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Background. In glioblastoma (GBM), Id1 serves as a functional marker for self-renewing cancer stem-like cells. We investigated the
mechanism by which cyclooxygenase-2 (Cox-2)-derived prostaglandin E2 (PGE2) induces Id1 and increases GBM self-renewal and
radiation resistance.

Methods. Mouse and human GBM cells were stimulated with dimethyl-PGE2 (dmPGE2), a stabilized form of PGE2, to test for Id1
induction. To elucidate the signal transduction pathway governing the increase in Id1, a combination of short interfering RNA
knockdown and small molecule inhibitors and activators of PGE2 signaling were used. Western blotting, quantitative real-time
(qRT)-PCR, and chromatin immunoprecipitation assays were employed. Sphere formation and radiation resistance were measured
in cultured primary cells. Immunohistochemical analyses were carried out to evaluate the Cox-2-Id1 axis in experimental GBM.

Results. In GBM cells, dmPGE2 stimulates the EP4 receptor leading to activation of ERK1/2 MAPK. This leads, in turn, to upregulation
of the early growth response1 (Egr1) transcription factor and enhanced Id1 expression. Activation of this pathway increases self-
renewal capacity and resistance to radiation-induced DNA damage, which are dependent on Id1.

Conclusions. In GBM, Cox-2-derived PGE2 induces Id1 via EP4-dependent activation of MAPK signaling and the Egr1 transcription
factor. PGE2-mediated induction of Id1 is required for optimal tumor cell self-renewal and radiation resistance. Collectively, these
findings identify Id1 as a keymediator of PGE2-dependent modulation of radiation response and lend insight into the mechanisms
underlying radiation resistance in GBM patients.
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Cyclooxygenase-2 (Cox-2) is an inducible enzyme that plays a key
role in the production of the bioactive lipid prostaglandin E2
(PGE2).

1–3Secreted PGE2 can act in a paracrinemanner by binding
to ≥1 of a set of 4 G-protein coupled receptors known as EP1-44

that mediate the effects of PGE2 by activating specific down-
stream effector pathways in a cell-type specific manner.5–8

The Cox-2/PGE2 pathway plays an important role in main-
taining tissue-resident stem cell populations.9 PGE2 functions
in hematopoietic stem cell (HSC) homeostasis in both embryon-
ic development and in the adult organism.9–11 The cancer stem

cell hypothesis argues that tumors contain subpopulations of
cells with stem-like qualities that can maintain tumor growth
potential and reconstitute the tumor after transplantation.12,13

The Cox-2/PGE2 signaling pathway plays an important role in
several human cancers, and Cox-2 is overexpressed in multiple
tumor types14,15 including glioblastoma (GBM).16 Cox-2 can be
induced by oncogenes, growth factors, and proinflammatory
mediators in a variety of cell types including macrophages.14

In the brain, specialized glial cells known as microglia function
as resident macrophages and are activated in response to brain
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injury.17 Microglia have been demonstrated to produce PGE2
and to infiltrate GBM tumors.18

A subpopulation of cells can be purified from human GBMs
that express various stem cell markers and show increased self-
renewal capacity.19 The GBM stem-like population was also en-
riched in patients after treatment with ionizing radiation (IR).20

Additionally, therapies targeting the stem-like population have
shown therapeutic efficacy when coupled with radiation in
mouse xenograft models.21

Id genes (Id1-4) are negative regulators of basic helix-loop-
helix factors with important roles in embryonic development,
stem cell homeostasis, and tumor progression.22,23 We previ-
ously investigated the role of Id1 in a mouse model of GBM24

using an Id1-Venus-YFP knock-in allele that allowed for sorting
of Id1-positive cells. These cells showed increased expression of
a variety of cancer stem cell markers, displayed strong self-
renewal capacity, and generated tumors that recapitulated
the histopathology of the original tumor when transplanted
into the brains of recipient mice.

The ability of PGE2 to regulate tissue resident stem cell homeo-
stasis, combined with the increased expression of Cox-2 in some
human patients, raises the intriguing possibility that PGE2 functions
in part to maintain the cancer stem-like cell population and pre-
serve self-renewal capacity within GBM. Furthermore, PGE2 has
been shown to induce Id1 transcription in cultured breast cancer
cell lines,25 and recent work has demonstrated that forced overex-
pression of Cox-2 in human GBM cell lines results in increased Id1
expression and cellular invasiveness.26 Here, we sought to investi-
gate themechanistic basis for Id1 upregulation by Cox-2/PGE2 and
to explore the ability of PGE2 signaling to regulate GBM stem cell
character. We present evidence that Cox-2-derived PGE2 can in-
duce Id1 in a GBM mouse model through the EP4-ERK1/2 MAPK
pathway. Importantly, we demonstrate for the first time that
this pathway promotes self-renewal capacity and resistance to ra-
diation in an Id1-dependent manner, a finding with important
therapeutic implications for the treatment of human disease.

Materials and Methods

In Vivo Models

Nestin-tva, Arf2/2mice27 and Id12/2mice28 have been previously
described. Briefly, 4–8 week old mice were anesthetized and ad-
ministered replication competent avian leukosis virus long termi-
nal repeat with splice-acceptor (RCAS) virus expressing the
platelet-derived growth factor B (PDGFB) oncogene via stereotac-
tic intracranial injection at 21 mm/21 mm from bregma. This
was performed in Id1+/+, Id3+/+, Nestin-TVA+, Arf2/2 and
Id12/2, Id3+/2 Nestin-TVA+, Arf2/2 animals.24 Mice were moni-
tored until they became symptomatic, at which point they were
sacrificed and their tumors harvested. For in vivo experiments uti-
lizing celecoxib, animals were administered 100 mg/kg/day cele-
coxib (gift from NCI Division of Cancer Prevention) or vehicle via
oral gavage over a 4 day time course prior to sacrifice. All
mouse experiments were approved by MSKCC’s Institutional Ani-
mal Care and Use Committee.

Short Interfering RNA Knockdown

Predesigned short interfering (si)RNAs targeting human EP2/4
and scrambled control siRNAs were purchased from Qiagen.

Two separate siRNAs targeting different sequences within
EP2/4 were used to transfect U87 cells using Lipofectamine
2000 (Invitrogen) versus scrambled control siRNA. Cells were
harvested 48 hours post-transfection for analysis of protein
and RNA levels.

Immunostaining

Whole brains were fixed in 4% paraformaldehyde and dehy-
drated in sucrose prior to embedding in optimal cutting tem-
perature compound (Sakura) and sectioning (10 mm) using a
Leica Cryostat. Antigen retrieval was performed by boiling
slides in 10 mM sodium citrate buffer, followed by blocking/
permeabilization in phosphate-buffered saline (PBS), 10%
normal goat serum, and 0.5% TritonX-100. Primary antibody
incubation was followed by incubation with an appropriate
fluorescent secondary antibody (Alexa 488 or Alexa 568
anti-rabbit or anti-mouse [Invitrogen]) for 1 hour and coun-
terstaining with 5 mg/mL DAPI (Invitrogen). As a control for
Cox-2 immunostaining, we pre-incubated the Cox-2 primary
antibody with a Cox-2 blocking peptide (Cayman Chemical)
for 1 hour prior to tissue incubation. The following primary
antibodies were used: Id1 (Biocheck), Cox-2 (Cayman Chem-
ical), CD105 (AbCam), cleaved caspase 3 (Cell Signaling Tech-
nology), g-H2AX (Millipore), and Ki67 (Dako). Images were
acquired with a Zeiss Axioplan2 Imaging widefield micro-
scope using the AxioVision software (Zeiss).

