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Abstract: SARS-CoV-2, the pathogenic virus that induces COVID-19 disease, contains four
structural proteins in its virion. The nucleocapsid (N) protein is one of the four structural
proteins that play a crucial role in the assembly of viral RNA into ribonucleoprotein. In
addition, the N protein contributes to viral pathogenesis. One of the functions attributed
to the N protein is the triggering of cytokine release by lung epithelial cells, macrophages,
and monocytes. This study addresses the cellular effects of the N protein of SARS-CoV-2
on cells of glial origin. We report the upregulation of the RANTES chemokine in A172
glioblastoma cells at both the mRNA and protein levels in response to exposure to SARS-
CoV-2 nucleocapsid protein. The N protein did not have an effect on cell viability and
cell migration.
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1. Introduction
Coronavirus disease 2019 (COVID-19) is a pandemic that emerged at the end of

2019 and had a profound global effect. The disease is caused by a novel virus, Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The virus is a positive-sense,
single-stranded RNA virus, containing 29,903 nucleotides. The viral genome codes for
approximately 30 mature proteins and contains four structural protein genes, namely the
spike surface glycoprotein gene, the envelope gene, the matrix gene, and the nucleocapsid
(N) phosphoprotein gene [1]. The functions of some, but not all, protein products of the
viral genome are characterized. However, there is still a significant gap in our understand-
ing of the full functional range of viral-derived proteins and the host-specific responses
that occur upon exposure to such viral proteins. Thus, the function of SARS-CoV-2’s N
structural protein was investigated with respect to its potential to upregulate cytokines in
glioblastoma cells.

One significant cause of mortality associated with SARS-CoV-2 infection is acute
respiratory distress syndrome (ARDS) due to a massive cytokine storm in lung tissue. The
lung epithelial cells upregulate proinflammatory cytokines in response to viral exposure.
IL-6 is one of the proinflammatory cytokines that was shown to be upregulated within
the lung cytokine storm in COVID-19 patients [2]. Previous studies demonstrated that N
protein, one of four structural proteins found in coronaviruses, can trigger IL-6 release.
For example, lung epithelial cells upregulate IL-6 expression following transfection with
SARS-CoV N protein-coding plasmid [3]. This effect was through the induction of NF-kB
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transcription factor. In addition, the SARS-CoV-2 N protein induces IL-6 expression in
monocytes and macrophages [4].

Besides its effect on lung tissue, there are indications of neurological disorders associated
with COVID-19 [5–7]. Anosmia (loss of smell) is by far one of the most prominent symptoms
suggesting the involvement of the nervous system in COVID-19 pathogenesis [8]. A recent
study by Meinhardt et al. wherein post-mortem tissues were analyzed by quantitative real-
time PCR (RTR-qPCR) [9] demonstrated the presence of viral RNA in olfactory mucosa in 20
out of 30 samples. Their study suggests the olfactory route is used by the virus to enter the
CNS. The cellular consequences of viral entry to the nervous system, as well as the mechanism
of cellular entry and types of affected cells, are not well understood. It has been established
that SARS-CoV’s and SARS-CoV-2’s N proteins upregulate cytokines (particularly, IL-6) in
different cells. Within this project, we aimed to elucidate the effect of SARS-CoV-2’s N protein
on cytokine release from glioblastoma cells. We hypothesized that the SARS-CoV-2 N protein
upregulates cytokine IL-6 in the cells of glial origin.

Contrary to our expectations regarding IL-6 upregulation, we failed to detect changes
in IL-6 expression. The most significant observation was the upregulation of the RANTES
chemokine in the glioblastoma cell line A172. This effect was cell-type-specific and observed
at both the protein and mRNA levels. The N protein did not influence the migration of A172
cells and did not negatively influence cell viability. In addition, the N protein provoked the
upregulation of cathepsin S in A172 cells.

