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Abstract: G-protein-coupled receptor kinase-5 (GRK5) plays essential roles in multiple celluar events. However, its
role in the development and progression of glioma is poorly understood. In this research, we found that GRK5 is sig-
nificantly upregulated in human gliomas. For the first time, a close relationship was noted between GRK5 expression
and blood vessel development in human glioma. Specifically co-expression of GRK5 and the tumor stem cell marker
CD133 was observed in the cytoplasm of high grade glioma cells. The depletion of GRK5 suppressed the prolifera-
tion, migration and invasion in glioma cells, and promoted apoptosis. We next discovered that GRK5 knockdown
inhibits the nuclear factor kappa B (NF-kB) pathway, thus resulting in downregulation of key downstream secretory
products CCL2, IL-6 and IL-8 in glioma cell conditioned medium (CM). In addition, treatment of cells with the NF-kB
stimulator PMA reversed this effect and increased the GRK5 level. Our results demonstrate an oncogenic role for
GRK5 and reveal an activation of the GRK5-NF-kB pathway during the malignant progression of glioma.
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Introduction G protein-coupled receptors (GPCRs), leading to

their desensitization [3]. Seven GRK subtypes

About 80% of intracranial primary malignant
tumor are gliomas. Glioblastoma multiforme
(GBM) is one of the most lethal types of human
cancer [1, 2]. Despite numerous advances in
chemotherapeutic protocols, GBM therapy still
relies on the palliative efficacy of a combination
of surgery, radiation and temozolomide [1, 2].
Due to GBM'’s extremely malignant characteris-
tics, such as robust invasiveness, rapid prolif-
eration and increased angiogenesis, patients
with GBM have a median survival time of only
14 months [1, 2].

G protein-coupled receptor kinases (GRKs)
belong to the serine/threonine kinase family
that bind and phosphorylate agonist-activated

(GRK1-7) have been characterized and divided
into three groups according to their sequence
homology [3-5]. Studies demonstrate that GRK
expression and activity are impaired in many
pathological conditions [6-8]. Among the GRKs,
GRK5 is the most studied due to its involve-
ment in several pathologic conditions, including
cancer [9, 10]. Indeed, GRK5 inhibit cancer pro-
gression through the desensitization of GPCR
or non GPCR-receptors [11-18], as well as stim-
ulate tumor growth by acting on non-receptor
substrates [19-27]. Chromosome translocation
in the region of 10924 has been observed in
several tumors, including glioma [28-30], sug-
gesting that an alteration of genes in this regi-
on can affect tumor progression. Since GRK5
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maps on chromosome 10 at the region of q24,
itis likely that there is a correlation between an
alteration in GRK5 expression and certain glial
tumors [31].

The NF-kB family of widely expressed transcrip-
tion factors, regulate cell cycle progression, cell
proliferation and apoptosis in tumors [32-35]. A
previous study reported that NF-kB regulates
GBM secretion. Inhibition of the NF-kB path-
way resulted in the downregulation of IL8, IL6,
CCL2, IL-1B and CXCL14 and in the inhibition of
their related pathways [33]. GRK5 is an impor-
tant regulator of NF-kB signaling, and it can
enhance its activity. Conversely, p50 and p65
can also directly bind to GRK5 DNA in the
nucleus, thus upregulating the GRK5 level [36-
40]. However, the role of GRK5 in the GBM is so
far poorly understood, which prompted us to
examine the correlation between GRK5 expres-
sion and NF-KB signaling in gliomas.

The aim of this study was to detect GRK5
expression in human gliomas and to explore
the relationship between GRK expression and
biological activity in gliomas. By qRT-PCR, west-
ern blotting and immunohistochemistry, we
confirmed in a cohort of 110 specimens that
GRK5 was widely distributed throughout glio-
mas and frequently located near blood vessels.
We also found co-expression between GRK5
and CD133 using double-immunofluorescence.
A GRK5-knockdown stable cell line (GRK5-KD)
was generated by using the lentivirus trans-
fection method. Migration and invasion were
weakened in GRK5-knockdown cells by per-
forming a wound healing assay and a transwell
assay, respectively. A xenograft model was
established and a CCK-8 assay was performed
to detect decreased cell proliferation in glio-
mas in vitro and vivo. The number of apoptotic
cells increased by flow cytometry. Furthermore,
we use a known NF-kB stimulator, phorbol
myristate acetate (PMA), to investigate the in-
teraction between GRK5 and NF-kB signaling in
glioma cells by western blotting. Lastly, ELISA
quantification showed that GRK5 knockdown
decreased the levels of CCL2, IL-6 and IL-8 in
the CM of glioma cells.

