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Abstract

The basic function of p-arrestin 2 (Arrb2) is to negatively regulate the G-protein-coupled receptor signaling pathway through
facilitating receptor desensitization and internalization. Arrb2 has also been reported to play various roles in cancer
pathology including the proliferation, migration, invasion, metastasis, and apoptosis of solid tumors. However, the molecular
mechanisms underlying the tumorigenic capacities of Arrb2 have not been elucidated. Here, we show a novel function of
Arrb2: Arrb?2 facilitates the degradation of HIF-1a, which is a master regulator of oxygen homeostasis. We also demonstrate
that Arrb2 interacts with HIF-1a and stimulates ubiquitin-mediated 26S proteasomal degradation of HIF-1a by recruiting
PHD2 and pVHL. Overexpression of Arrb2 in human glioblastoma cells suppresses HIF-1a signaling, tumor growth, and
angiogenesis. Consistent with this antitumorigenic effect of Arrb2, low Arrb2 expression levels correlate with high HIF-1a
expression and poor glioblastoma patient survival. These results collectively reveal a novel function of Arrb2 in the oxygen-
sensing mechanism that directly regulates HIF-la stability in human cancers and suggest Arrb2 as a new potential
therapeutic target for glioblastoma.

Introduction

Hypoxia is a physiologically relevant type of biological
stress, and many solid tumors have hypoxic regions due to
an imbalance between oxygen supply and oxygen demand.
Hypoxia induces transcriptional and molecular alterations
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that promote processes related to tumor progression, such as
cell proliferation, angiogenesis, metabolism, invasion, and
metastasis. Under hypoxic conditions, most cellular
responses are controlled by hypoxia-inducible factor-1
(HIF-1), which is a critical transcription factor that facil-
itates adaptation to low oxygen concentrations [1-4]. HIF-1
is a heterodimeric transcription factor that consists of
oxygen-regulated o subunits and constitutively expressed
nuclear translocator f subunits [2]. The interaction of HIF-
la and HIF-18 is required for the transcriptional function of
HIF-1; HIF-la serves as the major regulatory subunit
responsible for hypoxic specific function. While HIF-1a
protein is highly expressed in hypoxic cells, the protein is
rapidly degraded by the ubiquitin-proteasomal degradation
pathway in oxygenated cells. Oxygen-dependent degrada-
tion is triggered by prolyl hydroxylase domain protein 1, 2,
and 3 (PHD-1, -2, and -3) [5]. Hydroxylation of HIF-1a at
proline 402 and 564 of the oxygen-dependent degradation
domain facilitates interaction with the von Hippel-Lindau
tumor suppressor protein (pVHL), which recruits the Cul-
lin2/Elongin-BC E3 ligase complex and consequently cat-
alyzes ubiquitination and 26S proteasomal degradation
[6, 7]. Because PHDs require oxygen for catalytic activity,
HIF-1a is stabilized by inhibiting the enzyme activities of
PHDs under hypoxic conditions, translocates to the nucleus,
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heterodimerizes with HIF-1f, and recruits co-activators
such as histone acetyltransferase p300 and cAMP-response
element-binding protein for transcriptional activation [8].
Transcription of several hundred of over 1500 known target
genes increases in response to hypoxia [9].

Many of the proteins that interact with HIF-1a regulate
HIF-1 activity by either promoting or inhibiting the inter-
action of HIF-1a with other proteins. Some HIF-1a inter-
acting proteins facilitate oxygen-dependent degradation by
stabilizing interactions with components of the hydroxyla-
tion complex or by stimulating ubiquitination of hydro-
xylated HIF-1a [10]. Other HIF-la interacting proteins
inhibit oxygen-dependent degradation by blocking the
action of the pVHL-E3 ligase complex or by catalyzing
deubiquitination [11]. Other HIF-lo interacting proteins
facilitate oxygen-independent degradation by stimulating
ubiquitination, SUMOylation, or lysosomal degradation
[12, 13]. Another group of HIF-la interacting proteins
function as co-activators or co-repressors to regulate HIF-
la-mediated transactivation [14]. Although many HIF-la
interacting proteins have been identified, many cancer
researchers still focus on finding a novel regulatory and
binding protein of HIF-1a to generate a map of the HIF-1a
regulatory pathway and identify a therapeutic target for
cancer.

The nonvisual arrestins f-arrestin-1 and —2 (Arrbl and
Arrb2) are versatile adapter proteins that were initially
reported to desensitize G-protein-coupled receptor (GPCR)
signaling by regulating receptor internalization [15]. Upon
GPCR activation, Arrb2 translocates to the cell membrane
and binds to agonist-occupied receptors, and dissociation of
these receptors from G proteins promotes internalization,
thus causing desensitization [15]. Arrbs were initially
known as negative regulators of GPCR-mediated signaling
as mentioned above. However, new roles of Arrbs in
receptor trafficking and signaling have recently been iden-
tified. They function as scaffolds in receptor endocytosis
and adapters in signal transduction [16]. In addition, they
bind to IkBa and MDM?2 in the cytoplasm and can regulate
the transcriptional activity of NFxB and p53 transcription
factors [17, 18]. In particular, novel roles of Arrb2 have also
been reported; these reports state that it regulates cellular
processes, including cell proliferation, cancer cell migra-
tion, invasion and metastasis [19, 20]. Moreover, Arrb2
regulates cellular signal transduction, including the tyrosine
kinase pathway, extracellular signal-regulated kinase 1/2
(ERK 1/2) signaling, gene transcription and cell death sig-
naling [21-23]. Recently, the function of Arrbl and Arrb2
in cancer progression was reported. Arrbl promotes
tumorigenesis of colorectal cancer by interacting with the
cellular proto-oncogene c-SRC [24], increases secretion of
vascular endothelial growth factor-A (VEGF-A) in breast
cancer [25], and stimulates angiogenesis in lung cancer

[26]. In the case of Arrb2, its expression is increased in
breast cancer [27], and highly expressed Arrb2 mediates the
progression of myeloid leukemia [28]. On the other hand, it
has also been reported that Arrb2 inhibits tumor invasion
and migration in hepatocellular carcinoma [29], and
decreased levels of Arrb2 are related to poor prognosis in
lung cancer [30]. Nonetheless, many aspects of the func-
tional roles of Arrb2 remain poorly understood.

