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Abstract. The ubiquitin-proteasome and autophagy-lysosome 
pathways are two major self-digestive systems for cellular 
proteins. Ubiquitinated misfolded proteins are degraded 
mostly by proteasome. However, when ubiquitinated proteins 
accumulate beyond the capacity of proteasome clearance, they 
are transported to the microtubule-organizing center (MTOC) 
along the microtubules to form aggresomes, and subsequently 
some of them are degraded by the autophagy-lysosome 
system. We previously reported that macrolide antibiotics 
such as azithromycin and clarithromycin block autophagy 
flux, and that concomitant treatment with the proteasome 
inhibitor bortezomib (BZ) and macrolide enhances endo-
plasmic reticulum (ER) stress-mediated apoptosis in breast 
cancer cells. As ubiquitinated proteins are concentrated at 
the aggresome upon proteasome failure, we focused on the 
microtubule as the scaffold of this transport pathway for 
aggresome formation. Treatment of metastatic breast cancer 
cell lines (e.g., MDA-MB‑231 cells) with BZ resulted in induc-
tion of aggresomes, which immunocytochemistry detected 
as a distinctive eyeball-shaped vimentin-positive inclusion 
body that formed in a perinuclear lesion, and that electron 
microscopy detected as a sphere of fibrous structure with some 
dense amorphous deposit. Vinorelbine (VNR), which inhibits 
microtubule polymerization, more effectively suppressed 
BZ-induced aggresome formation than paclitaxel (PTX), 
which stabilizes microtubules. Combined treatment using BZ 
and VNR, but not PTX, enhanced the cytotoxic effect and 
apoptosis induction along with pronounced ER stress loading 

such as upregulation of GRP78 and CHOP/GADD153. The 
addition of azithromycin to block autophagy flux in the BZ 
plus VNR-containing cell culture further enhanced the cyto-
toxicity. These data suggest that suppression of BZ-induced 
aggresome formation using an inhibitory drug such as VNR 
for microtubule polymerization is a novel strategy for meta-
static breast cancer therapy.

Introduction

Breast cancer is the most common cancer, accounting for 25% 
of all cancer cases in females worldwide (1). Development 
of novel drugs, including molecular targeting for breast 
cancer, has improved some therapeutic outcomes. However, 
recurrence or metastasis of breast cancer continues to occur, 
resulting in 521,900 deaths annually worldwide (1). Therefore, 
a novel therapeutic approach to recurrent/metastatic breast 
cancer is an important issue. Chemotherapeutic, hormone, 
and molecular targeting drugs are currently used for meta-
static breast cancer therapy. Anthracyclines and taxanes are 
considered the key chemotherapeutic drugs (2). Several recent 
studies focused on autophagy and paclitaxel (PTX), a well-
used taxane for metastatic breast cancer therapy (3-5). Some 
reports indicate that PTX inhibits autophagy in breast cancer 
cell lines (3), whereas others indicate that autophagy promotes 
PTX resistance in breast cancer (4,5).

The autophagy-lysosome system and the ubiquitin-protea-
some system (UPS) are two major self-digestive mechanisms 
for cellular proteins. UPS is the selective degradation pathway 
for most cytoplasmic proteins, especially misfolded and short-
lived proteins (6). In this process, misfolded proteins tagged 
with ubiquitin are selectively degraded by the 26S proteasome. 
In contrast, macroautophagy (hereafter, autophagy) is a highly 
conserved self-digestive system in eukaryotic cells for degra-
dation of long-lived proteins, as well as clearance of damaged 
or old organelles, including endoplasmic reticulum (ER) (7). 
These cellular proteins and organelles are engulfed in the 
double-membrane vesicle known as the autophagosome and 
are delivered to the lysosome for degradation (7,8). In contrast 
with the UPS, autophagy is a bulk non-selective degradation 
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system. However, recent reports found crosstalk between UPS 
and autophagy via docking proteins such as p62/SQSTM-1, or 
NBR1 (neighbor of BRCA1 gene product), in which they have 
both the ubiquitin-associated domain and the LC3 (Atg8)-
interacting lesion in their C-terminus. LC3-II (lipidated form 
of LC3-I) studs the inner and outer autophagosome membrane. 
Thus, after binding to p62, ubiquitinated proteins are engulfed 
into autophagosome through the p62-LC3-II interaction (9,10). 
The original function of autophagy is cellular quality control 
of cytoplasmic components and protection from nutrient star-
vation by amino acid recycling. However, it is now believed 
that cancer cells apply this system to escape from various 
stresses under the hypovascular condition (11-14).

