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Abstract: The ubiquitin-proteasome system (UPS) plays a crucial role in maintenance of cellular homeostasis. It controls cell cycle 
progression, signal response, apoptosis, transcription, NF-κB activation. Inhibition of the UPS induces accumulation of proteasomal 
substrates in a form of cellular aggregates that are localized mainly in the perinuclear region. Tumour cells with deregulated protein 
turnover are especially sensitive to inhibition of the UPS, thus proteasome inhibitors are applied in treatment of selected 
malignancies like multiple myeloma. However, proteasome-inhibitor resistance of tumour cells is a serious treatment perturbation 
and research on overcoming the resistance can improve therapy effectiveness. One of possibilities for this resistance is formation of 
big aggresomes, in which undegraded proteins are separated from important cellular processes by sequestration. Disruption of the 
big aggresome made resistant tumour cells sensitive to death induction by proteasome inhibitors. Herein, we show quick and direct 
inhibitor-based fluorescent staining proteasomes that enables fast and effective analysis of aggresome structure and formation 
dynamics. This method can improve studies on the reasons of tumour cell insensitivity towards proteasome inhibitors and can be 
a valuable screening for novel proteasome inhibitor effects. Moreover, within this work we discuss the function of aggresome and its 
impact on tumor resistance towards proteasome inhibition. In addition we present clinical application of proteasome inhibitors with 
data from clinical trials.  
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1. Introduction 
The ubiquitin-proteasome system (UPS) is 

indispensable for cellular homeostasis.  
The UPS is directly responsible for most of 

cytoplasmic protein degradation and participates 

in a wide array of biological functions such as 
regulation of the cell cycle, gene transcription, 
signal transduction, antigen processing and 
activation of NF-κB [1-3]. 

2. The ubiquitin-proteasome system- general aspects 
Intracellular protein degradation and turnover 

is regulated through the action of ubiquitinylation 
enzymes designating proteins for degradation by 
the proteasome. The proteasome is a multi-
catalytic enzyme complex localized in the in the 
cytoplasm and in the nucleus of all eukaryotic 
cells. The fully active 26S proteasome is 
composed of 20S barrel-shaped core particle and 
two 19S regulatory subunits, localized at both 
ends of the 20S core particle. Each 20S core 
consists of 4 rings: two outer α rings and two 
inner β rings. Each ring contains 7 globular 
subunits, α1-α7 within α-ring and β1-β7 within  
β-ring, respectively. Within neighbouring β-rings 
there are 3 subunits per each ring displaying 
proteolytic activity. The distinct activities are: 
trypsin-like (within the β1 subunit), caspase-like 
(within the β2 subunit) and chymotrypsin-like 
(within the β5 subunit) of the 20S core [4, 5].  

Substrates for degradation by 26S proteasome 
are tagged with polyubiquitin chain in the process 
named ubiquitination [6]. The ubiquitin (Ub) is 
a highly conserved polypeptide, 76 acids in 
length, which acts as a molecular label in cellular 
protein trafficking. Within each Ub polypeptide 
there is seven lysine residues localized. These 
lysine residues are involved in linking multiple 
Ub polypeptides together to form polyubiquitin 
chain. Ubiquitination alters proteins in many 
ways: it can mark them for proteasomal degra-
dation, alter their cellular localization, affect their 
activity and promote or prevent protein inter-
actions [7]. Three types of ubiquitination are 
distinguished in the process of cellular protein 
modification. Mono-ubiquitination – is an 
attachment of single Ub molecule to the substrate 
that signals for endocytosis, endosomal sorting, 
histone regulation, DNA repair, virus budding, 
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nuclear export. Multi-ubiquitination occurs when 
several single Ub molecules are attached to 
several lysine residues on the substrate that 
signals for endocytosis, or finally polyubiquiti-
nation that means formation of long ubiquitin 
chain that is bound to the substrate via first 
ubiquitin in the poly-chain. Ub chains, which are 
formed via Lys48 (K48) of Ub, target the 
modified protein for proteasomal degradation [8]. 
Chains linked via Lys63 (K63) are implicated in 
DNA repair and activation of protein kinases or 
lysosomal pathway [6, 9]. 

