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	A B S T R A C T	
This study aimed to observe the effect of anti-migratory drugs on glioblastoma (GBM) cell migration by targeting key pathways in migration, including actin polymerisation and RhoA – all of which channel cell migration. GBMs are a form of brain tumour originating in the brain in which they infiltrate surrounding brain tissues. Due to the invasive nature of glioma cells, treatment is difficult, resulting in current treatment options remaining ineffective in enhancing GBM survival rates. Cell migration plays an essential role in the invasion of GBM cells – ongoing research has revealed that targeting migratory pathways may be a complementary, novel treatment option as anti-migratory drugs may be used to inhibit cell migration and prevent cancer cell invasion in GBMs. This study aimed to gather further evidence for the use of anti-migratory drugs by investigating in vitro experimental methods for the assessment of a panel of anti-migratory inhibitors (CCG-1423 and Rhosin Hydrochloride) in the established U87 glioma cell line. 

The methodology comprised immunofluorescence staining whereby the morphology (roundness) of cells and Corrected Total Cell Fluorescence (CTCF) of cellular actin was observed and analysed using ImageJ-Fiji software. CTCF results revealed that the use of CCG-1423 and Rhosin Hydrochloride (HCl) studied in combination were statistically significant to controlled-treated cells (p = 0.0037). The roundness of U87 cells illustrated a significant difference between Rhosin HCl-treated cells (p = 0.001) and combination-treated cells (p = 0.0037) compared to the control. Morphological analysis revealed novel findings with the use of CCG-1423 and Rhosin HCl utilised in combination for U87 gliomas – cells exhibited an alternative mode of migration, collective migration, in addition to mesenchymal or amoeboid migration. As such the use of CCG-1423 and Rhosin HCl in combination may trigger a third signalling pathway enabling collective migration. Crucially, the use of combination treatment for GBM allows the breakthrough for novel research to be examined further as combination drugs may pose therapeutic benefits in hindering glioma cell migration. 
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Introduction

High-grade gliomas (HGG) are highly aggressive malignant tumours formed from glial cells in the brain, spreading to neighbouring brain tissues (Mesfin & Al-Dhahir, 2021). Due to the substantially low prognosis among glioblastoma (GBM) patients, treatment remains ineffective in preventing the spread and recurrence of tumours, leading to the most malignant and fatal brain tumour (Jovčevska, 2018). This study investigated grade 4 GBMs due to their invasive nature and the limited treatment options available. GBMs are difficult to treat because the cells develop tentacles that invade other regions of the brain – specifically in the frontal and temporal lobe; hence the surgical removal of GBMs proves to be challenging (Giglio & Villano, 2010). Thus, to prevent the invasion of GBM cells into neighbouring brain tissues, it is crucial to diagnose individuals in the early stages (Cheng et al., 2020). 

The mortality rate in adults and children is high due to the highly invasive nature of GBMs; 80 out of a hundred individuals who are diagnosed with astrocytomas possess grade 4 GBM (Cancer Research UK, 2022). The effectiveness of prolonging survival rates of GBM patients remains low as research has revealed that individuals experience a three-month survival rate prior to treatment (Omuro & DeAngelis, 2013). Despite advancements in cancer therapeutics, survival rates remain low, thus discovering an alternative approach to prevent the invasion of gliomas, such as cell migration, is essential (Hirtz et al., 2020).Figure 1: Schematic representation of the different forms of cell migration. Amoeboid migration (1A). Mesenchymal migration (1B). Collective migration (1C) (BioRender, 2022). 





Cell migration

Cell migration contributes to the formation of tumours as it arises during the complete cascade of cancer development, leading to difficult-to-treat, invasive forms of cancer (Polacheck et al., 2012). GBM cell migration occurs in the extracellular matrix (ECM), and cells migrate along white matter tracts/blood vessels; the interaction between GBM cells and extracellular movements is achieved via transmembrane receptors in the brain (Mair et al., 2018). Glioma cells disperse from initial primary tumours as individual cells or sheets, leading to the disruption of healthy tissues (Armento et al., 2017). There are three forms of cell migration represented in Figure 1. Individual cells migrate by mesenchymal or amoeboid migration; cells migrating in sheets engage in collective migration. Tumour cell migration is maintained via integrins, matrix-degrading enzymes or cell-to-cell adhesion molecules (Friedl & Wolf, 2003). Thus, cells must degrade or change their shape to move through the ECM pores for migration to occur (Paňková et al., 2010). 

Mesenchymal migration

GBM cells, such as the established U87 cell line, migrate in a mesenchymal manner – cells in a mesenchymal state exhibit an elongated morphology (Zhong et al., 2010). Mesenchymal migration relies on leading-edge protrusions activated by actin extensions, called lamellipodia, via cell polarisation. 

Mesenchymal migration is facilitated due to the interactions of the Rho family, including Ras homolog guanine triphosphate (Rho GTPases), Ras-related C3 botulinum toxin substrate 1 (Rac1), active Rho and cell division control protein 42 (Cdc42), in which they cooperate as a group to maintain the actin cytoskeleton. Rho GTPases are a group of G signalling proteins engaged in cellular processes, such as the signal transduction pathway, switching from active and inactive forms to enable rapid cellular responses for cell migration (Hall, 2012).  

