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Abstract

Introduction

In cancer treatment an attempt has been made to pharmacologically regulate the protea-
some functions, thus the aim was to test whether 20S proteasome chymotrypsin-like (ChT-
L) activity has a role in glial brain tumors. Furthermore, we analyzed the correlation between
proteasome activity and IL-8, CCL2, NF-kB1 and NF-kB2 concentrations, which impact on
brain tumors has already been indicated.

Methods

Plasma 20S proteasome ChT-L activity was assayed using the fluorogenic peptide sub-
strate Suc-Leu-Leu-Val-Tyr-AMC in the presence of SDS. IL-8, CCL2, NF-kB1 and NF-kB2
concentration was analyzed with the use of ELISA method. Immunohistochemistry for
IDH1-R132H was done on 5-microns—thick formalin-fixed, paraffin-embedded tumor sec-
tions with the use of antibody specific for the mutant IDH1-R132H protein. Labelled strepta-
vidin biotin kit was used as a detection system.

Results

Brain tumor patients had statistically higher 20S proteasome ChT-L activity (0.649 U/mg)
compared to non-tumoral individuals (0.430 U/mg). IDH1 wild-type patients had statistically
higher 20S proteasome ChT-L activity (1.025 U/mg) compared to IDH71 mutants (0.549 U/
mg). 20S proteasome ChT-L activity in brain tumor patients who died as the consequence
of a tumor (0.649) in the following 2 years was statistically higher compared to brain tumor
patients who lived (0.430 U/mg). In brain tumor patients the 20S proteasome ChT-L activity
positively correlated with IL-8 concentration.
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Conclusions

Elevated 20S proteasome ChT-L activity was related to the increased risk of death in glial
brain tumor patients. A positive correlation between 20S proteasome ChT-L activity and IL-8
concentration may indicate the molecular mechanisms regulating glial tumor biology. Thus
research on proteasomes may be important and should be carried out to verify if this protein
complexes may represent a potential therapeutic target to limit brain tumor invasion.

Introduction

Gliomas account for about 30% of all brain and central nervous system (CNS) tumors [1]. The
most common malignant primary brain tumor originating from glial cells and one of the most
expensive cancers to treat is glioblastoma (GBM). Patients’” prognosis is very poor due to the
resistance of the tumor to chemo- and radiotherapy, the aggressive cancer phenotype and
because of angiogenesis induced by the significant elevation of the vascular-endothelial growth
factor (VEGF) expression [2, 3]. Statistics indicate that median patient survival is 14 months
from diagnosis [4, 5]. Therefore glioblastoma is still a therapeutic challenge as a highly infiltra-
tive, proliferative, and resistant tumor. Regulation of the cell cycle and the induction of the
apoptosis by proteasome modulation, mainly by inhibiting chymotrypsin-like activity seems
to be very promising in controlling tumor progression [6]. Some studies suggested that protea-
somal activity is important in the process of tumor cell proliferation and development of
tumor drug resistance [7]. Proteasome are large multicatalytic proteinase complexes which are
responsible for more than 80% of the intracellular protein degradation, including proteins cru-
cial to cell cycle regulation, apoptosis and programmed cell death [8]. They are involved in the
degradation of a range of endogeneous proteins associated with cancer, including transcrip-
tion factors, cyclins, Bax, p53, p27 and inhibitor of NF-xB and therefore they may become a
potential target for cancer therapy [9]. In physiological condition NF-kB is maintained in a
nonactive form due to complexing with its inhibitor (IkB). Activation of this nuclear factor by
the proteasomal degradation of IkB leads to activation of antiapoptotic genes, resulting in can-
cer cell proliferation [10]. It has been reported that nuclear factor kappa B is highly expressed
in a variety of malignant tumors such as pancreatic cancer, breast cancer and melanoma. Sev-
eral studies suggested that NF-«B signaling pathway activation may play an important role in
the occurrence and development of glioma [10]. There is also some evidence that proteasome
may be involved in the carcinomas p27 level reduction, which is associated with poor progno-
sis. Studies on colorectal and lung cancer have demonstrated that the decrease of this protein
is a consequence of the increased proteasome degradation. In astrocytic tumors the level of
P27 decreases with advancing anaplasia and in the case of glioblastoma it is almost absent [11].

The release of NF-xB mediates the expression of interleukin-8 (IL-8), one of the CXC che-
mobkines, which plays multiple roles in cancer pathophysiology [12]. IL-8 regulates apoptosis,
proliferation, and migration of glioma cells and enhances angiogenesis [12, 13]. It is also recog-
nized as an inflammatory chemoattractant for glioblastoma cells [14, 15], and moreover is
released by these cells in an autocrine fashion [15, 16]. Studies of Zhang et al [17] indicated a
significant correlation of IL-8 expression with the clinicopathological grades of gliomas. Fur-
thermore, high IL-8 expression correlated with poor outcomes for glioma patients [17].
Among factors increasing IL-8 expression in glioma patients we can distinguish: necrotic cells
[13], bradykinin [12], specific protein-1 (SP-1) [18], lipopolysaccharide (LPS) [19], prostaglan-
din E2 (PGE2) [20], or non-toxic concentrations of cadmium [21]. Another chemokine
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engaged in primary brain tumor pathogenesis is chemoattractant protein 1 (CCL2/MCP-1), a
high expression of which was found in glioblastoma, anaplastic astrocytoma, and World
Health Organization (WHO) grade 2 fibrillary astrocytoma [22, 23]. CCL2 is responsible for
the accumulation of the tumor associated macrophages (TAMs) within the tumor environ-
ment, which secrete IL-8 [23].

In the treatment of some cancers an attempt has been made to pharmacologically regulate
proteasome function [6, 24], thus it would be interesting to test the hypothesis that increased
proteasome activity also plays a role in the pathogenesis of glial brain tumors. Because available
studies indicated that isocitrate dehydrogenase 1 (IDHI) mutants showed better prognosis
compared to IDH-wildtype glioma patients at different WHO grades [25], therefore in the
next step we analyzed proteasome activity depending on the mutation of the IDHI gene. Fur-
ther, we tested the correlation between proteasome activity and IL-8, CCL2, NF-kB1 and NF-
kB2 concentrations. Finally, to explore whether proteasome activity is related to a worse prog-
nosis for patients, we analyzed the aforementioned parameters depending on patients’ survival
in the following 2 years.

Material and methods
Subjects

The research was conducted in agreement with the Helsinki-II-declaration and was approved
by the Bioethics Human Research Committee of the Medical University of Bialystok (Permis-
sion No. R-1-002/383/2015). Subjects from the study and the control group were recruited
between July 2015 and January 2018 at the Department of Neurosurgery of the Medical Uni-
versity of Bialystok. Samples were analyzed at the Department of Clinical Laboratory Diagnos-
tics, Department of Biophysics and Department of Medical Pathomorphology of the Medical
University of Bialystok.

The study group included 33 patients with a previously untreated primary brain tumor (22
males, 11 females; median age 59 years, range 39-73 years). All patients in the group were
directed to surgical resection of the tumor. The inclusion criterion was the histopathological
examination result indicating an astrocytic brain tumor diagnosis. Exclusion criteria included:
a brain tumor remission in the patient’s medical history, neurodegenerative conditions like
multiple sclerosis, neuroinfection, surgery or major trauma in the previous months.

The control group was composed of 10 non-tumoral subjects (3 males/7 females; median
age 66 years, range 25-78 years) suffering from trigeminal neuralgia due to anatomical conflict
between the trigeminal nerve and a cerebellar artery. All patients belonging to this group
revealed refractory to conservative treatment and were qualified for posterior fossa craniotomy
and microvascular decompression. Patients with any cancer in their medical history were
excluded from the study. The remaining exclusion criteria from the control group were exactly
the same as observed in the study group.

If one met the inclusion criteria, and gave an informed written consent to participate in the
study, a sample was collected. Subjects included to the study were selected randomly, as not all
of patients meting the criteria gave their permission for sample collection. Thus studied sub-
jects can be considered as a probability sample, which could be considered representative of a
larger population.

