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A B S T R A C T

Proteasome inhibitors have been shown to induce cell death in cancer cells by triggering an acute proteotoxic
stress response characterized by accumulation of poly-ubiquitinated proteins, ER stress and the production of
reactive oxygen species. The aggresome pathway has been described as an escape mechanism from proteo-
toxicity by sequestering toxic cellular aggregates. Here we show that b-AP15, a small-molecule inhibitor of
proteasomal deubiquitinase activity, induces poly-ubiquitin accumulation in absence of aggresome formation. b-
AP15 was found to affect organelle transport in treated cells, raising the possibility that microtubule-transport of
toxic protein aggregates is inhibited, leading to enhanced cytotoxicity. In contrast to the antiproliferative effects
of the clinically used proteasome inhibitor bortezomib, the effects of b-AP15 are not further enhanced by the
histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA). Our results suggest an inhibitory effect of
b-AP15 on the transport of misfolded proteins, resulting in a lack of aggresome formation, and a strong pro-
teotoxic stress response.

1. Introduction

The Ubiquitin-Proteasome system. The accumulation and aggrega-
tion of mis-folded or damaged proteins is a common occurrence in the
life of a cell, and is of particular importance in many neurodegenerative
disorders and cancers, where it can lead to deleterious consequences
[1]. This accumulation can be induced by changes in protein structure
due to mutations and alterations to RNA, as well as thermal and oxi-
dative stress [2,3]. Protein quality control in the cell is primarily
mediated by the ubiquitin-proteasome system (UPS) [4]. Misfolded,
damaged or temporally regulated proteins are marked for removal by
the small protein ubiquitin, which functions as a destruction-tag,
causing the substrate to be trafficked to the 26S proteasome, where
degradation occurs. The process is highly dynamic, tightly regulated,
and involves multiple ubiquitination and de-ubiquitination steps. Once
at the 26S proteasome, poly-ubiquitinated proteins are processed by
three deubiquitinase (DUB) enzymes associated with the 19S regulatory

particle (19S RP) - USP14, UCHL5 and POH1 [5–7]. The proteasomal
DUBs remove the poly-ubiquitin tag from the protein substrate in order
to allow for translocation into the 20S core particle (20S CP) where the
caspase, trypsin and chymotrypsin-like activities of the proteasome
cleave it into small peptides for intracellular recycling [8–11]. This
process is vital for proteostasis and defects in proteasome activity can
be detrimental to cell survival.

1.1. Aggresomes

Cells have evolved several mechanisms to counteract transient de-
creases in proteolytic capacity. The aggresome pathway is one such
mechanism and allows the cells to cope with increased proteotoxic
stress following saturation of proteasome degradative capacity. In the
event of insufficient proteasome activity, poly-ubiquitinated proteins
form micro-aggregates that are trafficked along the microtubule net-
work in a complex process involving, among others, HDAC6, VCP/p97
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ATPase, p62/SQSTM1, and dynein. The proteins then aggregate as a
single large inclusion body at the microtubule-organizing center
(MTOC) [1,12–14]. This temporary accumulation of poly-ubiquitinated
protein at the MTOC removes potentially harmful aggregates from the
cytoplasm, effectively sequestering them [15,16], and is thought to be a
phenomenon specifically associated with proteasome inhibition [17].
Aggresome formation facilitates the autophagic clearance of toxic
protein aggregates in a p62-dependent manner [18], by creating a
single location at which autophagic machinery can be positioned [19].
An autophagosomal membrane is then assembled around p62-positive
aggregates in preparation for autophagic clearance [18,20]. Prolonged
presence of aggresomes without autophagic clearance has been shown
to lead to DNA damage and p53-mediated cell cycle arrest [21]. Ag-
gresomes have recently been reported to be more dynamic structures
than previously thought, and to exhibit ubiquitin-dependent liquid-like
properties that allow for fission or fusion events to take place between
aggregates [20,22], a process that may enable the formation of a single
aggresome from multiple micro-aggregates. Consistent with the notion
that the aggresome pathway is a protective mechanism, it has been
found that agents which disrupt aggresome formation synergize with
proteasome inhibitors in the induction of cytotoxicity [23–28]. As such,
strategies that inhibit aggresome formation, to be used in combination
with established proteasome inhibitors, are in various stages of devel-
opment [29,30].

1.2. Current UPS inhibitors

The observation that malignant cells have a higher dependency on
the UPS compared to normal cells provides a target for the rational
design and development of selective therapies against cancer [31–34].
The approval of bortezomib for the treatment of multiple myeloma has
verified the proteasome as a suitable target and stimulated interest in
identifying the next generation of UPS inhibitors. An emerging problem
with bortezomib-based regimes has been the development of acquired
resistance [35,36]. Exactly how cells become resistant to proteasome
inhibitor-based treatments is currently not known, although altered
expression of proteasome catalytic subunits, especially PSMB5, and
components of the heat shock response have been suggested to play a
role [37–41]. To combat the problem of resistance to bortezomib, there
has been a push to develop UPS inhibitors with targets other than the
20S catalytic subunit, and several such molecules have been the focus of
recent publications [42–45].

