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Abstract: Glioblastoma (GBM) is the most common type of adult primary brain tumor with a median
survival rate of less than 15 months, regardless of the current standard of care. Cellular heterogeneity,
self-renewal ability and tumorigenic glioma cancer stem cell (GSC) populations contribute to the
difficulty in treating GBM. G-protein-coupled receptors (GPCRs) are the largest group of membrane
proteins and mediate many cellular responses. Regulators of G-protein signaling 4 (RGS4) are negative
regulators of G-protein signaling, and elevated levels of RGS4 are reportedly linked with several
human diseases, including cancer. This study investigates the effect of silencing RGS4, resulting in
inhibition of GSC growth, invasion and migration. Data obtained from The Cancer Genome Atlas
(TCGA) demonstrated poor patient survival with high expression of RGS4. Immunohistochemistry
and immunoblot analysis conducted on GBM patient biopsy specimens demonstrated increased RGS4
expression correlative with the TCGA data. RNA sequencing confirmed a significant decrease in the
expression of markers involved in GSC invasion and migration, particularly matrix metalloproteinase-2
(MMP2) in knockout of RGS4 using CRISPR plasmid (ko-RGS4)-treated samples compared to parental
controls. Gelatin zymography confirmed the reduced activity of MMP2 in ko-RGS4-treated samples.
Silencing RGS4 further reduced the invasive and migratory abilities and induction of apoptosis
of GSCs as evidenced by Matrigel plug assay, wound healing assay and human apoptosis array.
Collectively, our results showed that the silencing of RGS4 plays an important role in regulating
multiple cellular functions, and is an important therapeutic target in GBM.
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1. Introduction

Glioblastoma multiforme (GBM) is a highly malignant tumor derived from glial cells and is the most
common adult brain tumor. The median survival rates, despite the advances in standard of care, such as
total surgical resection, chemotherapy and radiation therapy, still remain approximately 15 months [1,2].
This poor prognosis is due to a number of factors, including tumor recurrence and glioma stem cells
(GSC) [3]. These GSCs are the subpopulation of cells present in the tumors, capable of self-renewal,
differentiation and tumorigenicity [4]. Since GSCs contribute to GBM initiation, progression and
recurrence, manipulating GSCs represents a strategy for novel therapies against GBM [5].

G-protein-coupled receptors (GPCRs) are well known and ubiquitous targets [6,7]. Forming the
largest family of membrane receptors, they are involved in a wide variety of physiological functions,
including regulation of cellular motility, growth, differentiation and gene expression [8–17]. GPCRs are
reported to play crucial roles in the malignant transformation of human cancers [18]. The downstream
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signaling of G-protein-coupled receptors is modulated by regulator of G-protein signaling (RGS)
proteins that catalyze the dephosphorylation of guanosine triphosphate into guanosine diphosphate.
Following cleavage of the third phosphate molecule and subsequent release of energy, regulator
of G-protein signaling 4 (RGS4) locks the G-protein in its inactive guanosine diphosphate (GDP)
state [19,20]. Here, we hypothesize that glioblastoma (GBM) tumors rely on GPCR regulation,
making RGS4 an excellent candidate as a tumor-promoting gene.

RGS4′s implication in cancer is not well documented, other than as a novel regulator in malignant
melanoma [21]. RGS4 has recently been studied as a tumor promoter in glioma cells by acting positively
on tumor cell motility, and is reported to be a potent driver of human glioma cell invasiveness [22].
In lieu of the aforementioned findings, we hypothesize that RGS4 propagates glioma tumor cell
migration and invasion. These effects are accomplished by working in concert with the upregulation
of matrix metalloproteinase-2 (MMP2), which is implicated in tumor-associated tissue remodeling
via disruption of the extracellular matrix [23–26], ultimately promoting glioma cell invasion and
apoptosis evasion [27–32]. Several investigations have indicated that the MMP2 gene is a significant
marker related to glioma formation. In addition, it has been reported that MMP2 overexpression
is associated with brain tumor malignancy and metastasis. Contrary to this, MMP2 absence in
GBM-bearing mice showed better survival, further implicating its role in GBM proliferation [33–35].

