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Simple Summary

Therapeutic options for pancreatic neuroendocrine neoplasms (pNENs) remain limited,
making the development of novel agents of great importance. Bruton’s tyrosine kinase
inhibitors (BTKis) have shown promising therapeutic potential in solid tumors; however,
ibrutinib demonstrates poor efficacy against neuroendocrine neoplasms. In this study, we
synthesized a novel pyrrolopyrimidine-based BTKi, QY21, and demonstrated that QY21 sig-
nificantly suppressed the proliferation of pNENs both in vitro and in vivo. Mechanistically,
QY21 markedly upregulated ATF3 expression in pNENs, inducing the accumulation of
reactive oxygen species and lipid peroxidation. Genetic knockdown of ATF3 or administra-
tion of the ferroptosis inhibitor ferrostatin-1 significantly attenuated the anti-proliferative
capacity of QY21. In summary, our study characterized a novel BTKi, QY21, which sup-
presses pNENs proliferation by triggering ATF3-mediated ferroptosis. These findings may
provide a potential therapeutic strategy for pNENs.

Abstract

Objective: Current therapeutic regimens for pancreatic neuroendocrine neoplasms
(pNENs) remain limited and fail to yield notable improvements in overall survival. There-
fore, the development of novel agents is of paramount importance. Bruton’s tyrosine kinase
inhibitors (BTKis) have demonstrated promising therapeutic potential in solid tumors;
however, ibrutinib, a classic BTKi, exhibits unsatisfactory clinical efficacy against pNENs.
In this study, we synthesized a novel pyrrolopyrimidine-based BTKi, QY21, and aimed
to investigate its inhibitory effects on pNEN cell proliferation both in vitro and vivo and
identify the core signaling pathways mediating its suppressive effects on pNENs. Methods:
CCK-8, EdU, and colony formation assays were conducted to assess the effect of QY21
on pNENs in vitro. Transcriptome sequencing, quantitative real-time PCR, Western blot-
ting, and flow cytometry were employed to explore the mechanisms. A xenograft tumor
model in nude mice was established for in vivo validation. Results: QY21 significantly
suppressed pNENs proliferation in vitro. Compared with the control and ibrutinib groups,
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QY21 exhibited stronger tumor growth inhibition in vivo. Histopathological analysis re-
vealed a decreased Ki-67 index in the QY21 group, with no significant organ-toxic lesions
observed. Transcriptome sequencing identified ATF3 as the core mediator responsible for
the anti-proliferative effect of QY21. ATF3 was poorly expressed in pNENs, while QY21
markedly upregulated ATF3 expression. Mechanistically, QY21 induced ferroptosis by ele-
vating ATF3 levels. The knockdown of ATF3 or administration of ferrostatin-1 significantly
attenuated the anti-proliferative capacity of QY21, accompanied by reduced accumulation
of reactive oxygen species and lipid peroxidation. Conclusions: This study demonstrates
that the novel BTKi QY21 suppresses pNENs proliferation by triggering ATF3-mediated
ferroptosis, providing a potential preclinical strategy for pNENs.

Keywords: pancreatic neuroendocrine neoplasms; ferroptosis; Bruton’s tyrosine kinase
inhibitors; activating transcription factor 3

1. Introduction
Pancreatic neuroendocrine neoplasms (pNENs), which account for approximately 10%

of all gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs), were historically
regarded as rare diseases with a global incidence ranging from 0.11 to 0.94 per 100,000 pop-
ulation [1,2]. However, pNENs have received more attention with a gradually increasing
incidence in the past decades. According to the data of Surveillance, Epidemiology, and
End Results, the incidence of pNENs in the United States had reached 1.31 per 100,000 in
2021 with a 20-year limited-duration prevalence of 0.025–0.03% [3]. It not only imposes
physical and psychological suffering on individual patients, such as pain, anxiety and
diarrhea, but also places a substantial burden on medical resources and socioeconomic
systems [4,5]. Previous studies indicated that neuroendocrine neoplasms (NENs) in the
pancreas had the poorest prognosis among all the GEP-NENs, with the shortest median
overall survival (OS) of about 5.5 to 7 years and the 5-year cancer-specific survival was
about 71.7% [3,6,7]. At initial diagnosis, up to 42–60% of patients already present with dis-
tant metastases and lose the opportunity for curative surgery [6,8,9]. The median OS for the
pNENs patients with distant metastasis was only 24 months, and the 5-year survival rate
was only 28.6% [6]. For unresectable advanced pNENs, systemic drug therapy, including
long-acting somatostatin analogues, targeted therapy such as sunitinib and surufatinib, and
cytotoxic therapy, are recommended by the current guidelines [10–14]. However, long-term
follow-up results show that although these drugs have prolonged progression-free survival
(PFS) to varying degrees [15–18], they have no significant improvement in OS [16,19–21].
Meanwhile, the side effects such as bleeding, hypertension, and proteinuria brought by
existing targeted drugs in clinical practice cannot be ignored. Furthermore, the emergence
of acquired resistance further limits their application. Therefore, the exploration of novel
targeted therapeutic agents with high efficacy and low toxicity is of great importance for
improving the long-term prognosis of pNENs.

