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Abstract

Urokinase-type plasminogen «>*.vator uPA and its receptor (UPAR) are the central
players in extracellular matrix proiolysis, which facilitates cancer invasion and metastasis.
EGFR is one of the important corponents of uPAR interactome. uPAR/EGFR interaction
controls signaling pathways ‘hat iegulate cell survival, proliferation and migration. We have
previously established that ur A binding to uPAR stimulates neurite elongation in neuroblastoma
cells, while blocking u™2 uPAR interaction induces neurite branching and new neurite
formation. Here * = (emonstrate that blocking the uPA binding to uPAR with anti-uPAR
antibody decreases the level of pEGFR Y1068} and its downstream pERK1/2, (F202+¥204);

but does increase phosphorylation of Akt, (S443);, p38 {¥186/182) and c-Src Y412y The

DNA damage, accompanied by PARP-1 proteolysis and Neuro2a cell death, we surmise that

Akt, p38 and c-Src activation transmits a pro-apoptotic signal, rather than a survival.

Serum deprivation resulting in enhanced neuritogenesis is accompanied by an
upregulated UPAR mMRNA expression, while EGFR mRNA remains unchanged. EGFR
activation by EGF stimulates neurite growth only in uPAR-overexpressing cells but not in
control or uPAR-deficient cells. In addition, AG1478-mediated inhibition of EGFR activity



impedes neurite growth in control and uPAR-deficient cells, but not in uPAR-overexpressing
cells. Altogether these data implicate uPAR as an important regulator of EGFR and ERK1/2
signaling, representing a novel mechanism which implicates urokinase system in neuroblastoma

cell survival and differentiation.

Key words: urokinase plasminogen activator receptor, neuroblastoma, Neuro2a, EGFR,

apoptosis, neuritogenesis.

Introduction

Neuroblastoma is the most common infancy cancer with an uncertain mechanism of
spontaneous regression or differentiation [1]. Neoplastic tra..~formation is considered to be
induced by alterations in molecular signaling pathwavs during maturation of neural crest
progenitor cells into postmitotic sympathetic neurons |21 Several agents have been established
that induce neuroblastoma cell differentiation into .ic.von-like cells in vitro, such as retinoic acid
and neurotrophins [3].

Earlier studies have defined certain s.gialing pathways downstream of neurotrophin
receptors, involving RassMEK/ERK1/? ~nu PI3K/Akt activation and leading to execution of a
signaling program that mediates cell <:’.le arrest or differentiation [4]. Crosstalk between cell
surface receptors and signaling pau.~vays is a hallmark of cell functioning through which cells
interpret the environmental clues n normal and pathological conditions [5]. Both epidermal
growth factor receptor (EGF™) and the urokinase-type plasminogen activator receptor (UPAR)
produce signals that contre! ¢!l proliferation and differentiation [6, 7].

EGFR is a memuor of the ERB tyrosine-kinase receptor family that interacts with a
number of growth facars, including EGF, TGF-B and heparin-bound epidermal growth factor-
like (HB-EGF) liound [8]. Ligand binding induces receptor dimerization and
phosphorylation/activation of the receptor tyrosine-kinase intracellular domain, which recruits
and activates transducing elements of the Ras/ERK pathway leading to intracellular signaling
responsible for cell proliferation, migration, survival, and differentiation [9]. In case of
prolonged action, EGF causes internalization of EGFR, which abrogates the EGFR signaling
cascade and abolishes EGF effects [10, 11]. Activation of EGFR in neurons is important for their
survival: particularly, the neuroprotective effect of urokinase system in hippocampal ischemia is
mediated through EGFR activation [12] and the loss of EGFR-dependent signaling in astrocytes
of the cerebral cortex leads to their apoptosis and concomitant neuronal death [13].

UPAR is a multifunctional protein: besides its primary ligands, including urokinase and

vitronectin, uPAR laterally interacts with integrins and growth factor receptors such as PDGFR



and EGFR [5, 14-17]. Also, uPAR expression medulate modulates TrkC expression [4]. uPAR
interaction with growth factor receptors via integrins initiates a range of intracellular signaling
including MAPK/ERK, JAK/STAT, SMAD, tyrosine kinase and serine kinases [6].

It is well-known that UPAR has-been-shewn-te-be is involved in neuronal differentiation
and morphogenesis of the nervous system in certain experimental models [18-20]. uPAR
expression was detected in differentiating neurons from dorsal root ganglia [21]. In the
developing central nervous system (CNS) uPAR is involved in the establishing of neural
networks. Using chick embryonic optic tectum explant cultures, Lino and co-authors
demonstrated that uPAR expression is spatially and temporally important for neuronal migration
and neuritogenesis (E6-E12 embryonic stage) and subsequent synaptogenesis (E18-E21) [22].
Moreover, nerve growth factor (NGF)-driven netroi?l  differentiation of PC12
pheochromacytoma cells relies on UPAR expression sinre cntisense oligonucleotides and uPAR
blocking antibody inhibit the morphological and %ic~hemical differentiation of these cells
induced by NGF [18].

Under physiological conditions, uPAR epi2ssion is remarkably low, while uPAR is
significantly upregulated during wound heal n7 [23], inflammation [24] and cancer [25]. uPAR
expression/secretion increases in tumor ~en: and/or in the surrounding stroma [26], which has
been related to adverse patient outco.™:s in different types of cancer [26-40]. An intriguing
aspect of UPAR functioning in cance cells is that EGFR might serve as a downstream element in
uPAR-mediated signaling as has ar.ein demonstrated for breast cancer and gastric carcinoma [14,
41]. Being among the most a* unacnt growth factor receptors expressed in malignant tumors [9,

42], EGFR has been invalved in a variety of cellular responses in neuroblastoma, such as

proliferation and growth |-*?1, differentiation [7], apoptosis [44] and chemoresistance [45].




In this paper we report our recent study of the mechanism of uPAR-mediated regulation

of Neuro2a cell proliferation, survival and differentiation. Our data point towards a previously
unrecognized role of UPAR as a regulator of EGFR activity in neuroblastoma cells.

Materials and methods

Cell culture

Mouse neuroblastoma cell line Neuro2a (ATCC® CCL-131™) was cultured in full
growth medium containing DMEM (Hyclone) with high glucose, 10% FBS (Gibco), 1x MEM
Non-Essential Amino Acids Solution (Gibco) and 1x Antibiotic-antimycotic solution (Gibco).
Differentiation of Neuro2a was induced by serum deprivatirn u:ing DMEM with 1% FBS for 24
h. To evaluate the effect of uPAR on cell proliferation . 'euro2a cells were seeded onto cell
culture dishes at a concentration of 1x10* cells/w>l. Ty block uPAR function, cells were
allowed to adhere and uPAR blocking antibodies (oD, MAB531) (25 pg/ml) were added to the
culture medium for 24 h. Cell number counting wcs carried out every 24 h for 120 h using
automated cell counter Countess™ (Invitrogen®.

Antibodies and reagents

The following primary antibou’<s were used: rat anti-uPAR (MAB531, RD Systems),
rabbit anti-EGFR antibody (Abz'30-1), rabbit anti-pEGFR (#3777S), rabbit anti-ERK1
(pT202+pY204) + ERK2 (pT18E - p . 187) (ab4819), rabbit anti-PARP-1 (sc7150), mouse anti-
p38 (ab31828), rabbit anti-pkasphio p38 (pT180 + pY182) (ab32557), rabbit anti-c-Src, (sc18),
rabbit anti-p-c-Src (sc10120., Secondary antibodies were AlexaFluor®488 or AlexaFluor®594
(Molecular Probes). Mou~e anti-B3-tubulin (sc51670), rabbit anti-Histone H3 (#4499s) and
rabbit anti-GAPD'' (s~25/78) antibodies were used in Western blotting experiments as protein
loading control; HF P-conjugated donkey anti-rabbit 1gG (Jackson Immuno-Research
Laboratories) and HRP-conjugated anti-mouse 1gG were used as a secondary antibody for
Western blotting. Non-immune IgG in equivalent concentrations were used as a control.