In the present study, we hypothesized that RGS4 overexpression in GSCs promotes GBM
invasion, migration and apoptosis evasion via simultaneous expression and production of matrix
metalloproteinases, and silencing of RGS4 via CRISPR plasmids knockout-RGS4 (ko-RGS4) reduced
GSC invasion and migration. RGS4 expression via immunohistochemistry is comparable to the
data obtained from The Cancer Genome Atlas (TCGA) data. RNA sequencing analysis performed
using ko-RGS4 treatment showed a significant reduction in the expression levels of MMP2, one of
the candidate molecules reported to be downregulated, when compared to the untreated parental
controls. Silencing RGS4 significantly reduced the expression and activity of MMP2 as determined by
immunoblot and gelatin zymography. Further functional analysis using silencing plasmids of RGS4
showed reductions in invasive potential, migratory capacity and induction of apoptosis. These results
show that RGS4–MMP2 signaling may be involved in promoting invasion, migration and propagation
of GSCs. Since the proproliferative mechanism is active in GSCs, this may represent a therapeutic
target of interest.

2. Results

2.1. RGS4 Is Overexpressed in Glioblastoma

Recent studies conducted on RGS4 have illustrated its role in tumor development and in
diverse pathologies, including CNS diseases, cardiovascular disease and diabetes [21,22,36,37].
However, very little information is reported regarding its role in glioblastoma. To better understand
the effect and role of RGS4 in glioblastoma prognosis, we opted for a data mining approach. Using
the data obtained from the TCGA GBM cohort and glioblastoma biodiscovery portal, we plotted the
overall survival by dichotomizing all the patients into two groups, based on the median of RGS4
gene expression, both low and high. Kaplan–Meier survival analysis showed the significant trend
that patients with low RGS4 had higher survival when compared with the patients with high RGS4
(p = 0.05) (Figure 1A). Since it is reported that the distinct molecular subtypes of GBM may show
a difference in prognosis and responses to treatments, we next examined the expression profile of
RGS4 among the four subtypes (mesenchymal, classical, proneural and neural). Group comparison
demonstrated that RGS4 expression was highest in the mesenchymal subtype. The classical, proneural
and neural subtypes showed comparable RGS4 expression between the subtypes (p = 0.05) (Figure 1B).
To investigate if RGS4 could be a potential predictor for GBM tumor growth and progression,
we performed immunohistochemical analysis on five human glioblastoma (hGBM) patient biopsy
tissues, and the positive staining results revealed significantly increased RGS4 expression (Figure 1C).



Int. J. Mol. Sci. 2020, 21, 3300 3 of 14

Furthermore, to confirm a correlation between RGS4 staining and protein expression levels, several
patients from our own cohort were subjected to immunoblot analysis. Our results showed that
RGS4 expression levels were high; however, there was some variability as P# 4, 9 and 10 showed
relatively low expression in this patient cohort. The immunohistochemical staining correlated with the
immunoblot analysis (Figure 1D). These aforementioned results suggest that RGS4 is highly expressed
in mesenchymal subtyped glioblastoma, and understanding its role in GBM will be novel.
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Figure 1. RGS4 expression in glioblastoma samples. (A) Kaplan–Meier curve plotted from the
data obtained from The Cancer Genome Atlas (TCGA) shows that increased regulators of G-protein
signaling 4 (RGS4) expression corresponds to decreased survival (n = 172). p-value is calculated
by log rank test (p = 0.05). (B) The mRNA expression levels of RGS4 plotted in different subtypes of
glioblastoma (n = 163; mesenchymal = 42; proneural = 55; classical = 27; neural; = 39). The error
bars are plotted based on the standard error of mean (SEM). (C) Immunohistochemical staining for
RGS4 with anti-RGS4 antibody (brown, diaminobenzidine; light blue, nuclear counter stain with
4′,6-diamidino-2-phenylindole (DAPI); P = glioblastoma specimen) showed positive staining in the
glioblastoma (GBM) patient specimens. Negative staining is observed in the normal brain sample
specimen (Bar = 100 µM). (D) Immunoblot analysis of RGS4 expression in different patient samples
(human GBM (hGBM) patient samples = 12). GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) is
used as a loading control. The density levels were quantified and represented as a bar graph.
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2.2. RNA Sequencing (RNA-Seq) to Identify MMP2 as a Downstream Effector Gene of RGS4 Signaling

