
Summary. Extralysosomal proteolysis is a multistep
process involving the Ubiquitin- Proteasome System
(UPS) and supplementary peptidases. Tripeptidyl
peptidase II (TPPII) is the most extensively
characterized enzyme, supplementing and sometimes
substituting for proteasomal functions. In response to
proteasome inhibition, polyubiquitinated proteins acting
as proteasome substrates aggregate with proteasomes
and form aggresomes. Several proteasome inhibitors are
used as anti-cancer drugs. 

Thus, in our study, we used a novel fluorescent-
tagged proteasome inhibitor BSc2118 to induce
aggresome formation in C26 murine colon
adenocarcinoma cells. It allowed us to obtain effective,
inhibitor-based, proteasome staining in vivo. This
method has been validated by standard post-fixed
indirect immunostaining and also allowed co-
immunodetection of TPPII and polyubiquitinated
proteins under laser scanning confocal microscopy.

We found that in the absence of the inhibitor, TPPII
is diffusely dispersed within the cytoplasm of C26 cells.
The proteasome and ubiquitin-rich perinuclear region
failed to display enhanced TPPII staining. However,
when proteasome function was impaired by the inhibitor,
TPPII associated more closely with both the proteasome

and polyubiquitinated proteins via TPPII recruitment to
the perinuclear region and subsequently into emerging
aggresomal structures. Furthermore, we have
demonstrated the dynamic recruitment of TPPII into the
developing aggresome: TPPII in the early aggresome
was dispersed within the central part but subsequently
aggregated on the surface of this structure. In the mature
aggresome of C26 cells TPPII formed a spherical
mantle, which surrounded the round core containing
proteasomes and polyubiquitinated proteins. 

Our morphological data indicate that TPPII displays
spatial localization with proteasomes especially upon
proteasome inhibition in aggresomes of C26 cells.
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Introduction

Tripeptidyl peptidase II (TPPII) participates in the
extra-lysosomal protein degradation pathway
downstream from the Ubiquitin- Proteasome System
(UPS) (Mlynarczuk-Bialy, 2008; Rockel et al., 2012).
The UPS degrades the majority of intracellular proteins
in an ATP-dependent pathway (Hershko et al., 2000;
Ciechanover, 2005). The substrates for the 26S
proteasome undergo ATP-dependent polyubiquitination,
a multistep process catalyzed by a cascade of E1, E2 and
E3 enzymes (Hershko et al., 2000). However, the 20S
core proteasome displays the ability to degrade unfolded
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polypeptide chains without prior polyubiquitination
(Ciechanover, 2005). The 26S proteasome is a 2.5-MDa
multisubunit catalytic complex with three main
proteolytic activities: trypsin-like, chymotrypsin-like and
caspase-like attributed to the β1, β2 and β5 subunits
respectively. They are located within the 20S catalytic
core, with two 19S proteasome regulatory complexes
forming the 26S proteasome (Voges et al., 1999).
Degradation of unfolded polypeptide chains takes place
inside the barrel-shaped catalytic chamber of the 20S
core (Kruger et al., 2003).

Proteasome dependent proteolysis is a major
pathway for generating MHC class I epitopes, which are
short peptides derived from cellular proteins (Kloetzel,
2004). During the inflammatory process, predominantly
due to interferon gamma (IFNγ) stimulation, three
catalytic subunits of the 20S proteasome are replaced by
the immunosubunits: β1i, β2i and β5i, forming the
immunoproteasome, which features faster and more
efficient antigen processing (Seifert et al., 2010). 

Inhibition of the proteasome leads to accumulation
of misfolded proteins and UPS components in the form
of aggregates, which can be observed within the cell as
single round, electron-dense protein-rich structures
termed aggresomes (Wojcik et al., 1996; Wojcik, 1997;
Johnston et al., 1998). The aggresome initially assembles
in the peri-centriolar region of the cell by accumulation
of polyubiquitinated proteins and proteasome complexes
in a microtubule dependent manner (Wojcik et al., 1996;
Wojcik, 1997). Subsequently other key cellular proteins
are recruited into the aggresome (Sontag et al., 2017)
including autophagy regulators p62 (Liu et al., 2016) and
the cell cycle regulator CDK1 (Galindo-Moreno et al.,
2017). The multifocal type of aggregates of
polyubiquitinated proteins may also be observed in cells
under specific conditions resulting from insufficient
proteasome action to increased substrate generation e.g.
by IFNγ stimulation (Seifert et al., 2010). These
multifocal structures are termed aggresome-like
structures - ALIS, and were first described as DALIS in
dendritic cells during their maturation (Lelouard et al.,
2002; Szeto et al., 2006).

Once formed, aggresomes cannot be removed by the
UPS. Both aggresomes and ALIS have been shown to be
substrates for autophagy (Wojcik et al., 1996; Szeto et al.,
2006; Wong and Cuervo, 2010; Dikic, 2017). Moreover,
proteasome inhibition can induce autophagy in cancer
cells (Zhu et al., 2010). This type of autophagy is referred
to as aggrephagy (Lamark and Johansen, 2012). However,
autophagy is not the universal mechanism for clearance of
aggresomes (Wong et al., 2008).