1.3. DUB inhibitor b-AP15

We previously identified the small molecule b-AP15, a specific in-
hibitor of the proteasomal DUBs UCHL5 and USP14, that displays
promising anti-tumor activity on a variety of solid and leukemic ma-
lignancies [46–51]. As b-AP15 is a non-catalytic proteasome inhibitor,
with a different target site to bortezomib, this raises the possibility of
combination therapies with conventional inhibitors in cases of acquired
resistance. Exposure to b-AP15 induces the accumulation of poly-ubi-
quitinated protein, triggering a strong proteotoxic response associated
with the production of ROS [52,53], ER stress [47,48,54], increased NK
and T-cell mediated cancer cell death [50,55], and eventual apoptosis.
Interestingly, the b-AP15-induced proteotoxic stress response does not
lead to aggresome formation prior to cell death. Addition-ally, b-AP15
exposure alters the distribution and trafficking of mitochondria in the
cytoplasm [56], indicating a broader effect on intracellular trafficking.
Here we characterize the effects of b-AP15-induced proteotoxic stress
on the aggresome response and intracellular transport, with the ob-
jective of determining a mechanism for b-AP15-dependent aggresome
inhibition.

2. Materials and methods

2.1. Cell culture

HCT116 colon carcinoma cells were maintained in McCoy's 5A
modified medium/10% FBS (fetal bovine serum) 100 units/mL peni-
cillin, 100 μg/mL streptomycin. HeLa cells were cultured in DMEM
medium supplemented with 10% FBS, 100 units/mL penicillin, 100 μg/
mL streptomycin, and 4mM L-glutamine. All cells were cultured at 37 °C
and 5% CO2. The cell identity was confirmed by sequencing.

2.2. Immunofluorescence imaging

2×106 HCT116 and 1.2× 105 HeLa cells were seeded on glass
cover slips in 6-well plates and left to attach for 24 h. HCT116 cells were
treated with 100 nM bortezomib and 1 μMb-AP15, and HeLa cells were
treated with 1 μM bortezomib and 0.7 μMb-AP15 for indicated time-
points. Other inhibitors used: Mg132 (10 μM), p38IV (5 μM),
Vinblastine (5 μM). For the combination treatment HeLa cells were pre-
treated for 4 h with vinblastine followed by the addition of 1 μM bor-
tezomib and 0.7 μMb-AP15 for a further 12 h. Co-treatment with p38IV
was carried out by adding the drugs simultaneously. After treatment
cells were fixed in 4% formaldehyde (Merck) for 20min at room tem-
perature. Cells were permeabilized with 1% Triton X-100 (Sigma
Aldrich) for 15min in room temperature, followed by blocking with
TBS/2% milk for 30min in room temperature, and incubation with
primary antibodies overnight at 4 °C. Primary antibodies used: p62 (BD
610833), K48-Ub (Millipore, 05-1307), Vimentin (Cell Signaling,
5741S), Ubiquitin (Santa Cruz, sc-8017) p97/VCP (Cell Signaling). To
visualize cells by confocal microscope, cells were incubated with sec-
ondary antibody conjugated with fluorochromes for 1 h at room tem-
perature. Secondary antibodies used: anti-mouse IgG FITC (Sigma
Aldrich, F0257), anti-rabbit DyLight 594 (Vector, D1-1594), anti-mouse
DyLight 594 (Vector, D1-2594), anti-rabbit DyLight 488 (Thermo
Scientific, 35552). Cells were mounted using mounting media with
DAPI (Vector, H-1500) and analyzed using a Leica confocal microscope
or Zeiss Axiomanager 2 confocal microscope. Scoring of aggresome-
positive cells was performed manually, representative images are pre-
sented. Colocalization analysis was performed using Pearson Cor-rela-
tion analysis in FIJI on n¿5 representative images per sample.

2.3. Electron microscopy

Cells were treated with b-AP15 for 12 h and fixed with 2.5% glu-
taraldehyde. Cells were post-fixed in 1% osmium tetraoxid, dehydrated
and embedded in epoxy resin. Electron microscopy was performed as in
Refs. [56,57].

2.4. His-Ubiquitin purification

6×105 HCT116 cells were transfected with 2 μg His-Ubiquitin and
1 μg of HDAC6 plasmid (Addgene 30482) [13] using FuGene6 trans-
fection reagent. 24 h post transfection cells were treated with borte-
zomib (100 nM) or b-AP15 (1 μM) for an additional 6 h. Cells were
collected by trypsinization and re-suspended in 1mL of PBS. 65 μL of
cell suspension was lysed directly in loading buffer as an input control.
Remaining cells were centrifuged and lysed in 100 μl Buffer A (6M
Guanidine HCL, 0.1M Na2HPO4/NaH2PO4), 10mM imidazole, (pH 8)
followed by sonication. 60 μl of a 50% slurry of Ni agarose was added
and samples were incubated with rotation for 3 h at RT. Agarose was
pelleted by centrifugation and washed/pelleted sequentially 2 X Buffer
A, 2 X Buffer A/TI (1 vol Buffer A, 3 vol Buffer TI) and 1 X Buffer TI
(25mM Tris HCL, 20mM Imidazole, pH 6.8). After the final wash pellet
was re-suspended in loading buffer and run on SDS-PAGE gels. Ubi-
quitin-conjugated HDAC6 was detected using immunoblotting.
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2.5. Polyubiquitin purification

Polyubiquitin interacting proteins were isolated using TUBE2 pur-
ification kit (Biosensors) according to manufacturer's protocol. In brief
5× 106 cells were treated with DMSO, bortezomib or b-AP15 for 6 h
and lysed in buffer (25mM HEPES, 250mM sucrose, 50mM NaCl,
5 mM MgCl2, 2mM ATP, supplemented with protease inhibitors). 25 μl
TUBE2 agarose was added and samples incubated with rotation at 4 °C
for 2 h. Samples were washed 3X with TBST, re-suspended in loading
buffer and loaded on SDS-PAGE gels. Ubiquitin-protein interactions
were detected by immunoblotting using specific antibodies.