Gliomas are the most common primary malignant central
nervous system tumors and are classified as grade II-IV
according to their histology and molecular characteristics
[31]. Grade IV glioblastomas (GBMs) are the most aggressive
and show a median overall survival of <2 years [32]. Despite
increasing morbidity and mortality rates for GBM, therapies
for GBM, including surgery, radiotherapy, and chemotherapy,
are still not optimal [33]. Therefore, the identification of novel
regulators during GBM progression will provide a new
therapeutic target for anticancer treatment in GBM patients.
According to a recent report, the expression of Arrb1 is low in
GBM [34]; however, there is no report regarding the
expression and function of Arrb2 in GBM.

Here, we report that Arrb2 binds to HIF-1a and decreases
its protein stability. We demonstrate that Arrb2 interacts
with HIF-1a and stimulates proteasome-mediated degrada-
tion by recruiting pVHL and PHDs. Consistently, high-level
expression of Arrb2 correlates with reduced tumorigenesis in
GBMs and a high survival probability in GBM patients.
Collectively, this study reveals an important role of Arrb2 in
the oxygen-sensing pathway regulated by HIF- 1« stability in
GBM and suggests that Arrb2 may be a potential therapeutic
target for solid tumors, including GBM.

Materials and methods
Materials

Antibodies for human and mouse HIF-la were purchased
from BD Pharmingen (610958, San Diego, CA) and
NOVUS Biologicals (NB100-479, Littleton, CO), respec-
tively. Lamin A/C (4777), hydroxy-HIF-1a (3434S) and
pVHL (68547S) antibodies were obtained from Cell Sig-
naling Technology (Beverly, MA). Antibodies recognizing
Flag (F3165) and a-tubulin (T5168) were purchased from
Sigma-Aldrich (St. Louis, MO). Antibodies for Arrb2 (SC-
13140) and c-Myc (SC-789) were from Santa Cruz Bio-
technology (Santa Cruz, CA). The PHD2 (NB100-137) and
CD31 (550274) antibodies were obtained from Novus
Biologicals and BD Pharmingen, respectively. Affinity anti-
Flag gel and cycloheximide (CHX) were purchased from
Sigma-Aldrich (St. Louis, MO). MG132 and G418 sulfate
were purchased from Assay Designs Inc. (Ann Arbor, MI)
and InvivoGen (San Diego, CA), respectively.
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Cell culture and hypoxia treatment

Human glioblastoma cell lines (U87MG, T98G, and H4)
were obtained from ATCC, and U251MG and immortalized
primary human fetal astrocytes were kindly provided by Dr.
Seok-Geun Lee (Kyung Hee University, Korea). These cells
were maintained in high glucose Dulbecco’s modified Eagle
medium (DMEM, WelGENE, Daegu, Korea). Human der-
mal microvascular endothelial cell line (HMEC-1) was
purchased from Centers for Disease Control and Prevention
(CDC) in USA and cells were maintained in low glucose
MCDB131 medium (Gibco, Santa Clara, CA). Media were
supplemented with 10% fetal bovine serum (FBS, HyClone
Laboratories Inc., Logan, UT) and 1% penicillin and
streptomycin (P/S, Mediatech Inc., Manassas, VA) in a
humidified atmosphere of 95% air and 5% CO, at 37 °C
(normoxia). Cells passed for fewer than 6 months after
receipt or resuscitation of validated cells were used in this
study. To expose the cells to hypoxia, cells were transferred
to a hypoxic workstation (INVIVO2, Ruskinn Technology,
Bridgend, UK) supplemented with a triple gas mixture of
1% O,, 5% CO,, and 94% N,.

Construction of plasmids, transfections and stable
cell lines

To construct the plasmid encoding human Arrb2, we ampli-
fied full-length human Arrb2 by PCR and subcloned it into
pCMV-tag2B and pCMV-tag3B, which are Flag- and Myc-
tagged vectors, respectively. Cells were transfected with each
expression vector using polyethyleneimine (PEI, Sigma-
Aldrich). Six hours after transfection, the media were replaced
with fresh complete media. To make stable cell lines, trans-
fected cells were selected with 1 mg/ml G418 for 1 week.

Preparation of cell extracts, cellular fractionation,
and western blot analysis

Cells were lysed on ice using lysis buffer (10 mM Tris-pH
7.4, 150 mM NaCl, and 0.2% NP-40) containing a protease
inhibitor cocktail (Sigma-Aldrich). To obtain the cytoplasmic
fraction, cells were suspended in buffer C (10 mM HEPES,
10mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM dithio-
threitol (DTT), and 0.15% NP-40) containing a protease
inhibitor cocktail and centrifuged at 1200 rpm for 30 s, and
the supernatants were collected as a cytoplasmic fraction.
The pellets were resuspended in buffer N (20 mM HEPES,
400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and
0.5% NP-40) containing a protease inhibitor cocktail. The
lysates were centrifuged at 12000 rpm for 15 min at 4 °C,
and then the supernatant fraction was collected as the nuclear
fraction. Western blot analysis was performed according to a
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standard protocol using a polyvinylidene fluoride membrane
(Millipore Corporation, Billerica, MA).

Immunofluorescence staining

The cells were grown on coverslips under hypoxic condi-
tions, fixed with 4% paraformaldehyde (Sigma-Aldrich) at
room temperature for 15 min and then permeabilized with
0.3% Triton X-100 for 10 min. The cells were incubated
with antibodies against Arrb2 and HIF-1a at 4 °C overnight
and then incubated with appropriate Alexa Fluor-conjugated
secondary antibodies at room temperature for 1h. The
nuclei were counterstained with Hoechst 33342 (Thermo
Scientific) for 10 min. The coverslips were mounted with
antifade solution, and the staining was determined using a
LSM 700 confocal microscope (Carl Zeiss, Jena, Germany).