Methods
Clinical samples

According to histopathological features, such
as mitotic activity, atypia, anaplasia, microan-
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giogenesis and necrosis, the World Health
Organization (WHO) has traditionally divided
gliomas into four grades [41]. Generally, grades
I and Il are low grade gliomas (LGG), whereas
grades lll and IV are high grade gliomas (HGG).
Furthermore, grade | tumors lack these histo-
pathological features, whereas grade Il tumors
are atypical [42].

All patients were diagnosed with glioma at
the Department of Neurosurgery, the First
Affiliated Hospital of University of Science and
Technology of China. None of the patients had
received chemotherapy or radiotherapy before
surgery. From 2010 to 2016, glioma specimens
(n = 110) were obtained from these patients
during the initial surgery. For the control, nor-
mal adult brain specimens (n = 10) were
obtained from patients with severe traumatic
brain injury needing decompression surgery.
After surgical resection, portions of the tumor
specimens were sent for routine neuropatho-
logical evaluation, whereas the remaining spec-
imens were immediately frozen in liquid nitro-
gen. After evaluation by three neuropathologists
and classification according to WHO 2007 clas-
sification criteria. The specimens (n = 110)
were classified as 30 low-grade gliomas (LGG,
WHO grade Il) and 80 high-grade gliomas (HGG,
WHO grades Ill 36 and IV 44). Informed consent
was obtained from all patients before surgery.
All research methods and procedures were
approved by the Ethics Committee of the First
Affiliated Hospital of University of Science and
Technology of China.

Cell culture, and lentivirus production and cell
infection

The glioblastoma cell lines U251, U87 and
T98G were purchased from the Chinese Aca-
demy of Sciences Type Culture Collection
(Shanghai, China). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, USA) supplemented with 10% fetal
bovine serum (FBS) (Hyclone, USA) in a humidi-
fied incubator at 37°C with 5% CO, [43, 44].

GRK5-knockdown lentiviral solution was ob-
tained from GenePharma (Shanghai, China).
Lentiviruses were packaged in HEK293T cells,
and according to the manufacturer’s instruc-
tions, they were used to infect U251 cells in the
presence of 1 ug/ml polybrene (Sigma, USA). In
medium supplemented with 5 yg/ml puromycin
(Sigma, USA), infected cells were subcultured
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to 10% confluence. Untreated U251 cells with
defined as the blank group (i.e., control), where-
as cells expressing LV3-GRK5-knockdown-GFP
or LV3-negative control-GFP were defined as
the GRK5-KD or NC group, respectively. GRK5
expression was detected by quantitative re-
verse transcriptase-polymerase chain reaction
(QRT-PCR) and western blotting [43, 44].

RNA isolation and qRT-PCR

Using the Qiagen RNeasy Mini Kit, total RNA
was extracted from normal brain specimens,
glioma specimens and glioblastoma cells.
Thereafter, 2 mg of RNA was reverse tran-
scribed to cDNA using the RevertAid First
Strand cDNA Synthesis Kit. All procedures were
performed according to the manufacturer’s
instructions. The GRK5 expression level was
detected by gPCR using the AceQ SYBR Gre-
en Master Mix (Vazyme, China). The fold change
in gene expression was calculated using the
2:45Ct method [44, 45]. The primer sequences
were as follows: GRK5, forward: 5-GGCTGC-
AGAGGTCAAGAGAC-3’, reverse: 5-TGTCCAGCA-
CGTCCTTACAG-3’; and B-actin, forward: 5-AT-
GGATGATGATATCGCCGCGCTC-3’; reverse: 5-
TTTCTCCATGTCGTCCCAGTTGG-3..