To identify potential downstream signaling targets of RGS4, knockout-RGS4 (ko-RGS4) lines
were generated in GSC20 cells using CRISPR/Cas9 (CRISPR associated protein 9) constructs from
commercial supplier GeneCopoea. The green fluorescent protein (GFP)-positive-transfected cells were
amplified using neomycin selection (1 mg/mL) for about three weeks. The neomycin-resistant single cell
clones/colonies were then isolated using cloning cylinders and expanded further. The expanded clones
were then validated by microscopic evaluation of the GFP reporter and by performing immunoblot
analysis. Out of six clones, clones 2 and 3 lacking RGS4 expression were identified and clone 2 was
used in all of the experiments performed in this study (Figure S1). To delineate the effect of global RSG4
knockout, we performed transcriptome RNA sequencing analysis. Bioinformatic analysis confirmed
967 differentially expressed genes (DEGs) comprising 548 downregulated and 419 upregulated genes
in the ko-RGS4-treated samples when compared to the untreated GSC20 cells. We next performed
hierarchical clustering of DEGs amongst the groups, which revealed tight clustering, suggesting
a close correlation of the DEGs between groups, as well as high reproducibility in biological replicates
(Figure 2). Several members of the matrix assembly such as decorin (DCN); collagen, type V, alpha 1
(COL5A1); biglycan (BGN) and matrix metalloproteinase-2 (MMP2) were significantly downregulated
in the GSC treated with ko-RGS4. Differential expression analysis of genes in the untreated parental
controls were compared with ko-RGS4 treatments and the results were represented using a volcano
plot (Figure 2 inset). Red and blue points mark the genes with significantly increased or decreased
expression, respectively, in GSC20 control and ko-RGS4. Interestingly, most of the interferon family or
interferon-regulating genes such as CXCL10, MX2, MX1, RSAD2, IFI445 and IFITM3 were markedly
upregulated in the ko-RGS4-treated GSC20 cells when compared to control (Figure 3).
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Figure 2. RNA sequencing analysis. Hierarchical clustering RNA sequencing (RNA-seq) data from
untreated control and ko-RGS4-treated glioma cancer stem cell (GSC)20 cells. The gradient legend at
the top right of the graph represents the FPKM (fragments per kilobase of exon model per million reads
mapped) value that has been logarithmically converted. Each column represents a sample, each row
represents a gene, different colors represent different expression levels—red for high expression and
blue for low expression. Inlet: Volcano plot of differentially expressed genes (DEGs) (red = highly
expressed; blue = highly downregulated; grey = unchanged).
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2.3. RGS4 Knockout Reduces the Expression of MMP2