RT-PCR and qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen
Life Technologies; Carlsbad, CA) and was used to syn-
thesize cDNA using MMLV-reverse transcriptase (Beams
Biotechnology, Sungnam, Korea) and oligo-dT primers
(Sigma-Aldrich). Synthesized cDNA was amplified, and the
PCR product was then visualized on a 1% agarose gel. The
sequences of each forward (F) and reverse (R) primer used
for PCR were as follows: HIF-1a (F), CAGAAGATACA
AGTAGCCTC and (R), CTGCTGGAATACTGTAACTG;
Arrb2  (F), CTGTTCATCGCCACCTACCA and (R),
TCGGCGTACTGTCTCACAGA; and 18S (F), CAGCC
ACCCGAGATTGAGCA and (R) TAGTAGCGACGGG
CGGTGTG. For quantification, real-time PCR was per-
formed using the TaKaRa SYBR Premix Ex Taq (Tl
RNaseH Plus) kit (Takara, Japan). The primer sequences of
each gene for qPCR were as follows: HIF-la (F),
GTGAACAGAATGGAATGGAGCA and (R), CTGGTC
AGCTGTGGTAATCCA; and 18S (F), CAGCCACCCG
AGATTGAGCA and (R) TAGTAGCGACGGGCGGT
GTG.

Immunoprecipitation

Whole cell lysates were prepared using NETN lysis buffer
(20 mM Tris-pH 8.0, 100 mM NaCl, 1 mM EDTA, and
0.5% NP-40) containing protease inhibitor cocktail and
phosphatase inhibitors (1 mM Na;VO, and 10 mM NaF).
The lysates were immunoprecipitated with anti-Flag con-
jugated to agarose beads (Sigma-Aldrich) or anti-HIF-1a
antibody in the presence of protein A beads (Millipore
Corporation) from 2 h at 4 °C with rotation. The immuno-
precipitates were then washed 8 times with NETN buffer
and analyzed by western blotting assays.
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Clonogenic assay

Five thousand stably transfected U87MG cells were plated in
60 mm dishes and then incubated for 2 weeks. After the
medium was removed, cells were fixed with fixation solution
(12.5% acetic acid in methanol) and then stained using crystal
violet staining solution (Sigma-Aldrich). Colonies of U§7TMG
cells were counted and areas occupied with colonies were
measured by ImageJ software, and values are expressed as the
mean = S.D. of three independent experiments.

Tube formation and rat aortic ring sprouting assay

One hundred and fifty microliters of Matrigel (BD Phar-
mingen, San Diego, CA, USA) was polymerized on 24-well
plates at 37 °C for 30 min. HMEC-1 cells (1 x 105) were
seeded on polymerized Matrigel and incubated with con-
ditioned medium collected from Arrb2-transfected U87MG
cells under hypoxic conditions. After 9h, morphological
changes were observed, and the number of extremes and
meshes in all areas were measured by Angiogenesis Ana-
lyzer in Image] software [35]. The results are expressed as
the mean + S.D. from three independent experiments. Aor-
tas were excised from 6-week-old SD rats (Daehan Biolink,
Chungbuk, Korea), and fibroadipose tissue was removed
from the excised ring. Rings were sliced at a thickness of 1
mm and were then placed on polymerized Matrigel in each
well of a 24-well plate and covered with an additional 50 uL
of Matrigel. The rings were incubated in M199 medium
containing conditioned medium-derived Arrb2-over-
expressing U87MG cells for 4-7 days. At the end of the
incubation period, the microvessel sprouts were measured
using an inverted microscope, and the outgrowth area was
measured using ImageJ software as described the previous
report [36]. The results are expressed as the mean+ S.D.
from three independent experiments.

Animal studies

All mouse procedures in this study were approved by the
Institutional Animal Care and Use Committee protocol
approved by the Committee for Care and Use of Laboratory
Animals at Kyung Hee University (KHUASP(SE)-17-144,
24-11-2017). Six-week-old male BALB/c-nude mice were
purchased from Daehan Biolink (Chungbuk, Korea) and
maintained at 25 °C with a 12-h light/12-h dark cycle. Mice
were monitored daily for their health by the animal staff. To
generate a xenograft tumor mouse model, Arrb2-expressing
lentivirus-infected US7TMG cells (1 x 10° cells) were injec-
ted subcutaneously into the right flank of mice. Mice were
assigned to groups with 5 mice for one independent
experiment, and the experiments were repeated three times.
Four weeks after the injection of US7MG cells, the mice

were sacrificed, and tumors were isolated. Tumor volume
(TV) was calculated by using the following formula: TV =
length x (width)? x 0.5.

Immunohistochemistry

The tumors were cut into 10 um slices using a cryostat (Leica
Microsystems; Wetzlar, Germany) and placed on gelatin-
coated slides. The tumor tissues were fixed with 4% paraf-
ormaldehyde for 15 min, incubated with 0.3% H,0, for 30
min, and then permeabilized with 0.3% Triton-X-100 for 20
min. The tumor tissues were incubated with antibodies against
Arrb2 and HIF-1a at 4 °C overnight and then incubated with
appropriate  biotinylated secondary antibodies (Vector
Laboratories) and incubated with peroxidase-conjugated ABC
reagent (Vector Laboratories) for 1h at room temperature.
Immunoreactivity was detected with 3,3’-diaminobenzidine
substrate (DAB, Sigma-Aldrich). A paraffin-embedded
human glioma tissue microarray (Biomax Inc., Rockville,
MD, USA) was deparaffinized and rehydrated before immu-
nostaining as described above. One tissue section showing
strong immunoreactivity in a pilot test was used as a positive
control. Normal horse serum was substituted for the primary
antibody as a negative control. The random fields in each
section were calculated using ImageJ software and the relative
expression level of each protein was quantified according to
integrated optical density from three independent experi-
ments. P values were calculated using the log-rank test.

The cancer genome atlas (TCGA) data analysis and
recurrence-free survival analysis

For the survival analysis, we used gene expression data and
survival information of GBM patients of TCGA.
Recurrence-free survival data was obtained from cBioPortal
(https://www.cbioportal.org) [37] and the gene expression
data from UCSC XENA (https://xena.ucsc.edu) [38]. To
divide the patients to ARRB2-high and -low groups, the
optimal cutoff of ARRB2 expression for best log-rank sta-
tistics was obtained using maximally selected rank and
statistics from R maxstat package [39]. Recurrence-free
survival analysis between the two groups was performed by
using the Kaplan—-Meier method [40] and the log-rank test
to compare survival rates between the ARRB2- high and
-low groups. P value of the log-rank test was indicated with
the Kaplan—Meier plot. Genomics data were analyzed using
R2: Genomics analysis and visualization platform (https://
hgserverl.amc.nl/cgi-bin/r2/main.cgi).

