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Abstract
Background.  Metabolism remodeling is a hallmark of glioblastoma (GBM) that regulates tumor proliferation and 
the immune microenvironment. Previous studies have reported that increased polymerase 1 and transcript release 
factor (PTRF) levels are associated with a worse prognosis in glioma patients. However, the biological role and the 
molecular mechanism of PTRF in GBM metabolism remain unclear.
Methods. The relationship between PTRF and lipid metabolism in GBM was detected by nontargeted me-
tabolomics profiling and subsequent lipidomics analysis. Western blotting, quantitative real-time PCR, and 
immunoprecipitation were conducted to explore the molecular mechanism of PTRF in lipid metabolism. A  se-
quence of in vitro and in vivo experiments (both xenograft tumor and intracranial tumor mouse models) were used 
to detect the tumor-specific impacts of PTRF.
Results.  Here, we show that PTRF triggers a cytoplasmic phospholipase A2 (cPLA2)–mediated phospholipid 
remodeling pathway that promotes GBM tumor proliferation and suppresses tumor immune responses. Research 
in primary cell lines from GBM patients revealed that cells overexpressing PTRF show increased cPLA2 activity—
resulting from increased protein stability—and exhibit remodeled phospholipid composition. Subsequent experi-
ments revealed that PTRF overexpression alters the endocytosis capacity and energy metabolism of GBM cells. 
Finally, in GBM xenograft and intracranial tumor mouse models, we showed that inhibiting cPLA2 activity blocks 
tumor proliferation and prevents PTRF-induced reduction in CD8+ tumor-infiltrating lymphocytes.
Conclusions. The PTRF-cPLA2 lipid remodeling pathway promotes tumor proliferation and suppresses immune 
responses in GBM. In addition, our findings highlight multiple new therapeutic targets for GBM.

Key Points

1. � PTRF reprograms phospholipid metabolism by regulating the stability of cPLA2.

2. �The PTRF-cPLA2 lipid remodeling pathway promotes tumor proliferation and suppresses 
immune responses, indicating new therapeutic targets for GBM.
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Glioblastoma (GBM) is the most common primary brain 
tumor in adults.1 Despite a standard treatment regimen 
that includes surgery combined with temozolomide chemo-
therapy and radiation therapy, patients still have a median 
survival of 12‒16 months after initial diagnosis.2 There is an 
urgent need to further understand the underlying mechan-
isms that promote tumor growth and survival, which will 
provide new targets for the treatment of GBM. Previous in-
vestigations have identified metabolic reprogramming as a 
major characteristic of GBM, which is related to proliferation 
and the immune microenvironment.3,4

Cancer metabolism provides enough energy to drive 
new biomass and active cell proliferation.5 In addition to 
constituting the lipid bilayer structure of cell membranes, 
phospholipids are now understood to regulate a variety 
of cellular biological functions.6 It is well documented that 
remodeling of the phospholipid content of membranes and 
cells has functional impacts on tumors.7,8 In glioma, dra-
matic alterations in phospholipid composition have been 
observed in the isocitrate dehydrogenase mutation sub-
type.9 Despite this growing appreciation of how phospho-
lipid remodeling impacts many aspects of tumor biology, 
the roles and mechanisms of phospholipid remodeling in 
GBM are unclear.

Polymerase 1 and transcript release factor (PTRF), also 
known as cavin-1, is a conserved cytoplasmic protein that 
regulates caveola structure and function.10 Previous studies 
have found that PTRF-knockout mice have higher levels of 
triglycerides in circulating blood but have significantly re-
duced adipose tissue.11 The pathogenic effects of PTRF 
dysregulation have been validated in congenital general-
ized lipodystrophies, supporting the hypothesis that PTRF 
somehow regulates the synthesis of phospholipids and 
triglycerides.12 In glioma, PTRF alters the tumor microen-
vironment by increasing exosome secretion,13 and is asso-
ciated with methylation regulation,14 cell growth,15 and the 
immune response,16 thus it exerts a tumor-promoting func-
tion. However, the exact mechanism by which PTRF affects 
GBM metabolism remains unclear and needs further study.

Here, we built on our previous work showing that in-
creased levels of PTRF are associated with a worse prog-
nosis in glioma patients.13 We found that PTRF-triggered 
lipid remodeling is mediated by cytoplasmic phospholi-
pase A2 (cPLA2), and we showed that PTRF overexpression 
increases the enzymatic activity of cPLA2 by promoting its 
protein stability in GBM cells. A sequence of in vitro and in 
vivo experiments characterizing the broader physiological 

and tumor-specific impacts of this pathway revealed that 
elevated PTRF-cPLA2 lipid remodeling promotes endocy-
tosis capacity, energy metabolism, and tumor-specific ac-
cumulation of adenosine.