2. Results
2.1. N Protein Upregulates RANTES Expression

In order to test our hypothesis of cytokine upregulation in response to N protein
exposure, we treated A172 and U87 cells—two glioblastoma cell lines—with recombinant
N protein at 1 µg/mL concentration for 48 h. This concentration and time window selection
was in accordance with previously published results which demonstrated the upregulation
of IL-6 cytokine [4]. The results demonstrated that different cell lines express different
sets of cytokines, and that the N protein has a cell-specific effect, leading to a significant
upregulation of RANTES in A172 cells (Figures 1 and 2). Thus, A172 cells express MCP-
1 and TIMP-2 at high levels, as compared to other cytokines, both before and after the
stimulation (Figure 1), while U87 cells express IL-6, IL-8, and TIMP-2 cytokines at high
levels, both before and after the stimulation (Figure 2). The average AUC pixel densitometry
values for MCP-1 cytokine in A172 cells were 5041.24 and 7365.53 for control, and 7212.79
and 7019.17 after N protein stimulation. The average AUC pixel densitometry values for
TIMP-2 cytokine in A172 cells were 9057.99 and 10,999.514 for control, and 10,071.11 and
11,063.28 following stimulation.

The most striking and notable observation was the upregulation of RANTES/CCL-5
chemokine in A172 cells. Following N protein exposure, AUC pixel values for RANTES
were measured to be 3940.54 and 9318.48. The RANTES signal was not detectable on one
blot, while the second blot produced a low value of 186.23 in the PBS-treated sample.

Surprisingly, and contrary to our expectations, IL-6 was not upregulated in response
to N protein exposure (Figures 1 and 2). Moreover, A172 cells failed to express IL-6
at detectable levels in both stimulated and unstimulated conditions. The average AUC
pixel densitometry values for cytokines expressed in U87 cells were the following: IL-6—
10,567.25 for control and 11,578.28 following stimulation; IL-8—9929.18 for control and
11,198.11 after stimulation; TIMP-2—9261.78 for control and 10,734.05 for stimulated cells.
Unlike A172 cells, U87 cells failed to express RANTES at a detectable level (Figure 2).

In order to confirm the upregulation of RANTES in A172 cells at the mRNA level,
we conducted an RT-qPCR experiment (Figure 3). The data demonstrate a significant
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upregulation of RANTES mRNA in A172 cells following N protein application. A 29.2-fold
increase was observed. Unlike RANTES, MCP-1 and TIMP-2 were not affected by N protein
treatment. The levels of IL-6, IL-8, and TIMP-2 in U87 cells did not change following N
protein exposure.
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We evaluated the effect of SARS-CoV-2’s N protein on cell viability through PI stain-
ing using flow cytometry. There was no statistically significant difference in the percent-
age of live cells between the PBS-treated group and the N protein-treated group (Figure 
4). For A172 cells, the average cell viability for the PBS group was 87.5% ± 9.4%, while for 
the experimental group, it was 86.3% ± 9.3%. For U87 cells, the PBS group average cell 
viability equated to 89%.4 ± 6.2%, and it was found to be 88.1% ± 8.9% for the N protein 

Figure 3. Relative change in expression for cytokines as measured by RT-qPCR. The fold change
expression is shown, and the data were normalized to GAPD control. (A) Cytokines expressed by
A172 cells are shown—RANTES, MCP-1, and TIMP-2. The number of biological replicates are 4,
5, and 5 for RANTES, MCP-1, and TIMP-2, respectively. A p-value of 0.02 was calculated for the
RANTES pair. (B) The cytokines tested on U87 are IL-6, IL-8, and TIMP-2. The data from 4, 8, and
5 biological replicates for IL-6, IL-8, and TIMP-2, respectively, are shown. Three technical replicates
were used for each biological replicate. The ∆∆Ct method was used to analyze the data; error bars
represent standard errors. * p-value less than 0.05.
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2.2. N Protein Has No Effect on Cell Viability and Cell Migration

We evaluated the effect of SARS-CoV-2’s N protein on cell viability through PI staining
using flow cytometry. There was no statistically significant difference in the percentage
of live cells between the PBS-treated group and the N protein-treated group (Figure 4).
For A172 cells, the average cell viability for the PBS group was 87.5 ± 9.4%, while for
the experimental group, it was 86.3 ± 9.3%. For U87 cells, the PBS group average cell
viability equated to 89.4 ± 6.2%, and it was found to be 88.1 ± 8.9% for the N protein
treatment group. These results suggest that N protein (at a tested concentration) does not
possess cytotoxicity.
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Figure 4. Graphical representation of the cell viability measurements. The A172 cells (A) and U87
cells (B) were treated with 1 µg/mL of N protein for 48 h. PBS was used as a control. The data
are from five independent experiments. Student’s t-test was used for statistical analysis, and a
non-significant difference was found between the control and treatment groups. Error bars represent
standard deviation.

