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Abstract: Retinoic acid is one of the most well-known agents able to induce differentiation in 
several types of tumours. Unfortunately, most of the tumours are refractive to the differentiation 
cues. The aim of this investigation was to analyse the effects of prolonged treatment with retinoic 
acid on two cell lines of neural origin refractive to differentiation. Cells were also treated with 
retinoic acid in combination with a poly(ADP-ribosyl) polymerase (PARP) inhibitor because 
PARP1 is a known chromatin modulator and can influence the process of differentiation. The main 
methods comprised tumour cell line culturing and treatment; analysis of RNA and protein 
expression after cell treatment; as well as analysis of urokinase activity, migration, and 
proliferation. Both cell lines continued to proliferate under the prolonged treatment and showed 
increase in urokinase plasminogen activator activity. Analysis of gene expression and cell 
phenotype revealed different mechanisms, which only in neuroblastoma H4 cells could indicate 
the process of epithelial-mesenchymal transition. The data collected indicate that the activity of the 
urokinase plasminogen activator, although belonging to an extracellular protease, does not 
necessary lead to epithelial-mesenchymal reprogramming and increase in cell migration but can 
have different outcomes depending on the intracellular milieu. 

Keywords: neuroglioblastoma cell line; glioblastoma; retinoic acid; PARP1; urokinase; 
epithelial-mesenchymal transition 

 

1. Introduction 

Among many hallmarks of cancer, the prevailing group of features is considering the inability 
of tumour cells to stop proliferating, either through avoiding senescence, differentiation, cell cycle 
arrest, or programmed cell death [1]. Although different chemotherapeutics aim to induce tumour cell 
death, there are also possibilities to cure tumours by induction of the differentiation process, which 
diminishes the cell’s ability to proliferate. While the treatment of some forms of promyelocytic 
leukaemia by derivates of retinoic acid is a standard therapy causing cell differentiation, other types of 
tumours and leukaemia are mostly refractive to differentiation [2–4]. The most common differentiation 
agent is retinoic acid (RA; all-trans retinoic acid, ATRA), a compound derived from the vitamin A [5]. 
In the canonical pathway, RA binds to retinoic acid receptors (RAR) and retinoid X receptors (RXR) in 
the nucleus, which belong to the steroid-thyroid superfamily. The receptors then bind to specific DNA 
sequences on the target promoters and recruit the transcription machinery [5]. The receptors without 
bound ligands act as transcription repressors in a complex with chromatin modifiers. RAR was also 
been found to be able to bind to peroxisome proliferator-activated receptors (PPAR) if certain adaptor 
molecules are present in the cell and, in this way, can regulate another set of genes [6]. RA can act as a 
morphogen, and its most known target genes are HOX genes [7]. Therefore, it is involved in complex 
processes of vertebrate neurogenesis, neural stem cell differentiation, and development of several 
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specific types of neurons [5,8]. Pathways involved in RA-mediated embryonic stem cell differentiation 
toward neuronal tissue involve interactions with different pathways, including Notch, Wnt, MAP 
kinases, Src kinases, inhibition of GSKβ, and others [7,8]. 

In this work, we combined the retinoic acid treatment with poly(ADP-ribosyl)polymerase 
(PARP) inhibition. PARP1 is an enzyme involved in the process of poly(ADP-ribosyl)ation, the 
addition of polyADP-ribose chains on certain proteins in order to change the chromatin structure 
and to facilitate the process of DNA damage repair. PARP1 can modify some transcription factors 
and consequently participate in stem cell establishment and the differentiation process. Due to its 
influence on the chromatin structure and transcription, we investigated whether it could contribute 
to retinoic acid-induced cellular processes [9]. 

In this article, we analysed the changes in two tumour cell lines of neural origin after treatment 
with retinoic acid and a PARP inhibitor for a prolonged time period. The treated cells continued to 
proliferate and increased urokinase activity. As this extracellular protease is involved in tissue 
remodelling and could be involved in epithelial-mesenchymal transition [10–12], we analysed the 
cellular features and the expression of a set of genes involved in these processes. 

2. Results 

2.1. The Effect of ATRA and PARP Inhibition on Neuroglioblastoma Cell Growth and Morphology 

To investigate whether PARP1 inhibition could influence the cells’ ability to differentiate after 
ATRA treatment, two tumour cell lines of neural origin, glioblastoma A1235 and neuroglioblastoma 
H4, were treated with ATRA in combination with a PARP inhibitor, PJ-34. We monitored the cell 
proliferation under treatment for several days. Both cell lines continued to proliferate at nearly a 
control rate, except for a little slowing down in growth of A1235 and H4 cells after 4 days of 
treatment with ATRA and the PARP inhibitor (Figure 1). 

 

Figure 1. Growth curves of A1235 and H4 cells treated with all-trans retinoic acid (ATRA) and the 
poly(ADP-ribosyl) polymerase (PARP) inhibitor: Cells were treated every second day with 10 µM 
ATRA and 20 µM PJ-34 and their combination. Cell proliferation was determined by crystal violet 
staining and absorbance measurement. (A) A1235 cells; (B) H4 cells. * The mean values were 
significantly different from the control (p < 0.05). 