Unlike classic apoptotic and necrotic death patterns, ferroptosis constitutes an inde-
pendent type of regulated cell demise. Its core hallmark lies in iron-catalyzed lethal lipid
peroxidation, a metabolic disturbance that drives fatal membrane injury. In recent years, it
has attracted extensive attention in the field of oncology. Ferroptosis can not only directly
inhibit tumor cell proliferation, but also enhance immunotherapeutic responses, reverse
tumor drug resistance, and ameliorate radioresistance [22–24]. Activating transcription
factor 3 (ATF3) belongs to the ATF/cAMP response element-binding protein superfamily.
Typically, ATF3 is expressed at a low level in normal and quiescent cells, and is significantly
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upregulated upon exposure to stimuli such as toxicants, cytokines and oxidative stress.
Accumulating evidence indicates that ATF3 serves as a central stress-responsive factor in
tumor cells, which profoundly regulates glucose, amino acid and lipid metabolism. Low
ATF3 expression generally predicts unfavorable clinical outcomes across most malignan-
cies [25–27]. Overexpression of ATF3 was related to downregulation of Cyclin D1, blockade
of cell cycle and increase in apoptosis in HepG2 cells, thereby inducing ferroptosis through
multiple pathways and suppressing tumor progression [25,28,29]. Dazhi Fu et al. found
that ATF3 could also promote ferroptosis by inhibiting the Nrf2/Keap1/xCT antioxidant
signaling pathway and reverse cisplatin resistance in gastric cancer [30]. However, ATF3
plays a dual role in colorectal cancer. Overexpression of ATF3 inhibited migration and in-
vasion in HCT116 cells and promoted TNF-related apoptosis [25]. Whereas, Junjia Liu et al.
suggested that activation of the ATF3-CBS axis assisted SW480 cells in resisting ferroptosis
and promoted colorectal cancer progression [31]. The relationship between ATF3 and
ferroptosis in pancreatic neuroendocrine neoplasms remains unelucidated.

Bruton’s tyrosine kinase (BTK) is a member of non-receptor tyrosine kinases belonging
to the Tec family, which is widely expressed in most hematopoietic cells except T cells and
plasma cells. Bruton’s tyrosine kinase (BTK) consists of five conserved functional domains,
including the N-terminal pleckstrin homology (PH) domain, a Tec homology (TH) domain,
tandem Src homology 3 (SH3) and Src homology 2 (SH2) domains, and the C-terminal
kinase domain (SH1). The PH domain recognizes phosphatidylinositol 3,4,5-trisphosphate
(PIP3) to recruit BTK to the plasma membrane upon BCR stimulation. A TH domain,
followed by tandem SH3 and SH2 domains, mediates intermolecular protein–protein inter-
actions to assemble downstream signal complexes. The C-terminal tyrosine kinase domain
harbors the ATP-binding pocket and catalytic active site, enabling autophosphorylation
and phosphorylation of downstream substrates, thus regulating downstream signal path-
ways [32]. Bruton’s tyrosine kinase inhibitors (BTKis) have been approved for the treatment
of chronic lymphocytic leukemia, Waldenström’s macroglobulinemia and many other
hematological diseases. Furthermore, BTKis also exert anti-tumor effects in BTK-negative
solid tumors by modulating various immune cells in the tumor microenvironment [33].
A previous study found that the BTK inhibitor PCI32765 could induce tumor vascular
collapse and tumor regression by inhibiting mast cell degranulation in insulinoma-bearing
mice [34]. Ibrutinib, the first-generation BTKi, was proved to play an enhanced role in
anti-PD-L1 antibody treatment by downregulating circulating myeloid-derived suppressor
cells in murine melanoma [35]. However, a phase II clinical trial in 2019 that aimed to
evaluate the effect of ibrutinib on advanced NENs failed to achieve an objective response
with a median PFS of only 3 months [36].

In this study, we synthesized a series of novel pyrrolopyrimidine-based BTKis and
QY21 was identified as exhibiting the most potent anti-tumor activity against pNENs.
Mechanistically, we found that QY21 could induce ferroptosis in pNENs by upregulating
ATF3 both in vitro and in vivo. This would provide a promising therapeutic strategy for
the treatment of pancreatic neuroendocrine tumors.

2. Materials and Methods
Cellular cultivation: The human pancreatic nestin-expressing ductal cell line (HPNE)

was sourced from the American Type Culture Collection (CBP60857). The QGP-1 cell
line derived from human pNENs was acquired from the Japanese Collection of Research
Bioresources cell bank (JCRB0183). Additionally, the BON-1 cell line, also from pNENs, was
provided by Prof. Xianjun Yu of the Affiliated Cancer Hospital of Fudan University. HPNE
cells were cultured in Dulbecco’s Modified Eagle Medium with high glucose, supplied
by Jiangsu KeyGEN Bio TECH Corp., Ltd. (Nanjing, China). QGP-1 cells were grown in
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RPMI-1640 media (Gibco, Grand Island, NY, USA), while BON-1 cells were maintained in
DMEM/F-12 from Jiangsu KeyGEN Bio TECH Corp., Ltd. Each medium contained 10%
fetal bovine serum (FBS, Yeasen, Shanghai, China) along with 1% penicillin-streptomycin.
All cells were cultured in a humidified incubator at 37 ◦C with 5% CO2 and 21% O2, and
the culture medium was refreshed every 24 h. When cells reached 80–90% confluency, they
were washed twice with pre-warmed phosphate-buffered saline (PBS, pH 7.4), followed
by incubation with 0.25% trypsin-0.02% EDTA solution at 37 ◦C for 1 min. The digestion
was immediately quenched by adding two volumes of complete culture medium. The cell
suspension was centrifuged at 300× g for 5 min at room temperature. After the supernatant
was discarded, the cell pellet was resuspended in fresh complete medium and subcultured
at a split ratio of 1:3. All experiments were performed with cells in the logarithmic growth
phase within 20 passages after thawing.

Construction of stably transfected cell lines: Plasmids for ATF3 knockdown and
overexpression were created using the PLKO.1 and PLVX vectors, respectively, by Beijing
Tsingke Biotech Co., Ltd. (Beijing, China). Lentivirus packaging was performed in 293T
cells, utilizing PEI MAX from Polysciences (Warrington, Pennsylvania, PA, USA). After-
ward, the virus was harvested and concentrated for the infection of wild-type pNEN cells
over a period of 48 h. Cells that were stably transfected were selected by applying treatment
with 5 µg/mL puromycin (Yeasen, Shanghai, China) and confirmed through quantitative
real-time polymerase chain reaction (qRT-PCR) and Western blotting (WB). The specific
shRNA sequences can be found in Table S1.