Western blotting

Western blotting was performed as previously
described [44, 48]. Monospecific antibodies
against human GRK5 (Sigma, USA, 1:400), p65
(Sigma, USA, 1:500), p50 (Sigma, USA, 1:500),
plk-Ba (Sigma, USA, 1:400) and Bcl-2 (Be-
yotime, China, 1:500) were used at 4°C over-
night. A monospecific antibody against B-actin
(1:2000) was used at room temperature for 1
h, immunoreactive proteins were visualized by
chemiluminescence using an ECL Detection
System (BeyoECL Plus, Beyotime). Protein band
intensity were determined using Image Pro Plus
6.0 Software (Japan). To investigate crosstalk
between GRK5 and NF-kB pathway, U251 cells
were maintained in the presence or absence of
phorbol myristate acetate (PMA, 20 nM, Sigma,
USA) for 24 h [36].

Cell migration assay

Cells from GRK5-knockdown (GRK5-KD) and
negative control (NC) groups were cultured in
12-well plates. The monolayer of cells was lift-
ed from 12-well plates with a standard 200 pl
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micropipette tip when cells reached 80-90%
confluence. At 24, 48 and 72 h, we observed
cell migration into the scraped area, images
were captured at fixed observation points [44]
using a IX71 model microscope (Olympus,
Japan). Cell migration was determined by mea-
suring the movement of cells into the scraped
area. Quantitative analysis was performed with
Image J software, and results were expressed
as a percentage: the mean of the wound clo-
sure area relative to the mean of the initial
wound area. This experiment was repeated
three times.

Matrigel invasion assay

The invasion assay was performed using Bio-
Coat™ Invasion Chambers (BD, USA). After co-
ating the upper chamber with Matrigel, approxi-
mately 5 x 10* cells were resuspended in 200
pl of serum-free DMEM and added into the
upper chamber, while 600 ul of DMEM supple-
mented with 10% FBS was added into the lower
chamber. After culturing for 18 h at 37°C, when
cells on the upper side of the membrane were
removed, the invaded cells on the lower mem-
brane surface were fixed in 1% paraformalde-
hyde, stained with 0.1% crystal violet. After
that, the invaded cells were counted under a
light microscope in 8 random 200x fields per
insert. Cell counts were expressed as the aver-
age cells number per field of view [46]. This
experiment was repeated three times.

Cell proliferation assay

Cell proliferation was measured using the Cell
Counting Kit-8 (CCK-8, DOJINDO, Japan). In
brief, an equal number of glioma cells was
seeded into a 96-well plate. After culturing for
48 h, the media was replaced with that contain-
ing a 1:10 dilution of CCK-8. After incubating
for an additional 2 h at 37°C, the absorbance
was measured using a spectrophotometer set
at 450 nm. This experiment was repeated three
times.

In vivo xenograft model

A human xenograft model was established as
previously described [44]. After subcutaneous-
ly injecting approximately 5 x 10° stably trans-
fected glioblastoma cells, a tumor xenograft
model was established in female BALB/c athy-
mic mice (Cancer Institute of The Chinese
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Figure 1. GRK5 expression in glioma specimens of different pathological
grades. A. GRK5 expression by western blotting in normal brain (control) and
grade ll, lll and IV glioma specimens. B. Histogram summarizting the relative
GRK5 protein level as determined by western blotting analysis (**, P < 0.01,
compared to NOR). C. By qRT-PCR, GRK5 expression in low grade gliomas
was lower than in high grade gliomas (*, P < 0.05, **, P < 0.01, compared to
NOR). NOR, normal brain tissue; Il, WHO Il gliomas; Ill, WHO Il gliomas and

IV, WHO IV gliomas.

Academy of Medical Science). U251 cells se-
rved as the blank group (control; a total of 18
mice, with n = 6 per group). All experimental
procedures were performed in according to
the approved Shandong University guidelines
approved by Institutional Animal Care. The
xenograft tumor volume was continuously mea-
sured twice a week, and tumor growth was cal-
culated as follows: volume = length x width?/2.
Nude mice were sacrificed after 33 days, and
tumors were harvested and weighed.

Immunohistochemistry

Immunohistochemical experiments were per-
formed as previously described. Paraffin cross-
sections of human glioma specimens were
used to detect GRK5, Ki67 and CD34 and to
correlate their distribution with proliferation
and angiogenesis [44, 47-49]. Mouse anti-
GRK5 (1:400; Sigma, USA), mouse anti-Ki67
(1:400; Sigma, USA) and rabbit anti-CD34
(1:400; Abcam, UK) were used as the primary
antibodies. For the negative control, the prima-
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were positive. We then graded
the intensity of positive stain-
v ing as follows: O, negative;
1(+), weak; 2(++), strong. By
adding the immunopositivity
and intensity scores as previ-
ously described [47-49], the
combined total scores were
obtained (range, 0-5(+++++)).
Cases with a total score of O
to 2(++) were assigned to the
low expression group; where-
as cases with a total scores of 3(+++) to
5(+++++) were assigned to the high expression
group. All specimens were scored by three inde-
pendent pathologists without knowledge of the
relevant clinical data [47-49].