We previously reported that combined treatment using the 
proteasome inhibitor bortezomib (BZ) and macrolide anti-
biotics, which block autophagy flux, resulted in pronounced 
apoptosis induction, along with ER stress loading in breast 
cancer and multiple myeloma cells (15-17). ER stress is caused 
by the accumulation of misfolded or unfolded proteins inside 
the ER lumen. A series of cellular responses is evoked as 
unfolded protein responses (UPRs) such as: i) attenuation of 
the translation for repression of unfolded protein accumula-
tion, ii) induction of chaperon proteins for proper refolding, 
and iii) exporting of unfolded proteins to outside the ER 
lumen, following their polyubiquitination and degradation 
by proteasome [ER-associated degradation (ERAD)] (18-21). 
However, when the stress exceeds this adaptive capacity, the 
cell undergoes apoptosis via induction of the proapoptotic 
transcription factor CHOP/GADD153 and other mechanisms 
(19,22-25). ER stress itself also induces autophagy directly 
through upregulation of GRP78, which appears to compensate 
ERAD-mediated degradation (26).

In addition to these cellular digestive systems, the cyto-
plasmic misfolded proteins aggregate and are transported 
to the microtubule-organizing center (MTOC) along the 
microtubules by the retrograde microtubule motor dynein and 
HDAC6 complex to form aggresomes (27-30). An aggresome 
is a cytoplasmic inclusion body containing misfolded and ubiq-
uitinated protein aggregates originally described by Johnston 
and colleagues in 1998 (27). Aggresome formation is a protec-
tive response of a cell, which involves sequestering toxic 
protein species beyond the capacity of UPS clearance (28-33). 
Some parts of the aggresome are degraded by autophagy in an 
HDAC6-dependent manner (30,32). Therefore, there appears 
to be an integrated intracellular network for misfolded protein 
clearance among UPS, autophagy-lysosome system, and 
aggresome formation. Indeed, our previous reports confirmed 
that simultaneous inhibition of proteasome by BZ, autophagy 
flux by macrolide antibiotics, and aggresome formation using 
suberoylanilide hydroxamic acid (SAHA), which has the effect 
of HDAC6 inhibition, potently induce apoptosis accompanied 
with ER stress loading in breast cancer and multiple myeloma 
cells (34,35).

In this study, we focused on the microtubule that func-
tions as the scaffold of the intracellular trafficking pathway 
for protein aggregate transport to MTOC to form aggresomes. 
Taxanes including PTX and docetaxel, and vinca alkaloids 
such as vinorelbine (VNR) are widely used in metastatic 
breast cancer therapy (2). Taxanes have the effect of microtu-
bule stabilization, whereas VNR has the inhibitory effect of 

microtubule polymerization. Therefore, we hypothesized that 
these treatments might have the inhibitory effect of aggresome 
formation along with ER stress loading upon proteasome inhi-
bition. Here, we demonstrate that combined treatment using 
BZ and VNR, but not PTX, pronounces apoptosis induction 
in metastatic breast cancer cell lines, along with ER stress 
loading and inhibition of BZ-induced aggresome formation.

Materials and methods

Reagents. BZ was purchased from Selleck Chemicals 
(Houston, TX, USA). Azithromycin dihydrate (AZM) was 
purchased from Tokyo Chemical Industry (Tokyo, Japan). 
PTX, VNR, and colchicine were obtained from Wako Pure 
Chemical Industries (Osaka, Japan). BZ was dissolved in 
dimethyl sulfoxide (DMSO) to make stock solution at a 
concentration of 1 mM. AZM and PTX were dissolved in 95% 
ethanol at a concentration of 5 mM as stock solutions. VNR 
was dissolved in distilled water to prepare a stock solution of 
1 mM. Colchicine was dissolved in 95% ethanol at a concen-
tration of 10 mM as stock solution.

