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SUMMARY

Prostaglandin E, (PGE,) promotes tumor cell proliferation, migration, and invasion, fostering

an inflammation-enriched microenvironment that facilitates angiogenesis and immune evasion.
However, the PGE, receptor subtype (EP1-EP4) involved in neuroblastoma (NB) growth remains
elusive. Herein, we show that the EP2 receptor highly correlates with NB aggressiveness and acts
as a predominant Gag-coupled receptor mediating PGE»-initiated cyclic AMP (cAMP) signaling
in NB cells with high-risk factors, including 11q deletion and A YCN amplification. Knockout of
EP2 in NB cells blocks the development of xenografts, and its conditional knockdown prevents
established tumors from progressing. Pharmacological inhibition of EP2 by our recently developed
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antagonist TG6-129 suppresses the growth of NB xenografts in nude mice and syngeneic
allografts in immunocompetent hosts, accompanied by anti-inflammatory, antiangiogenic, and
apoptotic effects. This proof-of-concept study suggests that the PGE,/EP2 signaling pathway
contributes to NB malignancy and that EP2 inhibition by our drug-like compounds provides a
promising strategy to treat this deadly pediatric cancer.
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In brief

Hou et al. discover that prostaglandin receptor EP2 highly correlates with the aggressiveness

of neuroblastoma, where it acts as the primary PGE; receptor mediating CAMP signaling. EP2
deficiency or inhibition suppresses neuroblastoma with high-risk factors including 11q deletion
and MYCN amplification, demonstrating EP2 as a promising therapeutic target for neuroblastoma.

INTRODUCTION

Neuroblastoma (NB) is the most common extracranial solid tumor in childhood and
accounts for ~7-10% of all pediatric cancers, causing ~15% of all cancer-related deaths in
young children. Owing to the tremendous progress in tumor diagnosis and management, the
survival of children with NB has much improved during the past decade. However, patients
with high-risk NB still have a poor prognosis, because the 5-year survival rate remains
below 50% even with intensive treatments: surgical resection along with chemotherapy,

Cell Rep. Author manuscript; available in PMC 2022 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hou et al.

Page 3

radiotherapy, stem cell transplantation, and immunotherapy (Maris, 2010; Matthay et al.,
2016). High risk, poor prognosis, and therapy resistance in NB are commonly associated
with amplification of the transcription factor, N-Myc proto-oncogene (MYCN), deletion
of chromosome 1p or 11q (Caren et al., 2010; Mlakar et al., 2017), gain-of-function
mutations in the anaplastic lymphoma kinase (ALK) gene (George et al., 2008; Mosse et
al., 2008; Trigg and Turner, 2018), and loss-of-function mutations in tumor suppressor p53
(7P53) (Imamura et al., 1993; Tweddle et al., 2003; Van Maerken et al., 2011). Among
these, MYCN amplification is often associated with high-risk and poor-prognosis NB in
younger children with an average age at diagnosis of less than 2 years, whereas the 11q
deletion correlates with aggressive NB diagnosed in older children (~4 years), advanced
disease stage, drug resistance, and decreased survival probability (Caren et al., 2010;
Mlakar et al., 2017). Identifying new druggable targets and developing novel therapies for
patients suffering from NB, particularly those who are in high-risk categories and developed
resistance to current treatment, is in urgent demand.

As an essential component of the innate immune system, inflammation in the acute phase
represents a protective strategy of the body to counteract injurious stimuli and to initiate
the healing process. However, prolonged inflammation is also often associated with the
occurrence and progression of a variety of tumors, including those of blood, brain, breast,
colon, lung, pancreas, prostate, and skin (Grivennikov et al., 2010; Mantovani et al., 2008;
Qiu et al., 2017). As such, cyclooxygenase (COX), a conventional inflammatory executor,
has recently been demonstrated to provide an important driving force for NB pathogenesis
(Carlson and Kogner, 2013). Oral intake of COX inhibitors, such as aspirin or diclofenac,
can decrease the burden of tumors with MYCN amplification, reduce the presence of
tumor-associated innate immune cells (Carlson et al., 2013), and delay the rapid progression
of 11g-deleted NB (Larsson et al., 2015). COXs, with two isoforms COX-1 and COX-2,
are the rate-limiting enzymes in the synthesis of bioactive lipids such as prostaglandin E,
(PGE), which is highly present in tumor tissues and can increase tumor aggressiveness
(Wang and Dubois, 2010). To synthesize PGE,, arachidonic acid first is converted by COX
to prostaglandin H, (PGH,). Short-lived PGH> then is quickly catalyzed to PGE; by tissue-
specific isomerases: prostaglandin E synthases (PGESs) comprising microsomal PGES-1
(mPGES-1), mPGES-2, and cytosolic PGES (cPGES) (Hirata and Narumiya, 2011). Among
the three PGES isozymes, mPGES-1 is considered inducible and functionally coupled

to COX-2 (Li et al., 2022; Samuelsson et al., 2007). Inhibition of MPGES-1 suppresses
11g-deleted NB (Kock et al., 2018), attesting to an essential role for PGE,-mediated pro-
inflammatory signaling in the development and progression of high-risk NB.

PGE, was demonstrated to regulate tumorigenesis through four G-protein-coupled receptors
(GPCRs), EP1, EP2, EP3, and EP4, all of which were detected in human NB cells and
tissues (Kock et al., 2018; Rasmuson et al., 2012). EP1 receptor is Gaq coupled to mediate
the mobilization of cytosolic Ca?* and activation of protein kinase C; both EP2 and EP4

are linked to Ga activating adenylyl cyclase to generate cyclic AMP (CAMP); and EP3

is mainly coupled to Gaj, and its activation downregulates cCAMP signaling (Jiang et al.,
2017). To date, the EP subtype underlying the COX/PGES/PGE; axis-driven tumor growth
in NB remains elusive. Taking advantage of several bioavailable small-molecule compounds
that we recently developed to suppress PGE,-involved inflammation, we identified the
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EP receptor subtype that contributes to the pathogenesis of NB. We also determined the
therapeutic effects of a drug-like EP2 antagonist in mouse models of high-risk NB and
explored the potential underlying mechanisms of action.

EP2 receptor is highly upregulated in human high-risk NB

To study the PGE; signaling in NB, we first examined the gene expression data in

human NB samples from the R2 database. We analyzed the expression of the nine genes
that are responsible for PGE; biosynthesis and signaling, including COX-1 (encoded by
PTGSI), COX-2 (PTGS2), mPGES-1 (PTGES), mPGES-2 (PTGES2), cPGES (PTGES3),
EP1 (PTGERI), EP2 (PTGER?2), EP3 (PTGERS3), and EP4 (PTGER4) in the SEQC cohort
(N =498), a large NB RNA sequencing (RNA-seq) dataset. We found that, among these
nine genes, the expression of EP2 showed the highest increase in tumors of nonsurvival
patients when compared with survival patients. In contrast, the expression of EP3 and EP4
was significantly decreased in the nonsurvival group (Figure 1A). Kaplan-Meier survival
analyses on the SEQC cohort show that overall, more than 70% of patients with high
EP2-expressing tumors deceased in 4 years; nearly 70% of patients with low EP2-expressing
tumors eventually survived (Figure 1B). This significant relationship between high EP2
expression and poor overall survival was also unanimously found in the other three major
patient cohorts of the R2 database: Kocak, Versteeg, and NRC (p < 0.0001; Figure 1B). To
avoid any potential selection bias that might be introduced by the software, we reanalyzed
these cohorts with equal or similar patient numbers in each group and found the same
outcomes in datasets Kocak, Versteeg, and NRC (p < 0.01; Figure S1). The SEQC cohort
showed a similar trend, although it was not statistically significant (Figure S1).

Amplification of the MYC family member, MYCN, has been found in ~25% of NB cases
and highly correlates with the high-risk disease and poor prognosis, particularly in infants
(Irwin et al., 2021). Currently, MYCN amplification is still the best-characterized genetic
marker of high risk and chemoresistance in NB (Huang and Weiss, 2013). Notably, the EP2
receptor is expressed substantially higher in NB with MYCN amplification than those with
normal status of MY CN across all four major NB cohorts (Figure 1C), suggesting a strong
positive relationship between PGE,/EP2 signaling and the most common risk factor in NB.
On the contrary, the other three EP subtypes (EP1, EP3, and EP4) consistently showed an
inverse correlation with MYCNin NB (Figure S2).