Before surgery all patients had fasting basic laboratory tests carried out between 6:00 AM
and 7:00 AM. Brain tumor group was age-matched to the control group (p>0.05). Table 1
presents demographical data and routine laboratory test results of brain tumor patients versus
non-tumoral individuals (Table 1). Table 2 presents demographical data, histopathological
examination results and WHO grading of particular brain tumor patients (Table 2).
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Table 1. Demographical data and routine laboratory tests results of brain tumor patients versus non-tumoral
individuals. Differences were considered significant with the value of p<0.05.

Brain tumor N = 33 Non-tumoral N = 10 p-value

Age (years) 59 (48-67) 66 (47-68) 0.561
Gender: Male/Female 22/11 3/7 -

WBC [x10%/ul] 12.31 (8.31-17.90) 6.02 (4.71-7.49) 0.000
Na* [mmol/l] 138 (136-140) 140 (136-140) 0.682
K* [mmol/l] 4.6 (4.3-4.8) 4.5 (4.2-4.7) 0.542
Glucose [mg/dl] 114(85-153) 89 (86-103) 0.133
Urea [mg/dl] 47 (38-58) 30 (20-49) 0.024
Creatinine [mg/dI] 0.78 (0.76-0.89) 0.78 (0.69-0.83) 0.419
eGFR [ml/min/1.73 m?] 104 (79-111) 95 (77-104) 0.561

WBC—white blood cells count, eGFR—estimated glomerular filtration rate Conversion factor conventional to SI
unit: WBC [10°/1]—1.0, creatinine [umol/1]—88.402, eGFR [ml/s]—0.0167.

https://doi.org/10.1371/journal.pone.0238406.t001

Sample collection and storage

Blood samples collected in tubes without anticoagulant (S-Monovette™, Sarstedt) and in
EDTA-K3 tubes (S-Monovette®™, Sarstedt) were centrifuged for 20 minutes at 1000 x g. The
obtained serum and plasma supernatants were stored at -80 degrees Celsius until further

analysis.

The proteasome 20S chymotrypsin-like activity evaluation

Plasma proteasome chymotrypsin-like activity was assayed using the fluorogenic peptide sub-
strate Suc-Leu-Leu-Val-Tyr-AMC in the presence of sodium dodecyl sulfate (SDS)-selective
enzyme activator, as described by Ma et al [26] and Tylicka et al [27, 28]. 20S proteasome in
plasma has been activated by the addition of sodium dodecyl sulfate because they cannot effi-
ciently degrade peptides or proteins which are not highly denatured. Activation with SDS facil-
itates the infiltration of the protein substrate into the proteasome channel.

The activation of plasma samples was carried out with 5uL of 10% SDS for 15 min at room
temperature. The concentration of sodium dodecyl sulfate in the plasma activation phase was
1%. Subsequently 10 pL of samples were carried to reaction wells containing 30 pL of an assay
buffer (0.05% SDS in 100 mM Tris/HCI, pH = 7.5) and 10 uL of the fluorogenic peptide AMC
substrate, so that the total volume of the reaction mixture was 50 uL and concentration of SDS
was 0.03% (concentration needed to maximal activation of the 20S proteasome). The chymo-
tryptic-like activity of the proteasome cleaves the Suc-Leu-Leu-Val-Tyr-AMC leading to the
release of free AMC (7-amino-4-methylcoumarin) the quantity of which was measured using a
fluorescence microplate reader FLUOstar OPTIMA (BMG Labtech, Germany). The reaction
mixture was incubated at 37°C in a fluorescence microplate reader. Fluorescence was moni-
tored at 3 min intervals during a 60-min incubation period at an excitation wavelength of 355
nm and an emission wavelength of 460 nm. The amount of AMC released from the substrate
per minute was expressed as one unit of the 20S proteasome chymotrypsin-like activity (pmol/
min = U). Specific activity was expressed in a unit by the amount of total protein (U/mg), the
concentration of which, in plasma samples, was determined by the Bradford method, using
the Bio-Rad assay reagent with bovine serum albumin as the standard. All assays were per-
formed in triplicates.

Based on our earlier research [29] plasma samples were pre-incubated with the selective
proteasome inhibitor epoxomicin (1.0 uMol/L) for 15 min before the addition of a substrate to
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Table 2. Demographical data, histopathological examination results and WHO grading of particular brain tumor patients.

No. Histopathological Sex | Age | WHO | GFAP p53 Ki-67 EGFR IDH1
examination
1 Diffuse astrocytoma M | 39 (+) (+) (+) in about 2% cells -) (-)
2 Glioblastoma M | 45 (+) (+) in about 10% (+)in about 30% cells (++) )
cells
3 Glioblastoma F | 67 4 (+) (+) in about 20% (+) in about 30% cells (++) (-)
cells
4 Anaplastic astrocytoma M | 60 4 (+) (+) in the single (+) in about 20% cells (+) (-)
cells
5 Diffuse astrocytoma F | 70 2 (+) (+) in the single (+) in about 1% cells ) )
cells
6 Glioblastoma M | 41 4 (+) (+) (+) in about 60% cells (+) in parts of neoplastic (+)
tissue
Glioblastoma F | 73 4 (+) (+) (+) in about 20% cells (+) (+)
Glioblastoma F | 72 4 (+) (+) (+) in about 40% cells (+) (+)
Gliosarcoma M | 58 4 (+) (+) (+) in about 30% cells (++) (+)
10 Glioblastoma M | 55 4 (+) (+) (+) in about 30% cells (+) (+) focally
11 Anaplastic glioma M | 57 3 (+) (+) (+) in about 20% cells (+) )
12 Glioblastoma F | 44 4 (+) (+) in about 30% (+) in about 20% cells (+) )
cells
13 Glioblastoma M | 57 4 (+) (+) (+) in about 40% cells (+) (+) in the single
cells
14 Glioblastoma F | 62 4 (+) (+) in about 30% (+) in about 80% cells -) )
cells
15 Pilocytic astrocytoma M | 42 1 (+) (+) in the single (+) in 2% cells (-) )
cells
16 Glioma F | 65 (+) (+) in 40% cells (+) in 20% cells (+) (-)
17 Glioblastoma M | 59 (+) (+) in 20% cells (+) in 30% cells (++) ()
18 Glioblastoma F | 51 (+) (+) in about 10% (+) in about 10% cells (+) (+)
cells
19 Glioblastoma M| 72 4 (+) (+) in about 10% (+) in about 10% cells (+) )
cells
20 Anaplastic astrocytoma F | 40 3 (+) (+) (+) in about 10-15% (+) ()
cells
21 Glioblastoma M | 44 4 (+) (+) in about 20% (+) in about 30% cells ) (+)
cells
22 Glioblastoma M | 43 4 (+) (+) in about 30% (+) in about 50% cells ) (+)
cells
23 Glioblastoma F | 59 4 +) (+) in about 30% (+) in about 40% cells (+) )
cells
24 Glioblastoma M | 69 4 (+) (+) in about 80% (+) in about 30% cells (+) (+)
cells
25 Glioblastoma M | 67 4 (+) (+) in about 10% (+) in about 30% cells (+) ()
cells
26 Glioblastoma M | 73 (+) | (+) in about 1% cells | (+) in about 60% cells (+) (-)
27 Glioblastoma M | 63 (+) (+) in about 30% (+) in about 30% cells (+) (+)
cells
28 Glioblastoma M | 66 4 (+) (+) in about 30% (+) in about 20% cells (+) (+)
cells
29 Glioblastoma M | 48 4 (+) (+) in about 50% (+) in about 40% cells (+) (+)
cells
30 Glioblastoma M | 69 4 +) (+) in about 80% (+) in about 20% cells (+) (-)
cells
(Continued)
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Table 2. (Continued)

No. Histopathological Sex | Age | WHO | GFAP p53 Ki-67 EGFR IDH1
examination

31 Glioblastoma F | 59 4 +) (+) in about 60% (+) in about 20% cells (-) )
cells

32 Glioblastoma M | 59 4 +) (+) in about 40% (+) in about 30% cells (+) )
cells

33 Glioblastoma M | 58 4 (+) (+) in about 30% (+) in about 10% cells (+) (+)
cells

WHO—World Health Organization, GFAP—glial fibrillary acidic protein, p53—tumor protein p53, Ki-67—Ki-67 protein, EGFR—epidermal growth factor receptor,

IDH1—isocitrate dehydrogenase 1, M—male, F—female.

https://doi.org/10.1371/journal.pone.0238406.t002

confirm the specificity of the assay. Verification, if the addition of SDS causes a real increase of
proteasome catalytic activity, was established in our previous study during which plasma 20S
proteasome activity with both the addition and subtraction of sodium dodecyl sulfate was mea-
sured [28]. The SDS activation profile for Suc-Leu-Leu-Val-Tyr-AMC hydrolyzing activity in
the absence or presence of the proteasome inhibitor epoxomicin in the plasma of a brain
tumor patient is presented in Fig 1.