The ubiquitination process serving as protea-
somal degradation signal is regulated by a cascade 
of E1, E2, E3 enzymes [5]. The ubiquitin-
activating E1 enzyme binds to the ubiquitin 

protein and passes it to the ubiquitin-conjugating 
E2 enzyme. Subsequently, E2 enzyme and 
ubiquitin-ligase E3 enzyme are responsible for 
linking ubiquitin molecule with protein targeted 
to the proteasomal degradation. This connection 
occurs due to binding C-terminal glycine residue 
of ubiquitin to lysine residue of the ubiquitinated 
protein. Consecutive ubiquitin molecules are bound 
to one of the lysine residues of the previously 
linked ubiquitin molecule [10]. In this way, 
polyubiquitin chain is formed, attached to the 
substrate protein. The polyubiquitinated proteins 
are recognized by the 19S regulatory particle and 
fed to the 20S core particle where they are 
degraded through an ATP-dependent proteolysis 
(see Fig 1). 

 
Figure 1: Schematic presentation of the ubiquitin-proteasome system, deubiquitination process and its key enzymes participating the 

process of cytosolic degradation of proteins. (Original Figure) 

3. The role of the UPS system in cancer 
Proper activity of the UPS system is crucial in 

maintaining the homeostasis in cells. This system 
is engaged in regulation of prominent cellular 
processes such as growth, mitosis and angio-
genesis. Hence, the imbalance in degradation of 
some proteins may result in serious disturbance 
to proliferation. 

One of the key proteins, which activity is 
regulated by the UPS, is the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-
κB). It was discovered for the first time in murine 
B leukocytes [11]. In fact, NF-κB is a group of 

transcriptional factors which regulate expression 
of genes encoding cytokines, chemokines, immuno-
modulatory proteins and growth factors [12]. In 
context of tumor development, permanently 
activated transcription factor NF-κB, triggers 
pro-survival and anti-apoptotic phenotype of 
cancer cells. These conditions make tumor cells 
resistant to apoptosis-inducing chemotherapeutics 
and enable their survival despite of difficulties 
like hypoxia, acidosis, malnutrition, lack of 
external stimuli especially in myeloma multiplex 
cells [13]. 
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4. Cellular effects of proteasome inhibition  
Most of cytosolic proteins are ubiquitinated 

and subsequently degraded within the 26S protea-
some. If the system is impaired, for instance 
under action of proteasome inhibitors, polyubi-
quitinated proteins accumulate and sequestrate in 
perinuclear region in a form of protein-rich 
aggregate named aggresome. [14]. Undegraded 
protein particles accumulate locally around 
microtubules and by an unknown mechanism are 
transported along microtubules to the minus end 
of microtubules. In the pericentriolar region 
numerous of such particles form a huge structure 
of aggresome, which diameter can be similar to 
the diameter of the nucleus [15], [16].  

Healthy, non-tumour cells are relatively 
resistant to action of proteasome inhibitors, while 
tumour cells, which display intensive protein 
turnover, are impaired by the inhibition of protea-
some, resulting in accumulation of undegraded 
substrates, NF-κB inhibition and subsequently 
cell death [17-19].  

The knowledge of the special feature that 
tumour cells are selectively sensitive to action of 
proteasome inhibitors was an inspiration for 
design and development of these compounds as 
anticancer drugs. After approval of the first 20S 
inhibitor, Bortezomib, second generation 
inhibitors (Carfilzomib, Marizomib) were studied 
and subsequently involved in clinical use [20]. 
Presently, proteasome inhibitors are used in the 
treatment of multiply myeloma, mantle cell 
lymphoma and gastrointestinal stromal tumors 
[21, 22] 

In contrast to classical chemotherapeutics 
(like cisplatin, doxorubicin, etoposide), clinically 
used proteasome inhibitors display less systemic 
toxicity [17], however development of tumor cell 
resistance is a serious limitation of this group of 
drugs represented by proteasome inhibitors [1, 
23, 24].  

5. Proteasome inhibitors at clinical applications 
Bortezomib is the first proteasome inhibitor 

that was studied in clinical trials, it has shown in 
vitro and in vivo activity against a variety of 
malignancies, including myeloma, chronic lym-
phocytic leukaemia, prostate cancer, pancreatic 
cancer, and colon cancer. Bortezomib is a 
dipeptide boronic acid analogue whose trade 
name is Velcade (formerly known as PS-341, 
LDP-341 and MLM341). The drug is rapidly 
cleared from the vascular compartment, however 
according to pharmacodynamics data bortezo-
mib-mediated proteasome blockade is dose-
dependent and reversible. Basing on phase I 
studies it was demonstrated that bortezomib has 
manageable toxicities in patients with advanced 
cancers [25]. According to clinical trials deter-
mining the dose-limiting toxicity and maximum-
tolerated dose, a dose-related 20S proteasome 
inhibition was seen, with dose-limiting toxicity at 
2.0 mg/m2 (diarrhoea, hypotension) occurring at 
an average 1-hour post-dose of >/= 75% 20S PI. 
Other side effects were fatigue, hypertension, 
constipation, nausea, and vomiting. No relation-
ship was seen between body-surface area and 
bortezomib clearance in that study [25]. There 
was evidence of biologic activity (decline in 
serum prostate-specific antigen and interleukin-6 
levels) at >/= 50% 20S inhibition [25].  