2.6. Glycerol density gradient fractionation

Glycerol gradient fractionation of cell lysate was conducted on
15–35% linear glycerol gradients containing 25mM Tris-HCl pH 7.6,
5 mM MgCl2, 1mM dithiothreitol and 2mM ATP. Cell lysates con-
taining 500 μg of protein were loaded on glycerol gradients and samples
were centrifuged at 26000 rpm for 28 h at 4 °C in an Optima L-80 XP
Ultracentrifuge using a SW41 rotor (Beckman Coulter). Fractions were
collected (24×500 μl) and proteins were precipitated in cold acetone
for 1 h at−80 °C. Paired fractions were pooled and the 12 samples were
prepared and used for immunoblotting.

2.7. Synergy experiments

HCT 116 cells were exposed to the indicated drug concentrations for
72 h. Viability was determined by MTT assay. The MacSynergy™ II
program was used to calculate the efficiency of drug combinations in
reducing cell viability (https://www.uab.edu/medicine/peds/
macsynergy). The synergy plots generated by the MacSynergy™ II re-
flect the difference between experimentally determined results and the
theoretical drug interactions, calculated from the dose response curves
for each drug individually. The resulting plot appears as a flat surface
for an additive effect, peaks indicate synergy and depressions indicate
antagonism.

2.8. Mitochondrial isolation

Mitochondria were isolated using a mitochondria isolation kit
(Sigma Aldrich MITOISO2). Of different protocols tested, this method
was found to result in the lowest tubulin levels. Generally, 90% con-
fluent cells in 20 cm dishes were collected by trypsinization and cen-
trifuged for 5min at 600×g. Cell pellets were then resuspended in ice
cold PBS and centrifuged again for 5min at 600×g at 2–8 °C and the
supernatant discarded. Washing was repeated and 0.5mL 1 x volume
extraction buffer with cell lysis solution (1:200 v/v) was added to re-
suspend the cell pellet to a uniform suspension. Following incubation
on ice for 5min, 2×1mL volume extraction buffer was added and the
homogenate was centrifuged at 600×g for 10min at 4 °C. The super-
natant was carefully transferred to a fresh tube followed by cen-
trifugation at 11,000×g for 10min at 4 °C. Pellets were resuspended in
ice cold PBS and centrifuged again for 5min at 11,000×g. The pellet
was suspended in CelLytic M Cell Lysis Reagent with Protease Inhibitor
Cocktail (1:100 [v/v]).

2.9. UbVS labeling

To assess effects of b-AP15 on DUBs, HCT116 cells were lysed by
freeze-thawing 3x in lysis buffer (50mM HEPES (pH 7.4), 250mM
sucrose, 10mM MgC2, 2mM ATP, 1mM dithiothreitol). After removal
of cell debris by centrifugation, total protein (25mg, determined by
Bradford Assay) was treated with indicated dosage of b-AP15 for 15min
at 37 °C and labeled with the active site probe UbVS (1mM) for 30min
at 37 °C. Samples were visualized using SDS-PAGE and immunoblotting
using specific USP14 (Millipore) and USP5 (Millipore), USP9x (Cell

Signaling) and UCHL5 (Merck) antibodies.

2.10. Western Blot

Cells were lysed in UbVS lysis buffer (250mM sucrose, 1 mM DTT,
5mM MgCl2, 1mM ATP, 50mM Tris pH7.4). Cell debris was removed
by centrifugation. Protein concentration was determined by Bradford
assay, and protein levels were normalized before loading the lysates
onto 4–12% SDS-PAGE/3–8% Tris-Acetate gels and separating them by
electrophoresis. Proteins were transferred to nitrocellulose membranes
and detected using specific antibodies: HDAC6 (Cell Signaling) K48-Ub
(Millipore), p62, phospho-p62, phospho-p38, p38/MAPK13, PSMD14
(Cell Signaling).

2.11. Proteomics

Mitochondrial pellets were collected, washed 2x in PBS and lysed in
8M urea, 1% SDS, 50mM Tris (pH 8.5) with protease inhibitors.
Mitochondrial lysates were subjected to 1min sonication on ice using
Branson probe sonicator using 3 s on/off pulses with a 30% amplitude.
Proteomics was then performed as in Ref. [56].

3. Results

3.1. b-AP15 induces poly-ubiquitin accumulation, has dominant-negative
effect on aggresome formation

HeLa cells were treated with bortezomib or b-AP15 using an IC90
dose based on drug concentrations that induced maximal apoptosis
after 24 h exposure. Already after 12 h exposure both bortezomib and b-
AP15 induced the accumulation of K48-linked poly-ubiquitin in cells
(Fig. 1a), consistent with reduced proteasome activity. These poly-
ubiquitin aggregates co-localized with the ubiquitin-interacting cha-
perone p62/SQSTM1, a key mediator of aggresome formation and
subsequent autophagic clearance [58].