It has been reported previously most GSCs express high levels of the gelatinase MMP2 that is
synthesized as a proenzyme and is subsequently activated upon cleavage. The overexpression of
MMP2 in GSCs is also known to promote GBM invasion [38]. We observed that the expression of MMP2
was reduced by –3.22 log2 fold with a p-value of 0 upon ko-RGS4 treatment (Figure 3). To confirm
and validate the data obtained from our RNA-seq analysis, we performed real-time PCR analysis on
GSC20 and GSC28 cells using untreated control and ko-RGS4 treatments. We observed a significant
reduction in the expression level of both RGS4 and MMP2 and this was in agreement with the RNA-seq
results (Figure 4A,B). Next, we performed immunoblot analysis on the aforementioned treatments and
observed correlative results with the RT-PCR data (Figure 4C,D). As we observed reduced levels of
MMP2 both in the RT-PCR and immunoblot analysis, we performed gelatin zymography, a functional
assay used to detect gelatinases in culture supernatants of both the control and ko-RGS4-treated GSC20
and GSC28 cells. Analysis of the presence of gelatinases by zymography revealed high levels of MMP2
in the supernatants of both control cell cultures of GSC20 and GSC28, whereas ko-RGS4 treatment
demonstrated a significant reduction of MMP2 activity (Figure 4E). Next, we reported changes in the
levels of several genes involved in the maintenance of GSC angiogenesis, including MMP2 following
ko-RGS4 treatment as a heat map (Figure 4F). The gene set enrichment analysis (GSEA) score plot
further shows a significant and positive correlation with our immunoblot and zymography data.
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Figure 4. RGS4 modulate matrix metalloproteinase-2 (MMP2) expression. RT-PCR and immunoblot
analysis of RGS4 and MMP2 in GSC20 and GSC28 cells treated with knockout-RGS4 (ko-RGS4)
and untreated control cells (A–D) (n = 3) (**** p = 0.0002; **** p = 0.0001; *** p = 0.001). GAPDH
was used as a loading control. The density levels were quantified and represented as a bar graph.
(E) MMP2 activity was evaluated by gelatin zymography by using conditioned media from control and
ko-RGS4-transfected GSC20 and GSC28 cells collected 48 h after transfection. Bar graph represents
the densitometry analysis of MMP2 activity. (F) Gene set enrichment analysis (GSEA) using gene set
involved in maintaining GSC angiogenesis after ko-RGS4 treatment. The green line demonstrate the
enrichment profile. The error bars are plotted based on the SEM (standard error of mean).

2.4. RGS4 Knockout Reduces GSC Migration, Invasion and Induces Apoptosis in GSC

To study if ko-RGS4 play a role in modulating GSC migration, we performed a wound healing
scratch assay. Both GSC20 and GSC28 cells were triturated into a single cell suspension and plated on
Poly-D-Lysine-coated plates. A scratch was made using a 200 µL pipette tip, and the wound closure in
untreated control cells and ko-RGS4-treated cells was measured between 0 and 24 h. Treatment with
ko-RGS4 inhibited wound healing by more than 70% when compared to control GSC (Figure 5A).
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Figure 5. Functional analysis of targeting RGS4 in GSC. (A) GSC20 cells were cultured on Poly-D-Lysine-
coated six-well plate and treated with ko-RGS4. After 48 h of transfection, a straight scratch was
made in individual wells. This point was considered 0 h, and the width of wound was photographed
under a microscope. After 24 h, cells were checked for wound healing and again photographed under
a microscope. Wound closure distances were used to plot the bar graph (p = 0.001, n = 3) (*** p = 0.004).
Yellow bar explains the percentage of wound contraction/repair (Bar = 100 µM). (B) Using Matrigel
plug invasion assay, ko-RGS4-treated GSC20/GSC28 cells and untreated control cells were plated in
a six-well plate. After 24 h, cells penetrating the membrane were fixed and stained with 0.1% crystal
violet. The pictograms were captured using an Olympus IX71 microscope. The percent invasion was
calculated by taking the untreated control cell invasion as 100% and the treatments were compared
against the controls. The data are presented as a bar graph (p = 0.001, n = 3) (*** p = 0.001) (Bar = 100 µM).
(C) Using a human apoptosis signaling pathway array (Ray Biotech AAH-APOSIG), we recorded
increased expression levels of apoptosis markers such as PARP1, p27, p53, SMAD and TAK1 and other
markers in the ko-RGS4-treated cells when compared to the untreated control cells. The band densities
were plotted in a bar graph (n = 2). (D) Cell cycle analysis using flow cytometry confirmed increased
apoptosis upon ko-RGS4 treatment. Graphical representation of the percentage of cells in each stage of
the cell cycle was represented in a bar graph (n = 3) (**** p = 0.0001). The error bars are plotted based
on the SEM (standard error of mean).
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Next, to test whether silencing of RGS4 modulates cell invasion, we performed an in vitro cell
Matrigel invasion assay. The invasion capacities of both ko-RGS4-treated GSC20 and GSC28 cells
were reduced significantly when compared to the untreated parent controls (Figure 5B). We next used
human apoptosis signaling pathway array C1 (Ray Biotech, cat# AAH-APOSIG-1-4) to study the effect
of silencing ko-RGS4 in GSC20 cells. Upon treatment, we recorded increased expression levels of
cleaved PARP1, p27, p38, p53, SMAD2, TAK1 and NFκB, indicative of the induction of apoptosis
(Figure 5C). Fluorescence activated cell sorting (FACS) analysis further showed increased apoptosis
with reduced proliferation in the ko-RGS4-treated samples when compared to untreated controls of
GSC20 and GSC28 cells (Figure 5D).

