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A B S T R A C T

Glioblastoma multiforme (GBM) is the most malignant primary brain tumor with a median survival of ap-
proximately 14 months. Despite aggressive treatment of surgical resection, chemotherapy and radiation therapy,
only 3–5% of GBM patients survive more than 3 years. Contributing to this poor therapeutic response, it is
believed that GBM contains both intrinsic and acquired mechanisms of resistance, including resistance to ra-
diation therapy. In order to define novel mediators of radiation resistance, we conducted a functional knock-
down screen, and identified the immunoglobulin superfamily protein, PTGFRN. In GBM, PTGFRN is found to be
overexpressed and to correlate with poor survival. Reducing PTGFRN expression radiosensitizes GBM cells and
potently decreases the rate of cell proliferation and tumor growth. Further, PTGFRN inhibition results in sig-
nificant reduction of PI3K p110β and phosphorylated AKT, due to instability of p110β. Additionally, PTGFRN
inhibition decreases nuclear p110β leading to decreased DNA damage sensing and DNA damage repair.
Therefore overexpression of PTGFRN in glioblastoma promotes AKT-driven survival signaling and tumor growth,
as well as increased DNA repair signaling. These findings suggest PTGFRN is a potential signaling hub for
aggressiveness in GBM.

1. Introduction

Glioblastoma multiforme (GBM) is a common and aggressive pri-
mary malignant brain tumor, and has one of the worst 5-year survival
rates among all cancers despite aggressive treatment [1]. Current
therapies, including surgical resection followed by concurrent treat-
ment with temozolomide and radiation therapy, have demonstrated
limited effectiveness due to the anatomic location of GBM, the blood
brain barrier, and intrinsic and acquired mechanisms of resistance
[2–4]. Notably, GBM has been shown to exhibit radioresistance, espe-
cially in recurrent tumors. Despite identification of several mechanisms
that contribute to the radioresistant phenotype [5–7], the molecular
basis of radioresistance remains incompletely defined. Through a re-
cently published functional knockdown screen [8], we identified
PTGFRN, Prostaglandin F2 receptor negative regulator, as a novel

mediator of radioresistance in GBM cells.
PTGFRN (EWI-F, FPRP, CD9P-1) is a cell surface transmembrane

protein in the immunoglobulin superfamily [9]. To date, the role of
PTGFRN has been little studied in cancer. Published studies show that
PTGFRN expression is essential for angiogenesis, and its expression at
both transcriptional and translational levels correlates with the meta-
static status of lung cancer [10,11]. PTGFRN has also been shown to be
associated with lipid accumulation in preadipocytes [12], involved in
cell migration [13], and has been found to directly interact with ezrin-
radixin-moesin proteins [9]. PTGFRN self-associates but is also a com-
ponent of tetraspanin-enriched microdomains (TEMs), which can in-
clude tetraspanins, growth factors, integrins, complement regulatory
proteins, signaling enzymes and proteoglycans [9,14,15]. As a member
of TEMs, PTGFRN is primed to act as a scaffolding protein and associate
with other proteins within the TEM to regulate downstream signaling
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events.
The AKT/PI3K signaling pathway is critical survival pathway in

cells. PI3K contains a catalytic subunit p110 (α, β, and γ) and a reg-
ulatory subunit p85. Upon ligand binding to cell surface receptor tyr-
osine kinases, the phosphorylation of tyrosine residues creates binding
sites for p85, resulting in a conformation change that releases the cat-
alytic subunit p110. Activated p110 phosphorylates phosphatidy-lino-
sitol-3,4-bisphosphate (PIP2) into phosphatidy-linositol-3,4,5-bispho-
sphate (PIP3). PIP3 then recruits downstream AKT to the inner
membrane for phosphorylation and activation [16]. Studies have de-
monstrated increased activation of the PI3K/AKT pathway in GBM,
among several other cancers, by a variety of mechanisms including
homozygous deletion of the negative regulator of PI3K, PTEN [17].
Crucially, pathway activation is significantly associated with radiation
resistance [18,19]. Additionally, studies have also shown PI3K/AKT
signaling to be altered by proteins found in TEMs, suggesting that
multiple mechanisms exist for cancer cells to employ [20,21].

In the present work, we demonstrate that PTGFRN supports tu-
morigenesis and survival signaling through increased PI3K/AKT sig-
naling and p110β stability. We find PTGFRN to be elevated in primary
GBM compared to normal brain tissue, and to significantly associate
with poorer survival among patients under standard treatment para-
digms. Our results indicate the inhibition of PTGFRN decreases tumor
growth and sensitizes GBM cells to radiation treatment by affecting the
turnover of the PI3K catalytic subunit p110β, hindering AKT signaling
and DNA damage sensing. The findings support a novel role for
PTGFRN in GBM tumorigenesis and survival signaling, and provide a
novel therapeutic target expressed on the cell surface.