EP2 receptor activation can upregulate a variety of tumor-promoting cytokines, chemokines,
growth factors, and their responding receptors, thereby amplifying tumor-related
inflammation, nurturing the tumor microenvironment, and promoting growth of tumors in
prostate, skin, colon, and brain (Jiang and Dingledine, 2013b; Khan et al., 2022; Ma et

al., 2015; Merz et al., 2016; Qiu et al., 2019; Sung et al., 2005). We next examined the
expression of a variety of common pro-tumor mediators in NB that may regulate tumor cell
survival, invasion, migration, proliferation, angiogenesis, and immune escape. Pearson’s
correlation coefficient analyses revealed significant positive correlations of expression
between EP2 and a large proportion of these cytokines, chemokines, growth factors, and
receptors (40/45, ~89%) in at least two of the four major R2 NB datasets: SEQC, Kocak,
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Versteeg, and NRC (Figure 1D). These potential NB facilitators include ALK (Trigg

and Turner, 2018), brain-derived neurotrophic factor (BDNF) (Middlemas et al., 1999),
chemokine (C-C motif) ligand 2 (CCL2) or monocyte chemoattractant protein 1 (MCP-1)/C-
C chemokine receptor type 2 (CCR2) (Metelitsa et al., 2004), colony-stimulating factor

1 (CSF-1)/CSF-1 receptor (CSF1R) (Webb et al., 2018), chemokine (C-X3-C motif)

ligand 1 (CX3CL1)/CX3CR1 (Nevo et al., 2009), CXCL2/CXCR2 (Hashimoto et al.,
2016), CXCL12/CXCR4/CXCR7 (Liberman et al., 2012), epidermal growth factor receptor
(EGFR) (Ho et al., 2005), endoglin (ENG) or cluster of differentiation 105 (CD105) (Cavar
et al., 2015; Pezzolo et al., 2007; Wu et al., 2019), glial cell line-derived neurotrophic
factor (GDNF)/GDNF family receptor a1l (GFRAL) (Hansford and Marshall, 2005; Hishiki
et al., 1998), insulin-like growth factor 2 (IGF2)/IGF2 receptor (IGF2R) (El-Badry et al.,
1991; Mohlin et al., 2013), interleukin (IL)-1p/IL-1R (Elaraj et al., 2006), IL-6/IL-6R (Ara
et al., 2013; Pistoia et al., 2011), macrophage inhibitory cytokine 1 (MIC-1) (Craig et

al., 2016), matrix metallopeptidases (MMPs) (Nyalendo et al., 2009; Sugiura et al., 1998),
nuclear factor xB (NF-xB) (Spel et al., 2018; Zhi et al., 2014, 2015), platelet-derived
growth factor receptor p (PDGFRB) (Kock et al., 2018), platelet endothelial cell adhesion
molecule 1 (PECAM-1) or CD31 (Pezzolo et al., 2007), periostin (POSTN) (Sasaki et

al., 2002), retinoic acid receptor responder protein 2 (RARRES?2)/chemokine-like receptor
1 (CMKLR1) (Tummler et al., 2017), signal transducer and activator of transcription 3
(STAT3) (Hadjidaniel et al., 2017), transforming growth factor B1 (TGF-p1) (Castriconi et
al., 2013), vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) (Becker

et al., 2010; Jakovljevic et al., 2009; Weng et al., 2017), as well as the VGF nerve

growth factor inducible (Rossi et al., 1992) (Tables S1-S4). These consistent findings

from analyzing the NB patient datasets reveal that the elevated EP2 expression is highly
associated with the increased malignancy of NB tumors, leading us to hypothesize that
PGE; signaling via the EP2 receptor might contribute to COX activity-mediated NB growth.

PGE, mediates Gas-dependent signaling via EP2 in NB cells

The expression of PGE; signaling-associated genes, including COXs, PGESs, and EPs, was
previously demonstrated in human NB cells and tissues (Kock et al., 2018; Rasmuson et

al., 2012); however, gene expression does not necessarily correlate with signaling activity.
To validate PGE,/EP pathways in NB, we next investigated the PGE,-mediated cCAMP
signaling in human NB cell lines with various risk factors, such as 11q deletion (SK-N-AS),
gain-of-function mutation of ALK (SK-N-SH and SH-SY5Y), P53 dysfunction (CHLA-90),
KRAS mutation (NB-EBc1), and MYCN amplification (SK-N-BE(2), BE(2)-C, CHLA-136,
SiMa, IMR-32, and NB-1691), as well as mouse NB cell lines Neuro-2a and NXS2. We
treated these cells with a relatively high concentration (10 uM) of PGEoy, selective EP2
receptor agonist butaprost, or EP4 agonist CAY 10598, aiming to fully activate their EP2 and
EP4 receptors. The human fibroblast cell line Hs68 was also included in the experiment as
normal control cells (YYang et al., 2017). About 40 min after the stimulation began, CAMP
levels in these cells were measured by a time-resolved fluorescence energy transfer (TR-
FRET) assay, in which a reduction of FRET signal indicates an increase in cCAMP. We found
that PGE and butaprost, but not CAY10598, induced cAMP accumulation in all examined
human and mouse NB cell lines to a degree similar to that of forskolin (Figure 2A), a direct
activator of the adenylyl cyclase commonly used to indicate the maximal capability of the
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cells to generate cCAMP. In contrast, stimulation with EP4 agonist CAY 10598 led to more
cAMP production than EP2 agonist butaprost and PGE; in the normal human fibroblast cell
line Hs68 (Figure 2A). It appears that EP2, compared with the much less active EP4, is

the dominant Gas-coupled receptor that mediates PGE-initaited CAMP signaling across all
these tested NB cells with various high-risk factors (p < 0.0001; Figure 2B). These findings
confirm that EP2 expression is ubiquitously elevated in high-risk NB cells, leading to its
dominant role transducing the PGE,-mediated cAMP signaling in these tumor cells.

We next focused on the NB cell line SK-N-AS, which has high ¢c-MYC expression

and possesses a high-risk factor: 11q deletion (O’Brien et al., 2016; Zimmerman et al.,
2018). Our TR-FRET assay on SK-N-AS cells revealed that PGE, and butaprost, but

not CAY 10598, activated EP2 receptor in a concentration-dependent manner and 1 uM
agonist (PGE, or butaprost) nearly maximized the cell response, evidenced by the plateau
of concentration-response curves when higher concentrations were applied (Figure 3A). We
previously reported a series of EP2-selective small-molecule antagonists (Figure 3B), such
as TG4-155 (Jiang et al., 2012), TG6-10-1 (Jiang et al., 2013), TG6-129 (SID17503974) and
SID26671393 (Ganesh et al., 2013), which together with Pfizer compound PF04418948 are
among the first-generation EP2 antagonists with high potency and selectivity (Sluter et al.,
2021). All our EP2 antagonists have drug-like properties with favorable ADME (absorption,
distribution, metabolism, excretion) predicted by QikProp software (Schrddinger) (Table
S5). Here, these compounds were tested for the inhibition on EP2 in SK-N-AS cells,

which were stimulated with 1 UM PGE> to maximize the cytosol cCAMP. It appears that

all these EP2 antagonists were able to robustly decrease PGE,-induced cAMP signaling in
SK-N-AS cells in a concentration-dependent manner (Figure 3C). In contrast, GW627368X,
an EP4-selective antagonist, had no effect on PGE,-induced cAMP signaling in these cells,
evidenced by a completely flat concentration-response curve (Figure 3C).

By comparison at the same concentration (1 M), TG4-155 showed the highest potency

of EP2 antagonism in NB cells, followed by TG6-129, PF-04418948, TG6-10-1, and
SID26671393 in order, demonstrated by the rightward shift of their PGE, concentration-
response curves compared with the control (Figure 3D). Conversely, at the same test
concentration (1 uM), EP4 antagonist GW627368X failed to shift the PGE, response curve
in SK-N-AS cells (Figure 3D), confirming the lack of functioning EP4 receptor in these
human NB cells. The TR-FRET assay further suggested that the tested compounds inhibited
PGE,-induced human EP2 activation in SK-N-AS cells in a concentration-dependent
manner, exemplified by TG6-129 and SID26671393 (Figure 3E). Schild regression analyses
revealed that our compounds TG4-155, TG6-129, TG6-10-1, and SID26671393 inhibited
the EP2 receptor via a competitive mechanism, and their Kg values for EP2 receptor

in SK-N-AS cells were 2.25, 5.96, 10.5, and 30.3 nM, respectively (Figure 3F). These
TR-FRET results together identified a robust PGE,/EP2/cAMP signaling that ubiquitously
exists in various human NB cells and can be highly effectively blocked by our selective EP2
antagonists.
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PGE,/EP2 signaling in NB cells is required for tumorigenesis

The dominant role for EP2 receptor in PGEy-initiated cAMP signaling in NB cells motivated
us to test the hypothesis that EP2 activation might contribute to the proliferation of NB.

We began with the SK-N-AS cell line because it is a 11g-deleted NB cell line showing
aggressive proliferation /n vivo and has been widely used in xenograft models (Kock

etal., 2018; Larsson et al., 2015). We first generated SK-N-AS cell lines lacking the

EP2 utilizing CRISPR-Cas9-based genome editing with two single guide RNAs (SgRNAS)
targeting different regions of the EP2 gene. EP2 ablation was confirmed by gPCR that
detected mRNA expression of EP2 in the wild-type (WT) cell line, but not in the two
knockout (KO) cell lines (KO1 and KO2) (Figure 4A). The effectiveness of EP2 deletion
was further validated by the lack of cCAMP response to PGE; in the two KO cell lines

when compared with the WT cell line, detected by the cell-based TR-FRET assay (Figure
4B). We next examined the effects of EP2 ablation on tumorigenic activities of SK-N-AS
cells and found that the neurospheres formed by the two EP2-deficient cell lines on average
were substantially smaller than those derived from the WT cells (Figure 4C). Likewise,
EP2 deletion also considerably decreased the density of colonies developed by the SK-N-
AS cells (Figure 4D). Moreover, treatment with EP2 antagonist TG6-129 reduced both
neurosphere size and colony density of the WT NB cell line but had no effect on the two
EP2-deleted cell lines (Figures 4C and 4D). The lack of effect of TG6-129 on two NB cell
lines without EP2 expression validated the PGE, receptor as the molecular target of our
compound in NB cells.

We then determined the consequences of the genetic deletion of the EP2 receptor in the
development of NB /n vivo. WT or EP2 KO SK-N-AS cells were inoculated into athymic
nude mice to generate high-risk tumors with 11q deletion. After solid tumors became visible
and assessable, tumor volumes were measured daily for comparisons of WT and KO groups.
Tumors generated by EP2-ablated NB cells showed a significant decrease in volumes when
compared with the WT NB (p < 0.001 at measurement days 20-23), whereas there was

no difference in tumor volume between the two KO groups (Figure 4E). Intriguingly, the
growth of tumors formed by the two EP2 KO cell lines appeared to be completely prevented,
demonstrated by the virtually flat tumor growth curves (Figure 4E). The WT tumors were
physically larger than those formed by EP2 KO cells, whereas the tumors formed by the

two EP2 KO cell lines did not differ from each other (Figure 4F). Notably, the average
weight of EP2 KO tumors was only about less than 10% of the tumors generated by the

WT NB cells (p = 0.012; Figure 4G). The lack of EP2 expression in tumors formed by

these two EP2-deficient NB cell lines was confirmed by immunohistochemistry (Figure 4H).
Other than the tumor burden, mice were overall healthy without showing any behavioral
abnormality or weight loss. Taken together, these findings suggest that the EP2 activity is
required for the human high-risk NB cells to develop tumors.