Serum IL-8 and CCL2 concentration analysis

IL-8 and CCL2 concentrations were analyzed with the use of an immunological ELISA
(enzyme-linked immunosorbent assay) commercially available kit (R&D Systems Europe Ltd.,
Abingdon, England) in compliance with the manufacturer’s instructions. IL-8 concentration
was measured by means of a Quantikine™ Human CXCL-8/IL-8 Immunoassay kit (Catalog
number: D8000C). Serum was not diluted prior to analysis. The manufacturer of the assay kit
referred to the intra-assay coefficient of variation (CV%) as 5.6% at IL-8 mean concentration
of 168 + 9.4 pg/mL. The detection range for the used CXCL-8/IL-8 ELISA kit is between 0.00-
2000 pg/mL. CCL2 concentration was measured by means of a Quantikine™ Human CCL2/

20S proteasome ChT-L activity [U/mg]

0,06

=@=-without epoxomicin —e—with epoxomicin

Fig 1. Sodium dodecyl sulfate (SDS) activation profile for Suc-Leu-Leu-Val-Tyr-AMC hydrolyzing activity in the
absence or presence of the proteasome inhibitor epoxomicin in plasma of patient with brain tumor.

https://doi.org/10.1371/journal.pone.0238406.9001
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MCP-1 Immunoassay kit (Catalog number: DCP00). Serum samples were diluted 2-fold prior
to analysis. The manufacturer of the assay kit referred to the intra-assay coefficient of variation
(CV%) as 7.8% at CCL2 mean concentration of 76.7 + 6.0 pg/mL. The detection range for the
used CCL2/MCP-1 ELISA kit is between 0.00-2000 pg/mL.

Plasma NF-kB1 and NF-kB2 concentration analysis

Plasma samples were not diluted prior to analysis. NF-xB1 (p105) concentration was measured
using a Human NFKBI kit (Catalog number orb563366) from Biorbyt Ltd., Cambridge,
England. The detection range for the kit is between 0.0-20 ng/mL. The manufacturer of the
assay kit referred to the intra-assay coefficient of variation (CV%) as 8%. NF-«xB2 (p100) con-
centration was measured using a Human NFKB2 kit (Catalognumber: orb563844) from Bior-
byt Ltd., Cambridge, England. The detection range for the kit is between 0.0-20 ng/mL. The
manufacturer of the assay kit referred to the intra-assay CV% as 8%.

IDH1 mutation detection

Immunohistochemistry for IDH1-R132H was done on 5-micron-thick formalin-fixed, paraf-
fin-embedded tumor sections with the use of antibody specific for the mutant IDH1-R132H
protein (HO09, Dianova, dil 1:100). A labelled streptavidin biotin kit was used as a detection sys-
tem (Agilent, Denmark)). Antigen retrieval was performed in citrate buffer (pH, 6.0) in a
pTLink (Agilent).

Combined cytoplasmic and nuclear staining was interpreted as immunopositive. The
3-tiered semiquantitative system results were as follows: negative, if no tumor cell was immu-
nopositive; partly positive (focal positivity), if there was an admixture of immunopositive and
immunonegative tumor cells or areas of immunopositive and immunonegative tumor cells
were adjacent to each other; complete positivity (diffuse positivity), if all the tumor cells were
immunopositive.

Statistical data analysis

Statistical analysis was performed using the STATISTICA PL release 12.5 Program. All results
are presented as median with 25% and 750 percentiles (interquartiles, 1Qs). The data was
tested for normality using the Shapiro-Wilk test. As the tested parameters did not follow the
normal distribution, to compare two independent study groups the non-parametrical Mann-
Whitney U test (two-sided nature) was used. Correlation coefficients analysis was obtained by
applying Spearman’s rank method. A Receiver operator characteristic (ROC) curve was gener-
ated to calculate the area under the ROC curve (AUC). The Youden index, which is a function
of sensitivity and specificity, was estimated to indicate an optimal cut-off value. Within the
whole brain tumor group we also performed Kaplan-Meier survival analysis. Differences
between variables were considered significant with the value of two-tailed p<0.05.

Results

The 20S proteasome chymotrypsin-like (ChT-L) activity, NF-kB1, NF-xB2, IL-8 and CCL2
concentration were analyzed retrospectively. The 20S proteasome ChT-L activity, NF-xB1 and
NF-kB2 concentration were analyzed in 31 brain tumor samples and 10 non-tumoral individ-
uals (in 2 brain tumor cases we did not have preserved plasma samples). IL-8 concentration
was analyzed in 33 brain tumor patients and 10 control subjects. CCL2 concentration was ana-
lyzed in 32 brain tumor patients and 10 control individuals (in 1 case we did not have a
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Fig 2. The 208 proteasome chymotrypsin-like (ChT-L) activity, IL-8, CCL2, NF-kB1 and NF-kB2 concentrations in brain tumor patients
compared to non-tumoral individuals.

https://doi.org/10.1371/journal.pone.0238406.9002

sufficient serum volume to conduct analysis). If a case had missing data for any of the vari-
ables, it was simply excluded from the analysis. It is usually the default in statistical packages
[30].

The proteasome 20S ChT-L activity results

Brain tumor patients had statistically higher 20S proteasome ChT-L activity compared to non-
tumoral individuals (p = 0.0128) (Fig 2). To analyze how much the low grade tumors (1 and 2
WHO grade) influence the entire data including the 20S proteasome ChT-L activity, in the
next step we compared only WHO grade 3-4 brain tumor patients to the control subjects. The
proteasome 20S ChT-L activity in WHO grade 3-4 astrocytic brain tumor patients (N = 29)
was also statistically higher (0.635 U/mg) compared to the control group (0.430 U/mg)

(p =0.0179). Analysis of the 20S proteasome ChT-L activity in brain tumor patients depending
on the IDHI mutation found that IDHI wild-type individuals had statistically higher protea-
some activity compared to IDHI mutants (p = 0.0261) (Fig 3). Elevation in 20S proteasome
ChT-L activity in the brain tumor group was also related to an increased risk of death for these
patients. The median value of this parameter in brain tumor patients who died as a conse-
quence of a tumor in the following 2 years was statistically higher compared to brain tumor
patients who lived (p = 0.0138) (Fig 4).

IL-8 and CCL2 concentration results

Serum IL-8 concentration was higher in brain tumor patients as compared to the control
group, but the difference was not significant (p = 0.2486) (Fig 2). We also did not observe a
significant difference between IL-8 concentrations in brain tumor patients who died as a
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Fig 3. The 20S proteasome chymotrypsin-like (ChT-L) activity in brain tumor patients depending on the IDHI mutation.
https://doi.org/10.1371/journal.pone.0238406.9003

consequence of disease in the following 2 years compared to brain tumor patients who sur-
vived (p = 0.0674) (Fig 4).

Serum CCL2 concentration was statistically lower in brain tumor patients compared to the
non-tumoral group (p<0.001) (Fig 2). Similarly as with the IL-8 results, there was no associa-
tion between CCL2 concentration and an increased risk of death in brain tumor patients in
the following 2 years, as chemokine levels did not differ between patients who had died com-
pared to patients who had lived (p = 0.5261) (Fig 4).