Migratory proteins contribute to essential functions to ensure that the process of cell migration operates efficiently. Rho mediates the synthesis of stress fibres in actin; Rac1 regulates membrane protrusions and polymerisation of actin at the anterior of the cell to initiate protrusive forces in the form of lamellipodia (Mezzacappa et al., 2011). The initiation of Rac1 leads to protrusions of lamellipodia and actin polymerisation in which they perform in conjunction to enable cell polarisation. Cdc42 leads to actin-rich protrusions (filopodia) by maintaining cell directionality in aligning microtubules (Parri & Chiarugi, 2010).  

A study by Yamazaki et al. (2005) utilised 3D invasion assays which revealed the importance of Rac1 and RhoA regulation contributing to the invasion of GBM cells via mesenchymal migration. Inhibition of Rac1 and Rho decreased U87 cell invasion in a series of assays – thus this approach can be focused in targeting mesenchymal pathways as a therapeutic target to prevent glioma cell migration using anti-migratory drugs (Yamazaki et al., 2005).

Amoeboid migration

Amoeboid migration is defined by the increased speed of motility. Amoeboid migration is mediated by actin-rich pseudopods crucial for the speed and directionality of cells – pseudopods are narrow extensions in which amoeboid movement is enabled as opposed to lamellipodia in mesenchymal migration (Van Haastert, 2011). Pseudopod extensions contribute to the spherical morphology displayed in amoeboid cells (Paňková et al., 2010). Cdc42 and Rho signalling molecules initiate the contraction of actomyosin; cell motility is driven by the activation of Rho-associated protein kinases (Rho/ROCK) transmission (Sahai & Marshall, 2003). Rho/ROCK signalling stimulates blebbing forming protrusions at the cell surface due to the contraction of actomyosin. During actomyosin contraction, cells participating in amoeboid migration alter their shape to enable rapid motility through the ECM pores (Matsuoka, 2014). In vitro morphological analysis revealed the effectiveness of combination-treated drugs in supressing amoeboid migration for breast cancer cells caused by the inhibition of ROCK/RhoA (Jones et al., 2017). Thus, amoeboid migration can be targeted by various small molecule inhibitors, including CCG-1423 and Rhosin HCl, to potentially treat GBMs, as shown in this research article.

Collective migration

Unlike mesenchymal and amoeboid cell migration, cells in collective migration migrate in clusters, strands, or sheets through cell-to-cell junctions (Jimenez et al., 2015). Collective migration is induced by the leader-follower polarisation mechanism whereby leader cells at the anterior of the sheet receive signals to direct follower cells to adopt collective migration (Yang et al., 2019). Previous research has revealed that targeting Rac and RhoA signalling pathways by anti-migratory drugs (CCG-1423 and Rhosin HCl) utilised in combination may induce a switch to collective migration (Ketchen et al., 2021). This illustrates the important role of RhoA and Rac in the collective migration of cells to further confirm the practicality of studying anti-migratory drugs for therapeutic intervention.

Limited treatment options for glioblastoma

Existing treatment for GBM involves maximal surgical resection followed by concurrent radiation with temozolomide (TMZ – oral chemotherapy agent) and chemotherapy with TMZ (Davis, 2016). However, complications arise during complete surgical resection due to the invasive behaviour of GBM cells. The complete elimination of primary tumour masses cannot be eradicated due to the infiltrative activity of heterogenous GBM cells in which they invade surrounding brain tissues, leading to its recurrence and progression in invasion (Lara-Velazquez et al., 2017). 

Despite this, maximal resection remains useful in increasing survival rates as Yamaguchi et al. (2012) concluded that maximal resection of GBM patients prolongs the overall median survival rate by 23.4 months, whereas incomplete resection does not increase the survival rate (15.3 months). According to Stupp et al. (2014), the addition of TMZ to radiotherapy led to a two-month increase in median survival rate, providing the most significant improvement in GBM survival. Another beneficial, but not as effective drug as TMZ, is Bevacizumab (antiangiogenic agent). Although it does not increase the survival rate of individuals, it does improve the symptomatic management (Carter et al., 2018). 

Nonetheless, curing GBM remains difficult as GBM cells can migrate and invade neighbouring tissues, leading to ineffective therapeutic outcomes (Mahmoud et al., 2017). Thus, it is necessary to discover alternative ways to treat GBM, such as targeting anti-migratory pathways to inhibit cell migration and invasion. Figure 2: Mechanism of Rhosin HCl inhibition produced in Microsoft Word, Version 16.52. Without Rhosin HCl cell migration is upregulated via RhoA activation (A). With Rhosin HCl cell migration is inhibited via RhoA deregulation (B).





Inhibition of cell migration by novel anti-migratory inhibitors

The discovery of small molecule inhibitors has facilitated the advancement of potential treatments in cancer therapy as a way of targeting pathways in cellular processes to prevent GBM invasion, such as cell migration (Liu et al., 2022). In this research I utilised two novel anti-migratory drugs (CCG-1423 and Rhosin HCl), individually and in combination. This was to observe the migratory behaviour and morphology of U87 glioma cells by detecting the distribution of actin, which plays a key role in cell motility. Developing drugs that enable delivery across the blood-brain barrier to reach the brain may pose therapeutic benefits in directly targeting tumour cells (Tang et al., 2021).

