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Abstract The polymerase 1 and transcript release factor (PTRF)ecytoplasmic phospholipase A2

(cPLA2) phospholipid remodeling pathway facilitates tumor proliferation in glioma. Nevertheless,

blockade of this pathway leads to the excessive activation of oncogenic receptors on the plasma mem-

brane and subsequent drug resistance. Here, CD26/dipeptidyl peptidase 4 (DPP4) was identified through

screening of CRISPR/Cas9 libraries. Suppressing PTRFecPLA2 signaling resulted in the activation of

the epidermal growth factor receptor (EGFR) pathway through phosphatidylcholine and lysophosphati-

dylcholine remodeling, which ultimately increased DPP4 transcription. In turn, DPP4 interacted with

EGFR and prevented its ubiquitination. Linagliptin, a DPP4 inhibitor, facilitated the degradation of EGFR

by blocking its interaction with DPP4. When combined with the cPLA2 inhibitor AACOCF3, it exhibited
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synergistic effects and led to a decrease in energy metabolism in glioblastoma cells. Subsequent in vivo

investigations provided further evidence of a synergistic impact of linagliptin by augmenting the sensi-

tivity of AACOCF3 and strengthening the efficacy of temozolomide. DPP4 serves as a novel target

and establishes a constructive feedback loop with EGFR. Linagliptin is a potent inhibitor that promotes

EGFR degradation by blocking the DPP4eEGFR interaction. This study presents innovative approaches

for treating glioma by combining linagliptin with AACOCF3 and temozolomide.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glioblastoma (GBM) is the most malignant primary brain tumor,
with a median survival of approximately 15 months1-3. Despite
numerous treatments including immunotherapies, bevacizumab,
and viral therapies being researched for GBM, there have been no
substantial advancements4-6. It is imperative to investigate novel
targets that promote the initiation and progression of GBM.

The modification of the phospholipid composition of mem-
branes and cells has functional effects on malignancies7,8. The
cytoplasmic phospholipase A2 (cPLA2) enzyme breaks down
phospholipids to produce fatty acids9, which are then utilized in
the tricarboxylic acid cycle through b-oxidation to generate en-
ergy10. Our pioneering study revealed that polymerase 1 and
transcript release factor (PTRF), an indicator associated with
mesenchymal subtype, stabilizes cPLA2 to increase unsaturated
lysophosphatidylcholine (LPC) levels and LPC-mediated in-
creases in membrane fluidity, which in turn promotes tumor pro-
liferation and suppresses immune responses in GBM11,12.
AACOCF3, a cPLA2 inhibitor, can inhibit this process and pro-
long the survival of tumor-bearing mice12. However, saturated
phosphatidylcholine (PC) is thought to contribute to the formation
of organized regions inside the plasma membrane which contain
active signaling complexes, resulting in transduction of oncogenic
signals and tumor growth13,14. Hence, specific inhibition of the
lipid remodeling pathway is an attractive metabolism-targeted
strategy for GBM therapy, while maintaining the equilibrium
between PC and LPC is crucial for mitigating its adverse
consequences.

The objective of this work was to investigate a further strategy
to address the accumulation of PC following prolonged exposure
to cPLA2 inhibition. Using CRISPR-Cas9 screening, we identified
CD26/dipeptidyl peptidase 4 (DPP4) as a synergistic target
induced by PTRFecPLA2 signaling inhibition. DPP4 stabilizes
epidermal growth factor receptor (EGFR) by occupying essential
amino acid residues that are important for c-Cbl binding to EGFR,
and this is a crucial event in the PTRFecPLA2 lipid remodeling
pathway. We also confirmed that the Exon 25e28 (Ex25e28)
region of EGFR and the amino acid (AA) 506e766 region of
DPP4 are the critical domains for the interaction between EGFR
and DPP4. Interestingly, we demonstrated that linagliptin disrupts
the DPP4eEGFR interaction and promotes the degradation of
EGFR. Linagliptin could also induce a synergistic effect with
AACOCF3 in GBM. This study revealed the noncanonical func-
tionality of linagliptin and highlighted the potential of combining
linagliptin with AACOCF3 or TMZ as an innovative therapeutic
strategy for treating GBM patients stratified according to
PTRFeDPP4ePLA2G4A (PDP) scores.

2. Materials and methods

2.1. Genome-wide CRISPR screening

The U87 and U87-PTRF cells were infected with the pooled
GeCKOv2 human lentiviral library (GeneChem, Shanghai,
China), containing 123,411 sgRNAs targeting 20,914 human
genes, at a multiplicity of infection (MOI) of 0.3 to ensure that
most cells received only one stably integrated sgRNA cassette. On
the second day, puromycin was added to select the positively
transduced cells. After 1 week of puromycin selection, the
remaining cells were treated with 25 mmol/L AACOCF3 or
DMSO, respectively. After another 14 days of treatment, the
survival cells were harvested, and genomic DNA was isolated for
the amplification of sgRNAs15. The mapping ratio (>80%), dis-
tribution, evenness, and missing ratio all meet the standards of
quality control. Illumina X platform was used for sgRNAs
sequencing. MAGeCKFlute was utilized for analyzing raw data16.

2.2. Lysophosphatidylcholine (LPC) and phosphatidylcholine
(PC) content determination

LPC and PC determination were performed using the lysophos-
phatidylcholine assay kit (Abcam, Cambridge, UK) and the
phosphatidylcholine assay kit (Abcam).