Cell Culture

Tumors were digested using papain (Worthington Biochemical),
triturated, and neutralized with ovomucoid (Worthington Bio-
chemical) according to the manufacturer’s instructions. Result-
ing cells were seeded into tissue culture plates precoated with
10 mg/mL Laminin (Sigma) in NeuroCult stem cell basal medi-
um with proliferation supplements, 20 ng/mL EGF, 10 ng/mL
FGF, and 2 mg/mL heparin (Stem Cell Technologies). U87,
LN-229, and U118 cells were acquired from ATCC and main-
tained in Eagle’s minimum essential medium (ATCC) supple-
mented with 10% fetal bovine serum (FBS; ATCC), Dulbecco’s
modified Eagle medium (DMEM, ATCC) supplemented with 5%
FBS (ATCC), or DMEM (ATCC) supplemented with 10% FBS
(ATCC), respectively.

Western Blotting

Fifteenmicrograms of protein were separated on 10% acrylam-
ide/bisacrylamide gels and transferred to PVDF membranes.
The following primary antibodies were used: b-actin (Sigma),
Id1 (Biocheck), Cox-2 (Cayman Chemical), phospho-ERK1/2
(Cell Signaling Technology), ERK1/2 (Cell Signaling Technology),
Egr1 (Cell Signaling Technology), cleaved caspase 3 (Cell Signal-
ing Technology), cleaved Parp-1 (Cell Signaling Technology), and
phospho-ATM (Cell Signaling Technology).

ELISA Assay

ELISA assays were performed on conditioned medium using a
PGE2 EIA kit (Cayman Chemical) according to the manufactur-
er’s instructions.
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Chromatin Immunoprecipitation

Cells were fixed with 1% formaldehyde at room temperature
for 10 minutes. Fixation was stopped with 0.125 M glycine,
and cells were lysed in a solution containing 1% SDS, 0.5%
Empigen BB, 10 mM EDTA, and 50 mM Tris/HCL pH 7.4. Soluble
chromatin was generated by sonication, and individual immu-
noprecipitations were performed overnight at 48C using 1.5 mg
of either Egr1 antibody (Cell Signaling Technology) or normal
rabbit IgG (Santa Cruz Biotechnology). From each sample,
10% total volume was retained as input. Antibody-chromatin
complexes were isolated using Protein-A Sepharose beads
(Sigma), washed, and eluted in buffer containing 1% SDS and
0.1 M NaHCO3. ChIP DNA and 10% input DNA were purified via
phenol-chloroform extraction followed by ethanol precipitation.
The following PCR primers were used to amplify the purified
DNA via quantitative PCR: Egr1 binding site primers – Forward:
5′- AGAATGCTCCAGCCCAGTTT – 3′, Reverse: 5′ – ACCCCCTCCCTTT
CCTTT – 3′, Upstream control primers – Forward: 5′ – AGGATCCCT
GCCAAGCTAAT – 3′, Reverse: 5′ – TGCCTGGATTTTGCTACACA – 3′.

Quantitative Real-time PCR

Total RNA was extracted from cells in culture using an RNAEasy
Kit according to the manufacturer’s instructions (Qiagen), and
cDNA synthesis was performed using SuperScript II (Invitro-
gen). Assays were performed using SYBR Green PCR Master
Mix (Applied Biosystems) with a 7900HT Fast Real Time PCR Sys-
tem. Predesigned primers were purchased from Qiagen (Id1,
EP1-4, b-Actin). Gene transcript levels were calculated using
the DDCt method.

Tumorsphere Assays

Tumors were digested using papain (Worthington Biochemical),
triturated, neutralized with ovomucoid and seeded into 24-well
ultra-low adhesion tissue culture plates at clonal density29

(0.5 cells/mL, 500 cells/1 mL/well) in NeuroCult stem cell basalme-
diumwith proliferation supplements, 20 ng/mL EGF, 10 ng/mL FGF,
and 2 mg/mL heparin (Stem Cell Technologies). Sphere formation
was quantitated after 4–7 days depending on passage number.
The total number of spheres was manually counted for each
well and divided by the number of cells initially plated to determine
the percentage of sphere-forming cells in the starting population.

Mass Spectrometry

Frozen tissue samples were quickly homogenized in the mortar
of a clean Tenbroeck homogenization apparatus along with
PGE2-d4 and 4 mL 1:1 methanol:PBS. A portion of the homog-
enate was dried under nitrogen and diluted and acidified such
that the pH, 3.5 and the organic component of the final sol-
ution was approximately 10% by volume.

For solid phase extraction, the dilute sample was loaded
onto Phenomenex C18 SPE cartridges (6 cc, 200 mg) that
were conditioned with 4 mL methanol followed by 4 mL 0.5%
acetic acid (aq). The SPE cartridges were rinsed with 4 mL 0.5%
acetic acid (aq), then 12% methanol in 0.5% acetic acid (aq),
dried at full vacuum for 1-2 minutes, and then eluted with
2 mL methanol. Samples were then dried and stored at2208C.

For liquid-liquid extraction, 4.5 mL of ethyl acetate with 10%
cyclohexanewas added to the acidified, dilute sample. This was
mixed well and centrifuged for 10 minutes at 4C and 3000 rpm.
The, upper layer was removed, dried, and stored at 2208C. Im-
mediately prior to analysis, samples were reconstituted in
100 mL methanol and 80 mL H2O and analyzed via LC-MS. All
solvents were HPLC grade and purchased from Thermo Fisher
Scientific.

PGE2 was chromatographed on a Supelco C18 column (50×
2 cm, with a C18 guard cartridge) using the following gradient:
20%B to 65%B over 4 minutes followed by a 1.0 minute hold at
95%B. The column was NeuroCult stem cell basal mediumwith
proliferation supplements re-equilibrated at 20%B for at least
2 minutes prior to each injection. Component A was water,
and component B was acetonitrile, with each component con-
taining 0.025% formic acid. C18 SPE cartridges (6 cc, 200 mg)
were obtained from Phenomenex Corp.

The analytes were detected on a Thermo Vantage triple
quadrupole mass spectrometer via selected reaction monitor-
ing. The following SRM transitions were employed: PGE2 (m/z
351Ù271); PGE2-d4 (m/z 355Ù275). Unknown samples were
quantitated via stable isotope dilution against the tetra-
deuterated internal standard.

Statistics

Unpaired t test and 1-way ANOVA were performed on relevant
datasets using GraphPad Prism 6 software. Where appropriate,
Tukey’s test was used for post hoc analysis of ANOVA. For all
analyses, P values ,.05 were considered significant. Data are
shown as mean+SEM.

Results

Cox-2-derived PGE2 Induces Id1 in Glioblastoma

To investigate the role of Cox-2 in GBM, we utilized the RCAS-Tva
system to generate mouse brain tumors. Previous studies have
demonstrated that these tumors are very similar to human
GBM in regards to histopathology and gene expression profil-
ing.27 Tumors generated in Nestin-Tva, Arf2/2 mice were sec-
tioned and stained using a Cox-2 antibody. While age-matched,
nontumor-bearing mouse brains displayed minimal Cox-2 im-
munoreactivity in the dorsolateral cortex, a significant number
of cells displayed cytoplasmic Cox-2 immunoreactivity within
the tumor mass (Fig. 1A, Supplementary Material, Fig. S1).
Cox-2 did not overlap with CD105, amarker of endothelium30,31

(Fig. 1B). We also observed Cox-2 immunoreactivity outside of
the main tumor mass (data not shown), consistent with pre-
vious reports of Cox-2 induction in the tumor periphery and
nontumor tissue.18,32Western blot analysis of tumor versus ad-
jacent nontumor tissue confirmed elevated Cox-2 levels in both
regions relative to a tumor-free control (Fig. 1C). Tumors were
harvested and used to generate primary adherent cultures.
Cells derived from PDGFB-expressing tumors displayed signifi-
cant Cox-2 immunoreactivity, while Cox-2 was not detected
in adherent cultures of adult subventricular zone neural stem
cells (aNSC) generated from nontumor-bearing mice (Fig. 1D).
Western blot analysis of these primary cultures confirmed over-
expression of Cox-2 in GBM cells (Fig. 1E). Consistent with the
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injury.17 Microglia have been demonstrated to produce PGE2
and to infiltrate GBM tumors.18

A subpopulation of cells can be purified from human GBMs
that express various stem cell markers and show increased self-
renewal capacity.19 The GBM stem-like population was also en-
riched in patients after treatment with ionizing radiation (IR).20

Additionally, therapies targeting the stem-like population have
shown therapeutic efficacy when coupled with radiation in
mouse xenograft models.21

Id genes (Id1-4) are negative regulators of basic helix-loop-
helix factors with important roles in embryonic development,
stem cell homeostasis, and tumor progression.22,23 We previ-
ously investigated the role of Id1 in a mouse model of GBM24

using an Id1-Venus-YFP knock-in allele that allowed for sorting
of Id1-positive cells. These cells showed increased expression of
a variety of cancer stem cell markers, displayed strong self-
renewal capacity, and generated tumors that recapitulated
the histopathology of the original tumor when transplanted
into the brains of recipient mice.