Cell lines and culture conditions. MDA-MB‑231 cells were 
a kind gift from Dr Keiichi Iwaya (Department of Basic 
Pathology, National Defense Medical College, Saitama, 
Japan), and MDA-MB‑468 cells were obtained from the 
American Type Culture Collection (ATCC) (Manassas, VA, 
USA). A CHOP-/- MEF cell line (CHOP-KO-DR) established 
from a 13.5-day-old CHOP-/- mouse embryo by SV-40 
immortalization and a CHOP+/+ MEF cell line (DR-wild-type) 
established by SV-40 immortalization as a control cell line for 
CHOP-KO-DR were obtained from ATCC. MDA-MB‑231, 
MDA-MB‑468, CHOP-KO-DR, and DR-wild-type cells 
were cultured in Dulbecco's modified Eagle's medium 
(Sigma‑Aldrich, St.  Louis, MO, USA) supplemented with 
10% fetal bovine serum (FBS; Biowest, Kiltimagh, Ireland), 
penicillin (100 U/ml), and streptomycin (100 µg/ml). All cell 
lines were cultured in a humidified incubator containing 
5% CO2 and 95% air at 37˚C.

Assessment of the viable number of cells. The number of 
viable cells was assessed using CellTiter-Blue®, a cell viability 
assay kit (Promega Co., Madison, WI, USA), with fluorescence 
measurements at 560 nm for excitation and 590 nm for emis-
sion.

Flow cytometry. For assessment of apoptosis, cells were 
stained with Annexin V and propidium iodide (PI) using 
APOPCYTOTM Annexin V-Azami-Green Apoptosis Detection 
kit (MBL, code 4690, Nagoya, Japan) according to the manu-
facturer's instructions and subjected to flow cytometry using 
Attune® Acoustic Focusing Cytometer (Life Technologies, 
CA, USA).

Immunoblotting. Immunoblotting was performed as previ-
ously described (15). Cells were lysed with RIPA lysis buffer 
(Nacalai Tesque, Kyoto, Japan) supplemented with a protease 
and phosphatase inhibitor cocktail (Nacalai Tesque). Cellular 
proteins were quantified using a DC Protein assay kit of 
Bio-Rad (Richmond, CA, USA). Equal amounts of proteins 
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were loaded onto the gels, separated by SDS-PAGE, and 
transferred onto Immobilon-P membranes (Millipore Corp., 
Bedford, MA, USA). These membranes were probed with 
first antibodies (Abs) such as anti-ubiquitin (P4D1) mAb 
and anti-GAPDH (6C5) mAb purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Immunoreactive 
proteins were detected using horseradish peroxidase-
conjugated second Abs and an enhanced chemiluminescence 
reagent (ECL) (Millipore). Densitometry was performed using 
a Molecular Imager ChemiDoc XRS System (Bio-Rad).

Gene expression analysis. Real-time polymerase chain reac-
tion (PCR) for expression analysis of ER stress-related genes 
was performed as previously described in detail (15).

Electron microscopy. Cells were fixed with 2.5% glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.3) for 1 h. The samples 
were further fixed in 1% osmium tetroxide for 1 h, dehydrated 
in graded ethanol (30-100%), and embedded in Quetol 812 
epoxy resin (Nisshin EM Co., Ltd., Tokyo, Japan). Ultrathin 
sections were cut using an Ultracut J microtome (Reichert 
Jung, Vienna, Austria). These sections were stained with 
lead nitrate and uranium acetate and subjected to electron 
microscopic analysis using a scanning electron microscope 
JEM-1200EX II (Jeol, Tokyo, Japan).

Immunofluorescence staining and confocal microscopy. 
MDA-MB‑231 cells were seeded on 13-mm glass coverslips 
in a 24-well culture plate in the presence or absence of BZ, 
PTX, and VNR and cultured for 24 h. Coverslips were washed 
twice with PBS and fixed for 15 min on ice in methanol. 
After washing twice with PBS, cells were permeabilized with 
0.1% Triton X-100 in TBST for 5 min at room temperature. The 
coverslips were then washed with TBST and further incubated 
with TBST containing 10% normal goat serum (NGS; Thermo 
Fisher Scientific, Waltham, MA, USA) for 30 min at room 
temperature for blocking nonspecific binding. Cells were incu-
bated with a primary antibody such as mouse anti-vimentin 
(V9) mAb, mouse anti-ubiquitin (P4D1) mAb, and anti-p62/
SQSTM1 (D-3) mAb (all from Santa Cruz), and diluted in 
TBST, 1.5% NGS, 0.1% bovine serum albumin (BSA) at 4˚C 
overnight. The coverslips were washed three times for 5 min 
with TBST at room temperature and subsequently incubated 
with Alexa Fluor® 488 conjugate-goat anti-mouse IgG (H+L) 
secondary antibody (Thermo Fisher Scientific), diluted in 
TBST containing 1.5% NGS and 0.1% BSA, for 45 min at 
37˚C. The coverslips were washed with TBST and mounted 
in ProLong® Diamond Antifade Montant (Thermo Fisher 
Scientific). Nuclei were stained with DAPI (Sigma-Aldrich, 
D-9542), and the cells were imaged using a confocal laser 
scanning fluorescence microscope, LSM 700 (Carl Zeiss, 
Germany).