Repetition and statistical analysis

All experiments were repeated more than three times. The
results are expressed as the mean + S.D. All statistical tests
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were carried out using SPSS software (version 25; IBM,
Armonk, NY, USA). Differences between two groups were
evaluated using an unpaired Student’s ¢ test and were con-
sidered to be statistically significant when p <0.05. For
Kaplan—Meier survival analysis and immunohistochemical
analyses, p values were calculated using the log-rank test.

Results

Arrb2 decreases HIF-1a expression in glioblastoma
cells under hypoxic conditions

Similar to many solid tumors, HIF-1la mainly promotes
tumor progression in GBM. Thus, we investigated the
correlation between Arrb2 expression and HIF-1a protein
levels in the human GBM cell lines US7MG, U251MG, H4,
and T98G. The increase in HIF-lo protein levels in
response to exposure to hypoxia were significantly
decreased by overexpression of Arrb2 in all GBM cell lines
we tested (Fig. 1A). Moreover, hypoxia-induced HIF-1la
protein levels were highest in U87MG cells, where Arrb2
expression levels were the lowest (Fig. 1B). T98G and H4
cells with high expression levels of Arrb2 showed low
levels of HIF-la and were insensitive to hypoxic stress.
Immortalized human astrocytes had low protein levels of
both HIF-1a and Arrb2. From these results, we assumed

A
us7MG U251MG H4 To8G
+ Hypoxia + Hypoxia + Hypoxia + Hypoxia
Arrb2-Flag - - * - - + - - + - *
HIF1a | me - e o
Flag -— - - S 50 kDa
a-tubulin [Se s S S S S S S e e | 50 kDa
B
+Hypoxia2h +Hypoxia8h +Hypoxia24h +Hypoxiad48h
O QO (] &
$500s S580s 500s S0 &
$ESrs $$ S22 $$52s $E s $E S
HIF-1a (SE)
HIF-1a (LE) | % “' BEEET B8 RV . T
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e o ; . - nii rui

GAPDH s v v e e e s

Fig. 1 Arrb2 decreases HIF-1a expression in GBM cells. A GBM
cell lines were transfected with pCMV-Flag-Arrb2 and exposed to
hypoxia for 8 h. Whole cell lysates were analyzed by immunoblotting for
HIF-1a and Flag. B GBM cells and immortalized fetal astrocytes were
exposed to hypoxia for the indicated times. Western blotting was per-
formed using antibodies against HIF-1o and Arrb2. SE short exposure,
LE long exposure. C U87MG cells were transfected with pCMV-Flag-
Arrb2 and incubated in hypoxic conditions for 8 h. Immunofluorescence
staining was performed using antibodies for HIF-lo (red) and Flag
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that Arrb2 might be a negative regulator of HIF-1a protein
expression in GBM, and we selected US7MG cells for
further studies to verify Arrb2 as a novel negative regulator
of HIF-1a. To examine the intracellular expression of Arrb2
and HIF-1a, a Flag-tagged Arrb2 expression vector was
transfected into US7MG cells, and cells were exposed to
hypoxia. Stabilized HIF-1a was specifically detected in the
nucleus of hypoxia-exposed US7MG cells, and HIF-l«
protein was diminished in Arrb2-overexpressing cells
(Fig. 1C). The diminished nuclear expression of HIF-1a by
Arrb2-overexpression was quantified by comparing the
fluorescent intensities of HIF-1a in Flag-positive cells and
Flag-negative cells (Fig. 1D). Next, we investigated whe-
ther Arrb2 reduces HIF-IA mRNA levels by Reverse
transcription (RT)-polymerase chain reaction (PCR) and
quantitative-PCR (qPCR). As shown in Fig. 1E, F, HIF-1A
mRNA levels were not changed by Arrb2 overexpression,
indicating that HIF-1a was regulated by Arrb2 at the protein
level and not at the mRNA level.

Arrb2 suppresses HIF-1a protein stability

Generally, protein levels can be regulated by the translation
and stability of the protein. First, we examined whether
Arrb2 decreases the synthesis of HIF-1a protein by treating
cells with MG132, a specific inhibitor of the 26S protea-
some. HIF-1a protein gradually accumulated with MG132

ARRB2
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g g
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(green). The cellular nuclei were counterstained with Hoechst 33342
(blue). The scale bar is 20 um. D The nuclear intensities of HIF-1a in
Flag-Arrb2 overexpressing cells were quantified and plotted from four
independent experiments. ***p <0.001 versus Flag-negative cells. E, F
Transient Arrb2-transfected US7MG cells were incubated in hypoxic
conditions, and RT-PCR (E) and qPCR (F) were performed using spe-
cific primers as indicated. Relative HIF-1A expression from qPCR was
divided and quantified as /8S rRNA expression from three independent
experiments.
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treatment over time (Fig. 2A), and the accumulation rate
was not affected by Arrb2 overexpression (Fig. 2B). Under
MG132 treatment and hypoxic conditions, the rate of HIF-
la protein accumulation was not changed by Arrb2 over-
expression (Fig. 2C, D), suggesting that the decrease in
HIF-1a by Arrb2 is not involved in HIF-1a translation. To
identify the possibility that Arrb2 decreases HIF-1a protein
stability, we examined the half-life of HIF-la protein by
treatment with CHX, an inhibitor of protein synthesis. HIF-
la protein was gradually decreased with increasing treat-
ment time of CHX in normal cells and cells overexpressing
Arrb2, and the level at the starting point was also decreased
by Arrb2 overexpression (Fig. 2E). The rate of degradation
of HIF-1a was significantly decreased by Arrb2 (Fig. 2F),
supporting the notion that the reduction of HIF-1a level by
Arrb2 is due to decreased HIF-1a stability. Moreover, the
Arrb2-mediated reduction in HIF-la protein was restored
by treatment with MG132 (Fig. 2G). The reduction of HIF-
la by Arrb2 was mainly detected in the nucleus under
hypoxic conditions, and the recovery of HIF-1a protein by
MG132 was detected in the cytosol and nucleus (Fig. 2H).
Because the main target sites of HIF-1a degradation are two
proline residues in the ODD domain, the HIF-l1a-DM
expression vector, which is double mutated on P402 and