Immunofluorescence staining

Double-labeling immunofluorescence combin-
ed with confocal laser scanning microscopy
(CLSM) was carried out to detect the expres-
sion of GRK5 and the tumor stem cell maker
CD133 in glioma specimens. After fixing with
formaldehyde, deparaffinizing with xylene and
rehydrating in PBS, the paraffin cross-sections
were incubated in 3% hydrogen peroxide to
quench endogenous peroxidase activity for 25
min. After blocking with 10% normal goat serum
for 1 h, the cross-sections were incubated with
anti-GRK5 (IgG, 1:400; Sigma) and anti-CD133
(IgG, 1:400; Abcam) antibodies at 4°C over-
night, followed by FITC- and TRITC-conjugated
secondary antibodies for 1 h at room tempera-
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Figure 2. Immunohistochemical analysis of the expression patterns of GRK5, Ki67 and CD34 in glioma specimens
of different pathological grades (magnification, x100). GRK5 was highly expressed in human gliomas, and its ex-
pression was positively correlated with the pathological grade (P < 0.01, Spearman’s rank-sum test). There was a
positive correlation between GRK5 and Ki-67 expression in human gliomas (P < 0.05, Spearman’s rank-sum test),
as well as between GRK5 and CD34 expression (P < 0.05, Spearman’s rank-sum test).

Table 1. Correlation between GRK5 and Ki-67
expression in gliomas

Low GRK5  High GRK5 P
Low Ki-67 11 16 0.013
High Ki-67 32 51

ture [47-49]. All images were obtained using an
Olympus CLSM.

Enzyme-linked immunosorbent assay (ELISA)

For the ELISA (Cloud-Clone Corp, USA), approxi-
mately 5 x 10° glioblastoma cells were seed-
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ed into each well of a 96-well plate. Cells were
maintained in DMEM in the presence or
absence of 20 nM PMA for 24 h before the
assay. Thereafter, 50 pl of cell conditioned
medium (CM), CCL2, IL-8 and IL-6 secreted by
glioblastoma cells, was analyzed after 24 h of
culture [33]. This experiment was repeated
three times.

Apoptosis assay

For the apoptosis assay, tumor cells were
simultaneously stained with Annexin V-PE and
the viability dye 7-amino-actinomycin D (7AAD)

Am J Transl Res 2018;10(11):3370-3384
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Figure 3. GRK5 localized predominantly in human gliomas (magnification,
x200). GRK5 predominantly located near blood vessels in human gliomas
(red arrow), specifically close to the lumen of several blood vessels. (A) Case
1 had WHO Il glioma, (B) Case 2 had WHO lll glioma, (C) Case 3 and (D) Case
4 both had WHO gliomas.

Table 2. Correlation between GRK5 and
CD34 expression in gliomas

Low GRK5  High GRK5 P
Low CD34 13 10 0.020
High CD34 30 57

using the Annexin V-PE/7-AAD Apoptosis De-
tection Kit (KeyGen Biotech, China) according
to the manufacturer’'s instructions. Stained
cells were immediately analyzed by flow cytom-
etry (Cell Lab Quanta SC; Beckman Coulter,
USA) [44]. This experiment was repeated three
times.

Statistical analysis

All experiments, except for the xenograft tumor
assay and immunohistochemistry experiments,
were conducted at least three times. All statisti-
cal analyses were performed using SPSS 22.0
Software. The independent Student’s t-test was
used to compare the expression level of a tar-
get gene between two groups. One-way analy-
sis of variance (ANOVA) was used to compare
the expression level of a target gene between
three groups. Spearman’s rank-sum test was
used to correlate the expression level of a tar-
get gene in different grade gliomas. P-values
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less than 0.05 were consid-
ered statistically significant.