Carfilzomib (Kyprolis) is a proteasome 
inhibitor used in treatment of the relapsed or 
refractory multiple myeloma. Firstly, it was 
approved as monotherapy, but now it is indicated 
as a part of combined therapy with dexa-
methasone or with lenalidomide (Revlimid) and 
dexamethasone. Carfilzomib is a modified 
epoxyketone which selectively and irreversibly 
binds with the 20S proteasome causing its 
inhibition. The medication is administered via 
intravenous infusion. The recommended starting 
dose is 20 mg/m2. Carfilzomib is metabolized 
extrahepatically, mainly through peptidase 
cleavage and epoxide hydrolysis. It is quickly 
eliminated by biliary and renal excretion. Clinical 
trials showed that the most often adverse effects 
involve anaemia, diarrhoea, neutropenia, fatigue, 
thrombocytopenia, pyrexia, hypokalaemia, 
hypertension, acute renal failure and cardiac 
failure [26].  

Marizomib (salinosporamide A or NPI-0052) 
is a novel second generation irreversible protea-
some inhibitor which is currently clinically 
tested. This compound was discovered in Salini-
spora tropica, marine bacterium, which naturally 
synthesize it. Marizomib belongs to β-lactone-γ-
lactam superfamily of proteasome inhibitors [27]. 
In comparison to bortezomib and carfilzomib 
which inhibit mainly β5 (chymotrypsin-like) 
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subunit of the 20S proteasome, marizomib also 
significantly affects β1 and β2 subunits (trypsin-
like and caspase-like, respectively). Thus, it is 
expected to overcome cancer cells’ resistance to 
other PIs due to its pan-subunit activity and 
irreversible binding. Moreover, marizomib showed 
less side effects than other PIs during phase I 
clinical trials. The most frequent of them are 
fatigue, headache, nausea, diarrhoea, dizziness, 
and vomiting. Additionally, significant peripheral 
neuropathy, which occurs during treatment by 
bortezomib, was not observed. In phase 1 clinical 
trials the patients received marizomib via IV 
injection and the maximum dose was 0.7 mg/m2 
or 0.5 mg/m2, depending on the treatment 
schedule [24]. Marizomib has also more 
lipophilic structure than bortezomib and 

carfilzomib. Therefore, it is expected to penetrate 
blood-brain barrier and may be efficient in 
treatment of brain tumours [28]. 

MG132 is a peptide-aldehyde proteasome 
inhibitor obtained from a chinese medicinal plant. 
Its use is limited to the laboratory research [29]. 

BSc2118 is another proteasome inhibitor, 
designed as an analogue of MG132, with very 
similar inhibitory profile to bortezomib and with 
relatively low toxicity. Its activity involve 
inhibition of all three hydrolytic subunits of the 
20S proteasome [30]. The binding of BSc2118 is 
reversible [31]. BSc2118 proved an effective 
anti-tumour agent against melanoma in vitro [18] 
and in a mouse melanoma model [17] and also 
against multiple myeloma in vitro [32].  

6. Proteasome inhibitor induced ER-stress 
The inhibition of UPS affects general protein 

turnover producing proteotoxic conditions and 
may also influence protein folding in the ER. 
Conditions affecting protein folding in the ER, 
such as heat shock, acidosis, action of tunica-
mycin activate cell adaptive pathway known as 
the unfolded protein response (UPR) [33]. The 
UPR is composed of two main elements: on one 
hand general protein synthesis is decreased to 
reduce nascent protein delivery to the ER, on the 
other hand the level of ER resident conformation 
guards like chaperones, folding enzymes is 
elevated by up-regulated transcription of adaptive 
proteins. If these regulatory responses fail to 
prevent accumulation of misfolded proteins in the 
ER, these proteins are recognized by ER quality 
control and restored in the ER, stopped in further 
maturation. Finally protein which is not properly 
refolded, is targeted for ER-associated protein 

degradation (ERAD) [34]. ERAD include 
retrograde delivery of misfolded proteins to the 
cytoplasm and subsequent degradation by the 
ubiquitin-proteasome system. Thus the condition 
and activity of ubiquitin-proteasome system 
keeps the maintenance of proper ER function 
especially in stress conditions. In multiple 
myeloma (MM) cells it was found that treatment 
of MM cells with proteasome inhibitors (PIs) 
initiates the UPR by inhibiting the retrograde 
translocation of misfolded proteins from the ER 
and that MM cells are highly sensitive to these 
agents because they produce large amounts of 
protein, namely immunoglobulin, which must be 
processed within the ER. Interestingly, it was 
found that MM cells constitutively express high 
levels of UPR survival components, but that PI 
treatment leads to the rapid induction of 
proapoptotic UPR genes [35] .  