Prolonged exposure to bortezomib (20 h) induced the formation of a
single juxtanuclear poly-ubiquitin aggregate that co-localized with p62
in the majority of cells (≥60%) (Fig. 1a and b). Although b-AP15 in-
duces similar, or even higher levels of poly-ubiquitin accumulation
compared to bortezomib [46,56], b-AP15-treated cells failed to form
characteristic aggresome structures. Instead the majority of b- AP15
treated cells displayed multiple poly-ubiquitin/p62 positive dots clus-
tered in cytoplasmic and perinuclear regions (Fig. 1a and b). A similar
result was obtained using HCT116 colon carcinoma cells
(Supplementary Fig. 1) suggesting that the effect is not cell line-specific.
The lack of distinct aggresome formation in cells exposed to b-AP15 is
consistent with a recent report using several melanoma cell lines [51].
In confirmation of this observation, electron microscopy revealed the
presence of a single electron-dense juxtanuclear aggregate in borte-
zomib-treated cells. In contrast, multiple aggregates that were scattered
throughout the cytoplasm were observed in b-AP15-treated cells
(Fig. 1c). To determine whether the effect of b-AP15 is dominant ne-
gative, we examined the results of co-treatment of HeLa cells with b-
AP15 and bortezomib. Treatment with both drugs resulted in reduced
aggresome formation compared to the effect observed when treating
only with bortezomib (Fig. 1d).

We conclude that treatment with b-AP15 induces an atypical pro-
teotoxic response that is not characterized by aggresome formation and
exhibits a dominant-negative effect over bortezomib.

3.2. b-AP15 induces perinuclear vimentin clustering

Previous reports have shown that proteasome inhibition causes the
re-localization of vimentin, a cytoskeletal type III intermediate fila-
ment, from the cytoplasm to the perinuclear region where it encases the
nascent aggresome [12,59]. With this in mind we compared the effect
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of bortezomib or b-AP15 treatment on vimentin localization. As shown
in Fig. 2, both treatments resulted in the appearance of condensed vi-
mentin localized in the perinuclear region (Fig. 2A). Treatment with
Bortezomib resulted in more condensed and discrete vimentin clus-
tering than b-AP15. Co-staining with ubiquitin antibodies showed the
presence of vimentin cage structures surrounding a single ubiquitin
positive locus in bortezomib-treated cells. In contrast, b-AP15 treated

cells displayed condensed vimentin filaments interspersed with diffuse
ubiquitin aggregates with no detectable vimentin cage structures
(Fig. 2B). This data suggests that al-though both bortezomib and b-
AP15 cause vimentin re-localization, the typical aggresome-associated
vimentin-ubiquitin cage structures are absent in b-AP15 treated cells.

Fig. 1. A) HeLa cells treated with bortezomib or b-AP15 for 20 h. Aggresomes are visible and colocalized with p62/SQSTM1 for bortezomib, but no distinctive
aggresome formation is visible in b-AP15-treated cells. B) Quantification of percentage of aggresome-positive cells after treatment with bortezomib or b-AP15 C)
Electron micrograph of b-AP15 and bortezomib-treated cells showing a single juxtanuclear inclusion body of the aggresome in bortezomib-treated cells, but multiple
smaller inclusion bodies scattered throughout the cytoplasm with b-AP15 treatment. D) Dominant negative effects of b-AP15 over bortezomib-induced aggresome
formation in cells co-treated with both drugs. E) Bar-chart showing the reduction in percentage of aggresome-positive cells in response to co-treatment with
bortezomib and b-AP15.
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3.3. Poly-ubiquitin associates with the proteasome and components of the
aggresome pathway

A number of components are involved in the recognition of poly-
ubiquitinated proteins by the 26S proteasome [60]. Glycerol gradient
centrifugation showed that poly-ubiquitinated proteins are found as-
sociated with the proteasome in b-AP15 treated cells, indicating that b-
AP15 does not interfere with the binding of poly-ubiquitinated sub-
strates to the proteasome (Fig. 3a). Affinity purification of poly-ubi-
quitin chains from bortezomib- or b-AP15-treated cells showed the

presence of the integral 19S subunit PSMD4/Rpn10 [61], consistent
with continued poly-ubiquitin binding to the proteasome (Fig. 3b).
Furthermore, we examined the interaction of affinity-purified poly-
ubiquitinated proteins with other components of the aggresome
pathway, such as the p97/VCP ATPase, involved in substrate processing
[62], as well as p62/SQSTM1, a reported constituent of aggresomes,
that has been suggested to play an essential role in protein micro-ag-
gregate formation [20,63], and their subsequent trafficking to the ag-
gresome [58]. Both these components were found to be associated with
poly-ubiquitin chains to no lesser degree in treated cells (Fig. 3b).