Results

GRK5 expression in human
gliomas was positively corre-
lated with pathological grade

To explore the relationship
between GRK5 expression
and pathology grade in glio-
mas, we analyzed mRNA and
protein levels by gRT-PCR (10
normal brain tissues and 110
glioma samples) and western
blot (total 33 samples: 8 nor-
mal brain tissues, 8 WHO I
samples, 8 WHO Ill sampl-
es and 9 WHO IV samples),
respectively. Firstly, qRT-PCR
data showed that GRK5 is
upregulated in glioma speci-
mens of different pathologi-
cal grade, compared to nor-
mal human brain specimens (Figure 1C, P <
0.05, independent Student’s t-test). Further
research also showed that the relative GRK5
MRNA level was significantly higher in HGGs
than that in the LGGs (GRK5 mRNA level: F =
59.784, P < 0.01, ANOVA). Secondly, western
blotting also showed that the GRK5 protein
level was upregulated in gliomas (Figures 1A,
1B, S1 and S2; independent Student’s t-test).
There was an association between higher
GRK5 expression and high malignancy in glio-
ma specimens (GRK5 protein level: F = 38.351,
P < 0.01, ANOVA) (Figure 1A, 1B).

Furthermore, immunohistochemical analysis
(30 WHO 1l samples, 36 WHO Ill samples and
44 WHO IV samples) also showed that GRK5
was mainly confined in the cytoplasm, and its
degree of enrichment in the cytoplasm of LGGs
was low, whereas in the cytoplasm of HGGs,
the degree of enrichment was high. Our data
indicated that GRK5 expression was positively
correlated with pathological grade (r = 0.250, P
=0.008 < 0.01, the Spearman’s rank-sum test)
(Figure 2). We also found a positive correlation
between GRK5 and Ki-67 by immunohisto-
chemical analysis (r = 0.236, P = 0.013 < 0.05,
the Spearman’s rank-sum test) (Figure 2 and
Table 1).
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Figure 4. GRK5 and CD133 co-localization in glioma specimens using double-immunofluorescence. GRK5/CD133
co-expression were observed in WHO Il gliomas and GBMs. DAPI (4,6-diamidino-2-phenylindole) indicated nuclear
(blue). GRK5 (green) mainly expressed in the cytoplasm of glioma cells, while tumor stem cell-related marker CD133
was located in the cytoplasm of a part of high grade glioma cells. The co-localization was shown in yellow (merge,

magnification, arrows). Scale bar, 25 um.

GRK5 is a closely associated with tumor blood
vessels and is co-expressed with the tumor
stem cell marker CD133 in gliomas

By immunohistochemistry, we found a positive
correlation between GRK5 and the vessel
marker CD34 (r = 0.222, P =0.020 < 0.05, the
Spearman’s rank-sum test) (Figures 2, 3 and
Table 2). Furthermore, GRK5 expression was
detected close to the lumen of several tumor
blood vessels in human gliomas (Figure 3). By
dual immunofluorescence analysis (8 WHO Il
samples and 15 WHO IV samples), GRK5/
CD133 co-expressing cells were detected in
several High grade glioma specimens. It was
found that most CD133+ cells co-expressed
GRK5 in HGGs (Figure 4).