7. Clearance of aggresomes by aggrephagy 
Another mechanism for clearance of misfolded 

proteins is aggresome-macroautophagy/autophagy 
pathway called aggrephagy [36]. Unfolded pro-
teins tend to form aggregates that are potentially 
harmful for the cell, like in the case of numerous 
neurodegenerative diseases (for instance Alzheimer 
disease, Parkinson Disease). To prevent such 
conditions cells developed resistance mecha-
nisms preventing from harmful effects aggre-
gation. Soluble proteins are mainly degraded by 
the UPS, while large insoluble aggregated 
proteins can be isolated via isolation membranes 
within autophagosome for further destruction. 
The distinguishing of both clearance pathways 

depends on different tagging of substrates by 
ubiquitin. Namely the same molecule but diffe-
rentially attached to the substrate leads either to 
the UPS or to the lysosomal/autophagy pathway. 
Which mechanism lead to different ubiquitination 
of the substrate, remains unknown. It is known 
that Lys48-linked chains designate proteins for 
proteasomes whereas Lys63-linked poly-ubiquitin 
chains facilitate degradation by lysosome/ 
autophagy. However, autophagy receptors show 
no obvious preference binding Lys63-linked 
poly-ubiquitin chains over Lys48-linked chains. 
Thus, how substrates are sorted to their designated 
degradation pathway remained unclear [6, 7, 9]. 
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8. Aggresome disruption as re-sensitization  
to proteasome inhibitor resistant cancer cells 

Nawrocki et al. observed and described the 
phenomenon of protective role of big aggresomes 
from death induced by proteasome inhibitors. 
The spatial cytoplasmic sequestration of unde-
graded protein in tumour cells had pro-survival 
effect while aggresome disruption restored tumour 
cells sensitivity to the action of proteasome 

inhibitors [37]. Sequestration of potentially 
harmful proteins within aggresome can reduce 
unfolded protein response and ER-stress thus by 
incubation of cells with histone deacetylase 
inhibitors and thereby aggresome disruption turns 
off this protective effect (see Figure 2). 

9. Histone deacetylases HDAC6 and aggresome 
Histone deacetylases (HDACs) is a super-

family of enzymes, which name should be 
considered rather historically. They take part not 
only in deacetylation of histones, but their targets 
comprise plenty of non-histone proteins. Thus, 
they are also described as lysine deacetylases to 
show their function more accurately [38]. 
HDAC6 belongs to class II HDACs and it is 
predominantly localized in the cytoplasm. One of 
its known functions is deacetylation of α-tubulin 
which improves cell mobility. Moreover, it 
displays ability to bind both polyubiquitinated 
proteins and dynein motors. Hence, HDAC6 
plays a crucial role in transport of misfolded 
protein with use of dynein motors, which results 
in formation of protein-rich structures called 
aggresomes. [39] This process has an adverse 

effect to treatment by proteasome inhibitors. 
Through sequestration of misfolded proteins and 
reduced exposition of cell molecules to their 
harmful action, aggresomes make cancer cells 
less sensitive to cytotoxic activity of proteasome 
inhibitors [40]. However, the cytoprotective 
process of aggresome formation may be 
disrupted by HDAC inhibitors or siRNA and, 
consequently, effectiveness of treatment with 
proteasome inhibitors could be enhanced (Figure 
2). Therefore, HDAC inhibitors was tested in 
preclinical and clinical studies, e.g. in multiple 
myeloma and chronic myelogenous leukaemia 
[41], [42]. Different new selective HDAC6 
inhibitors are being developed to increase 
efficiency of their activity [43]. 

 

 
Figure 2: The proposed model of aggresome role in cell death and survival upon proteasome inhibition.  

Big aggresome displays cytoptotective action hence aggresome disruption promotes apoptosis.  

10. The vital inhibitor-based staining procedure of proteasomes  
In order to analyze aggresome formation 

dynamics we develop vital inhibitor-based 
staining using a novel inhibitor BSc2118 
fluorescent derivative. 

