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Abstract
The Nab-paclitaxel combined with gemcitabine (AG) regimen is the main chemotherapy regimen for pancreatic 
cancer, but drug resistance often occurs. Currently, the ability to promote sensitization in drug-resistant cases is 
an important clinical issue, and the strategy of repurposing conventional drugs is a promising strategy. This study 
aimed to identify a classic drug that targets chemotherapy resistance’s core signaling pathways and combine it 
with the AG regimen to enhance chemosensitivity. We also aimed to find reliable predictive biomarkers of drug 
combination sensitivity. Using RNA sequencing, we found that abnormal PI3K/Akt pathway activation plays a 
central role in mediating resistance to the AG regimen. Subsequently, through internal and external verification 
of randomly selected AG-resistant patient-derived organoid (PDO) and PDO xenograft models, we discovered for 
the first time that the classic anti-inflammatory drug sulindac K-80003, an inhibitor of the PI3K/Akt pathway that 
we focused on, promoted sensitization in half (14/28) of AG-resistant pancreatic ductal adenocarcinoma cases. 
Through RNA-sequencing, multiplex immunofluorescent staining, and immunohistochemistry experiments, we 
identified cFAM124A as a novel biomarker through which sulindac K-80003 promotes AG sensitization. Its role as a 
sensitization marker is explained via the following mechanism: cFAM124A enhances both the mRNA expression of 
cathepsin L and the activity of the cathepsin L enzyme. This dual effect stimulates the cleavage of RXRα, leading to 
large amounts of truncated RXRα, which serves as a direct target of K-80003. Consequently, this process results in 
the pathological activation of the PI3K/Akt pathway. In summary, our study provides a new treatment strategy and 
novel biological target for patients with drug-resistant pancreatic cancer.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of 
the most lethal malignancies, with most patients having 
advanced disease at the time of diagnosis [1, 2]. Che-
motherapy is the main treatment strategy for advanced 
PDAC, capable of transforming initially unresectable 
PDAC into resectable cancer [3, 4]. Due to the toxic side 
effects of the fluorouracil plus irinotecan plus oxalipla-
tin plus leucovorin (FOLFIRINOX) regimen, the Nab-
paclitaxel plus gemcitabine regimen (AG regimen) is 
considered the best option in Asia [5, 6]. Nonetheless, 
the emergence of primary resistance to the AG regimen 
poses a significant clinical challenge, affecting approxi-
mately 40–60% of patients [7]. Currently, most studies 
focus on screening which patients are suitable for AG 
chemotherapy [8]. However, new methods to achieve 
chemotherapy sensitization in patients resistant to the 
AG regimen are overlooked. Recent research tried to 
combine immunotherapy with an AG regimen, but the 
results were unsatisfactory due to the low responsiveness 
of PDAC to immunotherapy [9, 10]. Therefore, the devel-
opment of clinically effective AG re-sensitization thera-
pies is an important clinical challenge.

Signaling pathway activation is closely related to che-
motherapy resistance [11, 12]. The classic PI3K/Akt path-
way is the core pathway among various tumor-related 
signaling pathways [13, 14], and its abnormal activation 
commonly detected in PDAC cases can greatly promote 
PDAC chemotherapy resistance [12, 15]. Therefore, using 
a combination of inhibitors targeting this pathway is a 
potential strategy to achieve chemotherapy sensitiza-
tion. Previous studies have shown that chemotherapy 
combined with PI3K/Akt pathway inhibitors (e.g., Evero-
limus, BKM120, and Duvelisib) is an effective treatment 
strategy for breast cancer, head and neck squamous cell 
carcinoma, and non-Hodgkin lymphoma [16–18]. Pre-
clinical studies showed that chemotherapy combined 
with PI3K/Ak/mTOR inhibitors (Everolimus and Siroli-
mus) may improve treatment efficacy for GEM-resistant 
PDAC cases [19–21]. However, clinical trial results for 
Everolimus did not show anti-tumor effects in patients 
with GEM-refractory metastatic PDAC [22], and another 
clinical study showed strong grade 3–4 adverse reac-
tions during Everolimus administration [23]. In a phase 
II study of Sirolimus combined with GEM for the treat-
ment of advanced PDAC, although 34.6% of patients 
achieved partial response, it greatly increased the risk of 
bone marrow suppression and infection [24]. Therefore, 
currently, in clinical practice, the use of the combination 
strategy involving PI3K/Akt pathway inhibitor-sensitiz-
ing chemotherapy is very limited. The search for safe and 
reliable PI3K/Akt pathway inhibitors is important in sen-
sitizing PDAC to chemotherapy.

“Conventional drug in new use” is an important strat-
egy for research and treatment of diseases at this stage, 
because a large amount of data supports drug safety with 
this strategy [25–27]. Our team previously focused on 
sulindac K-80003, a derivative of the clinical anti-inflam-
matory drug sulindac. As an inhibitor of the PI3K/Akt 
pathway, it has more reliable biological safety and pre-
cise targeting [28], as demonstrated in studies related to 
hepatocellular carcinoma and colorectal cancer [28, 29]. 
However, its potential therapeutic effects and whether 
sulindac K-80003 can promote the sensitization of pan-
creatic cancer to the AG regimen on PDAC are unknown. 
For the first time, we investigated a combination of sulin-
dac K-80003 with the AG regimen in patient-derived 
organoid (PDO) and PDO xenograft (PDOX) treatment 
models from PDAC patients and demonstrated a posi-
tive therapeutic response. Given this promising find-
ing, we sought to identify biomarkers to predict which 
patients may benefit from sulindac K-80003 combina-
tion therapy. Based on the characteristics of non-coding 
circular RNA (circRNA), which include a stable struc-
ture, a long half-life, and easy detection [30, 31], we have 
identified a circRNA as a potential biomarker for sulin-
dac K-80003-promoted AG sensitization [32, 33]. Previ-
ous studies have reported that circRNAs can be highly 
powerful predictors of chemotherapy sensitivity, such 
as circ-DOPEY2 for cisplatin chemotherapy in esopha-
geal cancer [34] and circ-CREIT for DOX in breast can-
cer [35]. Based on these studies we hypothesized that a 
circRNA may serve as a predictor for sulindac K-80003 
application in PDAC chemotherapy.