2. Materials and methods

2.1. Cell lines and reagents

U87MG and A172 cells were obtained from ATCC and authenticated
by STR profiling by Genetica DNA Laboratories. The pLKO.1 Tet-ON
construct was given by Dr. Eli Bar (Case Western Reserve University,
Cleveland, OH). Neurosphere stem cell lines GBM0821 and 0913 were a
gift of Dr. Angelo Vescovi (University of Bicocca, Milan) [22–24]. D-
luciferin came from Gold Biotechnology. Stable PTGFRN inhibition was
performed with lentiviral shRNA pLKO.1 clones: TRCN0000057452 and
TRCN 0000057451 (Sigma). shRNA GFP was used as control. The
PIK3CB overexpression plasmid was purchased from Addgene (plasmid
#116555). Quantitative real-time PCR (qRT-PCR) was performed using
Power SYBR Green PCR Master Mix from Thermo Fisher Scientific and
normalized to either β-actin or GAPDH. Primer sequences: PTGFRN F-5′
ACAACAGCTGGGTGAAAAGC-3′, PTGFRN R-5′ TTTCATTGGGACTGG
AGAGG-3’; Actin F-5′CATGTACGTTGCTATCCAGGC-3′, R-5′CTCCTTA
ATGTCACGCACGAT-3’; GAPDH F-5′AAGGTGAAGGTCGGAGTCAAC-3′,
R-5′GGGGTCATTGATGGCAACAATA-3’; p85α F-5′AGTGGTTGGGCAA
TGAAAAC-3′, R-5′GAAAAAGTGCCATCTCGCTTC-3’; p110β F-5′GGGA
AAGCTCATCGTAGCTG-3′, R-5′CTACTCTCCCGCTGACTTGC-3’; BRCA1
F-5′TGGAAGAAACCACCAAGGTC-3′, R-5′ACCACAGAAGCACCACA
CAG-3’.

2.2. Colony formation assay

Radiation was performed with a137Cs irradiator (Shepherd). A total
of 500 to 10,000 cells per plate were stained after 10 days with 0.1%
crystal violet. Assays were done ≥3 times with individual samples in
triplicate. Clonogenic assays of neurosphere lines were plated in 1mL of
neuro stem cell (NSA) media [22] containing 1.5% methylcellulose and
fed every 3 days. Sphere formation was monitored and scored using
GelCount (Oxford Optronix) after 10–12 days.

2.3. Cell proliferation assay

20,000 cells/well were plated into a 12 well dish and allowed to
grow for 3 days. On day 3, cells were counted, and 20,000 cells were
replated. The process was repeated up to day 9 or day 10.

2.4. Tumor formation assay

Animal studies were performed in accordance with CWRU institu-
tional guidelines. Subcutaneous U87MG knockdown tumors were pro-
duced by injection of 1× 106 cells in the flanks of eight-week-old nude
mice, and measured with calipers twice weekly. Eight-week-old nude
mice were injected intracranially with 105 luciferase-expressing
GBM0913 neurosphere stem cells into the right cerebral cortex at a
depth of 3mm. Two weeks following injection, Tet-on-shRNA injected
mice were given doxycycline in their food for 6 days, and half of the
mice were irradiated at 12 Gy using GammaKnife. Tumor growth was
monitored and quantified using bioluminescent imaging. Animal ap-
pearance, behavior, and weight were monitored to evaluate tumor
progression as per a Case Western Reserve University approved IACUC
protocol.

2.5. Cellular fractionation

GBM shPTGFRN and shGFP neurosphere stem cell lysates were
fractionated as described [25].

2.6. Western blots

Western blots were performed using standard procedures.
Antibodies against PTGFRN (ab97567 Abcam), PI3K p110beta (Cell
Signaling #3011), PI3K p110alpha (Cell Signaling #4249), PI3K
p85alpha (Cell Signaling #4257), β-actin (Sigma A1987), Phospho-AKT
Ser 473 (Cell signaling #9271), AKT (Cell signaling #9272), Histone H3
(Santa Cruz sc-8654), α-Tubulin (Sigma T9026), Phospho-Histone
H2A.X (Ser139) (Millipore 05–636), Phospho-DNA-PKcs (PA5-78130,
Invitrogen), DNA-PKcs (MA5-13238, Invitrogen) or Na/K-ATPase (Cell
signaling #3010) were used to decorate the membranes, and developed
by chemiluminescence on an Azure c300 imaging system. GBM0913
shPTGFRN or shGFP cells were pretreated with MG132 (20 μM) or
control vehicle (DMSO) for 30min. After 30min, cycloheximide
(50 μg/ml) was added to each sample to block protein synthesis. Cells
were collected at indicated time points.

