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Tumor-derived apolipoprotein E confers resistance to
temozolomide in pancreatic neuroendocrine tumors
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Temozolomide (TMZ) is a first-class clinical drug for patients with pancreatic neuroendocrine tumors (pNETs). However, the

therapeutic effects of TMZ are limited because of the chemoresistance of pNET cells, which has not been fully elucidated. Here, we
demonstrate that the reprogramming of lipid metabolism regulates TMZ resistance in patients with pNETs. Via integrated
multiomics sequencing, apolipoprotein E (APOE), which is a critical lipid carrier, was identified to be highly increased in the tissue
and blood plasma of patients in the TMZ treatment group compared with those in the control group. Further mechanistic studies
revealed that TMZ treatment promotes the expression and secretion of APOE, which binds to its surface receptor known as
scavenger receptor class B member 1 (SCARB1), thus leading to increased uptake of exogenous lipids to remodel cellular lipid
metabolism and activation of the homologous recombination repair (HRR) pathway to repair DNA damage via the B-catenin-
BRCA1/2 axis. The interruption of APOE-mediated lipid uptake via a SCARB1 inhibitor named as block lipid transport-1 (BLT-1),
suppressed TMZ-induced HRR activation and sensitized tumor cells to TMZ treatment in preclinical models, including PDCs, PDOs,
and PDXs. In addition, APOE expression levels were shown to be positively correlated with BRCA1/2 expression in clinical specimens
and online databases. This study reveals a new functional role of APOE that leads to chemoresistance in patient treatment. Our
findings suggest the potential of combined administration of BLT-1 to overcome TMZ chemoresistance and improve treatments for

patients with pNETs.
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INTRODUCTION
Pancreatic neuroendocrine neoplasms (pNENs) are the second
most common type of pancreatic tumor [1-3]. More than 90% of
PNENSs are classified as pancreatic neuroendocrine tumors (pNETS),
and most of them are nonfunctional tumors [4]. Due to a lack of
early symptoms, more than half of patients are diagnosed with
distant metastases, which are mainly observed in the liver [5, 6].
Temozolomide (TMZ) was the first class of clinical chemother-
apeutic drug used for patients with aggressive pNETs [7].
However, due to the high heterogeneity of the tumor itself and
the tumor microenvironment [8], only a small percentage of
patients benefit from TMZ-based therapeutic modalities [9]. TMZ
chemoresistance and cellular toxicity are still the main clinical
problems that clinicians encounter during this treatment. Strate-
gies to overcome chemoresistance and improve patient outcomes
are of clinical importance.

TMZ is a small lipophilic alkylating drug that reacts with the
purine bases of DNA to form methylated purines, such as
0O6-methylguanine, thus leading to double-strand DNA breaks,

which ultimately results in cell cycle arrest and cell death [10-12].
However, studies have shown that intrinsic and acquired TMZ
resistance in cancer patients is responsible for their poor
prognoses after treatment [13]. A variety of critical determinants
can promote TMZ chemoresistance through multiple mechanisms
[13-15]. In tumor cells, TMZ chemoresistance is mainly attributed
to the activation of DNA damage repair pathways, including
homologous recombination repair, nonhomologous end joining,
mismatch repair, base excision repair, and O6-methylguanine DNA
methyltransferase (MGMT)-mediated DNA methyl adduct removal
[14]. Our previous study reported that the loss of MEN1 in pNETs
can induce a high level of MGMT expression, which impairs the
tumor cell response to TMZ via MEN1 deletion mutation-driven
activation of the upstream pathway of MGMT [16]. This indicates
that the intrinsic activation of signaling networks in tumors (to an
extent) compensates for the disruption of MGMT after treatment
with the MGMT-specific inhibitor O6-benzylguanine (06-BG) in
combination with TMZ, thus leading to unfavorable improvements
in patient outcomes [17, 18]. Recent intensive studies have
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focused on the regulation of MGMT and the effects elicited by
TMZ-derived metabolites [14, 19, 20]. However, whether pancrea-
tic neuroendocrine tumor-associated metabolic reprogramming
plays a role in TMZ chemoresistance remains unknown.

Tumor-associated metabolic reprogramming is a range of
modifications of intra- and extracellular metabolites that are
involved in tumorigenesis and development, such as lipid
metabolism, glycolysis, oxidative phosphorylation, nucleotide
metabolism and amino acid metabolism [21, 22]. These metabo-
lites play important roles in cellular biosynthesis, tumor micro-
environment remodeling, signal transduction, and gene
expression and regulation, thus leading to the maintenance of
tumor survival and growth [4, 23]. In mammalian cells,
apolipoprotein E (APOE) serves as an important lipid transfer
carrier that regulates cellular lipid uptake and metabolism by
binding with lipids to form lipoproteins [24]. Studies have
demonstrated that it plays a key role in the pathogenesis of
Alzheimer’s disease and atherosclerosis [25]. Recent studies have
shown that APOE can also participate in the regulation of tumor
progression [26]. Some studies have reported that tumoral and
stroma-derived APOE may function as an antiangiogenic and
metastasis inhibitory protein that suppresses melanoma devel-
opment [27], and APOE can also promote antitumor immunity by
modulating myeloid immune cell populations and enhancing
cytotoxic T lymphocyte responses [28]. In contrast, another study
revealed that prostate cancer-derived APOE can bind with its
receptor (trigger receptor expressed on myeloid cells 2 [TREM2])
on neutrophils and induce their senescence; moreover, APOE
expression is associated with poor prognosis in prostate cancer
patients [29], thus indicating its oncoprotein feature. However, its
roles in the development of pNET and TMZ chemoresistance are
still unclear.