In our study, based on multi-omics data from RNA-seq, 
protein sequencing (Protein-seq), multiplex immunoflu-
orescent staining (mIFS), 3D-cell in vitro models, and in 
vivo PDO models of AG chemotherapy-resistant PDAC 
(Fig.  1A), we identified the critical role of abnormal 
activation of the PI3K/Akt signaling pathway in chemo-
therapy-resistant patients. Given this characteristic, we 
confirmed that sulindac K-80003 can promote chemo-
therapy sensitivity in half of AG chemotherapy-resistant 
patients through a prospective internal PDAC cohort. 
Furthermore, these results were verified using retro-
spective internal and external PDAC cohort organoids. 
Finally, an exploration of clinical sensitization biomark-
ers revealed that the circular RNA cFAM124A is more 
sensitive and convenient for predicting sulindac K-80003 
sensitization than the classic markers p-Akt (Thr308) and 
p-Akt (Ser473).

Results
The PI3K/Akt pathway plays a key role in AG-resistant 
PDAC
To elucidate which signaling pathway is closely associated 
with AG resistance in PDAC, we prospectively observed 
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Fig. 1  PI3K/Akt pathway plays a vital role in the resistance of PDAC to GEM-based chemotherapy. A, Overall experimental scheme for this study. 
B, Complex heatmap showing differentially expressed genes (DEGs) and distribution of clinical parameters between AG-sensitive and AG-resistant PDAC. 
C, KEGG pathway enrichment analysis for the upregulated DEGs in the RNA-seq comparing the AG-resistant group and AG-sensitive group. D, KEGG 
pathway enrichment analysis of external RNA-seq data, SRP303224. E, Representative hematoxylin and eosin (H&E) staining images of AG-sensitive and 
AG-resistant PDAC and patient-derived organoids (PDOs). Scale bar, 100 μm. F, IC50 values for 10 PDOs after GEM treatment. G-H, Representative images 
of PDOs from PDO-AGS and PDO-AGR groups. PDOs treated for 48 h with nab-paclitaxel (10nM) and gemcitabine (30nM). Live/Dead cell viability staining 
showing live cells stained with calcein-AM (green) and dead cells with Ethidium-1 (red). Scale bar, 50 μm. I, RNA-seq results for PDO-AGS and PDO-AGR 
groups from PDOs. J, Heatmap showing DEGs between PDO-AGS and PDO-AGR groups. K, KEGG pathway enrichment analysis for upregulated DEGs in 
the RNA-seq comparing the PDO-AGS group and PDO-AGR groups. L, Representative images of H&E and IHC staining for p-Akt (Thr308) in PDOs from 
PDO-AGS and PDO-AGR groups
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20 patients with advanced unresectable PDAC. While 
obtaining pathological diagnosis through biopsy, we also 
performed high-throughput RNA-seq and generated 
PDOs. These 20 patients all received AG regimen chemo-
therapy, and imaging and serology assessments were per-
formed every 3 months to detect tumor changes within 
6 months. We divided the patients into groups based 
on changes in tumor imaging (e.g., CT, MRI, and PET) 
[36] and CA199 expression [37].The AG-sensitive group 
(imaging showed that after chemotherapy, the tumor vol-
ume had shrunk or the relationship between the tumor 
and the surrounding blood vessels had improved, CA199 
had decreased, and there were no new distant metasta-
ses, n = 10) and the AG-resistant group (imaging showed 
that after chemotherapy, tumor volume was increased, 
the tumor invaded large blood vessels, and/or CA199 
continued to increase, and/or newly-developed distant 
metastases appeared n = 10) (Table  S1). Consistently, 
the resistant group showed higher levels of CA199 and 
poorer differentiation (Fig.  1B). Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis of 
upregulated genes in the RNA-seq comparing the AG-
resistant group and AG-sensitive group showed that 
changes in the PI3K/Akt signaling pathway had the high-
est enrichment score compared with changes in other 
signaling pathways (Fig.  1C). In addition, the most sig-
nificant difference in chemical signaling pathway changes 
between the external AG-resistant PDAC cohort and the 
non-resistant group was the PI3K/Akt signaling pathway 
(Fig.  1D), indicating that this signaling pathway plays a 
central role in PDAC chemoresistance [38]. We success-
fully constructed 5 AG-resistant PDO models (PDO-
AGR group) and 5 AG-sensitive PDO models (PDO-AGS 
group) (Fig. 1E). First, we verified the drug resistance of 
the two groups. In vitro, the PDO-AGS group showed 
a lower IC50 and a lower percentage of dead cells under 
AG treatment, which also confirms the correctness of our 
grouping by imaging assessment (Fig. 1F-H).

We considered that the abnormal activation of the 
PI3K/Akt pathway observed by tissue RNA-seq previ-
ously came from derived PDAC tumor specimens rep-
resenting mixed cell populations, commonly including 
abundant stroma cells and other cells [39]. To further 
clarify whether this difference exists specifically in tumor 
cells, we further conducted RNA-seq analysis on PDOs 
in the PDO-AGR and PDO-AGS groups and found that 
the PI3K/Akt pathway was abnormally activated in the 
PDO-AGR group (Fig.  1I-K). Furthermore, IHC for 
p-Akt (Thr308) in PDOs further supported this finding 
(Fig. 1L, Fig. S1 A). These results confirm that abnormal 
activation of the PI3K/Akt pathway in tumor cells plays a 
key role in the AG resistance of PDAC.

K-80003 enhances sensitivity to AG chemotherapy 
in pre-clinical models of AG-resistant unresectable 
PDAC cases
Given that the PI3K/AKT pathway plays a central role in 
the resistance of PDAC to the AG regimen, targeting this 
pathway in tumor cells was expected to overcome PDAC 
resistance to the AG regimen. However, existing PI3k/
Akt inhibitors are not suitable for clinical applications 
due to their extensive toxicity and side effects. Therefore, 
we shifted our attention to the “conventional drug in new 
use” approach, which is also an important new strategy 
for developing disease treatments [25], because the safety 
of old drugs for use in humans has been fully proven. Our 
team previously focused on sulindac K-80003, a deriva-
tive of the clinical anti-inflammatory drug sulindac, as 
an effective PI3K/Akt pathway inhibitor. K-80003 has 
more reliable biological safety and superior specific-
ity in targeting PI3K/AKT. Therefore, we explored the 
potential of sulindac K-80003 to overcome AG resistance 
in a prospectively constructed PDO-AGR group. Sur-
prisingly, among the 5 PDOs in the AG-resistant group, 
sulindac K-80003 sensitized 3 PDOs (PDO11#, PDO17#, 
and PDO18#) to AG chemotherapy. To further ana-
lyze whether sulindac K-80003 produces similar effects 
in vivo, we established an orthotopic pancreatic cancer 
model by injecting PDOs (PDOX model). Consistent with 
the in vitro results, sulindac K-80003 restored sensitivity 
to AG significantly shrunk tumors arising and prolonged 
the median survival in the corresponding PDOX model 
(Fig. 2A-F, Fig. S1B). In addition, western blotting analy-
sis further demonstrated that sulindac K-80003 could 
inhibit the activation of PI3k/Akt signals for patients who 
respond to the sensitization effect of K-80003 (Fig. S1C). 
These important findings suggest that sulindac K-80003 
is a potential drug that could enhance the sensitivity of 
some AG-resistant PDAC cases to AG chemotherapy.