Materials and Methods

Cell Culture, Lentiviruses, and Chemicals

The GL261 cell line was cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS). Primary cell lines (N9, 
N33, and TBD0220) were cultured in DMEM/F12 with 10% 
FBS. Lentiviruses encoding the PTRF-enhanced green 
fluorescent protein (EGFP) fusion protein and luciferase 
were purchased from Genechem. Small interfering 
RNAs targeting PTRF were synthesized by GenePharma. 
pENTER-PTRFWT-Flag plasmid was purchased from Vigene 
Biosciences. See the Supplementary Material for details.

Colony Formation Assay and Cell Viability Assay

For the colony formation assay, 300 cells were seeded in 
6-well plates and cultured for 2 weeks. Colonies were fixed 
with 4% paraformaldehyde and stained with crystal vi-
olet. Plated were 2×103 cells in 96-well plates, and the Cell 
Counting Kit 8 assay was employed to evaluate cell via-
bility. The proliferation rate of cells was detected based on 
the manufacturer’s instructions at 24 and 48 h, respectively.

Analyses of Cellular Endocytosis Capacity

Confocal laser scanning microscopy (CLSM) and flow 
cytometry were used to study the endocytic capacity of 
GBM cells. Bovine serum albumin (BSA) was labeled with 
cyanine-5 (Cy5) (Cy5-E SE, US Everbright). N9 and N33 cells 
transduced with vector or PTRF were co-incubated with 
Cy5-BSA under normal cell culture conditions. After incu-
bation, the cells were used for CLSM and flow cytometry 
analyses. See the Supplementary Material for details.

Western Blot Analysis and Immunoprecipitation

Protein was extracted from cells with 
radioimmunoprecipitation lysis buffer (Solarbio) 

Importance of the Study

Metabolic reprogramming is a hallmark of tumors 
and especially glioblastomas, and such repro-
gramming is known to be foundational for diverse 
pathomechanisms driving tumorigenicity and malig-
nancy. Here, we found that PTRF remodels phospho-
lipids by regulating cPLA2 protein stability and 
enhancing cPLA2 activity, which then promotes 
endocytosis and energy metabolism, intrinsically 

promotes tumor proliferation, and suppresses the im-
mune response in GBM. Moreover, a cPLA2 inhibitor 
(AACOCF3) and metformin can reverse the role of the 
PTRF-cPLA2 lipid remodeling pathway in GBM. These 
findings highlight the supportive role of phospho-
lipid metabolism in GBM, providing new therapeutic 
targets and immunotherapy strategies for further 
investigation.
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containing freshly added protease inhibitor cocktail 
(Solarbio) and phenylmethylsulfonyl fluoride. Then, 
30  µg of protein was subjected to sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis and transferred 
to polyvinylidene fluoride membranes. The membranes 
were incubated with primary antibodies, and then 
with secondary antibodies. Chemiluminescence de-
tection was performed using G:BOXF3 (Syngene). For 
co-immunoprecipitation analysis, the cells were lysed 
and then incubated with Protein A/G Plus-Agarose (Santa 
Cruz Biotechnology) and cPLA2 antibodies (Cell Signaling 
Technology). After washing the sample 5 times with an 
immunoprecipitation lysis buffer, western blot anal-
ysis was performed. See the Supplementary Material for 
details.

Hematoxylin/Eosin and Immunohistochemical 
Staining

Paraffin-embedded tissue sections were used for hema-
toxylin and eosin (HE) staining. For immunohistochemistry 
(IHC) staining, tissue sections were dewaxed, hydrated, 
and antigen repaired. Tissue sections were incubated with 
the appropriate primary antibodies, and then with horse-
radish peroxidase–conjugated secondary antibodies. After 
DAB (3,3′-diaminobenzidine) was developed, the sections 
were observed with a microscope. See the Supplementary 
Material for details.

Seahorse Xfe Extracellular Flux Analysis (Mito 
Stress Test)

Cells were seeded on Seahorse XF24 cell culture 
microplates. Measurements of oxygen consumption rate 
(OCR) were performed according to the manufacturer’s 
protocol. Extracellular flux experiments were performed 
on a Seahorse XF24 Analyzer (Seahorse Bioscience). See 
the Supplementary Material for details.

Fluorescence Recovery After Photobleaching 
Membrane Fluidity Assay

We incubated the cells with DiI (Sigma), and then washed 
the cells with phosphate buffered saline. For CLSM, we 
photobleached a limited area (~1 × 1 cm2) of the marking 
film with a 100% laser pulse. After photobleaching, the 
fluorescence intensity was recorded every 10 seconds for 
5 minutes. After background normalization, changes in 
fluorescence intensity were plotted over time to generate a 
fluorescence recovery after photobleaching (FRAP) curve. 
See the Supplementary Material for details.