P564, was transfected into U87MG cells. HIF-1a-DM
protein was not decreased by Arrb2, but HIF-1a-WT pro-
tein was decreased by Arrb2 (Fig. 2I), suggesting that Arrb2
decreased HIF-1a protein levels by blocking the 26S pro-
teasomal degradation pathway.

pVHL-dependent HIF-1a degradation is triggered by
Arrb2

To determine the interaction of Arrb2 with HIF-1a, an
immunoprecipitation assay was performed based on exo-
genous expression of Flag-Arrb2 and GFP-HIF-1a which
is a fusion protein between GFP and HIF-1a and produces
the stabilized HIF-la [41]. The results revealed that
immunoprecipitated Arrb2 bound to HIF-1a in normoxic
and hypoxic conditions (Fig. 3A). Moreover, endogenous
HIF-1a was immunoprecipitated from MG132 treated cell
extracts, endogenous Arrb2 was coimmunoprecipitated
(Fig. 3B). In oxygenated cells, P402 and P564 of HIF-1a
are hydroxylated by PHDs, and pVHL binds to hydro-
xylated HIF-1a and acts as the E3 ubiquitin ligase [6, 7].
From our results and previous reports, we hypothesized
that Arrb2 gathers together with PHDs and pVHL to
degrade HIF-1a protein. Therefore, we examined whether
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Fig. 2 Arrb2 decreases HIF-1a protein stability in US7MG cells.
A, C Flag-Arrb2-transfected U87MG cells were treated with 10 uM
MG132 for the indicated times under normoxic (A) and hypoxic
conditions (C). Whole cell lysates were analyzed by immunoblotting
for HIF-1a and Flag. E Flag-Arrb2-transfected US7MG cells were
treated with 50 uM CHX under hypoxic conditions for the indicated
times. B, D, F The relative expression of HIF-1a was quantified using
Imagel] software and plotted from three independent experiments. *p <
0.05; **p<0.01 versus Mock. Mock; empty-vector-transfected cells.
G Flag-Arrb2-transfected U887MG cells were treated with 10 uM
MG132 for 4h and incubated in hypoxic conditions for the last 2 h.

Cell lysates were harvested and subjected to western blot analysis for
HIF-1a and Flag. H Nuclear and cytosolic lysates were prepared from
Flag-Arrb2-transfected U87MG cells under normoxic or hypoxic
conditions as indicated (left). Additionally, cells were treated with
MG132 (10 uM) for 4 h (right). Immunoblotting for lamin A/C and a-
tubulin was performed to determine the purity of nuclear and cytosolic
extracts, respectively. I pcDNA-HIF-1a-WT, pcDNA-HIF-1a-DM,
and pCMV-Myc-Arrb2 vectors were transiently transfected into
US87MG cells as indicated, and western blotting was performed using
anti-HIF-1a and anti-c-Myc antibodies.

SPRINGER NATURE



3098 W.-Y. Bae et al.
A MG132 B c
+ Hypoxia
MG132 MG132
HIF-1a-GFP  + + + MG132 z :
Arrb2-Flag - + - + PRI " + Hypoxia + Hypoxia
- e Caulile i Artb2-Flag - + - + - s
HIF-1a 150 kDa | 55 é %
o HIF-1a 120kDa | .. e -
I o - P HIF-1a ...- e 120 kDa
8 m
Fla - W sokDa (< N
i ‘ Amb2 S0kba | 2 Arrb2 - - . 50kDa
. 150 kDa PHD2 . 46kDa
HIF-1a 120 kDa HIF-1a S B 120kDa | . ! -
8 % - —
— I
= [
x PVHL = - A . S e 18 kDa
Flag = sokva |8 Artb2 | % 8 50 kDa z
2 aQ _
a a-tubulin |~ We W 50 kDa a-tubulin IP : HIF-1a - W = W 50KD2
a-tubulin s S e s 50 kDa
Cell extract
D MG132 E F HIFla-Flag + + +
+ Hypoxia PHD2-GFP - - + +
+ Hypoxia Arrb2-Myc - + - +
Arrb2-Flag = W = .
. Arrb2-Flag - + o HIF1a | &

HIF-1a

HIF-10-OH | s s -} 120 kDa

e PVHL = == = = 18kDa

: - -
Flag | ‘ 50 kDa
i

| a-tubulin

a-tubulin | s s s ‘ 50 kDa

Fig. 3 Arrb2 stimulates interaction of HIF-la with PHD2 and
pVHL. A U87MG cells were transfected with an expression vector
containing GFP-tagged HIF-1a and/or Flag-tagged Arrb2 as indicated.
Then, cells were treated with MG132 under normoxic or hypoxic
conditions. Whole cell lysates were immunoprecipitated with anti-Flag
agarose gel, and the immunoprecipitants were subjected to western
blot analysis using a HIF-1a antibody. B MG132 treated cell lysates
were immunoprecipitated with HIF-1a antibody or normal IgG as a
negative control. C pCMV-Flag-Arrb2 vector was transfected into
US87MG cells, and cells were treated with 10 uM MG132 for 4 h under

Arrb2 could stimulate the interaction of PHD2 or pVHL
with HIF-1a while blocking the 26S proteasomal pathway
with MG132. As shown in Fig. 3C, PHD2-HIF-1a and
pVHL-HIF-1a complexes were increased by Arrb2 over-
expression under normoxic and hypoxic conditions. In
addition, the decrease in prolyl-hydroxylated HIF-1a in
response to hypoxic exposure was significantly attenuated
by Arrb2 overexpression (Fig. 3D), indicating that Arrb2
triggered the interaction of PHDs with HIF-1a. However,
Arrb2 did not change the protein levels of PHD2 and
pVHL (Fig. 3E). The overexpression of PHD2 and Arrb2
decreased HIF-1a protein levels, and the overexpression
of both PHD2 and Arrb2 stimulated almost complete
degradation of HIF-1a protein (Fig. 3F). Taken together,
these results demonstrated that Arrb2 stimulates the
interaction of HIF-1a with PHD2 and pVHL and finally
promotes pVHL-dependent proteasomal degradation of
HIF-1a in GBM.