3. Discussion

The regulator of G-protein signaling proteins of the R4 family play a regulatory role in the central
nervous system and in tumorigenesis. Antagonizing its overexpression in GBM may be an attractive
strategy for oncotherapy. A recent body of literature suggests the involvement of RGS4 in breast [39]
and non-small cell lung (NSCL) cancers [40]; however, the physiological function of RGS4 in GBM and
specifically in GSCs is not known, with little published data to date [41]. Our studies demonstrate
that RGS4 is highly expressed in clinical specimens of glioblastoma substantiated by the TCGA data.
Silencing RGS4 antagonizes GSC invasion and migration, and identifies a novel and potentially
important role for inducing apoptotic cell death.

A small population of neural stem-like cells within the tumor, termed GSCs, are known
to recapitulate glioma and its growth characteristics. Study of GSCs is important as they are
resistant to traditional treatments and have the ability to self-renew, initiate tumor growth and
recur [42,43]. Molecular classification of GBM identified four subtypes: classical, proneural, neural and
mesenchymal, with the mesenchymal subtype displaying a more aggressive phenotype and pronounced
radio/chemoresistance. Recent literature showed that the proneural tumors tend to shift towards
a mesenchymal subtype upon recurrence, induced by radiation/chemotherapies [44,45]. The TCGA
analysis performed utilizing mRNA of RGS4 demonstrated increased expression in the mesenchymal
subtype when compared with different subgroups. We confirmed these findings by checking the
expression levels of RGS4 in both classical (GSC 6-27) and mesenchymal (GSC20 and GSC28) stem cells.
Interestingly, RSG4 is not detected in the GSC 6-27 cells, while abundant expression was recorded in
the mesenchymal subtyped GSC (data not shown). To generate a comprehensive analysis of targeting
RGS4 in mesenchymal GSC and to recognize the critical downstream effectors of RGS4, RNA sequencing
analysis was performed. Gene expression profiling and hierarchal clustering of the RNA-seq identified
the regulation of key targets involved with GSC migration. Silencing RGS4 controlled the expression of
SHANK (SH3 and multiple ankyrin repeat domains) proteins, critical regulators of G-protein signaling
that are known to antagonize integrin activation disrupting G-protein interactions along the Rap1-RIAM
(Rap1 interacting adaptor molecule)-talin axis in cancer cells and neurons [46]. Targeting RGS4 likewise
diminished the expression of decorin, an extracellular matrix (ECM) protein engaged in the cell growth,
differentiation, proliferation, adhesion and metastasis of various cancers [47]. Matrix metalloproteinases
(MMPs) are the essential agents responsible for ECM degradation, and their abnormal expression is linked
to the progression of many cancers, including glioblastoma. Since MMP2 is known for its role in ECM
degradation, we selected MMP2 as a candidate that could be studied in the context of RGS4 silencing.
Here, we found that RGS4 silencing decreased the expression, secretion and activity of MMP2, a key
MMP associated with tumor dissemination and invasiveness. Therefore, RGS4 may affect the expression
of MMPs through the GPCR signaling pathway.

