the cell death induced by bortezomib/
nutlin-3. Since CHX pretreatment very effectively inhibited the
dilations of both the ER and mitochondria (Figure 3d), we ﬁrst
examined the effect of CHX on the ER stress induced by
bortezomib/nutlin-3. We found that CHX pretreatment very
effectively blocked the co-treatment-induced accumulations
of poly-ubiquitinated proteins and CHOP (Figure 8a).
In addition, CHX pretreatment effectively attenuated the
bortezomib/nutlin-3-induced increases in cytosolic and mitochondrial Ca2+ levels (Figure 8b and c) and abolished the
bortezomib/nutlin-3-induced increase in mtHSP70 expression
(Figure 8d and e). Taken together, these results suggest that
active protein synthesis is required for the bortezomib/nutlin3-induced dilations of the ER and mitochondria, and affects

the critical signals for co-treatment-induced paraptosis. In
addition, we found that shRNA-mediated CHOP knockdown
markedly attenuated the bortezomib/nutlin-3 treatmentinduced increases in cytosolic and mitochondrial Ca2+ levels
(Figure 8f and g) but did not affect the accumulation of
poly-ubiquitinated proteins (Figure 8h). This suggests that the
accumulation of misfolded proteins in bortezomib/nutlin-3treated cells precedes the upregulation of CHOP. Interestingly,
pretreatment with BAPTA plus BAPTA-AM markedly
inhibited the bortezomib/nutlin-3-induced upregulation of
CHOP but did not entirely inhibit the accumulation of
poly-ubiquitinated proteins in co-treated cells (Figure 8i).
These results suggest that bortezomib/nutlin-3 treatment
induces proteasomal impairment and the subsequent
accumulation of misfolded proteins. This may lead to increases
in the levels of cytosolic Ca2+ and CHOP, which contribute to
dilating the ER. In addition, a positive regulatory loop may
exist between the increases in cytosolic Ca2+ and CHOP during
bortezomib/nutlin-3-induced paraptosis.
In summary, we herein show that co-treatment with nutlin-3
overcomes bortezomib resistance in various p53-defective
cancer cells by inducing paraptosis. During this process, ER
dilation is critically promoted by proteasomal impairment and
a subsequent positive regulatory loop between the induction
of CHOP and the disruption of Ca2+ homeostasis, while
mitochondrial dilation appears to be promoted by the
stress caused by misfolded protein accumulation (Figure 8j).
Therefore, co-treatment with bortezomib and nultin-3 appears
to lead to an irrecoverable failure in proteostasis that may be
responsible for the severe physical and functional changes seen
in the ER and mitochondria, leading to paraptotic cell death.
DISCUSSION
Although bortezomib has demonstrated promising anti-cancer
effects in multiple myeloma and MCL,1,2 bortezomib-treated
patients tend to acquire resistance to this agent, resulting in