Proteasome inhibitors induce proteotoxic conditions
by unfolded protein stress that can lead to cell death and
they were shown to be effective against various cancer
cell types in preclinical studies (Nowis et al., 2007;
Szokalska et al., 2009). However, in clinical practice
they have proven effective only in the treatment of
multiple myeloma and mantle cell lymphoma (Teicher
and Tomaszewski, 2015; Manasanch and Orlowski,
2017). Furthermore, disruption of aggresomes increases

the anticancer activity of proteasome inhibitors
(Nawrocki et al., 2006; Paoluzzi et al., 2009). 

Following the release of the first proteasome
inhibitor approved for human therapy, bortezomib, the
evaluation of this proteasome inhibitor and several new
inhibitors for their therapeutic potential is ongoing. One
such example of a newly developed proteasome inhibitor
is BSc2118 which is a derivative of the proteasome
inhibitor MG132 (Braun et al., 2005). BSc2118 inhibits
efficiently the 20S proteasome, thus promoting the
accumulation of polyubiquitinated proteins in
aggresomes, inducing apoptosis, cell cycle arrest at
G2/M, and preventing NF-kappaB activation (Braun et
al., 2005; Mlynarczuk-Bialy et al., 2006). Moreover,
BSc2118 displays anti-myeloma and local anti-
melanoma activity in animal models (Sterz et al., 2010;
Mlynarczuk-Bialy et al., 2014; Zang et al., 2015).

Tripeptidyl peptidase II (TPPII) cooperates with the
proteasome in sequential protein degradation. Recently,
TPPII was found in close proximity with proteasomes in
neurons (Fukuda et al., 2017). TPPII is a giant, self-
compartmentalizing, twisted double stranded cytosolic
peptidase complex of 6MDa, composed of stacked
doublets of hemispherical dimers (Rockel et al., 2005). It
displays both exo- and endo-proteolytic activities. The
exoproteolytic activity of TPP II is localized within the
active catalytic chamber of two stacked dimers. It can
supplement the downstream action of the proteasome in
sequential protein degradation through N-terminal
trimming of tripeptides from oligopeptides released by
the proteasome (Tomkinson and Lindas, 2005; Peters et
al., 2011). In addition, TPPII can attack and degrade
peptides longer than 15 amino acids (up to 75 AA) and
unfolded substrates via its endoproteolytic activity
(Eklund et al., 2012; Rockel et al., 2012), giving TPPII
the ability to work not only downstream but also in
parallel to the proteasome. Remarkably, TPPII
expression is upregulated under proteasome inhibition,
and it has been observed to substitute several functions
of the inhibited proteasome (Glas et al., 1998; Geier et
al., 1999). TPPII is also involved in generation of
proteasome-independent MHC class I epitopes, thereby
replacing proteasome in this process, especially when
proteasome function is impaired (Seifert et al., 2003;
Guil et al., 2006). Moreover, involvement of TPPII has
been noted in many other important cellular processes:
cell division, viability and apoptosis, regulation of MAP
kinase pathways, antigen processing, as well as in
muscle wasting and obesity (Rockel et al., 2012;
Wiemhoefer et al., 2015; Mlynarczuk-Bialy, 2008).
Importantly, the TPPII inhibitor AAF-cmk sensitized
leukemic cells to pro-apoptotic cytokine action
(Mlnarczuk et al., 2004) and TPPII is overexpressed in
squamous cell carcinoma cells (Usukura et al., 2013).
Therefore, TPPII is a valuable potential target for
anticancer therapy (Mlnarczuk et al., 2004; Huai et al.,
2008; Duensing et al., 2010).

Based on the presented evidence, we have
hypothesized that TPPII may co-localize with elements
of the UPS within aggresomes. Our main goal was to
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analyze TPPII localization in murine adenocarcinoma
C26 cells upon proteasomal inhibition while paying
particular attention to the forming aggresomal structures.
Our additional aim was to validate the use of novel red
fluorescent-tagged BSc2118 proteasome inhibitor for
direct vital staining of proteasome. To achieve these two
aims, we combined vital inhibitor based staining of
proteasome with classical post-fixed indirect
immunocytochemical detection of TPPII and poly-
ubiquitinated proteins in murine colon adenocarcinoma
C26 cells using a laser scanning confocal microscopy
(LSCM) approach. 
Materials and methods

Cell culture

C26 murine colon adenocarcinoma cells (ATCC)
were cultured in RPMI-1640 medium with stable
glutamine (Biochrom, Germany) supplemented with
10% heat-inactivated FCS (Biochrom, Germany), 1%
Antibiotic-Antimycotic (Thermo Fisher/Life
Technologies, US) in 75 cm2 tissue flasks (Greiner,
Germany) and kept at 37°C in a 5% CO2 humidified
incubator. 
Proteasome inhibitor synthesis

BSc2118 was synthesized as described in (Braun et
al., 2005; Mlynarczuk-Bialy et al., 2014). Briefly, the
peptide was synthesized by Fmoc strategy on an ABI-
Peptide-Synthesizer 433A. As solid support preloaded
H-L-Leucinol-2-Cl-Trt resin (1 g, loading 0.45 mmol/g)
from CBL was used. The cleavage of the peptide from
resin was performed with methylene chloride, 20%
acetic acid 1% Trifluoroethanol, 10% Hexafluoro-2-
propanol 2 times for 10 minutes on ice. Purification of
the crude peptide was carried out using preparative
HPLC under standard conditions (acetonitrile, water,
trifluoro acetic acid). The correct mass was determined
by MALDI mass spectrometry on a Voyager-DEPRO
workstation.