Conditional knockdown or pharmacological inhibition of EP2 impairs NB

The blockade of tumor formation by EP2 ablation in NB cells inspired us to study the
effects of inducible short hairpin RNA (shRNA)-mediated knockdown (KD) of the receptor
in established tumors. We first created SK-N-AS cells in which EP2 expression was reduced
to only about one-third of that in WT cells after treatment with doxycycline to induce EP2
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shRNA (Figure 5A). We then inoculated the WT and EP2 KD cells into athymic nude

mice to create xenografts. With solid tumors visibly developed, mice were treated with
doxycycline daily to downregulate EP2. We found that the doxycycline-induced KD of EP2
substantially decreased tumor volumes when compared with the WT control (p < 0.001

at measurement days 20-26; Figure 5B). After dissection of tumors for analyses (Figure
5C), it was found that the tumor weights on average were considerably reduced by EP2

KD (p = 0.0004; Figure 5D). The doxycycline-induced reduction in EP2 expression of KD
tumors was confirmed by immunohistochemistry (Figure 5E). These results suggest that the
conditional inducible KD of EP2 in NB cells after tumors were established was able to
suppress their further development and progression.

The encouraging results from studies on CRISPR-Cas9-based KO and inducible shRNA-
mediated conditional KD of EP2 led us to determine the effects of pharmacological
inhibition of EP2 by our antagonists in NB cells on the development and progression of
tumors. We chose to test compound TG6-129 for EP2 receptor inhibition in NB models
because it has a longer terminal half-life (2.7 h) in mice than compounds TG4-155 (0.6 h)
and TG6-101 (1.6 h) (Figure 3G) (Du et al., 2016; Ganesh et al., 2013; Jiang et al., 2012).
To test TG6-129 in NB xenografts, each mouse was inoculated with SK-N-AS cells into
two different flank sites. After solid tumors were developed, animals were randomized and
treated with TG6-129 (0, 10, or 20 mg/kg intraperitoneally [i.p.]). The mice were treated
only once daily because, with a single systemic injection (10 mg/kg i.p.) in mice, the
projected concentration of TG6-129 in the circulatory system should be above its EP2 ICxj
value (192 ng/mL or 0.39 uM; Figure 3C) in NB cells for up to 24 h (Figure 3G). The
tumor volumes were measured on a daily basis and compared between treatment groups.
After treatment for 18 days, tumors were collected, weighed, and analyzed. Interestingly,
TG6-129-treated mice (both 10 and 20 mg/kg) showed significant decreases in tumor size
when compared with vehicle-treated mice (p < 0.001 at days 15-18; Figure 5F). The weight
of SK-N-AS tumors on average was decreased to ~35-40% of control by treatment with
TG6-129 (p = 0.003 and 0.005 for 10 and 20 mg/kg, respectively; Figure 5G). Other than the
tumor burden, animals from all groups were overall healthy without showing any behavioral
abnormality or considerable weight loss by the treatment with vehicle or TG6-129. Our data
together suggest that PGE, cAMP signaling via EP2 is involved in NB growth, and this
Gas-coupled receptor might represent a potential molecular target for NB treatment.

We next performed immunohistochemistry to examine the effects of EP2 inhibition by
TG6-129 on the proliferative index of NB cells /7 vivo. Immunostaining for Ki-67, a

nuclear protein commonly used as a cellular marker for proliferation, was utilized to identify
proliferating cells in subcutaneous NB tissues. We found that the systemic treatment with
TG6-129 substantially decreased the proliferation of tumors formed by SK-N-AS cells in a
dose-dependent manner: 25% reduction by 10 mg/kg dose and 55% reduction by 20 mg/kg
dose (p = 0.004 and p < 0.001 for 10 and 20 mg/kg, respectively; Figure 5H). These findings
indicate that the PGE, signaling via EP2 receptor promotes the tumorigenic potential of
high-risk NB cells.

Microvascular proliferation is a hallmark of higher malignancy and a cardinal characteristic
of NB, especially in the advanced and aggressive stages (Rossler et al., 2008). It is
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often indicated by the expression of the PECAM-1 or CD31, a common biomarker for
angiogenesis in various tumors (DeLisser et al., 1997). We were thereby interested in
determining whether PGE, signaling via EP2 receptor contributes to the elevation of CD31
in NB. We first performed CD31 immunofluorescent staining of 11qg-deleted xenograft
samples and quantitated their vascular areas. We found that TG6-129 treatment largely
decreased the vascular areas in SK-N-AS cell-derived tumors in a dose-dependent manner:
63% reduction by 10 mg/kg TG6-129 and 87% reduction by 20 mg/kg dose (p = 0.025

and p = 0.004, respectively; Figure 51). We next examined the expression of CD31 in

NB from the four major human patient cohort studies on R2 database platform (SEQC,
Kocak, Versteeg, and NRC) and found that the EP2 receptor consistently displayed positive
correlation in expression with CD31 across all these patient datasets (Figure S3). Similar
outcomes were found between EP2 and several other common angiogenesis biomarkers
important for NB, such as VEGF and VEGFR (Figure 1D) (Jakovljevic et al., 2009), as well
as ENG (also known as CD105, encoded by ENG) (Figure S4), which contributes to the
tumor microenvironment and treatment resistance in NB (Cavar et al., 2015; Pezzolo et al.,
2007; Wu et al., 2019). These findings, taken together, revealed an essential role for PGE,
signaling via EP2 in microvascular proliferation of high-risk NB.

Pharmacological inhibition of EP2 suppresses MYCN-amplified NB

The amplification of proto-oncogene MYCN is the most common and best-characterized
genetic marker of high risk in NB to date (Huang and Weiss, 2013; Irwin et al., 2021);
therefore, we next investigated the role of EP2 receptor in MYCN-amplified NB. We

first examined the PGE,-mediated cAMP signaling in human NB cell line BE(2)-C, in
which MYCNis highly amplified and expressed. Treatment with PGE, and selective

EP2 agonist butaprost, but not the selective EP4 agonist CAY 10598, induced concentration-
dependent cAMP synthesis in BE(2)-C cells (Figure 6A). We further found that the PGE,-
stimulated cAMP signaling in these cells was inhibited by EP2 antagonist TG6-129 also in
a concentration-dependent manner (Figure 6B), suggesting that the EP2 is a dominant Gas-
coupled receptor in BE(2)-C cell line. It appeared that our compound TG6-129 inhibited
EP2 receptor activation in BE(2)-C cells via a competitive mechanism with a Schild Kg

of 7.72 nM (Figure 6C), which is very similar to that in 11g-deleted SK-N-AS cells (5.96
nM; Figure 3F), demonstrating the effectiveness of our EP2 antagonists in blocking the
PGE,/EP2 signaling in NB cells with distinct risk factors.

We then evaluated the effects of pharmacological inhibition of the EP2 receptor on MYCN-
amplified tumors formed by BE(2)-C cells in athymic nude mice. After solid tumors were
developed, mice were treated by vehicle or EP2 antagonist TG6-129 (20 mg/kg i.p.) for
about 3 weeks, followed by dissection of tumors for comparisons. TG6-129-treated mice
showed a significant decrease in tumor volumes when compared with vehicle-treated mice
(p < 0.001 at days 17-21; Figure 6D). The weight of MYCN-amplified tumors on average
was reduced to nearly 60% with treatment of TG6-129, when compared with vehicle
treatment (p = 0.0376; Figure 6E). Other than the tumor burden, mice were overall healthy
and did not display any behavioral deficits or considerable weight loss.
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Among the five types of prostanoid, PGE; is most relevant to tumorigenesis and is well
known for its multifaceted roles in tumor-associated inflammation and microenvironment
(Nakanishi and Rosenberg, 2013; Wang and DuBois, 2016). PGE, receptor EP2 is highly
correlated to several key pro-inflammatory cytokines in NB, such as IL-1f and IL-6 (p <
0.001; Figure 1D). We then performed immunostaining for IL-1p and IL-6 to indicate the
inflammation in subcutaneous tumors and found that both cytokine levels were substantially
diminished in BE(2)-C tumors from EP2 antagonist-treated mice compared with their
vehicle-treated peers (p = 0.003 for IL-1p; p = 0.0057 for IL-6; Figure 6F). Immunostaining
results further revealed that levels of apoptotic markers cleaved caspase-3 (c-Casp3) and
poly (ADP-ribose) polymerase (c-PARP) were increased in TG6-129-treated xenografts (p <
0.001; Figure 6G), indicating that an apoptotic mechanism might be involved in suppressive
effects of EP2 antagonism on MYCN-amplified NB.