Figure 6 MCU-mediated mitochondrial Ca2+ overload is important for the cell death but not for vacuolation induced by bortezomib/
nutlin-3. (a) MDA-MB 435S cells treated with 5 nM bortezomib and 30 μM nutlin-3 for the indicated time points were stained with 1 μM
Rhod-2 and processed for FACS analysis. Rhod-2 ﬂuorescence intensities (FI) in cells treated with 5 nM bortezomib plus 30 μM nutlin-3 for
the indicated time points were compared with those of untreated cells. (b) MDA-MB 435S cells were pretreated with or without Ru360 at
the indicated concentrations and further treated with 5 nM bortezomib plus 30 μM nutlin-3 for 24 h. Cellular viability was assessed using
calcein-AM and EthD-1. Data represent the means ± s.d. Kruskal–Wallis test was performed followed by Dunn’s test. *Po0.005 vs
untreated cells, #Po0.005 vs cells treated with bortezomib/nultin-3. (c) MDA-MB 435S cells were untreated or treated with 5 nM
bortezomib and 30 μM nutlin-3 in the absence or presence of 20 μM Ru360 for 24 h. Cells were observed under the phase-contrast
microscope. Scale bar, 10 μm. (d, e) MDA-MB 435S cells (d) or YFP-ER/435S cells (e) were treated with 5 nM bortezomib and 30 μM
nutlin-3 for 8 h in the absence or presence of Ru360. Treated cells were stained with 1 μM Rhod-2 and 100 nM MTG (d) or stained with
100 nM MTR (e) and observed under the phase-contrast and ﬂuorescence microscope. Scale bars, 20 μm. (f, g) MDA-MB 435S cells were
transfected with the ﬂuorescent oligonucleotide (FO) or a MCU-targeting siRNA (siMCU) for 24 h and further treated with 5 nM bortezomib
plus 30 μM nutlin-3 for 24 h. (f) Cell viability was assessed using calcein-AM and EthD-1. Data represent the means ± s.d. Kruskal–Wallis
test was performed followed by Dunn’s test. *Po0.005 vs cells transfected with FO, #Po0.005 vs cells transfected with FO and further
treated with bortezomib/nutlin-3. Knockdown of MCU was conﬁrmed by western blotting and β-actin was used as a loading control in
western blots. (g) Transfected and treated cells were observed under the phase-contrast microscope. Scale bars, 10 μm. (h) Transfected
cells were treated with 5 nM bortezomib plus 30 μM nutlin-3 for 16 h, ﬁxed, and subjected for immunocytochemistry of COX II and PDI.
Scale bars, 20 μm. (i) MDA-MB 435S cells were pretreated with or without 10 μM BAPTA plus 10 μM BAPTA-AM for 30 min and further
treated with 5 nM bortezomib and 30 μM nutlin-3 for 16 h. Treated cells were stained with 1 μM Rhod-2 and 100 nM MTG and observed
under the phase-contrast and ﬂuorescence microscope. Scale bar, 20 μm.
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Figure 7 Bortezomib/nutlin-3 may trigger mitochondrial unfolded protein response (mtUPR) during mitochondrial dilation. (a) MDA-MB
435S cells treated with 5 μg ml − 1 EtBr for the indicated time points were stained with 100 nM MTR and observed under the phasecontrast and ﬂuorescence microscope. Scale bars, 20 μm. (b) MDA-MB 435S cells treated with 5 μg ml − 1 EtBr for 24 h or 30 μM nutlin-3
for 16 h were ﬁxed and subjected for immunocytochemistry of COX II and mtHsp70. Scale bars, 20 μm. (c) Plots of the intensity proﬁle of
a set of pixels distributed on a line drawn across the indicated mitochondria (shown in mtHsp70+COX II panels) are shown at different
emission wavelengths corresponding to the signals of mtHsp70 (green) and COX II (red). (d–g) After treatment of MDA-MB 435S cells with
5 μg ml − 1 EtBr for the indicated time points, culture media were changed with the fresh ones and cells were further treated with 5 nM
bortezomib for 24 h. (d) Cell viability was assessed using calcein-AM and EthD-1. Data represent the means ± s.d. One-way ANOVA and
Bonferroni’s post hoc test. *Po0.005 vs cells treated with EtBr alone for the indicated time points. (e) Treated cells were observed under
the phase-contrast microscope. Scale bar, 10 μm. (f, g) Treated cells were ﬁxed, and subjected for immunocytochemistry of COX II and
PDI (f) or COX II and mtHsp70 (g). In addition, immunocytochemistriy of COX II and mtHsp70 was performed in MDA-MB 435S cells
treated with 5 nM bortezomib and/or 30 μM nutlin-3 for 16 h. Scale bars, 20 μm.

cancer recurrence and the failure of further cancer therapy. In
addition, bortezomib has not shown a satisfactory therapeutic
effect in solid tumors.4,5,46 Thus, researchers are currently
seeking strategies to sensitize resistant cancer cells to this and
other proteasome inhibitors.

Nutlin-3, which efﬁciently activates p53,6,7 was previously
shown to increase the bortezomib sensitivity of multiple
myeloma cells29,30 MCL cells,10,31 and several epithelial cancer
cell lines, including thyroid cancer cells,30 by enhancing
apoptosis. In MCL cells with WT p53, the anti-cancer effects
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of bortezomib/nutlin-3 were proposed to involve the accumulation of p53 and the induction of p53-dependent proteins,
including p21, MDM2, Puma and Noxa.10 In p53-mutant
MCL cells, the cell death induced by bortezomib/nutlin-3 was
postulated to involve the inductions of p73 and Noxa, plus the
activations of Bax, Bak, caspase-9 and caspase-3.31 Critically,
we herein show for the ﬁrst time that bortezomib/nutlin-3
co-treatment synergistically kills various solid tumor cells that
harbor non-functional p53 and are relatively resistant to
bortezomib, and that this occurs via the induction of
paraptosis.