Next, we evaluated the biosafety of sulindac K-80003 
in vivo. During use, the body weight of mice in differ-
ent treatment groups was similar, and the use of sulindac 
K80003 did not significantly change the body weight of 
mice. After 1 month of treatment with sulindac K-80003, 
the blood biochemical parameters of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), 
blood urea nitrogen (BUN), and creatinine were signifi-
cantly higher than those in the saline-treated group (Fig. 
S1D-S1G). However, no histopathological abnormalities 
were detected in the heart, liver, spleen, lung, or kidney 
of mice in the AG plus K-80003 group (Fig. S1H-S1I). 
These results indicate that the K-80003 combined AG 
regimen has no significant drug toxicity in vivo and has a 
good safety profile.
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Fig. 2 (See legend on next page.)
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K-80003 enhances sensitivity to AG chemotherapy 
in pre-clinical models of AG-resistant resectable 
PDAC cases
Considering the limited sample size of prospectively con-
structed advanced PDOs; to further illustrate the efficacy 
of sulindac K-80003 for sensitization to AG chemother-
apy and to eliminate accidental errors, we conducted a 
retrospective study using the PDO biobank from which 
surgically resected tissue samples from PDAC patients 
are more readily available. First, we grouped patients 
who underwent radical surgical resection according to 
the international definition of drug-resistant cases after 
surgery for pancreatic cancer [40]. With standard GEM-
based adjuvant chemotherapy after surgery, patients 
who developed recurrence or distant metastasis within 
6 months were considered to be chemotherapy-resistant. 
Based on this standard, we randomly selected 12 drug-
resistant PDOs from the internal biobank and randomly 
obtained 11 drug-resistant PDOs from the external bio-
bank for recovery culture as shown in Fig. 3A. First, we 
compared the basic clinical information of the corre-
sponding patients in the internal PDO cohort and the 
external PDO cohort. As shown in Fig. 3B and Table S2, 
the two cohorts showed significant differences in age, 
gender, and tumor stage, and the two cohorts had similar 
recurrence-free survival (RFS) (Fig. 3C).

Similarly, we constructed the PDOX models by inject-
ing the PDOs, which were treated with three solutions: 
saline, AG, or AG plus K-80003. In the internal cohort, 
we found that AG combined with K-80003 treatment sig-
nificantly shrunk tumors arising from 6 PDOs (PDO#II, 
PDO#III, PDO#VI, PDO#VIII, PDO#XI, and PDO#XII) 
and extended the median survival time. In contrast, the 
other 6 PDOs showed little response after treatment with 
AG combined with sulindac K-80003 (Fig. 3D-E). In the 
external cohort, sulindac K-80003 demonstrated the abil-
ity to sensitize 5 PDOs to AG chemotherapy (PDO#a, 
PDO#c, PDO#f, PDO#g, and PDO#j) (Fig. 3F-G). These 
results validated sulindac K-80003 as an effective AG 
chemosensitizing drug and promoted sensitization in 
half (14/28) of patients with AG-resistant PDAC in inter-
nal and external cohorts. However, considering that half 
of the patients still had a limited sensitization response, 

it is necessary to find appropriate response prediction 
markers to achieve patient stratification for treatment.

circRNA screening for biomarkers of the ability of 
K-80003 to sensitize PDAC to AG
We next used RNA-Seq analysis from PDOs to explore 
potential circRNA biological markers associated with the 
ability of sulindac K-80003 to sensitize PDAC to the AG 
regimen. The screening process is illustrated in Fig. 4A. 
First, a total of 46 differentially expressed circRNAs were 
identified, of which 25 were up-regulated and 21 were 
down-regulated (Fig.  4B). The up-regulated/down-reg-
ulated top 5 circRNAs were verified by PCR separately 
(Fig. 4C). Notably, this expression pattern was consistent 
with the PATU8988T and MiaPaCa-2 GEM-resistant 
models, which we constructed under continuous and 
progressive stimulation with GEM, and their resistance 
to GEM was confirmed using CCK-8 experiments and 
colonization experiments (Fig.  4C and Fig. S2A-S2C). 
Secondly, we defined the relative circRNAhi and cir-
cRNAlo in 10 cases using the median expression value as 
the cut-off value. Then, GSEA was performed on the read 
mRNA in the RNA-seq comparing the circRNAhi and cir-
cRNAlo groups to confirm the association between the 
expression of circRNA and the PI3K/AKT pathway and 
to calculate gene set enrichment analysis (GSEA) enrich-
ment scores and Pearson correlation analysis (Fig.  4D 
and E and Fig. S2D). Through these studies, we identi-
fied four circRNAs as our screening indicators. Finally, 
we overexpressed these four circRNAs individually in 
PDAC cell lines to verify their drug resistance capabili-
ties in a 3D tumor microsphere apoptosis staining assay. 
The experimental results show that hsa_circ_008816, 
hsa_circ_0030292, and hsa_circ_000620 overexpression 
resulted in GEM resistance, and thus, we further treated 
the cells expressing the GEM resistance circRNAs with 
additional K-80003 to examine whether their GEM-resis-
tance could be resensitized by K-80003. We found that 
only overexpression of hsa_circ_0030292 (cFAM124A) 
had both abilities (Fig. 4F), and that cFAM124A was most 
closely related to activation of the PI3K/Akt pathway 
(Fig. 4E).

