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Abstract
Diabetesmellitus, characterized by hyperglycemia, is considered as a risk factor of cancers includingmalignant gliomas.
However, the direct effect of high glucose on cancer cell behavior is not clear. We therefore investigated the effect of
hyperglycemia on the growth of human glioblastoma (GBM) cells. Our results revealed that high glucose (HG) promoted
the proliferation and inhibited the apoptosis of a human GBM cell line U87. Mechanistically, HG upregulated the
expression and function of a G-protein coupled chemoattractant receptor (GPCR) formyl peptide receptor 1 (FPR1) and
epidermal growth factor receptor (EGFR) on GBMcells, which upon activation by their agonists, promoted cell migration
and proliferation. In addition, the invasiveness and the production of VEGF by U87 cells were enhanced under HG
conditions, the effects of which were mediated by FPR1 and EGFR agonists. The tumor promoting activity of HG was
further substantiated by increased tumorigenicity and growth of xenograft tumors formed by GBM cells in nude mice
with induced diabetes mellitus. Thus, our study demonstrates the capacity of HG to promote GBM progression via
enhancement of the function of chemoattractant and growth factor receptors.
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troduction
lioblastoma (GBM) is the most common and aggressive subtype of
iomas with poor patient survival despite the treatment [1]. Putative
sk factors for gliomas include aging, male gender and white
hnicity, without effective means of prevention [2]. Studies suggest
at elevated blood glucose is associated with increased malignancy
d the rate of recurrence of gliomas [3,4]. Hyperglycemia is a
llmark for diabetes mellitus (DM), which is the most common
docrine disorder [5]. Patients with DM experience higher incidence
cancers [6], including cancers of the liver, pancreas, endometrium,
lon/rectum and breast [7]. High glucose (HG) triggers intracellular
thways, which promote cancer progression, such as increased leptin
vels and pro-cell survival AKT/mTOR, enhancement of WNT/β-
tenin signaling, induction of epithelial mesenchymal transition, and
regulation of inflammatory cytokine levels in circulation [4,6–8].
owever, the effect of HG on GBM cell behavior is not clear.
Our previous study showed that in Müller glial cells (MGC) of the
tina, HG enhanced the functional expression of a G protein-
upled formylpeptide receptor 2 (FPR2), originally found to
ediate leukocyte migration in response to bacterial and endogenous
emotactic peptides. In MGCs, HG enhances cell migration,
oliferation and the production of vascular endothelial growth factor
EGF) via FPR2 to exacerbate diabetic retinopathy [9]. Human
gure 1. High glucose promotes U87 cell proliferation and survivalU
M, NG) for 24, 48 and 72 h. A. Cell proliferation assessed by MTT assay
ucose on long term growth of U87 cells assessed through microsphere
= 3). *P b .05, indicates significantly increased growth and sphere form
ltured for 24 h in HG or NG were measured for Bcl-2 and Mcl-1 proteins
nel. *P b .05, indicates significantly increased Bcl-2 and Mcl-1 in U87 ce
BM cells express an FPR2 variant, FPR1, which is stimulated by
crotic tumor cell-released agonist to promote cell chemotaxis,
rvival, and tumorigenesis in xenograft models [10,11]. In human
BM specimens, FPR1 is preferentially expressed by higher grade
mors, which is associated with poorer patient survival [10]. These
servations prompted us to investigate the contribution of HG to
e malignant behavior of human GBM cells and the underlying
echanisms. Here, we report that human GMB cells in HG express
creased levels of FPR1 as well as the receptor for EGF (EGFR), in
sociation with more rapid tumor progression in diabetic animals.

aterials and Methods

eagents

The source of reagents is detailed in Supplemental Materials.

ell Lines and Culture
Human GBM cell line U87 was obtained from American Type
ulture Collection (Manassas, VA) and grown in Dulbecco's modified
agle medium (DMEM) containing 10% FCS and 1% penicillin–
reptomycin. Rat basophil leukemia cell line transfected with FPR1 gene
TFR cells) was a gift from Dr. R. Snyderman (Duke University,
87 cells were exposed to high (25.0 mM, HG) or normal glucose (5
. B. Cells were counted using inverted microscopy. C. The effect of
formation. Graphs represent the mean ± SEM of triplicate samples
ation of U87 cells under HG compared with cells in NG.D. U87 cells
by Western blotting. Densitometric analyses were shown in lower
lls in HG culture compared with NG.