Experimental & Molecular Medicine

The cell death induced by bortezomib/nultin-3 in our system
was accompanied by swelling and progressive fusion of the ER,
along with mitochondrial dilation and eventual formation of
MG. The mechanisms underlying paraptosis, particular the
signals responsible for the dilation of the ER and/or mitochondria, are still not clearly understood. However, Mimnaugh
et al.47 proposed that a proteasome-inhibition-triggered overload of misfolded proteins in the ER lumen could exert an
osmotic pressure that draws water from the cytoplasm to
distend the ER lumen. Consistent with this hypothesis, our
previous studies showed that impairment of proteasome
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Figure 8 Upregulation of CHOP and the increase in Ca2+ levels precede the ER dilation induced by bortezomib/nutlin-3. (a) MDA-MB
435S cells pretreated with or without 2 μM CHX and further treated with 5 nM bortezomib plus 30 μM nutlin-3 for 16 h. Cell extracts were
prepared for the western blotting of ubiquitin and CHOP. β-actin was used as a loading control in western blots. (b, c) MDA-MB
435S cells were pre-treated with or without 2 μM CHX for 30 min further treated with 5 nM bortezomib and 30 μM nutlin-3 for 16 h.
(b) Treated cells were stained with 1 μM Fluo-3 and observed under the phase-contrast and ﬂuorescence microscope. Scale bar, 20 μm.
(c) Treated cells were stained with 1 μM Rhod-2 and 100 nM MTG and observed under the phase-contrast and ﬂuorescence microscope.
Scale bar, 20 μm. (d) MDA-MB 435S cells pretreated with or without 2 μM CHX followed by treatment with 5 μg/ml EtBr for 24 h. After
culture media was changed with the fresh ones, cells were further treated with 5 nM bortezomib for 12 h. Treated cells were ﬁxed, and
subjected for immunocytochemistry of COX II and mtHsp70. Scale bars, 20 μm. (e) Plots of the intensity proﬁle of a set of pixels
distributed on a lline drawn across the indicated mitochondria (as shown in mtHsp70+COX II panels) at differnet emission wavelengths
corresponding to the signals of mtHsp70 (green) and COX II (red). (f–h) MDA-MB 435S cells were infected with the lentivirus containing
non-targeting (NT) shRNA or a CHOP-targeting shRNA (CHOP shRNA) for 24 h. Infected cells were treated with 5 nM bortezomib and
30 μM nutlin-3 for 16 h. (f) Treated cells were stained with 1 μM Fluo-3 and observed under the phase-contrast and ﬂuorescence
microscope. Scale bars, 20 μm. (g) Treated cells were stained with 1 μM Rhod-2 and 100 nM MTG and observed under the phase-contrast
and ﬂuorescence microscope. Scale bars, 20 μm. (h) Cell extracts were prepared for western blotting of CHOP and ubiquitin. β-actin was
used as a loading control in western blots. (i) MDA-MB 435S cells pretreated with 10 μM BAPTA and 10 μM BAPTA-AM were further
treated with 5 nM bortezomib plus 30 μM nutlin-3 for 8 h and then western blotting of the indicated proteins was performed. β-actin was
used as a loading control in western blots. (j) Hypothetical model of the underlying mechanism of paraptosis induced by bortezomib/nutlin3 in p53-defective cancer cells. Combination of bortezomib and nutlin-3 triggers ER stress induction, CHOP upregulation, and the increase
in cytosolic Ca2+ levels, leading to ER dilation. In parallel to ER dilation, mitochondria are also dilated possibly via the mechanism related
to mitochondrial unfolded protein stress, contributing to the paraptotic cell death induced by bortezomib/nutlin-3. Mitochondrial Ca2+
overload, which is preceded by increased cytosolic Ca2+, may also play a role in the cytotoxicity of bortezomib/nutlin-3.

activity is critical for the dilations of the ER seen during
curcumin-, dimethoxycurcumin- and celastrol-induced
paraptosis.18–21 In the present study, we show that nutlin-3
critically enhances bortezomib-mediated proteasome inhibition