According to the circBase database, cFAM124A is 
formed by the circularization of exon 3 of the FAM124A 

(See figure on previous page.)
Fig. 2  K-80003 can enhance the sensitivity of some AG-resistant PDAC patients to AG chemotherapy. A, Method used to apply different treat-
ments to PDO-AGR in vitro and quantitation of PDO fluorescence. Method used for corresponding PDOX treatments in vivo. B-F, Representative images 
of different PDO-AGRs that received different treatments. PDOs in each group treated for 48 h with saline or AG (Nab-paclitaxel 10nM plus GEM 30nM) or 
K-80003 (5 nM) or AG (Nab-paclitaxel 10nM plus GEM 30nM plus K-80003 5 nM). Live cells stained with calcein-AM (green), and dead cells with ethidium-1 
(red). Quantitative data are shown on the right. Tumors from different groups of PDOXs received different treatments from weeks 2 after orthotopic xe-
nograft injection of 1 million corresponding PDOs. Mice were treated with saline, K-80003 (20 mg/kg, twice weekly; bule arrows), the dual combination 
of gemcitabine (25 mg/kg, weekly), and nab-paclitaxel (15 mg/kg, weekly; red arrows), or the triple combination of gemcitabine and nab-paclitaxel (as 
dosed for the monotherapies) plus K-80003 for 3 weeks. Tumors were harvest at 3 weeks after injection. Fluorescence of tumors from mice in the differ-
ent groups (5 mice per group). Survival curves for mice that received different treatments (5 mice per group). Not significant (ns), *P < 0.05; **P < 0.01; 
***P < 0.001



Page 7 of 24Xie et al. Molecular Cancer          (2024) 23:215 

gene and is 473 nt in length. We determined the head-to-
tail splicing sites of cFAM124A through Sanger sequenc-
ing (Fig. S2E), and our results confirm that cFAM124A 
has the basic characteristics of a circRNA. cFAM124A 
was more resistant to RNase R degradation than the 
linear form of FAM124A mRNA (Fig. S2F-S2G, Fig. 
S2I). As shown in Fig. S2H, cFAM124A could only be 
amplified from cDNA rather than gDNA, indicating 
that cFAM124A was a back-splicing product of the pre-
mRNA. In addition, qRT-PCR and fluorescence in situ 
hybridization (FISH) analysis showed that cFAM124A 
was mainly localized in the cytoplasm, with a small 
amount present in the nucleus (Fig. S2J-S2K).

For future research, we established PATU8988T and 
MiaPaCa-2 cell lines in which cFAM124A was over-
expressed. PATU8988T-GR and MiaPaCa-2-GR cell 
lines with knockdown of cFAM124A but no change in 
FAM124A cellular gene expression (Fig. S3A-S3B). In 
addition, we further examined the expression levels of 
cFAM124A in both the in-house cohort and external 
cohort PDOs (Fig. 3D and F), and the results reveals its 
predictive accuracy for the ability of K-80003 to sen-
sitize PDAC to AG. We defined the cFAM124Ahi and 
cFAM124Alo cases using the median expression value as 
the cut-off value. There were 9 cases of response among 
the 12 cFAM124Ahi PDOs (9/12) and 8 of no-response 
among the 11 cFAM124Alo PDOs (8/11), for a true posi-
tive ratio = 75% (Fig. S3C).

To further validate this finding, we investigated the 
activation of PI3K/Akt and expression of cFAM124A in 
our in-house PDAC cohort who received GEM-based 
chemotherapy by IHC staining and FISH. Patients were 
assigned to a GEM-based resistant (Gem-R) group based 
on RFS < 12 months. Our results showed that cFAM124A 
expression and activation of the PI3K/Akt pathway were 
robustly increased in the GEM-based resistant group 
(Fig.  4G). Furthermore, cFAM124A expression levels 
were positively correlated with activation of the PI3K/
Akt pathway (Fig. 4G). cFAM124A expression was closely 
correlated with a higher CA199 level, poor differen-
tiation, similar American Joint Committee on Cancer 
(AJCC) stage, and worse survival (Fig. 4H and Table S3) 
within the PDAC cohort in our center. Our findings sug-
gest that only cFAM124A is associated with resistance to 
gemcitabine and response with K-80003, while the other 
four upregulated circRNAs were not associated with 
resistance to gemcitabine or cannot predict the response 
with K-80003. Also, cFAM124A is closely associated with 
PI3K/Akt pathway activation, and thus, we hypothesized 
that it may serve as a marker to identify K-80003-associ-
ated AG sensitivity in resistant PDAC.

cFAM124A is the best biomarker for the ability of 
K-80003 to sensitize PDAC to AG
We next focused on identifying which marker is the best 
marker for the ability of sulindac K-80003 to sensitize 
PDAC to AG chemotherapy. Sulindac K-80003 inhib-
its the activation of tumor-specific PI3K/Akt signaling 
by preventing the binding of tRXRα to the p85α subunit 
of PI3K [41]. Here, we further prove that this phenom-
enon also exists in PDAC through co-IP, as shown in Fig. 
S4A. Theoretically, sulindac K-80003 is most suitable for 
patients with high expression levels of tRXRα and PI3K/
Akt activation markers. However, tRXRα is a truncated 
protein that lacks part of the N-terminal A/B domain of 
RXRα [41]. Due to the characteristics of its truncated 
protein, IHC staining analysis cannot distinguish the 
truncated and full-length forms, and its expression can-
not be accurately calculated. Thus, it is not suitable as a 
predictive biomarker.

Next, we evaluated PI3K/Akt activation markers phos-
phorylated (p)-Akt (Thr308) and p-Akt (Ser473) as well 
as cFAM124A and their ability to predict response to 
sulindac K-80003. It is worth noting that the cFAM124A 
abundance differed significantly between the response 
group and non-response group on mIFS staining and IHC 
staining. (Fig. 5A and D). To further determine whether 
the optimal sensitive tumor markers we selected origi-
nate from tumor-specific sources rather than adjacent 
tissue, we used adjacent tissue as a reference to adjust 
the expression levels in the tumor tissue. As expected, in 
all samples, the expression levels of cFAM124A, p-Akt 
(Thr308) and p-Akt (Ser473) were higher than those 
in paracancer tissues (Fig.  5E and F). The fold change 
value for the tumor relative to the paracancer showed 
that cFAM124A offers good discrimination between the 
response group and the non-response group. On the con-
trary p-Akt (Thr308) and p-Akt (Ser473) showed that 
discrimination effects that were far inferior to that of 
cFAM124A, even though the P value for p-Akt (Sre473) 
reached 0.0325 (Fig.  5G and H). Interestingly, in the 
value selection, we found that the fold change value for 
cFAM124A was less than 2 for the non-responsive group, 
while a value greater than 2 corresponded to a respon-
sive group. Therefore, we propose that the fold change 
value of 2 may be the cut-off value to distinguish groups 
that will be responsive and non-responsive to K-80003 
(Fig. 5G-H). Based on the above analysis, cFAM124A is 
a practical and effective biomarker for guiding the use 
of sulindac K-80003 in the sensitization of PDAC to AG 
chemotherapy.