The ability of PGE2 to regulate tissue resident stem cell homeo-
stasis, combined with the increased expression of Cox-2 in some
human patients, raises the intriguing possibility that PGE2 functions
in part to maintain the cancer stem-like cell population and pre-
serve self-renewal capacity within GBM. Furthermore, PGE2 has
been shown to induce Id1 transcription in cultured breast cancer
cell lines,25 and recent work has demonstrated that forced overex-
pression of Cox-2 in human GBM cell lines results in increased Id1
expression and cellular invasiveness.26 Here, we sought to investi-
gate themechanistic basis for Id1 upregulation by Cox-2/PGE2 and
to explore the ability of PGE2 signaling to regulate GBM stem cell
character. We present evidence that Cox-2-derived PGE2 can in-
duce Id1 in a GBM mouse model through the EP4-ERK1/2 MAPK
pathway. Importantly, we demonstrate for the first time that
this pathway promotes self-renewal capacity and resistance to ra-
diation in an Id1-dependent manner, a finding with important
therapeutic implications for the treatment of human disease.

Materials and Methods

In Vivo Models

Nestin-tva, Arf2/2mice27 and Id12/2mice28 have been previously
described. Briefly, 4–8 week old mice were anesthetized and ad-
ministered replication competent avian leukosis virus long termi-
nal repeat with splice-acceptor (RCAS) virus expressing the
platelet-derived growth factor B (PDGFB) oncogene via stereotac-
tic intracranial injection at 21 mm/21 mm from bregma. This
was performed in Id1+/+, Id3+/+, Nestin-TVA+, Arf2/2 and
Id12/2, Id3+/2 Nestin-TVA+, Arf2/2 animals.24 Mice were moni-
tored until they became symptomatic, at which point they were
sacrificed and their tumors harvested. For in vivo experiments uti-
lizing celecoxib, animals were administered 100 mg/kg/day cele-
coxib (gift from NCI Division of Cancer Prevention) or vehicle via
oral gavage over a 4 day time course prior to sacrifice. All
mouse experiments were approved by MSKCC’s Institutional Ani-
mal Care and Use Committee.

Short Interfering RNA Knockdown

Predesigned short interfering (si)RNAs targeting human EP2/4
and scrambled control siRNAs were purchased from Qiagen.

Two separate siRNAs targeting different sequences within
EP2/4 were used to transfect U87 cells using Lipofectamine
2000 (Invitrogen) versus scrambled control siRNA. Cells were
harvested 48 hours post-transfection for analysis of protein
and RNA levels.

Immunostaining

Whole brains were fixed in 4% paraformaldehyde and dehy-
drated in sucrose prior to embedding in optimal cutting tem-
perature compound (Sakura) and sectioning (10 mm) using a
Leica Cryostat. Antigen retrieval was performed by boiling
slides in 10 mM sodium citrate buffer, followed by blocking/
permeabilization in phosphate-buffered saline (PBS), 10%
normal goat serum, and 0.5% TritonX-100. Primary antibody
incubation was followed by incubation with an appropriate
fluorescent secondary antibody (Alexa 488 or Alexa 568
anti-rabbit or anti-mouse [Invitrogen]) for 1 hour and coun-
terstaining with 5 mg/mL DAPI (Invitrogen). As a control for
Cox-2 immunostaining, we pre-incubated the Cox-2 primary
antibody with a Cox-2 blocking peptide (Cayman Chemical)
for 1 hour prior to tissue incubation. The following primary
antibodies were used: Id1 (Biocheck), Cox-2 (Cayman Chem-
ical), CD105 (AbCam), cleaved caspase 3 (Cell Signaling Tech-
nology), g-H2AX (Millipore), and Ki67 (Dako). Images were
acquired with a Zeiss Axioplan2 Imaging widefield micro-
scope using the AxioVision software (Zeiss).

Cell Culture

Tumors were digested using papain (Worthington Biochemical),
triturated, and neutralized with ovomucoid (Worthington Bio-
chemical) according to the manufacturer’s instructions. Result-
ing cells were seeded into tissue culture plates precoated with
10 mg/mL Laminin (Sigma) in NeuroCult stem cell basal medi-
um with proliferation supplements, 20 ng/mL EGF, 10 ng/mL
FGF, and 2 mg/mL heparin (Stem Cell Technologies). U87,
LN-229, and U118 cells were acquired from ATCC and main-
tained in Eagle’s minimum essential medium (ATCC) supple-
mented with 10% fetal bovine serum (FBS; ATCC), Dulbecco’s
modified Eagle medium (DMEM, ATCC) supplemented with 5%
FBS (ATCC), or DMEM (ATCC) supplemented with 10% FBS
(ATCC), respectively.

Western Blotting

Fifteenmicrograms of protein were separated on 10% acrylam-
ide/bisacrylamide gels and transferred to PVDF membranes.
The following primary antibodies were used: b-actin (Sigma),
Id1 (Biocheck), Cox-2 (Cayman Chemical), phospho-ERK1/2
(Cell Signaling Technology), ERK1/2 (Cell Signaling Technology),
Egr1 (Cell Signaling Technology), cleaved caspase 3 (Cell Signal-
ing Technology), cleaved Parp-1 (Cell Signaling Technology), and
phospho-ATM (Cell Signaling Technology).

ELISA Assay

ELISA assays were performed on conditioned medium using a
PGE2 EIA kit (Cayman Chemical) according to the manufactur-
er’s instructions.
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Chromatin Immunoprecipitation

Cells were fixed with 1% formaldehyde at room temperature
for 10 minutes. Fixation was stopped with 0.125 M glycine,
and cells were lysed in a solution containing 1% SDS, 0.5%
Empigen BB, 10 mM EDTA, and 50 mM Tris/HCL pH 7.4. Soluble
chromatin was generated by sonication, and individual immu-
noprecipitations were performed overnight at 48C using 1.5 mg
of either Egr1 antibody (Cell Signaling Technology) or normal
rabbit IgG (Santa Cruz Biotechnology). From each sample,
10% total volume was retained as input. Antibody-chromatin
complexes were isolated using Protein-A Sepharose beads
(Sigma), washed, and eluted in buffer containing 1% SDS and
0.1 M NaHCO3. ChIP DNA and 10% input DNA were purified via
phenol-chloroform extraction followed by ethanol precipitation.
The following PCR primers were used to amplify the purified
DNA via quantitative PCR: Egr1 binding site primers – Forward:
5′- AGAATGCTCCAGCCCAGTTT – 3′, Reverse: 5′ – ACCCCCTCCCTTT
CCTTT – 3′, Upstream control primers – Forward: 5′ – AGGATCCCT
GCCAAGCTAAT – 3′, Reverse: 5′ – TGCCTGGATTTTGCTACACA – 3′.

Quantitative Real-time PCR

Total RNA was extracted from cells in culture using an RNAEasy
Kit according to the manufacturer’s instructions (Qiagen), and
cDNA synthesis was performed using SuperScript II (Invitro-
gen). Assays were performed using SYBR Green PCR Master
Mix (Applied Biosystems) with a 7900HT Fast Real Time PCR Sys-
tem. Predesigned primers were purchased from Qiagen (Id1,
EP1-4, b-Actin). Gene transcript levels were calculated using
the DDCt method.