2.3. Coimmunoprecipitation (Co-IP)

The cell lysate was prepared from a lysate buffer of NP-40
(Beyotime, Shanghai, China) with 1% PMSF. The supernatant,
target antibody and corresponding IgG were incubated at 4 �C
overnight. Then, 40 mL of protein A/G magnetic beads (Selleck,
TX, USA) was added to the mixture at 4 �C for 2e4 h, and the
beads were washed 3 times for a total of 15 min. Finally, Western
blot was used to label the target protein. The primary antibodies
used are listed in Supporting Information Table S1.

2.4. Seahorse Xfe extracellular flux analysis (mito stress test)

The cells were seeded on a Seahorse XF24 cell culture microplate
(Agilent, Santa Clara, CA, USA). The next day, the oxygen con-
sumption rate (OCR) was determined according to the manufac-
turer’s protocol. One hour before the analysis, the cell culture
medium was replaced with XF basic medium supplemented with
10 mmol/L glucose, 2 mmol/L glutamine, and 1 mmol/L pyruvate,
and the final pH was 7.4. Then, the cell culture microplate was
cultured in a 37 �C carbon dioxide-free incubator for 1 h. The
following concentrations of drugs were used during OCR
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Figure 1 CRISPR-Cas9 library screening revealed that DPP4 is a target that attenuates the cytotoxic effects of AACOCF3 in U87-PTRF cells.

(A) Schematic diagram of CRISPR-Cas9 library screening. (B) Candidate genes were obtained through Venn diagram analysis. (C) Drugegene

interaction diagram of DPP4. (D, E) The mRNA levels of DPP4 in U87-MG and TBD0220 cells were treated with 25 mmol/L AACOCF3. (F)

DPP4 protein levels in U87-MG and TBD0220 cells after long-term treatment with 25 mmol/L AACOCF3. (G) Schematic model of the role of

cPLA2 inhibition in PC/LPC transformation. (H) Quantitative analysis of PC/LPC in U87-MG cells after treatment with 25 mmol/L AACOCF3 for

different durations. (I, J) Changes in the levels of EGFR and its downstream proteins in GBM cells after 0e96 h of treatment with 25 mmol/L

AACOCF3 or 72 h of treatment with different concentrations of PC. (K) The p65 binding peak in the DPP4 promoter region in the ChIP-seq

database. (L) ChIP-PCR using anti-p65 antibodies in GBM cell lines treated with 25 mmol/L AACOCF3 for 48 h. (M) Mechanistic diagram

of AACOCF3-induced PC/LPC lipid remodeling leading to the upregulation of DPP4. Data are represented as mean � SD; n Z 3 independent

experiments. **P < 0.01, ****P < 0.0001; ns, no significance.
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collection: oligomycin (2 mmol/L), short-chain chlorinated paraffin
(2 mmol/L), and rotenone/antimycin A mixture (0.5 mmol/L).
Extracellular flux experiments were carried out on a hippocampal
XF24 analyzer (Agilent). The data were analyzed by Seahorse
software.

2.5. In vivo xenograft mouse models

All animal research protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of Beijing Tiantan
Hospital, Capital Medical University (Approval No. 202204004)
according to all animal ethical and safety guidelines. The
orthotopic GBM model was established in 4-week-old female
BALB/c nude mice. Under the guidance of a stereotaxic appa-
ratus, TBD0220 cells transduced with luciferase lentivirus
(1 � 105, dissolved in 3 mL of PBS) were injected into each
mouse at 2.0 mm posterior, 2.0 mm lateral, and 3.0 mm ventral to
the fontanel to construct an in situ GBM model. The mice were
examined by bioluminescence imaging of the parietal lobe on the
7th, 14th, and 21st days after tumor transplantation. Survival
curves were generated via the KaplaneMeier method. The dif-
ference in the survival rates across the groups was analyzed by
the logarithmic rank test. At the termination of the animal
experiment, the animals were humanely sacrificed, and the
intracranial tumor tissues were extracted for IHC and H&E
analysis.

2.6. Human samples and ethics statement

The research in this study adhered to all ethical and safety regu-
lations. Glioma tissues were obtained from Beijing Tiantan Hos-
pital, Capital Medical University, with written consent from the
patients. Approval for this study was granted by the Beijing
Tiantan Hospital, Capital Medical University, Ethical Committee
(Approval No. KY 2020-131-02, 2022.04.06). Patient selection
was unbiased.

2.7. Statistical analysis

All bioinformatics analyses and visualizations were performed in
R 4.2.1. All the statistical analyses were carried out using
GraphPad Prism 8.4.0 software. Student’s t-test was used to
compare 2 experimental groups, while ANOVA was used to
compare multiple experimental groups. SynergyFinder (Bliss
model) was used to determine the combination score17. The
graphic abstract was drawn by Figdraw. The error bars in the
figures represent mean � standard deviation (SD) of at least 3
independent experiments (n Z 3). Significance is indicated as
follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,
ns Z no significance.

2.8. Other methods

For materials and methods related to tissue microarrays (TMAs),
RNA sequencing, cell culture and drug treatment, Western blot
(WB), immunofluorescence (IF) assay, chromatin immunopre-
cipitation (ChIP), hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC), cell viability and clonogenicity
assays, RNA isolation and quantitative real-time PCR (qRT-PCR),

siRNA transfection and lentiviral transduction, see Supporting
Information for details.