Our results showed that silencing RGS4 demonstrated decreased migratory and invasive abilities
of both GSC20 and GSC28. We furthered our understanding by utilizing the apoptosis array and
recorded the expression of several antiapoptotic molecules involved in the induction of apoptotic
effects in GBM. p53 is reported to regulate the transcription of genes associated with cell cycle invasion
and apoptosis. Induction of apoptosis and inhibition of cell proliferation are correlated with RGS4
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silencing, leading to induction of the subG0 phase of the cell cycle. Silencing of RGS4 may also induce
oxidative stress, leading to the activation of JNK, resulting in the induction of apoptosis. Further RGS4
suppression increased PARP1 and p27 signaling, implicating RGS4 in GSC cell cycle regulation and
DNA repair leading to apoptosis.

In conclusion, these results show that silencing RGS4 alters cell growth, migration and invasion
of GSCs. This study additionally provides insights into the functional relationship between RGS4
depletion leading to MMP2 degradation. We also infer that RGS4 regulate the expression, secretion
and activity of MMP2 in GSCs. In both GSC20 and GSC28 cells, the expression of p27, JNK, p53 and
PARP1 upon silencing of RGS4 demonstrate the anticancer effect, orchestrated by cell cycle alterations
and the activation of apoptosis. These findings establish RGS4 as the promoter of invasive behavior of
GSCs, and its silencing mechanisms can be used to curtail GBM growth and progression.

4. Materials and Methods

4.1. Ethics Statement

Human GBM surgical biopsy specimens were obtained from OSF Saint Francis Medical Center,
Peoria, IL, USA and processed in accordance with the University of Illinois College of Medicine at
Peoria (UICOMP) Institutional Review Board-approved protocol (protocol# 85193).

4.2. Cell Culture and Reagents

Two different GBM GSC cell lines, GSC20 and GSC28, were used in this study. These established
and authenticated cell lines as previously reported, were obtained from Dr. Bhat’s Laboratory, MD
Anderson Cancer Center, Houston, Texas, USA and were grown in DMEM/F12 supplemented with
B27 (Life Technologies, Carlsbad, CA, USA), EGF (20 ng/mL) (Millipore, Sigma, St. Louis, MO, USA),
bFGF (20 ng/mL) (Millipore, Sigma) and 1% penicillin/streptomycin (Life Technologies) [44,48,49].
RGS4 CRISPR all-in-one plasmids were obtained from Genecopoea (HCP257325-CG04). Anti-RGS4,
anti-MMP2 and anti-GAPDH antibodies were obtained from Santa Cruz (Santa Cruz, CA, USA).

4.3. Generation of RGS4 All-In-One CRISPR Plasmids and Construction of RGS4 Knockouts

The all-in-one plasmids intended for a complete knockout of the RGS4 were purchased from
Genecopoea. Briefly, the sgRNAs to RGS4 were designed as close to the initiator ATG as possible, and the
combination of expression of both Cas9 and sgRNA from each plasmid created a double-strand break
(DSB) at the target site, which informed that the sgRNA was functional. This DSB was repaired using
nonhomologous end joining (NHEJ), resulting in deletions or small insertions in the protein-coding
region of the RGS4 gene. These lesions caused a frameshift mutation that led to the knockout of the
RGS4 gene. These frameshift mutations occurred on both (or all in polyploid strains) alleles of the
gene, resulting in a loss-of-function mutation. The all-in-one expression plasmids targeting RGS4
were transformed into DH5α competent cells and selected on LB agar plates containing 100 mg/mL
ampicillin. The transformed plasmids were extracted using a Qiagen maxi prep kit (Valencia, CA, USA).
The GSC20 cells were transiently transfected with RGS4 knockout plasmids using Lipofectamine 3000
(ThermoFisher Scientific, Waltham, MA, USA) in a 6-well culture plate. After 72 h of transfection,
GSC 20 cells were selected using 1 mg/mL neomycin. Around six neomycin-resistant single cell
clones/colonies with the highest GFP expression were obtained and isolated using cloning cylinders
(Millipore, Sigma) and expanded. These clones were further validated by microscopic evaluation of
GFP expression and by the immunoblot approach. Out of six clones, clones 2 and 3 showed a complete
knockout of RGS4 and clone 2 was selected for this study.