Tumorsphere Assays

Tumors were digested using papain (Worthington Biochemical),
triturated, neutralized with ovomucoid and seeded into 24-well
ultra-low adhesion tissue culture plates at clonal density29

(0.5 cells/mL, 500 cells/1 mL/well) in NeuroCult stem cell basalme-
diumwith proliferation supplements, 20 ng/mL EGF, 10 ng/mL FGF,
and 2 mg/mL heparin (Stem Cell Technologies). Sphere formation
was quantitated after 4–7 days depending on passage number.
The total number of spheres was manually counted for each
well and divided by the number of cells initially plated to determine
the percentage of sphere-forming cells in the starting population.

Mass Spectrometry

Frozen tissue samples were quickly homogenized in the mortar
of a clean Tenbroeck homogenization apparatus along with
PGE2-d4 and 4 mL 1:1 methanol:PBS. A portion of the homog-
enate was dried under nitrogen and diluted and acidified such
that the pH, 3.5 and the organic component of the final sol-
ution was approximately 10% by volume.

For solid phase extraction, the dilute sample was loaded
onto Phenomenex C18 SPE cartridges (6 cc, 200 mg) that
were conditioned with 4 mL methanol followed by 4 mL 0.5%
acetic acid (aq). The SPE cartridges were rinsed with 4 mL 0.5%
acetic acid (aq), then 12% methanol in 0.5% acetic acid (aq),
dried at full vacuum for 1-2 minutes, and then eluted with
2 mL methanol. Samples were then dried and stored at2208C.

For liquid-liquid extraction, 4.5 mL of ethyl acetate with 10%
cyclohexanewas added to the acidified, dilute sample. This was
mixed well and centrifuged for 10 minutes at 4C and 3000 rpm.
The, upper layer was removed, dried, and stored at 2208C. Im-
mediately prior to analysis, samples were reconstituted in
100 mL methanol and 80 mL H2O and analyzed via LC-MS. All
solvents were HPLC grade and purchased from Thermo Fisher
Scientific.

PGE2 was chromatographed on a Supelco C18 column (50×
2 cm, with a C18 guard cartridge) using the following gradient:
20%B to 65%B over 4 minutes followed by a 1.0 minute hold at
95%B. The column was NeuroCult stem cell basal mediumwith
proliferation supplements re-equilibrated at 20%B for at least
2 minutes prior to each injection. Component A was water,
and component B was acetonitrile, with each component con-
taining 0.025% formic acid. C18 SPE cartridges (6 cc, 200 mg)
were obtained from Phenomenex Corp.

The analytes were detected on a Thermo Vantage triple
quadrupole mass spectrometer via selected reaction monitor-
ing. The following SRM transitions were employed: PGE2 (m/z
351Ù271); PGE2-d4 (m/z 355Ù275). Unknown samples were
quantitated via stable isotope dilution against the tetra-
deuterated internal standard.

Statistics

Unpaired t test and 1-way ANOVA were performed on relevant
datasets using GraphPad Prism 6 software. Where appropriate,
Tukey’s test was used for post hoc analysis of ANOVA. For all
analyses, P values ,.05 were considered significant. Data are
shown as mean+SEM.

Results

Cox-2-derived PGE2 Induces Id1 in Glioblastoma

To investigate the role of Cox-2 in GBM, we utilized the RCAS-Tva
system to generate mouse brain tumors. Previous studies have
demonstrated that these tumors are very similar to human
GBM in regards to histopathology and gene expression profil-
ing.27 Tumors generated in Nestin-Tva, Arf2/2 mice were sec-
tioned and stained using a Cox-2 antibody. While age-matched,
nontumor-bearing mouse brains displayed minimal Cox-2 im-
munoreactivity in the dorsolateral cortex, a significant number
of cells displayed cytoplasmic Cox-2 immunoreactivity within
the tumor mass (Fig. 1A, Supplementary Material, Fig. S1).
Cox-2 did not overlap with CD105, amarker of endothelium30,31

(Fig. 1B). We also observed Cox-2 immunoreactivity outside of
the main tumor mass (data not shown), consistent with pre-
vious reports of Cox-2 induction in the tumor periphery and
nontumor tissue.18,32Western blot analysis of tumor versus ad-
jacent nontumor tissue confirmed elevated Cox-2 levels in both
regions relative to a tumor-free control (Fig. 1C). Tumors were
harvested and used to generate primary adherent cultures.
Cells derived from PDGFB-expressing tumors displayed signifi-
cant Cox-2 immunoreactivity, while Cox-2 was not detected
in adherent cultures of adult subventricular zone neural stem
cells (aNSC) generated from nontumor-bearing mice (Fig. 1D).
Western blot analysis of these primary cultures confirmed over-
expression of Cox-2 in GBM cells (Fig. 1E). Consistent with the
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immunoblot findings, elevated levels of PGE2 were found in the
conditioned media of GBM cultures compared with that from
aNSC (Fig. 1F). Treatment of GBM cultures with celecoxib, a

selective Cox-2 inhibitor, led to a dramatic reduction in PGE2
levels (Fig. 1F). Collectively, these results suggest that analo-
gous to what has been observed in a subset of human

Fig. 1. Cox-2 is overexpressed in glioblastoma (GBM)-bearing mouse brains. (A) GBMs generated via injection of PDGFB-expressing virus into the
lateral ventricle of Nestin-tva, Arf2/2 mice showed significant expression of Cox-2 compared with a corresponding cortical region in a
nontumor-bearing mouse. Scale bar¼ 0.2 mm. (B) Double-labeling with Cox-2 and the tumor vasculature marker CD105 showed minimal
overlap. Scale bar¼ 0.1 mm. (C) Tumor (T) and Nontumor adjacent (NTA) tissue were isolated from tumor-bearing brains (n¼ 3) and analyzed
by Western blot. Cox-2 was consistently elevated in T and NTA tissue relative to tumor-free (TF) tissue. (D) Dissociated GBMs were used to
generate adherent primary tumor cultures. These cultures continued to express Cox-2 by immunofluorescence staining. Scale bar¼ 0.1 mm.
(E) Cox-2 protein levels were determined by Western blot using lysates from primary cultures of GBM versus adult neural stem cells (aNSC). (F)
PGE2 levels were analyzed by ELISA on conditioned media from primary aNSC and GBM cultures treated with 5 mM celecoxib or vehicle for
24 hours. Error bars represent mean+SEM (n¼ 3). *, P, 0.05.
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GBMs,16 tumors arising in our mouse model display increased
levels of active Cox-2. Cox-2 expression and PGE2 production
by primary mouse tumor cultures further suggests that Cox-2
is expressed by tumor cells themselves and is not exclusively
expressed by activated microglia that can account for extratu-
moral Cox-2 expression.

To investigate the possibility that Cox-2-derived PGE2 is asso-
ciated with Id1 expression in GBM as has been observed in
other cell types,25 we examined mRNA levels in 136 patient
samples with RNA-seq data from the The Cancer Genome
Atlas database using the cBioPortal for Cancer Genomics.33 Al-
though Id1 and Cox-2 were only upregulated in a minority of
samples, a strong tendency toward overall co-occurrence was
observed (log odds ratio .3 for Id1 and Cox-2, P¼ .005).

In mouse GBM cells, we observed basal levels of Id1 that
were comparable to those in aNSC cultures (Supplementary
Material, Fig. S2A). Treatment of either mouse GBM cells or a
panel of 3 human GBM cell lines (U87, LN-229, U118) with
the stable PGE2 analogue dimethyl-PGE2 (dmPGE2)

11,34 induced
Id1 protein (Fig. 2A). To determine the importance of PGE2 for
regulating Id1 in vivo, tumor-bearing mice were treated with
celecoxib (100 mg/kg/day) or vehicle for 4 consecutive days
prior to sacrifice and tumor analysis. Control tumor tissue
showed elevated PGE2 levels relative to nontumor-bearing
cortex (Fig. 2B). Importantly, treatment with celecoxib led to
a significant reduction in both intratumor PGE2 and Id1 levels
(Fig. 2B and C). Id1 immunostaining in control tumors demon-
strated a specific nuclear signal that localized primarily to
vascular and perivascular regions and did not localize to regions
of high Cox-2 immunoreactivity (Supplementary Material,
Fig. S2B–E), suggesting a paracrine regulatory mechanism.