SPRINGER NATURE

e EMLG]

PHD2 | S S e S | 46 kDa

N 76 kDa

T PHD2
e s e 46 kDa

Arrb2 - s 50 kDa

a-tubulin = ws sss s == 50 kDa

normoxic or hypoxic conditions. Cell lysates were immunoprecipitated
with HIF-loa antibody. Immunoprecipitated materials and total cell
extracts were analyzed by western blotting with specific antibodies as
indicated. D, E pCMV-Flag-Arrb2 was transiently transfected into
U87MG cells and incubated with MG132 under normoxic or hypoxic
conditions. Immunoblotting was performed with specific antibodies as
indicated. F pCDNA-Flag-HIF-1a, pGFP-PHD2, and pCMV-Myc-
Arrb2 vectors were transfected as indicated, and cell extracts were
subjected to immunoblot analysis using specific antibodies as
indicated.

Arrb2 inhibits the tumorigenic activities of GBM

Because HIF-1a is an essential factor for tumorigenesis in
many solid tumors, including GBM, we tested whether
Arrb2 affects the tumorigenic activity of U887MG cells.
Before performing the clonogenic assay, stable Arrb2-
overexpressing US7MG cells were selected with G418 for
1 week. Arrb2-overexpressing US7MG cells showed fewer
colonies and smaller area occupied by colonies (Fig. 4A, B).
Tumor angiogenesis is an essential event for tumor pro-
gression and is largely dependent on the function and
expression of HIF-1a [42, 43]. To investigate whether Arrb2
modulates angiogenesis during tumor progression, ex Vivo
and in vitro angiogenesis assays were performed. Condi-
tioned media were collected from stably Arrb2-transfected
U87MG cells and treated with rat aortic rings. The number
of microvessel sprouting from the aortic rings was increased
by treatment with conditioned medium from hypoxia-
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Fig. 4 Arrb2 reduces tumorigenesis of US7TMG cells. A US7TMG
cells were stably transfected with pCMV-Flag-Arrb2 and selected with
G418 for 1 week. The transfected cells (1 x 10%) were seeded on 60
mm dishes and incubated for 2 weeks. The scale bar is 5 mm. B The
colony number was counted, and the area were measured using ImageJ
software. Data are presented as the means = S.D. of three independent
experiments. *p <0.05, ***p <0.001 versus Mock. C Stable Arrb2-
transfected cells were incubated in hypoxic conditions, and condi-
tioned media were collected. Rat aorta rings were seeded on Matrigel
and treated with each conditioned medium for 5 days. Representative

exposed US7MG cells, and this induction was reduced by
conditioned medium from hypoxia-exposed Arrb2-over-
expressing U87TMG cells (Fig. 4C, D). When a tube for-
mation assay was performed using HMECs, the same results
were obtained (Fig. 4E, F), suggesting that Arrb2 may
reduce the tumorigenic activity of GBM and the secretion of
angiogenic factors from GBM.

Arrb2 inhibits in vivo tumor growth

To further confirm the antitumorigenic effects of Arrb2, we
generated a xenograft mouse tumor model. Lentiviruses for
Arrb2 were collected and used to infect U87MG cells for
animal experiments. Before making tumor-bearing mice,
viral infection and expression of Arrb2 were confirmed in
USTMG-Arrb2 cells. Infected cells exhibited a green
fluorescent signal, and Arrb2 was effectively expressed in
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images of microvessel sprouting are shown. The scale bar is 0.5 mm. D
The number of sprouted microvessels was quantified from three
independent assays using ImageJ software. **p <0.01 versus nor-
moxia; #p <0.001 versus Mock under hypoxic conditions. E HMEC-
1s were seeded on Matrigel and treated with each conditioned medium
as indicated. The scale bar is 0.25 mm. F The number of meshes or
extremes was quantified from three independent experiments using
Image] software. *p<0.05 versus normoxia; *p <0.05, #p<0.01
versus mock under hypoxic conditions. Mock, empty vector-
transfected cells.

the infected cells (Fig. 5A). Tumor formation was induced
by the injection of US7MG-Arrb2 cells into BALB/c-nude
mice, and tumors were isolated from mice 4 weeks after
injection. As shown in Fig. 5B, C, the tumors derived from
Arrb2-expressing cells were smaller and paler than those
derived from scramble virus-infected cells. Because tumor
cell density also affects tumor malignancy as well as tumor
size and volume, we examined the density of U87MG cells
inside the tumor tissue stained by hematoxylin and eosin.
We found that Arrb2-overexpressing tumors were less
compact (Fig. 5D, E). Moreover, HIF-1a protein levels in
tumor tissues were downregulated by overexpression of
Arrb2 (Fig. 5F, G). To examine whether blood capillaries
within the tumors were decreased by Arrb2 expression, the
tissues were stained with CD31, a specific marker for
endothelial cells. As shown in Fig. 5F, G, the capillaries
inside the tumors were significantly decreased by Arrb2

SPRINGER NATURE
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Fig. 5 Arrb2 inhibits tumor growth in a xenograft GBM mouse
model. A US7MG cells were infected with Arrb2-lentiviral particles
for 72 h, and the infection efficacy was examined by GFP fluorescence
under a confocal microscope. Arrb2 expression was examined by
immunofluorescence staining (left) and western blotting (right). B
BALB/c-nude mice were injected with Arrb2-expressing US7MG
cells. Four weeks after injection, the tumors were isolated. The scale
bar is 2.5 mm. C Tumor volume (left) and weight (right) were mea-
sured and plotted from three independent experiments. ***p < 0.001,
compared to the control groups. D Tumor sections were stained with

overexpression. From these results, we confirmed the
functional contribution of Arrb2 to HIF-1a expression and
tumor growth in vivo.