2.7. Proximity ligation assay

The Sigma Duolink® In Situ Fluorescence (DUO92101) was used
according to the manufacturer's protocol. Antibodies: Anti-PIK3CB
(SAB1404204-100UG), Anti-PTGFRN (SAB2700379), monoclonal Anti-
CD9 (SAB1402143-100UG), polyclonal Anti-CD9 (SAB4503606).
Positive cells were detected by flow cytometry.

2.8. HR reporter assay

U87 DRGFP cells were transfected with siRNA using DharmaFECT.
After 24 h, cells were infected at 10 MOI with I-SceI-expressing ade-
novirus or control (empty) virus (gift of Dr. Junran Zhang). Cells were
incubated for an additional 48 h and then analyzed by flow cytometry
as described previously [26].

2.9. Immunofluorescent staining

Cells were fixed in 3% paraformaldehyde and stained and analyzed
as described previously [8]. Antibody: Phospho-Histone H2A.X
(Ser139) (Millipore 05–636), secondary Alexa-Fluor 594 anti-mouse
(A11032; Invitrogen), Anti-PIK3CB (SAB1404204-100UG; Sigma), Anti-
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PTGFRN (SAB2700379; Sigma), secondary Alexa-Fluor 488 anti-rabbit
(A11070; Invitrogen).

2.10. EdU pulse chase

Cells were treated with EdU (25uM) for 8 h, cells were washed with
HBSS and NSA complete media to remove the EdU and put back into
culture to allow the cells to continue proliferating. A portion of cells
were taken at indicated time points, fixed, permeabilized and stained
according to Invitrogen's Click-iT Plus EdU flow cytometry assay
(C10636) protocol. Cells were analyzed on a CytoFLEX flow cytometer.
Analysis of the cell cycle progression was completed as previously de-
scribed [27].

2.11. Statistical analysis

Student t tests and one or two-way ANOVA were used throughout
the study to test the significance of differences between samples as
indicated. Survival analyses were performed by log-rank tests in
GraphPad Prism.

3. Results

3.1. PTGFRN is overexpressed in GBM and correlates with poorer patient
outcome

To identify novel mediators of radiation resistance in GBM, we
performed a functional knockdown screen using a lentivirus-mediated
shRNA library on two GBM cell lines [8] and filtered the expression
levels of hits through in silico screens and patient data to determine
relevance to GBM. In Oncomine, a public database of published gene
expression studies [28], PTGFRN expression was found to be elevated in
every study of GBM tumors versus normal brain tissue (Fig. 1A). In the
Bredel, Liang, Sun and Murat studies of GBM, PTGFRN was over-
expressed by factors of 2.443 (P=0.0014), 2.513 (P=0.0011), 2.804
(P < 0.0001) and 3.032 (P < 0.0001), respectively. We next looked at
GBM patient survival data to evaluate its effect by PTGFRN expression.
We inquired Prognoscan, a public database for the meta-analysis of the

prognostic value of genes [29], and found that GBM patients with
elevated PTGFRN expression have a poorer outcome than patients with
lower expression (15.66 months versus 8.67 months, P= 0.0008, log-
rank test) (Fig. 1B). We also queried TCGA database where PTGFRN
expression significantly correlates with poor outcome in the low grade
glioma and GBM cohort (Fig. 1C). Additionally, PTGFRN was found to
be significantly overexpressed in high grade GBM compared to subtypes
of lower grade gliomas, including astrocytoma and oligodendroglioma
(Fig. 1D). Further, we queried TCGA to determine if known oncogenic
mutations, such as PTEN or PI3K mutations, found in GBM tumors
correlate with PTGFRN expression. We found no correlation of PTGFRN
expression with the mutations analyzed (Supplemental Fig. 1A). Fi-
nally, as GBM has been classified into four major molecular subtypes:
classical, mesenchymal, proneural, and neural [30], we queried the
GBM Bio Discovery Portal to determine how PTGFRN expression cor-
relates with the molecular subtypes. PTGFRN expression was found to
be higher in classical and mesenchymal GBM subtypes compared to
proneural and neural subtypes (Supplemental Fig. 1B). While a com-
plete analysis of therapeutic response across the molecular subtypes is
limited, literature has described mesenchymal GBM tumors to exhibit
increased resistance to therapy resulting in a worse patient survival
outcome compared to proneural GBM subtype tumors which have a
better prognosis [31]. Together, these data suggest that PTGFRN is a
novel mediator of radiation resistance and may be pro-tumorigenic in
GBM tumors and predictive of poor prognosis, independent of common
tumor mutation status.