EP2 inhibition suppresses syngeneic NB in immunocompetent hosts

PGE, has long been known as an essential immune modulator and plays considerable roles
in regulating the inflammatory microenvironments (Aoki and Narumiya, 2017; Ma et al.,
2015). We next evaluated the effects of TG6-129 on syngeneic tumors formed by mouse NB
cell line NXS2 in A/J inbred mice. Resembling human NB cell lines, NXS2 also engages
EP2 as a predominant Gas-coupled PGE, receptor to mediate cCAMP signaling (Figure 2A).
The NXS2 cell line was originally derived from A/J mice and expresses MYCN (Lode et
al., 1997; Stermann et al., 2015). The identical strain of host and cell line prevents tumor
rejection, allowing testing of immune/inflammation-targeting agents in immunocompetent
hosts. After solid syngeneic tumors were developed, A/J mice were treated by vehicle or
EP2 antagonist TG6-129 (20 mg/kg i.p.) for about 3 weeks, followed by dissection of
tumors for analyses and comparisons. It appeared that TG6-129-treated mice showed a
significant decrease in tumor volumes when compared with vehicle-treated mice (p < 0.001
at days 17-20; Figure 7A). The weight of allografts on average was reduced to ~63% by
treatment with TG6-129 (p = 0.0329; Figure 7B). Other than the tumor burden, mice in
general were healthy and did not show noticeable behavioral abnormality or significant
weight loss.

Immunostaining results further revealed that the treatment with our EP2 antagonist TG6-129
decreased the tumor cell proliferation indicated by Ki-67 expression and the microvascular
areas illustrated by CD31/PECAML1 distribution in tumor tissues (p = 0.0002 for Ki-67; p

= 0.0022 for CD31; Figure 7C). Likewise, the expression of pro-inflammatory cytokines
IL-1pB and IL-6 was also substantially reduced in tumors of mice that were treated by the
EP2 antagonist when compared with vehicle control (p = 0.0008 for IL-18; p < 0.0001 for
IL-6; Figure 7D). In line with results in xenografts, the levels of both apoptotic markers
c-Casp3 and c-PARP were increased in TG6-129-treated allografts (p = 0.0099 for c-Casp3;
p = 0.0005 for c-PARP; Figure 7E). These findings collectively suggest that the suppressive
effects of EP2 inhibition on syngeneic allografts are positively associated with reductions
in tumor cell proliferation, angiogenesis, and inflammatory cytokines. Given that the tumor
growth was not fully inhibited and there was no indication of tumor shrinkage in TG6-129-
treated animals, whether apoptotic mechanisms are involved in TG6-129-mediated tumor
suppression remains to be determined.
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DISCUSSION

We performed comprehensive analyses of gene expression and survival probability in several
large cohort studies of NB patients, which led us to hypothesize that PGE, signaling via
EP2 receptor plays an essential role in COX activity-associated NB growth. We tested

this hypothesis using both pharmacological and genetic approaches and demonstrated

that EP2 is the dominant Gas-coupled receptor that mediates COX/PGES/PGE,/cAMP
signaling in NB cells with high-risk factors, such as MYCN amplification and 11q

deletion. We showed that genetic ablation and conditional depletion of EP2 were able to
impair the development and progression of NB xenografts, respectively. Our results also
demonstrated that pharmacological inhibition of EP2 by a bioavailable small-molecule
antagonist TG6-129 substantially decreased the aggressiveness of high-risk NB cells.
Importantly, results from studies on xenografts in nude mice were largely recapitulated in
syngeneic tumors developed in immunocompetent hosts. Lastly, EP2 inhibition by TG6-129
showed anti-inflammatory, antiangiogenic, and apoptotic effects in NB, which may underlie
the mechanisms of its anti-proliferative actions. Taken together, our findings establish PGE,
receptor EP2 as an appealing therapeutic target for high-risk NB.

COX activity is often elevated in tumor tissues, and its expression level is highly

correlated with tumor aggressiveness (Mantovani et al., 2008; Wang and Dubois, 2010).
COX thus was once considered as a favorable therapeutic target for various cancers.
However, the feasibility of blocking COX cascade using nonsteroidal anti-inflammatory
drugs (NSAIDs) or COX-2-selective inhibitors (Coxibs) to interrupt the tumor progression
has been dampened. Long-term consumption of these drugs can increase the potential risk of
adversative effects particularly on gastrointestinal tract and microvascular systems that may
lead to myocardial infarction, stroke, and even mortality (Grosser et al., 2010). The past two
decades already witnessed a mounting recognition of these life-threatening consequences
and the subsequent withdrawal of two legendary COX-2 inhibitor drugs, rofecoxib and
valdecoxib. These disappointing outcomes are not unanticipated, because COX activity
leads to the synthesis of five types of prostanoids that in turn can activate a total of

nine GPCRs, implementing a myriad of detrimental and beneficial actions (Hirata and
Narumiya, 2011; O’Callaghan and Houston, 2015; Wang and Dubois, 2010). Particularly,
COX inhibition can decrease the systemic prostacyclin (also known as prostaglandin I,
[PGI5]), another enzymatic product of COX that acts as a vasodilator and platelet inhibitor,
thereby increasing cardiovascular risk (Yu et al., 2012). This monumental lesson, although
disheartening, inspired us and others to seek the next-generation therapeutic targets from
the COX downstream prostanoid synthases or receptors (Jiang and Dingledine, 2013a; Jiang
etal., 2017). As such, blocking mPGES-1 enzyme has been proposed as an alternative
strategy to suppress NB tumor growth, which is considered more specific than COX
inhibition because it disrupts only PGE, synthesis without affecting other COX-derived
biolipids like PGD,, PGF,,, and PGI, (Kock et al., 2018, 2020). Likewise, in this work,

we presented evidence that targeting PGE, receptor EP2 might represent another feasible
therapeutic strategy for NB. Blocking EP2 activation potentially provides even higher
therapeutic specificity than inhibiting mPGES-1 because it should not affect other PGE,
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receptor subtypes, particularly EP3 and EP4, whose expression in NB is correlated with the
decreased aggressiveness (Figure 1A) and low N-Myc expression (Figure S2).

PGE; has been reported to regulate tumorigenesis through all four EP receptors, among
which the Gas-coupled EP2 and EP4 have been mostly studied for their potential roles in
the development and progression of tumors, including those of breast, colon, lung, ovary,
prostate, skin, and stomach (Hsu et al., 2017; Jain et al., 2008; Jiang and Dingledine,
2013a; Ma et al., 2012; Okuyama et al., 2002; Rundhaug et al., 2011; Spinella et al., 2004;
Wang et al., 2018). It appears that EP2 and EP4 are ubiquitously present in most tumors
and likely function synergistically to enhance cancer cell activities because both receptors
in a very similar way can trigger CAMP signaling, as well as the G protein-independent
pathway (Jiang et al., 2017). However, in contrast with EP2 receptor’s tumor-promoting
roles in NB, the EP4 signaling appears to be positively associated with the probability

of survival in NB patients (Figure 1A). Moreover, there is an inverse correlation of EP4
receptor and MYCN expression with similar results in R2 NB datasets (Figure S2). Indeed,
the PGE,-promoted cAMP singling in various human NB cell lines is mainly mediated

by the EP2 receptor, although some of these cells might also express functional EP4 at
relatively low levels (Figure 2A). Conversely, EP4 is the dominant PGE; receptor subtype
for cAMP production in normal human fibroblast cells (Figure 2A). Nonetheless, whether
the EP4 receptor signaling down- or upregulates the growth of NB remains to be determined.

PGE; signaling via EP2 receptor has emerged as an essential contributor to tumor growth
engaging mechanisms including, but not limited to, (1) inducing reactive mediators for
tumor cell growth, including pro-inflammatory cytokines and growth factors (Donnini

et al., 2007; Jiang and Dingledine, 2013b; Ma et al., 2015; Merz et al., 2016); (2)
promoting angiogenesis via activating VEGF and fibroblast growth factor (Finetti et al.,
2008; Kamiyama et al., 2006; Trau et al., 2016); and (3) creating immunosuppressive
microenvironments that allow tumor cells to escape immunosurveillance (Aoki and
Narumiya, 2017; Khan et al., 2022; O’Brien et al., 2014). The molecular mechanisms by
which PGE,/EP2 signaling promotes NB progression are not fully understood. However,
we previously revealed that EP2 receptor activation can induce pro-inflammatory cytokines
(Jiang and Dingledine, 2013b; Jiang et al., 2012; Quan et al., 2013). Indeed, we showed
here a positive correlation between EP2 and a flock of essential tumor-promoting cytokines,
chemokines, growth factors, and corresponding receptors in human NB tumors (Tables
S1-S4). Particularly, the expression of EP2 receptor is highly correlated with that of a
number of the most pronounced angiogenesis biomarkers, including PECAM-1 (CD31)
and ENG (CD105) (Figures 1D, S3, and S4), indicating an angiogenic role of PGE,/EP2
signaling in NB. The likely involvement of EP2 receptor in microvascular proliferation of
NB was further supported by evidence that EP2 inhibition by TG6-129 decreased the CD31
levels in high-risk NB xenografts and allografts (Figures 51 and 7C). However, our results
cannot exclude the possibility that the downregulated CD31 in tumor tissues was merely

a consequence of reduced NB cell proliferation, because smaller tumors likely require less
vascularization to survive. In contrast with the well-known conception that angiogenesis

is a major contributory factor in creating malignant NB (Roy Choudhury et al., 2012),
some angiogenic growth factors and receptors, such as VEGFA and VEGFR2, correlate

to a favorable prognosis in patients with NB (Becker et al., 2010; Weng et al., 2017).
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Intriguingly, this aligns with the finding that the EP2 receptor poorly correlates with VEGFA
and VEGFR2, because their correlations were found to be nonsignificant in three of the four
major R2 NB datasets (Figure 1D). Nevertheless, whether and how EP2 contributes to NB
growth via promoting angiogenesis remains to be determined.

In summary, this work provides proof-of-concept evidence that PGE signaling via EP2
receptor might represent an appealing anti-inflammatory target for the treatment of NB with
various high-risk factors. The pharmacological study was guided by pharmacokinetic and
pharmacodynamic properties of our EP2 antagonists and validated by genetic strategies
using CRISPR-Cas9-based KO and inducible shRNA-mediated conditional KD. These
findings together raise a notion that EP2 antagonism is an alternative strategy to

inhibiting PGE, synthesis for chemoprevention of childhood cancers with higher therapeutic
specificity. Considering its significant therapeutic effects in high-risk NB models, the
favorable pharmacokinetic and pharmacodynamic profiles, and its high drug-likeness based
on Lipinski’s rule of five (Table S5), our current lead EP2 antagonist TG6-129 is well
positioned as a prime candidate for further development and progression to more intense
pre-clinical and clinical studies.