4.4. TCGA Cohort Analysis

The mRNA expression and clinical data from 172 cases were obtained from the glioblastoma
cohort using The Cancer Genome Atlas (TCGA) data portal (http://cancergenome.nih.gov).

http://cancergenome.nih.gov
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4.5. Immunohistochemical Analyses of Human Glioblastoma (hGBM) Patient Specimens

The hGBM surgical biopsy specimens were obtained from Saint Francis Medical Center as per
the UICOMP-IRB approved protocol 85193 (Peoria, IL, USA) and processed in accordance with the
UICOMP Institutional Review Board-approved protocols. Representative GBM sections of P# 2, P# 3,
P# 7, P# 8 and P# 12 were used for immunohistochemistry analysis. For RGS4 staining, we used mouse
antibody specific for RGS4 at 1:500 dilution. The sections were deparaffinized, rehydrated and blocked
in 10% goat serum for an hour. Sections were incubated in the primary antibody solution overnight
at 4 ◦C in a humidified chamber and then washed in 1 × PBS (phosphate buffered saline), incubated
with the appropriate secondary antibody for 1 h, visualized and analyzed using a confocal microscope.
All immunostained sections, when stained with DAB (3,3’-Diaminobenzidine), were counterstained
with hematoxylin. Negative controls were maintained without primary antibody by using IgG antibody.
The sections were blind reviewed by a neuropathologist.

4.6. Immunoblot Analysis

Total protein extracts from various treatments were resolved by 12% SDS-PAGE and transferred
to nitrocellulose membrane, and were blocked in Tris HCl, pH 7.5, 500 mM NaCl and 0.1% Tween 20
containing 5% nonfat milk. The blots were incubated with anti-RGS4 (1:500, Santa Cruz), MMP2 (1:500,
Santa Cruz) and GAPDH (1:1000, Santa Cruz) primary antibodies, and subsequently incubated with
a 1:2000 dilution of species-specific, horseradish peroxidase (HRP)-conjugated secondary antibody.
Imaging and data analysis were carried out using chemiluminescence ECL (Hercules, CA, USA)
Western blotting detection reagents on Hyperfilm MP autoradiography film. GAPDH antibody was
used to verify equal loading of proteins in all lanes.

4.7. RNA-seq Analysis of Knockout of RGS4 (ko-RGS4)

Total RNA samples isolated from the control and ko-RGS4-treated GSC20 were measured using
an Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit) (Santa Clara, CA, USA). The total RNA
was then proceeded to cDNA preparation and the obtained single-strand DNA then sequenced on the
BGISEQ-500 platform. The mRNA values obtained are presented as a heat map.

4.8. Bioinformatic Analysis

The clean quality reads with adaptors were assembled into unigenes, followed by unigene
functional annotation and SSR (simple sequence repeats) detection. Finally, the DEGs (differentially
expressed genes) between control and treated samples were identified and then followed by clustering
analysis and functional annotations. Fold change ≥ 2.00 and adjusted p-value ≤ 0.05 were considered
for the annotations.

4.9. Gene Set Enrichment Analysis (GSEA)

We used gene set enrichment analysis (GSEA, v3.0, Broad Institute) to determine whether GSC
control and ko-RGS4-treated cells showed statistically significant differences. All gene sets used for
analysis were downloaded from the Broad Institute Molecular Signature Database (mSigDB v6.2,
software.broadinstitute.org/gsea/msigdb).