Cell index measurement with automated IncuCyte® ZOOM analysis system

IncuCyte® ZOOM Live Cell Analysis System (Essen Bioscience) allows measurement of
the changes in the cell confluence index in real-time, reflecting the changes in cell numbers in an
automated mode. Neuro2a cells were plated in 12-well plates (3x10° cells/well) and placed in the
IncuCyte® ZOOM system. The time-lapse imaging of 9 fields of vision in each well was carried
out for 6 days with a frequency of every 2 h (as previously described) [46]. The curves reflecting
the changes in the monolayer area over time were obtained using the IncuCyte® ZOOM image-

processing software package. IncuCyte ZOOM's Confluence Processing Analysis tool allows the



calculation of the area covered by cells (mean percentage of the cell area in each well) using a
cell-body cluster mask. Minimal cell size was limited to 350 mm? to exclude false-positive
measuring of small cell fragments in the image.

Neuritogenesis Analysis

The impact of UPAR expression on neuritogenesis was performed using control Neuro2a
cells (Neuro2a) or cells with different levels of uPAR expression (UPAR-deficient cells —
Neuro2a-uPAR-KO; Neuro2a-uPAR — cells with uPAR overexpression). Neuritogenesis in
Neuro2a cells was induced in low-serum conditions (DMEM with 1% FBS) and then evaluated
in the presence of EGFR ligand — EGF (50 ng/ml) [47] or EGFR inhibitor AG1478 (20 uM)
[48]; DMSO (0.2%) or BSA (50 ng/ml) were used as contro's. Images were taken using a phase-
contrast light microscope (Leica AF6000 LX) or an IncuCvie™ system designed to study the

neurite outgrowth and lengthening in real time.

The number of neurite-bearing cells was eva. 'ated in randomly selected fields of view

for 200 cells of each type using phase-contrast im..2es.

Neurite length (mm/mm?) was assesst d Js’ng neurite mask of the IncuCyte® NeuroTrack
Software Module algorithm (Cat No 9670-2110), which allows the automatic calculation of the
average length of neurites and the norn.>=:1zation of them to the area occupied by the cell bodies.
Cell images for this were taken eve.s hour in 36-45 fields of view for each cell type during the

next 5 days.

Cell lysates and We.teir ~ blotting

Neuro2a cells were picted in full growth medium (DMEM with 10% FBS) onto 35 mm Petri
dishes and were culturra v ‘ernight at 37°C in a CO, incubator. The next day, Neuro2a differentiation
was induced by mediu™ replacement. After the cells formed 70-80% cell monolayer, uPAR blocking
antibodies (25 pg/ml) were applied for 5, 30, 120 min, 5 h or 24 h. For signal transduction assays, cells
were treated with 100 pM AG1478 for 1 h or with vehicle (DMSO, 1%); or with 50 ng/ml EGF for 5
min or with BSA (50 ng/ml) as a control. AG1478 was dissolved in DMSO. Qproteome Cell
Compartment Kit (QIAGEN) was used to segregate the proteins of different cell compartments. Cells
were washed with cold PBS and lysed of lysis buffer (50 mM Tris-HCI, pH 8.0, 100 mM NaCl, 0.1 mM
EDTA, 15 mM B-ME, 0.1 mM PMSF, 8% SDS, and 0.004% bromophenol blue and protease inhibitor
cocktail 1:100).

Samples were electrophoresed in 10% SDS/polyacrylamide gel and electroblotted onto
PVDF membrane (GE Healthcare). Kaleidoscope Prestained Standards (Bio-Rad Laboratories)
were used as molecular weight markers. After rinsing in Tris-buffer saline (TBS: 150 mM NacCl,
50 mM Tris/HCI, pH 7.4), membranes were pre-blocked in TBSM buffer (TBS containing 5%



(w/v) of delipidated milk and 0.5% Tween 20) for 120 min. Membranes were incubated with
primary antibodies for 24 h at 4°C, washed with TBSM, and then incubated with secondary
antibodies conjugated with peroxidase for 1 h. Finally, membranes were washed in TBS
containing 0.5% Tween 20 and visualized using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) and ChemiDoc™ XRS+ System (BioRad) for blot imaging and
analysis.

Immunofluorescent staining and confocal imaging

Neuro2a cells were seeded onto the wells of a Nunc® Lab-Tek® Chamber Slide™
system at a low concentration (2x10%/ml) in full growth medium; 24 h later the culture medium
was changed for low serum medium (DMEM with 1% FBS). 24 h later, the slides were washed
in HBSS, fixed with 4% formaldehyde, incubated with the fn_* and the second antibodies and
washed in HBSS. The nuclei were counterstained with L AT 1. Images were acquired using a
confocal laser scanning microscopy system (TCS SF5, ! rica) equipped with 405 nm, 488 nm
and 594 nm lasers. All images were captured witii \he same confocal gain and offset settings.
The results of at least three independent experim2n.. are presented. Qualitative analysis of the
fluorescence intensity was calculated using | n~.geJ and corrected to the area of the selected cells
and the mean 10, 7scence of the background
(https://theolb.readthedocs.io/en/latest. v aging/measuring-cell-fluorescence-using-imagej.html).

UPAR knockout in Neuroze ~ells

To obtain Neuro2a cells \vich uPAR gene knockout we used CRISPR/Cas9 technique as
described earlier [4]. One—of the—ree-clones{(#6)-previoushy-described-was-tsed-for-the—current
researeh:

Overexpression a."d Jownregulation of uPAR in Neuro2a cells

To suppres~ e~doyenous UPAR expression in Neuro2a cells we used a commercially
available plasmid vect)r encoding sShRNA (UPAR shRNA Plasmid, Santa Cruz, sc-36782-SH)
[19]. For uPAR overexpression, uPAR cDNA was cloned into a phCMV1 vector (Addgene).
cDNA encoding UPAR was obtained from Neuro2A cells using the following primers: cDNA-
UPAR forward 5’-ACCATGGGACTCCCAAGGCGGC-3’, c¢DNA-uPAR reverse 5’-
TCAGGTCCAGAGGAGGACGCCCCATAG-3’. The sequence of the insert (¢cDNA encoding
uPAR) was confirmed by Sanger’s sequencing using following primers: seqPrimer1-forward 5'-
GAGTGACGTAAGTACCGCCT-3', seqPrimer2-reverse 5-AACACTGGAAGCCATTCGGT-
3, seqPrimer3-forward 5'-TCCAGAGCACAGAAAGGAGC-3' (Evrogen). Cell transfection was
performed using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s
protocol. After transfection, cells were cultured for 8 weeks in full growth medium containing



selective antibiotic G418 (at a final concentration 400 pg/ml, Sigma-Aldrich). Changes in the
UPAR expression were assessed using immunofluorescence staining.