Considering that the RANTES cytokine was shown to enable cell migration [10], we
tested the ability of N protein to induce cell migration in A172 cells. A wound-healing
scratch assay was used. The results showed no difference in cell migration between the
PBS control group and the N protein treatment group (Figure 5).
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A172 cells treated with 1 µg/mL of N protein. The images were analyzed using the Image J software.
The graph shows the average values of four independent experiments with n = 16 for the PBS group
and n = 17 for the N protein group. Error bars represent standard errors. Student’s t-test was
used for statistical analysis, and a non-significant difference was detected between the control and
experimental groups.

2.3. N Protein Provokes an Increase in Cathepsin S in A172 Cells

Next, we investigated the impact of N protein on protease levels in A172 and U87
cells, and found that the N protein affects the expression of cathepsin S in A172 in a dose-
dependent fashion, with a more significant effect observed at an N protein concentration
of 4 µg/mL (refer to Figure 6). Interestingly, this effect was most likely specific to A172
cells since U87 cells did not exhibit an increase in cathepsin S expression. It was also
observed that the level of cathepsin S is higher in non-stimulated U87MG cells than
in A172 cells, as published in [11]. Interestingly, urokinase-type plasminogen activator
(uPA), matrix metalloproteinase (MMP)-3, MMP-2, a disintegrin and metalloproteinase
with thrombospondin motifs 1 (ADAMTS1), and dipeptidyl peptidase-4 (DPPIV) were
exclusively found in U87 cells, while cathepsin V and X (CatX) were only detected in A172
cells. This finding regarding CatX aligns with previous reports in the literature [11].
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Figure 6. Representative protease array on A172 and U87 cell lines. The cells were cultured with
either 1 µg/mL or 4 µg/mL of N protein for 24 h. Afterwards a panel of 35 different proteases
was analyzed by using the Protease Profiler Array to assess the changes in protease levels. The
experiment was repeated three times. The images of the arrays (A) and the quantitative analysis of
the array results (B) are shown. PBS was used as a negative control; PAC-1 [40 µM] and staurosporine
[0.5 µM] were used as positive controls for A172 and U87 cells, respectively. One representative blot
is shown (A172 (n = 3), and U87 (n = 2) for control vs. 1 or 4 µg/mL N protein). Red arrows point to
a corresponding proteases shown on the right side of the array.

3. Discussion
Arising in 2019, the COVID-19 pandemic caused by the SARS-CoV-2 virus circulated

worldwide, resulting in the transmission of the disease to hundreds of millions of people
around the globe. To this day, the majority of mechanisms by which productive viral
infection occurs, resulting in severe cases of disease, are not fully understood. Severe forms
of COVID-19 are associated with a cytokine storm, which is an uncontrolled inflammatory
acute reaction of the immune system eliciting an overproduction of cytokines [12,13].
Multiple studies show high levels of proinflammatory cytokines such as IL-1, TNF, IFNs,
IL-6, IL-8, IL-18, IL-17α, G-CSF, and GM-CSF, as well as chemokines, such as MCP-1, IP-10,
MIP-1α, CXCL10, CCL2, CCL4, CCL14, CCL19, and CCL25 in severe cases of COVID-
19 [14–16]. Among the upregulated proinflammatory cytokines, IL-6 plays a significant
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role [15,17]. Hyperinflammation followed by a subsequent cytokine storm is associated
with the high production of IL-6, which, in turn, is correlated with multiple organ failure in
patients affected by SARS-CoV-2 [18,19].

In this research, the hypothesis of IL-6 upregulation in glial cells in response to SARS-
CoV-2 N protein exposure was investigated. Based on the previously published data, which
demonstrated an increase in the level of IL-6 in A549 cells following transfection with SARS-
CoV N protein-coding plasmid [3], as well as the upregulation of IL-6 in human monocytes
and macrophages following SARS-CoV-2 N protein exposure [4], and considering the high
degree of similarity between SARS-CoV and SARS-CoV-2 N proteins [20], we expected
other cells to exhibit an increase in IL-6 level as well. When U87 and A172 glioblastoma
cells were tested, we failed to detect IL-6 upregulation. This suggests that the effect of
cytokine upregulation is cell-type-specific, which necessitates further investigation into the
involved molecular mechanisms.