Limitations of the study

The overall effects of pharmacological inhibition of EP2 by TG6-129 on NB growth were
not as great as that of either genetic deletion or inducible depletion of the receptor in tumor
cells. Therefore, it is highly desired that the potency and pharmacokinetic properties of

the compound should be further improved for more robust effects. Moreover, it appears

that TG6-129 showed reduced efficacy in suppressing the growth of MYCN-amplified NB
cells when compared with NB cells with 11q deletion, and this can be explained by the
higher aggressiveness of MYCN-amplified NB tumors. As such, future studies should also
be directed to evaluate the combined treatment of EP2 antagonists and current chemotherapy
drugs in MYCN-amplified and immunocompetent models of NB.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Jianxiong Jiang (jjiang18@uthsc.edu).

Materials availability—All plasmids and cell lines generated in this study are available
from the lead contact upon request with a completed Material Transfer Agreement.

Data and code availability
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Cell lines

Human NB cell lines SK-N-AS (sex: female), SK-N-SH (sex: female), SH-SY5Y (sex:
female), SK-N-BE(2) (sex: male), BE(2)-C (sex: male), IMR-32 (sex: male), mouse NB
cell line Neuro-2a (sex: male), and human normal fibroblast cell line Hs68 (sex: male)
from the American Type Culture Collection (ATCC) were cultured in Dulbecco’s Modified
Eagle’s medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS,
HyClone) and penicillin (100 U/mL)/streptomycin (100 pg/mL) (Gibco). Human NB cell
lines CHLA-90 (sex: male), CHLA-136 (sex: female), NB-EBc1 (sex: male), and NB-1691
(sex: male) from Childhood Cancer Repository were grown in Iscove’s Modified Dulbecco’s
Medium (Gibco) plus 20% FBS, 4 mM L-glutamine, 1 x ITS (5 pg/m/insulin, 5 pg/mL
transferrin, 5 ng/mL selenous acid), and penicillin (100 U/mL)/streptomycin (100 pg/mL).
Human NB cell line SiMa (sex: male) was purchased from DSMZ-German Collection of
Microorganisms and Cell Cultures and cultured in RPMI 1640 medium (Gibco) with 10%
FBS, 2 mM L-glutamine, and penicillin (100 U/mL)/streptomycin (100 pg/mL). Mouse NB
cell line NXS2 was obtained from the Scripps Research Institute and cultured in DMEM
plus 10% FBS and penicillin (100 U/mL)/streptomycin (100 pg/mL). All cell lines were
validated by short tandem repeat (STR) using Promega PowerPlex 16 HS System and were
regularly tested for contamination of mycoplasma by e-Myco PCR (Bulldog Bio) and were
mycoplasma-free throughout this study. Cells were cultured in a humidified incubator at
37°C with 5% CO,.

Mice—Athymic nude mice (4—6 weeks, female, Charles River Laboratories or Envigo) and
AJJ inbred mice (4-6 weeks, female, Jackson Laboratory) were housed under a 12-h light/
dark cycle with food and water ad /ibitum. Every effort was made to lessen animal suffering.
All animal procedures followed the institutional and IACUC guidelines at the University of
Tennessee Health Science Center. To create flank tumors, mice were subcutaneously injected
with NB cells mixed with Matrigel while the animals were anesthetized with isoflurane

to enable an accurate site of injection. Tumor growth was monitored by measuring tumor
volume daily using the formula: V = (width)Z x (length) x 0.5. After solid tumors appeared,
mice were randomized and treated with either vehicle (4% DMSO +80% PEG 400 + 16%
H,0) or selective EP2 antagonist TG6-129 as indicated in each experiment.

METHOD DETAILS

The gene-expression database R2—Gene-expression analyses of the impact of PGE,
signaling-associated enzymes and receptors including two cyclooxygenases (COXs), three
prostaglandin E synthases (PGESs) and four PGE, receptors (EPS) on the overall survival in
NB patients were performed using a publicly available database (R2 Genomics Analysis and
Visualization Platform: http://r2.amc.nl). The NB patient datasets used in this study include
SEQC-498, Kocak-649, Versteeg-88, and Primary NRC-283.

Correlation analysis of gene expression—For correlation analysis of multiple gene

expression in human NB samples, mMRNA expression data were extracted from the NB
datasets on R2 database and analyzed using Pearson correlation coefficient analysis.
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Cell-based cAMP assay—Cytosol cAMP was measured using a cell-based
homogeneous time-resolved fluorescence resonance energy transfer (TR-FRET) method
(Cisbio Bioassays) (Jiang et al., 2010, 2018). The assay is based on the generation of a
strong FRET signal upon the interaction of two fluorescent molecules: FRET donor cryptate
linked with anti-cAMP antibody and FRET acceptor d2 coupled to cAMP. Endogenous
cAMP synthesized by cells upon stimulation competes with fluorescence-labeled cAMP
for binding to the cAMP antibody, and thus decreases the FRET signal. Human NB cells
or normal control fibroblast cells were seeded into 384-well plates with 40 pl complete
medium (~4,000 cells/well) and grown overnight. The medium was completely withdrawn
and 10 pl Hanks’ Balanced Salt solution (HBSS) supplemented with 20 uM rolipram was
added into the wells to block phosphodiesterases that might metabolize cAMP. The cells
were incubated at room temperature for 30 min, and then treated with vehicle or tested
compounds for 5-10 min before incubation with appropriate agonists for 40 min. The cells
were lysed in 10 pL lysis buffer containing the FRET acceptor cAMP-d2 and 1 min later
another 10 uL lysis buffer with anti-cAMP-cryptate was added. After incubation for 1 h

at room temperature, the FRET signal was measured by a 2104 Envision Multilabel Plate
Reader (PerkinElmer) with an excitation at 340/25 nm and dual emissions at 665 nm and
590 nm for d2 and cryptate (100 ps delay), respectively. The FRET signal was expressed as
F665/F590x10%.

CRISPR/Cas9-mediated gene knockout—Human NB cell lines lacking the EP2
receptor (EP27/~) were generated by CRISPR/Cas9-based genome editing (Addgene)
(Shalem et al., 2014; Zelenay et al., 2015), as we previously described (D’Oto et al.,

2021; Hu et al., 2018). To create the EP2 knockout (KO) NB cells, sgRNAs targeting

human EP2 genome (EP2 KO1: 5'-CGTACGAAGCCAGTACCACT-3"; EP2 KO2: 5’-
GGTCATGGCGAAAGCGAAGT-3") were cloned into the BsmBlI sites of lentiCRISPRv2
vector. The 293T cells were transfected with lentiCRISPRv2 (as wild-type control),
lentiCRISPRv2_KO1, or lentiCRISPRv2_KO2 along with packaging and envelope plasmids
psPAX2 and pMD2.G (w/w/w: 4/3/1) using Lipofectamine 2000. Viral supernatants were
harvested 48 h after transfection. Human NB cells SK-N-AS were transduced by lentiviruses
using 10 ug/mL polybrene, and cells were then selected under puromycin (2 pg/mL).
Targeted clones (EP27/") were screened and verified by sequencing, qPCR, and cell-based
TR-FRET functional assay.

Inducible conditional knockdown of EP2—NB cells with conditional knockdown
(KD) of EP2 were generated using Tet-inducible lentiviral ShRNA (Horizon Discovery)
targeting human EP2 (5’ -TGAAGTTTAATCTGGTCTG-3") as we previously described
(Singh et al., 2021). In brief, lentiviral particles were packaged in 293T cells with
pTRIPZ-shRNA plasmid and packaging vectors psPAX2 and pMD2.G (w/w/w: 4/3/1) using
Lipofectamine 2000. Viral supernatants were harvested 48 h after transfection. Human NB
cells SK-N-AS were transduced by lentiviruses using 10 pg/mL polybrene, and cells were
then selected under puromycin (2 pg/mL). Expression of EP2 shRNA was induced by
treatment with 0.5 pg/mL doxycycline, and the efficacy of EP2 KD was verified by gPCR.
To induce EP2 KD in subcutaneous tumors formed by NB cells, mice were treated by
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doxycycline (50 mg/kg, i.p.) daily. The efficacy of EP2 KD in tumor tissues was verified by
immunohistochemistry.

Quantitative PCR—The mRNA levels of interested genes were quantified by quantitative
PCR (gPCR) as described previously (Kang et al., 2017; Li et al., 2020). The total RNA
was isolated using TRIzol (Invitrogen) with the PureLink RNA Mini Kit (Invitrogen). RNA
purity and concentration were measured by A260/A280 ratio and A260 value, respectively,
using a NanoDrop One microvolume spectrophotometer (Thermo Scientific). The first-
strand cDNA was synthesized using the SuperScript 111 First-Strand Synthesis SuperMix
(Invitrogen) following the product manual. The gPCR was performed using 8 pl of 10x
diluted cDNA, 0.4 uM of primers, and 2x SYBR Green SuperMix with a final volume

of 20 pl in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories).
Cycling conditions were as follows: 95°C for 2 min followed by 40 cycles of 95°C for

15 s and then 60°C for 1 min. Melting curve analysis was used to verify single-species
PCR product. Fluorescent data were acquired at the 60°C step. The cycle of quantification
for GAPDH was subtracted from the cycle of quantification measured for each gene of
interest to yield ACq. Samples without cDNA template served as negative controls. The
gPCR primers for human EP2 receptor: forward, 5 -TTGGGTCTTTGCCATCCTTAG-3';
reverse, 5'-AGGAAGTTTGTGTTGCATCTTG-3’. Primers for human GAPDH: forward,
5 -GTCAAGGCTGAGAACGGGAA-3’; reverse, 5 -AAATGAGCCCCAGCCTTCTC-3’.