NF-kB1 and NF-kB1 concentration results

Plasma NF-kB1 concentration in brain tumor patients was similar to the control group

(p = 0.3293). We did not observe a difference between NF-xB1 concentration in brain tumor
patients who died compared to brain tumor patients who survived the following two years

(p = 0.4892). Plasma NF-«B2 concentration in brain tumor patients was significantly higher
compared to the control group (p = 0.0024). Similarly as with NF-xB1, we also did not observe
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Fig 4. The 208 proteasome chymotrypsin-like (ChT-L) activity, IL-8, CCL2, NF-kB1 and NF-kB2 concentrations in brain tumor patients who died
compared to brain tumor patients who survived the following two years.

https://doi.org/10.1371/journal.pone.0238406.9004

a difference between the NF-xB2 concentration in brain tumor patients who died compared to
brain tumor patients who survived the following 2 years (p = 0.1148) (Figs 2 and 4).

Correlation coefficient analysis results

The 20S proteasome ChT-L activity was correlated with IL-8, CCL2, NF-xB1 as well as NF-
kB2 concentration. In brain tumor patients the 20S proteasome ChT-L activity showed a posi-
tive correlation with only IL-8 concentration (r = 0.508; p = 0.0031) (Fig 5); we did not observe
a relationship between the 20S proteasome ChT-L activity and CCL2, NF-xB1 as well as the
NF-kB2 concentration (p>0.05). In the control group we did not observe any correlation
between the proteasome ChT-L activity and IL-8, CCL2, NF-xB1 as well as the NF-xB2 con-
centration (p>0.05).

Receiver operated characteristic (ROC) curve analysis

To indicate the optimal threshold value useful in differentiating brain tumor patients from
non-tumoral individuals we conducted the ROC curve analysis. The optimal cut-off point for
the 20S proteasome ChT-L activity was 0.485 U/mg. The area under the ROC curve (AUC)
for the 20S proteasome ChT-L activity was statistically higher than the value of 0.5 (Fig 6,
Table 3).
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concentration in brain tumor patients.
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Fig 6. Receiver operated characteristic (ROC) curve analysis in differentiating brain tumor patients from non-
tumoral individuals. The area under the ROC curve (AUC) for the 20S proteasome ChT-L activity equal to 0.761, the
optimal cut-off point equal to 0.485 U/mg.

https://doi.org/10.1371/journal.pone.0238406.g006

Table 3. Diagnostic utility of the 20S proteasome ChT-L activity evaluation to discriminate primary brain tumor patients from non-tumoral individuals.

AUC + SE p-value Youden Index Cut-off Sensitivity Specificity Diagnostic accuracy
20S proteasome ChT-L activity 0.761 + 0.087 0.0026 0.51 0.485 U/mg 81% 70% 78%

ChT-L—chymotrypsin-like; AUC—area under the ROC curve; SE—standard error; Cut-off—optimal cut-off based on the highest Youden Index.

https://doi.org/10.1371/journal.pone.0238406.t003
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Fig 7. Kaplan-Meier survival analysis for brain tumors patients. Based on the optimal cut-off point for the 20S
proteasome ChT-L activity useful in differentiating brain tumor patients from non-tumoral individuals tumoral
subjects were divided into those with 20S proteasome ChT-L activity <0.485 U/mg and those with 20S proteasome
ChT-L activity >0.485 U/mg.

https://doi.org/10.1371/journal.pone.0238406.g007

Kaplan-Meier survival analysis

Survival status for the studied patients was updated in February 2020. The median survival-
time was 435 days (range 3-730 days). During this period 18 (55%) astrocytic brain tumor
patients had died.

Based on the optimal cut-off point for the 20S proteasome ChT-L activity useful in differen-
tiating brain tumor patients from non-tumoral individuals we divided astrocytic brain tumor
patients into those with 20S proteasome ChT-L activity <0.485 U/mg and those with 20S pro-
teasome ChT-L activity >0.485 U/mg. The overall survival (OS) curves of these subgroups
were significantly different (P = 0.0147) (Fig 7).

Discussion

The proteasome activity significantly affects the course of major biological processes. Decreas-
ing proteasome activity impairs the degradation of pathological proteins and causes their
accumulation in the cell, while overactive proteasome activity causes deficiency of proteins
necessary for the functioning of the body. Evaluation of proteasome activity, as a marker of the
course of various diseases, may be useful in their diagnosis [24]. Attempts are currently being
made to pharmacologically regulate the function of proteasome [24, 31-34], which indicates
another potential practical application of proteasome activity analysis in the course of various
diseases.

In the current study we found enhanced 20S proteasome chymotrypsin-like (ChT-L) activ-
ity in glial brain tumor patients, which moreover was related to an increased risk of death and
worse clinical outcomes for these patients. Elevated 20S proteasome ChT-L activity in the glial
brain tumor group compared to non-tumoral subjects may indicate a specific protection of
cancer cells against apoptosis. Many cancers are connected with higher proteasome activity
leading to degradation of proapoptotic proteins of the Bcl-2 family, negative cell cycle regula-
tors (p53, p21Wafl/Cipl, p27Kipl) and IkB protein. Degradation of IxB leads to transcription
factor NF-xB activation, which induces cancer cell survival and promotes inflammation [35].
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The Mammalian NF-kB family encompasses five members: RelA/p65, c-Rel, RelB, NF-xB1
p50, and NF-kB2 p52 [36, 37]. They participate in various biological processes, including
immune response, inflammation, cell growth, survival, and development. NF-kB1 and NF-
kB2 are synthesized as precursor proteins, p105 and p100. Generally, NF-«B activation occurs
by release from the IxB molecules or by cleavage of the inhibitory ankyrin repeat domains of
NF-xB1 (p105) and NF-xB2 (p100). This is achieved by the proteasomal degradation of the
IxB or by partial degradation of the precursors p105 and p100 [38]. In our research, both brain
tumor patients as well as control subjects had relatively small plasma NF-xB1 (p105) and NF-
kB2 (p100) concentration. On the one hand this could be related to anti-inflammatory treat-
ment to which the study patients were subjected [39]. On the other hand the study of Moorthy
et al [40] present that 20S proteasomes endoproteolytically cleave the fully synthesized p105
and selectively degrade leading to p50 generation in an ubiquitin-independent manner. The
authors suggest that the basal degradation is mediated by the core 20S proteasomes which
supports the notion that the 208S, but not the 26S, carries out p105 processing in vivo. Thus
increased proteasome 20S ChT-L activity in patients with brain tumors compared to non-
tumoral individuals may explain the low concentration of precursor proteins p105 in the cur-
rent study.

On the other hand, the processing of p100 is tightly regulated by the non-canonical pathway
of NF-kB activation and depends on both phosphorylation and ubiquitination [41] which can
explain that NF-kB2 concentration was statistically higher in brain tumor patients compared
to non-tumoral individuals. It may suggest, that in astrocytic brain tumor patients the non-
canonical NF-kB pathway is activated, leading to the inducement of RelB:NF-«xB2 heterodimer
in the nucleus. In this pathway, activation of the NF-«xB inducing kinase (NIK) after stimula-
tion resulted in phosphorylation and a following proteasomal refinement of the precursor pro-
tein p100 into the mature NF-xB2 (p52) subunit in an IKKo/IKK1 dependent manner [42].

We also found that brain tumor IDH1 wild-type individuals had statistically higher ChT-L
proteasome activity compared to IDHI mutants. Isocitrate dehydrogenase 1 (IDH1) is an
enzyme of the Krebs cycle that is the final pathway for the oxidation of proteins, fatty acids and
carbohydrates. IDH1 catalyzes the conversion of isocitrate to alpha-ketoglutarate and plays a
role in regulating the activity of the chain of subsequent oxidative phosphorylation, the final
effect of which is the formation of ATP, GTP and precursors of significant chemical com-
pounds [43]. IDHI mutation is observed in more than 80% of WHO II and WHO III grade
malignant gliomas and secondary GBM, while they are very rare in primary GBM, ependymo-
mas and hepatocellular astrocytoma [44]. The consequence of the occurrence of the IDHI
mutation is a decrease in the enzyme activity and a decrease in the alpha-ketoglutarate concen-
tration, which is a substrate for prolyl hydroxylases. These hydroxylases under normal oxygen
concentration in the cells break down the alpha subunit of hypoxia inducible factor 1 (HIF1).
In a situation of alpha-ketoglutarate deficiency, the cells behave as if they were hypoxic. The
biological effect of the IDHI mutation therefore partially depends on HIF1 induction [45].