Quantitative Real-Time Polymerase Chain Reaction analysis (RT-PCR)

The RNeasy® Mini Kit (Qiagen, Germany) was used for the extraction of total RNA
from Neuro2a cells after the induction of differentiation at various time points (0, 24, 48, 72 h).
For cDNA preparation 1 pg of total RNA was used. The cDNA synthesis was carried out using
SuperScript® 111 First-Strand Synthesis SuperMix for qRT-PCR (Thermo Fisher Scientific). To
select the specific sequence primer, Primer-BLAST software was applied followed by pre-
validation of the primer specificity with OligoAnalyzer 3.1 (available online at

https://eu.idtdna.com/calc/analyzer). Further primers for mitrine uPAR [19], EGFR and B-actin

(used as housekeeping gene) were obtained from Evrooe. (Russia): uPAR forward 5°-
CGCCACAAACCTCTGCAAC-3’, uPAR-reverse 5’-CTCTGTAGGATAGCGGCATTG-3’,
EGFR-forward 5’-CCCATGCGGAACTTACAG=AA-3’, EGFR-reverse 5’-
TTGGATCACATTTGGGGCAAC-3’, B-actin-forw.a 5-AGTGTGACGTTGACATCCGTA-
3’, B-actin-reverse 5’-GCCAGAGCAGTAATCTCC . TCT-3’. The thermal cycling program was
94°C for 15 sec, 62°C for 15 sec and 72°C fcr _0 sec for 40 cycles. A relative transcript level of

UPAR was calculated using the 27 24Ct v, hou

DNA Comet Assay

To evaluate the DNA de:..~qe, we used a Comet Assay (Cell Biolabs OxiSelect™).
Neuro2a cells were seeded in Il growth medium onto plastic Petri dishes (d = 35 mm) and
allowed to adhere and prolitera.> overnight. The next day, Neuro2a differentiation was induced
by medium replacement (Dn'=M with 1% FBS). After the cells formed 70-80% cell monolayer,
uPAR blocking antibedic. (25 pg/ml) were added to the culture medium. Non-immune IgG was
used as a control in <1 equivalent concentration. Images were acquired by a Leica AP6000LX
microscope. Quantitative analysis of DNA degradation was performed using Imagel
(OpenComet plugin).

Statistical analysis

Statistical analysis was performed using STATISTICA 10 for Windows software
(Statsoft, Inc. 1984-2011) using one-way ANOVA function and Newman-Keuls, Tukey’s or
Dunkan’s post hoc test for multiple comparisons or using Student’s T-test for two-way
comparisons. A value of p<0.05 was considered statistically significant.

Results

We have previously demonstrated the results of uPAR suppression in the chain of the
events leading to a decline in Neuro2a cell proliferation, upregulated apoptosis, decreased

neuritogenesis and enhanced neurite branching [4, 19]. EGFR is known to be involved in a



variety of cellular responses in neuroblastoma, sueh-as-cel-proliferation{43}differentiation |+

43,441 -and—apeptesis—{44}- We have now investigated the potential link between uPAR
expression and EGFR-mediated neuroblastoma cell survival and differentiation. First, we

obtained NeuroZ2a cells with different levels of uPAR expression.

NeuroZ2a cells with different levels of UPAR expression

For uPAR overexpression #-Neuro2a; plasmid transfection was-perfermed-using-tRPAR
eBDNA—coding—plasmid (phCMV1-uPAR) and-followed by selection in a medium containing
gentamicin (G418) was performed. To suppress UPAR expression, we carried out transfection
with a commercial shRNA construct or implemented a CRISPR/Cas9-mediated uPAR gene
knockout technique [4]. We confirmed the results of uPAR suppression/overexpression at the
MRNA level using specific primers and real-time PCR (Fir .) as well as at the protein level
using Western blotting [4].

Induced differentiation in Neuro2a results 1. the augmented expression of uPAR
MRNA, but not of EGFR

Neuritogenesis was induced in Neuro2a ce'ls »v serum deprivation (DMEM 1% FBS) as
reported previously [7]. The sustained depriv at.on for 72 h resulted in a significant induction of
long neurite outgrowth (Fig. 2A) and w2~ accompanied by an increase in UPAR mRNA content
(Fig. 2B). These results suggest the i1, ~.rvement of uPAR in neuritogenesis (differentiation) of
Neuro2a cells or their survival upon arum deprivation (Fig. 4E).

It has been previously d>riostrated that high EGFR activity is linked to neural cell
proliferation/differentiation &-d 15 essential for neuron survival [49]. Therefore, we further
estimated the EGFR mRMA ~xpression (Fig. 2C) and EGFR activation levels (Fig. 2D) upon
serum deprivation. Althounk EGFR expression was almost unchanged, an obvious decrease in
the EGFR phosph2ryiotica level was detected after 24 h and 48 h of deprivation. These data
suggest a downregulat’on of EGFR activity due to a decrease of growth factor concentration in a
low-serum condition. The expression of NeuN — nuclear marker of mature neurons [50] was
maintained at the same level, indicating the unchanged cell viability and preserved
differentiation status of Neuro2a cells in long-term deprivation conditions (Fig. 2D).
Interestingly, the basal level of pEGFR was sustained upon deprivation (24h and 48h),
suggesting an important role of EGFR activity in maintaining the differentiation status of
Neuro2a cells (Fig. 2D).

UPAR blocking reverses EGFR phosphorylation and reduces neuronal nuclear
marker NeuN expression in differentiated Neuro2a cells

A a A
v v, v g1 ~ Bl TA% vty O G v v

canhcer—cells-[51}-has-been-demeonstratedprevieushy Our previously published data pointed to a



pivotal role of UPAR in neuritogenesis and neurite branching in Neuro2a cells [19]. Given that
induction of differentiation in Neuro2a cells resulted in an upregulated uPAR but not EGFR
MRNA expression (Fig. 2B, C), we further tested whether uPAR triggers signaling pathways
involving EGFR and regulates Neuro2a cell differentiation into neurons.

We blocked uPAR activity using anti-uPAR antibody in culture of differentiated and
undifferentiated Neuro2a cells (Fig. 3). uPAR blocking in differentiated cells led to almost
complete dephosphorylation of EGFR already 5 min after the anti-uPAR antibody application
(Fig. 3A, C). Notably, the expression of NeuN gradually decreased and was scarcely detectable
24 h later (Fig. 3A). For undifferentiated cells, there was also a tendency to a reduction in EGFR
activation (pEGFR) and a decrease in NeuN content after 5 h incubation with anti-uPAR
antibody (Fig. 3B, C). The lack of a statistically significant di‘erence for undifferentiated cells
probably reflects the abundance of growth factors in the !, growth medium that flatten the
inhibiting effect of anti-uPAR antibody. The obtainer: u~ta suggest the involvement of uPAR in
maintaining the differentiated state via modulating u.> ESFR activity upon long-term cultivation
in low-serum conditions.

UPAR blocking causes increased a tivation of c-Src, Akt and p38 and a decline in
ERKZ1/2 phosphorylation in Neuro2a ~*fie -entiated

Next, we examined the effect v* JPAR blocking antibody on EGFR-mediated signaling
including ERK1/2, Akt, p38 and c-C+c [51]. We detected a rapid decrease in phosphorylation of
MAP kinase ERK1/2 after 5 min 9" ur AR blocking cells (Fig. 4A), an increase in Akt activation
starting at 2 h and reaching itc max:mum at 5 h, and a gradual rise in phosphorylation of p38 and
cytosolic Src-kinase startira * 2 h and reaching its maximum at 24 h (Fig. 4A).

UPAR protects o *erentiated Neuro2a cells from apoptosis

Prolonged ~vpc<ure to uPAR-blocking antibody (120 h) resulted in a 3.7-fold decrease in
the number of cells .ompared to control IgG (Fig. 4B). To gain further insight into the
physiological role of uPAR, we analyzed the effect of uPAR blocking on the induction of
apoptosis in differentiated Neuro2a cells. We tested the extent of PARP-1 cleavage (Poly
(ADPribose) polymerase — PARP) in total protein extracts using Western blotting (Fig. 4A) and
employed DNA-comet assay to evaluate cellular DNA damage (Fig. 4C-E). Caspase 3 cleaves
PARP-1, the enzyme which normally participates in the DNA repair [52] during programmed
cell death [53]. By 24 h, we detected a limited proteolysis of PARP-1 demonstrating apoptosis in
NeuroZ2a cells (Fig. 4A).