Rhosin HCl inhibitor

Extracellular responses induce cell migration, such signalling molecules include GTPases, involved in cell migration. Rho family GTPases mediate the formation of actin structures and regulate cell migratory mechanisms (cell-to-cell adhesion) (Ridley, 2001). The contraction of actin is maintained by GTPases, Rac and Rho. Rhosin HCl, a small molecule inhibitor, can be used as an anti-migratory drug by acting to prevent the migration and invasion of tumours. Rhosin HCl does this by hindering the attachment of guanosine nucleotide exchange factors (GEF) to RhoA (Figure 2). RhoA is upregulated in GBM to mediate migration (Butler, 2021). Thus, Rhosin HCl thereby acts to inhibit the regulation of the actin cytoskeleton. Therefore, less protein is available for cell migration to persist due to possible reduced levels of actin. This results in the prevention of GBM invasion due to a decrease in cell migration. Promising studies by Tsbuaki et al. demonstrated the inhibition of breast cancer cell migration by utilising Rhosin HCl; this targeted RhoA and RhoC to decrease CXR4 receptor levels using siRNA treatment (Tsubaki et al., 2021). Such studies indicate the potential therapeutic benefit of utilising Rhosin HCl to cell migration in other cancers.

CCG-1423 inhibitor

CCG-1423 (Figure 3) has commonly been used as a small molecule inhibitor in cancer therapeutics to prevent cell migration. CCG-1423 uses an alternative approach to inhibit cell migration by supressing the interaction between serum response factor (SRF) and oncogene megakaryoblast leukaemia transcriptional co-activator protein 1 (MKL1) whereby cancer is usually upregulated (Sun et al., 2006). Figure 3: Mechanism of CCG-1423 inhibiting cell migration produced in Microsoft Word, Version 16.52 (Microsoft Corporation, 2018). Without CCG-1423 cell migration is upregulated SRF activation via MKL1 (A). With CCG-1423 cell migration is inhibited via SRF inactivation of MKL1 inhibition (B).





Under regular conditions, MKL1 is bound to G-actin via the N-terminal basic domain. Thus, during the activation of Rho signalling pathways via actin polymerisation, MKL1 and G-actin dissociate for the synthesis of actin filaments; this leaves MKL1 in an unbound state in the cytoplasm. During the unbound state, importin α/β (a transport protein complex), imports MKL1 into the nucleus – this results in the formation of the transcription complex between MKL1 and SRF to initiate gene transcription. However, CCG-1423 acts to inhibit this process by binding to the NB domain on MKL1; thereby inhibiting the attachment of importin α/β to MKL1 – hence, gene transcription cannot proceed to potentially inhibit cell migration (Ketchen, 2019). The transcription of genes which mediate cell migration are inhibited – thus CCG-1423 inhibits the polymerisation of actin by regulating Molecules Interacting with CasL (MICAL2) which codes for F-actin. MICAL2 is a novel cancer gene initiating mesenchymal-epithelial transition in the invasion and growth of tumours (Mariotti et al., 2015). Research accompanied by Evelyn et al. by microarray analysis revealed that CCG-1423 inhibits Rho/MLK/SRF-mediated transcription by RhoA/C inhibition to prevent the invasion of PC-3 prostate cancer (Evelyn et al., 2016). These pathways are crucial for cell migration to occur (Gau et al., 2017) – inhibition of RhoA/C via anti-migratory drugs (CCG-1423) can prevent the initiation of cell migration. Although this study provided promising results, the direct molecular targets of CCG-1423 remain unknown at present as multiple genes may lead to the induction of RhoA/RhoC, thereby further analysis must be conducted to validate these findings (Evelyn et al., 2010).

Due to the continued failure of treating and slowing down the progression of GBM with commonly used treatment regimes, it is vital to explore alternative, effective treatments in preventing GBM invasion. Targeting migratory pathways using small molecule inhibitors has opened a new gateway for the pharmacological intervention of GBM cell migration inhibition. The use of novel anti-migratory drugs (in combination and uniquely) can be used as a potential target for the transcription of specific genes to prevent tumour cells from migrating to other sites of the brain.

Aims and objectives 

This study aimed to evaluate the effect of two small molecule inhibitors on actin dispersal to prevent cell migration in GBM cells. The small molecule inhibitors, CCG-1423 and Rhosin HCl, were studied alone and in combination by utilising the established U87 cell line to target vital migratory pathways, such as actin polymerisation and RhoA transcriptional pathways, in which cell migration is mediated. 

Two-dimensional in vitro assays were carried out to assess the effect of the inhibitors on the migration of U87 cells by detecting the actin dispersal with the assistance of brightfield and confocal imaging. Two-dimensional assays were investigated using immunofluorescence staining (phalloidin and 6-diamidino2-phenylindol - DAPI dyes) and fixation to observe the effect of small molecule inhibitors on the level of actin in U87 cells – this allowed changes in morphology to be investigated indicating the mode of random migration adopted by the cells.

Research ethics

Ethical approval for this study was not sought as the study was conducting experiments on an established cell line. Therefore, it was not necessary to gain ethical approval before experimentation began. 

Materials and methods

In the current study GBM cells from the U87-MG cell line gathered by Pontén and Macintyre (Pontén & Macintyre, 1968) were utilised. U87 cells were supplied by American Type Culture Collection (ATCC) (Ledur et al., 2017). 