A1235 cells have a fibroblast-like morphology, which showed phenotypic changes during the 
experiment. Cells treated with ATRA adopted a more epithelial-like shape (Figure 2A). H4 cells have 
epithelioid morphology, and we did not observe significant changes during the treatment period 
(Figure 2B). 
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Figure 2. Morphology of A1235 glioblastoma and H4 neuroglioblastoma cells after 9 days of 
treatment with ATRA and the PARP inhibitor: Microphotographs were taken with epifluorescent 
microscope Axiovert 40 CFL. (A) A1235 cells; (B) H4 cells; a: control; b: cells treated with 20 µM 
PJ-34; c: cells treated with 10 µM ATRA; and d: cells treated with 10 µM ATRA and 20 µM PJ-34. 
Pictures were taken at magnification of 100×, scale bar = 100 µm. 

2.2. The Effect of ATRA and PARP Inhibition on Urokinase Activity 
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Our previous experiments showed that A1235 cells had the ability to increase the activity of 
urokinase plasminogen activator (uPA) when treated with certain drugs [13,14]. We hypothesized 
that these cells possibly began the process of epithelial-mesenchymal transition, with changes in the 
uPA activity as a sign of reprogramming. These experiments led us to test the uPA activity after 
treatment with ATRA and the PARP inhibitor after one day and after prolonged treatment of up to 
two weeks. The uPA activity was determined in the serum-free conditioned media by radial 
caseinolysis. The results revealed that A1235 cells increased the uPA activity several times after 
ATRA treatment: uPA induction was detected already after one day, as well as after prolonged 
treatment (Figure 3A,B). When cells grown in ATRA and PJ-34 medium for a longer period were left 
without a treatment for a week, uPA activity returned to a basal level. 

The same experiment was also performed with H4 neuroglioblastoma cells. After one day of 
treatment, there were only small differences in the uPA activity between the cells treated with 
ATRA, PJ-34, and their combination and the control, untreated cells (Figure 3C). After more than 9 
days of treatment, the uPA activity was increased in cells treated with ATRA. PARP inhibition did 
not influence this feature (Figure 3D). 

 
Figure 3. uPA activity of A1235 and cells H4 after treatment with ATRA and the PARP inhibitor: 
Cells were treated with 10 µM ATRA and 20 µM PJ-34 and their combination every second day. After 
first day and after more than 9 days of treatment, cells were incubated for 6 h in medium without 
serum and the urokinase activity was determined in conditioned medium by caseinolysis. The uPA 
activity was estimated according to the calibration curve of human uPA and protein concentration of 
corresponding lysates and presented in proportion to control cell values. (A) A1235 cells treated for 1 
day; (B) A1235 cells treated for prolonged time period; (C) H4 cells treated for 1 day; and (D) H4 cells 
treated for prolonged time period. S: 1-day treatment; L: prolonged treatment; PJ-34: cells treated 
with PARP inhibitor; ATRA: cells treated with ATRA; ATRA + PJ-34: cells treated with ATRA and 
PARP inhibitor. * The mean values were significantly different from the control (p < 0.05). 
Experiments were done two times, and representative results are shown. 

2.3. The Effect of ATRA and PARP Inhibition on EMT Gene Expression 

The uPA system is considered to be involved in EMT, as it can be regulated by mesenchymal 
master transcription factors [12]. To better understand the processes going on in the cells treated 
with ATRA, we analysed the expression of several groups of genes in both cell types after treatment 
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with ATRA and the PARP inhibitor. First, we analysed the expression of a set of genes involved in 
the uPA activity regulation: uPA, its inhibitors PAI1 and PAI2, and membrane uPA receptor uPAR. 

In the glioblastoma cells, ATRA increased uPA expression after one and 9 days. The expression 
of its inhibitor PAI1 was also increased after prolonged treatment, while that of PAI2 was on the very 
low level. uPAR expression showed small changes in the treated cells only after prolonged treatment 
(Figure 4A,B). 

To see whether changes in the uPA system could be linked to the changes in expression of the 
EMT master transcription factors, we tested TWIST, SNAIL1, SNAIL2, and ZEB1 [10–12]. After one 
day of treatment with ATRA, a decrease in ZEB1, TWIST, and SNAIL2 mRNA was observed, and 
after 9 days, significant SNAIL2 and TWIST inhibition persisted. 

The third group of genes, of which the expression was tested in A1235 cells, were downstream 
effectors of EMT or its upstream triggers, such as genes involved in the formation of the extracellular 
matrix (ECM) or cell adhesion [10,11]. N-CADHERIN and INTEGRIN subunits showed a decrease in 
expression as a consequence of the prolonged ATRA and PJ-34 treatment. As a TGFβ system can be 
an initiator of the changes in the EMT, we analysed its expression as well as the expression of 
downstream SMAD4 and SMAD7, with the latter involved in its negative feedback regulation [11]. 
In A1235 cells, although TGFβ showed small downregulation after ATRA treatment, these changes 
were not reflected on SMAD4 and SMAD7 expression after prolonged treatment. PARP inhibition 
did not influence TGFβ expression. Considering the Notch pathway, its downstream target HES1 
was upregulated by ATRA. We also analysed the expression of c-MYC, which showed 
downregulation after treatment with both ATRA and PJ-34. PARG1, an enzyme which cleaves 
polyADP chains [9], was decreased in dependence on PARP inhibition.  

We also analysed the expression of the same group of genes in H4 neuroblastoma cells treated 
under the same conditions. Significant changes were observed in the uPA and PAI expression. uPA 
expression was increased after 9 days of ATRA treatment, and PAI1 was decreased. PAI2 expression 
showed an increase only after 24 h of treatment with the PARP inhibitor, and uPAR expression was 
not significantly changed (Figure 4C,D). 