The survival rate for malignant glioma patients is still very poor, mostly due to resistance of
glioma cells against applied therapy [46]. In the current study we found that enhanced protea-
some ChT-L activity in the brain tumor group was significantly related to the poor prognosis
in these patients. This is the reason why proteasome should represent a potential target for
novel anti-brain tumor therapies and clearly indicates the usefulness of proteasome ChT-L
activity evaluation.

Proteasome inhibitors encompass chemotherapeutic drugs with the ability to block NF-xB
activity [32]. Alvarez-Castelao et al [47] show that 20S proteasomes can be directly involved in
degradation of NF-«xB inhibitors. Our research indicated that elevated 20S proteasome ChT-L
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activity may have an impact on NF-«xB activation by degradation of NF-kB1 and NF-kB2
which in the form of homodimers serve as NF-kB inhibitors.

The proteasome activity inhibitor named bortezomib (MLN341, PS-341, LDP-341) is cur-
rently applied in clinical trials for cancer treatment, including brain tumors [31-34]. Unfortu-
nately, it seems that bortezomib failed to inhibit the growth of gliomas in vivo, as phase I
clinical trial of Phuphanich et al [32] did not indicate the efficacy of bortezomib in these
patients. The failure of this therapy probably resulted from the limited penetration through the
blood brain-barrier (BBB) [48], which is responsible for the selective transport of soluble and
cellular factors between blood and the central nervous system [49]. Therefore in the future
new proteasome inhibitors, enabling easier penetration of the BBB, will be developed. A novel
proteasome inhibitor against gliomas could be SC68896 inducing cell cycle arrest and apopto-
sis in malignant cells and moreover sensitizing glioma cells to death ligands [46]. Therefore a
practical aspect of our findings is the possibility of using the 20S proteasome ChT-L activity
evaluation in routine clinical assessment of brain tumor patients’ response to applied protea-
some inhibitor chemotherapy.

Increased proteasome activity leads to an elevation in the transcription factor NF-«B, that
in turn causes IL-8 expression elevation [12] both in endothelial cells as well as in GBM cells
[50]. As a consequence angiogenesis- and stem cell-related signaling pathways are activated.
IL-8 promotes vascularization via growth factors modulation, mobilization of enzymes respon-
sible for matrix remodeling, and moreover activation of tumorigenesis-associated pathways:
STATS3 (Signal Transducer and Activator of Transcription 3), MAPK (Mitogen Activated Pro-
tein Kinase), and PI3K (phosphoinositide 3-kinase) [50]. In the present study we found a posi-
tive correlation between proteasome ChT-L activity and serum IL-8 concentration, which also
indicates the direct relationship between altered proteasome activity and a worse outcome for
brain tumor patients. Interestingly, we did not observe a relationship between the proteasome
ChT-L activity and serum CCL2 concentration, which is another potential factor responsible
for cancer progression [51, 52].

Data presented in the Cancer Genome Atlas and Ivy Glioblastoma Atlas Project showed
that there is a negative correlation between IL-8 transcript expression and patient survival with
GBM. IL-8 transcript expression moreover positively correlated with KLF4 (Kruppel-like fac-
tor 4), c-Myc oncogene, and HIF2a. [53], which are molecular hallmarks of glioma-initiating
cells (GICs). Studies of Hasan et al [53] in murine models found that IL-8 knockdown signifi-
cantly decreased patient-derived xenograft (PDX) GBM tumor growth in vivo. The authors
also observed that TMZ-induced IL-8 increases the trimethylation of histones H3K27 and
H3K9, which indicates that IL-8-mediated signaling takes part in regulation of glioblastoma
cells to stress caused by applied chemotherapy.

One limitation of the study could be the small number of studied patients. The number of
observations is the basis for calculating the number of degrees of freedom for the analyzed test,
and thus has an impact on whether the obtained result will be statistically significant or not.
On the other hand, the larger the number, the smaller the difference between the examined
groups turns out to be statistically significant [54]. In our study, despite the small number of
cases, we obtained statistically significant differences. We also did not perform the sample size
calculation, which could also be considered as a study limitation. However, it is usually done
in big cooperative studies including cohorts. We only aimed to test the hypothesis whether the
evaluation of proteasome ChT-L activity could be considered as an objective and quantifiable
marker of glial brain tumors. Usually only the I-st type of statistical errors is considered in this
type of “preliminary” study (error of false rejecting a null hypothesis) whereas the II-nd type
(error of false admitting of an alternate hypothesis) is not taken into consideration. As the
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latter is usually bigger by a large margin, those studies should be undertaken to reach a real,
final conclusions.

In the current study we measured the proteasome ChT-L activity, NF-xB1, NF-«kB2, IL-8,
and CCL2 in the blood only, which is another study limitation. Moreover, the p65/RelA con-
centration should also be measured. It would be also interesting if the 20S proteasome ChT-L
activity correlates with these proteins at the cellular level. Thus further studies should be
designed with the use of glioblastoma (GBM) tissue and GBM cell lines. Nevertheless this
aspect deserves to be developed further.

Our findings indicate that elevated 20S proteasome ChT-L activity is related to an increased
risk of death and worse clinical outcomes in glial brain tumor patients. A positive correlation
between 20S proteasome ChT-L activity and serum IL-8 concentration may indicate the
molecular mechanisms regulating glial tumor biology. Therefore 20S proteasome ChT-L activ-
ity control and regulation may represent a potential therapeutic target to limit brain tumor
invasion. Elevated 20S proteasome ChT-L activity may affect plasma NF-xB1 and NF-xB2
concentration and thereby may activate nuclear factor kappa B which has a critical role to play
in cancer development and progression.

In the context of these findings, it would be reasonable to conduct further studies on pro-
teasome inhibitor application in the course of glial brain tumors. In this aspect the evaluation
of proteasome activity would be very useful in clinical practice to assess a patient’s response to
applied therapy.

Supporting information

S1 Raw data.
(RAR)

Acknowledgments

We are grateful to Zenon Mariak, Professor, Marek Jadeszko, MD, and Karol Sawicki, MD
from the Department of Neurosurgery of the Medical University of Bialystok for their help
with material collection. We are grateful to Martin Lenkiewicz, MSc, for his language assis-
tance. We are grateful to Anna J. Milewska from the Department of Statistics and Medical
Informatics of the Medical University of Bialystok for her assistance with statistical analysis.
The article was proof read by Jan Dobrodumow—a native English speaker (Smart Talk
English).

Author Contributions

Conceptualization: Olga Martyna Koper-Lenkiewicz, Marzena Tylicka.
Data curation: Olga Martyna Koper-Lenkiewicz.

Formal analysis: Olga Martyna Koper-Lenkiewicz, Marzena Tylicka.
Funding acquisition: Olga Martyna Koper-Lenkiewicz, Marzena Tylicka.

Investigation: Olga Martyna Koper-Lenkiewicz, Joanna Kaminska, Joanna Resze¢, Violetta
Dymicka-Piekarska, Marzena Tylicka.

Methodology: Olga Martyna Koper-Lenkiewicz, Joanna Kaminska, Joanna Resze¢, Violetta
Dymicka-Piekarska, Marzena Tylicka.

Project administration: Olga Martyna Koper-Lenkiewicz, Marzena Tylicka.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238406 September 4, 2020 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238406.s001
https://doi.org/10.1371/journal.pone.0238406

PLOS ONE

Plasma 20S proteasome chymotrypsin-like activity in glial brain tumor patients

Software: Olga Martyna Koper-Lenkiewicz.

Visualization: Olga Martyna Koper-Lenkiewicz, Marzena Tylicka.

Writing - original draft: Olga Martyna Koper-Lenkiewicz, Marzena Tylicka.