Assessment of aggresome by fractioning of detergent-soluble 
and -insoluble proteins, followed by immunoblotting with 
anti-ubiquitin mAb. Cells were lysed with Triton X-100 lysis 
buffer (10 mM Tris-HCl, 150 mM NaCl, 2% Triton X-100, 
pH  7.8) supplemented with a protease inhibitor cocktail 
(Nacalai Tesqucollectede). The lysates were centrifuged at 
12,000 g for 30 min at 4˚C. The supernatant was then collected 

as a detergent-soluble fraction. The pellets (which contain 
insoluble proteins) were then resuspended in sodium dodecyl 
sulfate (SDS) lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 
2% SDS, pH 7.8) and sonicated for 30 sec using a tip sonicator 
VP-5S (Taitec, Saitama, Japan) to prepare a detergent-insoluble 
fraction. All resuspended pellets and supernatants were boiled 
for 5 min in the presence of an equal volume of SDS-PAGE 
sample buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 
0.002% BPB, pH  6.8), and the containing proteins were 
separated by 11.25% SDS-PAGE and immunoblotted with 
anti-ubiquitin mAb.

Morphology assessment. After trypsinization, cell suspensions 
were sedimented and fixed on the slide glass using a Cytospin 4 
(Thermo). Preparations were stained with May-Grünwald-
Giemsa and examined using a digital microscope BZ-8100 
(Keyence Co., Osaka, Japan).

Statistical analysis. All the quantitative data were expressed 
as mean ± standard deviation (SD). Statistical analysis was 
performed with two-tailed nonpaired Student's t-test. The 
criterion for statistical significance was taken as p<0.05.

Results

Combined treatment using BZ plus VNR, but not PTX 
enhances apoptosis induction in breast cancer cell lines. 
It was reported that PTX inhibited autophagy flux in breast 
cancer cell lines (3). We previously reported that simulta-
neous treatment with the proteasome inhibitor BZ and AZM, 
which has an inhibitory effect on autophagy flux, resulted 
in enhanced cytotoxicity along with ER stress loading in 
multiple myeloma cells (17). Therefore, we hypothesized that 
combined treatment using BZ and PTX instead of AZM might 
also enhance the cytotoxic effect in metastatic breast cancer 
cell lines. MDA-MB‑231 and MDA-MB‑468 cells were first 
treated with BZ alone at various concentrations for 24-72 h. 
Both cell lines exhibited cell growth inhibition in a dose- and 
time-dependent manner. Fifty percent cell growth inhibitory 
concentrations (IC50s) at 48-h exposure to BZ were 36.3 nM 
in MDA-MB‑231 cells and 10.8 nM in MDA-MB‑468 cells 
(Fig. 1A). The cells were then treated with PTX as well as VNR 
in the presence or absence of 25 nM BZ in MDA-MB‑231 cells 
and 7.5 nM in MDA-MB‑468 cells. As illustrated in Fig. 1B, 
assessment of viable cells indicated significant enhancement 
of cell growth inhibition by combining 10 nM PTX and 25 nM 
BZ. Unexpectedly, pronounced cytotoxicity did not increase 
further and reached a plateau at higher concentrations of 
PTX up to 100 nM. In contrast with the PTX combination, 
VNR plus BZ resulted in more prominent enhancement of 
cell growth inhibition in the dose-dependent manner of VNR. 
This phenomenon was more pronounced with the addition of 
AZM in the cell culture medium. When the cells were treated 
with BZ and AZM in the presence of PTX or VNR, only the 
VNR combination exhibited considerable enhancement of 
cell growth inhibition in both cell lines (Fig. 1C). Flow cyto-
metric analysis with Annexin V/PI double staining indicated 
a significant increase of Annexin V-positive/PI-negative cells 
(cells undergoing early-stage apoptosis) and Annexin V/PI 
double-positive cells (undergoing late-stage apoptosis) only 