Down-regulation of GRKS5 inhibits migration
and invasion in U251 cells

Firstly, the relative expression of GRK5 in differ-
ent cell lines (U87, U251 and T98G) was detect-
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ed. We found that the GRK5 mRNA level was
relatively higher in U251 cells than that in the
other glioma cell lines (P < 0.05, ANOVA)
(Figures 5A-C, S3). Using lentivirus transfec-
tion, a GRK5-knockdown stable cell line was
generated (Figure 5G). Green fluorescent signal
was detected in > 98% transfected cells. GRK5
expression was detected by qRT-PCR and west-
ern blotting. It was found that the GRK5 level
was significantly decreased in GRK5-KD cells,
whereas in the NC group, GRK5 expression
did not markedly change compared to U251
cells (P < 0.01, ANOVA) (Figures 5D-F, S4). We
next detected whether GRK5 expression was
related to the invasion of glioblastoma cells.
The transwell assay showed that the down-reg-
ulation of GRK5 significantly inhibited cell inva-
sion (P < 0.01, ANOVA) (Figure 6A, 6B). On the
other hand, the wound healing assay showed
that GRK5 knockdown slowed the wound clo-
sure speed of tumor cells (P < 0.01, ANOVA)
(Figure 6C, 6D). These studies indicated that
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Figure 5. GRK5-knockdown stable cell line was generated with lentivirus transfection method. A. Detection of GRK5
relative expression levels in U251, U87 and T98G cells by Western blot. B. Histogram summarizing the relative
GRK5 level in U251, U87 and T98G cells as determined by western blot analysis. (*, P < 0.05, compared to U87
cells and T98G cells). C. Histogram summarizing the relative GRK5 level in U251, U87 and T98G cells as determined
by qRT-PCR (*, P < 0.05, compared to U87 cells and T98G cells). D. Detection of GRK5 protein expression in U251
cells by Western blot. E. Histogram summarizing the relative GRK5 level in U251 cells as determined by western blot
analysis (**, P < 0.01, compared to the NC group). F. Histogram summarizing the relative level of GRK5 mRNA in
U251 cells by qRT-PCR (**, P < 0.01, compared to the NC group). G. Establishment of GRK-knockdown stable cell
lines (magnification, x200). Data were mean + SD from three independent experiments.
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Figure 6. GRK5 knockdown inhibits the migration and invasion of glioblastoma cells. A. The number of invasive cells
was determined using the transwell matrix penetration assay (with Matrigel) (magnification, x200). B. Histogram
summarizing the number of invasive cells per 200x field (*, P < 0.05, compared to the NC group). C. GRK5 knock-
down inhibited the wound closure speed of U251 cells (magnification, x200). D. Histogram summarizing the fold
change in wound closure as compared with the NC group (**, P < 0.01, compared to the NC group). Data were mean
+ SD from three independent experiments.
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may promote the growth of
gliomas in vitro and vivo.
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Figure 7. GRK5 knockdown reduced the proliferation of U251 glioblastoma
cells in vitro and vivo. A. The establishment of the xenograft tumor model.
GRK5-KD tumor xenografts were visibly smaller than those of the NC and
U251 groups. B. Measurement of glioblastoma cell proliferation using the
CCK-8 assay. A significant difference in glioblastoma cell growth was ob-
served after GRK5 knockdown in glioblastoma cells (*, P < 0.05, **, P <
0.01, compared to the NC group). C. Tumor growth curves for glioblastoma
tumor xenografts (*, P < 0.05, **, P < 0.01, compared to the NC group). D.
Histograms summarizing tumor mass for glioblastoma tumor xenografts (n =
6 for each group; *, P < 0.05, compared to the NC group). Data were mean

+ SD from three independent experiments.

GRK5 can significantly promote the invasion
and migration of glioblastoma cells.

Down-regulation of GRK5 inhibits the prolifera-
tion of U251 cells in vitro and vivo

The effect of GRK5 on glioblastoma cell pro-
liferation was examined by the CCK-8 assay.
The viability of GRK5-KD cells significantly
decreased compared to NC cells (Figure 7B).

The role of GRK5 in vivo was confirmed by the
tumor xenograft model (Figures 7A, 7C, 7D,
S7). After 30 days of subcutaneous inoculation,
the cell suspension inoculation developed into
a solid tumor xenograft in each mouse (Figures
7A, S7). The growth curve of tumor xenografts
showed that the down-regulation of GRK5
slowed tumor growth in vivo, and no statistical
difference was observed between NC and
U251 groups (Figure 7C). Mice were euthanized
on day 33. The average tumor weight in mice of
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cell proliferation, cell cycle
progression and apoptosis
[37-40]. To further confirm the
role of GRK5 in glioblastoma
cells, the number of apopto-
tic cells was determined by
flow cytometry (Figure 8A,
5 8B). Using Annexin V-PE/7-
amino-actinomycin D double-
stained U251 cells, the exter-
nalization of phosphatidyls-
erine was detected by flow
cytometry. The percentage of
apoptotic cells significantly
increased in GRK5-KD cells
(42.35 + 3.56)% compared
with those of the NC (4.45 *
0.51)% and U251 group (2.68
+ 0.31)% (P < 0.01, ANOVA).
The Bcl-2 family is an important regulatory fac-
tor in various apoptotic pathways. The loss of
GRK5 down-regulated the Bcl-2 protein level
(Figures 8C, 8D, S5) (P < 0.01, ANOVA). These
data suggested that GRK5 may have the ability
to induce apoptosis in glioblastoma cells.