Fig. 2. HeLa cells were treated with borte-
zomib or b-AP15 for 20 h at IC90 con-
centration. A) The distribution of vimentin
and actin was visualized using fluorescent
imaging. Bortezomib-treated cells displayed
discrete perinuclear vimentin clusters, well
separated from the surrounding actin ske-
leton. Treatment with b-AP15 also resulted
in perinuclear vimentin clusters, but they
appear more diffuse, and partially coloca-
lize with the actin cytoskeleton. B) The
distribution of K48-linked ubiquitin and the
cytoskeletal intermediate protein vimentin
was visualized using fluorescent imaging.
Bortezomib treatment induced the forma-
tion of well-defined aggresomes, sur-
rounded by characteristic vimentin cages.
No aggresomes nor vimentin cages were
formed in b-AP15-treated cells.
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Addition-ally, immunofluorescence imaging of HeLa cells treated with
b-AP15 showed that p97/VCP ATPase is found to colocalize with the
cytosolic clusters of poly-ubiquitin, just as in the aggresomes of borte-
zomib-treated cells (Supplemental Fig. 2). This suggests that chaperone-
ubiquitin binding is not affected, and the aggresome machinery con-
tinues to be recruited to poly-ubiquitinated substrates.

During the process of aggresome formation, poly-ubiquitinated
proteins are transported to the MTOC in complexes with histone dea-
cetylase 6 (HDAC6), which is responsible for loading micro-aggregates
onto dynein motor protein [13]. We found that HDAC6 was associated
with poly-ubiquitin chains purified from b-AP15-treated cells (Fig. 3b).
Additionally, a slight increase in HDAC6 ubiquitination was observed in
affinity-purification of HDAC6 from those cells (Fig. 3c). This suggests
that b-AP15 may inhibit DUBs involved in the regulation of HDAC6.
However, the observed effect was weak and poly-ubiquitin smears were
not observed in immunoblots of total lysates (Fig. 3b). Our data shows
that bortezomib and b-AP15 induce a similar interaction of poly-ubi-
quitin with the aggresome machinery and the 26S proteasome.

3.4. Effects of b-AP15 on other aggresome pathway components

While the association of aggresome pathway components with poly-

ubiquitin appeared unaffected by exposure to b-AP15, it is possible that
b-AP15 has a direct or downstream effect on the activity of essential
constituents of aggresome assembly. The tubulin disruptor vinblastine
was used alone and in com-bination with Bortezomib to show that
microtubule disruption in bortezomib-treated cells results in a pheno-
type resembling that of b-AP15-treated cells (Fig. 4a) However, clusters
of polyubiquitin (red) remain associated with the p62/SQSTM1 (green).
The multifunctional p62 protein plays a central role in the formation of
both micro-aggregates and aggresomes [22,58], as well as linking the
UPS to autophagic clearance pathways. In order for p62 to actively bind
and aggregate poly-ubiquitinated proteins it must be phosphorylated at
Thr269/Ser272 by MAPK p38. The p38 enzyme is in turn activated in
response to proteotoxic stress [22,64]. To determine the activity of
these aggresome pathway components we tested the protein levels and
phosphorylation levels of p38/MAPK13 and p62/SQSTM1 in cells
treated with b-AP15, bortezomib or the generic proteasome inhibitor
MG132 (Fig. 4c). After 6 h of exposure, expression levels of p38 and p62
remain essentially unchanged, and only control cells display phos-
phorylation of p38. Protein levels of p38 do not change even after 21 h
of treatment, however, b-AP15 exposure induces p38 phosphorylation,
and a strong increase in p62 phosphorylation at Thr269/Ser272, con-
sistent with its activation by p38. There is also an observable increase in

Fig. 3. A) Glycerol gradient centrifugation was per-
formed to isolate the proteasomes, which segregate
to the lower fractions as indicated by the presence of
both 19S and 20S subunits. Proteasomes extracted
from lysates of bAP15- treated cells showed in-
creased accumulation of K48-linked poly-ubiquitin
B) Ubiquitin-capture assay (TUBE) performed in
HCT116 cells allowing for isolation of the various
components of the aggresome machinery associated
with poly-ubiquitin and visualization by Western
Blot. C) Cells were transfected with His-Ubiquitin
and a high-copy number plasmid of HDAC6.
Following 6 h of treatment with bortezomib or b-
AP15 poly-ubiquitin was isolated using Ni + affinity
and HDAC6 levels detected by Western Blot, showing
an increase in poly-ubiquitination of HDAC6.
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p62 protein levels after 21 h of b-AP15 treatment, suggesting that
proteotoxic stress due to pro-longed b-AP15 exposure leads to elevated
p62 levels, whereas proteasome inhibition by bortezomib and MG132
does not. We also tested whether inhibiting p38 activity would prevent
aggresome formation in bortezomib-treated cells, or dis-play additional
effects in combination with b-AP15 (Fig. 4c and d). Inhibition of p38
using the p38IV inhibitor resulted in no reduction of p38 phosphor-
ylation, but a marked decrease in p62 phosphorylation at Thr269/
Ser272, indicating successful p38 inhibition. Treatment with b-AP15
did not reduce p62 nor p38 phosphorylation, suggesting that b-AP15
does not prevent aggresome formation by interfering with the me-
chanism of micro-aggregate formation, and acts further downstream
(Fig. 4c). Confocal microscopy of cells treated with b-AP15 and p38IV
showed no alteration in ubiquitin distribution. Furthermore, p38IV did

not prevent aggresome formation in bortezomib-treated cells (Fig. 4d).
This, together with the increase in p62 phosphorylation at the 21 h
timepoints in 4c, observed with b-AP15, Bortezomib and MG132, de-
spite the presence of p38IV, suggests a redundant mechanism of p62
activation that functions as an alternative to p38-dependent p62
phosphorylation. Additionally it has previously been reported that the
inhibition of USP9x, a multifunctional DUB, by the small-molecule WP-
1130 is a potent inducer of aggresome formation [44]. Another DUB,
USP5, is also targeted by WP-1130, and is involved in maintaining the
cellular pool of unanchored polyubiquitin. We therefore tested the ef-
fects of b-AP15 on USP9x and USP5 activity, using the DUB active-site
probe UbVS (ubiquitin-vinylsulfone). We also included the known b-
AP15 tar-get USP14 and the other proteasome associated DUB UCHL5.
(Supplemental Fig. 3). Treatment with b-AP15 showed no effect on