The guidance for working with the cell line were followed (see Figure 4 and Figure 5). Utilising these procedures served to ensure that cross-contamination of the sample was prevented. U87  cells were tested and found to be mycoplasma (contamination) free, verified by short tandem repeat (STR) profiling at the University of Leeds.

Cell passage

Prior to determining the effect of anti-migratory behaviour of U87 cells, cells were passaged close to confluence under sterile conditions (80%). T and the medium was made up of f 5ooml Dulbecco’s Modified Eagle’s Medium of high glucose (DMEM, Sigma), 50 ml 10% Foetal Calf Serum (FCS) (Sigma-Aldrich) and 5 ml Penicillin-Streptomycin (Sigma-Aldrich). The cell solution from the flask was discarded and washed with 5 ml Phosphate Buffered Saline (PBS – Sigma-Aldrich) – the PBS was discarded. Two ml of trypsin (Sigma-Aldrich) was pipetted into the flask and incubated. After incubation, 8 ml of media was pipetted into the flask. 

In two new flasks, 5 ml of media and 5 ml of cell suspension (from the original flask) was pipetted. The flask was incubated for seven days until the following passage.Figure 4: Schematic illustration of the 6-well plate experimental set-up produced in BioRender. 6-well plates were prepared in vitro for immunofluorescence analysis (BioRender, 2022). 




Preparation of 6-well plates for immunofluorescence

In this study, 6-well plates were prepared for immunofluorescence staining (see Figure 4). The average number of cells were counted using a haemocytometer – allowing the required volume to be calculated at a cell density of 2.5x103 cells/ml media. Coverslips were dipped into 100% methanol and placed into the 6-well plate for two minutes in an upward position. The cells suspended in 2 ml of medium were pipetted into each plate and left for three hours. The drugs (CCG and Rhosin HCl) were prepared using the following dilutions: 2.0 µl of 500 nM CCG-1423 per 2 ml media and 2.0 µl of CCG-1423 with 2.0 µl Rhosin HCl per 2 ml media to produce the combination suspension; 2 ml of drug suspension was pipetted into corresponding wells to replace the original medium while the remaining three wells were left unchanged (control). The 6-well plates were incubated for seven days at 37°C prior to immunofluorescence staining.

2D immunofluorescence staining and fixation

The 6-well plate was removed from the incubator and the medium was discarded (Figure 5); each coverslip was washed PBS. To fix the cells, 4% paraformaldehyde (PFA) was pipetted to each well and left at room temperature for 15 minutes.

The staining solution was prepared by diluting 1 µl 6-diamidino-2-phenylindole (DAPI) (FAK100, Sigma-Aldrich) and 1 µl phalloidin (FAK100, Sigma-Aldrich) into 1000 µl blocking solution (0.1% skimmed milk powder and PBS), this was made up to 1200 µl to allow 200 µl staining solution to be pipetted into each well. DAPI staining visualises the nucleus and phalloidin detects the actin cytoskeleton.
After 15-minutes, PBS-Triton X-100 solution was pipetted into the 6-well plate and incubated for five minutes. Cells were washed with PBS in each well, and blocking solution was added. The dye solution was centrifuged for five minutes in Eppendorf tubes (Sigma-Aldrich). The incubation chamber was set up, and 200µl staining solution was placed onto the parafilm with the coverslips and left for one hour. The coverslips were placed onto 6-well plates and washed with PBS. They were mounted with Fluoromount G (Sigma-Aldrich) onto glass slides and allowed to airdry covered in foil at room temperature overnight prior to EVOS and confocal imaging.Figure 5: Schematic Representation of immunofluorescence staining, and fixation produced in BioRender. Immunofluorescence allowed morphological analysis and actin localisation observations (BioRender, 2022).





EVOS and confocal imaging

Immunofluorescence imaging was carried out using EVOS FLoid Imaging System. Confocal analysis (Zeiss LSM 880) was used to observe the distribution of actin and morphological changes of U87 cells via phalloidin and DAPI. 

ImageJ-Fiji analysis

ImageJ-Fiji (Schindelin et al., 2012) was used for the quantitative analysis of cells by immunofluorescence staining. The Corrected Total Cell Fluorescence (CTCF) was calculated for each condition in U87 cells and compared against the control to detect a significant difference in actin levels after the addition of anti-migratory drugs. 

CTCF was calculated using the following formula: Integrated Density – (Area of selected cell * Mean fluorescence of background readings) (The Open Lab Book, 2022). The morphology of cells was calculated by measuring the roundness of cells on ImageJ-Fiji by enabling the following commands: Measure → Shape descriptors. This indicated the possible mode of migration adopted by the cells.

Statistical analysis

To undertake statistical analysis, Statistical Package for the Social Sciences (IBM SPSS Statistics, Version 26) was used to calculate the roundness and CTCF of U87 cells. A test for normality was carried out (Shapiro-Wilk) for actin levels and roundness of U87 cells. For CTCF, the data was normally distributed and a One-way ANOVA test of four samples was compared within sample variability. The data for roundness was non-parametric and a Kruskal-Wallis Test was used. Due to statistically significant data, a Post Hoc test was carried via Tukey and Bonferroni for CTCF and roundness, respectively to determine statistically different groups. 