The onset of DNA degradation in Neuro2a cells was registered by DNA-comet assay.
Quantitative analysis of DNA degradation was performed using ImageJ (OpenComet plugin)
[54]. The cell samples were electrophoresed to separate intact DNA from damaged fragments,



stained with a FITC-conjugated DNA dye and visualized by a Leica AP6000LX fluorescent
microscope (Fig. 4C). Under these conditions, the damaged DNA migrated further than intact
DNA and produced a “comet tail” shape (green fluorescence). The extent of DNA degradation
level was estimated by the ratio of a comet tail length to the total fluorescence of an individual
nucleus. Intact nuclei were marked by ImageJ plugin mask (red ovals and red numbers). After 72
h, UPAR blocking resulted in a 2.5-fold increase in the DNA degradation level compared to
control cells (Fig. 4D).

Comets were evaluated by a tail length and later classified as previously described [55].
The method has been designed for visual evaluation of the DNA damage according to the
percentage of DNA in a comet and allows the classification of the cells into 5 categories. The
first category (None) included the intact Neuro2a cells or thosc with less than 5% of the DNA
damage. The second (Low) contained cells with nuclear L/, fragmentation in the range from
5% to 25%. The third included cells with the DNA dem>ae within 25-40% (Medium), the fourth
— 40-95% of the DNA in a comet tail (High). The 1a.* category (Total) comprised the cells with
more than 95% of the DNA damage [55]. Insignificc.t or minor DNA degradation was detected
in both, control cell and cells incubated wit1 un’i-uPAR antibody, however, medium and high
DNA damage was 10-fold and 5-fold Rinhe* in anti-uPAR antibody treated cells, respectively,
suggesting an enhanced NeuroZ2a cell &y otosis (Fig. 4E).

Based on the aforementionc™ finding, we infer that uPAR plays an important role in
Neuro2a cell survival and differcriauon into neurons with the underlying possible mechanism
being the activation of EGFR ~nd 1.5 downstream effectors.

UPAR expression in Neuro2a cells affects pERK1/2 content in the cytoplasm via
regulation of EGFR acti. ity

To corrobr-ate th: specificity of the obtained results, the role of uPAR was further
examined using an a'.ernative approach. We assessed EGFR phosphorylation in cells with
different levels of uPAR expression. Control (Neuro2a), uPAR-overexpressing cells (Neuro2a-
UPAR) or cells with decreased UPAR (Neuro2a-sh-uPAR) (Fig. 5) were induced towards
neuronal differentiation for 24 h, then fixed in non-permeabilizing conditions and double
immunostained with antibodies against uPAR and pEGFR for confocal microscopy (Fig. 5A)
and Western blotting (Fig. 5B). While the level of EGFR expression as detected by RT-PCR
(Fig. 5C) and Western blotting remained unchanged in all cell types (Fig. 5B), uPAR
overexpression resulted in augmented level of phosphorylated EGFR (Fig. 5B, D). Uncropped
images of Western blots for Fig. 5B are presented in Supplementary Fig. 1. Immunofluorescent
analysis with semiquantitative evaluation confirmed these results and demonstrated a tendency

towards enhanced phosphorylation of EGFR in uPAR-overexpressing cells (Neuro2a-uPAR)



(Fig. 5A, E). Immunofluorescent staining of control Neuro2a cells, uPAR-overexpressing cells
and a subpopulation of Neuro2a cells after CRISPR/Cas9n editing for uPAR knockout are
presented in Supplementary Fig. 2.

To further elucidate the role of EGFR as a downstream effector of uPAR-induced
signaling to ERK1/2, we examined whether administration of AG1478, a—highly—peotentand
(specific inhibitor of EGFR tyrosine kinase [56]), and EGF (EGFR ligand), affected ERK1/2
signaling and whether this signaling had a physiological function in NeuroZ2a cells.

Using cytoplasmic/nuclear fractions and Western blotting, we assessed pERK1/2 content
in cells with different levels of uUPAR expression (Fig. 6). In control conditions (DMSO was used
as a solvent for AG1478) pERK1/2 (T202+Y204) contznt was relatively high in control
(Neuro2a) and uPAR-overexpressing cells (Neuro2a-uPAP) 1.~wever pERK1/2 was absent in
Neuro2a-uPAR-KO cells. EGFR inhibition with AG14,? completely diminished pERK1/2
content in uPAR-expressing cells (Neuro2a and Neuroz>-1"?AR cells), while in Neuro2a-uPAR-
KO cells AG1478 induced increase in pERK1/2 cunwnu (Fig. 6A, B). In the nuclear fraction the
content of pERK1/2 remained the same in all cell fypos upon AG1478 treatment (Fig. 6A, C).

It has been demonstrated that the pris:nce of pERK1/2 in the cytoplasm is associated
with EGFR activity resulting in pERK2/2-ediated cell signaling and cell differentiation [57,
58]. Overall, the AG1478 treatment i1o<dlted in the reduction of the cytoplasmic pERK1/2 in
uPAR-expressing cells compared tu ~ontrol conditions (DMSO), pointing to the involvement of
UPAR in the regulation of EGFF. c1galing and its downstream elements in the cytoplasm. The
increase in pERK1/2 content in 1.2 cytoplasmic fraction of Neuro2a-uPAR-KO upon AG1478
treatment can reflect the ov~rall altered signaling in Neuro2a-uPAR-KO cells. These data
suggest the involvement ~f uPAR in the regulation of EGFR signaling and its downstream
elements in the cy’ ~nl.<m.

EGF-mediated EGFR activation in control and uPAR-overexpressing cells is
accompanied by a reduction in pERK1/2, moreover, in Neuro2a-uPAR cells pERK1/2 content
was below detection level. In contrast, in Neuro2a-uPAR-KO cells EGFR activation led to the
increase in pERK1/2 content (Fig. 6D, E). Notably, pERK1/2 content in the nuclear fraction

remained unchanged upon EGF treatment (Fig. 6D, F).




progenitor/stem—cels—{59} Uncropped images of Western blots for Fig. 6 are presented in
Supplementary Fig. 3.

Neurite growth rate is regulated by uPAR-mediated EGFR activation

Next, we compared the Neuro2a differentiation and proliferation using IncuCyte® in vivo
assessment system of cell index (reflecting cell proliferation or enhanced cell size) and neurite
length or neurite outgrowth (differentiation).

NeuroTrack (NT) processing module of the IncuCyte time-lapse microscopy system
(IncuCyte® ZOOM Live Cell Analysis System, Essen Bioscience, USA) was applied as a tool to
quantify the length of neuritesformed—byNeuro2a—cels—with—differentlevels—of uPAR
expression.neuritis. The cells were induced to differentiatr in low-serum conditions and then
AG1478 or EGF was added into the culture media. Real-time 1 onitoring of neurite growth was
performed within the next 36 h. Our results indicated tha: tr.e increase in neurite length upon
EGFR activation was detected only in cells overeanressing UPAR. In control conditions
Neuro2a-uPAR cells formed the longest neurites (1. ™ASO or BSA). In contrast, in Neuro2a-
UPAR-KO cells no neurite elongation was detecter ( 'a. 7A, C), which is in accordance with our
previously published data demonstrating that siippression of uPAR activity with anti-uPAR
antibody diminished the rate of neuri*z g, ~wth [19]. AG1478-mediated inhibition of EGFR
activity impeded neurite growth in curol cells and uPAR-deficient cells, but not in uPAR-
overexpressing cells (Fig. 7B).