The red fluorescent variant of BSc2118 was
synthesized as follows: a solution of 0.01mmol of the
peptide NH2-Leu- Asp(tBu)-Leu-CHO (BSc2118) in 0.5
ml dimethylformamide DMF (pH=8.5) was added to
0.01 mmol of Bodipy-581/591 SE (Molecular Probes,
Germany). The reaction mixture was stirred overnight in
darkness and then purified by HPLC. The synthesized
fluorescent inhibitor was dissolved in DMSO to obtain a
1mg/ml stock solution of BSc2118. In this article the red
fluorescent BSc2118 variant is named as BSc2118-
Traced Red (BSc2118-TR).
MEK inhibitor

Commercially available U0126 (Sigma, US) was
dissolved in DSMO to the recommended stock
concentration and added to the cultured cells in a final
concentration of 5 μM.

CVDE (Crystal Violet Dye Elution) viability assay

104 cells per well were seeded in 96-well plates
(Greiner, Germany) and incubated with fluorescent
BSc2118-TR or U0126 or vehicle for 30 min or 24h.
CVDE viability assay was performed as described in
(Mlynarczuk-Bialy et al., 2006, 2014). Absorbance was
measured at 570 nm using FLUOstar Omega (BMG
LABTECH, Germany).
Measurement of proteasome activity within cells 

106 cells/well in 96-well plates (Greiner, Germany)
were incubated with BSc2118-TR or U0126 for 30min
or 24h. Proteasome activity was measured in cell lysates
using fluorescent substrate (Suc-LLVY-AMC, Bachem)
as described in (Braun et al., 2005; Mlynarczuk-Bialy et
al., 2014). Excitation 390 nm and emission 460 nm
filters were used in FLUOstar Omega (BMG
LABTECH, Germany).
Western blot

Cell lysates were assayed by a standard WB
procedure as described elsewhere (Seifert et al., 2010).
Briefly, cells were incubated with 0.5 µM or 5 µM
BSc2118-TR or DMSO solvent for 24h. Lysates
prepared in hypotonic buffer (20 mM TRIS-HCl, pH 7.5,
10 mM EDTA, 100 mM NaCl) with 1% NP40,
containing proteinase inhibitors Complete® (Roche,
France) supplemented with proteasome inhibitor-10 µM
MG-132 (Calbiochem, USA) and inhibitor of
deubiquitinylating enzymes-10 mM NEM (Sigma,
USA). Subsequently, samples (containing 15 μg of
protein in Laemmli sample buffer) underwent SDS-
PAGE (12.5%) with semi-dry transfer onto nitrocellulose
membrane, which was probed with appropriate primary
antibody: FK2 (Enzo Biochem, US) or GAPDH (Santa
Cruz, US) and horse radish conjugated secondary
antibody (all from Santa Cruz). The signal was
visualized by the ECL-chemiluminescence method using
BioMax films (Kodak). 
Cytochemistry procedures

Cell culture and fixation
For all cytochemical procedures cells were cultured

onto multi-chamber slides (Becton Dickinson, US) and
fixed using the modified routine procedure for
cytopathology with ice-cold buffered 70% ethanol (pH
7.5; phosphate buffer) for 3 minutes and directly
rehydrated (pH 7.5; phosphate buffer).

Antibodies and immunocytochemistry
The following antibodies were used for indirect

immunofluorescence staining: goat polyclonal anti-
TPPII antibody (Santa Cruz, US) at dilution 1:1000,
mouse monoclonal FK2 antibody (Enzo Biochem, US)
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recognizing selectively polyubiquitinated proteins at
dilution 1:10 000, rabbit polyclonal anti 20S antibody at
dilution 1:100 (Enzo Biochem, US). The secondary
antibodies were anti-Fc affinity-purified Fab specific to
goat, mouse or rabbit IgG conjugated with DyLight 488
or DyLight 680 (Jackson ImmunoResearch, US). The
secondary antibodies were used at 1:10 000 dilution.

Nonspecific antibody binding was blocked for
60min in 10% BSA at RT. Incubation with primary
antibodies in 3% BSA solution was performed overnight
at 4°C, furthermore secondary antibodies were incubated
for 1h in 37°C in a humidified atmosphere. Both prior to
and after the secondary antibody incubation, slides were
triple washed in phosphate-buffered saline (pH 7.4) with
0.1% Tween 20 (Sigma, US) for 10 minutes.

Fluorescent proteasome inhibitor BSc2118 for vital
staining

The synthesized inhibitor was dissolved in DMSO to
obtain 1 mg/ml stock solution of BSc2118. The final
concentration of the inhibitor used during our
experiments ranged from 0.5 µM to 5 µM. Detailed
concentration for each experiment is given in the
Experimental Procedures section. All required controls
were treated with appropriate mock (DMSO)
concentrations prior to fixation.
Experimental procedures

Basic proteasome staining protocol
C26 cells were stained by addition of BSc2118-TR

to the culture media for 3 min at the final concentration
of 5 μM. Subsequently cells were fixed (as described
above), rehydrated and underwent classic post-fixed
immunostaining for either 20S proteasome or
polyubiquitinated proteins and TPPII.

Aggresome formation assay
C26 cells were incubated with 0.5-2.5 μM BSc2118-

TR from 1.5 to 16 hours to induce aggresome formation
(Table 1).

The steps in aggresome formation assay is as
follows: DMSO (necessary for control) - then/or
incubation with BSc2118-TR - followed by
fixation/rehydratation - finally immunostaining.