In this study, we found that a high level of cholesterol
significantly decreased the chemosensitivity of pNET cells to
TMZ. TMZ-induced APOE was identified to play a critical role in the
regulation of lipid metabolism and TMZ chemoresistance in
tumors. Mechanistically, APOE can bind to its own receptor
(SCARB1) in an autocrine manner, thus leading to the reprogram-
ming of cellular lipid metabolism and the activation of the HR
repair system via the B-catenin/TCF-BRCA1/2 axis, which confers
TMZ chemoresistance. Disruption of APOE function via the
SCARB1-specific inhibitor BLT-1 sensitized pancreatic neuroendo-
crine tumors to TMZ treatment. Our study reveals a previously
unknown function of APOE in pNETs and offers a new combina-
tion modality for treating patients with TMZ-resistant pNETs.

MATERIALS AND METHODS

Clinical samples

The cohort 1 consisted of 28 drug-naive patients and 12 patients with TMZ
therapy who underwent surgical resection were monitored from February
2021 to August 2021, and the tissue specimens and corresponding 10 ml
peripheral blood were collected. The cohort 2 consisted of 35 drug-naive
patients who underwent surgical resection from June 2023 to December
2023, with clinical details summarized in Table S1.

Cell culture, cell transfection, and stable cell

The BON1 cell line was a gift from Professor Martyn Caplin (North West
32QG, Royal Free Hospital, Pound Street, London). The QGP1 cell line was
purchased from the Cell Bank of the Research Biological Resources
Preservation Center (JRCB, Osaka, Japan). BON1 and QGP1 were cultured in
DMEM/Ham F12 and RPMI-1640 medium supplemented with 10% FBS, or
10% depletion lipid FBS (DLPS), or 10% DLPS with APOE (10 ng/ml),
respectively. Plasmid or siRNA transfection was performed using lipofecta-
mine and RNAiMax respectively. The short hairpin RNAs (shRNAs) targeting
TCF3, APOE and SCARB1, and siRNA targeting the CTNNB1 were designed
and synthesized by Genomeditech (Shanghai, China). The sequences of the
shRNA or siRNAs were provided in Table S2. The coding sequencing of
TCF3 and CTNNB1 were cloned into lentiviral pCDH-CMV-MCS-EF1-puro

SPRINGER NATURE

vector. After lentivirus infection of cancer cell, puromycin selection was
applied for two weeks to obtain stable cells.

Reagents and antibodies

Antibodies were obtained from the following sources, unless indicated
otherwise: BRCA1 (Abclonal, A11549 and A11034), BRCA2 (Ablonal, A2435),
B-catenin (Proteintech, 51067-2-AP), yH2AX (Abcam, ab81299), and -actin
(Abclonal, AC006). TMZ and LGK-974 were purchased from Selleck. BLT-1,
APOE and ICG-001 were obtained from MCE. Wnt3a was purchased from
Biotechne.

In vitro drug treatment

BON1 and QGP1 were seeded in a 6-well plate and cultured in DMEM or
DMEM/F12 supplement with 10% FBS 37 °C for 24 h. Cells were treated
with 200 uM TMZ, 1 nM LGK-974, 100 nM BLT-1, 2 pM ICG-001, 10 ng/ml
APOE and 10ng/ml Wnt3a in culture medium for 24h or 48 h. After
treatment, cells were gently washed with cold PBS twice and then
collected and stored at —80°C. Western blot or RT-qPCR analysis were
carried out.

Proliferation assays

In total, 10,000 cells transfected with shNC, shAPOE or shSCARB1 were
seeded in triplicate on 96-well plates. In the same way, 10,000 cells of each
cell line were plated supplemented with either DMEM containing 10% FBS,
or 10% delipidated FBS, or 10% delipidated FBS with cholesterol.
Subsequently, the cells were counted every other day.

RT-qPCR

Trizol® reagent (Invitrogen) was used to isolate total RNA as per
manufacturer’s instructions. ¢cDNA was synthesized from total RNA
(2500 ng) using 10l 5% PrimeScript RT Master Mix (TaKaRa) in a 50 pl
reaction mixture at 37 °C for 15 min and 85 °C for 5 s. PCR amplification was
performed with the SYBR Green PCR master mixture (Qiagen), and the PCR
amplified gene products were analyzed. mRNA expression levels were
normalized to GAPDH endogenous controls and 2"** Ct values were used.
Three biological replicates were performed. The sequences of the primers
for RT-PCR were listed in Table S3.

pNET patient tumor-derived cultures

pNETs PDC, PDO and PDX were used after obtaining patient information
consent and approval from the Ethics Committee of Fudan University
Cancer Center. Written informed consent from patients was obtained for
the study. All procedures carried out in studies involving human
participants are in accordance with international ethical guidelines for
biomedical research involving human subjects. The pNETs PDC was built
by our team as described earlier [30]. For PDO, 250 cells per 25 pl of growth
factor-reduced Matrigel® (BD) were mixed and inoculated with N2 medium
containing 10% R-reactive protein-1 CM, 100 pg/ml (Gibco), 1.25mM
acetylcysteine (Sigma), 10 mM niacinamide (Sigma), and 3 pM SB202190
(Sigma) were added. For PDX, fresh tissues were grafted into NSG mice.
The tumor was then allowed to reach about 2000 mm [3]. The tumor
volume was calculated as 0.5xlengthxwidth [2]. Tumor growth was closely
monitored and when tumor volume reached 100mm [3], mice were
randomized and divided into groups. The mice were randomly divided into
four groups, which were treated with vehicle, BLT-1 (50 mg/kg/day) and
TMZ (40 mg/kg/day) by oral gavage for 3 weeks, respectively.