In Vivo Intracranial Patient-Derived 
Xenograft Model

All in vivo experiments were conducted in accordance 
with animal protocols approved by the Institutional Animal 
Care and Use Committee at Tianjin Medical University. 
BALB/C nude mice were used to establish intracranial 

GBM patient-derived xenografts (PDX). The PDX model 
was derived from GBM patients undergoing surgery at 
Hebei University Affiliated Hospital. Tumor tissue was re-
moved from the PDX model and processed into a single 
cell suspension. The cells were incubated with the PTRF 
overexpression construct, and then were injected into the 
mice. Bioluminescence imaging was used to detect intra-
cranial tumor growth on days 7, 14, and 21. On day 21, the 
mice were sacrificed, and their brain tissues were fixed in 
10% formalin. A  Kaplan–Meier survival curve was com-
pleted in another bath of animal experiment and was only 
used to observe the animal’s survival condition. See the 
Supplementary Material for details.

Gene Ontology Analysis, Gene Set Enrichment 
Analysis, and Single-Cell RNA Sequencing 
Analysis

The glioblastoma dataset was downloaded from The 
Cancer Genome Atlas (TCGA). Gene Ontology anal-
ysis was performed in DAVID (Database for Annotation, 
Visualization and Integrated Discovery) (https://david.
ncifcrf.gov/). Gene set enrichment analysis (GSEA) was 
performed using GSEA software (https://www.gsea-
msigdb.org/). Single-cell RNA sequencing analysis was 
performed with the online tool Single Cell Portal (http://
singlecell.broadinstitute.org).

Statistics

All statistical analyses were performed using GraphPad 
Prism 8.0 software. Student’s t-test was used to com-
pare 2 experimental groups, and 1-way or 2-way ANOVA 
was used to compare 3 or more experimental groups. All 
data represent mean  ±  SD. Significance was defined as 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not 
significant.

Results

PTRF Increases Lysophosphatidylcholine Levels 
in GBM

In the present study, we considered the multiple lipid-
regulating roles of PTRF. First, we investigated metabolic 
reprogramming in GBM. To determine whether PTRF is 
involved in metabolic remodeling in GBM, we success-
fully established primary GBM cell lines, and then used a 
lentivirus vector to overexpress a PTRF‒enhanced green 
fluorescent protein (EGFP) fusion protein. We confirmed 
successful establishment of N9 and N33 GBM cells with 
strong PTRF-EGFP expression (N9 PTRF and N33 PTRF) 
(Supplementary Figure 1A). We then used liquid chroma-
tography–mass spectrometry (LC-MS) to study the effect of 
PTRF on GBM cell metabolism (Figure 1A). First, we used 
a nontargeted metabolomics approach to measure the ef-
fects of increased PTRF levels on metabolites and identi-
fied 296 differentially accumulated known metabolites in 
N9 PTRF cells compared with N9 cells.

https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://www.gsea-msigdb.org/
https://www.gsea-msigdb.org/
http://singlecell.broadinstitute.org
http://singlecell.broadinstitute.org
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
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It was interesting that approximately 55% of the differen-
tially accumulated metabolites were lipids (Supplementary 
Figure 1B). Notably, we found that all 11 of the detected 
lysophosphatidylcholine (LPC) species were increased in 
the N9 PTRF cells compared with the N9 cells, whereas 
57% of the phosphatidylcholine (PC) species were signifi-
cantly decreased in the N9 PTRF cells (Figure 1B, C). In ad-
dition to observing that increasing the amount of the PTRF 
protein significantly increased LPC levels while simultane-
ously decreasing PC levels, we found that increasing the 
PTRF level caused a significant increase in the accumula-
tion of free fatty acids (Supplementary Figure 1C). These 
results clearly suggest that PTRF may substantially repro-
gram the phospholipid composition of GBM cells.

Given that our initial nontargeted LC-MS method is not 
optimized for lipid profiling, we next performed a focused 
lipidomics analysis (using both positive and negative ion-
ization modes) to further characterize this PTRF-mediated 
phospholipid remodeling process (Supplementary Figure 
1D). As expected, based on our lipidomics analysis, the N9 
PTRF cells accumulated significantly higher levels of LPCs 
than did N9 cells (Figure 1D, E). The increased lipid-specific 
coverage afforded by this method enabled detection of 
34 LPC species, among which 32 (94%) were accumu-
lated to significantly higher levels in the N9 PTRF cells 
than in controls (Supplementary Figure 1E). To confirm 
that these observations were not an artifact of one specific 
cell line, we performed analysis based on enzyme-linked 
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http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa255#supplementary-data
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immunosorbent assay (ELISA) of total LPC levels in N9 and 
N33 cells and verified that the overall LPC levels were sig-
nificantly higher in the cells overexpressing PTRF than in 
their respective control cells (Figure 1F). Collectively, these 
results indicate that PTRF somehow remodels lipid metab-
olism in GBM cells.