Image of Figure 1


D
pe
th
(p
co

A

L
fiv
(S
co
gl
w
C

T

ar

W

or

R

an
(Q
PC
in
M

C

ch
ch
FP
m

C

pu
ce
B
m
m
po

Fi
m
h.
FP
H
ce
in
cu
24

Translational Oncology Vol. 12, No. 9, 2019 Bao et al. 1157
urham, NC) and was grown in DMEM containing 10% FCS, 1%
nicillin–streptomycin and G418 (Invitrogen) at 0.8 mg/mL. To study
e effect of high glucose, GBM cells were exposed to either normal
hysiological) glucose (NG) (5.5mM) or high glucose (HG) (25.0mM)
ncentration in media for indicated time points.

nimals
Male Athymic Ncr-nu/nu mice (4–6 weeks-old, Charles River
aboratories Inc., Frederick, MD) were intraperitoneally injected for
e consecutive days of streptozotocin (STZ; 40 mg/kg body wt/day)
igma-Aldrich) followed 2 days later by a second round of 5 days
nsecutive injection to induce diabetes. Mice with stable blood
ucose levels above 200 mg/dl are considered diabetic. Animal study
as conducted with the approval by Animal Care and Use
ommittee of the National Cancer Institute at Frederick, NIH.

umor Cell Proliferation and Microsphere Formation
The assays for tumor cell proliferation and microsphere formation
e detailed in Supplemental Materials.

estern Blotting
Examination of cellular signaling via FPR1 and EGFR under HG
NG is detailed in Supplemental Materials.
gure 2. HG up-regulates the expression of FPR1 by U87 cells. U8
RNAwas detected by RT-PCR. A. Increased FPR1mRNA in U87-HG ce
*P b .05, indicates significantly increased FPR1 mRNA expression in
R1 protein level in U87-HG measured by Western blotting. Epitope-t
G for 24 h as positive controls. *P b .05, indicates significantly increa
lls in NG culture. D. Increased NF-κB phosphorylation in U87-HG for
creased p-NF-kB in U87 cells in HG compared with cells in NG cultur
ltured U87 cells at indicated time points. *P b .05. F. The expression
h are treated with the NF-kB inhibitor BAY 11–7082 at indicated con
T-PCR
Total RNA was extracted from U87 cells with an RNeasy mini kit
d depleted of contaminating DNA with RNase-free DNase
IAGEN). RT-PCR was performed using the Verso 1-step RT-
R ReddyMix Kit (Thermo) and 100 ng total RNA. The
formation of primers and procedures are detailed in Supplemental
aterials.

ell Migration (Chemotaxis)
Chemotaxis assays for U87 cells were performed in 48-well
emotaxis chambers as described previously [12]. For inhibition of
emotaxis, U87 cell cultures in HG or NG were pretreated with the
R1 antagonist BOC-MLF or the EGFR inhibitor AG1478 for 30
in before placement into chemotaxis chambers.

ell Monolayer Scratching Wound Healing Assays
Wound-healing assays for U87 cells were performed according to
blished procedures [13]. For inhibition of wound-healing, U87
lls cultured in HG or NG were pretreated with the FPR1 antagonist
OC-MLF or the EGFR inhibitor AG1478 for 30 min before
easurement. Scratches were photographed and the distance of cell
igration towards the center of the wound was measured at three
sitions by Image J software (NIH) (Supplemental Materials).
7 cells were cultured in HG or NG for the indicated times. FPR1
lls. B.Higher FPR1mRNA levels in U87 cells cultured in HG for 24
U87 cells in HG compared with cells in NG culture. C. Increased
agged human FPR transfected RBL (ETFR) cells were cultured in
sed FPR1 protein expression in U87 cells in HG compared with
24 h shown by Western blotting. *P b .05, indicates significantly
e. E. Western blotting showing phosphorylation of NF-κB in HG
of FPR1 mRNA detected by RT-PCR in U87 cells in HG culture for
centrations for 30 min.