Quantitative real-time PCR (qRT-PCR): RNA was extracted from pNEN cells utilizing
a rapid extraction kit for total RNA from Nanjing Vazyme Biotech Co., Ltd. (Nanjing,
China). To eliminate genomic DNA, a 5× g DNA digester (Yeasen, Shanghai, China) was
employed. Following this, 4× Hifair® III SuperMix plus (Yeasen) was incorporated for
reverse transcription, enabling the synthesis of cDNA in accordance with the protocols
specified by the manufacturer. The QuantstudioTM 7 Flex instrument, along with a SYBR
Green PCR master mix (Yeasen), was utilized for PCR following these steps: an initial
predenaturation at 95 ◦C for 2 min, followed by 40 cycles consisting of denaturation at
95 ◦C for 10 s and annealing at 60 ◦C for 30 s; afterward, a melting curve analysis was
conducted based on the standard settings of the instrument. GAPDH served as the internal
reference. Data analysis was performed using the 2−∆∆Ct method. The sequences of the
primers can be found in Table S2.

Western blotting (WB): Cells were lysed in an NP-40 buffer (Beyotime Biotech Inc.,
Shanghai, China) supplemented with 1 mM phenylmethanesulfonyl fluoride (Beyotime,
Shanghai, China) on ice for a duration of 30 min. Following this, the lysates underwent
centrifugation at 12,000× g for 15 min at 4 ◦C. The resulting supernatants were collected
to determine protein concentrations using a BCA protein assay kit (Beyotime). Equal
protein quantities were combined with 5× SDS loading buffer (NCM Biotech, Suzhou,
China), heated at 100 ◦C for 10 min, and then separated using a 10% SDS-PAGE gel before
being transferred onto a nitrocellulose membrane. The membranes were incubated with
an 8% defatted milk solution (4 g of skim milk powder in 50 mL of TBST) for 2 h at
room temperature and then exposed to primary antibodies overnight at 4 ◦C. Afterward,
the membranes were washed three times with TBST (Wuhan Servicebio Technology Co.,
Ltd., Wuhan, China) for 10 min each and treated with HRP-conjugated anti-rabbit or
anti-mouse IgG for 1 h at room temperature, followed by three additional TBST washes.
Protein bands were detected using enhanced chemiluminescence substrate (NCM Biotech,
Suzhou, China) and visualized with a Tanon Gel Imaging System (Shanghai Tianneng
Science and Technology Co., Ltd., Shanghai, China). All uncropped blot images with
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corresponding molecular weight markers, can be found in Supplementary Materials S1.
Detailed information regarding the antibodies can be found in Table S3.

Cell Counting Kit-8 (CCK-8) experiment: QGP-1 and BON-1 cell lines were intro-
duced into 96-well plates at concentrations of 5 × 103 and 3 × 103 cells per well, respectively,
using 100 µL of a complete culture medium. Following the attachment of the cells, treat-
ments with dimethylformamide (DMF) or the specified drugs were administered. At
intervals of 0, 24, 48, and 72 h post-treatment, 10 µL of CCK-8 reagent (Nanjing Vazyme
Biotech Co., Ltd., Nanjing, China) was added to each well, and the plates were then in-
cubated for 2 h at 37 ◦C within an incubator. Subsequently, absorbance was recorded at
450 nm utilizing a microplate reader.

Colony formation assay: A total of 1000 QGP-1 or BON-1 cells were individually
plated in 6-well plates and incubated overnight. Subsequently, either DMF or the specified
drugs were administered. Following a 48 h treatment period, the medium containing the
drugs was replaced with fresh complete medium, which was updated every 3 days. After a
cultivation period of 14 days, the plates were fixed using 4% paraformaldehyde (PFA) for
15 min and then stained with 0.25% crystal violet at room temperature for 30 min. Colonies
with more than 50 cells were quantified using ImageJ (Version 1.54p, National Institutes of
Health, Bethesda, MD, USA).

EdU incorporation assay: QGP-1 and BON-1 cells were individually plated in 96-well
plates at a density of 1 × 104 cells per well, followed by treatment with DMF or specified
drugs for a duration of 48 h once the cells had adhered. To evaluate cell proliferation, the Be-
yoClick™ 5-ethynyl-2′-deoxyuridine (EdU) Cell Proliferation Kit (Beyotime) was employed
in accordance with the manufacturer’s guidelines. In summary, the drug-containing culture
medium was substituted with fresh media supplemented with 10 µM EdU, and the cells
were incubated for 2 h at 37 ◦C in a humidified CO2 environment. After this incubation,
fixation was carried out using 4% PFA for 15 min at room temperature. A permeabilization
step followed utilizing 0.3% Triton X-100 (BioFROXX GmbH, Einhausen, Hesse, Germany)
in PBS for 15 min. Subsequently, the cells were treated with the click reaction solution
for 30 min at room temperature in the absence of light, and after three washes with PBS,
the cell nuclei were counterstained with Hoechst 33342 for 10 min. Images were captured
using a Zeiss Axio Observer 7 inverted microscope (Carl Zeiss Microscopy GmbH, Jena,
Germany) and processed with ZEN 3.0 software (blue edition) (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Detection of Lipid Peroxidation and ROS levels: Cells of BON-1 or QGP-1 were
plated in 6-well plates at a density of 3 × 105 cells per well and allowed to culture overnight.
On the following day, fresh medium was supplemented with DMF or drugs for a 48 h
treatment period in a cell incubator. After this, the drug-laden medium was discarded, and
each well received 1 mL of PBS, which contained either 2 µM C11-BODIPY 581/589 (Bey-
otime) for evaluating lipid peroxidation or 10 µM DCFH-DA (Beyotime) for detecting ROS.
Following a 20 min incubation with the probes at 37 ◦C, the cells were rinsed with PBS to
eliminate any unbound probe. The cells were then collected and analyzed using a CytoFLEX
flow cytometer (version 2.4, Beckman Coulter, Brea, CA, USA), with the data being processed
through FlowJo software (version 10.9; BD Biosciences, Ashland, OR, USA).