The most striking observation in our study was the robust upregulation of the RANTES
chemokine in A172 cells. Multiple studies have shown that RANTES is upregulated
following viral infection. For example, the Japanese encephalitis virus (JEV) leads to
RANTES upregulation, which then induces immune cells recruitment [21]. Besides JEV,
influenza virus A, Dengue-2 virus [22], respiratory syncytial virus [23], and herpes simplex
virus [24] were shown to upregulate RANTES. In chronic viral infection, RANTES also
plays an important role in maintaining the proper functionality of CD8+ T cells [25].

The RANTES/CCL5 chemokine is implicated in tumor progression, as well as in
immune and inflammatory responses [10,26,27]. RANTES upregulation was shown to lead
to cell–cell cross linking due to self-aggregation on the cell surface [10]. Identified initially
as a chemoattractant protein for monocytes and T lymphocytes [28], RANTES is a ligand for
CCR1 and CCR3–CCR5 receptors, with the highest affinity towards CCR5. The receptors
are present on different cells, such as dendritic cells, monocytes, and mast and T cells.
RANTES is produced in response to inflammatory mediators by various cells, including
CD8+ T cells, fibroblasts, epithelial cells, and platelets. CCR5 receptors present on CD4+
T cells are used by human immunodeficiency virus (HIV) for entry, and RANTES serves
as a protection factor against HIV entry into the host cell [29]. The RANTES gene coding
sequence is localized on the 17q11.2 chromosome. This region also contains an NF1 coding
sequence, the deletion of which leads to neurofibromatosis, a disease which is associated
with an increased risk of developing tumors, including gliomas [30]. The duplication of the
region leads to Grisart–Destree syndrome, characterized by craniofacial dysmorphism and
intellectual deficits [31].

Our observations of RANTES upregulation in response to N protein in the A172 cell
line point to the possible involvement of RANTES in COVID-19 disease. There are several
studies suggesting a link between RANTES and SARS-CoV-2. The most interesting and
relevant to our findings study showed that the N protein of SARS-CoV-2 induced RANTES
in A549 cells, and it facilitated the recruitment of immune cells, such as T lymphocytes,
to the site of infection, as well as promoted viral spread [32]. Besides this, Montalvo
Villalba et al. demonstrated that the early stage of SARS-CoV-2 infection is characterized
by an increase in interferon gamma expression and a significant decrease in TNF- β1 and
RANTES expression. The suppression of RANTES during the early phase of infection
may limit the migration of immune cells to the site of infection, potentially weakening
the initial immune response and facilitating viral establishment [33]. There are also data
showing that at later stages of the disease, RANTES levels increase by a hundredfold,
especially in critically ill patients. Studies have shown that blocking CCR5 (the receptor
for RANTES) with monoclonal antibodies reduces levels of inflammatory molecules such
as IL-6 and interferon-related genes, leading to improved patient outcomes [34]. At the
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same time, in the study by Balnis et al., it was shown that a high level of RANTES in the
plasma of critically ill COVID-19 patients is associated with lower mortality, which may
indicate a more favorable disease outcome [35]. In line with this observation, Pérez-García
F et al. demonstrated that low expression levels of the CCL5 gene and high viral load were
correlated with severe cases of COVID-19 [36].

Considering all mentioned findings together with our observation, it is quite plausi-
ble to suggest A172 cells as a model system to look deeper into the potential molecular
mechanisms of RANTES upregulation in response to N protein. Among several different
possibilities, it is reasonable to test the involvement of interferon-regulatory factor (IRF)-3
and IRF-7, together with NF-κB transcription factor, as far as they were shown to influence
RANTES expression [37]. Another intracellular pathways that should be investigated is
the p38 MAPK signaling pathway, as far as Wu et al. showed that N protein induced p38
phosphorylation within A549 cells [32]. These are potential future directions that stem from
our results.

Considering the chemoattractant nature of RANTES, we investigated the cell’s motility
in response to N protein exposure and found that A172 cell migration is not affected by the
N protein. A similar observation was reported for glial cells infected with JEV: RANTES-
releasing cells did not show increased migration, while other cells exposed to glial cell
supernatant demonstrated an increase in migration [21]. It would be beneficial to study
whether migration is enhanced for other cells, such as monocytes, near A172 cells.