The controls were incubated with DMSO solvent
prior to fixation in the corresponding concentration and

for at least the same time as aggresome formation groups
as follows: Fig. 1C-24 h; Fig. 2A-16 h; Fig. 3A-6 h.

Embedding and laser scanning confocal microscopy
After cytochemical procedures, slides were

embedded in Vecta Shield containing 4’,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, US). The
analysis and images were made using a confocal laser
SP5 microscope equipped with appropriate lasers (HeNe
633 nm, DPSS diode 561 nm, and Argon laser: line 488
nm) and Las-AF software (Leica, Germany). Special
care was applied to exclude cross-talk effects, and the
images were scanned sequentially.
Results

BSc2118-TR does not affect C26 cell viability, efficiently
inhibits proteasome activity and enables specific direct
staining of proteasomes - validation of the cytochemical
procedure

The viability of C26 cells was not significantly
reduced by BSc2118-TR in both concentrations used in
this study even after 24 h of incubation with the
inhibitor. In contrast, the positive control agent MEK
inhibitor U0126 (5 µM) reduced C26 cells viability to
50% after 24h of treatment with no effect after 30 min
(Fig. 1A-two left panels). 

BSc2118-TR in both studied concentrations (0.5 µM
and 5 µM) effectively inhibited Suc-LLVY-AMC-
hydrolyzing proteasome activity in cells following 30
min. incubation. Proteasome activity was still inhibited
after 24 h (Fig. 1A-two right panels). The inhibition of
proteasome-dependent proteolysis by BSc2118-TR after
24 h was also confirmed by Western Blot (Fig. 1B).
BSc2118-TR in both studied concentrations (0.5 µM and
5 µM) resulted in accumulation of polyubiquitinated
proteins. 

The validation of the staining procedure is shown
in Fig. 1C,D. As demonstrated in Fig. 1C, the vital
inhibitor-based staining procedure of proteasomes
(BSc2118-TR 3 min, 5 µM, prior to fixation) combined
with subsequent ethanol based fixation enables
efficient proteasome staining that is comparable to
classic indirect immunocytochemical antibody based
visualization. Using this procedure the signal of
BSc2118-TR (Fig. 1C-red) was co-localized with 20S
proteasome immunostained with polyclonal antibody
(Fig. 1C-green). Moreover, this vital staining does not

362
TPPII and aggresome

Table 1. Detailed time-points of aggresome formation assay.

Time Point 0 1.5h 3h 5h 12-16h

BSc2118-TR Concentration 5 μM 2.5 μM 2.5 μM 2.5 μM 0.5 μM
BSc2118-TR Staining Time 3 min 1.5 h 3 h 5 h 12-16 h
Figure 1C; 2A; 3A 3B 3C 3D 1D; 2B; 4ABC
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Fig. 1. Proteasome inhibition and detection by BSc2118-TR - Validation of the staining procedure. A. Viability of murine colon adenocarcinoma C26
cells measured by CVDE examination and proteasome Suc-LLVY-AMC-hydrolyzing activity in cell lysates. Cell viability after 30min and 24h incubation
with BSc2118-TR (0.5 μM and 5 μM) is not significantly affected whereas proteasome activity is efficiently reduced in both concentrations. MEK
inhibitor - U0126 (5μM) reduces cell viability to 50% after 24h and does not affect proteasome activity. Bars represent SEM. *p<0.05, (t-Student test). 
B. Accumulation of polyubiquitinated proteins in Western Blot. After 24h BSc2118-TR induces accumulation of polyubiquitinylated proteins (lanes 2 and
3) in comparison to the solvent treated cells (lane 1). GAPDH- a loading control. C, D. Comparison of cytochemical vital staining of proteasome with
BSc2118-TR (red) to classic indirect immunocytochemical 20S proteasome antibody-based staining (green); nuclei (blue) and merged. C. Basic vital
proteasome staining: The BSc2118-TR (5 μM) staining for 3 min prior to fixation. D. Aggresome Formation Assay: BSc2118-TR (0.5 μM) incubation for
24h prior to fixation. The fluorescent inhibitor-based proteasome signal co-localizes both within the cytoplasm as well as within the nucleus with
antibody immunolabeling. There is no cytopathic or aggregative effect of proteasome inhibitor using the vital staining protocol combined with alcohol
based fixation (C), while prolonged proteasome inhibition induces cytopathic changes including aggresome formation (D). Cells in vital basic
proteasome staining protocol (C) were incubated with DMSO solvent (in the same concentration as in Aggresome Formation Assay - D) for 24h prior to
proteasome staining and fixation to exclude DMSO effect on cell morphology during BSc2118-TR incubation for 24h. x 400.



affect cell morphology. We did not observe either
cytopathic effect of proteasome inhibitor or solvent or
any aggregative effect of inhibitor or fixative (Figs. 1C,
3B), while prolonged (24 h) proteasome inhibition by
0.5 µM BSc2118-TR resulted in changes of cell shape
and induced formation of proteasome-rich aggresomes
(Fig. 1D). Moreover, during aggresome formation, the
BSc2118-TR signal (Fig. 1D-red) was also co-localized
with 20S proteasome signal as immunostained with
polyclonal antibody within aggresomes (Fig. 1D-
green).