3. Results

3.1. CRISPR-Cas9 library screening reveals that DPP4 is a
target that attenuates the cytotoxic effects of AACOCF3

To explore the targets related to the cytotoxic effects of
AACOCF3, we measured the basal PTRF level of TBD0220 and
U87-MG, showing that the PTRF basal level was lower in U87-
MG cells (Supporting Information Fig. S1A) and we performed
CRISPR/Cas9 library screening of PTRF-overexpressing U87-MG
cells (U87-PTRF) and negative control cells (U87-NC) (Fig. S1F).
mRNA and sgRNA sequencing analyses were performed on Days
0 and 14 (Fig. 1A, Fig. S1B and S1C). The decreased sgRNA
indicates that cells lacking sgRNA-targeted genes are unable to
survive, suggesting these genes may contribute to AACOCF3
resistance. Meanwhile, the genes that exhibit increased expres-
sion in survived cells after selection may contribute to drug
resistance. Therefore, we intersected the differential genes from
CRISPR library screening and the genes from mRNA sequencing,
resulting in 2 candidate genes (Fig. 1B). To further assess candi-
date targets, drugegene interaction (DGI) analyses of the two
genes were performed. There were 25 drugs targeting DPP4, but
no drugs targeting NXN were identified (Fig. 1C). GO-BP
enrichment analysis revealed that genes positively correlated
with DPP4 were enriched mainly in the inflammatory response,
apoptosis, vesicle-mediated transport, angiogenesis, and the NF-
kB signaling pathway (Fig. S1D). Moreover, in the CGGA data-
base, high DPP4 expression was associated with poorer survival
outcomes (Fig. S1E). Therefore, we selected DPP4 as the gene of
interest for subsequent experimental and clinical evaluation.

We used U87-PTRF cells and TBD0220 cells (with high
endogenous PTRF) to explore the molecular mechanism of DPP4
elevation under PTRF overexpression and AACOCF3 treatment.
We found that under conditions of high PTRF expression, long-
term AACOCF3 treatment of GBM cells led to increased DPP4
mRNA and protein levels, but this phenomenon was not obvious
under conditions of low PTRF expression (Fig. 1DeF).
AACOCF3 plays a role in blocking cPLA2, an enzyme that me-
diates the conversion of PC to LPC, which increases PC accu-
mulation (Fig. 1G). We found that under conditions of high PTRF
expression, with increasing AACOCF3 treatment time, the degree
of accumulation of PC in GBM cells increased, while the pro-
duction of LPC decreased; however, this phenomenon was not
obvious under conditions of low PTRF expression (Fig. 1H and
Fig. S1H). Previous studies have shown that the accumulation of
PC in cells can cause phospholipid remodeling in cell membranes,
which in turn causes the activation of membrane carcinogenic
signals14. WB showed that after long-term AACOCF3 treatment
in GBM cells with high PTRF expression, p-EGFR was elevated,
and p-AKT and p-p65 subsequently increased, which was also
observed after PC treatment in GBM cells with high PTRF
expression (Fig. 1I and J). We then analyzed the ChIP-seq data in
the GEO database (GSM486305 and GSM1643963) and detected
a p-p65 enrichment peak in the DPP4 promoter region, suggesting
that DPP4 may be regulated by p65 (Fig. 1K). Next, we found that
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Figure 2 PTRF stabilizes DPP4 and prevents its ubiquitination (A) Heatmap displaying PTRF, EGFR, and DPP4 H-scores among glioma

patients with different characteristics. (B) Representative IHC staining of PTRF, EGFR, and DPP4 in GBM patient tissue microarray. (C)
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in GBM cells with high PTRF expression, long-term AACOCF3
treatment increased p65 binding to the DPP4 promoter region,
but this effect was not obvious in GBM cells with low PTRF
expression (Fig. 1L). In summary, long-term treatment of GBM
cells with high PTRF expression with AACOCF3 led to PC/LPC
imbalance and activated EGFR-AKT-p65 signaling to induce
DPP4 expression (Fig. 1M).

3.2. PTRF prevents DPP4 from being ubiquitinated and
stabilizes DPP4

To verify the potential relationship between PTRF and DPP4, we
analyzed cohorts from the TCGA and CGGA databases. The re-
sults indicated that PTRF expression was positively correlated
with DPP4 expression and that the expression of DPP4 and PTRF
tended to increase with increasing histological grade (Supporting
Information Fig. S2AeS2D). To determine the clinical signifi-
cance of DPP4, we further analyzed TMAs. The H-score of PTRF
was positively correlated with the H-score of DPP4 (Fig. S2E). In
addition, DPP4 and PTRF H-scores were vastly elevated in GBM.
These results suggested that DPP4 and PTRF expression may
contribute to GBM tumorigenesis (Fig. 2A and B, Fig. S2F). Gene
expression profile analysis of TCGA and CGGA data indicated
that patient prognosis was negatively correlated with PTRF and
DPP4 expression (Fig. 2C). Therefore, high PTRF and DPP4
expression is a poor prognostic factor for glioma patients, which
further supports the potential value of targeting DPP4 in glioma.
As our previous study reported, PTRF can prevent the ubiquiti-
nation of specific proteins12,18. To verify the regulatory effect of
PTRF on DPP4, we overexpressed PTRF in U87-MG (U87-PTRF)
cells and knocked down PTRF in TBD0220 cells (Fig. S1F and
S1G). We found that the overexpression and knockdown (KD)
of PTRF affected the protein level of DPP4 (Fig. 2D). By applying
a protein synthesis inhibitor (CHX), we verified that DPP4
degradation occurred faster when PTRF expression was low
(Fig. 2EeH). These results indicated the post-transcriptional
regulation of PTRF on DPP4. Because DPP4 degradation could
be regulated by autophagy or the ubiquitineproteasome system
(UPS), the two main proteolytic systems, U87-PTRF cells and
TBD0220 cells with PTRF KD, were treated with the lysosomal
inhibitor CQ, the proteasome inhibitor MG132, or CHX for 24 h
to determine which proteolytic system regulates DPP4 protein
degradation. WB analysis revealed that, in the presence or absence
of PTRF, DPP4 was strongly degraded upon treatment with CHX,
and this degradation was reversed by treatment with MG132 but
not CQ (Fig. 2 I and J). These results indicate that DPP4 is
degraded only by the UPS and that PTRF does not affect the
manners of DPP4 degradation.