PTRF Reprograms Phospholipid Metabolism by 
Regulating the Stability of CPLA2

To explore the effects of PTRF on phospholipid remodeling, 
we immunoblotted N9 and N33 cells with antibodies against 
enzymes related to several lipid metabolic pathways, 
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including the Kennedy Pathway and Lands’ cycle (eg, cho-
line phosphotransferase 1 [CHPT1], lysophosphatidylcholine 
acyltransferase 1 [LPCAT1], and cPLA2) (Figure  2A and 
Supplementary Figure 2A). We detected a significant 
increase in the cPLA2 protein level in both N9 PTRF and N33 
PTRF cells compared with their respective control cells. No 
differences were detected in CHPT1 and LPCAT1 protein 
levels. Moreover, both immunofluorescence assays and flow 
cytometry of N9 and N33 cells showed that the cPLA2 protein 
levels were significantly higher in cells overexpressing PTRF 
(Figure 2B, C). Note that analyses using a cytosolic phospho-
lipase A2 assay kit and a secretory phospholipase A2 assay kit 
showed that the PTRF-overexpression-mediated increase in 
the cPLA2 level we observed in the N9 and N33 cells occurred 
independently of any alteration of secretory PLA2 (Figure 2D 
and Supplementary Figure 2B). We examined the cPLA2 pro-
tein by immunoblotting in the patient-derived GBM TBD0220 
cells to determine its response to PTRF knockdown. The level 
of cPLA2 was significantly decreased by PTRF knockdown, 
and this decrease was reversed by reexpression of wild-type 
PTRF (Supplementary Figure 2C).

We next investigated how PTRF regulates cPLA2. 
Although we found that PTRF overexpression increased 
the cPLA2 level in N9 and N33 cells, we detected no cor-
relation between PTRF and cPLA2 levels in the TCGA GBM 
database (Supplementary Figure 2D). Quantitative PCR 
analysis showed no significant changes in the mRNA 
level of cPLA2 between the N9 PTRF and N33 PTRF cells 
and their respective control cells, further suggesting the 
possibility of a posttranscriptional regulatory interaction 
(Figure  2E). To investigate whether PTRF somehow af-
fects the stability of cPLA2, we used cycloheximide treat-
ment to block protein synthesis. Immunoblotting showed 
that cPLA2 degradation occurred significantly faster in the 
control cells than in the N9 and N33 cells overexpressing 
PTRF (Figure  2F). Assays with a proteasome inhibitor 
(MG132) and a lysosome inhibitor (chloroquine) were 
performed in cultured GBM cells. We observed higher 
cPLA2 levels upon treatment with MG132 but not chloro-
quine (Figure 2G), indicating that cPLA2 was degraded via 
the proteasome-mediated degradation pathway. Further, 
staining with an antibody against ubiquitin revealed dra-
matically reduced ubiquitination of the cPLA2 protein in 
the cells overexpressing PTRF compared with control cells 
(Figure  2H), suggesting that PTRF promotes the stability 
of cPLA2 by somehow inhibiting its proteasome-mediated 
degradation.

PTRF Increases the Endocytosis Capacity of GBM 
Cells by Promoting LPC-Mediated Increases in 
Membrane Fluidity

Changes in the composition of phospholipids can alter 
the properties of cell membranes, thereby affecting cell 
membrane functions.17 To test the relationship between 
PTRF and cell membrane fluidity, we used FRAP anal-
ysis with CLSM. The fluorescence recovery of the cells 
overexpressing PTRF was significantly faster than that 
of control cells (Figure  3A, B). Considering our findings 
from the aforementioned lipidomics analysis, we supple-
mented the membranes of control cells with a mixture of 

LPCs, which increased the speed of fluorescence recovery. 
We also conducted standard experiments with fluorescent 
probes to detect relative membrane fluidity, which showed 
that both PTRF overexpression and LPC supplementation 
increased membrane fluidity (Figure  3C). Together, these 
results indicate that PTRF may increase cell membrane 
fluidity by increasing the LPC content in the plasma mem-
branes of GBM cells.

To help clarify the function of this PTRF-cPLA2 lipid 
remodeling pathway in regulating membrane fluidity, 
we revisited our initial correlation analysis data for the 
PTRF-related genes from the public cancer databases. 
Gene Ontology enrichment analysis indicated enrich-
ment of endocytosis among the PTRF-related genes 
(Supplementary Figure 3A), and GSEA indicated enrich-
ment of endocytosis and positive regulation of endocy-
tosis terms among the patients with high PTRF levels 
(Supplementary Figure 3B). These results suggesting 
altered dynamics for endocytosis-related genes were 
conspicuous in light of the known impacts of both dif-
ferential membrane lipid content and cell membrane flu-
idity on this active transport process.