3.2. PTGFRN promotes cell proliferation and tumor growth

Next, we wished to determine the phenotype of PTGFRN in GBM
cells by investigating the effects upon PTGFRN depletion. First, we
performed cell proliferation assays using A172MG and U87MG GBM
cell lines utilizing two different shRNAs to target PTGFRN. We found
that reduction of PTGFRN expression significantly reduced cell pro-
liferation in vitro (Fig. 2A, B, C, D). Additionally, to access growth in
vivo, we performed a subcutaneous tumor assay using PTGFRN knock-
down U87MG cells. Tumors were measured twice weekly until the tu-
mors reached greater than 1.5 cm3. Depleting PTGFRN drastically

Fig. 1. Relevance of PTGFRN to GBM A, Oncomine
data of PTGFRN expression in brain tumors versus
normal brain tissue in four studies. B, PrognoScan
survival curves of GBM patients whose tumors ex-
press high versus low levels of PTGFRN. C, From
TCGA LGG + GBM database, Kaplan Maier survival
plot for low and high grade gliomas dichotomized
by PTGFRN expression. D, The expression of
PTGFRN in low and high grade gliomas from the
TCGA database. Pairwise statistical comparisons of
each subtype of low grade glioma to GBM are in-
dicated (student's t-tests).
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reduced tumor growth and increased mouse survival compared to
shGFP control mice (Fig. 2 E, F).

Further, as primary brain tumors are thought to be maintained by
self-renewing, tumorigenic cells [22,32–34], we also utilized neuro-
sphere stem cell lines [22]. An intracranial xenograft was performed
after PTGFRN shRNA transduction into luciferase expressing GBM0913
neurosphere cells. Upon PTGFRN depletion, as determined by qRT-PCR,
cells were injected into the brains of nude mice and followed by bio-
luminescent imaging. We observed that similar to the established cell
lines data, mice containing shPTGFRN neurospheres experienced de-
creased tumor growth rate (Fig. 2G) and extended overall survival

(Fig. 2H) compared to control shGFP neurospheres. Additionally, to
determine whether the eventual tumor growth in the PTGFRN knock-
down U87 subcutaneous and GBM0913 brain tumors correlated with
regained expression of PTGFRN, tumors were excised and subjected to
qRT-PCR. We found that the expression of PTGFRN was returning in the
U87 cells (Fig. 2I) and had returned in the GBM0913 cells (Fig. 2J),
compared to the expression of the cells injected suggesting a selective
pressure exists for the expression of PTGFRN in the tumors.

Next, we wished to determine the cause of the significant decrease
in cell proliferation seen in the GBM cell lines and GBM0913 neuro-
spheres (Supplemental Figs. 2A and B). In initial analyses of the cell

Fig. 2. PTGFRN is required for cell pro-
liferation and tumor growth. A, C, Cell
proliferation assay in A172MG and U87MG
GBM knockdown cells. B, D, qRT-PCR for
samples in A and C. E, Subcutaneous U87
shRNA tumor growth curve. F, Kaplan-
Meier curve for mice in E. G,
Bioluminescence of intracranial tumor
growth of shRNA neurospheres. H, Kaplan-
Meier curve of mice in G. I, PTGFRN ex-
pression from U87 cells before injection and
from U87 subcutaneous tumors. J, PTGFRN
expression from GBM0913 cells before in-
jection and from GBM0913 intracranial tu-
mors. *, p< 0.05; **, p<0.01; ***,
p < 0.001; ****, p < 0.0001 by two-way
ANOVA (A, B, C, D, E, G, I, J) or log rank (F,
H).
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proliferation, PTGFRN depletion increased the cell doubling time by
roughly 20 h compared to shGFP control cells (Supplemental Fig. 2C).
Also, upon performing an EdU pulse chase on GBM0913 shPTGFRN and
shGFP neurosphere cells, we found that shPTGFRN cells are slower to
progress through G2/M phases of the cell cycle compared to shGFP
cells, as G1 peaks at 38 h after release from growth factor starvation in
shPTGFRN cells compared to shGFP cells where G1 peaks at 24 h after
release (Supplemental Fig. 2D). These data suggest that the cause of
decreased cell proliferation after depleting PTGFRN is due to an ex-
tension of cell cycle progression. Finally, as tumor stem cells are defined
by their ability to self-renew, we wished to determine if PTGFRN affects
self-renewal [35]. We performed sphere formation assays using
PTGFRN depleted GBM0821 and GBM0913 cells, and found no change
in the number of spheres formed between shGFP and shPTGFRN neu-
rospheres (Supplemental Fig. 2E), but did find the colonies to be
smaller (Supplemental Fig. 2F), suggesting that PTGFRN does not affect
the capability of the neurospheres to self-renew. Therefore, these results
demonstrate that elevated expression of PTGFRN promotes cell pro-
liferation and tumor growth by decreasing the time of cell cycle pro-
gression.