Results
Figure 6: Confocal (Zeiss LSM 880) images captured for untreated and treated U87 cells at x10 and x40 magnification. Confocal analysis allowed morphological analysis of U87 cells and the effect of anti-migratory drugs on glioma cell migration. The U87 cells were stained with phalloidin (red) and 6-diamidino2-phenylindol (DAPI, blue) to detect the actin and DNA, respectively. The untreated cells presented an elongated morphology (A, B). CCG-1423-treated cells presented an enlarged morphology (C, D). Rhosin HCl-treated cells appeared larger in size (E, F). Combination-treated cells had the largest effect, forming sheet-like structures (G, H). Scale bar = 20µm and 80µm.


Confocal microscopy

Confocal analysis allowed the investigation of the actin cytoskeleton and morphology of U87 cells to be observed at high resolutions – the intensity of the signal on the confocal microscope was proportional to the amount of protein present responsible for the synthesis of actin. 

Prior to treatment (control), Figure 6A and 6B revealed that the cells presented an elongated morphology, thus were in a mesenchymal state of migration with few stress fibres displayed (red). The use of anti-migratory drugs may have influenced the cell size and morphology as cells possessed an enlarged morphology (Figures 6C–6H). The addition of Rhosin HCl gave rise to pronounced stress fibres on the edge of the cell and induced the formation of seemingly larger and rounder cells (Figure 6F) – thus Rhosin HCl may influence the cell size of U87 cells. 


Figure 7: Images captured on the EVOS (EVOS FLoid Imaging System) for quantification analysis of untreated and treated U87 cells at x10 magnification. Images were used to calculate actin levels (CTCF) and roundness of U87 cells via ImageJ-Fiji (Schindelin et al., 2012). Cells were stained with phalloidin and 6-diamidino2-phenylindol (DAPI) to highlight the actin and DNA, respectively. Untreated cells exhibited the most actin (A). Treated cells presented the least levels of actin (B, C, D). Scale bar = 20µm.


The effect of CCG-1423 on U87 cells in Figure 6C highlighted the presence of actin on the surface of the cell appearing to be clumped together with a larger morphology compared to the control – indicating the effect of CCG-1423 on the majority of U87 cells. Distinct features from combination-treated cells were observed, the actin distributed on the surface of the cell with the cells presented in a pronounced sheet-like structure rather than single cells, unlike the other conditions.

EVOS images for the quantification analysis of actin levels and roundness 

Similar findings were observed in the cytoskeletal features of U87 cells by EVOS imaging. Figure 7 represents the images captured on the EVOS for the quantification of actin levels and roundness of U87 cells. As displayed in Figure 7A, the untreated U87 
cells appeared to be smaller with increased actin fluorescence (red). CCG-1423-treated u87 cells (Figure 7B) expressed less actin; a reduction in actin fluorescence indicated a decrease in protein levels synthesised for cell migration. Similarly, Rhosin HCl-treated cells (Figure 7C), expressed fewer actin; however, in contrast to CCG-1423, the cells displayed a rounder and larger morphology. In Figure 7D, the combination treatment contained the least actin fluorescence in U87 cells in which the cells appeared to form a cluster-like structure.
Condition
Average CTCF of Actin in U87 Cells
Control
806896.88
CCG-1423
731513.86
Rhosin Hydrochloride
737791.97
Combination
490986.32

Table 1. Average CTCF of actin levels for each condition using U87 Cells. After drug addition, the CTCF decreased compared to the control, specifically with the combination treatment in which the CTCF decreased significantly, p = 0.0037). CTCF was analysed via ImageJ-Fiji (Schindelin et al., 2012) and the average CTCF of three replicates was calculated via Microsoft Excel, Version 16.52 (Microsoft Corporation, 2018).




The CTCF indicated the level of actin in each cell – Table 1 revealed that the addition of CCG-1423, Rhosin HCl and combination-treated drugs to U87 cells led to a reduction in actin levels compared to the control. CCG-1423 and Rhosin HCl had similar levels of CTCF compared to the combination, whereas the combination treatment induced the highest reduction in CTCF of actin in comparison to the control. The control represented untreated U87 cells with the use of no drugs and medium only.   
Figure 8 displays a steady decline in actin levels of U87 cells for CCG-1423, Rhosin HCl and combination treatment compared to the control with CCG-1423 and Rhosin HCl posing similar effects. The combination treatment presented the highest variability with a significant difference of p = 0.005, whereas CCG-1423 and Rhosin HCl presented the least variability in actin levels. This revealed that combination treatment of CCG-1423 and Rhosin HCl may influence cell migration due to the rapid decrease in actin within U87 glioma cells.Figure 8: Graphical representation of average CTCF of actin levels in untreated and treated U87 cells. Levels of actin decreased with the addition of CCG-1423, Rhosin HCl and combination. Combination-treated cells were significantly lower compared to the control (p=0.0037). Asterisks indicated the level of significance (* = P < 0.05).