In this study, we observed that the N protein did not affect cell viability, which aligns
with previous studies suggesting the antiapoptotic effect of the SARS-CoV-2 N protein [38].

As far as RANTES was upregulated in A172 cells but not in U87 cells, it is of future
interest to dissect factors contributing to such cell selectivity. It is also interesting to evaluate
if the N protein has any effect on RANTES in microglia and astrocytes. Lastly, it is worth
investigating if the N protein of other human coronaviruses has a similar effect.

Together with RANTES, A172 cells expressed another chemokine, MCP-1, which,
together with RANTES, belongs to the CC subfamily of chemokines (classification considers
the position of the first two out of four conserved cysteines). Unlike RANTES, which was
upregulated following N protein exposure, MCP-1 was expressed at a high level both
before and after N protein stimulation. MCP-1 is a chemokine that regulates the migration
of monocytes/macrophages to the site of inflammation [39].

Within this study, we also observed the upregulation of cathepsin S in A172 cells in
response to 4 µg/mL of N protein. Cathepsin S is a proteolytic enzyme of lysosomal origin
that is catalytically active both in acidic and neutral environments. Cathepsin S belongs
to the class of cysteine proteases, and plays an important role in health and pathological
conditions. Among the latter, the involvement of cathepsin S in respiratory diseases and
inflammation was shown [40]. Besides this, cathepsin S also plays a role in viral entry
into the host cell [41]. The spike glycoprotein of SARS-CoV-2 possesses a cleavage site
that can be recognized by cathepsin S [42]. Considering the involvement of cathepsin S
in respiratory diseases and in inflammation, it remains to be investigated whether the N
protein of SARS-CoV-2 affects the expression of cathepsin S in lung airway epithelium, and
if so, which downstream consequences are effectuated.

Whether RANTES and cathepsin S upregulation are connected to each other or not is
unknown. Presently, these two observations seem to be independent findings which do
require further investigation into the mechanisms involved.

In this study, we also observed the different patter of cathepsin expression in A172 and
U87 cells, where unstimulated A172 cells had higher levels of expression of cathepsin V
and cathepsin X compared to U87 cells, while unstimulated U87 cells demonstrated higher
levels of urokinase, MMP-3, MMP-2, DPPIV, cathepsin S, and ADAMTS1 compared to
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A172 cells. These differences point to the fact that the cell lines are quite distinct in their
physiology, despite sharing a similar origin. As far as details of such difference in protease
expression in both cell lines is not thoroughly investigated, we can only hypothesize about
the consequences of such differences. For example, considering involvement of urokinase
in cell migration [43], we can hypothesize that a higher level of urokinase in U87 cells
correlates with a higher mobility of these cells, compared to A172 cells [44]. The link
between urokinase in U87 cells and the increased cell migration needs further investigation.

Multiple studies demonstrated the involvement of cathepsin L in SARS-CoV-2 patho-
genesis, where cathepsin L was shown to be able to cleave viral spike glycoprotein, and
thus enhanced viral entry to the host cell [45]. In our study, the level of cathepsin L in A172
and U87 cells did not change in response to the N protein.

Overall, our findings highlight the involvement of the RANTES chemokine in the
cellular effect of the SARS-CoV-2 nucleocapsid protein. This finding suggests A172 cells as
a model system for further investigation of the mechanisms of RANTES upregulation as
well as its consequences.

4. Materials and Methods
4.1. Cell Lines and Reagents

A172 and U-87 MG cells (U87) were from ATCC (ATCC-TCP-1018 Glioma Cell Line
Panel). U87 cells were cultured in EMEM media (M0894-1L, Sigma-Aldrich, St. Louis, MO,
USA), A172 in DMEM media (D7777, Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS), 4 mM glutamine, 17.85 mM sodium bicarbonate (S5761, Sigma-Aldrich) and
penicillin (100 units/mL)-streptomycin (100µg/mL) (15140122, Gibco™, Grand Island, NE,
USA) at 37 ◦C in a humidified incubator; Recombinant Severe acute respiratory syndrome
coronavirus 2 Nucleoprotein (N protein) was from Cusabio (CSB-EP3325GMY).