and ER stress, and that this critically contributes to dilating the
ER. Co-treatment with nutlin-3 also markedly enhanced the
bortezomib-mediated accumulation of poly-ubiquitinated proteins and CHOP. Moreover, CHOP knockdown effectively
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attenuated the ER dilation and cell death induced by bortezomib/nutlin-3, suggesting that the induction of CHOP is critical
to this process. Han et al.48 recently reported that ATF4- and
CHOP-mediated transcriptional regulation increases proteins
synthesis, critically contributing to ER-stress-induced cell
death. Therefore, it remains to be clariﬁed whether the
induction of CHOP observed in the present work contributes
to ER dilation through the synthesis of speciﬁc protein(s) or a
global increase in protein synthesis. Interestingly, we found that
BAPTA-AM-mediated scavenging of intracellular Ca2+ also
signiﬁcantly inhibited the ER dilation and cell death induced
by bortezomib/nutlin-3, and that the further addition of
BAPTA enhanced this effect. These results indicate that
disruption of Ca2+ homeostasis plays a key role in the ER
dilation and cell death observed in the studied system. Since
co-treated cells exhibited increased mitochondrial Ca2+ levels,
in addition to increased cytosolic Ca2+ levels, we tested the
functional signiﬁcance of mitochondrial Ca2+ overload in the
paraptosis induced by bortezomib/nutlin-3. Interestingly, inhibition of mitochondrial Ca2+ uptake by RU360 pretreatment or
MCU knockdown signiﬁcantly attenuated cell death by, but not
the dilation of mitochondria and the ER, in bortezomib/nutlin3-treated cells. This indicates that the induced mitochondrial
Ca2+ overload may help shift the cellular balance toward cell
death but may not be critically involved in mitochondrial
dilation or MG formation in co-treated cells. Although the
pathophysiological importance of MG still remains to be
investigated, several possible mechanisms have been suggested
to govern their formation, including swelling, the fusion of
adjacent mitochondria and the suppression of mitochondrial
division.49,50 The dilated mitochondria in co-treated cells were
more than three times larger than normal mitochondria,50
suggesting that the mitochondrial dilation induced by bortezomib/nutlin-3 may not reﬂect simple mitochondrial swelling.
When we investigated the possible involvement of various
proteins associated with mitochondrial dynamics, we found
that the protein levels of Fis1, MFN1 and MFN2 were not
dramatically altered by treatment with bortezomib and/or
nutlin-3 for 8 h (Supplementary Figure 3a). The protein levels
of DRP1 were slightly increased by nutlin-3 treatment, but not
by the combined treatment. In resolved lysates from untreated
cells, OPA1 migrated as a complex mixture of at least ﬁve
protein bands, possibly reﬂecting different isoforms and/or the
presence of proteolytic processing.51 Nutlin-3 treatment
resulted in the reduction of the long forms of OPA1, and the
combined treatment further reduced them. Similar expression
patterns of OPA1 were observed in T98G, DLD-1 and HeLa
cells treated with nutlin-3 alone or with bortezomib/nutlin-3
(Supplementary Figure 3b). However, siRNA-mediated knockdown of OPA1 did not affect the cell death induced by
bortezomib or bortezomib/nutlin-3 (Supplementary Figure 3c
and d), suggesting that altered OPA1 expression may not be
important for the cell death induced by the co-treatment. In
addition, unlike knockdown of MCU, knockdown of Drp1,
Fis1 or Mfn1 did not affect the cell death induced by
bortezomib/nutlin-3. While the endoplasmic and cytosolic
Experimental & Molecular Medicine