Statistical analysis for the CTCF of actin for untreated and treated U87 cells

To validate whether there was a significant difference between the control and drug treatments for U87 cells, appropriate statistical analysis was carried out. The results for ANOVA illustrated a significant difference between the four conditions used for U87 cells (p = 0.005). The purpose of ANOVA was to observe the variability within the sample of data between sample variability. During ANOVA, it was assumed that all the populations exhibited a normal distribution with the same variance and standard deviation – all samples were assumed to be randomly selected and independent of other groups (null hypothesis). The null hypothesis was rejected as this was not the case; a Post Hoc test was carried out to observe which groups were significantly different from the control. P < 0.05 proved significance. The Post Hoc test, (Tukey) obtained via SPSS Version 26 predictive analytics software, showed that there was a significant difference between control and combination-treated cells (p = 0.0037). In parallel, there was a significant difference between CCG-1423 and combination-treated cells (p = 0.006).Figure 9: Graphical representation of average roundness for untreated and treated U87 cells. Rhosin HCl (p = 0.000) and combination (p = 0.000) U87 cells were significantly rounder than the control. Asterisks indicated the level of significance (*** = P < 0.001).


Condition
Average Roundness of U87 cells
Control
0.610
CCG-1423
0.593
Rhosin Hydrochloride
0.672
Combination
0.681

Table 2. Average roundness for untreated and treated U87 cells. Control and CCG-1423-treated cells were less spherical, combination and Rhosin HCl-treated cells were rounder – similar to the combination treatment. Roundness was analysed with via ImageJ-Fiji (Schindelin et al., 2012); average roundness of three replicates was calculated using Microsoft Excel



Roundness of untreated and treated U87 cells

The roundness of cells was investigated to observe which migration type U87 cells had adopted. Table 2 illustrates the roundness of cells for all three repeats. Results revealed that with the addition of CCG-1423, U87 cells decreased in roundness (0.593). Contrastingly, when Rhosin HCl and combination treatment were utilised, U87 cells developed a rounded morphology with values of 0.672 and 0.681, respectively. The control did not contain any treatment and only medium was present during the preparation, hence the U87 cells did not become rounder and remained in a mesenchymal state. In a graphical representation, Figure 9 illustrates that untreated U87 cells displayed an elongated morphology, but when treated with Rhosin HCl they became rounder. The sudden increase in Rhosin HCl and combination treatment may have indicated the type of migration U87 cells adopted. Rhosin HCl and combination treatment displayed a highly significant difference in contrast to the control (***) with a p value of 0.000 for the two drug treatments – this confirmed that there was a difference between the two treatments on U87 cell morphology.

The null hypothesis assumed no statistical difference within the datasets. Statistical analysis was carried out on SPSS Version 26. 

The test for normality indicated that the data was non-parametric (P < 0.05 proved significance). The Kruskal-Wallis Test denoted that there was a significant difference between the conditions (p = 0.000) – the null hypothesis was rejected. The Post Hoc test (Bonferroni) revealed a significant difference between control and Rhosin HCl (p = 0.000) and control and combination (p = 0.000). This confirmed the effect on the use of anti-migratory drugs in comparison to the untreated cells.

Discussion  

Due to the poor prognosis and highly devastating disease outcome of GBM, it is crucial to discover advanced effective ways to prolong survival rates of GBM patients. Thus, the purpose of this study aimed to distinguish anti-migratory effects of small molecule inhibitors on glioma cell migration as a potential therapeutic target for combination treatment of GBM. Two-dimensional in vitro studies were conducted to examine the effect of CCG-1423 and Rhosin HCl on random cell migration in glioma cells, specifically U87 cells. The general synopsis concluded that it was evident for the reduction in glioma cell migration within combination-treated U87 cells. Combination-treated gliomas provided optimistic findings that had not been reported before in the current literature with the use of 2D assays, as opposed to drugs utilised individually.

Anti-migratory drugs affecting actin levels in gliomas  

Glioma cells were modelled in 2D assays via in vitro methods to detect the random migratory effect of anti-migratory drugs. This novel approach was successfully achieved as actin levels decreased with the addition of anti-migratory drugs, suggesting a reduction in cell migration. This was reinforced as there was a significant reduction (p = 0.045) in the level of actin compared to the control when CCG-1423 and Rhosin HCl were utilised in combination.

CCG-1423, a small molecule inhibitor, acts to inhibit the interaction between MKL and SRF. Thus, the transcription of genes inducing migration are suppressed, causing the upregulation of MICAL2 and depolymerisation of actin. This potentially justifies the reduction in actin levels (Gau et al., 2017). Despite this, CCG-1423 did not play a crucial role in completely inhibiting glioma cell migration due to the possible upregulation of MICAL2 and inability to supress MKL-SRF interaction. To confirm this statement, Western blot analysis could be carried out in a further experimental analysis to observe if CCG-1423 failed to block MKL-SRF interaction by analysing SRF protein expression (Kaneda et al., 2018). Gau et al. (2017) demonstrated the inhibitory behaviour of CCG-1423 upon the formation of actin filaments due to MKL1 and G-actin dissociation. Contrastingly, as CCG-1423 did not inhibit cell migration in this project, the actin filaments may not have formed as G-actin and MKL1 remained in the bound state – MKL1 must be unbound for actin polymerisation to occur (Gau et al., 2017). 