K-80003 reverses cFAM124A-induced GEM resistance in 
PDAC through the PI3K/Akt pathway
We next investigated the mechanisms underlying 
cFAM124A as an accurate marker for predicting the 
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Fig. 3 (See legend on next page.)
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sulindac K-80003 drug response. Western blotting 
analysis further demonstrated that overexpression of 
cFAM124A attenuated the GEM-induced apoptosis level 
among PDAC cells, as indicated by cleaved caspase 3/8 
levels, and promoted excessive activation of the PI3K/Akt 
pathway, as indicated by higher p-Akt (Thr308) and p-Akt 
(Ser473) (Fig.  6A). We also used a PI3K pan-inhibitor 
(copanlisib), which prevented aberrant activation of the 
PI3K/Akt pathway, and the decreased in GEM-induced 
apoptosis level caused by cFAM124A overexpression 
(Fig. 6A). Functional studies employing the CCK-8 assay, 
clonogenic assay, and 3D tumor microsphere apoptosis 
staining assay provided in vitro evidence (Fig.  6B-D) as 
well as in vivo evidence (Fig. 6E and Fig. S4A) that addi-
tional treatment with a PI3K/Akt inhibitor rescued over-
expressed cFAM124A-related GEM resistance. These 
findings indicate that cFAM124A promotes PDAC GEM 
resistance by over-activating the PI3K/Akt pathway. In 
addition, sulindac K-80003 could also reverse the GEM 
resistance caused by cFAM124A. However, copanlisib 
caused weight loss in mice, whereas sulindac K-80003 did 
not (Fig. 6F), which indicates that sulindac K-80003 offers 
better biosafety.

CircRNAs can act by regulating protein produc-
tion [42]. We performed proteomics analysis to identify 
changes in the expression of proteins regulating PI3K/
Akt signaling upon cFAM124A overexpression. RXRα 
protein expression was found to be most decreased, 
and activation of the PI3K/Akt pathway increased after 
cFAM124A overexpression in PDAC cells. In contrast, 
cFAM124A knockdown elicited the opposite response 
in PDAC cells (Fig.  6G-H and Fig. S4C). Interest-
ingly, RXRα mRNA expression was not altered after 
cFAM124A overexpression in PDAC cells (Fig. S4D). 
A reporter gene assay showed that cFAM124A also did 
not affect RXRα promoter activity (Fig. S4E). This find-
ing prompted our investigation to shift to determining 
the regulatory potential of cFAM124A on RXRα at the 
protein level. Next, we analyzed the effect of cFAM124A 
on the RXRα proteasome-dependent (ubiquitinated) 
degradation pathway [43]. cFAM124A overexpression 
accelerated RXRα degradation in PATU8988T cells after 

treatment with the protein synthesis inhibitor cyclo-
heximide (CHX). Interestingly, this accelerated degrada-
tion of RXRα could not be abolished by the proteasome 
inhibitor MG132, which failed to demonstrate that the 
effect of cFAM124A on the RXRα degradation is prote-
asome-dependent (Fig. 6I-J and Fig. S4F-S4G). Previous 
research has shown that RXRα proteins can be hydrolyti-
cally cleaved by protein hydrolases (m-calpain and CTSL) 
to generate truncated proteins [44, 45]. One example is 
tRXRα, which interacts with the p85α subunit of PI3K to 
activate the PI3K/Akt pathway [28]. Coincidentally, at the 
same time we discovered that the GEM-resistance mech-
anism involves aberrant activation of the PI3K/Akt path-
way caused by cFAM124A overexpression, we observed 
increased tRXRα expression on western blotting analysis 
(Fig.  6H). Collectively, we found that cFAM124A acti-
vates the PI3K/Akt pathway through tRXRα, leading 
to GEM resistance in PDAC, and sulindac K-80003 can 
reverse this effect.

cFAM124A promotes tRXRα expression by 
upregulating the CTSL enzyme
These findings led us to hypothesize that: (1) cFAM124A 
may promote hydrolysis of RXRα into tRXRα, which 
leads to its accelerated degradation; and (2) tRXRα 
may be the downstream factor responsible for the 
cFAM124A-induced excessive activation of the PI3K/
AKT pathway that leads to GEM resistance in PDAC. 
Thus, we investigated whether the promoted hydroly-
sis of RXRα leads to its accelerated degradation. Inter-
estingly, we found that the addition of a CTSL enzyme 
inhibitor (Z-FY-CHO) and not an m-calpain enzyme 
inhibitor (PD150606) restored the decrease in RXRα and 
increase in tRXRα caused by cFAM124A overexpression 
(Fig.  7A and Fig. S5A). Meanwhile, treatment with the 
CTSL inhibitor also restored the accelerated degradation 
of RXRα protein and the increase in tRXRα caused by 
cFAM124A (Fig. 7B and Fig. S5B).