Writing - review & editing: Joanna Kaminska, Joanna Resze¢, Violetta Dymicka-Piekarska,

Halina Ostrowska, Maria Karpinska, Joanna Matowicka-Karna.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Goodenberger ML, Jenkins RB. Genetics of adult glioma. Cancer Genet. 2012; 205: 613-621. https:/
doi.org/10.1016/j.cancergen.2012.10.009 PMID: 23238284

Villa C, Miquel C, Mosses D, Bernier M, Di Stefano AL. The 2016 World Health Organization classifica-
tion of tumours of the central nervous system. Presse Med. 2018; 47: e187—e200. https://doi.org/10.
1016/j.Ipm.2018.04.015 PMID: 30449638

Yoo YD, Lee D, Cha-Molstad H, Kim H, Mun SR, Ji C, et al. Glioma-derived cancer stem cells are hyper-
sensitive to proteasomal inhibition. EMBO Rep. 2017; 19: e46380. https://doi.org/10.15252/embr.
201642360 PMID: 27993939

Balga-Silva J, Matias D, do Carmo A, Sarmento-Ribeiro AB, Lopes MC, Moura-Neto V. Cellular and
molecular mechanisms of glioblastoma malignancy: Implications in resistance and therapeutic strate-
gies. Semin Cancer Biol. 2019; 58: 130—141. https://doi.org/10.1016/j.semcancer.2018.09.007 PMID:
30266571

Infanger DW, Cho Y, Lopez BS, Mohanan S, Liu SC, Gursel D, et al. Glioblastoma Stem Cells Are Reg-
ulated by Interleukin-8 Signaling in a Tumoral Perivascular Niche. Cancer Res. 2013; 73: 7079-7089.
https://doi.org/10.1158/0008-5472.CAN-13-1355 PMID: 24121485

Laurent N, de Bouiard S, Guillamo J-S, Christov C, Zini R, Jouault H, et al. Effects of the proteasome
inhibitor ritonavir on glioma growth in vitro and in vivo. Mol Cancer Ther. 2004; 3: 129—136. Available:
http://www.ncbi.nIim.nih.gov/pubmed/14985453 PMID: 14985453

Chen D, Ping Dou Q. The Ubiquitin-Proteasome System as a Prospective Molecular Target for Cancer
Treatment and Prevention. Curr Protein Pept Sci. 2010; 11: 459—470. https://doi.org/10.2174/
138920310791824057 PMID: 20491623

Voorhees PM, Dees EC, O’Neil B, Orlowski RZ. The Proteasome as a Target for Cancer Therapy. Clin
Cancer Res. 2003; 9: 459-470.

Wei X, Zeng W, Xie K, Diao P, Tang P. Potential use of chymotrypsin-like proteasomal activity as a bio-
marker for prostate cancer. Oncol Lett. 2018; 15: 5149-5154. https://doi.org/10.3892/01.2018.7936
PMID: 29552150

Xu X, Yang H, Wang X, Tu Y. The significance of nuclear factor-kappa B signaling pathway in glioma: A
review. Cancer Transl Med. 2017; 3: 181—-184. https://doi.org/10.4103/ctm.ctm_48_16

Roberto Piva, lacopo Cancelli, Paola Cavalla, Simona Bortolotto, Jorge Dominguez, Draetta Giulio F, S
D. No Title Proteasome-dependent degradation of p27/kip1 in gliomas. J Neuropathol Exp Neurol.
1999; 58: 691-696. https://doi.org/10.1097/00005072-199907000-00002 PMID: 10411338

Liu YS, Hsu JW, Lin HY, Lai SW, Huang BR, Tsai CF, et al. Bradykinin B1 receptor contributes to inter-
leukin-8 production and glioblastoma migration through interaction of STAT3 and SP-1. Neuropharma-
cology. 2019; 144: 143—154. https://doi.org/10.1016/j.neuropharm.2018.10.033 PMID: 30366000

Ahn SH, Park H, Ahn YH, Kim S, Cho MS, Kang JL, et al. Necrotic cells influence migration and invasion
of glioblastoma via NF-y* B/AP-1-mediated IL-8 regulation. Sci Rep. 2016; 6: 1-12.

Raychaudhuri B, Vogelbaum MA. IL-8 is a mediator of NF-kB induced invasion by gliomas. J Neuroon-
col. 2011; 101: 227-235. https://doi.org/10.1007/s11060-010-0261-2 PMID: 20577780

Wakabayashi K, Kambe F, Cao X, Murakami R, Mitsuyama H, Nagaya T, et al. Inhibitory effects of
cyclosporin A on calcium mobilization-dependent interleukin-8 expression and invasive potential of
human glioblastoma U251MG cells. Oncogene. 2004; 23: 6924—-6932. https://doi.org/10.1038/sj.onc.
1207778 PMID: 15286717

Sun S, Wang Q, Giang A, Cheng C, Soo C, Wang C-Y, et al. Knockdown of CypA inhibits interleukin-8
(IL-8) and IL-8-mediated proliferation and tumor growth of glioblastoma cells through down-regulated
NF-kB. J Neurooncol. 2011; 101: 1-14. https://doi.org/10.1007/s11060-010-0220-y PMID: 20454998

Zhang B, ShiL, Lu S, Sun X, LiuY, Li H, et al. Autocrine IL-8 promotes F-actin polymerization and medi-
ate mesenchymal transition via ELMO1-NF-kB-Snail signaling in glioma. Cancer Biol Ther. 2015; 16:
898-911. https://doi.org/10.1080/15384047.2015.1028702 PMID: 25870011

PLOS ONE | https://doi.org/10.1371/journal.pone.0238406 September 4, 2020 16/18


https://doi.org/10.1016/j.cancergen.2012.10.009
https://doi.org/10.1016/j.cancergen.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23238284
https://doi.org/10.1016/j.lpm.2018.04.015
https://doi.org/10.1016/j.lpm.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/30449638
https://doi.org/10.15252/embr.201642360
https://doi.org/10.15252/embr.201642360
http://www.ncbi.nlm.nih.gov/pubmed/27993939
https://doi.org/10.1016/j.semcancer.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30266571
https://doi.org/10.1158/0008-5472.CAN-13-1355
http://www.ncbi.nlm.nih.gov/pubmed/24121485
http://www.ncbi.nlm.nih.gov/pubmed/14985453
http://www.ncbi.nlm.nih.gov/pubmed/14985453
https://doi.org/10.2174/138920310791824057
https://doi.org/10.2174/138920310791824057
http://www.ncbi.nlm.nih.gov/pubmed/20491623
https://doi.org/10.3892/ol.2018.7936
http://www.ncbi.nlm.nih.gov/pubmed/29552150
https://doi.org/10.4103/ctm.ctm_48_16
https://doi.org/10.1097/00005072-199907000-00002
http://www.ncbi.nlm.nih.gov/pubmed/10411338
https://doi.org/10.1016/j.neuropharm.2018.10.033
http://www.ncbi.nlm.nih.gov/pubmed/30366000
https://doi.org/10.1007/s11060-010-0261-2
http://www.ncbi.nlm.nih.gov/pubmed/20577780
https://doi.org/10.1038/sj.onc.1207778
https://doi.org/10.1038/sj.onc.1207778
http://www.ncbi.nlm.nih.gov/pubmed/15286717
https://doi.org/10.1007/s11060-010-0220-y
http://www.ncbi.nlm.nih.gov/pubmed/20454998
https://doi.org/10.1080/15384047.2015.1028702
http://www.ncbi.nlm.nih.gov/pubmed/25870011
https://doi.org/10.1371/journal.pone.0238406

PLOS ONE

Plasma 20S proteasome chymotrypsin-like activity in glial brain tumor patients

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

Florczyk U, Czauderna S, Stachurska A, Tertil M, Nowak W, Kozakowska M, et al. Opposite effects of
HIF-1a and HIF-2a on the regulation of IL-8 expression in endothelial cells. Free Radic Biol Med. 2011;
51: 1882—-1892. https://doi.org/10.1016/j.freeradbiomed.2011.08.023 PMID: 21925595

Braganhol E, Kukulski F, Lévesque SA, Fausther M, Lavoie EG, Zanotto-Filho A, et al. Nucleotide
receptors control IL-8/CXCL8 and MCP-1/CCL2 secretions as well as proliferation in human glioma
cells. Biochim Biophys Acta—Mol Basis Dis. 2015; 1852: 120—130. https://doi.org/10.1016/j.bbadis.
2014.10.014 PMID: 25445541