Neurosphere and colony formation assay—Neurosphere and colony formation
assays were performed as we previously described (Yang et al., 2017). For neurosphere
formation assay, human NB cells were seeded onto an ultra-low attachment 6-well plate
(Corning) with a density of 5x104 cells/well. Tested compounds were added to the culture
medium directly at concentrations indicated. Neurospheres formed by NB cells typically
began to show 72 h after seeding and continued being monitored under a microscope. At the
end point of the treatment, the neurospheres were analyzed and diameters were measured
using ImageJ software developed by the National Institutes of Health (NIH).

For colony formation assay, cells were seeded in a regular 6-well cell culture plate with

a density of 4,000 cells/well. Two days later, cells were treated with tested compounds at
concentrations indicated. After 2 weeks, colonies formed by NB cells were fixed using 4%
paraformaldehyde (PFA) for 20 min and stained with 0.1% Crystal Violet (Sigma) for 1 h.
The stained cells were then washed with ddH,0 and scanned. The density of colonies was
analyzed and quantified using ImageJ software (NIH).

Immunohistochemistry—Subcutaneous tumors were harvested and sectioned (10 pm)
using an HM525 NX Cryostat (Thermo Scientific). The tumor tissue sections were fixed by
4% PFA at room temperature for 15 min and permeabilized with 0.25% Triton X-100 at
room temperature for 10 min. After blocking in 10% goat serum in PBS at room temperature
for 1 h, the sections were incubated in primary antibodies at 4°C overnight: rabbit anti-
Ki-67 (1:200, Biocare Medical, Cat# CRM 325B); rat anti-cluster of differentiation 31
(CD31) (1:200, eBioscience, Cat# 14-0311-82); rabbit anti-EP2 (1:100, Cayman Chemical,
Cat# 101750); mouse anti-IL-1p (1:100, Cell Signaling Technology, Cat# 12242S); rabbit
anti-1L-6 (1:100, Santa Cruz Biotechnology, Cat# sc-1265); rabbit anti-cleaved caspase-3
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(1:200, Cell Signaling Technology, Cat# 9664T); rabbit anti-cleaved PARP (1:200, Cell
Signaling Technology, Cat# 5625S). The sections were washed with PBS and incubated

with secondary antibodies: goat anti-rabbit IgG-Alexa Fluor 488 (1:1,000, Invitrogen, Cat#
A-11034), goat anti-rabbit IgG-Alexa Fluor 546 (1:1,000, Invitrogen, Cat# A-11035), goat
anti-mouse 1gG-Alexa Fluor 488 (1:1,000, Invitrogen, Cat# A-11001), or goat anti-rat IgG-
Alexa Fluor 488 (1:1,000, Invitrogen, Cat# A-11006), at room temperature for 2 h and DAPI
(1 pg/mL in PBS) for 10 min. Stained sections were mounted on slides using DPX Mountant
(Electron Microscopy Sciences). Images were obtained using a fluorescence microscope
BZ-X800 (KEYENCE). The fluorescence intensity was quantified using ImageJ software
(NIH).

QUANTIFICATION AND STATISTICAL ANALYSIS

The concentration-response curves of tested agonists and antagonists were generated and
ECsg and 1C5q values were calculated using OriginPro software (OriginLab). Statistical
analyses were performed using Prism (GraphPad Software) by paired/unpaired #test or one-
way/two-way ANOVA with post-hoc Dunnett’s test for multiple comparisons as indicated
in each experiment. The correlation analyses were performed using Pearson’s correlation
coefficient. p < 0.05 was considered statistically significant. All data are presented as mean
+or + SEM.
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Refer to Web version on PubMed Central for supplementary material.
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EP2 is a leading Gas-coupled receptor for PGE,-initiated cAMP signaling in
NB cells

Genetic deficiency of EP2 prevents the development and progression of high-
risk NB

Treatment with our EP2 antagonist TG6-129 impairs NB with high-risk
genetic factors

EP2 inhibition shows anti-inflammatory, antiangiogenic, and apoptotic effects
in NB
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Figure 1. PGE> receptor EP2 is highly associated with high-risk NB
(A) Heatmap analyses of R2 NB patient dataset SEQC (N = 498) reveal that, among

all PGE,-related enzymes and receptors, including COX-1 (encoded by P7GSI), COX-2
(PTGS2), mPGES-1 (PTGES), mPGES-2 (PTGES?2), cPGES (PTGES3), EP1 (PTGERYI),
EP2 (PTGER2), EP3 (PTGERS3), and EP4 (PTGER4), expression of EP2 receptor shows
the highest increase (***p = 5.1E-5, ANOVA) in tumors of nonsurvival patients (N = 105)
compared with survival patients (N = 393). Conversely, EP3 and EP4 are downregulated in
nonsurvival patients (**p = 0.0028 and ***p = 6.4E-8, respectively, ANOVA).
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(B) Patients with high EP2 expression show poorer overall survival across all four major NB
datasets in the R2 database, SEQC (p = 2.3E-8, N = 498), Kocak (p = 4.7E-11, N = 476),
Versteeg (p = 8.3E-5, N = 88), and NRC (p = 2.9E-8, N = 283), analyzed by Kaplan-Meier
estimator with post hoc log rank test.

(C) Violin plot with box reveals the differential expression of the EP2 in NB with or without
high-risk factor MYCN amplification in patients (p = 1.5E-10 in SEQC dataset; p = 1.5E-
14 in Kocak; p = 0.018 in Versteeg; p = 4.4E-7 in NRC, t test).

(D) EP2 highly correlates with tumor-promoting cytokines, chemokines, growth factors, and
their receptors across all four major NB datasets in the R2 database (*p < 0.05; **p < 0.01;
#p < 0.001, Pearson’s correlation coefficient analysis).

INSS, International Neuroblastoma Staging System; N/A, data not available.
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Figure 2. PGE> dominantly mediates cAMP signaling in NB cells

(A) Human NB cell lines (SK-N-AS, SK-N-SH, SH-SY5Y, CHLA-90, NB-EBc1, SK-N-
BE(2), BE(2)-C, CHLA-136, SiMa, IMR-32, NB-1691), human fibroblast cell line Hs68,
and mouse NB cell lines (Neuro-2a and NXS2) were treated with PGE, (10 pM), selective
EP2 agonist butaprost (10 uM), EP4 agonist CAY10598 (10 pM), or forskolin (100 uM) as
positive control. The cCAMP signaling in these cells was detected by a TR-FRET method
(n =4-6, *p < 0.05; **p < 0.01; ***p < 0.001, compared with the control group, one-way
ANOVA and post hoc Dunnett’s test). Data are presented as mean + SEM.

(B) The cAMP production via EP2 receptor activation by butaprost and EP4 activation by
CAY10598 in all 13 NB cell lines was compared (p < 0.0001, two-tailed paired t test).
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Figure 3. EP2 is the main receptor for PGE,/CAMP signaling in NB cells
(A) PGE, and EP2 agonist butaprost, but not EP4 agonist CAY 10598, induced cCAMP in

human 11g-deleted NB cell line SK-N-AS in a concentration-dependent manner (n = 4). The
calculated PGE; half maximal effective concentration (ECsg) was 0.04 uM and butaprost
ECso was 0.17 uM. Data are presented as mean + SEM.

(B) Chemical structures of our EP2 antagonists: TG4-155, TG6-10-1, TG6-129
(SID17503974), and SID26671393.
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(C) EP2 antagonists TG4-155, TG6-10-1, TG6-129, SID26671393, and PF04418948, but
not EP4 antagonist GW627368X, inhibited 1 uM PGEy-induced cAMP production in human
NB cell line SK-N-AS in a concentration-dependent manner (n = 4). The half maximal
inhibitory concentration (ICgq) values: 0.07 uM for TG4-155; 1.75 uM for TG6-10-1; 0.39
UM for TG6-129; 1.13 uM for SID26671393; 0.26 uM for PF04418948. Data are presented
as mean = SEM.

(D) TG4-155, TG6-10-1, TG6-129, SID26671393, and PF04418948 (all 1 uM) showed
robust inhibition on PGE,-induced cAMP production in SK-N-AS cells (n = 4). PGE; ECg
values: 0.04 pM for control; 16.81 uM for TG4-155; 3.65 uM for TG6-10-1; 8.22 uM for
TG6-129; 1.54 uM for SID26671393; 6.17 uM for PF04418948. Data are presented as mean
+ SEM.

(E) TG6-129 (left) and SID26671393 (right) inhibited PGE,-induced EP2 activation in
SK-N-AS cells in a concentration-dependent manner (n = 4). PGE, ECsq values: 0.04 uM
for control; 0.08, 0.81, and 8.22 uM for 0.01, 0.1, and 1 uM TG6-129, respectively; 0.05,
0.15, and 1.54 uM for 0.01, 0.1, and 1 pM SID26671393, respectively. Data are presented as
mean + SEM.

(F) Tested compounds inhibited EP2 in SK-N-AS cells via a competitive mechanism
confirmed by Schild regression analyses (n = 4). TG4-155 Kg: 2.25 nM; TG6-10-1 Kg:
10.5 nM; TG6-129 Kg: 5.96 nM; SID26671393 Kg: 30.3 nM.