Fig. 4. A) HeLa cells were pre-treated for 4 h with 5 μM vinblastine, followed by additional treatment with bortezomib for 12 h, or single treatment with b-AP15.
Aggresomes were visualized using K48-ubiquitin (red) and p62/SQSTM1 (green) primary antibodies. Vinblastine pre-treatment abrogated aggresome formation in
bortezomib-treated cells. K48-ubiquitin and p62/SQSTM1 are colocalized in both b-AP15-treated cells and those exposed to a combination of vinblastine and
bortezomib. B) Western Blot analysis of the levels of p38, phospho-p38, p62/SQSTM1 and phospho-p62 (Thr269/Ser272) in cells treated with 0.7 μMb-AP15, 1 μM
Bortezomib and 10 μM MG132 for the indicated times. No effects were visible for either treatment after 6 h. After 21 h, only b-AP15 treatment resulted in an increase
in p62 levels, as well as an increase in phosphorylated p38, and a strong increase in p62 phosphorylated at the Thr269/Ser272 position, indicating its activation by
p38. C) Effects of the p38 inhibitor p38IV on p38 and p62 activation in combination with b-AP15, bortezomib and MG132. Th inhibitor had no visible effect on p38
phosphorylation, but resulted in a marked increase in downstream p62 phosphorylation at Thr269/Ser272. However, at the late timepoint, p62 is phosphorylated
despite the presence of p38IV, suggesting alternative methods of p62 activation. D) Confocal imaging of aggresome formation in the presence of p38IV. After 21 h of
treatment, p38 inhibition did not interfere with aggresome formation in bortezomib-treated cells. No alteration in ubiquitin distribution was observed in cells co-
treated with b-AP15 and p38IV. However, the co-treatment may have resulted in an accelerated onset of apoptosis. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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USP9X activity, nor on the activity of the USP5 DUB. Inhibition was
only observed for USP14.

3.5. b-AP15 treatment has no visible effects on tubulin network

Tubulin inhibitors have been shown to abrogate aggresome forma-
tion by disrupting the traffic of ubiquitinated cargo to the MTOC region
[12,59]. As shown in Fig. 4a, co-treatment of HeLa cells with vinblas-
tine blocked bortezomib-induced aggresome formation, resulting in the
appearance of predominantly cytoplasmic polyubiquitin aggregates
lacking typical aggresome structure. The inhibition of effective traf-
ficking of poly-ubiquitinated cargo to the aggresome suggested a pos-
sible effect on the microtubule network itself. Confocal microscopy of
cells treated with b-AP15 or bortezomib indicated however that mi-
crotubules remained intact and largely unaffected by treatment with
both b-AP15 and bortezomib (Supplemental Fig. 4a) and remained
stable for both early (6 h) and late (21 h) timepoints (Supplemental
Fig. 4b).

3.6. Transport of clathrin-coated vesicles is affected by b-AP15 at late
timepoints

Clathrin-mediated endocytosis and the transport of Clathrin-coated
vesicles is generally accepted to be largely dependent on the actin cy-
toskeleton [90,91]. No obvious redistribution of clathrin was observed
in b-AP15-treated cells at the early timepoint (6 h). However, the later
timepoint (18 h) indicated an increase in the accumulation of clathrin
in the perinuclear region (Supp. Fig.5a). This may indicate a defect in
anterograde transport of vesicles from the Golgi towards the cell per-
iphery. The effects of b-AP15 on the actin cytoskeleton were also ex-
amined using phalloidin staining (Supp. Fig. 5b). As before, there is no
discernible effect on the actin network at the early timepoint, while
after 18 h of treatment, there is evidence of intracellular actin accu-
mulation at the nuclear periphery.

3.7. Absence of aggresomes not due to inhibition of HDAC6 tubulin
deacetylation activity

HDAC6 regulates aggresome formation in part due to its ability to
deacetylate tubulin [65]. Abrogation of HDAC6 function, either
through siRNA knock-down or chemical inhibition, is known to block
aggresome formation and result in the accumulation of multiple poly-
ubiquitin complexes in the cytoplasm and increased proteotoxicity
[13,15,23]. We considered the possibility that the weak increase in
ubiquitination (Fig. 3c) altered HDAC6 function and tubulin acetylation
levels. The effect of bortezomib and b-AP15 on tubulin acetylation was
compared, with the pan-HDAC inhibitor suberoylanilide hydroxamic
acid (SAHA). SAHA is known to inhibit aggresome formation and to
induce synergism with bortezomib in cell survival assays [66–68]. No
increase in tubulin acetylation was observed in cells exposed to b-AP15
or bortezomib (Fig. 5a and b). Using HCT cells in cell-survival based
assays we were able to show a synergystic effect using bortezomib and
SAHA in combination (Fig. 5c). In contrast, b-AP15 showed no synergy
with SAHA (Fig. 5c) indicating that b-AP15 effectively induces pro-
teotoxicity on its own, not requiring adjuvant treatment.