Mouse models and drug treatment

BALB/C-Nu mice (4-6 weeks old) were injected in each flank with BON1.
Prior to injection, cells were grown in complete media (DMEM/F12
containing 10% FBS) in 15-cm dishes. For the experiments using a standard
chow diet or high cholesterol diet, mice were fed the appropriate diet for
2 weeks before cell injection. Tumor growth was monitored with calipers
every other day.

High-fat diet (HFD) feeding protocol for nude mice

To model metabolic dysregulation, mice (8-week-old male athymic nude
mice) are acclimated for 1 week on standard chow before randomization
into HFD (60% kcal from fat; D12492) or matched control diet (10% kcal
from fat; D12450B) groups. The HFD formulation contains 24% lard, 20%
casein, 10% sucrose, and 1.25% cholesterol by weight, with vitamin/
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mineral supplementation. Mice are housed under controlled conditions
(12-h light/dark cycle, 22 °C) with ad libitum access to food and water for
12-16 weeks. Body weight is monitored weekly, while fasting blood
glucose and serum lipids (total cholesterol, triglycerides) are measured
biweekly. Adjust feeding duration (8 weeks) to avoid excessive metabolic
stress due to immune compromise. Post-experiment, tissues (liver, adipose,
tumor) are harvested for downstream analysis of lipid accumulation,
inflammatory markers, or tumor progression.

Flow cytometry assay

Cells were harvested using cell dissociation buffer and resuspended in
FACS buffer (PBS, 1% BSA), and flow cytometry was performed using
CytoFLEX (Beckman Coulter). FITC channel was used to collect GFP signal,
and raw data was analyzed by FlowJo version 10.8.1.

Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed with the Millipore
ChIP Kit with slight modification. Following sonication, lysates were
precleared with ProteinA/G-Dynabeads for 2h. Equal amounts of
precleared lysates were incubated with IgG or specific antibodies
overnight, following by precipitation with protein A/G-Dynabeads for 2 h.
RT-PCR was performed to quantify the promoter occupancy.

Western blot analysis

Cytoplastic cell lysates were prepared by NP-40 lysis buffer (Meilunbio,
China) for immunoprecipitation experiments and RIPA lysis buffer
(Beyotime, China) with inhibitors for other proteins. Nuclear proteins were
isolated by a kit according to the modified protocols from the
manufacturer (Thermo, USA). The cell protein lysates were extracted,
denatured at 100 °C for 10 min, and separated by SDS-PAGE, then blotted
onto polyvinylidene fluoride membranes. After blocking, the membranes
were incubated with corresponding antibodies.

ATP assay

Extracellular ATP concentration in BON1 supernatant was analyzed using
an ATP Chemiluminescence Assay Kit (Cat: E-BC-FO02, Elabscience)
according to the manufacturer’s instructions.

RNA sequencing

The RNA sample preparation, sequencing and data analysis were
performed as previously reported [31, 32]. The genes with Log2fold
change =1 or <-1 as well as FDR < 0.01 were considered upregulated or
downregulated genes, respectively. The Gene Ontology and KEGG
pathway analyses were performed for upregulated genes in BON1 cells
according to the Bioconductor package of “ClusterProfiler” in R 3.5.2.

LC-MS/MS-based proteomics

For LC-MS/MS-based proteomics, the cultured BON1 cells were divided
into two groups and treated with TMZ and DMSO, respectively. The
proteins of the two groups were extracted and identified by TMT labeling,
high-performance liquid chromatography (HPLC), and quantitative pro-
teomics based on mass spectrometry (MS).

Lipidomic analysis

BONT1 cells were treated with DMSO or 200 pM TMZ for 72 h, respectively.
Cells were digested and collected. Cells were then frozen in liquid nitrogen
and stored at -80°C. The subsequent operations were provided by
Shanghai Biotree Biotech. Briefly, LC-MS/MS analyses were performed
using a UHPLC system (Vanquish, Thermo Fisher Scientifics), equipped with
a Kinetex C18 column (2.1 X 100 mm, 1.7 um, Phenomen). The QE mass
spectrometer was used for its ability to acquire MS/MS spectra on data
dependent acquisition mode in the control of the acquisition software
(Xcalibur 4.0.27, Thermo).

Genotyping of APOE variants

APOE genotyping was performed based on the analysis of two critical single-
nucleotide polymorphisms (SNPs): rs429358 and rs7412. Genomic DNA was
extracted from 35 pNET samples. The two SNPs were genotyped using
TagMan allelic discrimination assays (Applied Biosystems) on a real-time PCR
system according to the manufacturer's protocols. After amplification,
endpoint fluorescence data were analyzed to assign genotypes at both loci.
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Gene sets enrichment analysis

We performed gene set enrichment analysis (GSEA) using “clusterProfiler”
in R package to investigate the biological process difference. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) are exhibited by a GSEA plot.
Patients-related gene set enrichment analysis for pNETs was carried out
using publicly available gene expression data of 350 pNETs samples
(accession number GSE43797, GSE73338, GSE73339, GSE117851).