MIYAHARA et al:  Combined treatment with vinorelbine and bortezomib in breast cancer 1851

Figure 1. Cell growth inhibition and apoptosis induction of MDA-MB‑231 and MDA-MB‑468 cells after combined treatment using PTX or VNR and BZ in 
the presence or absence of AZM. (A) MDA-MB‑231 and MDA-MB‑468 cells were treated with BZ at various concentrations for 24, 48 and 72 h. The viable 
cell number was assessed using CellTiter Blue assay as described in Materials and methods. (B) MDA-MB‑231 and MDA-MB‑468 cells were treated with 
PTX or VNR at various concentrations with/without BZ (25 nM for MDA-MB-231 cells and 7.5 nM for MDA-MB-468 cells) for 48 and 72 h. *P<0.05; PTX 
vs. PTX+BZ, VNR vs. VNR+BZ.  (C) MDA-MB‑231 and MDA-MB‑468 cells were treated with PTX or VNR in the presence of BZ (25 and 5 nM) and AZM 
(50 µM) for 48 and 72 h. *P<0.05; PTX vs. PTX+BZ+AZM, VNR vs. VNR+BZ+AZM.
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after combined treatment using BZ plus VNR, but not using 
BZ plus PTX (Fig. 1D). These data indicate that VNR is supe-
rior to PTX in combination with BZ for apoptosis induction in 
breast cancer cell lines.

Inhibition of BZ-induced aggresome formation using VNR 
and PTX in MDA-MB‑231 cells. Aggresome formation occurs 
when production of aggregation-prone misfolded protein 
exceeds the capacity of proteasome digestion. In aggresomes, 
protein aggregates are actively degraded by the autophagy-
lysosome pathway (29,31,35). Hence, we next examined whether 
aggresome is induced in MDA-MB‑231 cells in response to 
proteasome inhibition by BZ. Immunocytochemistry using 
anti-vimentin mAb exhibited a single eyeball-shaped dense 
body in the perinuclear lesion after 24-h treatment with BZ 
(Fig. 2A), which appears to indicate the marker of aggresome 
formation at MTOC, as previously reported (27,32). Although 
the intracellular structure of vimentin filaments changed greatly 
after exposure to BZ compared with untreated cells, we could 
detect only 20% of the spherical body-positive MDA-MB‑231 
cells during 24-h exposure to BZ. Extended BZ exposure time 
or increased BZ concentration resulted in increasing dead cells 
and losing optimal conditions for detecting a single spherical 
aggresome. Immunoblottings with anti-ubiquitin and anti-p62 
mAbs exhibited the assembly of ubiquitinated proteins as well 
as p62 in the perinuclear lesion in response to BZ, but they 
were not as dense as the vimentin profile (Fig. 2A). Electron 
microscopy indicated that, in agreement with the spherical 
body stained with anti-vimentin Ab, a different density 
area was observed in the perinuclear lesion surrounded by 
mitochondria (Fig. 2B). At higher magnification, substantial 
condensation of fibrous structure with some dense amorphous 

deposits became evident in the spherical body area. These data 
indicate aggresome formation in response to BZ treatment in 
MDA-MB‑231 cells.