We therefore validated the use of direct inhibitor-
based staining of proteasomes with subsequent ethanol
based fixation without additional immunostaining of the
proteasome in C26 cells in the later steps of this study.
TPPII is localized diffusely in the cytoplasm and not in
the nuclei of C26 cells

In the control cells, TPPII immunoreactivity was

observed within the cytoplasm whereas the nuclei
remained repeatedly negative. Its cytoplasmic signal was
strong, displaying a diffuse staining pattern which was
rather homogenous and without any signs of perinuclear
clustering or dotting (general view in Fig. 2A-green,
detailed in Fig. 3A-green).

In contrast to TPPII, both proteasome and
polyubiquitinated proteins demonstrated signal not only
in the cytoplasm, but also within the nuclei, presenting
as nuclear foci (Figs. 2A, 3A-red/magenta, Fig. 1D-
green). Slightly stronger immunoreactivity of the
proteasome and polyubiquitinated proteins was observed
in the perinuclear region (Figs. 2A, 3A-red/magenta). At
the same time a corresponding stronger signal of TPPII
was absent from that region (Figs. 2A, 3A-geen).
Moreover, in some cells, the TPPII signal appeared to be
diminished in this region (Fig. 3A-green and merge). In
contrast to that observation, both TPPII immuno-
reactivity (Figs. 2B, 3C,D, 4A,B,C-green) as well as
proteasome and polyubiquitinated protein immuno-
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Fig. 2. General view of localization of TPPII and UPS in C26 cells A. The control C26 cells stained for TPPII (green), proteasome (red),
polyubiquitinated proteins (magenta), nuclei (blue) and merged. Note a homogenous cytoplasmic green (TPPII) staining whereas red (proteasome) and
magenta (polyubiquitinated proteins) signal predominates in the perinuclear region with signal also present within the nuclear foci. The magenta signal
(polyubiquitinated proteins) in control cells is lower than in B. B. Late aggresome in C26 cells incubated with BSc2118-TR (0.5 µl/ml) for 16 h. nuclei
(blue), TPPII (green), proteasome (red), polyubiquitinated proteins (magenta), and merged. Note the big single aggresome positive for red
(proteasome) and magenta (polyubiquitinated proteins) signal that can be seen in the perinuclear region. In contrast to the control cells from panel A,
the green (TPPII) staining is not homogenous, but it gives the maximal signal in the perinuclear area. The detailed structure of the mature aggresome is
displayed in Fig. 4. Scale bars: 10 μm.



reactivity (Figs. 2B, 3C,D, 4A,B,C-red/magenta) was
strongly enhanced in the perinuclear region under
proteasome inhibition.
BSc2118-TR induces formation of a large aggresome in
C26 cells

The proteasome inhibitor BSc2118-TR induced
aggresome formation in a time and dose dependent

manner. The mature aggresome in C26 cells appears as a
single, large, circular structure (Fig. 2B, 4A) containing
proteasomes (red) and polyubiquitinated proteins
(magenta). It was primarily organized in the perinuclear
region (Fig. 3B) and subsequently formed a larger
structure occupying a substantial area of the cytoplasm
(Fig. 2B, 4A red/magenta), occasionally modulating the
shape of the nucleus of C26 cells (4A, 4B lower panel -
blue). Analysis of multiple images revealed that 83%
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Fig. 3. Early aggresome. The subsequent stages of aggresome formation in C26 cells incubated with BSc2118-TR: nuclei (blue), TPPII (green),
proteasome (red), polyubiquitinated proteins (magenta), and merged. A. The control C26 cells stained with BSc2118-TR for 3min. Note a slight
magenta signal of polyubiquitinated proteins in the control cells. The green signal (TPPII) does not strictly co-localize with red (proteasome) and
magenta(polyubiquitinated proteins) signals. B. C26 cells incubated with BSc2118-TR (2.5 µM) for 1.5h. Note the stronger magenta (polyubiquitinated
proteins) and red (proteasome) signal and the green TPPII dots within the perinuclear region among them. C. C26 cells incubated with BSc2118-TR
(2.5 µM) for 3h. The dot-like green (TPPII) signal is present in the central part of the forming aggresome surrounded by both red (proteasome) and
magenta (polyubiquitinated proteins) staining. D. C26 cells incubated with BSc2118-TR(2.5 µM) for 6h. The dot-like green (TPPII) signal begins to
surround the red (proteasome) and magenta (polyubiquitinated proteins) staining around the core of the aggresome. Scale bars: A, B, 10 μm; C, D, 5
μm.
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Fig. 4. Mature aggresome. C26 cells incubated with BSc2118-TR (0.5 µM) for 16h: nuclei (blue), TPPII (green), proteasome (red), polyubiquitinated
proteins (magenta), and merged. A. Staining of the selected C26 cell. Note the dot-like green (TPPII) signal around the red (proteasome) and magenta
(polyubiquitinated proteins) staining of the core of the aggresome. B. The detailed structure of the mature aggresome in the cell from panel A from
serial confocal planes. Note the modulation of nucleus shape (blue) in middle and lower panel. C. The detailed structure of the mature aggresome in
another selected C26 cell from serial confocal planes. B, C. Note that on the serial confocal plane sections, the dot-like green (TPPII) signal forming the
spherical mantle surrounding the round core of the aggresome that is positive for both red (proteasome) and magenta (polyubiquitinated proteins)
staining. C upper panel. Note the upper confocal plane with crescent-shaped red (proteasome) and magenta (polyubiquitinated proteins) aggregation
surrounding the small “inner core” which is less positive for both red and magenta signal (proteasome and polyubiquitinated proteins) but with presence
of low-abundant (two) green dots (TPPII). Scale bars: A, 10 μm; B, C, 5 μm. 