3.3. PTGFRN inhibition sensitizes GBM cells to radiation

We next sought to verify the functional knockdown screen and de-
termine whether PTGFRN reduction can sensitize GBM cells to radia-
tion. Clonogenic survival assays were performed with varying doses of
ionizing radiation (IR) targeting PTGFRN with two shRNAs in multiple
GBM cell lines. qRT-PCR analysis was used to verify knockdown effi-
ciency (Supplemental Fig. 3). Both shRNAs, shPTGFRN (1))and
shPTGFRN (2), sensitized A172 cells, with dose enhancement factors at
10% survival of 1.67 and 1.4 respectively (Fig. 3A). Additionally, we
observed that the depletion of PTGFRN also sensitized U87MG cells by
a factor of 1.79 and 1.2 (Fig. 3B) (10% survival). Further, in GBM
neurosphere lines, PTGFRN knockdown sensitized GBM0821 (Fig. 3C)
by a factor of 1.77 and 3.28 (50% survival) and in GBM0913 (Fig. 3D)
by 1.45 (35% survival) and 1.52 (45% survival). Notably, the neuro-
sphere lines are significantly more radioresistant than the established
cell lines [5]. Together, these results show that inhibiting PTGFRN is
capable of sensitizing multiple GBM tumor lines to radiation.

To specifically analyze radiosensitization in vivo upon PTGFRN de-
pletion without the previously observed decreased cell proliferation as
a variable, we utilized an inducible Tet-On shRNA tumor model.
GBM0913 neurosphere stem cells, which overexpress the Tet repressor,
were infected with lentiviruses carrying a doxycycline-inducible pLKO-
Tet-On-shRNA (either shGFP or shPTGFRN) construct and implanted
intracranially into nude mice. We validated the effect of doxycycline on
expression of PTGFRN in vitro (Fig. 3E) and on six animals in vivo and
saw a significant reduction in PTGFRN expression (Fig. 3F). To test
radiosensitization, the animals received either GBM0913 Tet-On-shGFP
cells or GBM0913 Tet-On-shPTGFRN cells. Two weeks after implanta-
tion, tumors were measured by bioluminescence and mice were ran-
domized into two treatment groups: doxycycline, or doxycycline plus
12 Gy IR. Radiation was delivered using the GammaKnife clinical ir-
radiator as a single dose [36], and doxycycline was given for 6 days to
obtain gene silencing during IR and then removed. As expected, control
mice injected with GBM0913 Tet-On-shGFP and Tet-On-shPTGFRN
showed no difference in overall survival (median survival: 64 days
versus 69 days, respectively), given that PTGFRN was silenced for only
6 days. With the addition of IR, mice containing GBM0913 Tet-On-
shPTGFRN neurosphere cells survived longer than the control,
GBM0913 Tet-On-shGFP with IR (median survival: 100 days versus 76
days, respectively, P= 0.0304) (Fig. 3G). In addition, three of animals
were cured and sacrificed with no evidence of tumors at 150 days.
Together, the data suggest that PTGFRN expression protects GBM cells
from genotoxic IR in vitro as well as in vivo.

3.4. PTGFRN is necessary for P-AKT signaling by increasing stability of
p110β

The molecular mechanisms of PTGFRN have been little studied. We
found that PTGFRN inhibition decreases cell growth and sensitizes GBM
cells to radiation, and as the PI3K/AKT pathway is a major survival
signaling pathway found to be altered in GBM [18,37], we hypothe-
sized that PTGFRN modulates AKT signaling. We thus performed wes-
tern blots to examine the levels of phospho-AKT and total AKT in
PTGFRN-depleted GBM cells. We found that PTGFRN knockdown de-
creased basal phospho-AKT S473 levels compared to shGFP control
cells in U87MG cells and both of the neurosphere lines (Fig. 4A–C).
Upstream of AKT, Phosphatidyl inositol 3 kinase (PI3K) is a major
mediator of AKT phosphorylation, and we therefore assessed expression
of the p110 and p85 subunits. We noted that PTGFRN knockdown-cells
displayed decreased p110β protein levels compared to control, while
p85α and p110α levels remained unchanged (Fig. 4D and E,
Supplemental Figs. 4A and B). We next wished to see if we could rescue
the decreased phospho-AKT by overexpressing p110β following
PTGFRN depletion. Upon PTGFRN knockdown, we saw decreased
p110β and phospho-AKT protein levels compared with shGFP control.
Following overexpression of p110β (PIK3CB) utilizing an over-
expression plasmid in the shPTGFRN cells, we noted increased levels of
phospho-AKT compared to both shPTGFRN and shGFP (Supplemental
Fig. 4C). Additionally, overexpression of p110β following PTGFRN
knockdown was able to partially rescue cell viability and proliferation
(Supplemental Fig. 4D), further supporting the proposed mechanism of
PTGFRN signaling.