Regarding the expression of the master transcription factors, the expression of TWIST and 
SNAIL2 was decreased after ATRA treatment. PARP inhibition alleviated ATRA effects on the 
expression of certain target genes, some master transcription factors, and their downstream targets 
(Supplementary Table S2). Considering integrins, only INTEGRIN β3 showed an increase in ATRA 
and PJ-34 treated cells. After 9 days, the expression of most of the INTEGRIN subunits was on the 
control level. Analysis of TGFβ system expression revealed changes in TGFβ and SMAD7 
expression. After 9 days of treatment, TGFβ expression showed an increase in samples where the 
PARP inhibitor was added, while SMAD7 was decreased in ATRA-treated cells. HES1 and PARG1 
expression was also changed in ATRA-treated cells (Figure 4C,D). 



Biomedicines 2019, 7, 70 6 of 16 

 



Biomedicines 2019, 7, 70 7 of 16 

 
Figure 4. qRT-PCR analysis of the expression of genes involved in the uPA system and EMT in A1235 
and H4 cells after 1 and 9 days of ATRA and PJ-34 treatment: Cells were treated with 10 µM ATRA 
and 20 µM PJ-34 and their combination every second day. RNA was isolated from cells treated for 1 
and 9 days, and cDNA was produced and examined by qRT-PCR. Relative gene expression level was 
obtained by normalization of its values with those of hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) and is presented as a fold change in comparison with untreated 
control cell values. (A) A1235 cells treated for 1 day; (B) A1235 cells treated for 9 days; (C) H4 cells 
treated for 1 day; and (D) H4 cells treated for 9 days. S: 1-day treatment; L: prolonged treatment; 
PJ-34: cells treated with PARP inhibitor; ATRA: cells treated with ATRA; ATRA + PJ-34: cells treated 
with ATRA and the PARP inhibitor. Data are expressed as mean ± SD. * The mean values were 
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significantly different from the control (p < 0.05). Experiments with prolonged cell treatment were 
done at least two times, and representative results are shown. 

2.4. The Effect of ATRA and PARP Inhibition on the Plasminogen Activation System Proteins 

The uPA system was also analysed on the protein level. Proteins were isolated from the cells treated 
for a prolonged time with ATRA and the PARP inhibitor. In A1235 cells, although a small increase in 
uPA could be observed in some treated cells, there was also an increase in PAI1 in all treated samples 
(Figure 5A,C). In H4 cells, increase in uPA was detected in cells treated with ATRA in combination with 
the PARP inhibitor and decrease in PAI1 was detected in all treated cells (Figure 5B,D). 

 
Figure 5. Western blot analysis of uPA and PAI-1 in A1235 and H4 cells after treatment with ATRA 
and PJ-34: After the prolonged treatment with 10 µM ATRA and 20 µM PJ-34 and their combination, 
the whole cell lysates were immunoblotted against indicated antibodies. (A) Analysis of A1235 cells; 
(B) analysis of H4 cells; and (C,D) densitometric analysis of western blot films of A1235 and H4 cells, 
respectively. PJ-34: cells treated with PARP inhibitor; ATRA: cells treated with ATRA; ATRA + PJ-34: 
cells treated with ATRA and the PARP inhibitor. Data are expressed as mean ± SD. * The mean 
values were significantly different from the control (p < 0.05). Experiments were done two times, and 
representative results are presented. 

2.5. The Effect of ATRA and PARP Inhibition on Cell Migration and Matrix Metalloprotease Expression 

In order to examine the effect of urokinase activity and EMT master transcription factor 
expression on the ability of cells to migrate, we performed cell migration analysis. Cells were seeded 
in Transwells and exposed to the PARP inhibitor and/or ATRA for ~20 h. After one day of treatment, 
migration of both A1235 and H4 cells, control and treated, was similar (Figure 6A,C). After 
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prolonged treatment, we observed a decrease in A1235 and an increase in H4 migration after 
treatment with ATRA (Figure 6B,D). 

 

Figure 6. Analysis of cell migration after ATRA and PJ-34 treatment: Cells were seeded in Transwell 
chambers and allowed to migrate toward the medium with serum in the presence or in the absence 
of ATRA or PJ-34. Membranes were stained with crystal violet, and the absorbance was measured 
spectrophotometrically. (A) A1235 cells’ migration after 1 day of treatment; (B) A1235 cells’ 
migration after prolonged treatment; (C) H4 cells’ migration after 1 day of treatment; and (D) H4 
cells’ migration after prolonged treatment. S: 1-day treatment; L: prolonged treatment; PJ-34: cells 
treated with 20 µM PJ-34; ATRA: cells treated with 10 µM ATRA; ATRA + PJ-34: cells treated with 20 
µM PJ-34 and 10 µM ATRA inhibitor. * The mean values were significantly different from the control 
(p < 0.05). Experiments were done two times. 

As matrix metalloproteases (MMP) are often involved in the process of migration and are 
expressed in mesenchymal cells, we also analysed their expression and activity in both cell lines after 
the prolonged treatment with ATRA and the PARP inhibitor. As several metalloproteases act as 
gelatinases, their activity was examined by zymography on a gelatine-containing gel [15]. 
Gelatinases detected in A1235 cells had very weak activity. In H4 cells, there was an increase in 
gelatinase activity in media obtained from samples treated with ATRA alone and in combination 
with PJ-34 (Figure 7A and Figure S1). As the technique applied can detect several MMPs, we 
analysed the expression of MMP2, MMP3, and MMP9 on the RNA level by qPCR. In A1235 cells, 
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only MMP2 and MMP9 were detected and a decrease in MMP2 expression was observed. In H4 
cells, only MMP2 and MMP3 were expressed and MMP3 expression was increased after ATRA 
treatment in combination with PJ-34 (Figure 7B,C). 