(SD 4.5) of cells had big aggresomes, i.e. with diameters
comparable to those of cell nuclei. Hence in other cells
the aggresomal structures were smaller.
TPPII is recruited into the aggresome during early stages
of its formation and forms a mantle in a mature
aggresome of C26 cells

Initial signs of proteasome and polyubiquitinated
protein aggregation within the perinuclear region were
observed after 90 min of proteasome inhibition (Fig.
3B). The proteasome/polyubiquitinated proteins signal
was remarkably stronger in the perinuclear region (Fig.
3B-red/magenta) in comparison to control cells (Fig.
3A), while the dot-like TPPII signal (Fig. 3B-green) was
present in the center of the forming aggresome in close
proximity to proteasomes and polyubiquitinated proteins
within the perinuclear region and in the closely
surrounding space.

During the ensuing steps of aggresome formation
(Fig. 3C), TPPII displayed a strong dot-like staining
pattern within the forming aggresome. Its dispersed
signal was observed in aggresome center as TPPII
containing foci (Fig. 3C-green) among poly-
ubiquitinated proteins (magenta) and proteasomes
(red). Together with the formation of dense proteasome
and polyubiquitinated protein containing core (Fig. 3D-
red/ magenta), the dot-like TPPII signal became more
pronounced at the surface of the aggresome core (Fig.
3D-green). 

Prolonged proteasome inhibition resulted in
translocation of TPPII signal from the central area of the
aggresome to the peripheral part of the mature aggresome
(Fig. 4A-C-green). As is shown on the serial stacks of the
mature aggresome (Fig. 4B,C), the signal for TPPII
displayed a spherical mantle-like appearance around the
round dense core of the aggresome. The aggresome core
displayed strong immunoreactivity for both the proteasome
(red) and polyubiquitinated proteins (magenta), but was
only slightly positive for TPPII (green).

In C26 cells, the estimated maximal diameter of the
whole mature aggresome with TPPII mantle reached
approx. 11 µm. The diameter of the core was approx. 8.5
µm, and the diameter of the area within the core with
predominantly proteasome/polyubiquitinated proteins
signal was measured at approx. 5 µm. The estimated
maximal diameter of the nucleus was approx. 14 µm
(measured from several random plane sections through
the middle part of the aggresome and nucleus-
approximate estimation; SD 0.8; 0.8; 0.2; 0.5,
respectively).

Furthermore, we were able to observe, in rare cases,
and on several limited adjacent confocal planes, a small
inner core, which was only slightly positive for
proteasomes and polyubiquitinated proteins (Fig. 4C-
upper and middle panel-red/magenta). Occasionally, in
the middle part of this region, low-abundance dots of
TPPII signal were visualized (Fig. 4C-green).
Nevertheless, there was no corresponding increase of
TPPII signal in this area. 

Discussion

Staining of enzymes through binding of fluorescent
inhibitors provides an alternative to classic
immunolabeling for both microscopy and flow
cytometry, with the advantage of reducing possible
antibody cross-reactivity especially with multi-color
staining (Marchetti et al., 2004; Darzynkiewicz et al.,
2011). Inhibitor based detection of proteasomes in
biosensors enables proteasome and immunoproteasome
quantitative measurement in serum (Patent Pending PL:
P.396170; P.396171; P.417435). Moreover, various
fluorescent proteasome reporters are suitable for
visualization of proteasome localization within living
cells including aggresomes (Berkers et al., 2007).

Fluorochrome-tagged derivates of the novel
proteasome inhibitor BSc2118 were designed by our
research group for visualization of inhibitor distribution
in organs and tissues after its parenteral administration in
animal models (Doeppner et al., 2012; Mlynarczuk-
Bialy et al., 2014). Previously, we have published and
confirmed that vital proteasome staining in cells in vitro
with green fluorescent BSc2118-FL is fully comparable
with an indirect immunocytochemistry method
(Mlynarczuk-Bialy et al., 2014). 

In this manuscript, we provide data for the red
fluorescent BSc2118 derivative. Furthermore, it was
combined with intracellular localization of polyubiquitin
staining using an FK2 antibody as an aggresome marker.
Thus, our findings make a substantial contribution to
cytochemical methods as we demonstrate a novel
approach in which this direct vital pre-fixed inhibitor-
based proteasome staining can be efficiently combined
with post-fixed classic immunocytochemical detection
of other cellular components. 

The down side of any fluorescent-inhibitor technique
is that high inhibitor concentrations are required for
initial staining and such high concentration cannot be
used for prolonged studies, as it leads to the inhibition of
the target enzyme, which triggers severe physiological
side effects (including cell death). Therefore, lower
inhibitor concentrations must be used for longer time-
points in kinetics studies. 

A high inhibitor concentration is required for basic
proteasome staining (BSc2118-TR 5 μM for 3 min).
Conveniently, 0.5 μM BSc2118-TR was sufficient to
stain proteasomes and induces aggresome formation
after 24h without inducing cell death.

Extralysosomal proteolysis is a multistep process
involving the action of UPS and downstream acting
peptidases such as TPPII. The products released by
20/26S proteasomes are oligopeptides comprised of 4
to 25 AA (Voges et al., 1999; Kruger et al., 2003). In
order for complete degradation, the action of additional
peptidases is required. This can be achieved via TPPII,
which can also digest substrates longer than 15 AA
(Reits et al., 2004; York et al., 2006). TPPII was
described as being involved in several processes of cell
regulation (Mlynarczuk-Bialy, 2008; Rockel et al.,
2012). At a cellular level, the response to impaired
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UPS proteolysis is the formation of an aggresome
containing UPS components (Wojcik and DeMartino,
2003).