Immunofluorescence Staining: Cells were placed in confocal dishes for overnight
incubation to achieve 60–80% confluence. Subsequently, they underwent three rinses
with PBS, followed by fixation using 4% PFA for 15 min and permeabilization with 0.5%
Triton X-100 for 10 min. Afterward, the cells were blocked for 30 min at room temperature
using 5% bovine serum albumin (BSA) to prevent nonspecific binding. The following
day, incubation was done overnight at 4 ◦C with the rabbit anti-ATF3 antibody (Affinity
Biosciences, Cincinnati, OH, USA). After three washes with PBST (for 5 min each), the cells
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were treated with Coralite488-conjugated goat anti-rabbit IgG (H+L) (Proteintech Group,
Inc., Rosemont, IL, USA) for 60 min at room temperature, shielded from light. Nuclei were
stained for 15 min with Hoechst 33342. Finally, after three additional washes with PBST,
images were captured using Zeiss confocal fluorescence microscopy (Carl Zeiss, Germany).

Establishment of xenograft mouse models: To further investigate the in vivo effects
of QY21 on pNENs, a nude mouse xenograft tumor model was established. A total of
24 male BALB/c nude mice, aged 4–6 weeks, were sourced from Vital River (Beijing Vi-
tal River Laboratory Animal Technology Co., Ltd., Beijing, China) and were kept in a
specific pathogen-free environment at the Animal Center of Nanjing Medical University
(Nanjing, China). All individual mice (each defined as one experimental unit) were ran-
domly allocated to control and treatment groups (n = 4 per group), with randomisation
sequences generated by SPSS (version 25, IBM Corp., Armonk, NY, USA) random case
function. 5 × 106 BON-1 cells were injected subcutaneously into the right axilla of the mice.
The control group received 150 µL of PBS via gavage every two days starting from the
seventh day after injection, whereas the treatment groups were administered either QY21
or ibrutinib (10 mg/kg) bi-daily. Cage positions were rotated periodically to eliminate
positional environmental differences among cages. Tumor development and growth were
observed every three days until the conclusion of the experiment or tumor volume larger
than 1500 mm3. Toxicity was monitored throughout the experiment by recording body
weight and by observing general behavior and appearance. Four weeks following the
injection, all mice were euthanized, and the tumors were surgically removed and preserved
in 4% PFA for subsequent analyses. Major organs (heart, liver, lung, kidney) were har-
vested, fixed, and subjected to histopathological examination. The tumor volume (V) was
determined using the formula: V = (width2 × length)/2. Tumor weight was recorded using
an electronic scale. All animal procedures carried out in this study were sanctioned by the
Institutional Animal Care and Use Committee (IACUC) at Nanjing Medical University.

Statistical analysis: Data analysis was conducted using GraphPad Prism 9.0. For
cellular experiments, three replicate wells were set up per group, and three independent
biological samples were included for statistical comparison. For in vivo xenograft as-
says, all four subcutaneous tumors from each group were subjected to statistical analysis.
Normality and homogeneity of variance were tested before analysis; datasets satisfying
parametric assumptions were analysed via paired/unpaired Student’s t-test or one-way
analysis of variance (ANOVA), while non-normal data were analysed using appropriate
non-parametric tests. All data are presented as mean ± standard deviation (M ± SD).
A p-value of less than 0.05 was considered to denote a statistically significant difference.
Each experiment was carried out a minimum of three times.

3. Results
3.1. Synthesis of Novel Pyrrolopyrimidine-Based BTKis with Superior Anti-pNENs Activity
than Ibrutinib

A total of 22 kinds of pyrrolopyrimidine-based BTKis were designed through virtual
library screening and synthesized via a series of chemical reactions (Figure 1A). Half-
maximal inhibitory concentration (IC50) values of these novel BTKis in QGP-1 and BON-1
cells were determined by the CCK-8 assay. As shown in (Table 1), QY21 exhibited a lowest
IC50 value in both QGP-1 (24.47 ± 5.61 µM) and BON-1 (8.53 ± 3.83 µM) cells among
these derivatives and its structural formula was displayed in (Figure 1B). To investigate
whether QY21 could directly interact with the active site of BTK, molecular docking anal-
ysis was performed. The docking results showed that QY21 could be accommodated
within the active pocket of BTK, suggesting a potential direct interaction with the catalytic
region of BTK (Figure 1C,D). QY21 exhibited a binding energy of −9.57 kcal/mol and an
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estimated inhibition constant (Ki) of 0.097 µM. The final intermolecular energy of QY21
was −9.60 kcal/mol (Table S4), indicating that protein-ligand interactions made a major
contribution to the predicted binding stability. In addition, ibrutinib, a first-generation
BTKi, was selected as a reference compound for comparison. Although ibrutinib showed
a stronger predicted binding affinity, with a binding energy of −11.27 kcal/mol and a Ki
value of 0.005 µM (Table S4), the IC50 of QY21 against pNENs was also lower than that
of ibrutinib (Figure 1E–H). Based on the above results, QY21, which exhibited the highest
activity against pNEN cells, was selected for subsequent experiments.

Figure 1. Design strategy for pyrrolopyrimidine-based BTKis. (A) The schematic diagram of synthetic
process for novel pyrrolopyrimidine-based BTKis. (B) The structural formula of QY21. (C,D) Molecu-
lar docking diagram between QY21 and BTK protein. (E,F) The IC50 of QY21 in BON-1 and QGP-1
cells. (G,H) The IC50 of ibrutinib in BON-1 and QGP-1 cells.

Table 1. IC50 of novel pyrrolopyrimidine-based BTKis in pNEN cells.