Confocal microscopy

5x10° cells were fixed at room temperature (4% paraformaldehyde) for
20 min, washed with cold PBS, and permeated under RT (0.05%Triton X-
100) for 10 min. The cells were then washed with cold PBS and continued
for 1Th at 4°C. The derived cells were incubated 4°C overnight with
primary antibody (1:100) in a sealed buffer at 4 °C, washed twice with cold
PBS, and then rotated with secondary antibody (1:200) in a sealed buffer at
RT for 1 h. After 30 min staining with DAPI, confocal microscopy (LSM510;
Carl Zeiss, Germany) observed fluorescent signals and analyzed them using
Zen software V3.1 (Carl Zess).

Immunohistochemistry

pNETs tissue was rinsed with PBS, cut lengthwise, fixed with 10% neutral
buffer formalin for 24h, and buried in paraffin as Swiss rolls. For
immunohistochemistry, 5 um paraffin sections were dewaxed, rehydrated,
and boiled in 10 MM sodium citrate (pH 6.0) solution for 25 min. Sections
were then rinsed in TBS and enclosed at room temperature for 1 h with
TBS containing 3%BSA and 0.1% Tween-20, then incubated overnight at
4°C with primary antibody diluted in an enclosed buffer. On the second
day, sections were rinsed in TBS and incubated at room temperature with
3%H202 for 15 min, then incubated at room temperature with goat anti-
Rabbit IgG HRP (Abclonal, AS014) secondary antibodies diluted at 1:300 in
a closed buffer for 1 h. Staining was observed with liquid DAB+ substrate
color development system (Dako, K3468). Mean densities of IHC staining
were determined by Image-J.

Statistical analysis

The results are shown as a bar chart showing the Mean + SD, and a block
chart showing the median and curve. In paired data, the normally
distributed numeric variables were evaluated by paired t test, whereas
non-normally distributed variables were analyzed by Wilcoxon rank-test.
Pearson correlation coefficient R is used for correlation between two
variables.

RESULTS

High lipid metabolism confers resistance to TMZ in pNETs
To investigate the impact of TMZ on the biological function of
PNETs, BON1 cells were treated with either TMZ or DMSO for
3 days. Subsequently, the cells were collected for transcription
sequencing and proteomics analysis. In the functional enrichment
analysis of the proteome, we observed that TMZ induced a
significant increase in the metabolic levels of tumor cells,
particularly in lipid metabolism. Hallmarks enrichment revealed
that TMZ induced the ADIPOGENESIS and the FATTY_ACID_ME-
TABOLISM in pNET cells based on proteomics analysis (Fig. 1A).
Similar results were demonstrated through KEGG analysis (Fig. 1B).
Consistent with proteomics data, the RNA-seq in TMZ-treated
BON1 also showed higher lipid metabolism level (Fig. S1A).
Subsequent lipidomic analysis showed that TMZ led to an increase
in total lipid levels in BON1 (Fig. 1C), especially in PG, PE, SM,
among others (Fig. 1D). We then investigated the genes related to
lipid metabolism, including lipid storage and lipid utilization.
Interestingly, we find the most of key genes involved in lipid
storage and lipid utilization both showed remarkably higher
expression in TMZ-treated cells relative to DMSO-treated (Fig. 1E).
We further validated the expression of key genes involved in lipid
storage and lipid utilization using RT-PCR assays. Consistent with
RNA-seq data, the key genes including ACACA, ECH1, CPT1B and
ACADL were dramatically higher in TMZ-treated BONT1 relative to
DMSO-treated. To further assess intracellular lipid level, we carried
out the Nile Red staining. We found that lipid droplets were
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dramatically increased in TMZ-treated relative to DMSO-treated
BONT1 (Fig. 1F). We next examined the activity of lipid utilization by
measuring the extracellular ATP, and a significant increase in
extracellular ATP levels was observed (Fig. 1G). The exacerbation
of both fat storage and utilization can be attributed to TMZ-
induced increase in external uptake of fat by tumors. In other
word, the increased fat storage and utilization induced by TMZ
may lead to drug resistance and survival of tumor cells. Therefore,
we induced high-fat BON1 and QGP1 cells with cholesterol
(10 pg/mL) and then treated them with TMZ (Fig. TH). It was
observed that the IC50 of the high-fat BON1 and QGP1 cells
did increase (Fig. 11). Furthermore, high-fat feeding in mice yielded
similar results, demonstrating that high-fat diet mice did indeed
confer resistance to TMZ (Fig. 1J).