Activation of EGFR with £t stimulated neurite growth rate in Neuro2a-uPAR cells (24
h) and the neurite length in tkse cclls was 2-fold longer than in Neuro2a or Neuro2a-uPAR-KO
cells (p<0.05) (Fig. 7D). At~ 36 h, the length of neurites was the same in control and uPAR-
overexpressing cells. We >tirnise that uPAR protects Neuro2a cells from AG1478 effects, since
particularly uPAR =x.*es.ing cells maintained high neurite growth rate in the presence of the
EGFR inhibitor. The ".ffect of EGF the neurite growth rate was more pronounced in UPAR-
expressing cells, further pointing to uUPAR as playing an important functional role in EGFR-
mediated Neuro2a cell neuritogenesis.

We also evaluated long-term (120 h) effects of AG1478 and EGF on neurite-bearing cells
using Imagel. The highest number of neurite-bearing cells was always detected in uPAR-
expressing cell cultures (control Neuro2a and Neuro2a-uPAR) and the number of neurite-bearing
cells in Neuro2a-uPAR-KO cultures was the lowest regardless of the presence or absence of
AG1478/DMSO or EGF/BSA (Fig. 7E). Upon EGF or BSA administration, the number of
neurite-bearing cells in Neuro2a-uPAR cultures was always 30% higher (p<0.01) than in
Neuro2a cells. Surprisingly, AG1478 significantly stimulated neurite formation in all three cell
types, which can be attributed to the previously described non-canonical side effects of AG1478



to stimulate p75(NTR) receptor proteolysis [59]. Unexpectedly, in DMSO conditions there was a
slightly higher number of neurite-bearing cells in Neuro2a than in Neuro2a-uPAR cells (Fig.
7E).

Next, we compared the cell index of Neuro2a cells with different levels of uPAR
expression using IncuCyte® system and cell-body cluster mask, which allow to evaluate the
actual cell body area in a cell culture and can reflect cell proliferation. Cells were plated in
DMEM with 1% FBS; EGF or BSA was immediately added to each well. EGF administration
exerted no statistically significant effect on Neuro2a cell index (Fig. 8). There was only a
tendency towards cell index increase in Neuro2a-uPAR-KO cells in the presence of EGF
compared with BSA. The highest cell index throughout the experiment was detected in Neuro2a-
UPAR cells irrespective of EGF or BSA administration. At 220 h, a statistically significant
difference was detected between Neuro2a-uPAR cells ver_ = Neuro2a and Neuro2a-uPAR-KO
(p<0.01). The lowest cell index detected in Neuro2a-1 P,* R- KO cells in control conditions (BSA)
probably reflects their impaired proliferation or su.*/val, underscoring the important role of
UPAR in these processes [4].
of-the- EGFR-dependent-pathway-that-" w0, s ERKL2 kinase-that-regulates—cel-prolferation

Discussion

Certain cell types such as ciicina [60], neuronal stem cells [61] and neuroblastoma cell
lines [7] undergo differentiati»\n aiter serum withdrawal. Our initial analysis based on RT-PCR
and Western blotting reveale. that serum withdrawal had similar effects on cell differentiation
and signaling mechanisn.> ‘n Neuro2a cells as in the other well-established models. Serum
deprivation stimu'>teu di’ferentiation/neuritogenesis (Fig. 2). Long-term serum deprivation of
cultured neurons has b :en demonstrated to result in either differentiation or death [7, 62]. In the
present study long-term serum withdrawal had no effect on cell survival (Fig. 4A) or
differentiation status of neuroblastoma cells (Fig. 2D), but as expected, induced neuritogenesis.
Interestingly, this was accompanied by increased expression of uPAR mRNA, but not EGFR
MRNA, suggesting UPAR involvement in neuroblastoma differentiation (Fig. 2). Bespite-serum

Surprisingly,—bleeking Blocking the uPAR activity with specific antibody rapidly
decreased phosphorylation of EGFR (Y1068) and its downstream ERK1/2 (T202+Y204), while

long-term uPAR blocking (24 h) increased phosphorylation of c-Src (Y412), Akt (S473) and p38
('Y180/182) in NeuroZ2a cells (Fig. 3, 4). These data are in accordance with previously published



results where-i-was-demonstrated indicating that the EGFR activation efEGFR-was-is necessary
for Akt and ERK1/2 phosphorylation, while inhibition of EGFR, PI3K, ERK1/2 bleecked blocks
Neuro2a cell differentiation [7]. Differentiation of Neuro2a cells was induced in low serum
conditions (1% FBS), therefore, the decrease in pEGFR from 0 to 24 h can be attributed to an
overall decrease in growth factors in the culture medium, including EGF, which is normally
present in FBS. Despite serum withdrawal, EGFR activation was preserved in Neuro2a cells
(between 24 and 48 h), while the total protein EGFR expression level remained unchanged (Fig.
2). ERK and PI3K/Akt activation and their downstream signaling is known to regulate neuronal
differentiation [63] and to protect neurons against drug-induced injury [64, 65]. In the PC12 cells
(a well-established model to study cell differentiation and neuritogenesis), ERK1/2 is an
important mediator of NGF-induced neurite outgrowth -thatC12-eells, since MAPK inhibitors
block neuronal differentiation in these cells [66]. a-linci~ acid, a well-known activator of
PI3K/Akt signaling in neurons, requires pERK1/Z? .~ raediate its effect on Neuro2a cell
differentiation, since ERK1/2 inhibitor abolishes i o-lipoic acid effect on neurite outgrowth
[67]. Placing EGFR downstream of uPAR, our rosu:ts identify EGFR as a mediator of signals
initiated by UPAR to ERK1/2, c-Src and Akt v.nich is in line with the previously published data
on-other—cancer—ecell-tnes [14, 41, 681 Gonias and co-authors demonstrated that in MB-231
breast cancer cells and in MEFs, EGF .~ ministration resulted in EGFR tyrosine phosphorylation
and ERK/MAP kinase activation mediated by STATS5 and accompanied by incremented
mitogenic activity. The applicat.0'1 v« antibodies that block uPA binding to uPAR led to the
decrease in ERK1/2 phosphor ‘laticin and the onset of apoptosis [69].

and—cel—death—(Fig—The observed effect of increased c-Src and Akt signaling can be a
compensatory response, such as, the uPA/UPAR signaling initially inhibited by the blocking

antibody within the first 2 h can be upregulated after 24 h (Fig. 4). Alternatively, uPAR can be
activated by endogenously produced urokinase and can transmit signals to downstream c-Src and



Akt [25]. Whether Src activation results in apoptosis or cell survival depends on the c-Src targets
— Akt and/or p38 [70, 71]. Since incubation with uPAR-blocking antibody for 72 h results in cell
death, we surmise that 24 h c-Src activation transmits a pro-apoptotic signal, rather than a

survival. Indeed, prolonged uPAR blocking resulted in the loss of neuron differentiation marker

NeuN expression (Fig. 3A), reduced cell number (Fig. 4B)AG1478-induced-suppression—of

ala ala alla
v Ct7 A

expression,—reduced-prokiferation; induction of pro-epctedic cell signaling, DNA damage and

decreased survival (Fig. 3, 4). Earlier it has been r.si.hhshed that the loss of NeuN is associated

with various types of neuronal damage [72, 73]. PA.'P-1 cleavage fragment (89 kDa), revealed
as a marker of apoptosis (Fig. 4A), is geleral’y detected upon neurodegeneration [74] and
neurological diseases accompanied by ==u,“nal death, such as cerebral ischemia, Alzheimer's
disease, multiple sclerosis, Parkinso.. disease, craniocerebral trauma caused by NMDA
excitotoxicity and brain tumors, espocially glioma [75-77]. Using dorsal root ganglia 3D explant
model, we have demonstrated ea l’er wnat uPAR blocking with this antibody resulted in the loss
of radial axon growth, while in ncuroblastoma cells it was manifested morphologically in the
enhanced neurite branchira [19]. Collectively these results indicate that uPAR functioning is

indispensable for NeuroZ. ~e.l survival and maintaining the differentiated status.