4.2. Cytokine Array Assay

U87 cells were seeded in a 6-well plate at a density of 50,000 cells/cm2, and A172
cells were plated at 20,000 cells/cm2 density; after 24 h the cells, were stimulated with
1 µg/mL of recombinant N protein for 48 h. Following incubation, the supernatant was
collected and applied to protein array membranes in accordance with the protocol for the
Human Inflammation Antibody Array (Abcam, ab 134003, Cambridge, UK). The signal
visualization was performed on the ChemiDoc™ MP Imaging System (Bio-Rad, Hercules,
CA, USA). The analysis of dot intensities was performed using Image J (NIH, Bethesda,
MD, USA).

4.3. RT-qPCR

Total RNA was isolated using the RNeasy Mini Kit from Qiagen (74104, Hilden,
Germany). RNA concentration (A260 nm) and purity (A260/A280 nm) were measured
using a NanoDrop 8000 Spectrophotometer (Thermo Scientific™, Waltham, MA, USA). An
amount of 2 µg of total RNA was reverse-transcribed into cDNA using a Maxima First
Strand cDNA Synthesis Kit (K1642, Thermo Fisher Scientific, Waltham, MA, USA). Samples
of 100-fold-diluted cDNA were subjected to RT-qPCR using a reaction mixture consisting of
10 µL iTaq™ Universal SYBR® Green Supermix (1725124, Bio-Rad, Hercules, CA, USA), 1 µL
PCR primers (200 nM each), and Nuclease-Free Water (129115, Qiagen, Hilden, Germany).
The signals were detected by the Real-Time PCR System (CFX96, Bio-Rad, Hercules, CA,
USA). Thermal cycle conditions were as follows: 95 ◦C for 30 s, followed by 40 cycles of
denaturation at 95 ◦C for 5 s, annealing at 54 ◦C (A172 cells) and 53 ◦C (U87 cells) for 15 s,
and extension at 72 ◦C for 10 s, followed by the melt curve step. The expression level of
each target gene was normalized to GAPD, which served as the housekeeping genes. The
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results were analyzed using the 2−∆∆Ct method [46]. The following primers were used:
RANTES/CCL5 (Regulated upon activation, normal T cell expressed and secreted), TIMP-2
(Tissue inhibitor of metalloproteinases-2), MCP-1 (Monocyte Chemoattractant Protein-
1/CCL2), GAPD (Glyceraldehyde-3-phosphate dehydrogenase), IL-6 (Interleukin-6), IL-8
(Interleukin-8). The primers’ sequences are shown in Table 1.

Table 1. Primer sequences.

Primers Forward Reverse

RANTES CGAAAGAACCGCCAAGTGTG GCCTCCCAAGCTAGGACAAG

TIMP-2 ACCCTCTGTGACTTCATCGTGC GGAGATGTAGCACGGGATCATG

MCP-1 CAGCAGGTGTCCCAAAGAAGCTGT CCATTCCTTATTGGGGTCAGCACAGA

IL-6 AGCAAAGAGGCACTGGCAGAAAACA AGAAGAAGGAATGCCCATTAACAAC

IL-8 GAGAGTGATTGAGAGTGGACCAC CACAACCCTCTGCACCCAGTTT

GAPD TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

4.4. Cell Viability Assay by Flow Cytometry

A172 (20,000 cells/cm2) and U87 (50,000 cells/cm2) cell lines were seeded onto a 6-well
plate for 24 h. Before stimulation, the medium was replaced with a fresh one, and the cells
were incubated for 48 h with the 1 µg/mL final concentration of recombinant severe acute
respiratory syndrome coronavirus 2 Nucleoprotein (N). PBS served as a negative control.

Cells were washed in PBS, trypsinized, and collected into a 1 mL tube. Following this,
the cells were centrifuged at 500 g for 5 min, and stained with 10 µg/mL of Propidium
Iodide (PI) in the dark at 37 ◦C for 15 min. After incubation, cell viability assays were
performed using a flow cytometer (Attune NxT Thermo Fisher, Waltham, MA, USA).
Orange emission from PI was filtered through a 585/16 nm YL4 filter. The low flow rate
setting (25 µL/min) was used for sample acquisition to improve the coefficient of variation.
For each sample, a minimum of 50,000 events were collected within the singlet gate. All
experiments were repeated at least three times. The data shown represent mean ± SD.
Analyses were carried out using Microsoft Excel software.