 

Figure 7. Metalloprotease activity and expression in A1235 and H4 cells after ATRA and PJ-34 
treatment: (A) Zymography of H4 cells. After the prolonged treatment with 10 µM ATRA and 20 µM 
PJ-34 and their combination, conditioned H4 cells were collected, concentrated, and analysed by 
zymography on a gelatine-containing polyacrylamide gel. (B) qPCR analysis of MMP expression in 
A1235 cells; (C) qPCR analysis of MMP expression in H4 cells. RNA was isolated from cells after 
prolonged treatment, cDNA was produced and examined by qRT-PCR. Relative gene expression 
level was obtained by normalization of its values with those of hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) and is presented as a fold change in comparison with untreated 
control cell values. PJ-34: cells treated with 20 µM PJ-34; ATRA: cells treated with 10 µM ATRA; 
ATRA + PJ-34: cells treated with 20 µM PJ-34 and 10 µM ATRA inhibitor; MMP2: metalloproteinase 
2; MMP3: metalloproteinase 3; MMP9: metalloproteinase 9. * The mean values were significantly 
different from the control (p < 0.05). 

3. Discussion 

ATRA is often used as a differentiation agent in certain types of tumour cells and could be 
considered a targeted chemotherapeutic, with optimal effects. Unfortunately, the number of 
tumours prone to differentiation is very low, due probably to active signalling pathways forcing 
cells on proliferation and dominating over differentiations cues [4,16,17]. Ostensive proliferation 
after ATRA and PARP inhibitor treatment in the neuroblastoma and glioblastoma cell lines 
investigated indicated insensitivity to drug treatment and cells’ inability to differentiate. Also, there 
were no neurite outgrowth and significant morphological changes indicating differentiation. 
Despite this, ATRA did cause changes in intracellular signalling, indicating cellular reprogramming. 
We first detected an increase in the urokinase activity after RA treatment. Urokinase plasminogen 
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activator is an extracellular enzyme often considered to influence cell migration and invasion and 
was found to be involved in epithelial-mesenchymal transition (EMT) [12,18]. In this process, by 
obtaining mesenchymal features, epithelial cells (or cells of other types in the similar process) 
acquire the ability to migrate, to produce extracellular matrix proteins and proteases, to change their 
integrin and receptor expression, and to loosen tight and adhesive junctions with neighbouring cells. 
This reprogramming is a normal process during development but also present in wound healing 
and other physiological processes [10,11,19]. Nowadays, it comes into the focus of investigation 
because of its role in tumour spreading and tumour stem cell biology [20–22]. Thus, we analysed a 
set of cellular features involved in this process.  

RA treatment increased urokinase activity in both cell lines of neural origin, but the pattern of 
induction was not the same. In H4 neuroblastoma cells, we observed minimal changes after 1 day of 
treatment but the activity significantly increased after prolonged treatment. These changes were 
reversible, and activity decreased after culturing the cells without the drug. In these cells, increase in 
urokinase activity could be ascribed to coordinated increase in uPA and decrease in PAI1 
expression. In parallel, there was also an increase in metalloprotease activity as well as in cell 
migration. On the other hand, there were no changes in the epithelial phenotype of H4 cells. 
Expression of several genes regulating cell attachment, such as INTEGRINS, FIBRONECTIN, and 
N-CADHERIN, was only sporadically changed, i.e., N-CADHERIN was increased only in cells 
treated with ATRA alone. EMT master transcription factors TWIST and SNAIL2 were 
downregulated by RA [10,21]. Analysis of TGFβ signalling in the RA-treated cells showed a decrease 
in SMAD7 expression, its negative regulator. TGFβ expression, on the contrary, showed increase in 
cells treated with the PARP inhibitor. The PARP inhibitor’s influence on ATRA-dependent 
expression could be seen in several TGFβ-dependent genes, such as N-CADHERIN, INTEGRIN, and 
TWIST [11]. It is known that PARP can regulate physiological responses to TGFβ by PARPylation of 
the activated Smad proteins. This modification was found to increase Smad complex dissociation 
from DNA and to decrease gene response to TGFβ signalling and epithelial-mesenchymal transition 
dependent on it [23,24]. Thus, PARP inhibition could change the duration of TGFβ signals and 
interfere with signalling induced by ATRA. However, the final outcome seemed to be dependent on 
the intracellular milieu which determines downstream TGFβ targets and general TGFβ response. 
Complex relations between TGFβ-induced EMT and PARP activity were also confirmed recently in 
mammary epithelial cells, which showed inhibition of EMT under PARP inhibition [25]. Therefore, 
although uPA, PAI1, and PAI2 are TGFβ-responsive genes and final changes in the uPA activity and 
other EMT-like features in H4 cells correlated only with ATRA treatment, H4 cells did not exhibit all 
of the EMT-like features but it could be ascribed to partial EMT or similar process found in both 
physiological processes and in tumour biology [19,26]. 

c-MYC expression often correlates with cell proliferation ability, and in H4 cells, it was not 
significantly decreased after prolonged treatment. Duffy et al. [17] analysed neuroblastoma cells 
with N-MYC overexpression during ATRA treatment and concluded that N-Myc regulated 
differentiation-relevant genes in the opposite way in comparison with ATRA. They found 
N-Myc-related inhibition of TGFβ signalling and interactions of their networks on multiple levels. 
The authors concluded that N-Myc expression dominated over other signalling pathways and 
disabled differentiation network activation by ATRA. Chen et al. [27] found that the defective 
regulation of c-MYC or its upstream signalling in breast tumours leads to c-MYC unresponsiveness 
to TGFβ signals. H4 cells could have similar mechanisms of differentiation avoidance, possibly not 
dependent directly on c-MYC but on proliferation signalling cooperating with Myc, such as Akt 
pathways [28].  