To gain insig. * into the mechanisms of UPAR signaling effects and cellular changes in
Neuro2a cells, we used uUPAR overexpression/suppression approach (Fig. 1, 5-8). Indeed, uPAR
overexpression led to the increase in EGFR phosphorylation (Fig. 5A) with no change in EGFR
MRNA (Fig. 5C). In control settings (BSA), pERK1/2 was almost absent in the cytoplasmic
fraction of Neuro2a-uPAR-KO cells, while in uPAR-expressing cells (Neuro2a and Neuro2a-
UPAR cells) the cytoplasmic pERK1/2 was upregulated (Fig. 6 D, E). In these conditions (Fig.
7C) the rate of neurite growth in uPAR-expressing cells was higher than in Neuro2a-uPAR-KO
cells, suggesting a correlation between uPAR expression and increased pERK1/2 content in the
cytoplasm.

Unexpectedly, in response to EGF the content of activated ERK1/2 in the cytoplasm of

uPAR-expressing cells (Neuro2a and Neuro2a-uPAR cells) decreased, while in Neuro2a-uPAR-

KO cells pERK1/2 was upregulated (Fig. 6 D, E). His-knewn-that EGFbinding-te-EGFR-can



resuit—in A likely explanation for this is a uPAR-initiated interactome assembly on the cell
membrane [5] and EGFR transactivation that may result in a rapid clathrin-dependent
internalization of EGFR alone or as a part of the complex (EGF/EGFR/UPAR). We believe that

such EGFR internalization with the subsequent degradation in the lysosomes ensuing

suppression of EGFR-dependent signaling [#8}—\We—speculate—that—an—enhanced—EGFR

eeHswhile- uRPAR-deficient-cells-were-tnsensitive-to-EGF-administration{Fig- may account for
the decrease in pERK1/2 reported in the present study (Fir o). Similar mechanism of EGFR

internalization has been previously described for EGF-mediated long-term activation of EGFR,
which abrogates the EGFR signaling cascade and =CE .ction [11].Hewever—EGF-mediated

ERK is known to be chieflv cytoplasmic in resting cells, but its
activation/phosphorylation can result *~ u.» nuclear accumulation or cytoplasmic retention,
where its function is essential for ceh e decision such as proliferation or differentiation [57].
Earlier studies indicate that in Go-ar. ~sted fibroblasts ERK1/2 is mainly located in the cytoplasm,
while upon stimulation by serun. or uitogenic factors pERK1/2 is rapidly translocated into the
nucleus where its access tc transcription targets mediates cell proliferation response [79].
Retinoic acid-induced diffeiontiation of F9 embryonic carcinoma and embryonic pluripotent
stem cells is accompan.>d by restricted nuclear access of pERK1/2 resulting in reduced
proliferation due "~ a~tir- and microtubule-dependent cytoplasm retention of pERK1/2 [80].
PERK1/2 shuttling bet neen the nucleus and the cytoplasm was shown to function as a switch-
like transition between proliferation and myogenic differentiation of muscle progenitors,
respectively [58]. Our obtained results are in accordance with these published data and indicate
that uPAR gene knockout resulted in reduction of cytoplasmic pERK1/2 content and in
downregulation of Neuro2a differentiation, while uPAR overexpression, on the contrary, led to
increased cytoplasmic pERK1/2 and neuritogenesis (Fig. 6, 7, 9). Compartmentalization of
activated ERK1/2 at the plasma membrane or vesicular cell organelles or cytoskeleton can retain
pERK1/2 in the cytoplasm and restrict nuclear entry [57]. Therefore, we speculate that
unchanged pERK1/2 content in the nucleus detected in all cell types (Neuro2a, Neuro2a-uPAR-
KO and Neuro2a-uPAR cells) may reflect retention of activated ERK1/2 in the cytoplasm. In

addition, we have previously shown that uPAR overexpression alone in Neuro2a cells results in



ERK1/2 activation and its complete translocation into the nucleus, where it is presumably
involved in the regulation of gene expression responsible for cell proliferation and/or epithelial-
mesenchymal transition (EMT) [46].

In the current paper we detected the stimulating effect of EGF on neuritogenesis only in
uPAR-expressing cells underpinning the role of uPAR in EGFR-mediated cell signaling and
neurite growth (Fig. 7). EGF administration stimulated neuritogenesis in control Neuro2a and
Neuro2a-uPAR cells; specifically, Neuro2a-uPAR cells responded to EGF treatment 12 h earlier
than control Neuro2a cells (p <0.05), while Neuro2a-uPAR-KO cells were insensitive to EGF
administration (Fig. 7D, E). Therefore, in the absence of uPAR Neuro2a cells do not respond to
EGF resulting in impaired differentiation and significantly attenuated neurite growth (Fig. 7E).

AG1478, a specific EGF receptor kinase inhibitor [571, was shown to block uPAR-
induced ERK1/2 phosphorylation in human carcinoma celi.. cuggesting that EGFR serves as an
adapter protein in the molecular pathway that corhires uPAR activation with ERK1/2
phosphorylation in these cells [14]. Along with u.°sv data, we demonstrate that in uPAR-
expressing cells (Neuro2a and Neuro2a-uPAR), A5."78 administration resulted in the reduction
of pERK1/2 content in the cytoplasm (Fig. € /, 3). Surprisingly, AG1478-induced suppression
of EGFR/ERK1/2 signaling axis (withi~> 1.2 h) led to an increase in 4RAR-overexpressing the
number of neurite-bearing eeHs-AG14-'? treatment-enhanced in all cell types (Neuro2a, Neuro2a
Neuro2a-uPAR and Neuro2a-uPArn KO) (Fig. 7 B, E), however, in uPAR-deficient cells this
number was significantly lower tazn i UPAR-expressing cells. One of the possible explanations
can be that ERK1/2 activatior is e.sential for neurite elongation rather than for initiation of new
neurites. The “off-target ~tic~t” of AG1478 resulting in enhanced neuritogenesis due to the
AG1478-induced release ~f neurotrophins in retinal ganglion cell culture and neurotrophin-
induced intramem’_+ar,~o1's proteolysis of p75(NTR) has been described earlier by Douglas et al.
[59]. Our data are in ar cordance with these results. AG1478 stimulating effect on neuritogenesis
can be attributed to the previously described non-canonical side effect of AG1478 on p75(NTR)
receptor proteolysis. Earlier we have published results demonstrating a tendency to decrease the
level of p75(NTR) expression in uPAR-deficient Neuro2a cells [4], which may account for a
more pronounced effect of AG1478 in these cells compared to uPAR-expressing cells (Fig. 7).
Interestingly, in CHO-K1 cells that do not express EGFR, ERK1/2 can be activated in response
to uPA treatment underlying the existence of alternative EGFR-independent pathways involving
UPAR. This response was insensitive to AG1478 [81].