4.5. Scratch Assay

A172 cells were split at 80–90% confluence, and the cells were plated in a 24-well
plate at a density of 37,500 cells/cm2 for 12 h; the cells were then washed with PBS and
incubated for 24 h with the 1 µg/mL concentrations of N protein (catalog CSB-EP3325GMY
Cusabio). After 24 h, scratches were made by using 1 mL micropipette tips. Images were
collected at 10 min, 12 h, 24 h, 36 h and 48 h, under the Zeiss PrimoVert Inverted Cell
Culture microscope (Zeiss, Oberkochen, Germany), and the cell migration was analyzed
using the Wound healing plugin for Image J software [47].

4.6. The Protease Profiler Array

The Proteome Profiler™ Human Protease Array Kit (Protease Profiler Array, R &
D Systems, Minneapolis, MN, USA) can be used to detect up to 35 human proteases
in cell lysate, in accordance with the manufacturer’s protocol. Cells were treated with
1 µg/mL or 4 µg/mL of N protein for 24 h; cells were lysed by using Lysis Buffer 17,
and the protein concentration was quantified by a Bradford assay. Initially, the Protease
Profiler Array membrane was equilibrated and blocked with 2 mL of Array Buffer 6 in
a 4-well multi-dish for 1 h at room temperature (RT). While the blocking on the shaker
was in progress, the cell lysate from A172 (1 mg) or U87 (0.5 mg) was mixed with Array
Buffer 6 to a final volume of 1.5 mL, including protease inhibitors leupeptin, aprotinin, and
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pepstatin A (Tocris, Abingdon, UK) at a final concentration of 10 µM. Then, 15 µL of the
Protease Detection Antibody Cocktail was added to the sample, mixed, and incubated for
an additional hour at RT. Array Buffer 6 was aspirated from the 4-well multi-dish, and the
prepared sample/antibody mixture was added to the membrane (overnight at 4 ◦C on a
shaker). The following day, the membrane was washed three times for 10 min each time,
2 mL of Streptavidin-HRP dilution (1:2000) was added to the membrane and incubated
for 30 min at RT on a shaker. After three additional washing steps, the membrane was
developed with 1 mL of the Chemi Reagent Mix. Finally, the chemiluminescence was
visualized using the chemiluminescence detector ChemiDoc MP (BioRad, Hercules, CA,
USA), analyzed using Image Lab Touch Software 2.4.0.03 (BioRad, Hercules, CA, USA),
and quantified with QuickSpots software 25.6.0.3 (Ideal Eyes Systems, Bountiful, UT, USA).

5. Conclusions
Within current study we tested the effect of N protein on glioblastoma A172 and U87

cell lines.
We noticed that the A172 and U87 cells show distinct profile of cytokine and protease

expression. A172 cells were characterized by high levels of MCP-1 and TIMP-2 in an
unstimulated state. U87 cells showed high levels of expression of IL-6, IL-8, and TIMP-2
cytokines in stimulated as well as unstimulated with N protein states. The levels of these
cytokines did not change following incubation with N protein. Regarding protease level,
it was noticed that uPA, MMP-3, MMP-2, ADAMTS1, and DPPIV were expressed by U87
cells, and not by A172 cells. It was also noticed that the N protein upregulated the level
of cathepsin S specifically in A172 cells, but not in U87 cells. These differences in the
expression profile of two cell lines point to the significant differences in the intracellular
mechanisms, which require further thorough investigation. These differences could be used
as markers or “fingerprints” to distinguish both cell lines. The relevance of these differences
to the glioblastoma disease remains unknown at present and requires future studies.

Following the incubation with N protein, A172 demonstrated the robust upregulation
of RANTES; this effect was cell-type-specific, and was not observed in U87 cells. The
upregulation was detected at the protein level and at the mRNA level. At the same time,
the N protein did not influence IL-6 expression in both cell lines tested. It also had no effect
on A172 cell migration, and cell viability of both cell lines.

The mechanisms leading to RANTES upregulation in response to N protein in A172
cells remain to be investigated, together with cellular consequences of such upregulation.
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