Image of Figure 2
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nzyme-Linked Immunosorbent Assay
Confluent U87 cells were cultured in NG or HG media with the
sence or presence of fMLF (10−7 M) or EGF (10 ng/ml). The
pernatants were then collected at 24 h for analysis of VEGF-A with
ELISA kit (Invitrogen, ThermoFisher).

enografts
U87 cells (5 × 106 in 200 μl PBS) were implanted s.c. into the
nk of diabetic or normal nude mice (as controls). The weight of
ice and the tumor size were monitored twice a week. Tumor size
as calculated by the formula lw2/2, where l is the length of the
mor in millimeters and w is the width in millimeters. Each group
ntains at least five mice (See also Supplemental Materials).

istology and Immunofluorescence for Xenograft Tumors
Freshly frozen, optimal cutting temperature (OCT) compound-
bedded xenograft tumors formed by U87 cells were sectioned as
gure 3. HG enhances the function of FPR1 expressed by U87 cells
e FPR1 agonist fMLF (10−7 M) in HG or NG culture for 24, 48 and 72
der both HG and NG culture when treated with fMLF. B. Migration o
dicates significantly increased fMLF-induced migration of U87 cell
easured by 48 well chemotaxis chambers. Results are expressed as ch
emoattractants. C. Inhibition of fMLF (10−7 M) induced chemotaxis o
dicates significant inhibition of fMLF induced chemotaxis of HG cultu
μm slides and fixed in 4% neutral buffered formalin for 10 min for
matoxylin and eosin (H&E) staining. Tumor tissues sectioned at
μm were used for immunofluorescence staining of Ki67, GFAP,

imentin and CD31 as detailed in Supplemental Materials. Tissue
ctions were photographed by using a fluorescence microscope
lympus BX60). The intensity of fluorescence was analyzed with
llSens Standard software.

nalysis of Microvessel Density (MVD)
MVD was assessed with anti-mouse CD31 immunostaining to
fine blood vessels. Images were taken at 200× magnification to
unt CD31 positive cells or cell clusters in three different areas. Final
sults of MVD were calculated by Image J software (NIH).

tatistical Analysis
All experiments were performed at least 3 times with representative
d reproducible results shown. Statistical significance was analyzed
A. U87 cell proliferation examined in the absence or presence of
h. *P b .05, indicates significantly increased growth of U87 cells
f U87 cells treated with HG or NG in response to fMLF. *P b .05,
s under HG compared with cells in NG. Cell chemotaxis was
emotaxis index (CI) and numbers of migrated cells in response to
f U87 cells by the FPR1 antagonist BOC-MLF (40 μM). *P b .05,
red U87 cells by BOC-MLF.

Image of Figure 3
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ith Prism Version 5.0 software (GraphPad). A two-tailed Student's t
st or ANOVA was used for evaluating statistical significance of the
fference between testing and control groups. P b .05 was
nsidered as statistically significant.

esults

G Promotes U87 Cell Proliferation
We first cultured U87 cells in medium containing NG (5.5 mM
ucose) or HG (25 mM glucose) corresponding to normal physiological
diabetic levels in human blood, respectively [14]. U87 cells cultured in
G (U87-HG) increased proliferation compared with cells in NG (U87-
G) (Figure 1, A and B). U87-HG cells also showed increased sphere
rmation ability, i.e. the clonogenicity, an indicator of longer-term cell
rvival and increased tumorigenesis of the tumor cells (Figure 1C). This
as accompanied by amarked increase in anti-apoptotic Bcl-2 andMcl-1
oteins in U87-HG cells (Figure 1D). Thus, HG provides favorable
owth conditions for U87 cells.

G Up-Regulates the Expression of FPR1 and EGFR by U87
ells
Since FPR1 and EGFR co-operate to increase the malignant
havior of GBM cells [10,11], we investigated the capacity of HG to
gulate these receptors in U87 cells. Figure 2, A–C, show that FPR1
RNA and protein in U87 cells were significantly increased after 24
gure 4. HG accelerates fMLF-induced wound closure by U87 cells
87 cells in HG or NG culture when treated with fMLF (10−7 M) A. Wou
results shown in the left panel. *P b .05, indicates significantly incr
mpared with cells in NG. B. Inhibition of U87 cell wound closure by th
cell migration is based on results shown in the left panel. *P b .05, ind
osure by U87 cells cultured in HG.
culture in HG. The effect of HG was mediated through an NF-κB
pendent pathway shown by increased NF-κB phosphorylation
igure 2, D and E) in U87-HG cells, which was attenuated by an
F-κB inhibitor, BAY 11–7082 (Figure 2F). HG also significantly
-regulated EGFR protein expression in U87 cells (Supplemental
gure 1), suggesting the capacity of HG to promote the expression of
th chemotaxis and growth factor receptors by GBM cells.