To test a hypothesis if the increase in cell differentiation/neuritogenesis in the presence
of AG1478 correlates with AG1478-mediated inhibition of the mitogenic function of EGFR
rather than of EGFR effect on neurite growth assessed cell index using the IncuCyte® system



(Supplementary Fig. 4). Previously, we have demonstrated that uPAR-overexpressing cells
exhibit enhanced proliferation, as evaluated by Ki-67 expression (a marker of proliferating cells)
[46], while uPAR knockout cells display a dramatic phenotypic change — an increase in the cell
body size and epithelial to mesenchymal transition (EMT) [46]. After AG1478 treatment for 120
h, the cell index was decreased in all cell types (Neuro2a, Neuro2a-uPAR, and Neuro2a-uPAR-
KO) compared to DMSO (Supplementary Fig. 4). However, the most drastic effect was observed
in Neuro2a-uPAR-KO cells — 3.9-fold decrease (p <0.0001), in Neuro2a-uPAR cells — 2.4-fold
decrease (p <0.0001) and in Neuro2a cells — 1,6-fold decrease (p <0.01) (Supplementary Fig. 4).
Therefore, by 120 h the increased cell index in the presence of DMSO in Neuro2a-uPAR cells
can be attributed to upregulated cell proliferation, while in Neuro2a-uPAR-KO cells elevated
cell index may be related to the increased cell size and p..~notypic change. Recently, we
described a novel mechanism of urokinase functioning in Meuro2a cells [46] in the absence of
UPAR, uPA is translocated into the nucleus where it i5~vrved in the activation of transcription

factors (NF-kp and Snail) resulting in endothelial ts1.>asenchymal transition (EMT) [46].

Combining the results obtained in the nresent study with our previously published data,
we infer that uPA/JUPAR system has a s'gn.®.ant impact on Neuro2a cell morphology. As
reported earlier, blocking the uPA/uUP/1R ' ateraction with antibody causes neurite branching, but
does not affect the rate of neurite growh [19]. It appears that uPAR expression stimulates
elongation of existing neurites. cince uPAR-expressing cells (control Neuro2a or uPAR-
overexpressing cells) regardlez: 0. he presence or absence of AG1478/DMSO or EGF/BSA
always demonstrate an increac2 in neurite length compared to uPAR-KO cells (Fig. 7).
Therefore, summarizing ou. current data (Fig.9) and previously published results [19] we
conclude that uPA/tPAR and EGFR signaling (Fig. 6) play a pivotal role in Neuro2a

differentiation/neuri. 2enesis.

Conclusion



Our data lead us to a conclusion that uPAR is an important regulator of neuroblastoma
cell survival and differentiation. uPAR overexpression results in enhanced cell index, potentially
reflecting cell proliferation. uPAR can influence the state of phosphorylation and signaling
activity of EGFR, thus affecting the activation status of ERK1/2, the primary EGFR downstream
target. UPAR is upstream of the EGFR/ERK1/2 signaling pathway, and the latter controls cell
survival in the absence of uPAR and promoting neurite growth in uPAR-expressing cells. These
findings demonstrate a molecular pathway linking uPAR with EGFR/ERK1/2 signaling in
governing Neuro2a cell proliferation, differentiation and apoptosis, representing uPAR as a
rational target molecule for manipulating neuroblastoma (Fig. 9).

EGFR is upregulated or aberrantly activated in many cancer types. Since EGFR was
detected to be downstream of uPAR, blocking the uPAR =cuicity or manipulating uPAR gene
expression might be an excellent target for anticancer theray:r '4, 82-86].
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Fig. 1. uPAR expression level evaluated using " T-F ZR analysis in Neuro2a cells. Neuro2a —
control cells; Neuro2a-uPAR — uPAR-overevhressing cells obtained by cell transfection with
phCMV1-uPAR plasmid and subsequent teic~ton using G418; Neuro2a-sh-uPAR — Neuro2a
cells with downregulated uPAR expr~ssic n using ShRNA; Neuro2a-uPAR-KO — Neuro2a cells
with uPAR knockout. The repreducible result of one of three independent experiments is
presented (N=3).
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Fig. 2. Serum deprivation ir Nctoo2a cells resulted in upregulated uUPAR mRNA level,

while the expression level o1 =GFR mRNA and pEGFR stayed unchanged. A — Neuro2a

possess long neurites upon 721, of serum deprivation (1% FBS) (N=30). Scale bar 75 um; B —

UPAR mRNA expressiui. level evaluated using RT-PCR analysis in Neuro2a cells after 24h, 48h,
72 h of serum depriy ~tion, *p<0.05 (by ANOVA, Dunkan’s test); C — EGFR mRNA expression

level evaluated using RT-PCR analysis in Neuro2a cells after 24 h, 48 h, 72 h of serum

deprivation; data are presented as mean values of +/- SEM (N=3). D — Western blotting analysis
of EGFR, pEGFR, and NeuN in Neuro2a cells (N=2). E, F — a densitometry analysis of the
results. B3-tubulin was used as the loading control. Seale-bar75tm-



A B <

uPAR blocking, 1% FBS uPAR blocking, 10 % FBS Rel. pEGFR level
0 5" 30" 2h 5h 24h 5 0 300 2h 19
pEGFR
pEGFR 0.8 -
Y1068 L
(Y1068) /== - L o gids 10% FBS
EGFR [w v w-
o EE== o e

~ 02 -
B3-tubulin F o — - P3-tubulin E 1% FBS

0
5 30 2h
D E Time of uPAR blocking
2 18 1% FBS - 10% FBS
£1.8 £ ’ 14
2 14
@ l4 g 1.2 1.1
212 1.0 g 1
= o
8 b £ o0s
S 0.8 s
£ E 06
506 § '
0.3 0.4 -
% 0.4 0.3 %
202 I I 2 02 .
0 - ‘ 0 ‘
0 5 30' 2h Sh  24h 0 30' 2h

Fig. 3. Blocking uPAR in Neuro2a decreased th: le.2l of neuron markers such as NeuN and
PEGFR phosphorylation. Blocking of uPAR ac ivity was performed using blocking antibodies
at a concentration of 25 pg/ml. A — ar.a./si. of pEGFR and NeuN levels in serum deprivation
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Fig. 4. uPAR blocking in Neuro2a cells decreased the total cell number, which was
accompanied by the induction of pro-apoptotic cell signaling with ERK1/2, Akt, p38 and c-
Src, PARP-1 proteolysis and DNA degradation. A — Western blotting analysis of the level of
PERK1/2, pAkt, p-p38, p-c-Src and PARP-1 upon uPAR blocking; b-actin was used as a loading
control (N=3). B — total cell number was calculated using automated cell counter Countess™,
anti-uPAR — using uPAR-blocking antibodies or 1gG as a control. C — microscopy photograph of
agarose gel with nuclei of Neuro2a cells stained with FITC. After incubation of Neuro2a in the
presence of antibodies, blocking UPAR at a concentration of 25 pg/ml for 72 h, electrophoresis
under alkaline conditions (method DNA comets) (N=5). Rat IgG was used as a control. Arrow
points out the cells with increased DNA degradation that form a comet-like shape of nuclei
(green). The intact nuclei in control conditions are encirc'2a 1 red ovals and marked by red
numbers. D — quantitative analysis of DNA degradaior, was performed using Imagel