We next used Cy5-labeled bovine serum albumin (BSA) 
to detect endocytosis in GBM cells. Immunofluorescence 
analysis by CLSM was used to directly observe the en-
docytosis of Cy5-BSA after 4 h of incubation with N9 and 
N33 cells. The N9 PTRF and N33 PTRF cells had signifi-
cantly stronger fluorescence intensity than the respective 
control cells, indicating that activating the PTRF-cPLA2 
lipid remodeling pathway may increase endocytosis ca-
pacity (Supplementary Figure 3C). Quantitation based on 
flow cytometry analysis confirmed this result (Figure  3D 
and Supplementary Figure 3D). We also conducted a flow 
cytometry–based time curve (1–8 h) analysis of Cy5-BSA 
uptake into N9 and N33 cells, which showed that the en-
docytosis rate was significantly increased in N9 PTRF 
and N33 PTRF cells compared with controls (Figure  3E). 
Further, we found that the fluorescence intensity of Cy5-
BSA was significantly decreased in TBD0220 cells with 
PTRF knockdown compared with controls (Supplementary 
Figure 3E). Thus, the PTRF-cPLA2 lipid remodeling pathway 
can apparently enhance both the quantity and the rate of 
endocytosis in GBM cells.

The PTRF-cPLA2 Lipid Remodeling Pathway 
Regulates Mitochondrial Respiration and Cell 
Proliferation in GBM

Previous in vitro studies have confirmed that fatty acids 
provided by cPLA2 support energy generation via fatty 
acid oxidation in mitochondria.18,19 To verify whether the 
PTRF-cPLA2 lipid remodeling pathway alters energy me-
tabolism in GBM cells, we performed a mitochondrial 
stress test using a Seahorse Extracellular Flux Analyzer. 
Dynamic tracking showed that overexpression of PTRF sig-
nificantly increased the OCR in both tested cell lines com-
pared with controls (Figure 3F). This analysis also showed 
that overexpression of PTRF increased basal respiration, 
proton leakage, and ATP production in N9 and N33 cells 
(Figure 3G–I). We confirmed the expected increase in the 
intracellular ATP concentration in N9 PTRF and N33 PTRF 
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Fig. 3  The PTRF-cPLA2 lipid remodeling pathway regulates the endocytosis capacity, mitochondrial respiration, and proliferation of GBM cells. 
(A) Confocal images from a FRAP assay showing plasma membrane fluidity changes in N9 and N9 PTRF cells, as well as in N9 cells treatment with 
an exogenous LPC. Scale bar, 10 μm. (B) Plot showing the fluorescence recovery of the cells in (A). (C) Pyrene assay showing the relative mem-
brane fluidity of GBM cells. (D) Flow cytometry analysis of GBM cells after incubation with Cy5-BSA for 4 h. (E) Flow cytometry-based time curve 
(1–8 h) for GBM cells after incubation with Cy5-BSA. (F) Time series for the OCR measurements of GBM cells using a Seahorse Analyzer. n = 3–4 
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colony numbers in (K). (M) Relative cell viability of GBM cells.
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cells (Figure  3J), while the ATP concentration decreased 
in TBD0220 cells with PTRF knockdown (Supplementary 
Figure 3F). Further, PTRF overexpression promotes both 
the colony formation and the proliferative capacities of 
GBM cells (Figure  3K–M, while PTRF knockdown sup-
presses these capacities (Supplementary Figure 3G–I).

A cPLA2 Inhibitor Represses Endocytosis, ATP 
Production, and GBM Cell Proliferation Through 
Suppressing PTRF-Mediated Phospholipid 
Reprogramming

Given our finding that PTRF promotes cPLA2 stability and 
our general observation in the laboratory that the N9 PTRF 
and N33 PTRF cells grew at obviously higher rates than 
their respective controls, we next conducted a series of 
inhibitor assays to explore a possible oncogenic function 
for cPLA2. The cPLA2 inhibitor arachidonyl trifluoromethyl 
ketone (AACOCF3) is a selective slow binding inhibitor of 
cPLA2 (Figure 4A). Compared with the DMSO controls, the 
N9 PTRF and N33 PTRF cells treated with AACOCF3 had 
significantly decreased total LPC levels (Supplementary 
Figure 4A).

Lipidomics also showed that 9 types of LPC de-
creased by 33% after AACOCF3 treatment (Figure  4B 
and Supplementary Figure 4B), indicating that blocking 
the phospholipase activity of cPLA2 can partially re-
verse the PTRF overexpression–induced remodeling of 
GBM cells. We also conducted assays that showed that 
AACOCF3 treatment decreased BSA uptake (Figure 4C and 
Supplementary Figure 4C). These results confirmed that 
cPLA2 participates in the PTRF-induced remodeling of GBM 
cells and showed that the metabolic contribution of cPLA2 
to this remodeling affects membrane uptake properties.