IC50 (µM) IC50 (µM)

Compound BON-1 QGP-1 Compound BON-1 QGP-1

QY1 32.72 34.24 QY12 23.98 89.73
QY2 703.5 - QY13 105.62 -
QY3 49.62 65.91 QY14 54.49 67.39
QY4 59.76 73.53 QY15 135.9 -
QY5 60.42 77.32 QY16 22.41 27.32
QY6 41.93 56.74 QY17 138.2 -
QY7 87.63 - QY18 98.76 -
QY8 33.57 55.45 QY19 88.85 -
QY9 36.21 46.13 QY20 21.88 37.49

QY10 309.14 - QY21 8.53 ± 3.83 24.47 ± 5.61
QY11 174.84 - QY22 23.67 29.23
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3.2. QY21 Inhibits the Proliferation of pNENs Both In Vitro and In Vivo

In this study, we treated BON-1 cells with QY21 at 5 µM and 7.5 µM, while QGP-1 cells
at 15 µM and 25 µM. Cell growth curves determined by CCK-8 assay demonstrated that
QY21 inhibited the proliferation of BON-1 and QGP-1 cells in a dose-dependent manner,
whereas, no significant difference was observed between the DMF solvent control group
and the blank control group (Figure 2A,B). Furthermore, colony formation (Figure 2C–E) and
EdU assays (Figure 2F–I) also verified that QY21 retarded the proliferation of pNEN cells.

Figure 2. QY21 inhibited the proliferation of pNEN cells in vitro in a dose-dependent manner.
(A,B) CCK-8 assay showed that QY21 inhibited the proliferation of BON-1 and QGP-1 cells (n = 3).
(C–E) Colony formation assay indicated that QY21 impeded the proliferation of pNEN cells (Due to
complete loss of colony-forming ability at 15 µM and 25 µM, QGP-1 cells were treated with 5 µM
and 10 µM for colony formation assays) (n = 3). (F–I) EdU incorporation assay revealed that QY21
reduced the synthesis of DNA in BON-1 and QGP-1 cells (n = 3). Magnification: 200×. * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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A xenograft tumor model was further established in nude mice to investigate the
efficacy of QY21 in vivo. The results demonstrated that both tumor volume and tumor
weight were significantly reduced in the QY21 group compared with that in the control
group and QY21 exerted a more potent inhibitory effect against pNENs than ibrutinib
(Figure 3A–C). Immunohistochemical staining revealed that the Ki-67 index in tumors of
the QY21 group was lower than that in the control and ibrutinib groups (Figure 3D,E),
while no significant body weight loss (Figure 3F) or no obvious histopathological damage
was observed in heart, kidney, liver, or lung of the nude mice in any group (Figure 3G).
Collectively, QY21 significantly suppressed the proliferation of pNENs both in vitro and
in vivo without apparent organ toxicity, indicating a favorable safety profile.

Figure 3. QY21 suppressed the tumor growth of pNENs in vivo. (A) Subcutaneous xenograft tumors
derived from BON-1 cells (n = 4). (B,C) Tumor volume and weight in QY21 group were smaller than
those in the control and ibrutinib group (n = 4). (D,E) Immunohistochemical staining demonstrated
that tumor in the QY21 group showed the lowest Ki-67 expression among the three groups (n = 4).
Magnification: 400×. (F) Mice weight in each group (n = 4). (G) Histopathological examination
of major vital organs (n = 4). Magnification: 100×. ns: no significance, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

3.3. QY21 Upregulates Atf3 to Suppress the Progression of Pancreatic Neuroendocrine Neoplasms

Transcriptome sequencing was performed to elucidate the underlying molecular
mechanism by which QY21 inhibits the proliferation of pNENs. Numerous differentially
expressed genes (DEGs) were identified between QY21 group and the control group in
BON-1 and QGP-1 cells after 48 h treatment (Figure 4A,B). KEGG enrichment analysis
revealed that these DEGs were involved in multiple critical biological processes, including
ferroptosis (Figure 4C). We further intersected the upregulated DEGs in the QY21 group
with ferroptosis-related genes from public databases and screened out three candidate
target genes, including HMOX1, ATF3 and AKR1C1 (Figure 4D).
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Figure 4. QY21 upregulated ATF3 expression in pNEN cells. (A,B) Volcano plots of DEGs in BON-1
(A) and QGP-1 (B) cells after 48 h treatment with QY21 and DMF. Red: upregulated genes; blue:
downregulated genes; gray: no significant change. (C) KEGG analysis showed QY21 affected multiple
biological processes in pNENs. (D) Venn diagram showed the overlap of ferroptosis-related DEGs
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between BON-1 and QGP-1 cells and three candidate target genes were identified. (E,F) qRT-PCR
analysis verified that QY21 induced significant upregulation of ATF3 (n = 3). (G) WB demonstrated
that QY21 upregulated ATF3 protein expression in BON-1 and QGP-1 cells. The uncropped blots
are shown in Supplementary Materials S1. (H) Immunofluorescence staining of ATF3 in HPNE,
BON-1, and QGP-1 cells. Magnification: 400×. (I,J) WB and qRT-PCR indicated that ATF3 expression
was lower in BON-1 and QGP-1 cells than that in HPNE cells. The uncropped blots are shown in
Supplementary Materials S1. (K) Immunohistochemical staining showed that ATF3 was downreg-
ulated in human pNENs tumor tissues than that in adjacent normal tissues. Magnification: 400×.
**** p < 0.0001.

Quantitative real-time PCR was subsequently applied to verify the expression levels
of the three genes in pNENs. The results showed that ATF3 exhibited the most signifi-
cant upregulation in mRNA level in QY21-treated pNEN cells relative to the DMF group
(Figure 4E,F). WB experiments further confirmed that the protein expression of ATF3 was
also markedly elevated in the QY21 group both in BON-1 and QGP-1 cells (Figure 4G).

Immunofluorescence staining was conducted to investigate the basal expression of
ATF3 in HPNE, BON-1 and QGP-1 cells. It was observed that ATF3 was predominantly
localized in the cytoplasm and its immunofluorescence intensity was lower in pNEN cells
than that in HPNE cells (Figure 4H). Consistently, the results of WB and qRT-PCR also
confirmed that ATF3 expression was notably lower in pNEN cells than that in HPNE cells
(Figure 4I,J). Additionally, immunohistochemical (IHC) analysis indicated that ATF3 was
significantly decreased in pNENs tumor tissues compared with adjacent normal tissues
(Figure 4K). In conclusion, ATF3 is lowly expressed in pNENs, and QY21 can markedly
upregulate ATF3 expression in BON-1 and QGP-1 cells, which may contribute to the
activation of ferroptosis in pNENs.