Next, we attempted to identify the EP receptor that was re-
sponsible for PGE2-mediated induction of Id1. qRT-PCR was per-
formed using cDNA from primary mouse GBM cells and human
U87 cells to assess the relative expression level of EP1-4. In
both cell types, EP4 was the most highly expressed receptor, al-
though U87 cells also showed significant levels of EP2, raising
the possibility that these GPCRs are important for PGE2–medi-
ated induction of Id1 (Fig. 2D). siRNA knockdown of EP4, but not
EP2, blocked Id1 upregulation in U87 cells in response to
dmPGE2 treatment (Fig. 2E, Supplementary Material, Fig. S3).
Receptor knockdown was confirmed by qRT-PCR (Supplemen-
tary Material, Fig. S3). In mouse primary GBM cells, human
LN-299, and human U118 cells, pharmacological activation of
EP4 using the receptor agonist PGE1-alcohol35 caused a dose-
dependent induction of Id1 protein (Fig. 2F). Conversely, treat-
ment with AH23848, an EP4 receptor antagonist,36 blocked
dmPGE2-mediated induction of Id1 in these cells (Fig. 2G).
Thus, mouse and human GBM cells respond to treatment
with exogenous PGE2 by upregulating Id1 in an EP4-dependent
manner.

Ligand binding to EP4 can activate the MAPK cascade.5–7

Here we demonstrated that dmPGE2 stimulated ERK1/2
phosphorylation in both mouse GBM cells and human U87
cells (Fig. 3A). To determine whether MAPK signaling contri-
buted to dmPGE2 –mediated induction of Id1, we utilized
ARRY1428886,37,38 a potent noncompetitive MEK inhibitor. As
shown in Fig. 3B, co-treatment with ARRY142886 blocked
dmPGE2-mediated induction of Id1 in both mouse and
human cells, although only a partial block was observed in

the U118 cell line (Fig. 3B). The transcription factor Early growth
response 1 (Egr1) is a downstream target of PGE2-EP4 signal-
ing25 that directly activates Id1 transcription.25,39,40 Treatment
with dmPGE2 led to rapid Egr1 induction (Fig. 3C). To determine
whether Egr1 mediated the induction of Id1 in mouse GBM
cells, chromatin IP analysis was performed. As shown in
Fig. 3D, Egr1 was recruited to a conserved binding site in the
mouse Id1 promoter 2 hours post-treatment with dmPGE2.
This time point corresponded to the observed increase in Egr1
expression in these cells after dmPGE2 treatment. Consistent
with the timing of Egr1 recruitment to the Id1 promoter,
qRT-PCR demonstrated an increase in Id1 mRNA expression
at 2 hours post-treatment with dmPGE2 (Fig. 3E). Collectively,
these data suggest that PGE2 stimulates the EP4-ERK1/2
MAPK-Egr1 pathway leading to induction of the stem cell factor
Id1 (Fig. 3F).

Cox-2-derived PGE2 Acts via Id1 to Promote Glioblastoma
Self-renewal and Radioresistance

Id1 has been previously characterized as a marker of GBM
stem-like cells.24 Two features of these cells are self-renewal
capacity and resistance to radiation. To test the possibility
that PGE2 signaling promotes self-renewal in GBM cells via
the induction of Id1, we used an established tumor sphere-
forming assay. Briefly, adherent monolayer cultures of early
passage mouse GBM cells were subjected to 24 hours treat-
ment with relevant factors and then replated under nonadher-
ent conditions at clonal density29 (0.5 cell/mL, 1 cell/well).
Treatment with dmPGE2 led to a significant increase in the
percentage of sphere-forming cells (Fig. 4A, Supplementary
Material, Fig. S4), which was maintained after sphere passage
(Fig. 4B). To evaluate whether this effect of dmPGE2 was medi-
ated via Id proteins, we employed a genetic strategy. Because
previous studies have shown a significant functional redun-
dancy between Id1 and Id3,28 we generated GBM cells from
Id12/2, Id3+/2 mice. Consistent with what had been previously
reported,24 the basal sphere-forming potential of Id-deficient
GBM cells was greatly reduced (Fig. 4A). Importantly, dmPGE2
treatment did not enhance self-renewal capacity when
Id12/2, Id3+/2 cells were used.

To further test the dependence of sphere-forming capacity
on PGE2, GBM cells were treated with either celecoxib or
AH23848. Notably, 24 hours pretreatment with either com-
pound resulted in a significant reduction in the percentage of
sphere-forming cells (Fig. 4C).

We next sought to determine whether the PGE2-Id1 signal-
ing axis could impact the apoptotic response to radiation-
induced DNA damage. Cleavage of caspase-3 and its down-
stream target Parp-1 are commitment steps for cellular apo-
ptosis. Significantly, Id1+/+, Id3+/+ cells treated with 0.5 mM
dmPGE2 24 hours prior to treatment with 10 Gy ionizing radia-
tion (IR) showed markedly reduced caspase-3 cleavage (Fig. 5A
and B); this protective effect of dmPGE2 was attenuated in
Id12/2, Id3+/2 cells (Fig. 5C and D). The attenuation is likely in-
complete due to the presence of 1 copy of Id3 in these cells.
Western blot analysis demonstrated that Id1+/+, Id3+/+
cells treated with dmPGE2 prior to irradiation also showed re-
duced Parp-1 cleavage post-IR. Importantly, we did not ob-
serve a similar reduction in Parp-1 cleavage after dmPGE2
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immunoblot findings, elevated levels of PGE2 were found in the
conditioned media of GBM cultures compared with that from
aNSC (Fig. 1F). Treatment of GBM cultures with celecoxib, a

selective Cox-2 inhibitor, led to a dramatic reduction in PGE2
levels (Fig. 1F). Collectively, these results suggest that analo-
gous to what has been observed in a subset of human

Fig. 1. Cox-2 is overexpressed in glioblastoma (GBM)-bearing mouse brains. (A) GBMs generated via injection of PDGFB-expressing virus into the
lateral ventricle of Nestin-tva, Arf2/2 mice showed significant expression of Cox-2 compared with a corresponding cortical region in a
nontumor-bearing mouse. Scale bar¼ 0.2 mm. (B) Double-labeling with Cox-2 and the tumor vasculature marker CD105 showed minimal
overlap. Scale bar¼ 0.1 mm. (C) Tumor (T) and Nontumor adjacent (NTA) tissue were isolated from tumor-bearing brains (n¼ 3) and analyzed
by Western blot. Cox-2 was consistently elevated in T and NTA tissue relative to tumor-free (TF) tissue. (D) Dissociated GBMs were used to
generate adherent primary tumor cultures. These cultures continued to express Cox-2 by immunofluorescence staining. Scale bar¼ 0.1 mm.
(E) Cox-2 protein levels were determined by Western blot using lysates from primary cultures of GBM versus adult neural stem cells (aNSC). (F)
PGE2 levels were analyzed by ELISA on conditioned media from primary aNSC and GBM cultures treated with 5 mM celecoxib or vehicle for
24 hours. Error bars represent mean+SEM (n¼ 3). *, P, 0.05.
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GBMs,16 tumors arising in our mouse model display increased
levels of active Cox-2. Cox-2 expression and PGE2 production
by primary mouse tumor cultures further suggests that Cox-2
is expressed by tumor cells themselves and is not exclusively
expressed by activated microglia that can account for extratu-
moral Cox-2 expression.