Activation of the GRK5-NF-kB signaling path-
way is involved in the progression of glioma

Previous research reported that PMA can regu-
late NF-kB activation and increase the expres-
sion of GRK5 [50, 51]. Using the known NF-kB
stimulator PMA, the relationship between
GRK5 and the NF-kB pathway in gliomas was
investigated by western blot analysis (Figures
9A, 9B, S6). After 24 h of PMA treatment, the
expression of phosphorylated Ik-Ba (plk-Bx),
p50, p65 and GRK5 was increased, suggesting
that PMA can increase the levels of GRK5-NF-
KB signaling proteins in glioblastoma cells

Am J Transl Res 2018;10(11):3370-3384
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Figure 8. GRK5-knockdown promotes glioma apoptosis. A. The number of apoptotic cells was detected by flow cy-
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The Bcl-2 protein level was determined using western blotting. D. Semi-quantitative analyses of the western blots
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Figure 9. GRK5 knockdown affects NF-kB protein lev-
els in glioblastoma cells. A. Representative western
blots for GRK5, plkBa, p65 and p50. GRK5 knock-
down decreased the levels of plkBa, p65 and p50
in glioblastoma cells, whereas treatment of cells
with NF-kB stimulator PMA reversed this effect. The
proteins levels of GRK5 and NF-kB increased in glio-
blastoma cells treated with PMA. B. Semi-quantita-
tive analyses of the western blots. All protein bands
were quantitatively analyzed as one band per lane.
The units are arbitrary with control, and expressed
as means + SD. (*, P< 0.05; **, P < 0.01 versus the
NC group. #, P < 0.05; ##, P < 0.01 versus the KD
group. &, P <0.05; &&, P < 0.01 versus the NC+PMA
group. NC: NC group, KD: GRK5-KD group, plkBa:
phosphorylated IkBa). Data were mean + SD from
three independent experiments.
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(independent-samples t test). Next, the deple-
tion of GRK5 decreased the levels of plk-Bg,
p65 and p50 in glioblastoma cells, and this
effect was partially reversed after treatment
with PMA (independent-samples t test). This
study showed an interaction between GRK5
and NF-kB signaling in glioblastoma cells.

GRK5-NF-kB pathway affects the expressions
of CCL2, IL6 and IL8 in the conditioned me-
dium (CM) of glioblastoma cells

In addition, ELISA was used to quantify the lev-
els of CCL2, IL-6 and IL-8 in the CM of glioblas-
toma cells (Figure 10A-C), which are the down-
stream cytokines and chemokines regulated by
NF-kB signaling. Data analysis showed that all
of the three secretory products decreased in
the CM of glioblastoma cells after GRK5 knock-
down. However, treatment of cells with PMA
reversed this effect by increasing their levels
(independent-samples t test).

Discussion

As one of the most studied GRKs, the role of
GRK5 has been widely explored in various can-
cers. However, little is known in glioma biology
regarding GRK5. High grade gliomas, especially
GBM, exhibit a distinct cellular heterogeneity
and differentiation hierarchy [52]. Glioma stem
cells (GSCs), which are localized and main-
tained in the glioma niche, contribute to glio-
blastoma vascularization, cell proliferation and
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Figure 10. ELISA quantification of CCL2, IL6 and IL8 protein levels in the CM of glioblastoma cells. GRK5 knockdown
decreased the levels of CCL2, IL-6 and IL-8 in the CM of glioma cells, whereas treatment of cells with PMA reversed
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therapeutic resistance [52]. In this study, we
observed that high expression of GRK5 was
prevalent in gliomas and was positively corre-
lated with pathological grade. It was notewor-
thy that GRK5 was proximal to the lumen of
tumor blood vessels in human gliomas, espe-
cially in HGGs. This finding indicates that GRK5
expression may promote tumor angiogenesis in
human gliomas. In addition, GRK5/CD133 co-
expressing cells were detected in glioma speci-
mens. Furthermore, most CD133+ cells co-
expressed GRK5 in GBMs. These data suggest
that GRK5 may be important for angiogenesis
in gliomas as well as for maintaining of the
tumorigenic potential of GSCs. Furthermore,
GRK5 knockdown in the glioblastoma cell line
U251 resulted in the attenuation of tumor cell
proliferation, migration and invasion, and in the
increase of apoptotic cells. The xenograft tumor
model showed that GRK5-KD tumor xenografts
grew slower than those of the NC and U251
groups. These results indicate that biological
activity was altered in gliomas due to the loss
of GRKb5, and suggest that GRK5 is a potential-
ly relevant target for therapy improvement.
Thus, GRK5 deserves further investigation.