G Enhances the Function of FPR1 and EGFR in U87 Cells
FPR1 ligand fMLF enhanced U87 cell proliferation and
emotaxis in both HG and NG media, with more pronounced
fect on cells in HG (Figure 3, A and B and Supplemental Figure
). Both U87-HG cell and U87-NG cell chemotaxis induced by
LF was diminished by the FPR1 antagonist BOC-MLF (Figure 3C
d Supplemental Figure 2B), confirming the involvement of FPR1.
87-HG cells additionally showed increased proliferation and
emotaxis in responses to EGF, which was abolished by the
GFR inhibitor AG1478 (Supplemental Figure 3).

G Accelerates U87 Cell Monolayer Wound Closure
The increased motility of U87-HG cells was supported by scratch-
ound healing model, in which HG stimulated a more rapid closure
the wound on GBM cell monolayer. Presence of fMLF or EGF
rther accelerated the healing of the wound (Figure 4A, and
. Increased rate of closure of scratch wound on the monolayer of
nd closure measured at 8 h. Quantitation of cell migration based
eased rate of wound closure shown by U87 cells cultured in HG
e FPR1 antagonist BOC-MLF (40 μM) in HG for 8 h. Quantification
icates significant inhibition by BOC-MLF of fMLF induced wound

Image of Figure 4
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pplemental Figure 4A), which was attenuated by addition of BOC-
LF or AG 1478, the inhibitors of FPR1 (Figure 4B) or EGFR,
spectively (Supplemental Figure 4B). Thus, HG enhances GBM
ll wound healing in response to both FPR1 and EGFR agonists by
-regulating their receptors.

87-HG Cells Produce Increased VEGF in Response to FPR1
d EGFR Agonists
Since VEGF is an important mediator of tumor angiogenesis, we
easured VEGF production by U87 cells. HG alone increased the
EGF mRNA in U87 cells with measurable production of VEGF
otein, both of which were further enhanced by fMLF treatment
igure 5, A and B). Similar results were observed in U87-HG cells
imulated by EGF (Figure 5C). Thus, HG promotes the angiogenic
pacity of U87 cells through FPR1 and EGFR activation.

G Enhances MAPK-Signaling in U87 Cells in Response to
PR1 and EGFR Ligands
SinceMAPKs regulate malignant signals in cancer cells, we investigated
e effect ofHG onMAPK activation inU87 cells. U87-HG cells showed
creased sensitivity to fMLF by higher levels and more rapid
osphorylation of p38 and ERK1/2, which was inhibited by the FPR1
tagonist CsH (Cyclosporin H) (Figure 6, A–D). U87-HG cells also
owed increased phosphorylation of NF-κB in response to fMLF (Figure
). Additionally, EGF stimulated increased phosphorylation of p38 and
RK1/2 inU87-HG cells, whichwas attenuated by EGFR antagonist AG
78 (Supplemental Figure 5, A–D). Thus, HG amplifies U87 cell
sponsiveness to FPR1 and EGFR to activate vital signaling pathways.

iabetes Promotes the Rapid Growth of Xenograft Tumors
ormed by U87 Cells
We then validated the effect of diabetes on the growth of xenograft
BM in nude mice. Figure 7A shows more rapid growth of tumors
gure 5. Increased production of VEGF by U87 cells cultured in HG
87 cells were cultured in HG or NG with the presence or absence of fM
EGF protein level in the supernatants measured by ELISA. *P b .
pression by U87 cells in HG compared with cells in NG culture. Furthe
). C. VEGF protein level in the supernatants measured by ELISA. *P b
der HG compared with cells in NG, EGF further increased VEGF pro
rmed by U87 cells in diabetic mice with larger tumor size, increased
mber of Ki67+ proliferating tumor cells, (Figure 7B) and invasion
to surrounding connective tissues (Figure 7C). In contrast, tumors
rmed in control nude mice were significantly smaller and well
capsulated. We previously reported that xenograft tumors formed
GBM cells were well vascularized [15]. Here we show that

nograft tumors formed in diabetic nude mice contained increased
mber of EC-like cells as compared with those in non-diabetic mice
igure 7D). These tumors also expressed higher levels of vimentin, a
arker for poorly differentiated astroglial cells [16], but reduced glial
brillary acidic protein (GFAP), a glial differentiation marker [16]
upplemental Figure 6, A and B). Therefore, diabetes promotes
ore rapid growth and invasion of xenograft tumors with an
creased malignant phenotype.