Finally, Co-IP assays were performed and indicated that DPP4
was more easily ubiquitinated when PTRF was depleted, while the

ubiquitination of DPP4 decreased with PTRF overexpression
(Fig. 2K and L). Furthermore, PTRF and DPP4 could interact with
each other directly according to cross-IP experiments with anti-
PTRF or anti-DPP4 antibody (Fig. 2M). Taken together, these
data indicate that PTRF prevents DPP4 from being ubiquitinated
and thus stabilizes DPP4.

3.3. The AA 506e766 truncation of DPP4 binds to the
Ex25e28 truncation of EGFR to prevent c-Cbl interaction with
EGFR to stabilize EGFR

We demonstrated that EGFR is a crucial component of the
PTRFecPLA2 phospholipid remodeling pathway. Next, IHC
staining of patient brain sections was performed, and we found
that DPP4 and EGFR were highly expressed in CNS WHO Grade
4 gliomas. Interestingly, we found that EGFR expression was
positively correlated with DPP4 expression through TMA analysis
(Fig. 2A and B). EGFR, an oncogene, is widely overexpressed and
aberrantly activated in diverse tumors, including gliomas, where it
promotes tumorigenesis and development, and dysregulation of
EGFR protein stability has been reported to critically contribute to
abnormal EGFR signaling and cancer development19. We further
investigated the relationship between DPP4 and EGFR in U87-
MG and TBD0220 cells. We found that DPP4 KD decreased the
protein level of EGFR/EGFRvIII (Supporting Information
Fig. S3A); however, the mRNA level remained stable (Fig. S3B),
which indicated that DPP4 regulates the posttranscriptional
degradation of EGFR/EGFRvIII. With the combination of CHX,
we found that DPP4 KD promoted the degradation of large
amounts of EGFR/EGFRvIII, which confirmed the above results
(Fig. 3A and B). Then, CQ, MG132, and CHX were applied to
determine whether autophagy or the UPS contributed to EGFR/
EGFRvIII degradation. WB analysis revealed that, regardless of
the presence of DPP4, EGFR and EGFRvIII were strongly
degraded upon treatment with CHX, and this degradation was
attenuated by treatment with MG132 but not CQ (Fig. 3C).
Furthermore, IP experiments showed an increasing trend in the
level of ubiquitinated EGFR/EGFRvIII when DPP4 was depleted
(Fig. 3D and E). Analysis of IF images indicated that there was a
low colocalization rate between EGFR/EGFRvIII and lysosomes
in the Ctrl-KD and DPP4-KD groups, which indicates that EGFR/
EGFRvIII is not degraded via lysosomes (Fig. S3C). In addition,
immunoprecipitation with anti-EGFR or DPP4 antibodies pulled
down both DPP4 and EGFR/EGFRvIII (Fig. 3F). These results
demonstrate that EGFR/EGFRvIII are degraded mainly through
the UPS without EGF stimulation and EGFR/EGFRvIII is stabi-
lized and protected from ubiquitination-mediated degradation
when bound to DPP4.

To further map the interaction domain of EGFR and DPP4, we
constructed a series of EGFR and DPP4 truncation mutants and

KaplaneMeier survival analysis based on the expression levels of PTRF and DPP4 in the CGGA and TCGA cohorts. (D) Protein levels of DPP4

in U87-PTRF and in TBD0220 cells with PTRF KD. (E, F) WB analysis and quantification of DPP4 degradation in Ctrl- and PTRF-

overexpressing U87-MG cells treated with CHX for 24 h. (G, H) WB analysis and quantification of DPP4 degradation in Ctrl- and PTRF-

KD-TBD0220 cells treated with CHX for 24 h. (I) DPP4 protein levels in Ctrl- and PTRF-overexpressing U87-MG cells treated with CHX,

MG132, or CQ for 24 h. (J) Protein level of DPP4 in Ctrl- and PTRF-KD-TBD0220 cells treated with CHX, MG132, or CQ for 24 h. (K) Co-IP

assays were conducted with an anti-DPP4 antibody in Ctrl- and PTRF-overexpressing U87-MG cells, followed by immunoblotting with ubiquitin.

(L) Co-IP assays were conducted with an anti-DPP4 antibody in Ctrl- and PTRF-KD-TBD0220 cells, followed by immunoblotting with ubiquitin.

(M) The association between PTRF and DPP4 was determined by Western blot with anti-PTRF and anti-DPP4 antibodies. Data are represented as

mean � SD; n Z 3 independent experiments. **P < 0.01 and ***P < 0.001.

Linagliptin blocks DPP4eEGFR interaction for glioma treatment 3637



Figure 3 DPP4 interacts with EGFR/EGFRvIII to prevent its ubiquitination. (A, B) WB analysis and quantification of EGFR/EGFRvIII

degradation in Ctrl- and DPP4-KD-U87-MG and TBD0220 cells treated with CHX for 24 h. (C) Protein levels of EGFR/EGFRvIII in Ctrl-

and DPP4-KD-TBD0220 cells treated with CHX, MG132, or CQ for 24 h. (D, E) Co-IP assays were conducted with an anti-EGFR antibody in

Ctrl- and DPP4-KD-U87-MG and TBD0220 cells, followed by immunoblotting with ubiquitin. (F) The association between EGFR/EGFRvIII and

DPP4 was determined by Western blot with anti-EGFR and anti-DPP4 antibodies. (G) Mapping of full-length EGFR/EGFRvIII and its truncated
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transfected them into the U87-MG and TBD0220 cell lines
(Fig. 3G and I). Co-IP assays with an anti-Flag antibody showed
that full-length EGFR and DPP4 could bind to DPP4 and EGFR/
EGFRvIII, respectively. In addition, only the Ex25e28 truncation
of EGFR and the AA 506e766 truncation of DPP4 interacted with
DPP4 and EGFR/EGFRvIII, separately, and the other truncations
scarcely captured DPP4 or EGFR/EGFRvIII (Fig. 3H and J,
Fig. S3D and S3E). Because EGFRvIII can bind to DPP4, which
indicates that Ex2e7 of EGFR does not interact with DPP4, these
results indicated that the Ex25e28 region of EGFR and the AA
506e766 region of DPP4 are the key domains involved in the
interaction between EGFR and DPP4.