To investigate the possibility that Cox-2-derived PGE2 is asso-
ciated with Id1 expression in GBM as has been observed in
other cell types,25 we examined mRNA levels in 136 patient
samples with RNA-seq data from the The Cancer Genome
Atlas database using the cBioPortal for Cancer Genomics.33 Al-
though Id1 and Cox-2 were only upregulated in a minority of
samples, a strong tendency toward overall co-occurrence was
observed (log odds ratio .3 for Id1 and Cox-2, P¼ .005).

In mouse GBM cells, we observed basal levels of Id1 that
were comparable to those in aNSC cultures (Supplementary
Material, Fig. S2A). Treatment of either mouse GBM cells or a
panel of 3 human GBM cell lines (U87, LN-229, U118) with
the stable PGE2 analogue dimethyl-PGE2 (dmPGE2)

11,34 induced
Id1 protein (Fig. 2A). To determine the importance of PGE2 for
regulating Id1 in vivo, tumor-bearing mice were treated with
celecoxib (100 mg/kg/day) or vehicle for 4 consecutive days
prior to sacrifice and tumor analysis. Control tumor tissue
showed elevated PGE2 levels relative to nontumor-bearing
cortex (Fig. 2B). Importantly, treatment with celecoxib led to
a significant reduction in both intratumor PGE2 and Id1 levels
(Fig. 2B and C). Id1 immunostaining in control tumors demon-
strated a specific nuclear signal that localized primarily to
vascular and perivascular regions and did not localize to regions
of high Cox-2 immunoreactivity (Supplementary Material,
Fig. S2B–E), suggesting a paracrine regulatory mechanism.

Next, we attempted to identify the EP receptor that was re-
sponsible for PGE2-mediated induction of Id1. qRT-PCR was per-
formed using cDNA from primary mouse GBM cells and human
U87 cells to assess the relative expression level of EP1-4. In
both cell types, EP4 was the most highly expressed receptor, al-
though U87 cells also showed significant levels of EP2, raising
the possibility that these GPCRs are important for PGE2–medi-
ated induction of Id1 (Fig. 2D). siRNA knockdown of EP4, but not
EP2, blocked Id1 upregulation in U87 cells in response to
dmPGE2 treatment (Fig. 2E, Supplementary Material, Fig. S3).
Receptor knockdown was confirmed by qRT-PCR (Supplemen-
tary Material, Fig. S3). In mouse primary GBM cells, human
LN-299, and human U118 cells, pharmacological activation of
EP4 using the receptor agonist PGE1-alcohol35 caused a dose-
dependent induction of Id1 protein (Fig. 2F). Conversely, treat-
ment with AH23848, an EP4 receptor antagonist,36 blocked
dmPGE2-mediated induction of Id1 in these cells (Fig. 2G).
Thus, mouse and human GBM cells respond to treatment
with exogenous PGE2 by upregulating Id1 in an EP4-dependent
manner.

Ligand binding to EP4 can activate the MAPK cascade.5–7

Here we demonstrated that dmPGE2 stimulated ERK1/2
phosphorylation in both mouse GBM cells and human U87
cells (Fig. 3A). To determine whether MAPK signaling contri-
buted to dmPGE2 –mediated induction of Id1, we utilized
ARRY1428886,37,38 a potent noncompetitive MEK inhibitor. As
shown in Fig. 3B, co-treatment with ARRY142886 blocked
dmPGE2-mediated induction of Id1 in both mouse and
human cells, although only a partial block was observed in

the U118 cell line (Fig. 3B). The transcription factor Early growth
response 1 (Egr1) is a downstream target of PGE2-EP4 signal-
ing25 that directly activates Id1 transcription.25,39,40 Treatment
with dmPGE2 led to rapid Egr1 induction (Fig. 3C). To determine
whether Egr1 mediated the induction of Id1 in mouse GBM
cells, chromatin IP analysis was performed. As shown in
Fig. 3D, Egr1 was recruited to a conserved binding site in the
mouse Id1 promoter 2 hours post-treatment with dmPGE2.
This time point corresponded to the observed increase in Egr1
expression in these cells after dmPGE2 treatment. Consistent
with the timing of Egr1 recruitment to the Id1 promoter,
qRT-PCR demonstrated an increase in Id1 mRNA expression
at 2 hours post-treatment with dmPGE2 (Fig. 3E). Collectively,
these data suggest that PGE2 stimulates the EP4-ERK1/2
MAPK-Egr1 pathway leading to induction of the stem cell factor
Id1 (Fig. 3F).

Cox-2-derived PGE2 Acts via Id1 to Promote Glioblastoma
Self-renewal and Radioresistance

Id1 has been previously characterized as a marker of GBM
stem-like cells.24 Two features of these cells are self-renewal
capacity and resistance to radiation. To test the possibility
that PGE2 signaling promotes self-renewal in GBM cells via
the induction of Id1, we used an established tumor sphere-
forming assay. Briefly, adherent monolayer cultures of early
passage mouse GBM cells were subjected to 24 hours treat-
ment with relevant factors and then replated under nonadher-
ent conditions at clonal density29 (0.5 cell/mL, 1 cell/well).
Treatment with dmPGE2 led to a significant increase in the
percentage of sphere-forming cells (Fig. 4A, Supplementary
Material, Fig. S4), which was maintained after sphere passage
(Fig. 4B). To evaluate whether this effect of dmPGE2 was medi-
ated via Id proteins, we employed a genetic strategy. Because
previous studies have shown a significant functional redun-
dancy between Id1 and Id3,28 we generated GBM cells from
Id12/2, Id3+/2 mice. Consistent with what had been previously
reported,24 the basal sphere-forming potential of Id-deficient
GBM cells was greatly reduced (Fig. 4A). Importantly, dmPGE2
treatment did not enhance self-renewal capacity when
Id12/2, Id3+/2 cells were used.

To further test the dependence of sphere-forming capacity
on PGE2, GBM cells were treated with either celecoxib or
AH23848. Notably, 24 hours pretreatment with either com-
pound resulted in a significant reduction in the percentage of
sphere-forming cells (Fig. 4C).

We next sought to determine whether the PGE2-Id1 signal-
ing axis could impact the apoptotic response to radiation-
induced DNA damage. Cleavage of caspase-3 and its down-
stream target Parp-1 are commitment steps for cellular apo-
ptosis. Significantly, Id1+/+, Id3+/+ cells treated with 0.5 mM
dmPGE2 24 hours prior to treatment with 10 Gy ionizing radia-
tion (IR) showed markedly reduced caspase-3 cleavage (Fig. 5A
and B); this protective effect of dmPGE2 was attenuated in
Id12/2, Id3+/2 cells (Fig. 5C and D). The attenuation is likely in-
complete due to the presence of 1 copy of Id3 in these cells.
Western blot analysis demonstrated that Id1+/+, Id3+/+
cells treated with dmPGE2 prior to irradiation also showed re-
duced Parp-1 cleavage post-IR. Importantly, we did not ob-
serve a similar reduction in Parp-1 cleavage after dmPGE2
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Fig. 2. The EP4 receptor is responsible for PGE2-mediated induction of Id1. (A) Treatment of primarymouse glioblastoma (GBM) cultures or human U87,
LN-229, or U118 glioblastoma cells with 0.5 mM dmPGE2 led to time-dependent induction of Id1 protein. (B) GBMs were initiated in Nestin-tva, Arf2/2