PTX inhibits microtubule depolymerization, whereas VNR 
inhibits microtubule polymerization (2,3). As shown in Fig. 3, 
morphologic features at metaphase were different after PTX- 
and VNR-treatment. Since protein aggregates are transported 
along the microtubules to MTOC for aggresome formation, 
we next assessed the inhibitory effect of PTX and VNR on 
the blocking efficacy of aggresome formation. As indicated 
in Fig. 4, both PTX and VNR inhibited aggresome formation, 
along with the scattering of ubiquitinated protein and p62 in 
the cytoplasm. Although the fibrous structure appeared to 
be somewhat different between PTX and VNR treatments, 
quantitative assessment of the efficacy of aggresome inhibi-
tion was difficult using immunocytochemistry. Therefore, we 
performed immunoblotting using anti-ubiquitin (P4D1) mAb 
to detect the polyubiquitinated proteins in detergent-soluble 
and detergent-insoluble fractions (Fig. 5). After treatment of 
MDA-MB‑231 cells with BZ, polyubiquitinated proteins in 
the detergent-insoluble fraction, which indicate aggresome, 
increased (lane 12) with some increase in the detergent-soluble 
fraction, compared with untreated control cells. Treatment of 
the cells using BZ plus AZM further enhanced aggresome in 
the detergent-insoluble fraction (lane 16), as well as the deter-
gent-soluble ubiquitinated-proteins (lane 6). This condition 
appears to indicate overflowing of the ubiquitinated proteins 
by simultaneous inhibition of two major protein degradation 
systems. It is noteworthy that ubiquitinated proteins in the 
soluble fraction increased more with BZ plus VNR treatment 
than with BZ plus PTX (lanes 7 vs. 8). The fact that treat-
ment with VNR alone did not increase ubiquitinated proteins 

Figure 1. Continued. (D) MDA-MB‑231 cells were treated with BZ (25 nM), PTX (50 nM), or VNR (50 nM) alone or a combination of BZ and PTX, or BZ 
and VNR for 24 h. Flow cytometric analysis with Annexin V/PI double staining was performed. Numbers indicate the percentage of the cells in each area to 
the cells in whole gating.
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Figure 2. Aggresome formation after treatment using BZ in MDA-MB‑231 cells. (A) After 24-h treatment using BZ at 25 nM, immunocytochemistry was 
performed using anti-vimentin mAb, anti-ubiquitin mAb, and anti-p62 mAb. DAPI staining indicates the position of the nucleus (blue). Dotted white line 
represents cell outline. Scale bar 10 µm. (B) Electron microscopy: MDA-MB‑231 cells were treated with BZ (25 nM) for 24 h.
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in the soluble fraction (lane 5) confirms that VNR inhibits 
BZ-induced aggresome formation more efficiently than PTX. 
This phenomenon becomes more apparent in the presence of 
AZM for blocking autophagy flux (lanes 9 vs. 10).

Enhancement of ER stress loading after combined treat-
ment using BZ and VNR. Our previous report indicated that 
blocking BZ-induced aggresome by HDAC6 inhibition using 
SAHA resulted in ER stress loading, which led to CHOP-

Figure 3. Comparison of morphological changes in MDA-MB‑231 cells with PTX and VNR treatment. MDA-MB‑231 cells were stained with May-Grünwald-
Giemsa. Cells were cultured with PTX (50 nM) or VNR (50 nM) for 48 h. Scale bar 20 µm.

Figure 4. Inhibitory effect of VNR and PTX on BZ-induced aggresome formation in MDA-MB‑231 cells. MDA-MB‑231 cells were treated with BZ (25 nM) 
with/without either PTX (50 nM) or VNR (50 nM) for 24 h. Immunocytochemistry was performed using anti-vimentin mAb, and anti‑Ub mAb. DAPI staining 
indicates the position of the nucleus (blue). Scale bar, 10 µm.
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mediated apoptosis induction in myeloma and breast cancer 
cells (34,35). Therefore, we assessed ER stress-related gene 
expression after combined treatment using BZ and PTX or 
VNR in MDA-MB‑231 cells. During 48-h exposure to these 

reagents, real-time PCR exhibited pronounced expression of 
GRP78 and CHOP with combined treatment using BZ plus 
VNR, but not using BZ plus PTX, compared with those treated 
using each reagent alone (Fig. 6). Thus, the gene expression 

Figure 5. Assessment of aggresome inhibition by immunoblotting using anti-ubiquitin mAb. (A) MDA-MB‑231 cells were treated with BZ (25 nM), AZM 
(50 µM), PTX (50 nM), or VNR (50 nM) alone or two or three combinations as indicated for 48 h. The method of preparing samples of cellular proteins for 
soluble and insoluble fractions is described in detail in Materials and methods. Each fractionated protein was loaded and separated by 11.25% SDS‑PAGE, and 
immunoblotted with anti-ubiquitin-mAb. In detergent-soluble fractions, immunoblotting with anti-GAPDH mAb was performed as an internal control. (B) After 
immunoblotting, the transferred membrane was re-stained with Coomassie Brilliant Blue R-250 for the assessment of protein loading. (C) Densitometry of the 
polyubiquitinated proteins in the detergent-soluble and detergent-insoluble fractions: densitometry of the square areas denoted by the dotted line in the upper 
panel was performed, and the density ratios to the controls (lanes 1 and 11) were plotted. In the soluble fractions, each lane density was standardized by the 
density ratios to GAPDH as an internal control.
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profiles fit well with the result of the cell growth inhibition 
presented in Fig. 1B.