Because Tyr1045 of EGFR is a crucial residue for c-Cbl
binding, leading to the ubiquitination of EGFR20, and because this
residue is present in the Ex25e28 region of EGFR, we investi-
gated whether the binding of DPP4 to EGFR prevents c-Cbl from
interacting with EGFR/EGFRvIII. Co-IP experiments showed that
c-Cbl binding with EGFR/EGFRvIII increased when DPP4 was
knocked down compared to that in the Ctrl group (Fig. 3K).
Collectively, these results demonstrate that DPP4 can stabilize
EGFR/EGFRvIII by competing with c-Cbl for binding of EGFR/
EGFRvIII, leading to reduced ubiquitination of EGFR/EGFRvIII.

3.4. Linagliptin promotes EGFR and EGFRvIII degradation
through the ubiquitineproteasome pathway by interrupting the
EGFR/EGFRvIII-DPP4 interaction

As a DPP4 inhibitor, linagliptin forms hydrogen bonds with
Glu205, Glu206, Tyr662, and Tyr631 of DPP4. In addition, there
are aromatic stacking interactions between the xanthine ring
system and Tyr547 as well as between the quinazoline ring and
Trp62921. Some of the key residues are included in the AA
506e766 region of DPP4. Hence, we explored whether linagliptin
can block the interaction between DPP4 and EGFR. We carried
out cross-IP assays using anti-EGFR and DPP4 antibodies in
TBD0220 cells and found that the binding between DPP4 and
EGFR/EGFRvIII decreased after 48 h of linagliptin treatment
(Fig. 4A and B). DPP4 or EGFR/EGFRvIII were immunopre-
cipitated in dose- and time-dependent manners, the results showed
that after just 8 h and at a concentration as low as 5 mmol/L,
linagliptin suppressed the interaction between DPP4 and EGFR/
EGFRvIII (Fig. 4CeF). In addition, U87-MG and
TBD0220 cells were transfected with an Ex25e28 truncation of
EGFR with a tag of Flag and an AA 506e766 truncation of DPP4
with a tag of His and treated with linagliptin for 48 h. Immuno-
precipitation of the Ex25e28 truncation of EGFR with an anti-
Flag antibody pulled down the reduced His-AA 506e766 trun-
cation of DPP4 after linagliptin treatment compared to that after
DMSO treatment (Fig. 4G). These results indicated that linagliptin
blocks the binding between the AA 506e766 truncation of DPP4
and the Ex25e28 truncation of EGFR to suppress the interaction
between DPP4 and EGFR.

Next, we investigated the effect of linagliptin on the degra-
dation of EGFR in GBM cell lines. As expected, the binding of

c-Cbl to EGFR and EGFRvIII increased after linagliptin treatment
for 48 h, which suggested that linagliptin may affect its
ubiquitination-mediated degradation (Fig. 4H). Additionally,
linagliptin reduced the protein level of EGFR but did not influence
its mRNA level and promoted the degradation of EGFR/EGFRvIII
according to the results for cells treated with both linagliptin and
CHX and those treated with CHX alone (Fig. 4C, I and J). U87-
MG and TBD0220 cells were treated with CHX, CQ, MG132,
or linagliptin to further explore the EGFR/EGFRvIII degradation
mechanisms. WB analysis revealed marked degradation following
CHX treatment, and this degradation was reversed by treatment
with MG132 with or without linagliptin existence (Fig. 4K).
Finally, U87-MG and TBD0220 cell pellets were collected 8 h
postexposure to linagliptin before EGFR/EGFRvIII was degraded
vastly to perform Co-IP assays. As shown in Fig. 4L, the ubiq-
uitination level of EGFR/EGFRvIII was greater in cells treated
with linagliptin than in those treated with DMSO. The IF images
revealed that EGFR/EGFRvIII scarcely colocalized with lyso-
somes in the DMSO and linagliptin treatment groups (Fig. S3F).
Collectively, these results indicated that linagliptin promotes
EGFR/EGFRvIII degradation through the ubiquitineproteasome
pathway by disrupting the interaction between EGFR/EGFRvIII
and DPP4.