iscussion
rowing evidence indicates that glucose metabolism plays an
portant role in the development and growth of GBM [3,4,17].
alignant cells are highly dependent on glycolysis for ATP
neration, known as the Warburg effect [18] in which withdrawal
glucose resulted in apoptosis of GBM cell lines but not normal
man astrocytes [19]. In animal models, ketogenic diet and 2-
oxy-D-glucose administration sensitize GBM to radio- or chemo-
erapy leading to prolonged animal survival [20,21]. Patients with
pe 2 diabetes concomitantly suffer from hyperinsulinemia, which
cilitates tumor growth by stimulating insulin-like growth factor
GF) receptor signaling cascade in tumor cells [22,23] to promote
BM cell proliferation and migration [24]. Our study confirms the
pacity of HG to increase the malignant behavior of GBM cells, and
ore importantly, HG enhanced the expression and function of the
emoattractant receptor FPR1 and EGFR in GBM cells that control
mor cell migration and growth in response to ligands that are
esent in the tumor microenvironment [10,11]. Furthermore, the
and further enhancement by the presence of FPR1 agonists.
LF or EGF for 24 h. A. VEGF mRNA was measured by RT-PCR. B.
05, indicates significantly increased VEGF mRNA and protein
r increased VEGF production by U87-HG treated with fMLF (10−7

.05, indicates significantly increased VEGF protein in U87 cells
ductin by U87-HG treated with EGF (10 ng/ml).

Image of Figure 5
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Figure 6. Activation ofMAPKs in U87 cells. Western blotting was performed to examine the phosphorylation of p38 and ERK1/2MAPKs
in U87 cells. A. p38 phosphorylation induced by fMLF (10−7 M) at indicated time in U87 cells cultured with HG or NG. Densitometry
quantification of P-p38 was normalized against total p38. *P b .05, indicates significantly increased p38 phosphorylation induced by fMLF
in U87 cells cultured in HG compared with cells in NG. B. p38 phosphorylation in U87 cells in HG inhibited by the FPR1 antagonist, CsH. C.
ERK1/2 phosphorylation induced by fMLF (10−7 M) at indicated time in U87 cells cultured with HG or NG. Densitometry quantification of
P-ERK1/2 normalized against total ERK1/2. *P b .05, indicates significantly increased ERK1/2 phosphorylation induced by fMLF in U87
cells cultured in HG compared with cells in NG. D. ERK1/2 phosphorylation in HG in the presence of fMLF was inhibited by the FPR1
antagonist, CsH. E. NF-κB phosphorylation induced by fMLF (10−7 M) at indicated times in U87 cells cultured with HG or NG.
Densitometry quantification of P-NF-κB normalized against β-actin. *P b .05, indicates significantly increased ERK1/2 phosphorylation
induced by fMLF in U87 cells cultured in HG compared with cells in NG.
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nograft model validated the notion that GBM tumors grow more
pidly in diabetic nude mice, with increased invasiveness and
scularization. The pathophysiological significance of FPR1 expres-
on by GBM cells was also evidence by the capacity of FPR1 to
cognize an endogenous agonist Annexin 1 (Anx A1), which was
leased by necrotic GBM cells to activate live tumor cells. This was
nsidered as an important autocrine and/or paracrine loop for FPR1
GBM cells to sense microenvironmental stimulants for tumor