To further investigate how cFAM124A facilitates 
hydrolytic cleavage of RXRα in a CTSL-dependent man-
ner, we first investigated the effect of cFAM124A on the 
CTSL enzyme. Our results indicated that cFAM124A 

(See figure on previous page.)
Fig. 3  Response status of AG-resistant PDAC with K-80003 treatment from in-house and external cohorts. A, Flow chart for screening PDAC 
patients for K80003 sensitization AG regimen. B, Complex heatmap showing distribution of clinical parameters between in-house cohort and exter-
nal cohort of AG-resistant PDAC. C, Kaplan–Meier overall survival (PFS) curves between in-house cohort and external cohort of AG-resistant PDAC. D, 
Representative HE staining images of 12 AG-resistant PDAC samples and PODs from in-house cohort, and ability of K-80003 to sensitize samples to AG 
chemotherapy. E, Weight of tumors from mice in the different groups (5 mice per group), and survival curves for mice that received different treatments 
(5 mice per group). Tumors from different groups of PDOXs received different treatments from weeks 2 after orthotopic xenograft injection of 1 million 
corresponding PDOs. Mice were treated with saline, the dual combination of gemcitabine (25 mg/kg, weekly), and nab-paclitaxel (15 mg/kg, weekly; 
red arrows), or the triple combination of gemcitabine and nab-paclitaxel (as dosed for the monotherapies) plus K-80003 (20 mg/kg, twice weekly; blue 
arrows) for 3 weeks. Tumors were harvest at 3 weeks after treatment. Survival curves for mice that received different treatments (5 mice per group). F, Rep-
resentative HE staining images of 11 AG-resistant PDAC-derived PDOs in external cohort, and ability of K-80003 to sensitize them to AG chemotherapy. G, 
Weight of tumors from mice in the different groups (5 mice per group), and survival curves for mice that received different treatments (5 mice per group). 
Not significant (ns), *P <0.05; **P < 0.01; ***P < 0.001
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Fig. 4  cFAM124A is a potential biomarker for the ability of K-80003 to increase AG sensitivity of PDAC. A, Flowchart for screening for K-80003 
response markers. B, Volcano plot showing upregulated and downregulated circRNAs between PDO-AGS and PDO-AGR groups. C, RT-qPCR detection 
of the expression of 10 relevant circRNAs in PDAC PDOs and cells. D, GSEA of 10 circRNAs demonstrating enrichment of DEGs in the PI3K/Akt pathway. 
E, Pearson correlation analysis between PI3K/Akt signaling pathway marker expression and the 10 circRNAs and number of related genes. F, Necrosis 
in 3D tumor microspheres based on propidium iodide (PI) staining (red) and its quantification after treatment with Gem (1 µM) and/or K-80003 (5 nM). 
Scale bar, 100 μm. G, Representative H&E and IHC staining for p-Akt (Thr308) and FISH staining for cFAM124A in samples from GEM-sensitive (Gem-S) 
and GEM-resistant (Gem-R) patients. Quantification of p-Akt (Thr308) staining in PDAC tissues collected from Gem-S and Gem-R groups. Quantification 
of cFAM124A staining in PDAC tissues collected from Gem-S and Gem-R groups. Pearson correlation analysis between p-Akt (Thr308) expression and 
cFAM124A expression. H, Kaplan–Meier OS and PFS curves according to cFAM124A expression for PDAC patients in Table S3 (n = 132). Not significant 
(ns), *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 5 (See legend on next page.)
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promotes CTSL expression at both the mRNA and pro-
tein levels as well as CTSL activity (Fig.  7C and Fig. 
S5C-S5D). This suggests that cFAM124A may promote 
the stability of CTSL mRNA, leading to an increase in 
the CTSL protein level. Competing endogenous RNAs 
(ceRNAs) often act as miRNA sponges by binding with 
argonaute-2 (AGO2) to regulate the stability of target 
mRNAs via a ceRNA-related mechanism [46]. However, 
we did not detect any interaction between AGO2 and 
cFAM124A by radioimmunoprecipitation (RIP) assay 
(Fig. S5E), which rules out a ceRNA-related mechanism 
from this context. The potential ability of cFAM124A to 
encode proteins was not predicted by analysis of the cir-
cRNADb database (Fig. S5F), which led us to investigate 
a protein scaffolding role of cFAM124A in regulating the 
stability of the CTSL mRNA.

We performed an RNA pulldown–MS assay to iden-
tify the proteins interacting with cFAM124A. AGO2 
was not among the 147 proteins identified as interact-
ing with cFAM124A. To narrow down the candidates, 
we considered proteins that were both identified to 
interact with FAM124A using MS and predicted to 
bind with cFAM124A using the catRAPID, RBPsuite, 
and RBPmap databases (Fig. 7D-E). This analysis identi-
fied insulin-like growth factor 2 RNA-binding protein 
2 (IGF2BP2), which is known to stabilize mRNA [47]. 
Through RNA pulldown, silver staining, immunofluores-
cence, and RIP-qPCR assays, we confirmed the interac-
tion between cFAM124A and IGF2BP2 (Fig.  7D-F and 
Fig. S5G). Additionally, cFAM124A expression did not 
affect the abundance of IGF2BP2 (Fig. S5H). Previous 
research showed that IGF2BP proteins preferentially bind 
to the “(U > C) GGAC” consensus [47]. We identified two 
potential IGF2BP-binding regions (namely, “CGGACU” 
and “UGGACA”) in the cFAM124A sequence, and simul-
taneous mutation of both loci abolished the bridging role 
of the two loci that facilitates the binding of IGF2BP2 
to CTSL mRNA (Fig. 7F and Fig. S5I-S5J). In addition, 
siRNA-mediated silencing of IGF2BP2 led to accelerated 
degradation of CTSL mRNA and protein levels in vitro 
(Fig. S5K-S5M).

Next, we identified a potential m6A site on the 
3ʹ-untranslated region (UTR) of the CTSL mRNA (Fig. 

S4N), and then we confirmed the interaction between 
IGF2BP2 and CTSL mRNA by RNA pulldown assay 
(Fig. 7G). In addition, RNA antisense purification (RAP) 
assay using the cFAM124A probe also enriched CTSL 
mRNA (Fig. 7H). Based on this evidence of the interac-
tions among cFAM124A, CTSL mRNA, and IGF2BP2, 
we propose a potential regulatory mechanism by which 
cFAM124A promotes the stability of CTSL mRNA. As 
expected, cFAM124A overexpression increased the inter-
action between IGF2BP2 and CTSL mRNA, leading to 
slower degradation of CTSL mRNA (Fig. 7I).

We further constructed a truncated form of IGF2BP2 
to examine IGF2BP2-mediated stabilization of the 
direct functional domain of CTSL mRNA (the func-
tional threshold for recognition of m6A, known as KH4) 
and the cFAM124A-dependent indirect facilitation of 
the functional threshold (the functional threshold for 
binding by cFAM124A, known as KH1) (Fig.  7J). These 
results validate our hypothesis that cFAM124A binds to 
IGF2BP2 to stabilize CTSL mRNA in an m6A-dependent 
manner, thus playing a bridging role (Fig. 7K).