The A1235 glioblastoma cell line shared with H4 cells the ability to avoid differentiation and to 
continue to proliferate under RA treatment, as well as to increase urokinase activity. However, in 
these cells, the urokinase activity showed different dynamics; it showed immediate upregulation 
which remained on the high level during treatment. As in H4 cells, the activity was downregulated 
after RA removal. Increase in the urokinase activity was accompanied by the upregulation in uPA 
expression and also by the upregulation of its inhibitor PAI1. PAI2 expression was low, so we could 
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suppose that it did not influence significantly the uPA activity. On the protein level, there was no 
significant increase in the uPA expression correlating with activity. On the contrary, increase in PAI1 
expression was detected in the cell lysates. A1235 cells were described previously to increase the 
urokinase activity when treated with chemotherapeutics, but it was shown that ZEB1 could be 
involved in coordinated increases in uPA and decreases in PAI1 expression [12]. RA regulated 
urokinase activity differently. Our hypotheses are that extracellular uPA activity could be regulated 
on the level of uPA or PAI1 secretion or by the differential expression of some other specific 
inhibitors, which were found recently [29–32]. 

Despite the increase in the urokinase activity, a number of changes observed in RA-treated 
A1235 cells indicated the absence of EMT-like reprogramming. Cells showed the decrease in 
migration ability, low expression of metalloproteases, and epithelioid-like morphology. Also, there 
was a decrease in TWIST and SNAIL2 expression, as well as in those of integrins and N-CADHERIN. 
The TGFβ system in A1235 cells correlated with ATRA treatment, causing the downregulation of 
TGFβ expression.  

ATRA treatment was found to cause the reversal of EMT in several experimental systems. Cui 
et al. [33] analysed its effects on hepatocellular carcinoma cells and found the suppression of 
proliferation, migration, and invasion, as well as downregulation of the mesenchymal genes TWIST, 
SNAIL, N-CADHERIN, and VIMENTIN. Zanetti et al. [34] also found that ATRA induces epithelial 
differentiation program in breast tumour cells. ATRA was also found to increase the amounts of 
VE-cadherin, β-catenin, as well as cell-to-cell contacts and to decrease the cell migration. SNAIL1 
was decreased when ATRA was applied in combination with EGF. In addition, it was found that 
ATRA activated the TGFβ pathway which possibly did a functional switch to antimigratory 
behaviour.  

We could conclude that both ATRA-dependent pathways and PARP inhibition induce changes 
in cell-specific signalling network, dependent on the intracellular milieu. Although both cell lines of 
neural origin increased the activity of urokinase after ATRA treatment, H4 cells showed also some of 
the hallmarks of EMT, while glioblastoma A1235 cells showed signs of the opposite process. 

4. Materials and Methods 

4.1. Cell Culture and Growth Assessment 

Glioblastoma (A1235) and neuroglioblastoma (H4) cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Sigma-Aldrich, Taufkirchen, Germany) supplemented with 10% foetal 
bovine serum (Sigma–Aldrich) at 37 °C and 5% CO2. A1235 cells were a kind gift from S. A. 
Aaronson (National Cancer Institute, Bethesda, MD, USA) [35]. Neuroblastoma H4 cells were 
commercially available at ATCC (Manassas, VA, USA). The cells were tested for the presence of 
mycoplasma with the EZ-PCR Mycoplasma Test Kit (Biological Industry, Beit-Haemek, Israel). 

Cells were treated with ATRA (all-trans retinoic acid) (Sigma-Aldrich) and PJ-34, a PARP 
inhibitor (Sigma-Aldrich). Control cells were treated with DMSO (Sigma-Aldrich). For prolonged 
treatment, cells were treated with 10 µM ATRA and 20 µM PJ-34 every second day and reseeded if 
needed. The 10-µM ATRA treatment for 5–10 days is considered the standard condition for 
neuroblastoma cell differentiation [36], and 20 µM PJ-34 was shown to be effective in PARP 
inhibition [37]. 

Cell growth was assessed by crystal violet staining. Cells were seeded on a 96-well plate in 
multiplicate, and every day, one set of cells was fixed with cold methanol. At the end of the assay, 
the plate was stained with crystal violet and, after dissolving in 1% sodium dodecyl sulphate (SDS), 
absorbance was measured on 595 nm by a microplate reader [38]. 

4.2. Analysis of Enzymatic Activity  

Urokinase-type plasminogen activator (uPA) activity was assayed by radial caseinolysis of the 
conditioned media as described previously [39]. Samples were measured in duplicates and in two 
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biological replicas and compared with the standard uPA (Leo Pharmaceutical Products, Ballerup, 
Denmark) curve. Experiments were repeated at least two times. 