In support of the findings gathered from this project, CCG-1423 failed to inhibit U87 cell migration in a study established by Butler (Butler, 2021) with the use of 2D immunofluorescence and 3D spheroid models; in parallel, Ketchen et al. revealed that CCG-1423 did not pose a great influence in reducing U87 cell migration (Ketchen et al., 2020). CCG-1423 may only pose therapeutic benefits in inhibiting cell migration for specific cancer cells – as discussion previously, CCG-1423 successfully inhibited cell migration in PC-3 prostate cancer (Evelyn et al., 2016). Therefore, these studies denote that CCG-1423 proves successful in distinct forms of cancer.

Another potent inhibitor studied in this project was Rhosin HCl, whereby it acts to suppress Rho GTPases. Rhosin HCl acts by binding to trp58 GEF binding site on RhoA to suppress RhoA activation. The inactivation of RhoA inhibits GEF attaching to Rho GTPases (Shang et al., 2012) leading to the deregulation of intermediate filaments through stress fibre formation, the suppression of cell migration and reduction in actomyosin contractility (Butler, 2021).
 
Similar to the findings obtained from CCG-1423-treated cells, Rhosin HCl-treated cells did not present a reduction in actin compared to the control in this study. This implies that RhoA remained activated to increase the production of actin filaments and regulation of protrusions, therefore allowing cell migration to continue due to actin formation (Kraynov et al., 2000). In contrast, in vitro studies conducted by Shang et al. (2012) revealed that the use of Rhosin in breast cancer cells inhibited cell migration and invasion activity at variable doses by targeting RhoA and RhoC signalling molecules. Rhosin blocked stress fibre formation and RhoA activity – the suppression of RhoA and RhoC prevented the invasion of breast cancer cells (Shang et al., 2012). 

For this project, the dose of Rhosin HCl may have been too low for the generation of RhoA activation. Therefore, Rhosin HCl did not directly induce a reduction in glioma cell migration. 

Despite the utilisation of individual drugs with no discernible impact on actin levels in gliomas, the use of CCG-1423 and Rhosin HCl in combination delivered promising results. Combination-treated cells revealed a significant reduction in actin levels with actin localised in the centre of the cell, demonstrating that combination-treated drugs may decrease actin levels by reducing the level of migratory proteins required to inhibit migration (Wu et al., 2021). 

Actin is an essential component in driving cancer cell migration as it enables cell motility. The reorganisation of actin is maintained via Rho family small GTPases, including Rho, Rac and Cdc42, all of which channel extracellular chemotactic signals to downstream effectors. Consequently, the inhibition of Rho family small GTPases may lead to a decline in chemostatic signals to cell migration and the invasion of tumour cells. 

This novel project gave an insight into the potential treatments of cancer by targeting actin using small molecule inhibitors which as a result may minimise glioma cell migration (Yamazaki et al., 2005). This became evident as the presence of actin was visibly reduced in drug-treated cells compared to the control, indicating that Rho family small GTPases may be inhibited (RhoA and Rac) to suppress chemotactic signals and reduce migration. Research conducted by Lin and Zheng (2015) showed that targeting individual pathways of migration by individual drugs reduces the efficacy; drugs utilised in combination with other anti-cancer drugs that target multiple pathways produce significant clinical advantages to achieve the desired effect of minimising cell migration in cancer therapy .

Morphological analysis of individual treatment indicating mesenchymal or amoeboid migration

The roundness of glioma cells was investigated as an indication of how anti-migratory drugs influenced the morphology and mode of migration of U87 cells. Statistical analysis confirmed a significant difference between the control and combination-treated cells (p = 0.000) and control and Rhosin HCl-treated cells (p = 0.000). An amoeboid pathway of migration may be exhibited by cells treated with Rhosin HCl due to the globular morphology revealed in Figure 6F. Thus, the effect of Rhosin HCl on glioma cells signified an enlarged morphology with pronounced stress fibres. 

Amoeboid cells migrate in a rapid fashion, indicating that glioma cells in an amoeboid state travel quicker through the ECM. To completely inhibit migration this pathway must be inhibited as cells in amoeboid migration travel through narrow gaps in the ECM by alternating their shape to a rounded morphology (van Zijl et al., 2011). Studies have illustrated that targeting RhoA pathways can prove to be challenging due to the lack of pockets available for efficient binding – in the case of this study the Rhosin HCl inhibitor may have been outcompeted by GEF, causing a mediation in migration rather than inhibition (Kristelly et al., 2004).

Alternatively, CCG-1423 had no morphological effect and cells remained elongated in a mesenchymal state of migration. The actin appeared on the surface of the cell, whereas in controlled-glioma cells the actin was internally distributed. Studies have demonstrated the elongated movement of gliomas induced by Rac1 activation; CCG-1423 possibly induced Rac1 causing the suppression of actomyosin contractility to prevent the formation of rounded cells (Sanz-Moreno, 2012). A study directed by Taylor et al. denoted that CCG-1423 promote a switch from a mesenchymal-to-amoeboid transition (MAT) in glioma cells (Taylor et al., 2017), which was further confirmed by Ketchen (2019). The induction of MAT was potentially due to CCN1 inhibition by CCG-1423. These findings differed to this project as gliomas were studied in terms of actin dispersal and remained in a mesenchymal mode with the treatment of CCG-1423. To further progress this study, the level of CCN1 could be utilised as a biomarker to detect whether CCG-1423 influences CCN1 secretion, caused by actin depolymerisation and RhoA activation to inhibit cell migration (Zhao et al., 2014).