Notably, mutation of the scaffold site on cFAM124A 
completely reversed the cFAM124A overexpression-
induced increase in CTSL expression at both the mRNA 
and protein levels (Fig.  7L-M). However, it could only 
partially reverse the increased CTSL activity, increased 
tRXRα level, aberrant activation of the PI3K/Akt path-
way, and increased GEM resistance caused by cFAM124A 
overexpression (Fig.  7M-N). Interestingly, the entirely 
reversed effects on the tRXRα/PI3K/ATK pathway and 
GEM resistance by small interfering (si)-CTSL treat-
ment suggested that the promoting effect of cFAM124A 
for PDAC GEM resistance depends not only on its effect 
on CTSL expression but also on its other effects on 
CTSL activity (Fig. 7M-N). The present findings indicate 
that cFAM124A upregulates CTSL mRNA and protein 
expression through bridging, and cFAM124A also affects 
CTSL enzyme activity through other mechanisms.

(See figure on previous page.)
Fig. 5  cFAM124A is the best marker to predict the ability of K-80003 to promote AG sensitivity in PDAC. A-B, Representative multiplex IHC stain-
ing for cFAM124A, p-Akt (Thr308), and p-Akt (Ser473) expression in PDAC tissues collected from K-80003 responsive and K-80003 non-responsive groups. 
Quantification of cFAM124A, p-Akt (Thr308), and p-Akt (Ser473) staining in PDAC tissues collected from K-80003 responsive and K-80003 non-responsive 
groups. Scale bar, 100 μm. C-D, Representative H&E, FISH staining for cFAM124A, and IHC staining for p-Akt (Thr308) and p-Akt (Ser473) in PDAC tissues 
collected from K-80003 responsive and K-80003 non-responsive groups. Quantification of cFAM124A, p-Akt (Thr308), and p-Akt (Ser473) staining in PDAC 
tissues collected from K-80003 responsive and K-80003 non-responsive groups. Scale bar, 100 μm. E-F, Representative H&E, FISH staining for cFAM124A 
and IHC staining for p-Akt (Thr308) and p-Akt (Ser473) in paracancer tissues collected from K-80003 responsive and K-80003 non-responsive groups. 
Quantification of cFAM124A, p-Akt (Thr308), and p-Akt (Ser473) staining in paracancer tissues collected from K-80003 responsive and K-80003 non-
responsive groups. Scale bar, 100 μm. G, Fold changes in cFAM124A, p-Akt (Thr308) and p-Akt (Ser473) expression levels in PDAC tissues collected from 
K-80003 responsive and K-80003 non-responsive groups. H, Peak fold changes in cFAM124A, p-Akt (Thr308), and p-Akt (Ser473) expression in different 
groups. Not significant (ns), *P < 0.05; **P < 0.01; ***P < 0.001)
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cFAM124A enhances CTSL enzyme activity by 
disrupting cystatin B (CSTB)
The activity of CTSL is mainly regulated by the endog-
enous cystatin superfamily members, particularly by 
stefin A (cystatin A, CSTA) and stefin B (cystatin B, 
CSTB) [48], which inhibit CTSL activity by binding to 
the C-terminal of CTSL. cFAM124A overexpression did 
not affect CSTA or CSTB protein expression (Fig. S6A). 
We reviewed the cFAM124A-interacting proteins identi-
fied through the RNA pulldown–MS assay and observed 
interactions between cFAM124A and CSTB (Fig. 7E and 
Fig. 8A). In addition, their interaction was confirmed in 
the catRAPID database and confirmed through immuno-
fluorescence, RIP, and RNA pulldown assays (Fig.  8B-C 
and Fig. S5B). Interestingly, cFAM124A overexpression 
in PATU8988T significantly weakened the CTSL–CSTB 
interaction. In contrast, the interaction between CTSL 
and CSTB was strengthened upon cFAM124A knock-
down (Fig.  8D-E). This suggests that cFAM124A can 
interact with CSTB protein to interfere with the binding 
of CSTB to CTSL, thus enhancing CTSL enzyme activity.

To further characterize how cFAM124A interacts 
at this competitive site, we predicted the competitive 
site of cFAM124A that binds to CSTB using the catR-
APID database and constructed cFAM124A plasmids 
with truncated corresponding regions for transfection 
of PATU8988T cells (Fig. 8F). RNA pulldown and coim-
munoprecipitation (co-IP) assays showed that when the 
76–210-nt region of cFAM124A was truncated, CSTB 
protein capture by the circRNA probe was significantly 
reduced, correlating with increased binding of CSTB 
to CTSL (Fig. 8G-H). In addition, mutation of the com-
petitive site also attenuated, but not entirely abolished, 
the increase in tRXRα, aberrant elevation of PI3K/
Akt pathway activation, and GEM resistance caused by 
cFAM124A overexpression, as reflected by results from 
western blotting analysis, CTSL enzyme activity detec-
tion, 3D tumor microsphere staining, and colony forma-
tion assay (Fig. 8I-J and Fig. S6C-D). Interestingly, these 
effects were reversed by simultaneous mutation of the 
cFAM124A bridge site and the competitive site, (Fig. 8I-J 
and Fig. S6D-S6E). Together these results suggest that 
cFAM124A upregulates CTSL expression through 
IGF2BP2 and by interfering with the inhibition of CTSL 
enzyme activity by binding to CSTB. In turn, this leads to 
excessive hydrolytic cleavage of RXRα by CTSL and gen-
erates tRXRα which excessively activates the PI3K/Akt 
pathway and promotes GEM resistance in PDAC.