In our study, we evaluated the recruitment of TPPII
into the aggresomal structures as well as the cytoplasmic
localization of TPPII in murine colon adenocarcinoma
C26 cells. We investigated anticancer properties of
various proteasome inhibitors against several cancer cell
lines (Pleban et al., 2001; Mlynarczuk-Bialy et al.,
2014). Among them C26 cells respond to proteasome
inhibition by formation of giant aggresomes, while they
can survive long-term proteasome inhibition (e.g. 1 μM
MG-132 for 24 h) making them an ideal candidate for an
aggresome formation study (unpublished data).
However, C26 cells are sensitive to MEK kinase
inhibitors, thus we used U0126 as a positive cytotoxicity
control agent in CVDE assay.

Despite the low-abundance of TPPII in most cells
and tissues (Rockel et al., 2012), we demonstrated strong
TPPII immunoreactivity within the cytoplasm, which
corresponds well with published biochemical data that
TPPII is a cytosolic peptidase (Tomkinson and Lindas,
2005; Rockel et al., 2012). In spite of this evidence,
TPPII was reported to be found within the nucleus of
cells exposed to various DNA-damaging anticancer
drugs or agents inducing reactive oxygen species (Preta
et al., 2009, 2010). Since BSc2118, similar to other
proteasome inhibitors, demonstrates anticancer activity
(Braun et al., 2005; Mlynarczuk-Bialy et al., 2006, 2014;
Sterz et al., 2010; Zang et al., 2015), one could also
expect nuclear relocation of TPPII signal under BSc2118
action. Despite that, BSc2118 did not cause nuclear
translocation of TPPII, thus creating the argument for its
unique anticancer mechanism of action. However, one
has to keep in mind a relative resistance of C26 cells to
proteasome inhibitor BSc2118-TR. Furthermore,
proteasome inhibitors are not DNA-damaging agents in
contrast to those classic drugs used by Preta et al. (2009,
2010).

TPPII cooperates with proteasomes in degradation of
proteins and it was shown to directly interact with some
UPS substrates such as p53 and SIRT7 (Nahalkova,
2015). Therefore, one can expect similar cellular
distribution of those two components. As discussed
above, in contrast to UPS, we do not find any TPPII
immunoreactivity within the nuclei of C26 cells,
suggesting that in this compartment either downstream
proteolysis is performed by other enzymes or peptides
are transported to the cytoplasm for further degradation
in this cell line. 

As we have shown, TPPII co-localizes with
proteasomes in the majority of the cytoplasm in cells
with fully functional proteasomes (no proteasome
inhibitor added). TPPII immunoreactivity was not
enhanced in the perinuclear region. Nevertheless, based
on the sequential protein degradation and increased
proteasome staining, we hypothesized that TPPII should
be preferentially localized to this region. The perinuclear
ER-rich region is a primary “proteolytic center” for

intensive breakdown of newly synthesized proteins from
Defective Ribosomal Products (DRiPs) by proteasomes,
and thereby a source of precursors of MHC class I
epitopes (Schubert et al., 2000; Kloetzel, 2004; Seifert et
al., 2010). However, the precise role of TPPII in the
generation of MHC I epitopes is still not established
(Rockel et al., 2012).

Our data presented in this manuscript promote the
idea that fully functional ubiquitin-proteasome
proteolysis can be sufficient for proper proteolysis in
perinuclear region of C26 cells without the need for
significant TPPII involvement in this process. This
observation is congruent with data suggesting that TPPII
is not required for generation of most MHC class I
epitopes, although it is necessary for proper trimming of
some longer precursors via exoproteolytic activity (York
et al., 2006). In any case, TPPII houses many catalytic
chambers, whereas each proteasome contains only a
single catalytic chamber, thus, the smaller amount of
TPPII within the perinuclear region can be sufficient for
downstream trimming of substrates. Moreover, it was
recently published that, in hippocampal neurons, the
ratio of proteasomes to TPPII is approximately 20 to 1
and only 7% of proteasome particles reveal spatial
association with TPPII (Fukuda et al., 2017). However,
there is no available co-localization data within any
cancer cells.

Our data indicate that when the function of
proteasomes is impaired by an inhibitor, TPPII appears
to be more closely associated with both the proteasome
and polyubiquitinated proteins. This reinforces the idea
that TPPII has the potential to partially support some
proteasomal functions in protein degradation, given that
proteasome proteolysis is impaired. It has previously
been well documented that TPPII generates HIV epitope
independently from the proteasome (Seifert et al., 2003)
and is indispensable for viral antigen processing (Guil et
al., 2006), as well as maintaining viral growth in host
cells (Zhang et al., 2011) under proteasome inhibition.
Moreover, apart from the proteasome, TPPII seems to be
the only cellular peptidase which degrades peptides
containing more than 15 amino acids (Reits et al., 2004;
York et al., 2006). Consequently, there is no alternative
cytosolic pathway for degradation of substrates longer
than 15 amino acid residues upon proteasome inhibition.
The formation of protein aggregates under proteasome
inhibition was first reported by Wojcik et al. in 1996,
however, the term aggresome was coined later (Johnston
et al., 1998). The term aggresome describes the single
structure induced by proteasome inhibition, which
contains both the accumulated polyubiquitinated
proteins as well as proteasomes and is localized in the
perinuclear region of the cell. Ubiquitinated proteins are
transported along microtubules to the pericentriolar
proteolytic center of the cell and under proteasome
inhibition they are stored there as an aggresome (Wojcik
et al., 1996). Subsequently other key cellular proteins are
recruited into the aggresome (Hartl, 2017; Manasanch
and Orlowski, 2017; Sontag et al., 2017).
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The accumulation of misfolded proteins within the
aggresome is a postulated mechanism of action of
proteasome inhibitors as anticancer drugs. Moreover,
aggresome disruption by histone deacetylase inhibitors
(Nawrocki et al., 2006) and microtubule acting agents
(Miyahara et al., 2016) can augment the anticancer
activity of proteasome inhibitors. 