Members of the NF-kB family are important
transcription factors that regulate cell invasion,
cell proliferation, cell cycle progression and
apoptosis in tumors [32-35]. Members of NF-kB
family include RelB, cRel, p65 (RelA), p52, p50.
Typically, the NF-kB pathway can be actived by
phosphorylation of an IkB member. Members
of the IkB family include NFkB1 (p105), NFkB2
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(p100), IkBa, IKBB and IkBe. Specifically, IkBa
plays a crucial role in the initial activation of the
NF-kB pathway [39]. Under unstimulated condi-
tions, IkBa binds to p65 and p50. Upon stimu-
lated conditions, IkBa undergoes rapid phos-
phorylation, followed by ubiquitination and
degradation. As a result, p65 and p50 are
released and, trafficked into the nucleus, where
they evoke gene transcription [39]. Recent
research has shown that GRK5 phosphorylates
IkBa at Ser32/36, which are identical to those
phosphorylated in IKKB. Through the N-terminal
domain of IkBa, GRK5 interacts with IkBa [39].
Furthermore, Islam [36] found that up-regula-
tion of GRK5 increased the expression of p65
and p50 as well as promoted the DNA binding
activity of the NF-kB pathway [36]. Conversely,
other research has shown that NF-kB plays a
critical role in the regulation of GRK5 transcrip-
tion [50]. As a known stimulator of NF-kB, PMA
not only increased the mRNA level of GRK5 and
promoted the binding activity of NF-kB to the
GRK5 promoter in vitro, but also enhanced
recruitment of p65 and p50 to the GRK5 pro-
moter region in vivo [50]. Both p65 and p50
can interact with the promoter of GRK5, as
detected by ChIP and EMSA assays [50].

In this study, the effects of PMA treatment and
GRK5 alteration on the NF-kB pathway in glio-
blastoma cells were detected by immunoblot-
ting analysis. We down-regulated the GRK5 pro-
tein level in U251 cells in order to analyze
changes in GRK5-NF-kB signaling. Firstly, we
found increased p65, p50 and GRK5 expres-
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sion at 24 h post-PMA treatment, suggesting
that PMA successfully increased the expres-
sion of GRK5-NF-kB signaling in U251 cells.
We next observed that the reduction in GRK5
was followed by a decrease in the protein levels
of p65 and p50. Data analysis also showed
an apparent phosphorylation of IkBa by PMA
treatment, whereas the loss of GRK5 partly
attenuated plkBa. In short, our research dem-
onstrated that GRK5 can interact with and
affect the NF-kB pathway. The activation of
GRK5-NF-kB signaling may be involved in glio-
ma progression.

The tumor microenvironment is increasingly
believed to have a key role in tumor develop-
ment. Recent studies revealed that the NF-kB
pathway can regulate the GBM secretory prod-
uct [33]. The inhibition of the NF-kB pathway
resulted in a decrease of various of cytokines
and chemokines and their related pathways
[33], in which IL6 prompted cell growth and
invasion via autocrine mechanisms, IL8 con-
tributed to angiogenesis, and CCL2 activated
tumor-associated macrophages (TAMs) in a
paracrine manner [33]. TAM infiltration pro-
motes malignant progression of glioma by
inducing extracellular matrix remodeling, angio-
genesis and invasion [53]. TAMs are especially
numerous in high-grade tumors [54-56]. Most
TAMs surround glioma stem cells (GSCs), which
play an important role in maintaining the plas-
ticity and self-renewal of GSCs [57]. Inspiringly,
as key downstream cytokines and chemokines
of the NF-kB pathway, IL-6, IL-8 and CCL2 pro-
tein levels decreased in the CM of GBM cells
after GRK5 knockdown, indicating that GRK5
indirectly adjusted GBM secreted products via
the NF-kB pathway.

In summary, an alteration of GRK5 affects the
biological activity of glioma cells, and the acti-
vation of the GRK5-NF-kB pathway is involv-
ed in the malignant progression of glioma.
However, further studies are needed to explore
GRK5-NF-kB signaling in glioma cells, GSCs
and their tumor microenvironment.
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