3.4. QY21 Inhibits pNENs Proliferation by Facilitating Ferroptosis, and the Suppressive Effect Is
Partially Reversed by Ferrostatin-1

We examined some core ferroptosis-related molecules in BON-1 and QGP-1 cells
by WB. The results showed that QY21 upregulated the protein levels of transferrin re-
ceptor 1 (CD71) and acyl-CoA synthetase long-chain family member 4 (ACSL4), while
decreasing the expression of glutathione peroxidase 4 (GPX4), solute carrier family 7 mem-
ber 11 (xCT) and stearoyl-CoA desaturase 1 (SCD1) in pNEN cells (Figure 5A), suggesting
that QY21 promotes ferroptosis in pNEN cells. When QY21 was combined with ferrostatin-
1 (Fer-1), a ferroptosis inhibitor, CCK-8 assay indicated that the growth rate of pNEN cells
in combination group was faster than that in QY21-alone group (Figure 5B,C). Colony
formation assays (Figure 5D–F) and EdU incorporation (Figure 5G–I) also confirmed that
the inhibitory effect of QY21 on pNEN cell proliferation was partially reversed upon
co-administration with Fer-1.

Given that ferroptosis is characterized by lipid peroxidation and ROS accumulation,
flow cytometry was further performed using C11-BODIPY581/589 and DCFH-DA probes
to detect lipid peroxidation and ROS levels in pNEN cells, respectively. The results showed
that QY21 induced excessive accumulation of lipid peroxidation in pNEN cells, and this
effect was attenuated by Fer-1 compared with QY21 alone (Figure 5J–M). Similarly, QY21
triggered prominent ROS accumulation in pNEN cells, which was partially rescued by
Fer-1 co-treatment (Figure 5N–Q).

Collectively, these findings demonstrate that QY21 suppresses pNENs proliferation by
inducing ferroptosis.
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Figure 5. Cont.
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Figure 5. QY21 inhibited pNENs proliferation by inducing ferroptosis. (A) WB was performed to
detect ferroptosis-related molecules. The uncropped blots are shown in Supplementary Materials S1.
(B,C) CCK-8 assay showed that Fer-1 abrogated the QY21-induced loss of cell viability (n = 3).
(D–F) Colony formation assay confirmed that Fer-1 reversed the QY21-suppressed clonogenic growth
(n = 3). (G–I) EdU incorporation assay demonstrated that the reduction in DNA synthesis caused
by QY21 was restored by Fer-1 (n = 3). Magnification: 200×. (J–M) Lipid peroxidation level was
detected by flow cytometry and the results showed that excessive accumulation of lipid peroxidation
induced by QY21 could be reversed by Fer-1 (n = 3). (N–Q) QY21 induced ROS accumulation and
Fer-1 co-treatment could alleviate this effect (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.5. Overexpression of Atf3 Restrains the Growth of pNENs Cells and Promoted Ferroptosis

To investigate the biological function of ATF3 in pNENs, we established stable ATF3-
overexpressing BON-1 and QGP-1 cell lines. The transfection efficiency was validated
by qRT-PCR and WB (Figure 6A–C). CCK-8 were performed to investigate the effect of
ATF3 overexpression on the proliferation of pNENs. The results revealed that ATF3 over-
expression markedly impeded the proliferation of BON-1 and QGP-1 cells (Figure 6D,E).
Consistent results were obtained in the colony formation assay (Figure F–H). EdU assay
further confirmed that ATF3 upregulation inhibited DNA synthesis in BON-1 and QGP-1
cells (Figure 6I–K). Flow cytometry analysis demonstrated that overexpression of ATF3 sig-
nificantly increased lipid peroxidation and ROS accumulation in pNENs (Figure 6L–Q). All
in all, these findings indicated that ATF3 overexpression induced ferroptosis and attenuated
the proliferation of pNENs.

3.6. Inhibition of Atf3 Suppresses Ferroptosis and Partially Reverses the Antineoplastic Effect of
QY21 in pNENs

To clarify whether QY21 exerts its anti-tumor effects by modulating ATF3 in pNENs,
we generated stable ATF3-knockdown BON-1 and QGP-1 cell lines. The knockdown
efficiency was verified by qRT-PCR and WB (Figure 7A-C), and shRNA #1 with the lowest
ATF3 protein expression was selected for subsequent rescue experiments. EdU assays
(Figure 7D–F), CCK-8 (Figure 7G,H) and colony formation assays (Figure 7I–K) all revealed
that ATF3 knockdown partially reversed the tumor-suppressive effect of QY21 on pNENs.

Figure 6. Cont.
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Figure 6. ATF3 overexpression inhibited cell proliferation and induced ferroptosis in pNENs.
(A,B) qRT-PCR confirmed remarkable upregulation of ATF3 mRNA in BON-1 and QGP-1 cells
(n = 3). (C) WB verified increased ATF3 protein levels in stable ATF3-overexpressing pNEN cell
lines. The uncropped blots are shown in Supplementary Materials S1. (D,E) CCK-8 assays showed
that ATF3 overexpression significantly reduced cell viability (n = 3). (F–H) Colony formation assays
demonstrated impaired clonogenic capacity in ATF3-overexpression cells (n = 3). (I–K) EdU incor-
poration assays revealed a marked decrease in DNA synthesis upon ATF3 overexpression (n = 3).
Magnification: 200×. (L–Q) Flow cytometry analysis showed that ATF3 overexpression increased
lipid peroxidation and ROS accumulation (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 7. Inhibition of ATF3 suppressed ferroptosis and partially reversed the anti-neoplastic effect
of QY21 in pNENs. (A–C) pNEN cells with stable ATF3 knockdown were constructed and validated
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by qRT-PCR and WB. The uncropped blots are shown in Supplementary Materials S1. (D–F) EdU
incorporation assay showed that ATF3 knockdown partially restored QY21-induced EdU-positive
cell numbers in both BON-1 and QGP-1 cells (n = 3). Magnification: 200×. (G,H) CCK-8 proliferation
assays demonstrated that the inhibitory effect of QY21 on pNENs viability was attenuated by ATF3
knockdown (n = 3). (I–K) Colony formation assays confirmed that inhibition of ATF3 rescued the
anti-neoplastic effect of QY21 in pNENs (n = 3). (L–O) QY21-induced lipid peroxidation and ROS
accumulation were reduced upon ATF3 knockdown (n = 3). (P) WB analysis of ferroptosis-related
proteins. The uncropped blots are shown in Supplementary Materials S1. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