3.5. Linagliptin synergistically sensitizes GBM cells to
AACOCF3 and inhibits energy metabolism and proliferation

We further explored whether the combination of linagliptin and
AACOCF3 had a synergistic effect on GBM cells. The
doseeresponse matrix data were analyzed, and we found a clear
synergy between these two agents in U87-PTRF and
TBD0220 cells (Fig. 5A‒D). Next, we found via seahorse as-
says that the combination of the 2 drugs significantly blocked
energy production in the U87-PTRF and TBD0220 cell lines
(Fig. 5EeL). Interestingly, in U87-Ctrl and TBD-siPTRF cells,
the combination of linagliptin and AACOCF3 inhibited the
mitochondrial respiratory chain and energy production (Sup-
porting Information Fig. S4AeS4H). Moreover, we observed
that linagliptin combined with AACOCF3 reversed the increase
in ATP production in GBM cells caused by prolonged
AACOCF3 treatment (Fig. 5M and N). Subsequent clonoge-
nicity assays also confirmed that linagliptin could synergically
sensitize AACOCF3 cells and inhibit GBM cell proliferation
(Fig. S4I). Next, we constructed an orthotopic nude mouse
GBM model using TBD0220 cells (Fig. 5O). We found that the
linagliptin þ AACOCF3 group had a lower tumor burden and
longer survival than the AACOCF3 group (Fig. 5PeR,
Fig. S4J). Analysis of H&E-stained sections of the tumor-
bearing mice also revealed that the combined treatment group
had the lowest tumor burden (Fig. S4K). IHC staining revealed
that the tumor sections of the mice in the combined group had
the lowest ki67, EGFR, and DPP4 expression levels (Fig. S4L).
Moreover, we used TBD0220 cells to construct the nude mice
orthotopic GBM model. One week later, mice were

variants. (H) After TBD cells were transfected with a series of 3 � Flag-tagged EGFR constructs for 48 h, as depicted in (G), Flag Co-IP was

conducted to determine the interaction domain of EGFR with DPP4. (I) Mapping of full-length DPP4 and its truncated variants. (J) After

TBD0220 cells were transfected with a series of 3 � Flag-tagged DPP4 constructs for 48 h, as depicted in (I), Flag Co-IP was conducted to

determine the interaction domain of DPP4 with EGFR/EGFRvIII. (K) Co-IP assays with an anti-EGFR antibody were performed to verify the

interaction between EGFR/EGFRvIII and c-Cbl in Ctrl- and DPP4-KD-U87-MG and TBD0220 cells. Data are represented as mean � SD; n Z 3

independent experiments. ***P < 0.001 and ****P < 0.0001.
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Figure 4 Linagliptin blocks the interaction between EGFR/EGFRvIII and DPP4 to promote EGFR degradation. (A, B) Co-IP assays with anti-

DPP4 and anti-EGFR antibodies were performed to verify the interaction between EGFR/EGFRvIII and DPP4 in TBD0220 cells treated with

linagliptin (20 mmol/L) for 48 h. (CeF) Co-IP assays with anti-DPP4 and anti-EGFR antibodies in dose- and time-dependent manners to verify the

interaction between EGFR/EGFRvIII and DPP4 in TBD0220 cells treated with the indicated concentrations of linagliptin for 48 h or 20 mmol/L

linagliptin for the indicated hours. (G) GBM cells were co-transfected with His-AA 506e766 truncation of DPP4 and Flag-Ex25e28 truncation of

EGFR and treated with 20 mmol/L linagliptin for 48 h. The association between the His-AA 506e766 truncation of DPP4 and the Flag-Ex25e28
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administrated with AACOCF3 (25 mg/kg) and linagliptin
(15 mg/kg) and sacrificed humanely in 12 h. Their brain tissues
were extracted and divided into brain tumor side and contra-
lateral brain side for liquid chromatography-mass spectrometry
(LCeMS) detection. We found that the concentrations of
AACOCF3 and linagliptin in brain tumor side tissue were
higher than that in contralateral brain side tissue which means
that both drugs have good bloodebrain barrier permeability and
can effectively enrich the tumor area (Fig. S4M and S4N). In
summary, we found that linagliptin can enhance the antitumor
effect of AACOCF3 both in vivo and in vitro.

3.6. The combination of linagliptin and AACOCF3 can enhance
the antitumor effect of TMZ in vivo

To further investigate the biological and prognostic relevance of
DPP4, PTRF, and PLA2G4A (cPLA2) expression levels in gli-
omas, a PDP risk score (PDP score) model was developed, and the
PDP score was calculated utilizing the gene expression values and
weighted coefficients obtained via univariate Cox analysis. We
found that the PDP score increased in tandem with the histological
grade (Fig. 6A, Supporting Information Fig. S5A and S5B).
Moreover, the PDP score was highest in the mesenchymal subtype
and lowest in the proneural subtype (Fig. 6B, Fig. S5C and S5D).
In addition, we found that the PDP score was elevated in IDH-
wildtype lower-grade gliomas (Fig. 6C, Fig. S5E and S5F). We
also observed in the TCGA and CGGA cohorts that patients with
high PDP score had poorer outcomes (Fig. 6D, Fig. S5GeS5I).
Based on the Akaike information criterion, age, WHO grade, IDH
status, chromosome 1p/19q status, and PDP score were identified
as prognostic factors and were integrated into a nomogram
(Fig. 6E). The nomogram yielded a C-index value of 0.874 in the
training cohort (TCGA), 0.707 in the CGGA validation cohort and
0.719 in the CGGA#2 validation cohort (Fig. S5JeS5L). The
nomogram also showed good calibration in both the training and
validation cohorts (Fig. 6F). In conclusion, the assessment of the
decision curve demonstrated that among the assessed models, the
model based on the combination of clinical features, molecular
features, and the PDP score is the most accurate in predicting
prognosis.

Next, we evaluated the PDP score of different GBM cell lines
by detecting the mRNA levels of PTRF, DPP4, and cPLA2. We
found that TBD0220 cells had a high PDP score; these cells were
utilized to construct an orthotopic GBM model to investigate the
in vivo efficacy of the linagliptin þ AACOCF3þTMZ triple
therapy (Fig. 6G, Supporting Information Fig. S6A). We found
that compared with the group treated with TMZ alone, the group
treated with linagliptin þ AACOCF3þTMZ had a lower tumor
burden (Fig. 6H and I) and longer survival (Fig. 6J and K). H&E-
stained sections of tumor-bearing mice also showed that the
combined group had the lowest tumor burden. IHC staining also
showed that the combined group had the lowest ki67 expression

(Fig. S6B and S6C). In summary, we found that linagliptin
combined with AACOCF3 can enhance the tumor inhibitory effect
of TMZ in vivo.