mice at day zero via stereotactic injection RCAS-PDGFB virus. At day 23, tumor-bearing mice were treated with 100 mg/kg/day celecoxib or vehicle
control (n¼ 4 per group) by gavage for 4 days, followed by sacrifice and tumor harvest. Harvested tissue was subjected to mass spectrometry to
quantify PGE2 levels in normal brain versus GBM with and without celecoxib treatment. *, P, .05, Error bars represent mean+SEM. (n¼ 4). (C)
Immunohistological analysis of Id1 in tumors derived from mice treated with vehicle (n¼ 4) or celecoxib (n¼ 3). Three non–overlapping fields were
quantitated for each tumor. Scale bar¼ 0.1 mm. Error bars represent mean+SEM. (n¼ 3 or 4). *, P, .05. (D) To identify the relevant PGE2 receptor
in GBM cells, we performed quantitative real-time (qRT) PCR for the 4 EP receptors in mouse GBM cells (upper panel) and human U87 cells (bottom
panel). The level of EP4 was notably higher than EP1-3, when EP1 was used as the point of comparison in both cell types, while U87 cells also
displayed elevated EP2. Error bars represent mean+SEM. (n¼ 3). ***, P, .001. (E) EP2/4 receptor expression was knocked down in human U87 GBM
cells via transient transfection with specific siRNAs. Id1 upregulation in response to dmPGE2 treatment was inhibited specifically with EP4 knockdown. (F)
Treatment of primary mouse GBM cells or human LN-229 or U118 glioblastoma cell lines with the EP4 receptor agonist PGE1-alcohol resulted in a
dose-dependent increase in Id1 protein levels. (G) Treatment with an EP4 antagonist (AH23848) effectively blocked dmPGE2-mediated induction of Id1.
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Fig. 3. MAPK signaling is required for PGE2-mediated induction of Id1 in glioblastoma (GBM) cells. (A) ERK1/2 phosphorylation was induced in mouse
primary GBM cells (upper panel) and human U87 cells (bottom panel) in response to 0.5 hour treatment with 0.5 mM dmPGE2. (B) Cotreatment with
5 mM ARRY-142886, a MEK inhibitor, effectively blocked dmPGE2-mediated induction of Id1 at 24 hours in mouse primary GBM cells and U87 cells,
and at 4 hours in LN-229 and U118 cells. (C) Expression of the transcription factor Egr1 increased in murine GBM cells and human U87, LN-229, or
U118 cells in response to 0.5 mM dmPGE2 treatment. (D) Chromatin IP was performed on mouse GBM primary cultures, revealing specific recruitment
of Egr1 to a conserved Egr1 binding site within the Id1 promoter 2 hours after 0.5 mM dmPGE2 treatment. Quantitative PCR was used to calculate the
percent input for each chromatin immunoprecipitation (ChIP) sample. Error bars represent mean+SEM (n¼ 3). *, P, .05. (E) Egr1 binding coincided with
an increase in Id1mRNA following treatment with dmPGE2 for 2 hours, as measured by qRT-PCR. Error bars represent mean+SEM (n¼ 3). *, P, .05. (F) A
general schematic of the signal transduction pathway by which PGE2 induces Id1 transcription.

Fig. 4. PGE2 signaling regulates self-renewal in mouse glioblastoma (GBM) primary cultures in an Id1-dependent manner. (A) Primary mouse GBM cells
treated with 0.5 mM dmPGE2 were replated at 0.5 cell/mL under nonadherent conditions. The percentage of spheres formed was significantly higher in
the dmPGE2-treated group than for control cells. This stimulatory effect was not seen in Id12/2, Id3+/2 tumor cells, which also displayed notably lower
sphere-forming potential. Error bars representmean+SEM (n¼ 3). *, P, .05. (B) Mouse GBM cells were cultured as spheres at clonal density (0.5 cell/uL)
under DMSO or 0.5 uM dmPGE2 treatment and subsequently harvested, dissociated into single cells, and replated under identical conditions. Percentage
of sphere-forming cells was quantified at passage 1 and passage 2. Error bars represent mean+SEM (n¼ 6). **, P, .01. (C) A significant decrease in
sphere-forming potential occurred in GBM cells treated with either 5 mM celecoxib or 1 mMAH23848. Error bars represent mean+SEM (n¼ 3). *, P, .05.
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Fig. 2. The EP4 receptor is responsible for PGE2-mediated induction of Id1. (A) Treatment of primarymouse glioblastoma (GBM) cultures or human U87,
LN-229, or U118 glioblastoma cells with 0.5 mM dmPGE2 led to time-dependent induction of Id1 protein. (B) GBMs were initiated in Nestin-tva, Arf2/2

mice at day zero via stereotactic injection RCAS-PDGFB virus. At day 23, tumor-bearing mice were treated with 100 mg/kg/day celecoxib or vehicle
control (n¼ 4 per group) by gavage for 4 days, followed by sacrifice and tumor harvest. Harvested tissue was subjected to mass spectrometry to
quantify PGE2 levels in normal brain versus GBM with and without celecoxib treatment. *, P, .05, Error bars represent mean+SEM. (n¼ 4). (C)
Immunohistological analysis of Id1 in tumors derived from mice treated with vehicle (n¼ 4) or celecoxib (n¼ 3). Three non–overlapping fields were
quantitated for each tumor. Scale bar¼ 0.1 mm. Error bars represent mean+SEM. (n¼ 3 or 4). *, P, .05. (D) To identify the relevant PGE2 receptor
in GBM cells, we performed quantitative real-time (qRT) PCR for the 4 EP receptors in mouse GBM cells (upper panel) and human U87 cells (bottom
panel). The level of EP4 was notably higher than EP1-3, when EP1 was used as the point of comparison in both cell types, while U87 cells also
displayed elevated EP2. Error bars represent mean+SEM. (n¼ 3). ***, P, .001. (E) EP2/4 receptor expression was knocked down in human U87 GBM
cells via transient transfection with specific siRNAs. Id1 upregulation in response to dmPGE2 treatment was inhibited specifically with EP4 knockdown. (F)
Treatment of primary mouse GBM cells or human LN-229 or U118 glioblastoma cell lines with the EP4 receptor agonist PGE1-alcohol resulted in a
dose-dependent increase in Id1 protein levels. (G) Treatment with an EP4 antagonist (AH23848) effectively blocked dmPGE2-mediated induction of Id1.
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Fig. 3. MAPK signaling is required for PGE2-mediated induction of Id1 in glioblastoma (GBM) cells. (A) ERK1/2 phosphorylation was induced in mouse
primary GBM cells (upper panel) and human U87 cells (bottom panel) in response to 0.5 hour treatment with 0.5 mM dmPGE2. (B) Cotreatment with
5 mM ARRY-142886, a MEK inhibitor, effectively blocked dmPGE2-mediated induction of Id1 at 24 hours in mouse primary GBM cells and U87 cells,
and at 4 hours in LN-229 and U118 cells. (C) Expression of the transcription factor Egr1 increased in murine GBM cells and human U87, LN-229, or
U118 cells in response to 0.5 mM dmPGE2 treatment. (D) Chromatin IP was performed on mouse GBM primary cultures, revealing specific recruitment
of Egr1 to a conserved Egr1 binding site within the Id1 promoter 2 hours after 0.5 mM dmPGE2 treatment. Quantitative PCR was used to calculate the
percent input for each chromatin immunoprecipitation (ChIP) sample. Error bars represent mean+SEM (n¼ 3). *, P, .05. (E) Egr1 binding coincided with
an increase in Id1mRNA following treatment with dmPGE2 for 2 hours, as measured by qRT-PCR. Error bars represent mean+SEM (n¼ 3). *, P, .05. (F) A
general schematic of the signal transduction pathway by which PGE2 induces Id1 transcription.