Arrb2 correlates with inhibition of HIF-1a and good
prognosis on GBM

In an effort to identify the relationship between Arrb2 and
HIF-1a expression in GBM, immunohistochemical analysis
was performed using a GBM patient tissue array. We found
that high Arrb2-expressing tumors contained decreased
HIF-1ae expression; in contrast, low Arrb2-expressing
tumors showed increased HIF-la protein expression
(Fig. 6A). Analysis of immunohistochemistry for patients
showed that Arrb2 expression was inversely proportional to
HIF-1a expression in GBM patients (Fig. 6B). To confirm
this negative correlation, we compared the mRNA
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hematoxylin and eosin. The scale bar is 0.1 mm. E Tumor densities
were quantified using stained images from three independent experi-
ments and plotted. *p < 0.05, compared to the control groups. F Tumor
sections were immunostained with specific antibodies for HIF-la,
CD31, and Arrb2. Lined-squares are the twofold magnified images for
dotted-squares. The scale bar is 0.1 mm. G The immunostained signal
was quantitatively analyzed using Image] software, and data are pre-
sented as the means + S.D. from three independent experiments. *p <
0.05; **p <0.01; ***p <0.001 compared to the control groups.

expression of the ARRB2 and HIF-la downstream genes
VEGF and GLUTI using R2: Genomic Analysis and
Visualization Platform of GBM TCGA database. As shown
in Fig. 6C, both relationships between ARRB2 and VEGF,
ARRB?2 and GLUTI showed a significantly negative corre-
lation, supporting that Arrb2 is a negative regulator of HIF-
la. When ARRB2 expression was sub divided in groups
provided separately according to the cohort in TCGA
database using R2: Genomic Analysis and Visualization
Platform, the levels of ARRB2 mRNA in all glioma patients
and GBM patients groups were relatively lower than the
level in normal brain group (Fig. 6D). To further evaluate
the potential correlation of ARRB2 expression with patient
outcome, we performed Kaplan—Meier survival analysis
using TCGA GBM datasets. The analysis showed that
patients with high expression of ARRB2 have longer sur-
vival than those with low expression of ARRB2 (Fig. 6E). In
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Fig. 6 Correlation of Arrb2 expression and HIF-loo in tumors
derived from GBM patients. A Immunohistochemical detection of
HIF-1a and Arrb2 was performed using a paraffin-embedded human
glioma patient tissue array (GL806e, US Biomax). Lined-squares are
the 2-fold magnified images for dotted-squares. The scale bar is 0.1
mm. B The positive areas of HIF-1a and Arrb2 for 56 patients were
analyzed using ImagelJ software and plotted. P values were calculated
using the log-rank test. C Gene correlation between VEGF (left) or
GLUTI (right) and ARRB2 was plotted using R2: Genomics Analysis
and Visualization Platform (https://hgserverl.amc.nl/cgi-bin/r2/main.
cgi). Datasets were exported from Tumor Glioma-Sun-153_MASS5.0-
ul33p2. D ARRB2 expression was represented in glioma and GBM
groups using R2: Genomics Analysis and Visualization Platform
(https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). Datasets were exported
from Normal Brainregions-Berchtold-172_MASS5.0-u133p2 (NB),

addition, the level of ARRB2 expression was also negatively
correlated with glioma grade from R2 analysis (Fig. 6F).
These results strongly suggest that aberrantly elevated
Arrb2 expression correlates with the downregulation of
HIF-1a expression and function, consequently increasing
the survival rate of GBM patients.

Discussion

The present study demonstrated for the first time that Arrb2
binds to HIF-1a, thereby stimulating the degradation of HIF-
lo by recruiting pVHL and PHDs in GBMs. Consequently,
Arrb2 inhibits tumorigenesis and angiogenesis during GBM
progression. Our data explain why the level of Arrb2 nega-
tively correlates with HIF-1oo and HIF-1a targets in clinical
GBM samples and correlates with TV, weight, and density in
a xenograft GBM tumor model. Thus, we propose that Arrb2

Tumor Glioma-French-284_MASS5.0-ul33p2 (G1), Tumor Glioma-
Gleize-30_MASS5.0-ul33p2 (G2), Tumor Glioma-Paugh-37_MASS5.0-
ul33p2 (G3), Tumor Glioma-Kawaguchi-50_MASS5.0-ul33p2 (G4),
Tumor Glioblastoma-Pfister-46_MAS5.0-ul33p2 (GBM1), Tumor
Glioblastoma-Loeffler-70_MASS5.0-ul33p2 (GBM2), and Tumor
Glioblastoma-Hegi-84_MAS5.0-u133p2 (GBM3). n number of patients.
E ARRB2 mRNA expression data set was obtained from TCGA for
GBM patients. Recurrence-free survival analysis between the two groups
was performed by using the Kaplan-Meir method and the log-rank test to
compare survival rates between the ARRB2 high and low groups. F
ARRB?2 expression was represented with the grade of glioma using R2:
Genomics Analysis and Visualization Platform (https:/hgserverl.amc.nl/
cgi-bin/r2/main.cgi). Datasets were exported from Tumor Glioma-Sun-
153_MASS5.0-ul133p2. Patients were divided into three groups: low-
grade (g2, n=7), grade 3 (g3, n=19), and grade 4 (g4, n="77).

obstructs GBM growth and progression through destabiliza-
tion of HIF-la and downregulation of angiogenesis, ulti-
mately providing potential strategies and biomarkers for
optimal development of novel antitumorigenic therapies for
GBM and potentially for other solid tumors.

Hypoxia is a common condition in solid tumors and is
frequent in GBMs due to its rapid growth [44]. Consistent
with the notion that hypoxia is a major challenge for the
growth, malignancy, and metastasis of solid tumors, HIF-1
signaling is involved in almost all steps of tumor progres-
sion [45]. In addition, HIF-1a protein levels and the levels
of a large number of target genes are upregulated in clinical
specimens [46]. HIF-la has also been associated with
increased mortality in most human cancers through multiple
aspects of the protumorigenic process, including not only
angiogenesis, tumor growth, and metastasis but also che-
moresistance and radioresistance [4, 47]. Therefore, many
oncologists and basic researchers have tried to find novel
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HIF-1a partners and establish regulatory mechanisms to
overcome the hypoxia hurdle. Originally, to identify can-
didate proteins that interact with HIF-1a and function in the
oxygen-dependent degradation of HIF-la, we performed
yeast two-hybrid screening using the ODD domain of HIF-
la as bait in a mouse embryonic library [48, 49]. Although
Arrb2 was one of the HIF-la binding candidates, we
dropped the study on Arrb2 because it was known as an
adapter protein of GPCRs.