11. Material and Methods 

11.1. Proteasome inhibitor 
The novel proteasome inhibitor BSc2118 was 

synthesized as described previously [30]. The 
fluorescent variant of BSc2118 (further named as 
BSc2118-FL) was synthesized as described 

elsewhere [17]. BSc2118 was dissolved in 
DMSO at 20 mM and fluorescent Bodipy-
BSc2118 was dissolved in DMSO at 1 μg/μl and 
kept at -20°C prior to use. 
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11.2. Cell culture 
NIH-3T3 Cells (ATCC) were grown in 

DMEM containing stable L-glutamine and 
supplemented with 10% FCS and antibiotics. 

Cells were grown in cell culture incubator in 
a humidified atmosphere of 5% CO2 and 
passaged every three days. 

11.3. Confocal microscopy 
NIH-3T3 cells were directly incubated with 

BSc2118-FL at the final concentration of 1μM 
for indicated time. Subsequently cells were fixed 
with ice-cold buffered 70% ethanol (pH 7.5; 
phosphate buffer) for 3 minutes and directly 
rehydrated (pH 7.5; phosphate buffer). Thereafter 
cell nuclei were stained with DAPI (Sigma). 
Specimens were embedded in Vecta shield 

medium (Vector Laboratories). The specimens 
were examined with a Leica confocal laser 
scanning microscope SP5 (Leica Microsystems) 
equipped with a krypton-argon laser. Sequential 
scans at a series of optical planes were performed 
with a 63x oil immersion objective lens through 
specimens. 

 

 
Figure 3. The dynamics of aggresome formation in NIH3T3 cells 

Cells were incubated with BSc2118-FL (1μM) for 5 min (A) of for 2 h (B), 6 h (C) 24 h (D). Scale Bars 10μM 

12. Results 
The dynamics of aggresome formation in 

NIH3T3 cells show time-dependent kinetic 
spectrum of alternations. In NIH3T3 cells stained 
for 5 minutes with BSc2118-FL (FIG 3 A) the 
cytoplasm is homogenously traced with the 

fluorescent inhibitor. The cellular processes are 
stained as well. The nuclei remain unstained at 
this time point. In comparison to shortly stained 
group, cells incubated with BSc2118-FL for 2 
hours demonstrate increase in signal in perinuclear 
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region. This enhancement of the signal in 
perinuclear region corresponds with forming 
aggresomes as was shown elsewhere [17] using 
counterstaining with antibody for 20S and 
polyubiquitin. This early aggregates are visible 
after 2 hours of 20S inhibition. There is a decrease 
in signal intensity within cellular processes, 
however the processes still remain visible. Within 
cell nucleus there are visible clusters which are 
stained with BSc2118-FL at 2h time point (FIG 3 
B). At 6 h the bright fluorescent signal is 
localized within aggresomes at perinuclear region 
(FIG 3C) whereas relative decrease in fluores-
cence intensity is observed within NIH3T3 

cytoplasmic processes in comparison to the 
previous group. Starting form 24 h period of 
proteasome inhibition, the aggresomes in peri-
nuclear region form bright fluorescent rounded 
structures, in nuclei of some cells there is 
a reduction of fluorescent clusters that might be 
a sign of beginning degeneration (FIG 3 D). 

The degeneration includes: condensation or 
even defragmentation of the cell nucleus, alterna-
tions of the cytoplasmic region: vacuolisation due 
to endoplasmic reticulum stress, cell membrane 
blebbing as a sign of apoptosis induction or cell 
membrane rupture with release of the aggresome.  

13. Short discussion and conclusion 
Fluorescent-inhibitor based staining of enzymes 

give and interesting alternative for classical 
immunolabeling in both microscopy and flow 
cytometry by reducing of possible antibody 
cross-reactivity esp. with multi-color staining 
[44, 45]. Inhibitor based detection of proteasomes 
in biosensors enables proteasome and immuno-
proteasome quantitative measurement in the 
serum (Patent Pending PL: P.396170; P.396171; 
P.417435). The vital inhibitor-based staining 
procedure of proteasomes (BSc2118-FL prior to 
fixation) combined with subsequent ethanol 
based fixation enables efficient proteasome 
staining [17, 46].  

We found this method as promising for fast 
and effective aggresome formation studies. 
Studies on aggresome formation process and 
development of methods for their visualisation 
can lead to invention of diagnostic tools enabling 
prediction if proteasome inhibitors can be 
effective in particular types of malignancy. In 
times of more and more personalized medicine 
and due to facts that proteasome inhibitors are 
expensive and not always effective such 
diagnostic tool would be a great benefit for 
patients and the public health system.  
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