UPRs have been extensively studied, the presence of a speciﬁc
mtUPR has only recently emerged.52,53 The mtUPR is a form
of retrograde signaling that contributes to the quality control of
mitochondria by ensuring the functional integrity of the
mitochondrial proteome.43 Mitochondria have dedicated molecular chaperones and proteases that promote proper protein
folding, complex assembly and quality control.53 However,
when misfolded proteins or unassembled complexes accumulate beyond the folding capacity, mitochondria and/or cells can
experience altered proteostasis, damages and dysfunction. In
the present study, we questioned whether the MG formation
observed during bortezomib/nutlin-3-induced paraptosis was
associated with the mtUPR. EtBr, which was previously shown
to be an inducer of MG formation,42 is known to initiate the
mtUPR.43,45,53 and increase the expression of mtHSP70, a
candidate marker for the mtUPR.42,43,54 Since mitochondrial
electron transport chain complexes rely on a precise stoichiometry between nuclear- and mtDNA-encoded proteins,55
inhibition of mitochondrial transcription and replication by
EtBr causes folding defects or misassembly of mitochondrial
protein complexes.54 Similar to the effect of EtBr, recombinant
human HMGB1 (rhHMGB1) was recently reported to induce
non-apoptotic cell death accompanied by formation of giant
mitochondria in glioma cells.56 During this cell death, researchers observed depletion of mitochondrial DNA, severe damage
of the mitochondrial proteome, and subsequent protein adduct
formation within the mitochondria. These results further
support the potential association between MG formation and
the mtUPR. Here we found that not only EtBr but also nutlin-3
induced mitochondrial dilation and increased the expression of
HSP70 in the dilated mitochondria of MDA-MB 435S cells.
Bortezomib/EtBr induced the dilation of both the ER and
mitochondria in a manner similar to that seen in cells treated
with bortezomib/nutlin-3. Furthermore, EtBr enhanced cancer
cell death when combined with bortezomib, similar to the
effect of nutlin-3. Taken together, these results suggest that
nutlin-3-induced mitochondrial dilation may be closely associated with the accumulation of misfolded proteins within
mitochondria and the subsequent induction of the mtUPR.
Interestingly, nutlin-3 alone transiently induced mitochondrial
dilation, while bortezomib alone triggered a very slight ER
dilation (detectable only by electron microscopy). Therefore,
we cannot exclude the possibility that the inductions of the
mtUPR (by nutlin-3) and ER UPR (by bortezomib) may play
adaptive and cytoprotective roles that explain the sub-lethal
effects of either agent alone. In contrast, treatment with
bortezomib and nultin-3 together may trigger terminal UPR
by inducing simultaneous and sustained stresses in both
mitochondria and the ER, leading to their severe and irreversible dilation and ultimate paraptotic cell death.
The present results obtained using isogenic lines of HCT116
cells differing in their p53 status showed that nutlin-3-mediated
cytotoxicity requires WT p53. However, we further found that
nutlin-3 effectively enhanced the death of HCT116 p53 − / −
cells (which were resistant to nutlin-3 alone) when combined
with subtoxic doses of bortezomib. Nutlin-3 has a high afﬁnity
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for the p53-binding pocket on the amino terminus of MDM2.6
RITA (reactivation of p53 and induction of tumor cell
apoptosis), which is an another p53-reactivating small molecule, binds the amino terminus on p53 domain instead of on
HDM2 protein.57 When we tested whether RITA mimicked the
effect of nutlin-3 in our experimental system, we found that
RITA alone dose-dependently enhanced cell death in HCT116
WT cells, but not in HCT116 p53 − / − cells, and that RITA
co-treatment slightly increased bortezomib-induced cell death
in HCT116 WT cells (Supplementary Figure 4a and b). In the
latter effect, RITA resembled nutlin-3 (Figure 1c and d).
However, unlike nutlin-3 co-treatment, RITA co-treatment
did not overcome the resistance of HCT116 p53 − / − cells to
bortezomib (Supplementary Figure 4a and b). Also in contrast
to the effect of nultin-3 co-treatment (Figure 1e–h), RITA did
not noticeably increase the vacuolation and cell death of
MDA-MB 435S cells when combined with various proteasome
inhibitors, including bortezomib, carﬁlzomib and MG 132
(Supplementary Figure 4c and d). These results suggest that the
ability of nutlin-3 to sensitize cancer cells to proteasome
inhibitors may be independent of its ability to block the
p53-HDM2 interaction.
It is intriguing to consider how two distinct phenomena
(apoptosis or paraptosis) can be triggered by the combination
of bortezomib and nutlin-3. Although the mechanisms underlying these distinct effects remain to be further clariﬁed, we
speculate that the induction of different cell death modes
following bortezomib/nutlin-3 treatment is likely to reﬂect
both the cancer cell type (for example, hematopoietic or
solid tumors) and the integrity of the apoptotic machinery
(including the p53 status). While apoptosis is considered a
major cell death mode underlying the cancer therapy of
hematopoietic cancer cells, its contribution to treatment
success in solid tumors has been debated.58,59 In addition,
the ability of nutlin-3 to restore the apoptotic response is
known to depend on p53.6 Therefore, while the absence of
functional p53 may enable solid tumor cells to resist
bortezomib/nutlin-3-induced apoptosis, these cancer cells
may still be vulnerable to the induction of paraptosis by the
same treatment. Our results suggested that the addition of
nutlin-3 may allow the therapeutic dose of bortezomib to be
reduced, which could potentially alleviate possible unwanted
drug side effects in cancer cells with defective p53. In addition,
co-treatment with nutlin-3 may extend the application of
bortezomib to malignancies that show limited sensitivity to
bortezomib-mediated apoptosis by inducing paraptosis,
an alternative cell death. Improving our understanding of this
alternative cell death mode may facilitate the design of novel
therapeutics aimed at malignant cancer cells with defects in
their apoptotic machineries.
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