Metalloproteinase activity was examined in the conditioned media by zymography on the 
polyacrylamide gel copolymerized with gelatine, according to protocol [40]. 

4.3. RNA Preparation, cDNA Synthesis, and Quantitative Real-Time PCR 

Total RNA was extracted from cells using TRI Reagent (Sigma), and cDNA was synthesized 
from 2 µg of total RNA by Primescript RTase (Takara, Kusatsu, Japan) according to manufacturer’s 
instructions. Quantitative real-time PCR (qRT-PCR) was performed using GoTaq® qPCR Master Mix 
(Promega, Madison, WI, USA) in a 7500 Fast Real-Time PCR system (Applied Biosystems, 
ThermoFisher Scientific, Waltham, MA, USA). Gene expression was validated by comparison with 
HPRT gene expression. Primer sequences, designed by IDT PrimerQuest software package 
(Integrated DNA Technologies, Inc., Coralville, IA, USA) used for PCR reactions, are listed in 
Supplementary Table S1. Some of the primer sequences, such as those for HPRT, HES1, c-MYC, 
TGFβ, SMAD4, SMAD7, SNAIL1, SNAIL2, TWIST1, ZEB1, and PARG were used previously [41,42].  

4.4. SDS PAGE and Western Blot 

Total cell extracts were prepared using lysis buffer containing a cocktail of protease inhibitors 
(Carl Roth, Karlshuhe, Germany), as described previously [43]. Protein expression was analysed by 
Western blot [19]. The primary antibodies used were PAI1 (Becton Dickenson, Franklin Lakes, NJ, 
USA), uPA (Cusabio Technology LCC, Houston, TX, USA), and β-actin (Santa Cruz, Dallas, Texas, 
USA). Densitometric analysis was performed using the ImageJ program (version 1.52a, National 
Institute of Health, Bethesda, MD, USA). 

4.5. Migration Assays 

Migration assay was performed in Transwell chambers, according to methods reported 
previously [44]. Two to 4 × 104 cells were seeded in DMEM with or without added ATRA and PJ-34, 
in a Transwell cell culture chamber with the 8-µm pore size (BRAND, Wertheim, Germany). Cells 
were allowed to migrate for 18 to 24 h toward DMEM supplemented with 10% serum, with or 
without added ATRA or PJ-34. 

4.6. Statistical Analysis 

Data were statistically analysed using the software package Microsoft Office and GraphPad 
Prism 5 (Graph Pad Software. Inc, San Diego, CA, USA). The test used for comparison of the results 
between the control and the treated cells was one-way ANOVA with Tukey posttest. Significance 
was set at p-value < 0.05. 

5. Conclusions 

Glioblastoma A1235 and neuroglioblastoma H4 cells were resistant to the induction of 
differentiation by ATRA and PARP inhibition. Both cell lines increased uPA activity after ATRA 
treatment, but the regulation of uPA system elements as well as changes in gene expression network 
were cell-type specific. While ATRA induced changes resembling the hallmarks of EMT in one cell 
line, in the other, it caused the features of the opposite process. PARP inhibition did not have a 
consistent effect by itself or in addition to ATRA. The data indicate that the activity of urokinase 
plasminogen activator, although an extracellular protease, does not necessarily lead to 
epithelial-mesenchymal reprogramming but could have different outcomes dependent on the 
intracellular milieu. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. 



Biomedicines 2019, 7, 70 14 of 16 

Author Contributions: Conceptualization, M.M. and M.A.; data curation, L.H., J.M., and M.G.; formal analysis, 
M.M.; funding acquisition, M.M.; investigation, M.M., L.H., J.M., and M.G.; methodology, M.M., L.H., J.M., and 
M.G.; writing—original draft, M.M., L.H., J.M., and M.G.; writing—review and editing, M.A. 

Funding: This work was funded by the University of Zagreb Support, by support of the Foundation of Croatian 
Academy of Science and Art, by the Ministry of Science and Education of the Republic of Croatia, and Croatian 
Science Foundation DOK-2014-06-9845 given to M. Matulić.  

Acknowledgments: We thank Goran Šimić from the School of Medicine, University of Zagreb and Natalia 
Kučić from the School of Medicine, University of Rijeka, as well as all the members of the Department of 
Molecular Biology, Faculty of Science, University of Zagreb for their technical support and advice.  

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 
publish the results. 

References 

1. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. 
2. Breitman, T.R.; Selonick, S.E.; Collins, S.J. Induction of differentiation of the human promyelocytic 

leukemia cell line (HL-60) by retinoic acid. Proc. Natl. Acad. Sci. USA 1980, 77, 2936–2940. 
3. de Thé, H. Differentiation therapy revisited. Nat. Rev. Cancer 2017, 18, 117–127. 
4. Reynolds, C.P.; Matthay, K.K.; Villablanca, J.G.; Maurer, B.J. Retinoid therapy of high-risk neuroblastoma. 

Cancer Lett. 2003, 197, 185–192. 
5. Janesick, A., Wu, S.C.; Blumberg, B. Retinoic acid signalling and neuronal differentiation. Cell Mol. Life Sci. 

2015, 72, 1559–1576. 
6. Gearing, K.L.; Göttlicher, M.; Teboul, M.; Widmark, E.; Gustafsson, J.A. Interaction of the 

peroxisome-proliferator-activated receptor and retinoid X receptor. Proc. Natl. Acad. Sci. USA 1993, 90, 
1440–1444. 