As altered protein levels could be due to corresponding mRNA le-
vels, we determined by qRT-PCR that p110β mRNA levels were un-
affected upon knockdown of PTGFRN (Fig. 4F). With mRNA levels
unaltered, we questioned whether the decreased p110β protein could
be due to increased turnover. We treated shPTGFRN and shGFP cells
with cycloheximide to block translation and collected the cell lysate at
multiple time points. Over 24 h, we observed in shPTGFRN cells that
p110β is less stable compared to shGFP control (Fig. 4G). Further, we
asked whether treatment with a proteasome inhibitor, MG132, could
rescue p110β degradation in shPTGFRN cells. Cells were treated with
cycloheximide in combination with MG132 and collected at specified
time points (Fig. 4H). The amount of degradation seen at 24 h was
rescued in shPTGFRN cells as well as shGFP control cells compared to
cells treated with cycloheximide alone. The data thus suggest that
PTGFRN plays a role in p110β stability.

Since both PTGFRN and p110β can be found at the plasma mem-
brane and PTGFRN affects p110β turnover, we asked if PTGFRN is in
close proximity with p110β. By performing a proximity ligation assay
(PLA) in GBM0913 shGFP and shPTGFRN neurosphere cells, we found
that PTGFRN and p110β are within close proximity to each other, as
upon PTGFRN inhibition, the Texas Red signal decreased two-fold to
levels similar to the negative control (Fig. 4I). The close proximity of
PTGFRN and p110β was further supported by evaluating the co-loca-
lization of PTGFRN and p110β by confocal imaging in GBM0913 shGFP
and shPTGFRN cells (Supplemental Fig. 4E). In GBM0913 shPTGFRN
cells, the fluorescence intensity of both PTGFRN and p110β protein
significantly decreased compared to shGFP (Supplemental Fig. 4F).
Furthermore, we determined that the majority of p110β co-localized
with PTGFRN. Interestingly, not all of PTGFRN co-localized with p110β
(Supplemental Fig. 4G), suggesting that PTGFRN may have other roles
in the cell.

Additionally, we hypothesized that if PTGFRN is necessary for
p110β stability, then p110β expression should be decreased not just at
the membrane, but also in the cytosol and nucleus of shPTGFRN GBM
cells. When we fractionated proteins from shGFP and shPTGFRN neu-
rosphere cells, we observed decreased levels of p110β at the membrane
and in the cytosol and nucleus of shPTGFRN cells compared to control
cells. Additionally, we found decreased phospho-AKT protein levels in
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the membrane and cytosol fractions suggesting that the reduced
phospho-AKT may be due to the decreased availability of p110β to
catalyze PIP2 to PIP3, allowing for AKT to translocate to the membrane
for activation (Fig. 4J). With these results, we posit that PTGFRN,
acting as a scaffolding protein [9,38], is important for p110β stability
allowing for downstream AKT signaling.

3.5. PTGFRN promotes DNA damage sensing through p110β

Radiation therapy is a major component of the treatment for GBM
patients, and the main deleterious damage caused by IR is DNA double
strand-breaks (DSBs) [39]. Our results demonstrate that depleting
PTGFRN radiosensitizes GBM cells in vitro and in vivo, which led us to
question how PTGFRN depletion affects DNA damage repair. Interest-
ingly, the literature has described a necessity for nuclear p110β in
sensing DSBs and its depletion leads to a defect in DNA repair activation
[40]. Our cellular fractionation results also found decreased p110β in
the nucleus (Fig. 4J) suggesting that PTGFRN depletion could impair
DSB sensing through p110β. Therefore, we irradiated GBM0913 shRNA
cells with 10 Gy and collected the cell lysates after 30min to evaluate
γH2AX activation, a canonical DSB marker, and DNA-PKcs activation, a
canonical non-homologous end joining (NHEJ) factor. Upon PTGFRN
depletion, we find decreased γH2AX and phospho-DNA-PKcs following
IR compared to shGFP control (Fig. 5A). Additionally, we irradiated

U87 shRNA cells and performed immunofluorescence to analyze for-
mation of γH2AX foci. Similarly, we found decreased amounts of
γH2AX foci in shPTGFRN cells compared to shGFP 30min post IR
suggesting a decrease in DSB recognition (Fig. 5B and C). To confirm
that DNA damage repair was also hindered by PTGFRN depletion, we
performed a homologous recombination (HR) DNA repair assay using a
DR-GFP reporter in U87MG cells. Our results show that decreasing
PTGFRN expression (Fig. 5D) also hindered the efficiency of HR DNA
repair (Fig. 5E), possibly due to decreased DSB sensing. Altogether, the
data suggest that PTGFRN promotes DNA damage DSB sensing through
p110β signaling.