TMZ promotes the secretion of APOE by pNETs to remodel
lipid metabolism

Due to the fact that TMZ leads to a significant increase in both
lipid utilization and storage, TMZ caused tumors to uptake large
amounts of exogenous lipids. Previous studies had shown that
tumors contributed to chemotherapy resistance in an autocrine
manner [33, 34]. Therefore, we speculated whether pNETs might
also exhibit autocrine mechanisms that lead to TMZ resistance. In
order to identify the key secreted proteins, we intersected the
upregulated proteins in TMZ-treated BON1 based on proteomics
with all secreted proteins recorded on the website (https:/
www.proteinatlas.org/), and presented the top 6 secreted pro-
teins: APOE, TOR1B, TIMP, NPTX2, INHBE, and LACTB (Fig. 2A).
Heatmaps were generated to show the mRNA and protein
expression of these top 6 secreted proteins in the DMSO and
TMZ-treated cells, respectively (Fig. 2B). Because there were
numerous literature reports on the association between APOE and
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cellular metabolism, particularly lipid metabolism, it was consis-
tent that we had observed a significant increase in lipid
metabolism levels. Through RT-gPCR, it was found that APOE
expression in TMZ-treated pNET cells was significantly higher than
that in DMSO-treated cells (Fig. S2A). Additionally, Elisa results
revealed that APOE level in the supernatant of TMZ-treated
pNET cells was significantly higher in BON1 and QGP1 (Fig. 2C, D).
IHC staining confirmed APOE expression was higher in pNET
patients with TMZ therapy than drug-naive patients from cohort 1
(Fig. 2E). Then, ELISA analysis indicated APOE levels in plasma of
patients with TMZ therapy present higher than drug-naive
patients from cohort 1 (Fig. 2F). Many studies had reported that
APOE has three corresponding receptors including SCARB1, LDLR,
and TREM2 [29, 35]. Through transcriptome data, we had observed
that the SCARB1 was significantly upregulated in TMZ-treated
BON1 (Fig. 2G). Then, RT-gPCR revealed that APOE-receptor
SCARB1 level was elevated in TMZ-treated BON1 and QGP1
(Fig. S2B). We further observed TMZ could increase the expression
of APOE-receptor SCARB1 receptors based on cell fluorescence
(Fig. 2H). We further utilized the SCARB1 inhibitor BLT-1, and
observed a significant increase sensitivity of BON1 and QGP1 to
TMZ (Fig. S2C). Subsequently, upon separately knocking down
APOE and SCRRB1 in BON1, we observed a significant reduction in
the number of lipid droplets induced by TMZ, as well as an
increase in sensitivity of the tumor to TMZ (Fig. 2I-J, Fig. S2D-E).

APOE decreases TMZ sensitivity by Homologous
recombination pathway

Previous studies had indicated a link between chemotherapy
resistance and DNA damage repair [36, 37], but the specific
mechanism underlying resistance to TMZ in tumors remains
unclear. DNA damage repair genes in the same pathway often
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Fig.2 Temozolomide promotes the secretion of APOE by pNETs to reshape lipid metabolism. A Intersection of the upregulated proteins in
TMZ-treated BON1 with all secreted proteins recorded in the website (https://www.proteinatlas.org/) and present of the top 6 secreted
proteins in TMZ-treated BON1 based on Log2fold change. B Heatmaps were generated to show the mRNA and protein expression of these
top 6 secreted proteins in the DMSO and TMZ-treated cells from RNA-seq data (right) and Proteomics data (left), respectively. C Elisa results
revealed that APOE level in the supernatant of the TMZ-treated BON1. D Elisa results revealed that APOE level in the supernatant of the TMZ-
treated QGP1. E Representative images of IHC staining for APOE expression in pNET patients with TMZ therapy and drug-naive patients from
cohort 1. Score <3, low; Score >3 and <9, median; Score =9, high. Scale bar, 100 pm. F ELISA analysis indicated APOE levels of plasma samples
in cohort 1. G APOE-receptors expression in TMZ-treated BON1 from RNA-seq data. H The expression of APOE-receptor SCARB1 on the TMZ-
treated BON1 using cell fluorescence. Scale bar, 50 pm. I Impact of APOE knockdown on the change of TMZ-induced lipid droplets in BON1.
Scale bar, 50 um. J Impact of APOE knockdown on BON1 sensitivity to TMZ. Data in the graph are shown as the means = SD from three

independent experiment. *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance.

work in concert to repair specific types of DNA damage [38]. Base
excision repair (BER), nucleotide excision repair (NER), and the
direct damage reversal/repair (DR) pathways repair DNA base
damage, while mismatch repair (MMR) corrects base mispairs and
small loops often found in repetitive sequence DNA. Homologous
recombination (HR), non-homologous end joining (NHEJ), the
Fanconi anemia (FA) pathway, and translesion DNA synthesis (TLS)
act alone or together to repair DNA strand breaks and complex
events like interstrand crosslinks [38, 39]. Based on transcriptional
of TMZ-treated BON1, enrichment analysis revealed that TMZ-
induced DNA damage repair primarily relies on HR related to
double-strand break (DSB) repair in pNET cells (Fig. 3A). In order to
investigate whether APOE induces HR repair, we administered
APOE treatment to BON1 cells for different time periods. Based on
the gene signatures of different DNA repair from the study [38],
we conducted ssGSEA analysis and found that APOE indeed
activates HR repair at 24h and activates most DNA repair
pathways at 48h (Fig. 3B). We then used a heatmap to
demonstrate the differential activation of HR-related genes by
APOE at different time points (Fig. 3C). Numerous studies have
reported the critical roles of BRCA1/2 in HR repair. Subsequently,
we utilized publicly available data from GEPIA and TCGA to
uncover a statistically significant correlation between the expres-
sion of APOE and BRCA1/2 in pancreatic tissues (Fig. 3D). Then, we
also found there was correlation between APOE and BRCA1/2
based on transcriptomic data from cohort 2 (Fig. S3A). We further
validated through Western blotting and RT-PCR that higher
APOE concentration increase the expression of BRCA1/2 (Fig. 3E,
Fig. S3B). Additionally, we observed that knockdown of APOE
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effectively reduces TMZ-induced HR repair (Fig. 3F, Fig. S3C). To
demonstrate that APOE influences cellular DNA repair through
lipid metabolism, we utilized 10%DLBS medium in comparison to
10%FBS medium and observed a significant decrease in DNA
repair capacity (Fig. 3G). Subsequently, upon supplementation of
APOE into DLBS medium, we found partial activation of DNA
damage pathways, including the HR repair pathway (Fig. 3G). The
functional enrichment analysis of hallmark revealed that APOE
indeed enhances ADIPOGENESIS and DNA_REPAIR (Fig. 3H). RT-
PCR confirmed our aforementioned findings that APOE can
increase HR repair efficiency of DSBs in 10%DLBS (Fig. 3lI).
Similarly, low lipid levels can decrease the HR repair efficiency of
DNA induced by TMZ (Fig. 3J). The cellular fluorescence response
of APOE decreased the proportion of DNA-damaged cells induced
by TMZ (Fig. 3K).