We used the Seahorse apparatus to investigate the 
role of cPLA2 in PTRF-induced alterations in GBM en-
ergy metabolism and found that AACOCF3 treat-
ment significantly decreased the OCR of the N9 and 
N33 cells (Figure  4D, E). These analyses revealed that 
AACOCF3 treatment also decreased basal respiration, 
proton leakage, and ATP production in both N9 and 
N33 cells (Figure  4F–H). We also detected significantly 
decreased intracellular ATP concentrations in tumor 
cells treated with AACOCF3 (Figure  4I). Cell prolifera-
tion (Figure 4L) and colony formation assays (Figure 4J 
and Supplementary Figure 4D) showed that AACOCF3 
treatment inhibited GBM cell proliferation in vitro. In 
summary, these results indicate that PTRF reprograms 
phospholipid metabolism via cPLA2 and show that the 
PTRF-induced and cPLA2-mediated ability to promote 
tumor cell proliferation is blocked by inhibiting the 
phospholipase catalytic function of cPLA2.

PTRF Promotes GBM Tumor Proliferation and 
Suppresses Immune Responses In Vivo

To further investigate the impacts of the PTRF-cPLA2 lipid 
remodeling pathway in vivo, we established an intracra-
nial GBM PDX model in BALB/c nude mice (Figure  5A). 

As assessed via bioluminescence imaging on days, PTRF 
overexpression resulted in a significant increase in tumor 
growth (Figure 5B, C). Kaplan–Meier survival curves indi-
cated that the mice bearing PTRF-overexpressing tumors 
had worse survival than controls (Figure 5D). HE staining 
of tumors confirmed a significant increase in tumor burden 
in the PTRF group compared with the control group 
(Figure  5E). IHC staining showed that overexpression 
of PTRF was accompanied by high expression of Ki-67, 
indicating that overexpression of PTRF increased cell pro-
liferation, which is consistent with the bioluminescence 
and HE results (Figure 5F and Supplementary Figure 5A), 
and that the ATP levels were significantly higher in the 
PTRF-overexpressing tumor cells (Supplementary Figure 
5B). We investigated the effects in an orthotopic mouse 
model by transducing small interfering PTRF-1 lenti-
virus into TBD0220 cells. Bioluminescence imaging and 
HE staining showed significantly slower growth of the 
tumor upon PTRF knockdown (Supplementary Figure 5C, 
D), and Kaplan–Meier survival curves indicated that mice 
with PTRF-knockdown tumors had a better prognosis 
(Supplementary Figure 5E).

Tumor growth relies not only on the ATP levels of the 
tumor cells but also on tumor immunosuppression by 
extracellular ATP and purinergic signaling. To inves-
tigate the role of PTRF and energy metabolism in the 
tumor microenvironment, we established a GL261 in-
tracranial tumor model in C57BL/6 mice to examine 
the adenosinergic pathway (extracellular purinergic 
signaling) (Figure  5G). In the adenosinergic pathway, 
extracellular ATP is converted to adenosine by the en-
zymes CD39 and CD73. We measured the levels of 
ATP and adenosine in the tumor microenvironment 
of the intracranial tumor model and found that PTRF 
overexpression significantly increased the extracellular 
levels of both compounds (Figure 5H, I). Publicly avail-
able single-cell RNA sequencing data also demonstrated 
that CD39 and CD73 are highly expressed in GBM tumor 
cells (Supplementary Figure 5F).

To evaluate the capability of PTRF to suppress immune 
responses, the levels of interferon gamma (IFN-γ) and 
granzyme B (GrB) in the tumors were measured. The 
overexpression of PTRF significantly reduced the levels 
of IFN-γ (Supplementary Figure 5G) and GrB (Figure 5J). 
Furthermore, tumor-infiltrating lymphocytes (TILs) were 
analyzed by flow cytometry, and the results showed 
that low levels of CD8+ TILs were observed in the PTRF-
overexpressing tumors (Figure  5K and Supplementary 
Figure 5H). As antitumor immunity is typically accom-
panied by apoptosis of tumor tissues, we used as-
says by TUNEL (terminal deoxynucleotidyl transferase 
deoxyuridine triphosphate nick end labeling) to examine 
the apoptosis levels in tumor tissues. Tumor tissues from 
the control mice exhibited extensive apoptosis, whereas 
only a small number of apoptotic cells were detected 
in the tumor tissues from PTRF overexpression mice 
(Supplementary Figure 5I). Taken together, these results 
suggest that the PTRF-cPLA2 lipid remodeling pathway 
may induce immunosuppressive effects, possibly by 
providing fuel to activate the adenosinergic pathway.
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As assessed via bioluminescence imaging on days, PTRF 
overexpression resulted in a significant increase in tumor 
growth (Figure 5B, C). Kaplan–Meier survival curves indi-
cated that the mice bearing PTRF-overexpressing tumors 
had worse survival than controls (Figure 5D). HE staining 
of tumors confirmed a significant increase in tumor burden 
in the PTRF group compared with the control group 
(Figure  5E). IHC staining showed that overexpression 
of PTRF was accompanied by high expression of Ki-67, 
indicating that overexpression of PTRF increased cell pro-
liferation, which is consistent with the bioluminescence 
and HE results (Figure 5F and Supplementary Figure 5A), 
and that the ATP levels were significantly higher in the 
PTRF-overexpressing tumor cells (Supplementary Figure 
5B). We investigated the effects in an orthotopic mouse 
model by transducing small interfering PTRF-1 lenti-
virus into TBD0220 cells. Bioluminescence imaging and 
HE staining showed significantly slower growth of the 
tumor upon PTRF knockdown (Supplementary Figure 5C, 
D), and Kaplan–Meier survival curves indicated that mice 
with PTRF-knockdown tumors had a better prognosis 
(Supplementary Figure 5E).