Flow cytometry was employed to further explore the influence of ATF3 knockdown
on ferroptosis in pNEN cells. The results implied that ATF3 inhibition partially abrogated
QY21-induced lipid peroxidation and ROS accumulation (Figure 7L–O). Western blotting
results further demonstrated that the upregulation of CD71 and ACSL4 induced by QY21
was attenuated upon ATF3 knockdown, while the decreased expression levels of xCT and
SCD1 were restored to a certain extent (Figure 7P).

We also established a nude mouse xenograft model bearing ATF3-knockdown pNEN
cells and found that the tumor-suppressive effect of QY21 in vivo was significantly attenuated
upon ATF3 knockdown. Tumors in the ATF3-knockdown group treated with QY21 exhibited
larger volumes and heavier weights compared with those in the wild-type cell group receiving
QY21 treatment (Figure 8A–C). Furthermore, we detected ferroptosis-related molecules in the
xenograft tumors via IHC and immunofluorescence co-staining and consistently observed
that ATF3 knockdown reversed QY21-induced ferroptosis in vivo (Figure 8D–G).

Figure 8. ATF3 knockdown partially abrogated the anti-tumor and ferroptosis-inducing effects of
QY21 in pNEN xenografts. (A) Representative images of xenograft tumors (n = 4). (B,C) Tumor
weight and volume reduced by QY21 were partially reversed when ATF3 was knocked down (n = 4).
(D–F) The expression of Ki67, ATF3 and some ferroptosis-related markers was analyzed by IHC
staining (n = 4). Magnification: 400×. (G) Representative images of immunofluorescence co-staining
for DAPI (nucleus, blue), CD71 (green), xCT (red), and ATF3 (yellow) in tumor tissues. Magnification:
40× and 400×. * p < 0.05, *** p < 0.001, **** p < 0.0001.

https://doi.org/10.3390/cancers18142277

https://doi.org/10.3390/cancers18142277


Cancers 2026, 18, 2277 17 of 22

Taken together, these findings suggested that ATF3 knockdown suppressed QY21-
triggered ferroptosis and impaired the tumor-suppressive effect of QY21 in pNENs.

4. Discussion
Bruton’s tyrosine kinase has emerged as a highly promising therapeutic target in

recent years. Apart from hematological malignancies and autoimmune diseases, BTKis
also have attracted considerable interest in solid tumors [37,38]. This is not only because
BTK modulates oncogenic pathways such as NF-κB and ERK through its expression in
myeloid cells and other tumor microenvironment components, but also because ibrutinib
acts as a multi-kinase inhibitor targeting epidermal growth factor receptor (EGFR), human
epidermal growth factor receptor 2 (HER2), and other kinases implicated in solid tumors,
thereby suppressing tumor proliferation, invasion, and angiogenesis [38]. In the field of
neuroendocrine tumors, Laura Soucek et al. discovered that ibrutinib could inhibit mast cell
degranulation in insulinoma transgenic mice, subsequently inducing extensive apoptosis
of tumor cells and endothelial cells as well as vascular regression [34]. Regrettably, a phase
II clinical trial demonstrated that single-agent ibrutinib failed to achieve objective tumor re-
sponses in patients with advanced NENs, with a median PFS of merely 3 months, indicating
unsatisfactory clinical efficacy of ibrutinib against pNENs [36]. Whether alternative BTK
inhibitors could serve as promising therapeutic agents for pNENs remains to be elucidated.
In this study, we addressed this issue and drew the following conclusions. First, we found
the novel pyrrolopyrimidine-based BTK inhibitor, QY21, exerted potent antiproliferative activ-
ity against pNENs with a lower IC50 in vitro and a more robust suppression of subcutaneous
tumor growth in vivo than ibrutinib. Second, transcriptome sequencing analysis indicated
that QY21 restrains the proliferation of pNENs by triggering ferroptosis. Third, QY21 induced
ferroptosis by upregulating ATF3 expression. Finally, genetic inhibition of ATF3 reversed
QY21-induced ferroptosis and abrogated its antitumor efficacy against pNENs. Collectively,
our study characterized a newly synthesized BTK inhibitor QY21, as a potent anti-pNENs
agent that suppresses tumor proliferation via ATF3-mediated ferroptosis.

Despite weaker predicted BTK binding affinity from molecular docking relative to
ibrutinib, QY21 still exerted potent anti-proliferative activity against pNENs with a lower
IC50 in both BON-1 and QGP-1 cells than ibrutinib (Figure 1E–H). This inconsistency may
arise from intrinsic limitations of static rigid-body docking, which neglects BTK confor-
mational dynamics, intracellular compound bioavailability, membrane permeability, and
potential multi-pathway inhibitory effects of QY21 within tumor cells. In vivo xenograft
models derived from BON-1 cells further confirmed that QY21 produced a more robust
suppression of tumor volume and weight reduction than ibrutinib and no obvious body
weight loss or no obvious organ was observed in QY21 group (Figure 3). These findings
indicated QY21 as a potent anti-pNENs agent with a favorable safety profile.