7. Cunningham, T.J.; Duester, G. Mechanisms of retinoic acid signalling and its roles in organ and limb 
development. Nat. Rev. Mol. Cell Biol. 2015, 16, 110–123. 

8. Chuang, J.H.; Tung, L.C.; Lin, Y. Neural differentiation from embryonic stem cells in vitro: An overview of 
the signalling pathways. World J. Stem Cells 2015, 7, 437–447. 

9. Krishnakumar, R.; Kraus, W.L. The PARP side of the nucleus: Molecular actions, physiological outcomes, 
and clinical targets. Mol. Cell 2010, 39, 8–24. 

10. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. 
Mol. Cell Biol. 2014, 15, 78–96. 

11. Moustakas, A.; Heldin, C.H. Mechanisms of TGFβ-Induced Epithelial-Mesenchymal Transition. J. Clin. 
Med. 2016, 5, E63. 

12. Sánchez-Tilló, E.; de Barrios, O.; Siles, L.; Amendola, P.G.; Darling, D.S.; Cuatrecasas, M.; Castells, A.; 
Postigo, A. ZEB1 Promotes invasiveness of colorectal carcinoma cells through the opposing regulation of 
uPA and PAI-1. Clin. Cancer Res. 2013, 19, 1071–1082. 

13. Madunić, J.; Antica, M.; Cvjetko, P.; Požgaj, L.; Matulić, M. Modulation of urokinase plasminogen 
activator system by poly(ADP-ribose)polymerase-1 inhibition. Cytotechnology 2016, 68, 783–794. 

14. Matulić, M.; Brdar, B. Induction of urokinase-type plasminogen activator by sodium salicylate in a 
glioblastoma cell strain. Food Technol. Biotechnol. 2001, 39, 5–11. 

15. Snoek-van Beurden, P.A. and Von den Hoff, J.W. Zymographic techniques for the analysis of matrix 
metalloproteinases and their inhibitors. Biotechniques 2005, 38, 73–83. 

16. Carén, H.; Stricker, S.H.; Bulstrode, H.; Gagrica, S.; Johnstone, E.; Bartlett, T.E.; Feber, A.; Wilson, G.; 
Teschendorff, A.E.; Bertone, P.; et al. Glioblastoma Stem Cells Respond to Differentiation Cues but Fail to 
Undergo Commitment and Terminal Cell-Cycle Arrest. Stem Cell Rep. 2015, 5, 829–842. 

17. Duffy, D.J.; Krstic, A.; Halasz, M.; Schwarzl, T.; Konietzny, A.; Iljin, K.; Higgins, D.G.; Kolch, W. Retinoic acid 
and TGF-β signalling cooperate to overcome MYCN-induced retinoid resistance. Genome Med. 2017, 9, 15. 

18. Irigoyen, J.P.; Muñoz-Cánoves, P.; Montero, L.; Koziczak, M.; Nagamine, Y. The plasminogen activator 
system: Biology and regulation. Cell Mol. Life Sci. 1999, 56, 104–132. 



Biomedicines 2019, 7, 70 15 of 16 

19. Savagner, P.; Kusewitt, D.F.; Carver, E.A.; Magnino, F.; Choi, C.; Gridley, T.; Hudson, L.G. Developmental 
transcription factor slug is required for effective re-epithelialization by adult keratinocytes. J. Cell Physiol. 
2005, 202, 858–866. 

20. Jolly, M.K.; Boareto, M.; Huang, B.; Jia, D.; Lu, M.; Ben-Jacob, E.; Onuchic, J.N.; Levine, H. Implications of 
the Hybrid Epithelial/Mesenchymal Phenotype in Metastasis. Front. Oncol. 2015, 5, 155. 

21. Barrallo-Gimeno, A.; Nieto, M.A. The Snail genes as inducers of cell movement and survival: Implications 
in development and cancer. Development 2005, 132, 3151–3161. 

22. Mladinich, M.; Ruan, D.; Chan, C.H. Tackling Cancer Stem Cells via Inhibition of EMT Transcription 
Factors. Stem Cells Int. 2016, 2016, 5285892. 

23. Lönn, P.; van der Heide, L.P.; Dahl, M.; Hellman, U.; Heldin, C.H.; Moustakas, A. PARP-1 attenuates 
Smad-mediated transcription. Mol. Cell 2010, 40, 21–32. 

24. Dahl. M.; Maturi, V.; Lönn, P.; Papoutsoglou, P.; Zieba, A.; Vanlandewijck, M.; van der Heide, L.P.; 
Watanabe, Y.; Söderberg, O.; Hottiger, M.O.; Heldin, C.H.; et al. Fine-tuning of Smad protein function by 
poly(ADP-ribose) polymerases and poly(ADP-ribose) glycohydrolase during transforming growth factor 
β signalling. PLoS ONE 2014, 9, e103651. 

25. Schacke, M.; Kumar, J.; Colwell, N.; Hermanson, K.; Folle, G.A.; Nechaev, S.; Dhasarathy, A.; 
Lafon-Hughes, L. PARP-1/2 Inhibitor Olaparib Prevents or Partially Reverts EMT Induced by TGF-β in 
NMuMG Cells. Int. J. Mol. Sci. 2019, 20, E518. 

26. Hollestelle, A.; Peeters, J.K.; Smid, M.; Timmermans, M.; Verhoog, L.C.; Westenend, P.J.; Heine, A.A.J.; 
Chan, A.; Sieuwerts, A.M.; Wiemer, E.A.C.; et al. Loss of E-cadherin is not a necessity for epithelial to 
mesenchymal transition in human breast cancer. Breast Cancer Res. Treat. 2013, 138, 47–57. 