Tumor growth relies not only on the ATP levels of the 
tumor cells but also on tumor immunosuppression by 
extracellular ATP and purinergic signaling. To inves-
tigate the role of PTRF and energy metabolism in the 
tumor microenvironment, we established a GL261 in-
tracranial tumor model in C57BL/6 mice to examine 
the adenosinergic pathway (extracellular purinergic 
signaling) (Figure  5G). In the adenosinergic pathway, 
extracellular ATP is converted to adenosine by the en-
zymes CD39 and CD73. We measured the levels of 
ATP and adenosine in the tumor microenvironment 
of the intracranial tumor model and found that PTRF 
overexpression significantly increased the extracellular 
levels of both compounds (Figure 5H, I). Publicly avail-
able single-cell RNA sequencing data also demonstrated 
that CD39 and CD73 are highly expressed in GBM tumor 
cells (Supplementary Figure 5F).

To evaluate the capability of PTRF to suppress immune 
responses, the levels of interferon gamma (IFN-γ) and 
granzyme B (GrB) in the tumors were measured. The 
overexpression of PTRF significantly reduced the levels 
of IFN-γ (Supplementary Figure 5G) and GrB (Figure 5J). 
Furthermore, tumor-infiltrating lymphocytes (TILs) were 
analyzed by flow cytometry, and the results showed 
that low levels of CD8+ TILs were observed in the PTRF-
overexpressing tumors (Figure  5K and Supplementary 
Figure 5H). As antitumor immunity is typically accom-
panied by apoptosis of tumor tissues, we used as-
says by TUNEL (terminal deoxynucleotidyl transferase 
deoxyuridine triphosphate nick end labeling) to examine 
the apoptosis levels in tumor tissues. Tumor tissues from 
the control mice exhibited extensive apoptosis, whereas 
only a small number of apoptotic cells were detected 
in the tumor tissues from PTRF overexpression mice 
(Supplementary Figure 5I). Taken together, these results 
suggest that the PTRF-cPLA2 lipid remodeling pathway 
may induce immunosuppressive effects, possibly by 
providing fuel to activate the adenosinergic pathway.
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Fig. 4  A cPLA2 inhibitor represses endocytosis, ATP production, and GBM cell proliferation through suppressing PTRF-mediated phospholipid repro-
gramming. (A) Schematic model of the role of cPLA2 in PTRF-induced phospholipid remodeling. (B) Fold change in the levels of various LPCs in N9 PTRF 
cells treated with DMSO or AACOCF3 based on lipidomics analysis. (C) Flow cytometry analysis of Cy5-BSA after 4 h incubation with DMSO or AACOCF3. 
(D) N9 cells with or without PTRF overexpression were seeded in XF24 well plates, and treated with DMSO or AACOCF3 for bioenergetic measurements. 
n = 3–4 replicates per group. (E) N33 cells with or without PTRF overexpression were seeded in XF24 well plates, and treated with DMSO or AACOCF3 for 
bioenergetic measurements. n = 3–4 replicates per group. (F–H) Graphs showing basal respiration (F), proton leakage (G), and ATP production (H) of GBM 
cells treated with DMSO or AACOCF3. (I) Intracellular ATP concentration in GBM cells treated with DMSO or AACOCF3, as detected via bioluminescence. 
(J) Colony formation of GBM cells treated with DMSO or AACOCF3. (K) Relative cell viability of GBM cells treated with DMSO or AACOCF3.
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AACOCF3 + Metformin as Combination Therapy 
Against GBM

Seeking new treatment modalities for GBM patients with 
a high PTRF level, we next used intracranial PDX models 
with PTRF-overexpressing tumors and tested both mono-
therapies and combination therapy with the cPLA2 inhib-
itor AACOCF3 and metformin, a drug that reduces ATP 
synthesis (Supplementary Figure 6A). Compared with ve-
hicle, both the AACOCF3 and metformin monotherapies 
significantly reduced the growth of the tumor (Figure 6A, 

C) and significantly increased survival rates (Figure 6B). 
Moreover, the combination therapy had further signifi-
cant effects on both tumor growth reduction and in-
creased survival rates. IHC staining of tumor sections 
showed that all the therapies reduced the levels of Ki-67, 
with the combination therapy again showing the most 
pronounced reductions (Figure  6D and Supplementary 
Figure 6B). In addition, the cellular ATP levels in the 
tumor tissues were reduced (Supplementary Figure 6C).