Since the proapoptotic transcription factor CHOP plays a 
central role in ER stress-related apoptosis induction (23,25), 
we next examined whether CHOP is involved in pronounced 
cytotoxicity by combined treatment with VNR and BZ+AZM 
using immortalized MEF cells derived from CHOP knockout 
mouse. VNR enhanced BZ+AZM-induced cytotoxicity in 
immortalized wild-type MEF in a dose-dependent manner, 
whereas CHOP-/- MEF exhibited less sensitivity to BZ+AZM 
treatment and attenuated enhanced cytotoxicity by VNR 
(Fig. 7). Notably, as well as breast cancer cell lines, PTX exhib-
ited no enhanced cytotoxicity in the presence of BZ+AZM 
in MEF cell line (Figs. 1C and 7). These data suggest that 
pronounced apoptosis induction by BZ and VNR is at least 
partially mediated through CHOP induction.

Discussion

Herein, we demonstrated that VNR, which has inhibitory 
effect on microtubule polymerization, blocked BZ-induced 
aggresome formation (Fig.  5), and concomitant treatment 
of VNR and BZ with/without AZM markedly enhanced 
the cytotoxic effect and apoptosis induction, along with 

pronounced ER stress loading, in metastatic breast cancer cell 
lines (Figs. 1 and 6). Since PTX inhibits autophagy in breast 
cancer cells (3), we initially expected that simultaneous inhi-
bition of the two major digestive systems, proteasome by BZ 
and autophagy by PTX, would enhance ER stress-mediated 
apoptosis induction, as was the case with BZ plus AZM in our 
previous report on myeloma cells (34). However, contrary to 
our initial expectation, no prominent pronounced cytotoxicity 
was observed with the BZ and PTX combination (Fig. 1). For 
now, we cannot clearly explain the difference in the effects 
of the drugs regarding the cytotoxicity of BZ. It may be due 
to the pharmacological difference in disrupting microtubules 
(i.e., inhibition of microtubule polymerization by VNR versus 
microtubule stabilization by PTX) (Fig. 3). Indeed, colchicine, 
which has an inhibitory effect on microtubule polymerization, 
also exhibited enhanced cytotoxicity of BZ in MDA-MB‑231 
cells, like VNR (data not shown). In addition, VNR appears 
to be more effective for suppressing BZ-induced aggresome 
formation than PTX. This results in an increase of cytosolic 
detergent-soluble ubiquitinated proteins (Fig. 5) and enhances 

Figure 6. ER stress loading after combined treatment using BZ and PTX 
or VNR in MDA-MB-231 cells. MDA-MB‑231 cells were treated with BZ 
(25 nM), PTX (50 nM), or VNR (50 nM) alone or a combination of BZ and 
PTX, or BZ and VNR for 24 h and 48 h. Gene expression of CHOP and 
GRP78, which are related to ER stress loading, were assessed using real-time 
PCR. Figure 7. Involvement of CHOP in enhanced cytotoxicity with a combination 

of BZ and VNR+AZM. Cell growth inhibition of wild-type MEF cell line 
and CHOP-/- cell line after treatment using VNR or PTX with/without BZ 
(25 nM) + AZM (50 µM) for 24 h. The viable cell number was assessed using 
CellTiter Blue assay as described in Materials and methods. *P<0.05; PTX vs. 
PTX+BZ+AZM, VNR vs. VNR+BZ+AZM.
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ER stress loading (Fig. 6), following ER stress-mediated apop-
tosis via CHOP activation (Figs. 1D and 7).