4. Discussion

In the present study, we have defined a novel mediator of cell
proliferation and radioprotection in GBM that associates with poor
patient outcome. PTGFRN is overexpressed in GBM tumor samples
compared to normal brain, as assessed bioinformatically in Oncomine
and TCGA databases. Depletion of PTGFRN decreased cell proliferation
and radiosensitized multiple cell lines, including neurosphere stem cell
lines, and tumors in mice. Mechanistically, we found that depletion of
PTGFRN decreases phospho-AKT signaling due to decreased stability of
p110β at the cell membrane. Additionally, we found decreased nuclear
p110β upon depletion of PTGFRN, which decreased DNA damage

Fig. 3. PTGFRN reduction sensitizes GBM
cells to IR. Clonogenic assays of A172 (A),
U87MG (B), GBM0821 (C) and GBM0913
neurospheres (D) cells after indicated doses
of IR. qRT-PCR of expression normalized to
GAPDH can be found in Supplemental
Fig. 3. E, qRTPCR of GBM0913 Tet-on-
shRNA cells with or without doxycycline in
vitro. F, qRT-PCR of PTGFRN expression in
animals injected with GBM0913 Tet-On-
shRNA cells treated with doxycycline. G,
Kaplan-Meier survival curve of GBM0913
Tet-on-shRNA intracranial xenograft.*,
p < 0.05; **, p < 0.01; ***, p < 0.001;
****, p< 0.0001 by student's t tests (A, B,
C, D), one or two way ANOVA (E, F) or log
rank (G).
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sensing and reduced DNA repair. Together, our findings highlight a
novel function for PTGFRN as a scaffolding protein in regulating sur-
vival signaling responses in tumors, and identify a potential therapeutic
target.

PTGFRN was first discovered to inhibit the binding of prostaglandin

F2α to the prostaglandin F2α receptor, a G-protein coupled receptor that
could selectively activate p110β [41], by decreasing the receptor
number rather than the receptor affinity [42]. Increased levels of
prostaglandin F2α, and subsequently increased prostaglandin
F2α:prostaglandin F2α receptor signaling, have been found to increase

Fig. 4. PTGFRN depletion decreases p110β levels. A, B, C, Western blot evaluating basal P-AKT signaling in different GBM shPTGFRN cells compared to shGFP
control. D, E, Western blot assessing p110β protein levels in GBM0821 and GBM0913 neurosphere cell lines. F, qRT-PCR for p85α and p110β in 3 different GBM
shPTGFRN cell lines. Expression normalized to GAPDH. ****, p< 0.0001 by two-way ANOVA. G, H, Immunoblot analyses of GBM0913 shRNA cells treated with
cycloheximide alone (G) or in combination with proteasome inhibitor, MG132 (H). I, Proximity ligation assay of GBM0913 shPTGFRN or shGFP cells; negative
control contained no primary antibody; positive control comprised two different antibodies targeting PTGFRN; *p < 0.05 by student's t-test (above). Immunoblot of
cells used for the PLA assay (below). J, Cellular fractionation assay in GBM0913 shRNA neurosphere cells using α-tubulin, Histone H3 and Na/K-ATPase as cellular
fractionation internal and loading controls.
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cell proliferation and promote radiation resistance in prostate cancers
[43,44]. As PTGFRN was found to decrease the receptor number, de-
creasing PTGFRN would cause increased levels of prostaglandin F2α
receptor, allowing for prostaglandin F2α binding and signal transduc-
tion. However, in our study, decreasing PTGFRN affects cell prolifera-
tion and radiation resistance through survival signaling that does not
affect protein levels of prostaglandin F2α receptor in the GBM cells
tested (data not shown). Therefore, in our study and in the context of
GBM, PTGFRN does not regulate prostaglandin signaling by depleting
the number of prostaglandin F2α receptor molecules.

Our results indicated that PTGFRN depletion leads to decreased cell
proliferation and basal phospho-AKT protein levels, in agreement with
other published studies completed in GBM cells and tumors [45,46]. In
this study, the effects are at least partially due to the reduction of p110β
at the membrane of shPTGFRN cells. Furthermore, we observed that
PTGFRN and p110β are within close proximity, and shPTGFRN cells
had more p110β degradation after 24 h compared to control, thus
suggesting that PTGFRN impacts p110β turnover. It is known that
p110β is stabilized by dimerization with p85, which also regulates
p110β catalytic activity [47]. Our results thus suggest that tethering
p110β to the membrane is the mechanistic reason for promoting sta-
bilization and signaling.