Ferroptosis is an iron-dependent programmed cell death [22]. Excess iron ions gener-
ate hydroxyl radicals through the Fenton reaction, which in turn trigger membrane lipid
peroxidation. Apart from direct cytotoxic effects, ferroptosis plays an important role in tu-
mor initiation and progression through multiple mechanisms, including disrupting cellular
metabolism, facilitating tumor immune responses, and modulating the tumor microen-
vironment [22,39]. In the field of pNENs, our previous studies have demonstrated that
ferroptosis is crucial for pNEN cells death mediated by agents such as PROTAC-Surufatinib
and EZH2 inhibitors [40,41]. In the present study, KEGG enrichment analysis identified
ferroptosis as a core biological pathway modulated by QY21 (Figure 4C). QY21 upregulated
pro-ferroptotic proteins ACSL4 and CD71 while downregulating antioxidant proteins xCT
and SCD1, accompanied by excessive ROS and lipid peroxidation accumulation (Figure 5).
All these findings indicated that QY21 promoted ferroptosis in pNEN cells. To further
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validate this conclusion, we performed rescue experiments using Fer-1 and found that
Fer-1 alleviated QY21-induced ROS and lipid peroxidation accumulation and reversed
the anti-proliferative effect of QY21 on pNEN cells (Figure 5). These findings suggest that
ferroptosis plays an essential role in the QY21-mediated inhibition of pNENs proliferation.
However, we only measured total intracellular ROS and lipid peroxidation levels, but
did not further distinguish specific ROS and reactive nitrogen species (RNS) subtypes.
Profiling individual ROS/RNS species in future work will help dissect the precise oxidative
signaling pathways that drive QY21-mediated ferroptosis in pNEN cells.

Based on the results of transcriptome sequencing, we speculated that ATF3 may
exert a vital function in QY21-induced ferroptosis in pNENs. Accumulating evidence has
revealed that ATF3 serves as a key regulator of ferroptosis. On one hand, ATF3 elevates
intracellular iron accumulation by upregulating transferrin receptor 1 and downregulating
ferroportin. Additionally, it modulates ACSL4, SCD1 and lipoxygenase pathways to
alter lipid peroxidation levels. Meanwhile, ATF3 directly suppresses GPX4 and xCT,
impairing the glutathione antioxidant system, thereby facilitating ferroptosis in gastric
cancer, endometrial carcinoma, hepatocellular carcinoma and other malignancies [42,43].
In the present study, we report for the first time the function of ATF3 in pNENs. We
verified intrinsically low ATF3 expression in pNEN cell lines and clinical tumor tissues
(Figure 4H–K). ATF3 overexpression promotes ferroptosis and restrains cell proliferation
in pNENs (Figure 6). Conversely, ATF3 knockdown attenuates the inhibitory effect of
QY21 on pNEN cells, accompanied by reduced lipid peroxidation and ROS accumulation
(Figure 7). Consistent findings were observed in nude mouse xenograft tumor models.
Collectively, these bidirectional genetic rescue experiments solidly demonstrate that QY21
accelerates ferroptosis in pNEN cells via targeting ATF3. However, the precise molecular
mechanism by which ATF3 drives ferroptosis remains to be further elucidated.

However, our study still has several limitations. First, all functional validations relied
solely on established pNEN cell lines, without verification in patient-derived primary cells.
Our animal model relied on subcutaneous xenograft tumors in nude mice, precluding
evaluation of the impact of QY21 on the full adaptive immune response within the tumor
microenvironment. Future studies incorporating humanized PDX models, orthotopic mod-
els, or patient-derived organoid-immune cell co-cultures will be essential to dissect the
potential immune-modulatory component of mechanism of QY21 and strengthen the trans-
lational relevance of QY21. Second, our in vivo toxicity assessment was confined to body
weight monitoring and histopathological examination of major organs, without hematolog-
ical and serum biochemical analyses. Future studies should focus on these issues. Systemic
pharmacokinetic and pharmacodynamic experiments, as well as dose-dependent toxicity
studies, are needed to strengthen the translational rationale. Third, the upstream signaling
cascade linking QY21-mediated BTK inhibition to ATF3 transcriptional upregulation re-
mains to be fully elucidated. Transcriptomic data suggest that the MAPK/ERK pathway
is potentially involved, as it was significantly enriched upon QY21 treatment (Adjusted
p value = 0.00024, Table S5). Future studies combining phospho-specific immunoblotting
with ATF3 promoter-luciferase reporter assays will be required to validate whether phar-
macological modulation of the MAPK/ERK pathway directly impacts QY21-induced ATF3
expression, thereby delineating the precise upstream regulatory axis.

5. Conclusions
In conclusion, this study demonstrates that QY21 inhibits the progression of pNENs

by upregulating ATF3 to facilitate ferroptosis in pNEN cells both in vitro and in vivo.
This ATF3-mediated ferroptosis pathway may provide a novel preclinical strategy for
pNENs treatment. Further investigations based on patient-derived models and systematic
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pharmaceutical characterizations are required to validate the translational potential of
QY21 for clinical application.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers18142277/s1: Supplementary Materials S1: Original
images of Western blotting. Table S1: Short hairpin targets. Table S2: Primers of genes. Table S3:
Antibody information. Table S4: Molecular docking parameters of QY21 and ibrutinib against BTK.
Table S5: Pathways significantly enriched upon QY21 treatment.
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Abbreviations
The following abbreviations are used in this manuscript:

NENs neuroendocrine neoplasms
pNENs pancreatic neuroendocrine neoplasms
GEP-NENs Gastroenteropancreatic neuroendocrine neoplasms
BTK Bruton’s tyrosine kinase
BTKi Bruton’s tyrosine kinase inhibitor
ATF3 Activating transcription factor 3
OS overall survival
PFS progression-free survival
ROS reactive oxygen species
qRT-PCR quantitative real-time polymerase chain reaction
WB Western blotting
DMF dimethylformamide
PFA paraformaldehyde
EdU 5-ethynyl-2′-deoxyuridine
BSA bovine serum albumin
IC50 Half-maximal inhibitory concentration
DEGs differentially expressed genes
IHC immunohistochemical
ACSL4 acyl-CoA synthetase long-chain family member 4
GPX4 glutathione peroxidase 4
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xCT solute carrier family 7 member 11
SCD1 stearoyl-CoA desaturase 1
CD71 transferrin receptor 1
Fer-1 ferrostatin-1
EGFR epidermal growth factor receptor
HER2 human epidermal growth factor receptor 2
RNS reactive nitrogen species
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