4.10. RT-PCR Analysis

Total RNA was isolated from both GSC20 and GSC28 cells transfected with a CRISPR plasmid
of RGS4 (ko-RGS4). RT-PCR was conducted from the control and transfected mRNA using the SYBR
green method. The primers used in the study were RGS4 sense 5′-ACATCGGCTAGGTTTCCTGC-3′ and
antisense 5′-GTTGTGGGAAGAATTGTGTTCAC-3′; MMP2 sense 5′-GGCCCTGTCACTCCTGAGAT-3′

and antisense 5′-GGCATCCAGGTTATCGGG GA-3′; GAPDH sense 5′-AATCCCATCACCATCTTCCA-3′

and antisense 5′-TGGACTCCACGACGT ACTCA-3′.
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4.11. Gelatin Zymography for Assaying Matrix Metalloproteinase-2

We used gelatin zymography to assess the enzymatic activity of MMP2. The culture supernatants
from both GSC20 and GSC28 untreated control cells and ko-RGS4-transfected cells were collected
after 48 h. The supernatants were centrifuged at 3000 rpm for 10 min. The proteins in the samples
were separated by SDS-PAGE. After electrophoresis, the SDS-PAGE gel was proceeded further with
the buffers and staining reagents according to Abcam’s protocol (https://www.abcam.com/protocols/
gelatinzymographyprotocol). The intensity of the bands from both the control and the treated samples
were analyzed by ImageJ Software (National Institutes of Health, Bethesda, MD, USA).

4.12. Wound Healing and Matrigel Invasion Assays

To study GSC motility, we performed the wound healing assay using GSC20 and GSC28
cells. We used Corning™ BioCoat™ Poly-D-Lysine 6-well plates (cat# 08-774-123) for this assay.
Around 1 × 106 GSC20 and GSC28 cells were plated on the Poly-D-Lysine plate 12 h before the
transfection. After 48 h, the monolayers of both cells were scratched using a sterile 200 µL pipette tip
with a constant width. Both the control and ko-RGS4-transfected cells were photographed at 0 and
24 h. The distances were measured using the following formula:

Distance migrated = (distance at 0 h − distance at 24 h)/distance at 0 h × 100% [50].
Matrigel invasion assay was used to assess GSC invasive potential. DMEM/F12 medium with

supplements was added to the lower chamber to act as a chemoattractant. Both GSC20 and GSC28
control cells and ko-RGS4-transfected cells were seeded at a density of 2 × 105 cells per well onto
the 8 µm pore size upper inserts and then incubated at 37 ◦C. After 24 h, the noninvasive cells were
removed from the upper surface of the separating membrane by gentle scrubbing with a cotton swab,
and the invading cells were fixed in 100% methanol and stained with HEMA-3 stain. The pictograms
were captured using an Olympus IX71 microscope (Center Valley, PA, USA).

4.13. Human Apoptosis Signaling Pathway Array and Flow Cytometric Analysis

Around 300 µg of GSC20 control and ko-RGS4-treated total cell lysates were subjected to
human apoptosis signaling pathway array C1 (Ray Biotech, cat# AAH-APOSIG-1-4) by following the
manufacturer’s instructions. Changes in cell cycle upon ko-RGS4 were analyzed using flow cytometry
analysis. Cell cycle progression and DNA content were monitored by staining with propidium iodide
and were carried out with a fluorescence-activated cell sorter (FACS Aria; Becton Dickinson, San Jose,
CA, USA). The percentage of cells within subG0, G1, S, G2 and M phases was determined using
CellQuest software (BD Biosciences, San Jose, CA, USA). Approximately 10,000 events were counted
for each analysis, and experiments were performed in triplicate for each group (n = 3).

4.14. Statistical Analysis

The results shown are represented as mean ± SD. GraphPad 8.0 was used to perform Student’s
t-tests and ANOVA to evaluate the differences between the control and treated groups. For multiple
comparisons within TCGA, we used Student’s t-test to calculate the expressional differences. All p-values
were considered statistically significant with a value < 0.05. ImageJ Software was used for all the
densitometry analyses.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/9/3300/s1.
Figure S1. Clonal selection of RGS4 knockouts.
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