Morphological analysis of combination treatment reveals potential induction of collective migration in gliomas

Novel findings in this research project established by in vitro 2D assays marked the effective use of combination treatment on the inhibition of glioma cell migration – these outcomes had not been disclosed in the current literature. Interestingly, cells induced a third mode of migration (collective migration) due to the sheet-like structure observed here, indicating that CCG-1423 and Rhosin HCl in combination may target two different signalling pathways which divert to a third pathway directing collective cell migration. Hence, anti-migratory drugs used in combination can be used to implicitly inhibit glioma cell migration. Comparable to the findings from this research project, Ketchen et al. also confirmed the sheet-like behaviour of combination-treated drugs (CCG-1423 and Rhosin HCl). Novel discoveries revealed that cells treated in combination drugs switched to collective migration in comparison to individual inhibitors which exhibited single-cell migration (Ketchen et al., 2021). 

Collective migration was potentially observed in this project. Cancer cells harbouring a collective mode of migration present an increased plasticity and migratory activity (Wu et al., 2021). However, the obstacle arises because although the cells move slowly during collective migration (0.3µm /min), they are still moving (Zhang et al., 2017). Cells undergoing collective migration can invade surrounding healthy tissues; therefore, it is crucial to inhibit this process when treating GBM. To efficiently inhibit collective migration, an additional drug can be used in conjunction with CCG-1423 and Rhosin HCl to target the third signalling pathway and essentially inhibit cell migration in glioma cells (such as Ursolic acid). Conway et al. (2021) revealed that the use of novel drugs, such as Ursolic acid, may inhibit the collective migration of GBM cells via 2D scratch assays. Sub-toxic levels of Ursolic acid inhibited the collective migration of U251 glioma cells by disrupting Jun N-terminal Kinase (JNK) independent signalling pathways (Conway et al., 2021). Hence, this paves a path for the therapeutic effects of anti-migratory drugs and the influence they have on GBM cell migration, which can be used with CCG-1423 and Rhosin HCl in combination to observe anti-migratory activities. Conclusions from this study can add to the advancement of future research as an indication of the effectiveness of combination treatments in targeting glioma cell migration.

Ultimately, in vitro 2D assays provided an insight into the effectiveness of identifying actin levels and morphological changes of untreated and treated GBM cells by inhibiting migration. CCG-1423 did not substantially influence actin levels and morphological changes within U87 cells; Rhosin HCl induced a switch from mesenchymal-to-amoeboid transition. As actin levels in combination-treated drugs were statistically lower compared to the control, there may have been an inhibition in cell migration. Novel findings gathered from morphological analysis revealed the sheet-like behaviour of combination-treated GBM cells which can be further targeted by other anti-migratory inhibitors. In terms of drug development for forthcoming analysis, patients could be given three drugs used in combination; to reduce risk factors it may be safer to prescribe one inhibitor targeting regulators upstream of the signalling pathways to induce all three pathways driving cell migration. This approach would potentially inhibit cell migration completely rather than slowing it down in glioma cells to prevent the invasion/spread of tumours. Despite this, studies have illustrated the effectiveness of drugs used in combination and are safe to use depending on the dosage of administration, providing anti-cancer benefits (Mokhtari et al., 2017).

Conclusion  

This study highlighted the discovery of novel inhibitors that supports research that sought to establish a potential treatment in inhibiting glioma cell migration using anti-migratory inhibitors. Standard therapy remains ineffective in prolonging lives with a current 12-month survival rate due to the infiltrative behaviour of recurring GBM cells. 

In the current study the migratory activities of glioma cells in response to anti-migratory drugs concluded that combination-treated drugs significantly minimised actin levels and induced collective migration. CCG-1423 and Rhosin HCl-treated gliomas did not individually influence migration, although a change in morphology was observed by Rhosin HCl. Based on the overall results presented here, combination-treated gliomas with anti-migratory drugs may point towards inhibiting cell migration to prevent tumour invasion to other regions of the brain by targeting migratory signalling pathways (Rho GTPases).

Although combination treatments exhibited promising results as U87 cells switched to collective migration, thus greatly slowing down cell migration, the addition of a third drug (Ursolic acid) could potentially target this third signalling pathway to prevent the migration of gliomas entirely. In parallel, the use of one drug could be used to target a potential key regulator of all three signalling pathways to prevent GBM cell migration to other parts of the brain rather than challenging a patient in an already weakened condition with three different drugs as this may reduce the effectiveness of the treatment. Additionally, it may be ideal to utilise different cell lines when observing migratory effects as Liu et al. concluded that targeting purine metabolism drugs revealed an increase in toxicity for U251 cell lines as opposed to U87 cells – U251 expressed higher levels of proteins involved in drug resistance (Liu et al., 2022). This emphasises the potential need for personalised drugs for specific cell lines due to the heterogenous nature of GBM cells; this has not been reported in present literature and would increase the possibility of treating GBM patients.

Nevertheless, novel findings observed in this study add to the discovery of therapeutic drugs and the effect they have on GBM treatment in combination with cytotoxic drugs, such as TMZ, as current treatment remains ineffective in increasing survival rates of GBM patients. Thus, the findings in this study would greatly enhance the development in discovering techniques to target migratory pathways and authenticate the use of combination drugs.  
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