(G) After administration in mice (5 mg/kg i.p.), TG6-129, TG6-10-1, and TG4-155 showed
plasma half-life: 2.7, 1.6, and 0.6 h (n = 3). Note that the compound ICsg values for the EP2
receptor in NB cell line SK-N-AS are also indicated: 192 ng/mL or 390 nM for TG6-129,
34.4 ng/mL or 70 nM for TG4-155, and 862 ng/mL or 1.75 uM for TG6-10-1. Data are
presented as mean + SEM.
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Figure 4. Genetic deletion of EP2 receptor in human NB cells diminishes tumorigenesis
(A) CRISPR-Cas9-generated EP2 deletion in SK-N-AS cells was validated by gPCR. EP2

MRNA expression was detected in the wild-type (WT) cell line, but not in the two knockout
(KO) cell lines (KO1 and KO2) (n = 5). Data are presented as mean + SEM.

(B) The WT and KO cell lines were treated by PGE,, and cAMP levels in these cells were
measured by TR-FRET (n = 4). The calculated PGE, ECsy was 21 nM for the WT cell line
and >10 uM for KO1 and KO2 cell lines. Data are presented as mean + SEM.

(C) EP2 deletion by CRISPR-Cas9 or EP2 inhibition by TG6-129 (10 uM) decreased the
size of neurospheres formed by SK-N-AS cells, measured 7 days after seeding (n=7, F

[9]

Tumor weight
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(5, 36) = 37.11; p < 0.0001; multiple comparisons: ***p < 0.001 compared with control,
one-way ANOVA with post hoc Dunnett’s multiple comparisons test). Data are presented as
mean + SEM.

(D) EP2 deletion or treatment with TG6-129 (10 uM) for 2 weeks reduced colony density of
SK-N-AS cells (n =8, F(5, 42) = 8.063, p < 0.0001; multiple comparisons: *p < 0.05 and
***p < 0.001 compared with control, one-way ANOVA with post hoc Dunnett’s multiple
comparisons test). Note that TG6-129 did not decrease the neurosphere size or colony
formation in EP2-deleted SK-N-AS cell lines. Data are presented as mean + SEM.

(E) WT or EP2-deleted human NB cells SK-N-AS were inoculated (3 x 108 cells per

site) into athymic nude mice (female, 6 weeks). After solid tumors became visible, tumor
volumes were measured daily using the formula: V = (width)? x (length) x 0.5, and
compared (n = 6-12, F(2, 21) = 4.695, p = 0.0206; multiple comparisons: p = 0.0488 and
0.0399 for EP2 KO1 and KO2 compared with WT cell line, respectively, two-way ANOVA
and post hoc Dunnett’s multiple comparisons test). Data are presented as mean £ SEM.

(F) Tumors formed by WT, KO1, and KO2 cell lines were harvested and displayed for
comparisons.

(G) The SK-N-AS xenografts formed by EP2 KO1 cells and KO2 cells did not differ in
volume or weight, so they were combined for weight comparisons between WT and EP2 KO
groups (n =12, p = 0.0121, t test). Data are presented as mean + SEM.

(H) EP2 expression was detected in tumors formed by WT cells, but not in tumors of EP2
KO cells, by immunostaining for EP2 (green fluorescence). Note that nuclei within each
tumor were counterstained with DAPI (blue fluorescence). Scale bar, 50 um.
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Figure 5. Conditional knockdown (KD) or pharmacological inhibition of EP2 impairs 119-
deleted NB growth

(A) Human 11g-deleted SK-N-AS cells with conditional KD of EP2 were generated using
Tet-inducible lentiviral ShRNA. EP2 shRNA was induced by doxycycline (0.5 pg/mL), and
the efficacy of KD was validated by gPCR to measure EP2 mRNA levels. EP2 expression
was significantly decreased in EP2 KD cells by >65% when compared with WT cells (n = 4;
***n < 0.001, t test). Data are presented as mean + SEM.

(B) WT or EP2 KD SK-N-AS cells were inoculated (5 x 10° cells per site) into athymic
nude mice (female, 6 weeks). After solid tumors were well established, animals were treated
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with doxycycline (50 mg/kg i.p.) daily to deplete EP2 in tumor cells. Tumor volumes were
measured and compared (n = 10, ~(1, 18) = 23.9, p = 0.0001; multiple comparisons: ***p
< 0.001, two-way ANOVA and post hoc Dunnett’s multiple comparisons test). Data are
presented as mean + SEM.

(C) Tumors formed by WT and EP2 KD cell lines were collected and displayed.

(D) Xenografts formed by WT and EP2 KD cells were weighed and compared (n = 10; ***p
< 0.001, t test). Data are presented as mean + SEM.

(E) EP2 expression in WT and EP2 KD tumor tissues was examined by immunostaining
(green fluorescence). Scale bar, 50 pm.

(F) SK-N-AS cells were inoculated into athymic nude mice (female, 6 weeks) with two
injection sites per animal: 5 x 108 cells and 10 x 10° cells on each flank side. After solid
tumors were developed, vehicle or selective EP2 antagonist TG6-129 (10 or 20 mg/kg i.p.)
was administered daily for 18 consecutive days. Tumor growth was monitored by measuring
tumor volume daily. The SK-N-AS xenograft tumors formed by 5 x 10° cells and 10 x

108 cells did not differ in growth or size, so they were combined for comparisons between
treatment groups (n = 8-10, £ (2, 23) = 7.043, p = 0.004; multiple comparisons: p =

0.047 and 0.003 for 10 mg/kg treatment and 20 mg/kg treatment compared with control,
respectively, two-way ANOVA and post hoc Dunnett’s multiple comparisons test). Data are
presented as mean + SEM.

(G) Tumors were harvested after 18-day treatment for comparisons. All tumors were
weighed and compared between treatment groups (n = 8-10, F(2, 23) = 8.645, p =

0.002; multiple comparisons: p = 0.003 for 10 mg/kg treatment and p = 0.005 for 20

mg/kg treatment compared with control, one-way ANOVA with post hoc Dunnett’s multiple
comparisons test). Data are presented as mean + SEM.

(H) Immunostaining for Ki-67 (green fluorescence) was performed to identify proliferating
cells in subcutaneous tumor tissues. Ki-67 expression levels were measured via quantifying
the fluorescence intensity using ImageJ software and compared among groups (n = 4-5, £
(2, 10) = 39.87, p < 0.001; multiple comparisons: p = 0.004 for 10 mg/kg treatment and

p < 0.001 for 20 mg/kg treatment compared with control, one-way ANOVA with post hoc
Dunnett’s multiple comparisons test). Data are presented as mean + SEM. Scale bar, 50 um.
(1) Immunostaining for CD31 (PECAM-1, green fluorescence) was utilized to indicate the
microvessel density in subcutaneous tumors. CD31 levels were assessed via quantifying

the fluorescence intensity and compared (h = 4-5, £ (2, 10) = 9.248, p = 0.005; multiple
comparisons: p = 0.025 for 10 mg/kg treatment and p < 0.004 for 20 mg/kg treatment
compared with control, one-way ANOVA with post hoc Dunnett’s multiple comparisons
test). Note that nuclei within each tumor were counterstained with DAPI (blue fluorescence).
Data are presented as mean + SEM. Scale bar, 50 pm.
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Figure 6. EP2 inhibition suppresses MYCN-amplified NB, reduces inflammation, and promotes
apoptosis
(A) PGE; and selective EP2 agonist butaprost, but not EP4 agonist CAY 10598, induced

CAMP in human MYCN-amplified cell line BE(2)-C in a concentration-dependent manner
(n = 4). The calculated PGE, ECsg was 0.04 uM and butaprost ECgy was 0.47 uM. Data are
presented as mean + SEM.

(B) EP2 antagonist TG6-129 inhibited PGE,-stimulated cAMP in BE(2)-C cells in a
concentration-dependent manner (n = 4). PGE, ECgq values: 0.04 uM for control; 0.09,
0.32, and 6.07 uM for 0.01, 0.1, and 1 uM TG6-129. Data are presented as mean + SEM.
(C) TG6-129 inhibited EP2 via a competitive mechanism in BE(2)-C cells, revealed by
Schild regression analysis (Kg = 7.72 nM).

(D) BE(2)-C cells (3 x 108 cells per site) were inoculated into athymic nude mice (female,
6 weeks). After solid tumors were developed, vehicle or selective EP2 antagonist TG6-129
(20 mg/kg i.p.) was administered daily for 3 weeks. Tumor growth was monitored by
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measuring tumor volume daily and compared (n =7, £ (1, 12) = 7.81, p = 0.0162; multiple
comparisons: ***p < 0.001, two-way ANOVA and post hoc Dunnett’s multiple comparisons
test). Data are presented as mean + SEM.

(E) Tumors were displayed, weighed, and compared between treatment groups (n=7; p =
0.0376, t test). Data are presented as mean + SEM.

(F) Immunostaining for cytokines IL-1p and IL-6 (green fluorescence) was utilized to
indicate the inflammation in subcutaneous tumors. Cytokine levels were assessed via
quantifying the fluorescence intensity and compared (n =7, p = 0.003 and p = 0.0057

for IL-1p and IL-6, respectively, t test). Data are presented as mean £ SEM. Scale bar, 50
um.

(G) Immunostaining for cleaved caspase-3 (c-Casp3) and cleaved PARP (c-PARP) (red
fluorescence) was performed to indicate apoptosis in subcutaneous tumors from mice
treated by vehicle and TG6-129. Protein levels of c-Casp3 and c-PARP were assessed via
quantifying the fluorescence intensity and compared (n =5, p < 0.001 for both c-Casp3 and
c-PARP, t test). Note that nuclei within each tumor were counterstained with DAPI (blue
fluorescence). Data are presented as mean £ SEM. Scale bar, 50 um.
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Figure 7. Pharmacological inhibition of EP2 receptor suppresses syngeneic NB in
immunocompetent hosts
(A) Mouse NXS2 NB cells (2 x 10° cells per site) were inoculated into immunocompetent

A/J mice (female, 6 weeks). After solid tumors were detected, vehicle or TG6-129 (20
mg/kg i.p.) was administered to mice daily for 3 weeks. Tumor growth was monitored
by measuring tumor volume daily and compared (n = 10, ~(1, 18) = 8.257, p = 0.0101,
multiple comparisons: ***p < 0.001, two-way ANOVA and post foc Dunnett’s multiple
comparisons test). Data are presented as mean + SEM.
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(B) Tumors were harvested and weighed for comparison between treatment groups (n = 10;
*p < 0.05, t test). Data are presented as mean + SEM.