3.8. Alteration in mitochondrial localization suggests effect on microtubule-
dependent transport

The lack of obvious changes in microtubuli structure does not pre-
clude the possibility of changes in tubulin dynamics or in the kinesin/
dynein systems. Such alterations would explain the low degree of ag-
gresome formation in b-AP15-treated cells and would be consistent
with the findings in Fig. 4a. Similar to aggresomes, mitochondria and
other organelles are known to be transported in cells by microtubule-
based transport via kinesin and dynein motors [69–72]. We examined

the distribution of mitochondria in b-AP15- treated cells using im-
munostaining for Hsp60. Even at the early timepoint of 6 h, prior to the
induction of apoptosis and any morphological changes, we observed a
redistribution of mitochondria to perinuclear areas (Fig. 6a).

Mitochondrial Rho GTPases are known to couple mitochondria to
the tubulin system [69]. Analysis by mass spectrometry did not show
any decreases in mitochondrial Rho1/Miro1 or mitochondrial Rho2/
Miro2 in isolated mitochondria prepared from b-AP15-treated cells
(Fig. 6b). However, the levels of other proteins were found to be al-
tered. Of the 20 proteins that showed the greatest increase in mi-
tochondrial fractions after b-AP15 treatment, five were related to RNA
processing (DCP1A, EDC3, EDC4, DDX6 and PATL1), and known to be
associated with P-bodies [73–76] (Fig. 6c). These are subcellular ribo-
nucleoprotein (RNP) granules that are linked to the micro-tubule net-
work and are known to be trafficked by dynein/kinesin motor proteins
[76–78]. We also observed increases in several constituents of the
centrosome (SSX2IP, MIB1, PCM1, CEP131, OFD1, PIBF1, and AKAP9)
(Fig. 6c) [79–85]. These findings are consistent with drug-induced
impairment of organelle transport, resulting in colocalization of P-
bodies and mitochondria in the vicinity of centrosomes. Among the
proteins that decreased most dramatically in mitochondrial fractions
were chaperonin II proteins associated with TRiC/CCT (Fig. 6d)
[86–88]. TRiC/CCT proteins are known to be involved in the main-
tenance of a pool of α/β-tubulin heterodimers [89]. Tubulin levels in
mitochondrial fractions were, however, not affected (Fig. 6b).

4. Discussion

b-AP15 is a bis-benzylidine piperidone compound containing α, β-
unsaturated carbonyl functionalities. The cellular response to b-AP15 is
characteristic of proteasome inhibitors [48,92]. Apoptosis induction by
b-AP15 and similar drugs is not affected by overexpression of Bcl-2
[46,93]. We and others have reported that b-AP15 and similar mole-
cules [43] induces a higher level of proteotoxic stress than observed
with bortezomib [52,56,94].

Here we show that unlike other proteasome inhibitors, b-AP15 does
not induce aggresome formation in HeLa cells (Fig. 1a). Similar results
were observed in A549 and HCT116 cells, and are in agreement with a
recent observation in melanoma cells [51]. We found that b-AP15 in-
hibited bortezomib-induced aggresome formation, showing that the
effect of b-AP15 is dominant negative (Fig. 1d). The effect on aggre-
some formation is of interest from a drug development perspective,
since the lack of aggresomes indicates a disruption of a potential sur-
vival mechanism and is therefore an attractive feature of this class of
drugs. It is well established in the literature that the antiproliferative
effect of bortezomib is enhanced by the histone deacetylase inhibitor
SAHA [24,25,66–68,95]. We here show that, in contrast to bortezomib,
the cytotoxic effect of b-AP15 is additive, but not synergistic with SAHA
treatment.

We have previously demonstrated re-localization of poly-ubiquiti-
nated protein to the outer membranes of mitochondria [56], in re-
sponse the b-AP15 treatment, possibly resulting in mitochondrial da-
mage and apoptosis. The lack of aggresome formation following b-AP15
treatment may explain these observations. Interestingly the inhibitory
effect of b-AP15 on the aggresome pathway seems to be specific, since
other DUB inhibitors seem to enhance rather than inhibit aggresome
formation. WP-1130, a recently described DUB inhibitor, has been
shown to inhibit the activities of USP5, USP9X, UCHL1 as well as the
proteasomal DUBs, UCHL5 and USP14 [44]. Although WP-1130 in-
duced polyubiquitin accumulation similar to b-AP15, it was also a po-
tent inducer of aggresome formation, with characteristic aggresome
structures detectable after only 4 h of WP-1130 exposure. These rapid
kinetics of aggresome formation surpass that of conventional 20S in-
hibitors such as MG132 and bortezomib, which generally require
treatment times over 12 h. A second more broad range DUB inhibitor,
PR-619 also induced the formation of aggresome complexes enriched
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with ubiquitin, p62 and HSP70 [96]. These observations suggest that
aggresome formation may in part be regulated by the activity of specific
DUBs, particularly USP14 or UCHL5, or the observed inhibition may be
due to a specific off-target effect by b-AP15.