Arrbs are ubiquitously expressed and have been identi-
fied as essential multifunctional adaptor molecules for the
desensitization, sequestration, recycling, and down-
regulation of most GPCRs [50]. Subsequently, functions of
Arrb2 independent of GPCRs have revealed additional roles
in cell signal regulation, such as cell growth, proliferation,
migration, invasion, metastasis, angiogenesis, and cell death
signaling in a variety of cancer cells. For example, Arrb2
mediates LPA-induced migration and invasion through the
Ral GTPase-dependent pathway in breast cancer cells [27]
and increases tumor growth and progression via Wnt sig-
naling in myeloid leukemia and colorectal cancer [51]. In a
recent study, the cell cycle and tumor growth in renal cell
carcinoma were regulated by Arrb2 [20]. On the other hand,
other reports demonstrated a suppressive effect of Arrb2 in
different types of cancer. Arrb2 inhibits cell migration,
invasion, and tumorigenesis via downregulation of the AKT
signaling pathway in hepatocellular carcinoma [29], and its
downregulation was associated with poorer prognosis in
lung cancer patients [30]. Additionally, apoptosis through
the NFkB pathway is promoted by Arrb2 in colorectal
cancer [52]. The data in the present study strongly support
that Arrb2 negatively regulates tumorigenic activities,
including proliferation, migration, and angiogenesis, in
GBM. We assume that these contradictory functions of
Arrb2 may be cell context- and cancer type-dependent, and
the function of Arrb2 in other types of cancer should be
elucidated.

In the hypoxic tumor microenvironment, HIF-1 induces
the transcription of target genes involved in crucial aspects
of cancer biology, including cell survival, glucose meta-
bolism, angiogenesis, migration, and invasion [53, 54].
Moreover, HIF-1a-mediated tumor angiogenesis has been
shown to play an essential role in tumor growth [54].
Because HIF-1 plays multiple roles in tumor progression,
inhibition of HIF-1 activity in preclinical studies has
marked effects on tumor growth and angiogenesis. Notably,
GBM is a highly vascularized brain cancer and mainly
promotes angiogenesis by upregulating angiogenic factors
such as VEGF [55]. Therefore, angiogenesis inhibition has
become an important therapeutic strategy for GBM therapy.
Previous studies have demonstrated that Arrbl elevates
angiogenesis by increasing of HIF-la stability in breast
cancer and that its expression is decreased in GBM patients
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[25, 34]. Here, we first found that Arrb2 significantly
decreases HIF-1a protein stability and reduces angiogenesis
in GBM cell lines. In addition, our data support the notion
that Arrb2 significantly suppresses GBM growth and that
Arrb2 negatively correlates with HIF-lo expression and
prognosis in GBM patients.

Oxygen-dependent hydroxylation of HIF-1a by PHDs
and recruitment of pVHL have been well-identified as
central oxygen-sensing HIF-la degradation pathways. In
this work, we demonstrated that Arrb2 is involved with
HIF-1a degradation pathway-associated factors, such as
PHD2 and pVHL. A key question is how Arrb2 works in
the HIF-1a degradation pathway. In a previous study, Arrb2
delocalized nuclear proteins, such as MDM2 and JNK3.
Nucleocytoplasmic shuttling of Arrb2 for cytoplasmic
relocalization of nuclear protein occurs through protein/
protein interactions [22, 56]. We propose that Arrb2 forms a
multicomplex with HIF-la, PHDs, and pVHL, thereby
stimulating the ubiquitin-mediated 26S proteasomal path-
way for HIF-1a. We found that the interactions of pVHL
with HIF-1a and PHD2 with HIF-1a were increased and the
hydroxylation of HIF-laa was increased during Arrb2
overexpression. PHD2 can hydroxylase prolines of ODD
whenever it binds to ODD, and pVHL specifically binds to
hydroxylated ODD. However, under hypoxic condition, the
interaction of pVHL and PHD2 with HIF-1a is minimal
because of low oxygen. It means that O,-dependent
hydroxylation of HIF1-a by PHDs is reduced, not com-
pletely blocked. According to the several reports. the
activity of PHDs in hypoxia is reduced in a graded manner,
but significant PHD activity is still observed at 1% oxygen
because of their high affinity for oxygen, and HIF-1a still
become hydroxylated under nearly completely anoxic con-
ditions [57-61]. Therefore, we could assume that
Arrb2 stimulates the PHD2 and HIF-la interaction under
both normoxic and hypoxic conditions. Moreover, it was
reported that Arrb2 regulates internalization of (3,-adreno-
ceptor (,-AR) through direct binding to PHD2. Arrb2 is
also hydroxylated at proline residues by PHD2 and is
recruited to B,-AR [62]. From our data and recent reports,
we speculate that Arrb2 directly interacts with PHD2,
recruits HIF-1o and affects the docking of HIF-1a and the
pVHL complex. Perhaps other factors are presumed to
directly or indirectly affect the determination of the sub-
strate to be hydroxylated by PHD2.

To better understand the potential clinical implications of
Arrbs for the prognosis of human cancer, we visited pub-
licly available datasets for GBM. The ARRB2 level in GBM
specimens was significantly lower than that in normal brain
tissue (Fig. 6D). We also observed that the cancer tissues
expressing high Arrb2 levels expressed lower levels of HIF-
la protein, and the tissues expressing low Arrb2 levels
expressed higher levels of HIF-1a protein (Fig. 6A, B). In
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summary, our findings indicate that Arrb2 enhances post-
translational hydroxylation of the proline residues of HIF-
la by PHD2 and enhances the interaction with pVHL.
Ultimately, HIF-1a degradation is increased in the tumor
microenvironment. Additionally, our study revealed that
Arrb2 has an antitumorigenic function in GBM not only
through the reduction of HIF-1a but also through the inhi-
bition of angiogenesis. Therefore, our study identified an
important novel function of Arrb2 as a downregulator of
HIF-1a, which supports the idea that Arrb2 could be a target
for antitumor therapy of GBM.
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