In addition to aggresome inhibition, recent studies 
indicated that subcellular lysosomal positioning was also 
affected by microtubule formation. Depolymerization of 
the microtubules by nocodazole resulted in the scattering of 
lysosomes and reduced the nutrient-dependent activation of 
mTORC1 (36). Proteasome failure promoted the positioning 
of lysosomes around the aggresome via local blocking of the 
microtubule-dependent transport (37). Microtubules support 
the assembly of pre-autophagosomal structures and mediate 
trafficking of autophagosomes toward lysosomes (38). Thus, 
perturbation of microtubules directly affects the encounter 
between autophagosome and lysosome to form autolysosome, 
leading to suppression of protein degradation by the autophagy-
lysosome system. Microtubules also regulate mTORC1 and 
class III PI3K complexes, two major complexes involved in 
the initiation of autophagic response (39). All this evidence 
suggests that disrupting microtubules interrupts the diges-
tive function of autophagy as well as aggresome formation. 
However, treatment using VNR or PTX alone did not increase 
polyubiquitinated protein in the detergent-soluble fraction, 
whereas AZM induced some detergent-insoluble aggresome, 
but far less than BZ. Thus, proteasome plays a critical role in 
ubiquitinated protein clearance.

Since intracellular unfolded protein aggregates are cyto-
toxic, aggresome is assumed to play a role in protecting cells by 
encapsulating these protein aggregates by vimentin filaments 
when unfolded proteins accumulate beyond the capacity of 
UPS (31,32). After 24-h exposure to BZ for proteasome inhibi-
tion, MDA-MB‑231 cells exhibited an eyeball-shaped vimentin 
positive-inclusion body in the perinuclear lesion (Fig. 2A). This 
morphological feature seems to fit with the original description 
regarding the aggresome by Johnson et al (27): a pericentriolar 
membrane-free, cytoplasmic inclusion containing misfolded, 
ubiquitinated protein ensheathed in a cage of vimentin, a type 
III intermediate filament protein. However, analysis using 
electron microscopy indicated that this spherical body was 
composed mostly of fibrous structure, and electron-dense 
deposits in perinuclear lesions were much smaller than the 
typical aggresomes observed in various neurodegenerative 
disorders such as Parkinson's disease, Alzheimer's disease, 
and Huntington's disease (27,32,39) (Fig. 2B). This may be 
due to the rapid turnover of tumor cells and their upregulated 
metabolic state. It was reported that BZ induced aggresome 
formation in pancreatic cancer cells but not in immortalized 
normal human pancreatic epithelial cells (40), also suggesting a 
higher level of protein synthesis and dependency on the protea-
some degradation system for survival in cancer cells than in 
normal cells. In our system, MDA-MB‑231 cells might undergo 
apoptosis in response to BZ before presenting the characteristic 
features of aggresome. However, upon proteasome inhibition by 
BZ, how dynamic remodeling of vimentin filaments occurs to 
form a perinuclear sphere body, even with insufficient amounts 
of protein aggregate deposits, remains unclear. Other than 
cellular protein accumulation followed by transport along the 
microtubules toward the centriole, some molecular switch may 
occur to initiate the aggresome formation. Vimentin filaments 
interact with signaling proteins such as phospholipase A2, 
14-3-3 proteins, and bind to phosphorylated ERK and RhoK 

(41,42). A recent report indicated that vimentin C328 is essen-
tial for the binding site with zinc to lead to optimal vimentin 
performance in network expansion, aggresome formation, and 
lysosomal distribution (43). This may indicate the existence of 
signal recognition site(s) of vimentin to initiate conformational 
changes. Thus, clarification of crosstalk between proteasome 
and vimentin is an attractive challenge. More precise time 
course study is required.

In this study, we intentionally used clinically available 
drugs. VNR and PTX are key drugs for metastatic breast 
cancer therapy, whereas BZ is widely used to treat multiple 
myeloma. Their safety has been established, and information 
regarding pharmacokinetics and adverse effects has been 
accumulated. Thus, inhibition of BZ-induced aggresome 
formation using VNR could be a potent practicable combina-
tion, based on a novel concept for metastatic breast cancer 
patients. Furthermore, MDA-MB‑231 and MDA-MB‑468 
cell lines used in this study have the characteristics of triple-
negative breast cancer (TNBC), a subtype of tumor estrogen 
receptor (ER)-negative, progesterone receptor (PgR)-negative, 
and human epidermal receptor 2 (HER2)-negative, BZ plus 
VNR might be effective combination for TNBC therapy. Our 
data also suggest that targeting the intracellular proteostatic 
regulatory network among proteasome, autophagy-lysosome, 
and aggresome has potential for cancer therapy.
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