Venza M, Visalli M, Alafaci C, Caffo M, Caruso G, Salpietro FM, et al. Interleukin-8 Overexpression in
Astrocytomas Is Induced by Prostaglandin E2 and Is Associated With the Transcription Factors
CCAAT/Enhancer-Binding Protein-g and CCAAT/Enhancer-Binding Homologous Protein. Neurosur-
gery. 2011; 69: 713-721. https://doi.org/10.1227/NEU.0b013e31821954c6 PMID: 21471847

Phuagkhaopong S, Ospondpant D, Kasemsuk T, Sibmooh N, Soodvilai S, Power C, et al. Cadmium-
induced IL-6 and IL-8 expression and release from astrocytes are mediated by MAPK and NF-kB path-
ways. Neurotoxicology. 2017; 60: 82—-91. https://doi.org/10.1016/j.neuro.2017.03.001 PMID: 28288823

Domanska UM, Kruizinga RC, den Dunnen WFA, Timmer-Bosscha H, de Vries EGE, Walenkamp
AME. The chemokine network, a newly discovered target in high grade gliomas. Crit Rev Oncol Hema-
tol. 2011; 79: 154—163. https://doi.org/10.1016/j.critrevonc.2010.07.006 PMID: 20709564

Leung SY, Wong MP, Chung LP, Chan ASY, Yuen ST. Monocyte chemoattractant protein-1 expression
and macrophage infiltration in gliomas. Acta Neuropathol. 1997; 93: 518-527. https://doi.org/10.1007/
5004010050647 PMID: 9144591

Tylicka M, Matuszczak E, Karpifiska M, Debek W. Significance of increased and reduced proteasome
activity in the pathomechanism of selected disorders. Postepy Hig Med Dosw. 2016; 70: 448—458.
https://doi.org/10.5604/17322693.1201198 PMID: 27180963

Villa C, Miquel C, Mosses D, Bernier M, Di Stefano AL. The 2016 World Health Organization classifica-
tion of tumours of the central nervous system. Presse Med. 2018; 47: e187-e200. https://doi.org/10.
1016/j.Ipm.2018.04.015 PMID: 30449638

Ma W, Kantarjian H, O’Brien S, Jilani |, Zhang X, Estrov Z, et al. Enzymatic activity of circulating protea-
somes correlates with clinical behavior in patients with chronic lymphocytic leukemia. Cancer. 2008;
112: 1306-1312. https://doi.org/10.1002/cncr.23301 PMID: 18224667

Tylicka M, Matuszczak E, Karpinska M, Hermanowicz A, Debek W, Ostrowska H. Proteasome and C-
reactive protein inflammatory response in children undergoing shorter and longer lasting laparoscopic
cholecystectomy. Scand J Clin Lab Invest. 2017; 77: 610-616. https://doi.org/10.1080/00365513.2017.
1385839 PMID: 29022764

Tylicka M, Matuszczak E, Karpiriska M, Hermanowicz A, Debek W, Ostrowska H. Proteasome Activity
and C-Reactive Protein Concentration in the Course of Inflammatory Reaction in Relation to the Type of
Abdominal Operation and the Surgical Technique Used. Mediators Inflamm. 2018; 2018: 1-8. https:/
doi.org/10.1155/2018/2469098 PMID: 30405319

Ostrowska H, Hempel D, Holub M, Sokolowski J, Kloczko J. Assessment of circulating proteasome chy-
motrypsin-like activity in plasma of patients with acute and chronic leukemias. Clin Biochem. 2008; 41:
1377-13883. https://doi.org/10.1016/j.clinbiochem.2008.08.063 PMID: 18773885

Briggs A, Clark T, Wolstenholme J, Clarke P. Missing. . . presumed at random: Cost-analysis of incom-
plete data. Health Economics. 2003. https://doi.org/10.1002/hec.766 PMID: 12720255

Dahlmann B. Role of proteasomes in disease. BMC Biochem. 2007; 8: 1—-12.

Phuphanich S, Supko JG, Carson KA, Grossman SA, Burt Nabors L, Mikkelsen T, et al. Phase 1 clinical
trial of bortezomib in adults with recurrent malignant glioma. J Neurooncol. 2010; 100: 95-103. https:/
doi.org/10.1007/s11060-010-0143-7 PMID: 20213332

Mele G, Giannotta A, Pinna S, Loseto G, Coppi MR, Brocca CM, et al. Frail elderly patients with
relapsed-refractory multiple myeloma: efficacy and toxicity profile of the combination of bortezomib,
high-dose dexamethasone, and low-dose oral cyclophosphamide. Leuk Lymphoma. 2010; 51: 937—
9340. https://doi.org/10.3109/10428191003695660 PMID: 20350279

Romaguera JE, Wang M, Feng L, Fayad LE, Hagemeister F, McLaughlin P, et al. Phase 2 trial of borte-
zomib in combination with rituximab plus hyperfractionated cyclophosphamide, vincristine, doxorubicin,
and dexamethasone alternating with bortezomib, rituximab, methotrexate, and cytarabine for untreated
mantle cell ymphoma. Cancer. 2018; 124: 2561-2569. https://doi.org/10.1002/cncr.31361 PMID:
29723393

Thibaudeau TA, Smith DM. A Practical Review of Proteasome Pharmacology. Ma Q, editor. Pharmacol
Rev. 2019; 71: 170-197. https://doi.org/10.1124/pr.117.015370 PMID: 30867233

Cullen SJ, Ponnappan S, Ponnappan U. Proteasome inhibition up-regulates inflammatory gene tran-
scription induced by an atypical pathway of NF-kB activation. Biochem Pharmacol. 2010; 79: 706—714.
https://doi.org/10.1016/j.bcp.2009.10.006 PMID: 19835847

PLOS ONE | https://doi.org/10.1371/journal.pone.0238406 September 4, 2020 17/18


https://doi.org/10.1016/j.freeradbiomed.2011.08.023
http://www.ncbi.nlm.nih.gov/pubmed/21925595
https://doi.org/10.1016/j.bbadis.2014.10.014
https://doi.org/10.1016/j.bbadis.2014.10.014
http://www.ncbi.nlm.nih.gov/pubmed/25445541
https://doi.org/10.1227/NEU.0b013e31821954c6
http://www.ncbi.nlm.nih.gov/pubmed/21471847
https://doi.org/10.1016/j.neuro.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28288823
https://doi.org/10.1016/j.critrevonc.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20709564
https://doi.org/10.1007/s004010050647
https://doi.org/10.1007/s004010050647
http://www.ncbi.nlm.nih.gov/pubmed/9144591
https://doi.org/10.5604/17322693.1201198
http://www.ncbi.nlm.nih.gov/pubmed/27180963
https://doi.org/10.1016/j.lpm.2018.04.015
https://doi.org/10.1016/j.lpm.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/30449638
https://doi.org/10.1002/cncr.23301
http://www.ncbi.nlm.nih.gov/pubmed/18224667
https://doi.org/10.1080/00365513.2017.1385839
https://doi.org/10.1080/00365513.2017.1385839
http://www.ncbi.nlm.nih.gov/pubmed/29022764
https://doi.org/10.1155/2018/2469098
https://doi.org/10.1155/2018/2469098
http://www.ncbi.nlm.nih.gov/pubmed/30405319
https://doi.org/10.1016/j.clinbiochem.2008.08.063
http://www.ncbi.nlm.nih.gov/pubmed/18773885
https://doi.org/10.1002/hec.766
http://www.ncbi.nlm.nih.gov/pubmed/12720255
https://doi.org/10.1007/s11060-010-0143-7
https://doi.org/10.1007/s11060-010-0143-7
http://www.ncbi.nlm.nih.gov/pubmed/20213332
https://doi.org/10.3109/10428191003695660
http://www.ncbi.nlm.nih.gov/pubmed/20350279
https://doi.org/10.1002/cncr.31361
http://www.ncbi.nlm.nih.gov/pubmed/29723393
https://doi.org/10.1124/pr.117.015370
http://www.ncbi.nlm.nih.gov/pubmed/30867233
https://doi.org/10.1016/j.bcp.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19835847
https://doi.org/10.1371/journal.pone.0238406