(C) Immunostaining for Ki-67 (green fluorescence) was performed to identify proliferating
cells in tumors treated by vehicle or TG6-129 (n = 10; ***p < 0.001, t test). Immunostaining
for CD31 (PECAM-1, green fluorescence) was utilized to indicate angiogenesis (n = 10; **p
< 0.01, t test). Data are presented as mean + SEM. Scale bar, 50 ym.

(D) Immunostaining for cytokines IL-1p and IL-6 (green fluorescence) was employed to
indicate the inflammation in allograft tumors. Cytokine levels were assessed via quantifying
the fluorescence intensity and compared (n = 5; ***p < 0.001, t test). Data are presented as
mean £ SEM. Scale bar, 50 pm.

(E) Immunostaining for c-Casp3 and c-PARP (red fluorescence) was performed to assess
apoptosis in allograft tumors from mice treated by vehicle and TG6-129. Protein levels of c-
Casp3 and c-PARP were measured via quantifying the fluorescence intensity and compared
(n =5; **p < 0.01 for c-Casp3 and ***p < 0.001 for c-PARP, t test). Note that nuclei within
each tumor were counterstained with DAPI (blue fluorescence). Data are presented as mean
+ SEM. Scale bar, 50 pm.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-Ki-67

Rat anti-CD31(PECAM-1)

Rabbit anti-EP2 receptor

Mouse anti-1L-1p

Goat anti-1L-6

Rabbit anti-cleaved caspase-3

Rabbit anti-cleaved PARP

Goat anti-rabbit 1gG, secondary, Alexa Fluor 488
Goat anti-rabbit I1gG, secondary, Alexa Fluor 546
Goat anti-mouse 1gG, secondary, Alexa Fluor 488

Goat anti-rat 1gG, secondary, Alexa Fluor 488

Biocare Medical
eBioscience

Cayman Chemical

Cell Signaling Technology
Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Cat# CRM325B; RRID: AB_2721189
Cat# 14-0311-82; RRID: AB_467201
Cat# 101750; RRID: AB_10078697
Cat# 12242S; RRID: AB_2715503
Cat# sc-1265; RRID: AB_2127470
Cat# 9664T; RRID: AB_2070042
Cat# 5625S; RRID: AB_10699459
Cat# A-11034; RRID: AB_2576217
Cat# A-11035; RRID: AB_2534093
Cat# A-11001; RRID: AB_2534069
Cat# A-11006; RRID: AB_2534074

Bacterial and virus strains

DH5a competent cells

Thermo Scientific

Cat# 18265017

Chemicals, peptides, and recombinant proteins

PGE,
Butaprost

CAY10598

PF-04418948

GW627368X

Rolipram

Forskolin

TG6-129

TG4-155

TG6-10-1

SID26671393

Iscove’s Modified Dulbecco’s Medium
L-Glutamine (200 mM)
Insulin-Transferrin-Selenium (ITS)
Lipofectamine 2000

FastDigest BsmBI (Esp3l)

T4 DNA ligase

T4 Polynucleotide Kinase
Polybrene

Puromycin Dihydrochloride
Doxycycline hyclate, 98%

PEG 400

Cayman Chemical
Cayman Chemical
Cayman Chemical
Cayman Chemical
Cayman Chemical
Sigma-Aldrich
Sigma-Aldrich
This study

This study

This study
ChemBridge
Gibco

Gibco

Gibco

Invitrogen
Thermo Scientific
New England Biolabs
New England Biolabs
Sigma-Aldrich
Gibco

Thermo Scientific

Sigma-Aldrich

Cat# 14010, CAS# 363-24-6
Cat# 13740; CAS# 69685-22-9
Cat# 13281; CAS# 346673-06-1
Cat# 15016, CAS# 1078166-57-0
Cat# 10009162; CAS# 439288-66-1
Cat# R6520; CAS# 61413-54-5
Cat# F6886; CAS# 66575-29-9
PubChem CID 1987175
PubChem CID 5886965
PubChem CID 71499384
PubChem CID 1830592

Cat# 12440061

Cat# A2916801

Cat# 41400045

Cat# 11668019

Cat# FD0454

Cat# M0202S

Cat# M0201S

Cat# TR-1003-G

Cat# A1113803

Cat# AC446060050

Cat# 91893; CAS# 25322-68-3

Critical commercial assays

CAMP Gs dynamic kit

Cell Rep. Author manuscript; available in PMC 2022 July 14.

Cisbio Bioassays

Cat# 62AMA4PEC



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hou et al.

Page 39

REAGENT or RESOURCE SOURCE IDENTIFIER
PureLink RNA Mini Kit Invitrogen Cat# 12183018A
SuperScript 111 First-Strand Synthesis System Invitrogen Cat# 18080051
SYBR Green Supermix Bio-Rad Laboratories Cat# 1725271

Deposited data

Neuroblastoma patient datasets: SEQC, Kocak, Versteeg, and NRC

The R2 Genomics Platform

http://r2.amc.nl

Experimental models: Cell lines

Human SK-N-AS

Human SK-N-AS (EP2 KO1 and KO2)
Human SK-N-AS (EP2 KD)
Human SK-N-SH

Human SH-SY5Y

Human SK-N-BE(2)
Human BE(2)-C

Human IMR-32

Mouse Neuro-2a

Human Hs68

Human 293T

Human CHLA-90

Human CHLA-136

Human NB-EBc1

Human NB-1691

Human SiMa

Mouse NXS2

ATCC
This study
This study
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC

Childhood Cancer
Repository

Childhood Cancer
Repository

Childhood Cancer
Repository

Childhood Cancer
Repository

DSMZ-German Collection
of Microorganisms and Cell

Cultures

Scripps Research Institute

Cat# CRL-2137; RRID: CVCL_1700
N/A

N/A

Cat# HTB-11; RRID: CVCL_0531
Cat# CRL-2266; RRID: CVCL_0019
Cat# CRL-2271; RRID: CVCL_0528
Cat# CRL-2268; RRID: CVCL_0529
Cat# CCL-127; RRID: CVCL_0346
Cat# CRL-131; RRID: CVCL_0470
Cat# CRL-1635; RRID: CVCL_0839
Cat# CRL-3216; RRID: CVCL_0063
RRID: CVCL_6610

RRID: CVCL_6590

RRID: CVCL_e218

RRID: CVCL_5628

Cat# ACC 164; RRID: CVCL_1695

N/A

Experimental models: Organisms/strains

Athymic nude mice, Crl:NU(NCr)-Foxn1™
Athymic nude mice, Hsd:Athymic nude- Foxni™

AlJ mice

Charles River Laboratories

Envigo

Jackson Laboratory

Strain Code# 490
Order Code# 069

Strain# 000646; RRID:
IMSR_JAX:000646

Oligonucleotides

CRISPR/Cas9, human EP2 KO1 forward (5°-3"),
CACCGCGTACGAAGCCAGTACCACT

CRISPR/Cas9, human EP2 KO1 reverse (5'-3),
AAACAGTGGTACTGGCTTCGTACGC

CRISPR/Cas9, human EP2 KO2 forward (5°-3"),
CACCGGGTCATGGCGAAAGCGAAGT

CRISPR/Cas9, human KO2 reverse (5"-3"),
AAACACTTCGCTTTCGCCATGACCC

Primer for gPCR, human EP2 forward (5”-3"),
TTGGGTCTTTGCCATCCTTAG

Primer for gPCR, human EP2 reverse (5'-3"),
AGGAAGTTTGTGTTGCATCTTG
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primer for gPCR, human GAPDH forward (5°-3"), This study N/A
GTCAAGGCTGAGAACGGGAA
Primer for gPCR, human GAPDH reverse (5"-3"), This study N/A
AAATGAGCCCCAGCCTTCTC
Recombinant DNA
Lentiviral envelope expressing plasmid pMD2.G Addgene Cat# 12259
Lentiviral packaging plasmid psPAX2 Addgene Cat# 12260
Lentiviral vector lentiCRISPR v2 Addgene Cat# 52961

pTRIPZ inducible lentiviral shRNA targeting human EP2

Horizon Discovery

Clone ID# V2THS_131491

Software and algorithms

OriginPro 2019
GraphPad Prism 8

ImageJ

BioRad CFX Maestro

OriginLab
GraphPad Software

NIH

Bio-Rad Laboratories

https://www.originlab.com/

https://www.graphpad.com/scientific/
software/prism

https://imagej.nih.gov/ij/

https://www.bio-rad.com/en-us/sku/
12013758-cfx-maestro-software

Gen5 BioTek Instruments https://www.biotek.com/products/
software-robotics-software/gen5-
microplate-reader-and-imager-software/

Other

Fluorescence microscope BZ-X800

NanoDrop One microvolume spectrophotometer
Bio-Rad C1000 Touch Thermal Cycler

Bio-Rad T100 Thermal Cycler

Synergy H1 Hybrid Multi-Mode Reader

2104 Envision Multilabel Plate Reader

HM525 NX Cryostat

KEYENCE

Thermo Scientific
Bio-Rad Laboratories
Bio-Rad Laboratories
BioTek Instruments
PerkinElmer

Thermo Scientific

N/A
N/A
N/A
N/A
N/A
N/A
N/A
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