Fig. 4. PGE2 signaling regulates self-renewal in mouse glioblastoma (GBM) primary cultures in an Id1-dependent manner. (A) Primary mouse GBM cells
treated with 0.5 mM dmPGE2 were replated at 0.5 cell/mL under nonadherent conditions. The percentage of spheres formed was significantly higher in
the dmPGE2-treated group than for control cells. This stimulatory effect was not seen in Id12/2, Id3+/2 tumor cells, which also displayed notably lower
sphere-forming potential. Error bars representmean+SEM (n¼ 3). *, P, .05. (B) Mouse GBM cells were cultured as spheres at clonal density (0.5 cell/uL)
under DMSO or 0.5 uM dmPGE2 treatment and subsequently harvested, dissociated into single cells, and replated under identical conditions. Percentage
of sphere-forming cells was quantified at passage 1 and passage 2. Error bars represent mean+SEM (n¼ 6). **, P, .01. (C) A significant decrease in
sphere-forming potential occurred in GBM cells treated with either 5 mM celecoxib or 1 mMAH23848. Error bars represent mean+SEM (n¼ 3). *, P, .05.
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Fig. 5. PGE2 signaling regulates radiation resistance in mouse glioblastoma (GBM) primary cultures in an Id1-dependent manner. (A) Treatment of
mouse Id1+/+, Id3+/+ GBM cultures with 10 Gy ionizing radiation (IR) induced significant cleavage of caspase-3 after 4 hours. This increase was
attenuated by pretreatment with 0.5 mM dmPGE2. Scale bar¼ 0.01 mm. (B) Quantification of immunostaining from (A). Error bars represent
mean+SEM (n¼ 3). *, P, .05. C, Id12/2, Id3+/2 GBM cultures were treated as described in panel A. In comparison with the Id1+/+, Id3+/+

cells, the radioprotective effects of dmPGE2 were blunted. Scale bar¼ 0.2 mm. (D) Quantification of immunostaining from (C). Error bars
represent mean+SEM (n¼ 3). *, P, .05. (E) Treatment of mouse Id1+/+, Id3+/+ GBM cultures with 0.5 mM dmPGE2 for 24 hours was associated
with decreased Parp1 cleavage. This protective effect was not observed in Id12/2, Id3+/2 GBM cells. F, Pretreatment with 5 mM celecoxib for
24 hours increased Parp1 cleavage in Id1/3 wild type cells, but not in Id12/2, Id3+/2 cells.
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treatment in Id12/2, Id3+/2 cells (Fig. 5E), indicating that Id
proteins play an important role in mediating increased radiation
resistance imparted by PGE2 signaling. Of note, Id12/2, Id3+/2

cells displayed a higher apoptotic response to IR, which coincid-
ed with reduced phosphorylation of the DNA damage response
(DDR) kinase ATM (Supplementary Material, Fig. S5A) and its
substrate, H2AX (Supplementary Material, Fig. S5B). These re-
sults are consistent with previous reports demonstrating in-
creased activation of the DDR in GBM stem-like cells.20 Since
PGE2 signaling promoted resistance to radiation-induced apo-
ptosis, we speculated that inhibiting this pathway with cele-
coxib might promote radiosensitivity. Indeed, pretreatment of
mouse GBM cells with celecoxib resulted in increased Parp-1
cleavage relative to vehicle-treated cells (Fig. 5F). As with
dmPGE2 pretreatment, this effect was not observed in an
Id12/2, Id3+/2 genetic background, further implicating Id1 in
the cellular radiation response.

Significantly, irradiation of GBM primary cultures established
from human patients induced a marked increase in the per-
centage of Id1+ cells while simultaneously decreasing the
Ki67+, Id1- population (Supplementary Material, Fig. S6A–C).
We note that in unirradiated cultures, the majority of Ki67+
cells are Id1- (approximately 75%) and that 85% of the Id1+
cells are Ki67- (data not shown), suggesting that the Id1+ gli-
oma stem-like cells are of relatively low proliferative potential
consistent with the observation in mouse models.24 As seen
in primary mouse GBM cultures, the human cells responded
to dmPGE2 treatment by inducing Id1 (Supplementary Material,
Fig. S6D). Thus, in both mouse and human GBM cells, radiation
resistance is a feature of the slowly proliferating, Id1+ stem-like
population.

Discussion
In this study, we investigated the functional role of Cox-2-
dependent PGE2 signaling in GBM. Using mouse and human
GBM cells, we demonstrated that Cox-2-derived PGE2 signals
through the EP4 receptor to activate the MAPK signaling cas-
cade, ultimately resulting in upregulation of Id1 via the Egr1
transcription factor. Previous studies have shown that PGE2
can stimulate cross talk between EP4 and the epidermal
growth factor receptor leading to activation of MAPK signaling,
which could explain the observed increase in Egr1 levels.41

Functionally, the activation of this pathway increases self-
renewal capacity and radiation resistance of cultured tumor
cells in an Id1-dependent manner. The signal transduction
pathway detailed in our studies is similar to that described in
cultured breast cancer cell lines.25 Thus, it may be that the
Cox-2-PGE2-Id1 signaling pathway is conserved in multiple
solid tumor types, in which it functions to maintain expression
of Id1 and homeostasis of cancer stem-like cells.

Multiple pathways have been implicated in maintenance of
Id1 expression and stem cell character in GBM.42,43 For exam-
ple, TGF-b signaling has been demonstrated to activate Id1 in
a panel of GBM cell lines established from human patients.44

While disparate pathways most likely contribute to GBM cancer
stem cell maintenance, our data suggest that Cox-2-derived
PGE2 may also play an important role in promoting stemness
in human tumors. Importantly, we demonstrated a direct

biochemical signaling pathway that acts to induce transcrip-
tional activation of the stem cell factor Id1. Since GBM is a high-
ly heterogeneous tumor type, it will also be important to assess
the conservation of the Cox-2-PGE-Id1 signaling pathway in a
wider range of patient-derived primary GBM cell lines in future
studies.

Decreased Id1 expression was seen to increase the sensitiv-
ity of GBM cells to IR. This is potentially consistent with studies
in human and mouse GBM cell lines that demonstrate a clear
increase in radiosensitivity in response to celecoxib treat-
ment.45 Depletion of cells that are inherently resistant to radi-
ation therapy through loss of signaling networks that maintain
cancer stem cell character could result in an overall tumor that
is sensitized to radiation. However, since Id1-positive stem-like
cells constitute a small percentage of the overall tumor mass,
the immediate effect of decreased Id1 expression on apoptotic
response to radiation therapy could be difficult to discern in
vivo. Indeed, we did not observe a significant increase in apo-
ptosis within celecoxib-treated mouse tumors subjected to ra-
diation therapy (data not shown).

Our laboratory previously reported that genetic loss of func-
tion for Id1 had only modest effects on overall survival, despite
strongly impacting the self-renewal capacity of GBM stem-like
cells.24 This result suggested that self-renewing cells were not
the only cells responsible for driving proliferation in the primary
tumor. The failure of celecoxib to be of significant benefit in the
treatment of GBM46,47may reflect the fact that targeting stem-
like cells alone is insufficient to effect complete remissions.
Therapeutic targeting of stem-like cells would need to be com-
bined with near-complete ablation of nonstem progenitor cells
for a robust effect on overall survival. Targeting the Cox-2-Id1
pathway in combination with improved therapies that effec-
tively target and rapidly eliminate progenitor cells is predicted
to improve the outcome of patients with GBM.
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Fig. 5. PGE2 signaling regulates radiation resistance in mouse glioblastoma (GBM) primary cultures in an Id1-dependent manner. (A) Treatment of
mouse Id1+/+, Id3+/+ GBM cultures with 10 Gy ionizing radiation (IR) induced significant cleavage of caspase-3 after 4 hours. This increase was
attenuated by pretreatment with 0.5 mM dmPGE2. Scale bar¼ 0.01 mm. (B) Quantification of immunostaining from (A). Error bars represent
mean+SEM (n¼ 3). *, P, .05. C, Id12/2, Id3+/2 GBM cultures were treated as described in panel A. In comparison with the Id1+/+, Id3+/+

cells, the radioprotective effects of dmPGE2 were blunted. Scale bar¼ 0.2 mm. (D) Quantification of immunostaining from (C). Error bars
represent mean+SEM (n¼ 3). *, P, .05. (E) Treatment of mouse Id1+/+, Id3+/+ GBM cultures with 0.5 mM dmPGE2 for 24 hours was associated
with decreased Parp1 cleavage. This protective effect was not observed in Id12/2, Id3+/2 GBM cells. F, Pretreatment with 5 mM celecoxib for
24 hours increased Parp1 cleavage in Id1/3 wild type cells, but not in Id12/2, Id3+/2 cells.
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