(OpenComet plugin), *p<0.05. E — assessment of th. d.gree of DNA degradation. F-J — a

densitometry analysis of the Western-bletting-ana’ yo. —ofthelevel-of pERKIR2 pAktp-p38,p-
e-Src-and-PARP-1upenuPAR blecking—H-actinv/as sed-as-a-loading-controlresults.
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Fig. 5. uPAR overexpression stimulates EGFR phosphorylation in Neuro2a cells. A —
immunofluorescent staining with anti-uPAR (red fluorescence) and anti-pEGFR (green
fluorescence) in control Neuro2a cells (Neuro2a), Neuro2a cells with uPAR overexpression
(Neuro2a-uPAR) or Neuro2a cells with uPAR downregulation (Neuro2a-sh-uPAR). Nuclei are
counterstained with DAPI. Arrow points out a cell with increased expression of UPAR, in which
also an increase in phosphorylation EGFR occurs. Scale bar 20 um. B — Western blot analysis of
total EGFR and pEGFR levels, GAPDH was used as the loading control (N=3). C — EGFR
MRNA expression level evaluated using RT-PCR in Neuro2a cells with different uPAR levels; D
— a densitometry analysis of the results. E —The corrected *)tal cell fluorescence (CTCF) was
calculated as follows: CTFC = Integrated Density — (Are:. 01 selected cell x Mean fluorescence
of background readings). The parameters for the pEGF"< LT CF calculation in Neuro2a Neuro2a-
UPAR and Neuro2a-sh-uPAR cells were evaluated u:ing imagel; E—EGFR-mRNA-expression
level_eval ! usi : ls -vith diff levels: bl
sis of I I levels. bul I he_loadi L

densitometry-anabysis-oftheresults—Sealekar /0 um-



A Neuro2a- Neuro2a-
Hemasa uPAR uPAR-KO
AG1478 + & 4
DMSO + * +
pERK 12 [ IR
cytoplasmic { =
ERK1/2 s Sm—
GAPDH |G g —
PERKI | S e vice
nuclear{ - ' i
ERK1/2 | - . B
Histone H3 |l s e —
Cytoplasmic C Nuclear )
pERKI1/2 to total ERK1/2 =% Neuro pERK1/2 to Histone H3
Enn = Neuro2a
5.8 = Neuro2a-uPAR 0.6 0.6
= Neuro2a-uPAR-KO ‘.6 - . :
0.5 0.5 0.5 0.5
(R
2.1 Jo4 |
0.3 -
0.2 -
* o oeww 0-6 &
0.3 0,4- 02 0.1 -
0 il
AG1478 DMSO AG1478 DMSO
D Neuro2a- Neuro2a-
NeurS3y uPAR uPAR-KO
BSA + -
pFRK). S iD= —
cytoplasmic I
~TRK1/2 1
FAPDH |a s | | s

‘ PERKI/2 | e | | B
nu"‘a'ar{ ERK 12 - - | -

Histone H3

Cytoplasmic
pERK1/2 to total ERK1/2

= Neuro2a
= Neuro2a-uPAR
3.9 = Neuro2a-uPAR-KO

1.9
0.02
BSA

kN

Rk

1.7
0.5
.0
EGF

Nuclear
pERK1/2 to Histone H3

EGF

BSA



Fig. 6. The effect of UPAR expression on the pERK1/2 level in the cytoplasmic and nuclear
fractions of Neuro2a cells. Analysis of ERK1/2, pERK1/2, GAPDH and histone H3 levels was
performed by Western blot in control Neuro2a cells (Neuro2a), cells with uPAR overexpression
(Neuro2a-uPAR) and in Neuro2a with uPAR knockout (Neuro2a-uPAR-KO). A — after 1 h
incubation with EGFR inhibitor AG1478 (at a concentration of 100 uM) or DMSO (1%) as a
control, N=3. B, C — a densitometry analysis of cytoplasmic and nuclear pPERK1/2 upon AG1478
or DMSO treatment; D — after 5 min incubation with EGF or BSA as a control (both at a
concentration of 50 ng/ml), N=3. E, F — a densitometry analysis of cytoplasmic and nuclear
pPERK1/2 upon EGF or BSA treatment. GAPDH and histone H3 were used as the loading
controls for cytoplasmic and nuclear fractions, respectively Data are presented as mean values
of +/- SEM (N = 3). * p <0.05, ** p<0.01, ***p <0.001 A< ac*ermined by ANOVA Newman-

Keuls test.
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Fig. 7. uPAR expression defines the neurite growth in Neuro2a cells via EGFR activity. The
neurite length was analyzed using the IncuCyte® system and the Neurotrack plugin. The data are
presented as the length of neurites normalized to the area occupied by the cell bodies (in
mm/mm?). Data are presented as mean +/- SEM (N = 4-5). A — the growth of neurites in control
cells (Neuro2a), uPAR knockout clone (Neuro2a-uPAR-KO) and uPAR (Neuro2a-uPAR)



overexpressing cells in the presence of DMSO at a concentration of 0.2%; B — in the presence of
AG1478 (20 uM). C — in the presence of BSA (50 ng/ml); D — in the presence of EGF (50
ng/ml). E — percentage of the neurite-bearing cells at 120 h. At 24 h *p <0.05 Neuro2a-uPAR
versus Neuro2a-uPAR-KO cells; Neuro2a versus Neuro2a-uPAR-KO cells, no statistically
significant difference between Neuro2a-uPAR and Neuro2a cells. At 36 h **p <0.01, ***p
<0.001 Neuro2a-uPAR versus Neuro2a-uPAR-KO cells; Neuro2a versus Neuro2a-uPAR-KO
cells, no difference for Neuro2a-uPAR versus Neuro2a cells. **** p <0.0001 as determined by

ANOVA Tukey's test.
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Fig. 8. The dependence o1 *he cell index (the area occupied by Neuro2a cells) with different
levels of UPAR exprc.tiuil on EGFR activity. The area occupied by the cell bodies (in
mm?/mm?) was eva!awd in real time using the IncuCyte® system (cell-body cluster mask).
Data are presented & mean+/-SEM (N = 4-5 wells per cell type, 100 cells per well). EGF or
BSA were administrated at 50 ng/ml each. At 120 h ***p<0.001 Neuro2a-uPAR cells versus
Neuro2a and Neuro2a-uPAR-KO regardless of EGF or BSA administration as determined by
ANOVA Tukey's test.
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Fig. 9. Schematic diagram of UuPAR-nediated signaling pathways and
differentiation/neuritogenesis in NeuroZ2a cells.

(1) Blocking of uPAR activity with spac**ic antibody rapidly decreases phosphorylation of
EGFR and its downstream pERK1/2, resltn.g in a loss of differentiated status (downregulated
NeuN expression), enhanced neurite .ranching [19], reduced survival, DNA damage and
induction of apoptosis.

(2) UPAR knockout results in Jownnregulated cell differentiation and neuritogenesis (fewer
neurites and shorter processce™) and decreased cell proliferation [4]. Interestingly, signaling
effects in Neuro2a-uPAR-."O cells are different from those in cells with uPAR activity blocked
by antibody. In uPAR ki.zckout cells total pERK1/2 remains unchanged [4], cytoplasmic
PERK1/2 is reduc:u, a.2 auclear pERK1/2 is unaffected.

(3) UPAR overex:.ession leads to activation of EGFR and ERK1/2 and the increase in the
cytoplasmic pEGFR and pERK1/2, accompanied by enhanced cell differentiation/neuritogenesis
and increased cells index (proliferation or/and survival) [46]. EGF affects only cells
overexpressing UPAR and stimulates their neuritogenesis. AG1478, an EGFR inhibitor, has no

effect on neurite outgrowth.
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Highlights

e UPAR is an important regulator of neuroblastoma cell survival and differentiation
e UPAR is upstream of the EGFR/ERK1/2 signaling pathway

e EGFR/ERK1/2 controls cell survival in the absence of uPAR

e EGFR/ERK1/2 promotes neurite growth in uPAR-expressing cells