ogression [25].
FPR1 is a GPCR originally reported to mediate leukocyte
emotaxis and activation in response to bacterial formylated
emotactic peptides. Agonist binding to FPR1 elicits a signal
ansduction cascade activating mitogen-activated protein kinases
APKs) and NF-κB [10,26,27]. In human glioma, FPR1 was found
be selectively expressed by more highly malignant GBM cells [10].
he contribution of FPR1 to GBM progression was further detected
studies showing that small interference RNA targeting of FPR1
arkedly reduced the tumorigenic capacity of GBM cells in nude
ice. Implanted CD133/Nestin+ glioma stem-like cells expressing
R1 formed more rapidly growing tumors and produced higher
vels of angiogenic factors as a consequence of FPR1 activation [28].
oreover, targeting FPR1 with a specific antagonist reduced glioma
ll motility and prolonged the survival of tumor-bearing mice [29].
hus, FPR1 appears to possess oncogenic properties in glioma. It is
orth noting that U87 cells also express a low level of the FPR1
riant FPR2 transcripts. However, the cells failed to respond to any
R2 agonists tested suggesting negligible involvement of FPR2 in
omoting the malignant behavior of U87 cells.
MAPKs participate in diverse patho-physiological processes [30].
APKs are activated in GBM cells by FPR1 and EGFR ligands
0,31], and the effects are enhanced by HG as shown in this study.
STZ-induced diabetic rats, the levels of p-p38 and p-ERK1/2 are

evated in the heart, causing cardiomyopathy [32]. HG media or
perglycemic sera from type 2 diabetic patients impair the
fferentiation of dendritic cells (DCs), resulting in immune
sfunction, which is attributable to activation of p38 MAPK
thways [33]. Thus, MAPK signaling is likely involved in the effect
HG on exacerbated GBM cell malignancy. In fact, HG increased
e sensitivity of GBM cells to stimulation by FPR1 and EGFR
ands, as evidenced by higher level and more rapid phosphorylation
p38 and ERK1/2, associated with increased GBM cell motility and
owth.
EGFR as a receptor tyrosine is upregulated in many cancers and, by
sponding to multiple endogenous agonists, confers unfavorable

Image of Figure 6
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Figure 7. HG promotes themalignant behavior of xenograft tumors formed by U87 cells. Nude mice were injected intraperitoneally
with SZT (40 mg/kg) for 5 consecutive days for 2 rounds to establish diabetes mellitus. Mice with stable blood glucose levels above 200
mg/dl are considered as diabetic. A. Tumors formed by GBM cells injected subcutaneously into right flanks of normal and diabetic nude
mice. Mice were examined for tumor formation at indicated time points. Tumor size was measured at different times after inoculation.
*P b .05, indicates more rapid growth of human GBM xenograft tumors in diabetic mice. B. Ki67 staining for xenograft tumors at day 31
after inoculation. Red: Ki67, Blue: DAPI, Scale bar: 50 μm. Right panel showing quantification of Ki67+ cells in xenograft tumors at day 31
after inoculation in each mouse at three different areas under high power fields (×200), 5 mice per group. *P b .05, indicates more rapid
growth of human GBM xenograft tumors in diabetic mice. C. Histology of tumors formed by U87 cells at day 31. Black arrow: tumor
capsule. Scale bar: 50 μm. D. Vascular endothelial cells (ECs) detected with anti-mouse CD31 antibodies in tumors formed by U87 cells.
Red: CD31, Blue: DAPI, Scale bar: 50 μm. Right panel showed quantification of CD31+ cells in xenograft tumors at day 31 after
inoculation in three different areas under high power fields (×200), 5 mice per group. *P b .05, indicates increased angiogenesis of
human GBM xenograft tumors in diabetic mice.

1162 Bao et al. Translational Oncology Vol. 12, No. 9, 2019
ognosis to patients [34,35]. EGFR ligands are secreted by glioma as
ell as stromal cells such as microglia and reactive astrocytes [36].
GFR overexpression and/or gene mutation are frequently observed
primary GBM, which is associated with poorer patient survival
7]. EGFR is also transactivated by FPR1 agonists in GBM cells and
e 2 receptors cooperated to enhance tumor cell survival,
vasiveness, and angiogenic factor production [11]. This study
rther indicates the capacity of HG to increase the malignancy of
BM cells by favoring their responses to both migratory and
oliferative stimulants.
In conclusion, HG provides GBM cells with substrates for more
pid growth with enhanced chemotaxis, and production of VEGF
ediated by both chemoattractant and growth factor receptors FPR1
d EGFR. Thus, controlling hyperglycemia and overexpression of
PR1 and EGFR may constitute novel strategies to reversing the
trimental effect of diabetes on GBM progression.
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