PLOS ONE

Plasma 20S proteasome chymotrypsin-like activity in glial brain tumor patients

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Savinova O V., Hoffmann A, Ghosh G. The Nfkb1 and Nfkb2 Proteins p105 and p100 Function as the
Core of High-Molecular-Weight Heterogeneous Complexes. Mol Cell. 2009. https://doi.org/10.1016/j.
molcel.2009.04.033 PMID: 19524538

Hoesel B, Schmid JA. The complexity of NF-kB signaling in inflammation and cancer. Mol Cancer.
2013; 12: 86. https://doi.org/10.1186/1476-4598-12-86 PMID: 23915189

Aghai ZH, Kumar S, Farhath S, Kumar MA, Saslow J, Nakhla T, et al. Dexamethasone Suppresses
Expression of Nuclear Factor-kappaB in the Cells of Tracheobronchial Lavage Fluid in Premature Neo-
nates with Respiratory Distress. Pediatr Res. 2006; 59: 811-815. https://doi.org/10.1203/01.pdr.
0000219120.92049.b3 PMID: 16641216

Moorthy AK, Savinova O V., Ho JQ, Wang VYF, Vu D, Ghosh G. The 20S proteasome processes NF-
kB1 p105 into p50 in a translation-independent manner. EMBO J. 2006. https://doi.org/10.1038/sj.
emboj.7601081 PMID: 16619030

Chen ZJ. Ubiquitin signalling in the NF-kB pathway. Nature Cell Biology. 2005. https://doi.org/10.1038/
ncb0805-758 PMID: 16056267

Cahill KE, Morshed RA, Yamini B. Nuclear factor-kB in glioblastoma: insights into regulators and tar-
geted therapy. Neuro Oncol. 2016; 18: 329-339. https://doi.org/10.1093/neuonc/nov265 PMID:
26534766

Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, Yuan W, et al. IDH1 and IDH2 Mutations in Glio-
mas. N Engl J Med. 2009; 360: 765—-773. https://doi.org/10.1056/NEJM0a0808710 PMID: 19228619

Ohgaki H, Kleihues P. Genetic alterations and signaling pathways in the evolution of gliomas. Cancer
Sci. 2009; 100: 2235-2241. https://doi.org/10.1111/1.1349-7006.2009.01308.x PMID: 19737147

Zhao S, Lin Y, Xu W, Jiang W, Zha Z, Wang P, et al. Glioma-Derived Mutations in IDH1 Dominantly
Inhibit IDH1 Catalytic Activity and Induce HIF-1. Science (80-). 2009; 324: 261-265. https://doi.org/10.
1126/science.1170944 PMID: 19359588

Roth P, Kissel M, Herrmann C, Eisele G, Leban J, Weller M, et al. SC68896, a novel small molecule pro-
teasome inhibitor, exerts antiglioma activity in vitro and in vivo. Clin Cancer Res. 2009; 15: 6609-6618.
https://doi.org/10.1158/1078-0432.CCR-09-0548 PMID: 19825946

Alvarez-Castelao B, Castafio JG. Mechanism of direct degradation of IkBa by 20S proteasome. FEBS
Lett. 2005; 579: 4797-4802. https://doi.org/10.1016/j.febslet.2005.07.060 PMID: 16098527

Taniguchi E, Min JC, Arenkiel BR, Hansen MS, Rivera OJ, McCleish AT, et al. Bortezomib reverses a
post-translational mechanism of tumorigenesis for Patched1 haploinsufficiency in medulloblastoma.
Pediatr Blood Cancer. 2009; 53: 136—144. https://doi.org/10.1002/pbc.21968 PMID: 19213072

Haarmann A, Schuhmann MK, Silwedel C, Monoranu CM, Stoll G, Buttmann M. Human brain endothe-
lial CXCR2 is inflammation-inducible and mediates CXCL5-and CXCL8-triggered paraendothelial bar-
rier breakdown. Int J Mol Sci. 2019; 20: 1—14. https://doi.org/10.3390/ijms20030602 PMID: 30704100

McCoy MG, Nyanyo D, Hung CK, Goerger JP, Zipfel W. R, Williams RM, et al. Endothelial cells promote
3D invasion of GBM by IL-8-dependent induction of cancer stem cell properties. Sci Rep. 2019; 9: 1-14.

Takeshima H, Kuratsu J-I, Takeya M, Yoshimura T, Ushio Y. Expression and localization of messenger
RNA and protein for monocyte chemoattractant protein-1 in human malignant glioma. J Neurosurg.
1994; 80: 1056—1062. https://doi.org/10.3171/jns.1994.80.6.1056 PMID: 8189261

Negus RPM, Stamp GWH, Relf MG, Burke F, Malik STA, Bernasconi S, et al. The detection and locali-
zation of monocyte chemoattractant protein-1 (MCP-1) in human ovarian cancer. J Clin Invest. 1995;
95: 2391-2396. https://doi.org/10.1172/JCI117933 PMID: 7738202

Hasan T, Caragher SP, Shireman JM, Park CH, Atashi F, Baisiwala S, et al. Interleukin-8/CXCR2 sig-
naling regulates therapy-induced plasticity and enhances tumorigenicity in glioblastoma. Cell Death
Dis. 2019; 10: 292. https://doi.org/10.1038/s41419-019-1387-6 PMID: 30926789

Thiese MS, Ronna B, Ott U. P value interpretations and considerations. J Thorac Dis. 2016; 8: E928—
E931. https://doi.org/10.21037/jtd.2016.08.16 PMID: 27747028

PLOS ONE | https://doi.org/10.1371/journal.pone.0238406 September 4, 2020 18/18


https://doi.org/10.1016/j.molcel.2009.04.033
https://doi.org/10.1016/j.molcel.2009.04.033
http://www.ncbi.nlm.nih.gov/pubmed/19524538
https://doi.org/10.1186/1476-4598-12-86
http://www.ncbi.nlm.nih.gov/pubmed/23915189
https://doi.org/10.1203/01.pdr.0000219120.92049.b3
https://doi.org/10.1203/01.pdr.0000219120.92049.b3
http://www.ncbi.nlm.nih.gov/pubmed/16641216
https://doi.org/10.1038/sj.emboj.7601081
https://doi.org/10.1038/sj.emboj.7601081
http://www.ncbi.nlm.nih.gov/pubmed/16619030
https://doi.org/10.1038/ncb0805-758
https://doi.org/10.1038/ncb0805-758
http://www.ncbi.nlm.nih.gov/pubmed/16056267
https://doi.org/10.1093/neuonc/nov265
http://www.ncbi.nlm.nih.gov/pubmed/26534766
https://doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
https://doi.org/10.1111/j.1349-7006.2009.01308.x
http://www.ncbi.nlm.nih.gov/pubmed/19737147
https://doi.org/10.1126/science.1170944
https://doi.org/10.1126/science.1170944
http://www.ncbi.nlm.nih.gov/pubmed/19359588
https://doi.org/10.1158/1078-0432.CCR-09-0548
http://www.ncbi.nlm.nih.gov/pubmed/19825946
https://doi.org/10.1016/j.febslet.2005.07.060
http://www.ncbi.nlm.nih.gov/pubmed/16098527
https://doi.org/10.1002/pbc.21968
http://www.ncbi.nlm.nih.gov/pubmed/19213072
https://doi.org/10.3390/ijms20030602
http://www.ncbi.nlm.nih.gov/pubmed/30704100
https://doi.org/10.3171/jns.1994.80.6.1056
http://www.ncbi.nlm.nih.gov/pubmed/8189261
https://doi.org/10.1172/JCI117933
http://www.ncbi.nlm.nih.gov/pubmed/7738202
https://doi.org/10.1038/s41419-019-1387-6
http://www.ncbi.nlm.nih.gov/pubmed/30926789
https://doi.org/10.21037/jtd.2016.08.16
http://www.ncbi.nlm.nih.gov/pubmed/27747028
https://doi.org/10.1371/journal.pone.0238406