APOE activated Wnt signal pathway and subsequent Wnt-
induced DNA repair

We used 350 pNETs samples (GSE43797, GSE73338, GSE73339,
GSE117851) to characterize pNET patients with high expression of
APOE relative to those with low expression. GSEA analysis
revealed enrichment of pathways in high APOE patients related
to activation of Fat digestion and absorption, Osteoclast
differentiation and Wnt signaling pathway (Fig. 4A). Previous
studies have reported that the WNT pathway can activate DNA
damage repair [40, 41], however, the specific mechanisms by
which the Wnt pathway is involved in different DNA repair
pathways remain unknown. We found that APOE can activate the
WNT pathway. APOE promoted Wnt3a or TMZ induced STF-GFP
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Fig. 3 APOE decreases TMZ sensitivity by Homologous recombination pathway. A GO functional enrichment analysis in TMZ-treated cells
reveals the activation of various DNA damage pathways. B ssGSEA analysis indicates the score of DNA damage pathways in APOE (10 ng/ml)-
treated cells based on transcriptomic data at different time points. C The expression of different genes related to the Homologous
recombination (HR) pathway in APOE (10 ng/ml)-treated cells. D Based on GEPIA and TCGA data, the correlation between APOE expression
and the HR genes BRCA1 and BRCA2 in pancreatic tissues. E Western blotting and RT-PCR experiments revealed that APOE enhances the
expression of the HR genes BRCA1/2. F Knocking down APOE decreased expression of the HR genes BRCA1/2 induced by TMZ. G Comparison
of various DNA damage repair pathway scores among the 10%FBS culture medium, 10% DLPS culture medium, and APOE (10 ng/ml)+10%
DLPS culture medium, based on the transcriptomic data (48 h). H Comparison of functional enrichment analysis between the APOE(10 ng/ml)
+10% DLPS culture medium and 10% DLPS culture medium group. I Comparison of various DNA damage repair pathway genes among the
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the graph are shown as the means + SD from three independent experiment. *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance.

expression (Fig. 4B). Treatment with the Wnt inhibitor LGK-974
completely suppressed STF-GFP expression induced by APOE
(Fig. 4C). Western blot and RT-PCR showed that APOE could
increase the expression of 3-catenin (Fig. 4D, E, Fig. S4A). Then, we
observed that knocking down CTNNB1 results in decreased
expression of HR-related genes (Fig. 4F-G, Fig. S4B). Interestingly,
we found that Wnt pathway inhibitors can reduce DNA repair
induced by TMZ, but this diminished DNA repair capability can be
reversed by APOE (Fig. 4H). Similarly, cell fluorescence revealed
that APOE indeed can reverse the proportion of cells with DNA
damage induced by sif-catenin (Fig. 4l).

APOE transcriptionally promoted HR pathways genes via TCF3
The TCF/LEF family of transcription factors are core members of the
WNT signaling pathway, including TCF1, LEF1, TCF3, and TCFA4.
Therefore, we explored the correlation between TCF/LEF transcrip-
tion factors and genes involved in the HR pathway. Interestingly, we
found that the TCF3 transcription factor was positively correlated
with the HR pathway and key HR genes BRCA1/2 based on cohort 2