We further examined whether AACOCF3, metformin, 
and/or a combination of these inhibitors can relieve the 
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effect of PTRF on suppressing immune responses in 
GBM (Supplementary Figure 6D). The ATP and adenosine 
levels were significantly reduced in the tumor microen-
vironment of the AACOCF3 and metformin monotherapy 
group (Figure  6E, F). Furthermore, the AACOCF3 and 
metformin monotherapies both increased the levels of 
IFN-γ (Supplementary Figure 6E) and GrB (Figure 6G), in-
creased CD8+ TILs (Figure 6H and Supplementary Figure 
S6F), and increased the extent of apoptosis in tumor tis-
sues (Supplementary Figure 6G). We again found that the 
combination therapy outperformed either of the mono-
therapies for all of the tested parameters, highlighting its 
strong potential as a novel approach for the treatment of 
GBM.

Discussion

In this study, we found that PTRF remodeled phospho-
lipids through cPLA2 to promote tumor prolifera-
tion and immune suppression in GBM (Figure  6I). The 
tumor-promoting effect of PTRF in gliomas is widely 
recognized; previous studies have shown PTRF pro-
tects vascular endothelial cells from cytotoxic C lym-
phocyte–mediated cell death20 and that a partial loss of 
PTRF causes potent immune responses in the challenge 
phase of asthma.21 In GBM, PTRF is negatively correl-
ated with the number of cytotoxic lymphocytes by bio-
informatics analyses.16 Consistently, our data showed 
a reduction in the CD8+ TILs in tumor tissues with PTRF 
overexpression, indicating that PTRF suppresses im-
mune responses in GBM.

Metabolic reprogramming is a hallmark of cancer. 
Tumor-related metabolic alterations cover all stages of cell-
metabolite interactions, including the ability to obtain the 
necessary nutrients and to use these nutrients to generate 
energy and build new biomass.5,22 Tumor cells can take in 
macromolecular substances such as polysaccharides, fatty 
acids, and protein. Palm et al suggested that cancer cells can 
use endocytosis to internalize extracellular proteins and de-
grade them in lysosomes, providing an important source of 
intracellular amino acids.23 We found that the PTRF-cPLA2 
lipid remodeling pathway promotes GBM survival by 
enhancing endocytosis and energy metabolism. Elevation 
of LPC levels by PTRF can alter the fluidity of the cell mem-
brane and thereby increase the uptake of extracellular 
macromolecular nutrients, indicating that phospholipid 
remodeling can enhance endocytosis. All living cells rely on 
the uptake of nutrients, which are then directed into multiple 
metabolic pathways to generate energy. Our results also 
suggest that the endocytosis pathway might participate in 
cellular energy metabolism, but the mechanism is unclear.

Cytoplasmic PLA2 hydrolyzes the fatty acyl chain 
of phospholipids at the sn-2 position to produce 
lysophospholipids and fatty acids. Slatter et al showed that 
lipid membrane remodeling is necessary to support en-
ergy requirements during platelet activation; they found 
that cPLA2 has a previously unrecognized biological func-
tion in metabolism, through which it serves as a regulator 

of mitochondrial energy production.19 Consistently, we 
found that cPLA2-mediated phospholipid remodeling can 
promote mitochondria energy metabolism.

As a direct source of cell energy, ATP can provide sup-
port for cell biological activities. Among these activities, 
the effect of ATP on tumor cell proliferation has been 
widely recognized in many tumors. Our study revealed that 
increased ATP levels strongly promote the proliferation of 
GBM cells in vitro and in vivo. In addition to the effects on 
the tumor itself, ATP can affect the tumor cell microenvi-
ronment. Large-scale research efforts have been focused 
on selectively targeting cellular ATP metabolic pathways, 
with emphasis on extracellular purinergic signaling.24 
Adenosine is an important factor produced by cancer cells 
and immune cells in the tumor microenvironment that can 
inhibit antitumor responses. Adenosine can be produced 
via the catalysis of ATP by proteins, including CD73 and 
CD39, that are expressed on the cell surface. The inhibi-
tory effect of adenosine on the antitumor response has 
been demonstrated in many studies, and a variety of treat-
ments based on adenosine metabolism25—for example, 
by blocking adenosine receptors through specific antag-
onists—have been developed. There are also efforts to de-
velop immunotherapies that target CD73 and CD39,26 and 
CD73 in particular has been identified as a target for spe-
cific immunotherapy in GBM, offering improved antitumor 
immune responses for GBM during immune checkpoint 
therapy.27 In this context, in addition to demonstrating the 
functional contributions of PTRF-induced phospholipid 
remodeling to nutritional endocytosis, fatty acid oxidation 
in mitochondria, ATP, adenosine metabolism, and the sup-
pression of tumor immune responses, our study has de-
fined multiple new targets for developing GBM therapies 
specifically and perhaps adenosine-related immunother-
apies more generally.
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