At the same time, other functions for p110β have been discovered
that relate to radioresistance. In the nucleus, p110β has been found to
be involved in DNA damage sensing and cell survival by regulating
recruitment of DNA damage proteins to DSB foci [40,48]. We found
decreased p110β in the nuclear fraction of the shPTGFRN GBM cells
compared to shGFP cells, suggesting that decreased p110β could also
explain the observed radiation sensitivity upon PTGFRN depletion.
After DNA damage by radiation, PTGFRN depleted cells have reduced
DNA damage sensing and delayed protein recruitment to the site of
damage as demonstrated by the reduced activation of γH2AX and DNA-
PKcs in shPTGFRN cells 30min post IR. Furthermore, a decrease in DNA
damage sensing could cause decreased DNA repair, as cells fail to detect
the initial damage, agreeing with the decrease in HR repair efficiency

seen in shPTGFRN GBM cells.
Targeting PTGFRN could be beneficial in decreasing cell survival

signaling in GBM tumors. Thus far, a truncated form of PTGFRN, GS-
168AT2, was developed and found to function as a dominant negative
protein that interferes with normal PTGFRN extracellular interactions.
GS-168AT2 decreased tumor growth in vivo in lung xenograft mice. The
authors suggest that GS-168AT2 acts through preventing interactions
with CD9 and CD151, two tetraspanin proteins implicated in tumor-
igenesis [10,11,49]. Interestingly, CD9 has been found to promote
tumor growth in GBM by stabilizing IL-6 receptor glycoprotein 130
from degradation [50], analogous to PTGFRN stabilizing p110β to
promote survival signaling. Further, CD9 is a partner protein of
PTGFRN [51] suggesting that CD9 and PTGFRN could regulate sig-
naling as a complex, as well as individually. While not a focus of the
present study, future analyses on the interaction between PTGFRN and
CD9 in GBM and their possible dual implications to cell signaling would
be attractive as both proteins, individually, seem to regulate turnover of
signaling proteins.

Various PI3K inhibitors have been developed and studied in the last
few decades since hyper-activation of the PI3K/AKT pathway confers
rapid growth, tumor progression and multidrug resistance upon GBM
cells. The first generation of pan-PI3K inhibitors, wortmannin and
LY294002, are unable to be used clinically due to their high toxicities.
The current PI3K inhibitors, which have improved safety, efficacy and
pharmacokinetics, in clinical trials include BKM120, XL147, and PX-
866 [52]. BKM120 is a pan-PI3K inhibitor that impedes intracerebral
U87 GBM cell xenograft growth in preclinical studies and inhibits AKT
phosphorylation [53,54]. Currently, BKM120, which is well-tolerated
and permeable to the blood-brain barrier, is the most-frequently used
PI3K inhibitor in GBM clinical trials [52]. Another promising PI3K in-
hibitor is Pilaralisib (XL147) that exhibits dose dependent decrease in
AKT phosphorylation, pS6K1, and Ki67 expression, suggesting mod-
erate blood brain barrier penetration and inhibition of proliferation
[55,56]. Finally, PX-866 is an irreversible wortmannin analogue that
inhibits intracranial xenograft growth by selectively blocking the PI3K/

Fig. 5. PTGFRN promotes DNA damage sensing. A, Western blot of GBM0913 shRNA cells that received either no treatment (NT) or radiation (10 Gy) and collected
after 30min. B, Quantification of γH2AX foci following IR (2 Gy) in U87 shRNA cells. C, Immunofluorescence of γH2AX (red) foci. D, qRTPCR of targeted genes in HR
assay. Expression normalized to β-actin. E, DR-GFP HR reporter assay in siPTGFRN, siGAPDH (negative control), siBRCA1 (positive control), or siRISC (control) U87
cells. ****, p<0.0001 by one-way ANOVA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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AKT pathway [57]. As depleting PTGFRN decreases AKT phosphor-
ylation and tumor growth, similar to the above PI3K inhibitors, tar-
geting PTGFRN, which is positioned on the cell surface, has the po-
tential to be beneficial to GBM patients.

In summary, we have defined a novel function for PTGFRN in
mediating survival signaling in brain tumors through regulation of
p110β. Our findings describe a mechanism for PTGFRN to act as a
scaffolding protein and regulate p110β protein stability, thus affecting
cell proliferation and tumor growth, along with regulation of DNA DSB
recognition and repair. Together, these findings contribute to our un-
derstanding of PTGFRN and the impact of scaffolding protein depletion
on downstream signaling and suggest that inhibition of PTGFRN may
prove to be a beneficial therapeutic target by affecting both cell pro-
liferation and survival.
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