SPRINGER NATURE

(Fig. 5A). These findings suggested that BRCA1/2 might be a
downstream effector of TCF3-mediated biological functions, which
leads us to speculate whether the Wnt pathway influences the HR
repair pathway through TCF3 transcriptional activation. After
knocking down TCF3, RT-PCR and Western blot analyses showed a
decrease in the expression of BRCA1/2 (Fig. 5B, C). To validate our
results, we overexpressed TCF3 and observed an expected increase
in the expression of BRCA1/2 (Fig. 5D, E). Subsequently, we
individually designed potential binding sites for TCF3 on the
promoters of BRCA1 and BRCA2, respectively (Fig. 5F). Through ChiP
experiments, we discovered that TCF3 could activate the transcrip-
tion levels of BRCA1/2 (Fig. 5G). Subsequently, we found that APOE
was found to activate HR genes BRCA1/2 through transcriptional
activation by TCF3 (Fig. 5H). ICG-001, a B-Catenin/TCF mediated
transcriptional inhibitor, had been reported by lots of studies
[42, 43]. We also found that the induction of BRCA1/2 expression by
TCF3 was abrogated by ICG-001 (Fig. 5I). Furthermore, TCF3
depletion abolished the induction of BRCA1/2 expression by
[-catenin (Fig. 5J).
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Fig. 4 APOE activated Wnt signal pathway and subsequent Wnt-induced DNA repair. A GSEA analysis revealed enrichment of pathways in
APOE-high relative to APOE-low group based on 350 pNETs patients (GSE43797, GSE73338, GSE73339, GSE117851). The patients were divided
into APOE-high and APOE-low groups based on the median expression value of APOE. B APOE (10 ng/ml) promotes Wnt3a-induced STF-GFP
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fB-catenin accumulation in BON1 and QGP1. E PCR showed APOE increase f-catenin accumulation in BON1. F WB showed knockdown of
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significance.

The SCARB1 inhibitor BLT-1 increased TMZ sensitivity in pre-
clinical models

To investigate the efficacy of co-treatment with the SCARB1 inhibitor
BLT-1 and TMZ on tumor recurrence after TMZ treatment, we used
PDC, PDO, and PDX from the same patient (Fig. 6A). This specific PDC
was previously validated in our earlier study [30]. IHC staining of PDO
and PDX samples confirmed a higher positive rate of neuroendocrine
tumor markers CGA and SYN (Fig. S5A-B). The combination of SCARB1
inhibitor BLT-1 with TMZ reduced resistance to TMZ and confocal
laser scanning microscopy revealed an increased proportion of yH2AX
foci in PDCs (Fig. 6B). Both TMZ treatment alone and BLT-1 + TMZ co-
treatment effectively decreased the growth of PDOs, with the BLT-1
reducing the expression of (-catenin induced by TMZ (Fig. 6C, D).
PDXs showed significantly greater sensitivity to TMZ +BLT-1 co-
treatment compared to TMZ treatment alone (Fig. 6E, F). IHC staining
of tumors demonstrated that the elevated expression of B-catenin
and HR genes BRCA1/2 induced by TMZ was reversed by BLT-1
(Fig. 6G, H). Overall, TMZ induces the autocrine of APOE by tumor
cells, leading to dysregulation of lipid metabolism and activation of
the Wnt pathway, and subsequent DNA damage repair. Mechan-
istically, the transcription factor TCF3 on the Wnt pathway activates
the HR pathway genes BRCA1/2, thereby reducing the sensitivity to
TMZ (Fig. 6l).

DISCUSSION
In our study, we discovered an intriguing phenomenon in which
the administration of TMZ resulted in increased secretion of APOE,
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which was coupled with the upregulation of its receptor SCARB1.
Further investigations revealed that APOE (through an autocrine
pathway) plays a significant role in lipid metabolism and Wnt
signal activation, thus ultimately leading to DNA damage repair
and TMZ resistance. Although the relationship between APOE and
chemotherapy remains poorly investigated, there is substantive
evidence linking APOE to cognitive impairment in patients
undergoing chemotherapy [44, 45]. The increased secretion of
APOE induced by tumor chemotherapy results in brain cell aging,
the establishment of a proinflammatory milieu, and disturbances
in normal brain communication [44, 46]. Previous studies have
reported an association between APOE and tumor progression in
solid tumors [47, 48]. Interestingly, in TMZ-induced cells, the levels
of genes involved in lipid metabolism (particularly lipid metabo-
lism) were significantly elevated. Via functional enrichment
methods, we discovered that TMZ leads to increased lipid storage
and utilization in tumor cells, thus suggesting that TMZ enhances
extracellular lipid uptake by tumor cells. Tumor-derived APOE,
which is a critical lipoprotein, appears to play a key role in this
process, which explains the increase in cellular lipid uptake. In our
study, we demonstrated that TMZ stimulates tumor cells to
secrete APOE, which then interacts with increased SCARB1 to
initiate a series of cascade reactions. Notably, APOE in the tumor
microenvironment is not solely derived from tumor cells, and its
target cells extend beyond tumor cells alone [49]. Although our
study did not explore the specific mechanism through which TMZ
influences APOE secretion, this scenario remains a crucial area for
future investigations.
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Furthermore, the knockdown of APOE significantly decreased
the expression of CTNNB1 and TCF3. Additionally, the targeting of
APOE with shRNA resulted in reduced expression of CTNNB1 and
TCF3 at both the mRNA and protein levels. TCF3, which is a crucial
transcription factor in the Wnt pathway, modulates various
downstream genes involved in tumor differentiation [50, 511. This
finding prompted us to investigate whether TCF3 functions as a
transcription factor to regulate DNA damage repair genes. Via RT-
qPCR and ChIP-PCR, we demonstrated that TCF3 can indeed
transcriptionally regulate the HR genes BRCA1/2. Based on these
findings, we propose that the APOE-CTNNB1/TCF3 axis can
activate DNA damage repair. Hence, the inhibition of this axis
may be important for suppressing tumor proliferation and the
drug response.