27. Chen, C.R.; Kang, Y.; Massagué, J. Defective repression of c-myc in breast cancer cells: A loss at the core of 
the transforming growth factor beta growth arrest program. Proc. Natl. Acad. Sci. USA 2001, 98, 992–999. 

28. Muñoz, J.; Lázcoz, P.; Inda, M.M.; Nistal, M.; Pestaña, A.; Encío, I.J.; Castresana, J.S. Homozygous deletion 
and expression of PTEN and DMBT1 in human primary neuroblastoma and cell lines. Int. J. Cancer 2004, 
109, 673–679. 

29. Heiple, J.M.; Ossowski, L. Human neutrophil plasminogen activator is localized in specific granules and is 
translocated to the cell surface by exocytosis. J. Exp. Med. 1986, 164, 826–840. 

30. Ishigami, S.; Sandkvist, M.; Tsui, F.; Moore, E.; Coleman, T.A.; Lawrence, D.A. Identification of a novel 
targeting sequence for regulated secretion in the serine protease inhibitor neuroserpin. Biochem. J. 2007, 402, 
25–34. 

31. Knop, M.; Gerke, V. Ca2+ -regulated secretion of tissue-type plasminogen activator and von Willebrand 
factor in human endothelial cells. Biochim. Biophys. Acta 2002, 1600, 162–167. 

32. Wei, L.; Lun, Y.; Zhou, X.; He, S.; Gao, L.; Liu, Y.; He, Z.; Li, B.; Wang, C. Novel urokinase-plasminogen 
activator inhibitor SPINK13 inhibits growth and metastasis of hepatocellular carcinoma in vivo. Pharmacol. 
Res. 2019, 143,73-85. 

33. Cui, J.; Gong, M.; He, Y.; Li, Q.; He, T.; Bi, Y. All-trans retinoic acid inhibits proliferation, migration, invasion 
and induces differentiation of hepa1-6 cells through reversing EMT in vitro. Int. J. Oncol. 2016, 48, 49–57. 

34. Zanetti, A.; Affatato, R.; Centritto, F.; Fratelli, M.; Kurosaki, M.; Barzago, M.M.; Bolis, M.; Terao, M.; 
Garattini, E.; Paroni, G. All-trans-retinoic Acid Modulates the Plasticity and Inhibits the Motility of Breast 
Cancer Cells: ROLE OF NOTCH1 AND TRANSFORMING GROWTH FACTOR (TGFβ). J. Biol. Chem. 
2015, 290, 17690–17709. 

35. Giard, D.J.; Aaronson, S.A.; Todaro, G.J.; Arnstein, P.; Kersey, J.H.; Dosik, H.; Parks, W.P. In vitro 
cultivation of human tumours: Establishment of cell lines derived from a series of solid tumours. J. Natl. 
Cancer Inst. 1973, 51, 1417–1423. 

36. Shipley, M.M.; Mangold, C.C.; Szpara, M.L. Differentiation of the SH-SY5Y Human Neuroblastoma Cell 
Line. J. Vis. Exp. 2016, 108, e53193. 

37. Carbone, M.; Rossi, M.N.; Cavaldesi, M.; Notari, A., Amati, P.; Maione, R: Poly(ADP-ribosyl)ation is 
implicated in the G0-G1 transition of resting cells. Oncogene 2008, 27, 6083–6092. 

38. Saotome, K.; Morita, H.; Umeda, M. Cytotoxicity test with simplified crystal violet staining method using 
microtitre plates and its application to injection drugs. Toxicol. Vitr. 1989, 3, 317–321. 

39. Matulić, M.; Brdar, B. Urokinase-type Plasminogen Activator and Plasminogen Activator Inhibitor 
Induction by Etoposide in a Glioblastoma Cell Strain. Food Tech. Biotech. 2002, 40, 1–7. 



Biomedicines 2019, 7, 70 16 of 16 

40. Doyle, A.; Griffiths, J.B.; Newell, D.G. Cell and Tissue Culture: Laboratory Procedures. John Wiley and Sons: 
Hoboken, NJ, USA; 1995. Available online: 
https://archive.org/stream/Cell_And_Tissue_Culture_Laboratory_Procedures_In_Biotechnology/Cell_An
d_Tissue_Culture_Laboratory_Procedures_In_Biotechnology_djvu.txt (accessed on 11 September 2019). 

41. Horvat, L.; Antica, M.; Matulić, M. Effect of Notch and PARP Pathways’ Inhibition in Leukemic Cells. 
Cells 2018, 7, 58, doi:10.3390/cells7060058. 

42. Horvat, L.; Antica, M.; Matulić, M. Inhibition of PARP activity does not affect the differentiation 
processes caused by retinoic acid in SH-SY5Y cells. Mol. Exp. Biol. Med. 2019, 1, 38–43. 

43. Sambrook, J.F.; Russell, D.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; ColdSpring Harbor 
Laboratory Press New York, NY, USA; 2001. 

44. Nagakawa, O.; Ogasawara, M.; Murata, J.; Fuse, H.; Saiki, I. Effect of prostatic neuropeptides on 
migration of prostate cancer cell lines. Int. J. Urol. 2001, 8, 65–70, doi:10.1046/j.1442-2042.2001.00250.x. 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