One should keep in mind that apart from TPP II,
autophagy can potentially compensate for impaired
proteasome-dependent proteolysis (Lamark and
Johansen, 2012; Dikic, 2017). However, this
aggrephagy” it is not a universal pathway for clearance
of aggresomes (Wong et al., 2008). Moreover, the
classical autophagy adaptor p62 was shown to be
involved in aggresome formation (Liu et al., 2016) and
together with HDAC6 mediates recruitment of key
cellular proteins into aggresome in response to
proteasome inhibition i.e. CKD1 (Galindo-Moreno et al.,
2017). 

In this study we observe big aggregates of
polyubiqitinated proteins in the majority of C26 cells
(84%), but nevertheless they do not compromise cell
vitality. However one should keep in mind that CVDE
corresponds to the total cell number but not strictly with
cell well-being. Furthermore in some C26 cells
aggregates are smaller and it is possible that these
aggregates can be successfully cleared by an autophagic
pathway. However, the phenomenon of C26 cell
resistance to proteasome inhibition needs further studies. 
In our paper we show for the first time that TPPII is
recruited into the aggresome during its formation using
the model of colon adenocarcinoma C26 cells. Recently
published literature describing rat hippocampal neurons
stated that the number of proteasome particles at a
distance closer than 110nm from TPPII is above the
random distribution. Thereby, it is suggested that TPPII
and the proteasome display a spatial relationship with
each other (Fukuda et al., 2017). This data was obtained
within the cells with fully functional proteasomes,
whereas we focused on examining adenocarcinoma cells
under impaired proteasome proteolytic conditions by
BSc2118. Nonetheless, the data obtained by us strongly
supports those findings in a different cell model. 

Furthermore, we additionally describe an unknown
part of the aggresome in C26 adenocarcinoma cells- the
mantle formed by TPPII. Specifically, we found that in
C26 cells during initial proteasome inhibition (during
early stages of aggresome formation) TPPII is
surrounded by proteasomes. At early time points of
proteasome inhibition, the TPPII dispersed signal was
present in the center of the forming aggresome, which
was close to the perinuclear region and among both
proteasomes and polyubiquitinated proteins.

Based on our original observations, we propose a
model of TPPII recruitment and relocation in the
aggresome in murine colon adenocarcinoma C26 cells.
Following proteasome inhibition, TPPII is recruited to
the perinuclear region into the central component of an
early forming aggresome conceivably to support or

substitute the impaired proteasomal function in protein
degradation and most likely due to its endoproteolytic
activity. This is followed by further aggresome
organization with more TPPII complexes that are
engaged for protein degradation. As aggresome
formation intensifies, TPPII accumulates at the surface
of aggregate in the form of a spherical mantle which
surrounds the round dense core containing proteasomes
and polyubiquitinated proteins. Moreover, the transition
zone can be distinguished at the border of the core and
the mantle. This zone is occupied by both proteasomes
and polyubiquitinated protein as well as TPPII. We also
cannot exclude the existence of the inner core with
residual low-abundance TPPII.

Therefore, in contrast to the early stages of
aggresome formation in murine colon adenocarcinoma
C26 cells, under prolonged proteasome inhibition, TPPII
aggregates at the surface before finally forming its
spherical mantle. Hence, in the mature aggresome in
C26 cells, TPPII surrounds both proteasome and
polyubiquitinated proteins. The proposed model of
mature aggresome structure and formation in colon
adenocarcinoma C26 cells is displayed in Fig. 5.
However, one must keep in mind that the choice of the
cell line is peculiar - it forms very big aggresomes, it is
relatively resistant to proteasome inhibitor anticancer
action and is an old aneuploid cell line barring genetic
alterations which may affect TPPII expression and/or
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Fig. 5. Schematic presentation of aggresome changes during its
maturation in murine colon adenocarcinoma C26 cells. In the early
aggresome (left panel) TPPII starts to accumulate in the central region
forming an aggresome complex with polyubiquitinated proteins and
proteasome. In the mature aggresome (right panel): polyubiquitinated
proteins with proteasome form a round dense core, shifting TPPII into
the peripheral spherical mantle of the aggresome.



localization. Thus general functionality of this model
may be limited.
Conclusion

In summary, we have confirmed our hypothesis that
TPPII will be recruited to the aggresome formed by
proteasome inhibition and the recruitment of TPPII into
the aggresome in murine colon adenocarcinoma C26
cells is in accordance with published data suggesting that
TPPII activity supplements and can even substitute
impaired proteasomal function. However, the details of
the involvement of TPPII in proteasome substitution and
aggresome clearance will require a synthetic
biochemical approach investigation in other cell lines as
well.
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