It is important to realize, however, that the precise mechanism of
action is likely to be complex due to potential thiol-reactivity of b-
AP15. We have therefore not attempted to determine the exact me-
chanism of b-AP15-induced aggresome inhibition, since it is likely to
involve more than one pathway. Furthermore, a recent siRNA screen
showed that at least 29 different proteins were of mechanistic im-
portance for aggresome formation [97], providing a broad range of
potential targets. We do show that poly-ubiquitinated substrates dock
to the proteasome and are associated with p97/VCP, p62 and HDAC6.
We also see colocalization of poly-ubiquitin and p97/VCP as well as p62

in the cytosol. Treatment with b-AP15 does not prevent p62 phos-
phorylation, nor inhibit its activity in micro-aggregate formation
(Fig. 4), indicating that the defect occurs in trafficking, rather than the
assembly of the aggresome machinery. We have also shown that b-AP15
has no inhibitory effect USP9X and USP5, the other DUBs known to be
involved in aggresome formation.

Previous research has shown that b-AP15 has an effect on mi-
tochondrial distribution and trafficking [56], suggesting a broader im-
pact of b-AP15 on intracellular traffic. We show here that mitochondria
re-localize to the perinuclear region in b-AP15-treated cells and become
associated with P-bodies. Both of these structures are known to be
transported by kinesin/dynein motors [76–78]. We also found cen-
trosomal proteins associated with mitochondria, and observed a si-
multaneous loss of several proteins associated with the cytosolic

Fig. 5. A) HeLa cells were treated with the
pan-HDAC inhibitor SAHA, bortezomib, or
b-AP15 (20 h), and tubulin (red) and tu-
bulin acetylation (green) were detected
using specific antibodies. B) Western Blot
analysis of lysates of bortezomib-, b-AP15-,
and SAHA-treated cells, showing no in-
crease in acteyl-tubulin with bortezomib or
b-AP15, and no effect on total α-tubulin
levels at 6 h or 24 h. C) A cell survival-based
assay showing synergistic effects between
bortezomib and SAHA, but no synergy when
combining treatment with b-AP15. The sy-
nergy plots reflect the difference between
experimentally determined results and the
predicted drug interactions, calculated from
the dose response curves for each drug. The
resulting plot appears as a flat surface for an
additive effect, peaks indicate synergy and
depressions indicate antagonism. (For in-
terpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 6. A) Cellular localization of mitochondria in untreated cells and after 6 h of exposure to b-AP15, showing collapse of typical mitochondrial distribution and
accumulation in the nuclear periphery. B) Normalized protein levels of canonical mitochondrial transport machinery, as well as tubulins, found associated with
mitochondria in b-AP15 treated cells. All changes were non-significant. C) 20 proteins displaying the greatest increase in accumulation on mitochondria in response
to b-AP15 treatment compared to untreated control. The pie chart shows the proportion of those 20 proteins typically associated with P-bodies, the centrosome,
cellular stress, secretion, mitosis or other. D) 20 proteins displaying the greatest decrease in protein levels found on isolate mitochondria in response to b-AP15
treatment. The pie chart shows the pro-portion of those proteins typically found in the cytoskeleton, TRiC (TCP1-ring complex chaperonin), cell membrane, nucleus,
mRNA processing, or other.

Fig. 7. A graphical outline of the potential modes of b-AP14 action of the aggresome formation pathway. A) b-AP15 acts on motor protein dependent transport by
interfering directly or indirectly with dynein and kinesin motor protein function or B) b-AP15-dependent inhibition of DUBs interferes with motor protein function.
Both modes lead to inhibition of intracellular transport machinery, resulting in impaired aggresome formation, mitochondrial damage, and enhanced cytotoxicity.
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components of the intermediate filament network [98] from the mi-
tochondrial surface. Furthermore, transport of the intermediate fila-
ment vimentin, which is known to be trafficked and organized in a
motor protein-dependent manner along microtubules [99,100], is si-
milarly affected by exposure to b-AP15 and displays perinuclear clus-
tering (Fig. 2). Vimentin is known to stabilize intracellular mechanics
and organelle localization, and frequently aligns with microtubules in a
kinesin-dependent manner [101,102]. Our data suggest effects down-
stream from the proteasome, at the level of cargo transport by the ki-
nesin/dynein system. Our interpretation of these results is that the
dynamics of the microtubule transport system are affected by b-AP15,
resulting in defects in aggresome formation and the impairment of
motor protein-dependent cargo transport.

Since b-AP15 appears to inhibit intracellular trafficking of various
substrates, an off-target effect on cellular transport machinery is pos-
sible. Whether this effect is exerted directly by b-AP15 targeting of
transport components, such as kinesin and dynein, or by indirect action
via inhibition of regulatory DUBs that deubiquitinate transport ma-
chinery warrants further study. In Fig. 7 we show the potential path-
ways for b-AP15 action on motor protein-dependent transport, and the
resulting accumulation of protein aggregates, mitochondria, and P-
bodies in close proximity to one another. This prevents effective se-
questration of toxic misfolded protein from the cytoplasm, and ulti-
mately leads to the increased proteotoxicity observed with b-AP15
treatment, making it an at-tractive option in cancer treatment, since it
does not require the use of adjuvant treatment to enhance its proteo-
toxic effects.
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