4. Discussion

Many novel medications have not demonstrated efficacy in
advanced clinical trials for GBM treatment, illustrating gaps in
early clinical drug development22. Unlike other intracranial
tumors that react to small molecular inhibitors targeting cancer
signaling pathways, GBM is largely unresponsive to molecular
therapies and immune checkpoint inhibitors23. With the
growing issue of TMZ resistance in GBM patients, new po-
tential targets and treatment approaches for GBM are urgently
needed.

Tumor cell proliferation is supported by active metabolic
processes24. Energy metabolic reprogramming is considered an
emerging hallmark of cancer25,26. Phospholipids form the
structure of cell membranes and are also involved in cellular
energy metabolism. In addition to increasing glucose uptake
and aerobic glycolysis, lipid metabolic reprogramming en-
hances the biological behavior of tumor cells27. Our previous
research revealed that PTRF remodels phospholipids by regu-
lating cPLA2 protein stability and enhancing cPLA2 activity,
thereby promoting endocytosis and energy metabolism, intrin-
sically promoting tumor proliferation, and inhibiting the GBM
immune response. Treatment with AACOCF3 and metformin
reversed the PTRFecPLA2 lipid remodeling pathway in
GBM12. Phospholipase A2 (PLA2) and lysophosphatidylcholine
acetyltransferases (LPCATs) are important catalytic enzymes
involved in the PC/LPC cycle. cPLA2 catalyzes the conversion
of intracellular PC to LPC, and the accumulation of intracellular
PC increases when the activity of cPLA2 is inhibited by
AACOCF3. Saturated PC has previously been shown to be
associated with aggressive histology and a poor prognosis in a
large group of breast cancer patients28. In GBM, saturated PC
mediates cell membrane phospholipid remodeling, further
activating oncogenic receptors (EGFR, MET) on the membrane
and causing overactivation of intracellular malignant signaling.
These intracellular effects of PC saturation are considered to
confer resistance to AACOCF3, and it is not clear how to
resolve this problem.

In this study, we characterized a potential target, DPP4, for the
treatment of GBM, which could reverse PTRFecPLA2 lipid
remodeling inhibition to increase AACOCF3 chemo-resistance
and be less ubiquitinated via binding to PTRF. In addition, there is
a feedback loop between DPP4 and EGFR in which EGFR can
increase the transcription of DPP4; in turn, DPP4 can prevent
EGFR ubiquitination by competing with c-Cbl for binding with
EGFR. Importantly, we discovered a noncanonical function of
linagliptin: it disrupts the interaction between DPP4 and EGFR to
promote EGFR degradation through the UPS. In vivo, linagliptin

truncation of EGFR was assessed by Co-IP assays with an anti-Flag antibody. (H) EGFR Co-IP in GBM cells treated with linagliptin (20 mmol/L)

for 48 h followed by c-Cbl detection by immunoblotting. (I) mRNA levels of EGFR and EGFRvIII in GBM cells after 48 h of treatment with

linagliptin (20 mmol/L). (J) WB analysis and quantification of EGFR/EGFRvIII degradation in cells treated with CHX alone or in combination

with CHX and 20 mmol/L linagliptin for 24 h. (K) WB analysis of EGFR/EGFRvIII in U87-MG and TBD0220 cells treated with CHX, MG132,

CQ, or 20 mmol/L linagliptin for 24 h. (L) Co-IP assays were conducted with an anti-EGFR antibody in GBM cells treated with 20 mmol/L

linagliptin for 8 h, followed by immunoblotting with ubiquitin. Data are represented as mean � SD; n Z 3 independent experiments.

***P < 0.001; ns, no significance.
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Figure 5 Linagliptin synergistically sensitizes GBM cells to AACOCF3 and inhibits energy metabolism and proliferation. (A) Doseeresponse

matrix of linagliptin and AACOCF3 in U87-PTRF cells. (B) Bliss synergy score of linagliptin and AACOCF3 in U87-PTRF cells. (C)

Doseeresponse matrix of linagliptin and AACOCF3 in TBD0220 cells. (D) Bliss synergy score of linagliptin and AACOCF3 in TBD0220 cells.

(E) OCR curves of TBD0220 cells treated with DMSO, AACOCF3, linagliptin or a combination of AACOCF3 and linagliptin for 48 h for

different durations were measured using a seahorse analyzer. (FeH) OCR measurements of (F) basal respiration, (G) proton leakage, and (H) ATP

production in TBD0220 cells. (I) OCR curves of U87-PTRF cells treated with DMSO, AACOCF3, linagliptin or a combination of AACOCF3 and
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also exhibited synergistic effects with AACOCF3 and TMZ. In
summary, DPP4 functions as a potential target and stabilizer for
EGFR, resulting in aberrant signal transduction, and linagliptin
suppresses this process.

DPP4 is a membrane-bound protein present in various cell
types, and its soluble form is found in bodily fluids. Evidence has
long indicated varying degrees of CD26/DPP4 expression in
different primary and metastatic tumors29. High DPP4 expression
is indicative of a poor prognosis in lower-grade glioma patients30.
Researchers have proposed that DPP4 inhibitor therapy can extend
the survival of preclinical GBM models31. Linagliptin, recently
approved as a DPP4 inhibitor, is widely recognized as a first-line
treatment for type 2 diabetes patients32,33. Existing research pre-
dominantly focuses on the classical functions of linagliptin, while
its nonclassical functions are somewhat unclear. Here, we
explored that linagliptin could block the interaction between DPP4
and EGFR.