APOE exhibits multifaceted oncogenic properties across malig-
nancies. In breast cancer, APOE overexpression activates PI3K/Akt
signaling to drive tumor growth and metastasis [52]. studies
demonstrate APOE-mediated angiogenesis via VEGF upregulation
in bladder cancer [53], while lung cancer research reveals its EMT-
inducing capacity through ZEB1/vimentin axis activation [54].
These findings position APOE as a central regulator of prolifera-
tion, vascularization, and invasion. In addition, the study reported
that APOE knockdown in glioblastoma cells attenuated tumor
migration/invasion while reprogramming cytokine secretion—
elevating antitumor cytokines (IL-6/IL-12/TNF-a) and suppressing
immunosuppressive CCL5/TGF-B. This shift disrupted the CCL5/
CCR5 axis, impairing M2 macrophage polarization and reducing
protumor immune suppression [55]. APOE suppresses ferroptosis
in papillary thyroid carcinoma (PTC) via the PI3K/AKT1 pathway,
elevating GPX4/FTH1 expression while reducing Fe** accumula-
tion. This ferroptosis inhibition drives M2 macrophage polariza-
tion, which enhances tumor cell invasion and migration [56].
These findings demonstrate that APOE functions as a pivotal
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molecular regulator in tumor and immune
microenvironment.

MGMT is a critical enzyme in direct reversal repair (DR), which
refers to the process of directly repairing damage via a single
enzyme without involving DNA base excision or synthesis [57].
However, in addition to DR dependent on MGMT, TMZ also causes
single- and double-strand DNA breaks and activates various
downstream repair mechanisms, including BER, MMR, and HR
[58, 59]. In our study, we addressed two key questions. First, we
investigated which DNA repair mechanism is primarily triggered
by TMZ; and second, we examined the mechanism by which TMZ
induces this repair mechanism. In our study, we observed that
TMZ-induced HR-mediated double-strand and exogenous APOE
can indeed activate the HR pathway. Interestingly, when we
interfered with the downstream effects triggered by APOE, we
observed an increase in TMZ sensitivity. However, in terms of
mechanistic explorations, we focused on HR repair, including the
activation of the CTNNB1/TCF3 pathway by APOE-SCARB1, which
leads to HR repair.

Our findings demonstrate a novel role for APOE in regulating
the Wnt/B-catenin pathway and enhancing BRCA1/2-mediated
DNA repair mechanisms in pNETs. Although all three APOE
isoforms (E2, E3, and E4) were capable of activating this pathway,
evidenced by increased 3-catenin, BRCA1/2 expression, reduced y-
H2AX foci, and enhanced TCF3 promoter binding, the APOE3
isoform consistently elicited the most robust response (Fig. S6).
This is particularly interesting given that the majority (85%) of the
clinical pNET samples analyzed were homozygous for APOE3
(Table S4), suggesting a potential biological preference or
heightened sensitivity in pNET contexts.

At last, we proposed the idea of intervening in this signaling
axis via the SCARB1 receptor inhibitor BLT-1, which significantly
enhances the sensitivity of cells to TMZ. Nevertheless, we must

progression
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Fig. 6 The SCARB1 inhibitor BLT-1 increased TMZ sensitivity in pre-clinical models. A Schematic of TMZ and BLT-1 treatment using PDCs,
PDOs and PDXs from a patient. B Confocal laser scanning microscopy and quantification also revealed an increased proportion of yH2AX foci
in PDCs after 48 h treatment. Scale bar, 10 pm. C, D Both TMZ treatment alone and BLT-1 -+ TMZ cotreatment effectively reduced the growth of
PDOs after 72 h treatment. Confocal images p-catenin in organoid co-treated with TMZ and BLT-1 and quantification of the mean intensity.
Scale bar, 50 pm. E, F Effect of TMZ treatment alone and BLT-1 4+ TMZ in PDX. Tumor weight, Tumor growth curves, and Representative graphs
of tumors. G, H IHC staining and quantification of PDX showed that the higher expression of f-catenin, and BRCA1/2 induced by TMZ was
reversed by BLT-1 + TMZ. Scale bar, 50 pm. I Schematic diagram of the principle of this work. TMZ induces the self-secretion of APOE by tumor
cells, leading to dysregulation of lipid metabolism and activation of the Wnt pathway, as well as subsequent DNA damage repair.
Mechanistically, the transcription factor TCF3 on the Wnt pathway activates the HR genes BRCA1/2. Data in the graph are shown as the
means = SD from three independent experiment. *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance.

recognize that the inhibition of APOE-SCARB1 suppressed both with tumor relapse), as it simultaneously targets resistance
downstream DNA repair pathways (including HR) and other mechanisms while exploiting BRCA-deficient vulnerabilities.
pathways, such as DR, as we observed that APOE was able to

activate repair pathways beyond HR. To determine whether

CTNNB1/TCF3 can activate other DNA damage pathways, further DATA AVAILABILITY

investigations are needed. BLT-1 currently resides in early-phase The datasets used and/or analysed during this study are available from the
clinical development with demonstrated preclinical efficacy in corresponding author on reasonable request.

disrupting APOE/SCARB1-mediated tumor progression pathways.
Its combination with PARP inhibitors (PARPi) shows compelling
mechanistic synergy: By blocking cholesterol transport through
SCARB1 inhibition, BLT-1 induces metabolic stress that depletes
lipid stores essential for DNA damage repair, thereby potentiating
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