PTRF, also called Cavin1, is initially described as a tran-
scription factor34. However, it is a special protein that functions in
many biological processes, such as caveolae formation, extracel-
lular vesicle genesis, transport, and secretion, phospholipid
metabolism remodeling, and aerobic glycolysis12,18,35,36. In
addition, PTRF can stabilize specific proteins and prevent their
ubiquitination. In our previous study, we showed that PTRF could
suppress the ubiquitination of cPLA2 and P4HA1 and stabilize
them by interacting with them12,18. In this study, we observed that
DPP4 was stabilized via interaction with PTRF and therefore
could not be ubiquitinated. However, the exact amino acid resi-
dues and domains involved in the binding between DPP4 and
PTRF need to be further investigated. Overall, our study provides
novel details on PTRF function.

EGFR stability regulation is critical for sustaining abnormal
EGFR signaling; however, the mechanisms underlying the
proteasome-dependent degradation of EGFR are unclear. It has
been reported that both lysosomal and proteasomal degradation
are involved in regulating EGFR stability. Under EGF stimu-
lation, EGFR degradation is suppressed by proteasome in-
hibitors and lysosome inhibitors. During lysosome-mediated
degradation, tyrosine phosphorylation of EGFR and c-Cbl,
ubiquitination of EGFR and proteasomal activity are vital for
the transport of EGF and EGFR to lysosomes. In the absence of
EGF stimulation, EGFR is degraded through the UPS, which is
consistent with our results19,20,37. However, EGFR is a trans-
membrane protein, and the process by which ubiquitinated
EGFR is released from the cytomembrane and transported to
proteasomes is still unclear. In this study, we revealed that the
AA 506e766 truncation of DPP4 bound to the Ex25e28 trun-
cation of EGFR to prevent c-Cbl from interacting with EGFR,
which decreased the ubiquitination level of EGFR. However,
the exact conformation and whether key residues, such as
Tyr1045 of EGFR and Tyr547, Tyr629, Tyr631, and Tyr662 of
DPP4, are involved in the interaction between EGFR and DPP4

need to be further analyzed. These results provide supporting
evidence for the protective effect of DPP4 and the blocking
effect of linagliptin.

In addition, the combination of linagliptin and AACOCF3 can
also enhance the therapeutic effect of TMZ and significantly pro-
long the survival of tumor-bearing mice treated with TMZ. The
prognostic value of our PDP scoring system based on PTRF, DPP4,
and PLA2G4A was well verified in TCGA and CGGA databases.
This score can be used to stratify glioma patients according to
prognosis. Based on this scoring system, patient treatment regimens
can be adjusted accordingly, which might further optimize the
application of TMZ combination regimens including AACOCF3
and linagliptin, and improve patient outcomes.

5. Conclusions

In conclusion, our study identifies DPP4 as a potential target and
provides a novel therapy for the treatment of GBM. This study
expanded our understanding of DPP4 and linagliptin functions and
provides promising therapeutic approaches to treat not only GBM
but also other cancers.
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linagliptin for 48 h for different durations were measured using a seahorse analyzer. (JeL) OCR measurements of (J) basal respiration, (K) proton

leakage, and (L) ATP production in U87-PTRF cells. (M, N) ATP change curves of GBM cells treated with DMSO, linagliptin, AACOCF3, or

linagliptin þ AACOCF3 for 0e96 h. In (E, I, M, N), GBM cells were treated with 25 mmol/L AACOCF3, 20 mmol/L linagliptin, or 25 mmol/L

AACOCF3 þ 20 mmol/L linagliptin. (O) Tumor-bearing nude mice were treated with DMSO, AACOCF3 (25 mg/kg), linagliptin (15 mg/kg) or

AACOCF3 (25 mg/kg) þ linagliptin (15 mg/kg) by gavage. n Z 7 for each group. (P) Bioluminescence images of representative mice from all

groups. (Q) Quantification of bioluminescence intensity in all groups. P, two-way ANOVA. (R) KaplaneMeier survival curves of nude mice. P,

log-rank test. Data are represented as the mean � SD; n Z 3 independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 6 The combination of linagliptin and AACOCF3 can enhance the antitumor effect of TMZ in vivo. (A) PDP scores among patients with

different histological grades in the TCGA database. (B) PDP scores among different transcriptomic subtypes in the TCGA database. (C) PDP

scores among different LGG subtypes in the TCGA database. (D) Survival curves of patients with high and low PDP scores in the TCGA cohort.

(E) A nomogram integrating prognostic characteristics in the TCGA cohort (c-index Z 0.874). (F) Decision curve analysis revealed that the

combination of clinical, molecular, and PDP-based scores provided the best prognosis. (G) Tumor-bearing nude mice were treated with DMSO,

TMZ (5 mg/kg), AACOCF3 (25 mg/kg) þ linagliptin (15 mg/kg), or TMZ (5 mg/kg) þ AACOCF3 (25 mg/kg) þ linagliptin (15 mg/kg) by

gavage. nZ 6 for each group. (H) Bioluminescence images of representative mice from all groups. (I) Quantification of bioluminescence intensity

in all groups. P, two-way ANOVA. (J) KaplaneMeier survival curve of nude mice. P, log-rank test. (K) Median survival of all groups. Data are

represented as the mean � SD; n Z 3 independent experiments. **P < 0.01 and ***P < 0.001.
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Appendix A. Supporting information

Supporting information to this article can be found online at
https://doi.org/10.1016/j.apsb.2025.05.012.
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