Discussion
The AG regimen is well tolerated and the first choice for 
the treatment of advanced PDAC in Asia. However, most 
patients develop chemotherapy resistance, resulting in 
poor prognosis. Unlike previous studies, which focused 

on the exploration of drug resistance mechanisms in 
pancreatic cancer and the prediction of sensitivity mark-
ers, we focused on exploring new treatment strategies 
for sensitization of PDAC to AG regimens. Considering 
the clinical limitations of immunotherapy combination 
regimens, we focused on combination strategies with 
tumor pathway inhibitors. We used the PDO model and 
RNA-seq of samples from patients with advanced pan-
creatic cancer to accurately distinguish the drug-resistant 
group and drug-sensitive group according to the clinical 
effects of AG treatment. We confirmed that activation of 
the PI3K/Akt pathway plays a central role in drug resis-
tance in pancreatic cancer [12]. In addition, we adopted 
the strategy of “conventional drug in new use” that offers 
great health and economic benefits and selected the 
established drug sulindac K-80003, a sulindac-derivative, 
that inhibits PI3K/Akt. We first confirmed its effective-
ness without surgery through five prospectively collected 
PDO models from drug-resistant patients. We also con-
firmed K-80003 clinical potential in randomly screened 
and established PDO models of postoperative drug-resis-
tant patients in internal and external cohorts to expand 
the sample size. Our results demonstrated that K-80003 
could sensitize nearly half of the models. In addition, to 
identify the population for which sulindac K-80003 was 
effective, we discovered that cFAM124A is the most sen-
sitive and convenient sensitization biomarker, as it was 
not only more sensitive than the traditional PI3K/Akt 
activation markers but also associated with the effect 
target of K-80003, tRXRα. Thus, our research provides a 
new practical treatment strategy for the clinical sensitiza-
tion of PDAC to AG chemotherapy.

Abnormal activation of the PI3K/Akt pathway is closely 
related to the occurrence and progression of PDAC. We 
established the PDO model using biopsy specimens of 
unresected advanced pancreatic cancer. We believe that 
the results from actual tumor-bearing patients can more 
accurately reflect the sensitivity and resistance tenden-
cies to the AG regimen. Although it was difficult to con-
struct PDOs from biopsy specimens, we still successfully 
constructed half of the models. We examined changes 
in mainstream cancer signaling pathways and identi-
fied the central role of the PI3K/Akt pathway in chemo-
therapy resistance, consistent with previous literature 
[12, 13]. Activation of the PI3K/Akt pathway could pro-
mote chemotherapy resistance in various ways, such as 
regulating the expression of P-gp and ABC transporters 
to enhance drug efflux [49–51]. These results reveal the 
clinical potential of interfering with the PI3K/Akt path-
way to achieve chemotherapy sensitization. However, 
the PI3K/Akt pathway is also critical for normal physi-
ological function [52], and thus, clinical use of PI3K/AKT 
pathway inhibitors (such as Everolimus) can lead to many 
clinical adverse reactions [22, 23]. Therefore, we focused 
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Fig. 6 (See legend on next page.)
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on the clinical strategy of repurposing old drugs. Since 
sulindac K-80003 inhibits PI3K/Akt, we first confirmed 
that sulindac K-80,003 can promote sensitization to AG 
in the PDO model from biopsy specimens (3/5). We fur-
ther expanded the sample size and randomly selected 12 
drug-resistant models from the PDO model library of 
surgical patient specimens in our center and established 
an external validation cohort of 11 cases. We then found 
nearly half (11/23) were resistant to AG from the in vivo 
layer, and the drug-resistant PDO model could achieve 
chemotherapy sensitization. Based on half of the total 
sample showing benefit (14/28), we believe that sulin-
dac K-80003 is a potential AG chemotherapy-sensitizing 
drug for pancreatic cancer. Based on its good safety, we 
plan to conduct clinical research on suitable patients in 
the future. However, considering that half of the patients 
still had a limited sensitization response, it is important 
to find additional response prediction markers to achieve 
patient stratification for treatment.

Sulindac K-80003 inhibits the activation of tumor-
specific PI3K/Akt signaling by preventing the binding 
of tRXRα to the p85α subunit of PI3K. Theoretically, 
sulindac K-80003 is most suitable for patients with high 
expression of tRXRα and PI3k/Akt signaling mark-
ers. We also investigated the possibility of using tRXRα 
as a marker. However, tRXRα, as a truncated protein of 
RXRα protein, does not have specific antibodies and is 
difficult to detect directly through conventional RNA-
seq or proteomic sequencing. It is also difficult to distin-
guish tRXRα from RXRα by IHC, which makes the use of 
tRXRα as a predictive marker unfeasible.

circRNAs have become one of the first choices for 
drug treatment markers due to their stable structure, 
long half-life, and convenient detection methods [30, 
31]. Therefore, we explored circRNAs as potential bio-
logical markers for sensitizing properties. In prospec-
tive samples, we screened and eliminated markers that 
were consistent with high expression of AG-resistant 
PDO and were related to the PI3K/Akt pathway. We dis-
covered that cFAM124A represent a potential marker 
reflecting sensitization by sulindac K-80003. We further 

verified its reliability by combining internal and exter-
nal data and found that patients with high expression 
can achieve chemotherapy sensitization. In addition, we 
found that cFAM124A is generally more effective than 
p-Akt (Thr308) and p-Akt (Ser473). In previous stud-
ies, only the difference between cancer tissue and adja-
cent tissue was considered, and the impact of adjacent 
tissue on cancer was ignored [53]. However, this is very 
important in practical applications. Therefore, we further 
used paracancer tissue for correction and applied the fold 
change value for tumor tissue compared with paracan-
cer tissue to predict whether sulindac K-80003 would be 
effective. The fold change value for cFAM124A showed 
good discrimination between the response group and 
the non-response group. However, p-Akt (Thr308) and 
p-Akt (Ser473) failed to distinguish the groups, which 
further demonstrates that cFAM124A is a better marker 
of true tumor characteristics. Interestingly, a fold change 
value 2 was used as the cut-off value to distinguish the 
response to sulindac K-80003. Therefore, we believe 
that cFAM124A is a reliable and practical biomarker for 
predicting sensitization to AG chemotherapy in clinical 
practice. The predictive efficacy of the cut-off value of 
2 requires further technical development in real-world 
clinical studies with large sample sizes.

We next investigated molecular mechanisms under-
lying cFAM124A effects. We found that overexpres-
sion of cFAM124A resulted in a significant decrease 
in RXRα protein levels. Additional studies using CHX 
and MG132 inhibition experiments ruled out factors 
affecting the production and degradation of RXRα pro-
tein. Interestingly, we found that RXRα truncated form, 
tRXRα, was significantly increased. We demonstrated 
that cFAM124A promoted CTSL (a major member of 
the cysteine protease family, the main proteolytic enzyme 
that hydrolyzes RXRα to tRXRα) [45] mRNA expression, 
protein expression, and enzyme activity. circRNAs often 
exert biological functions by binding to RNA-binding 
proteins [54]. We demonstrated that cFAM124A binds 
to IGF2BP2 protein (which functions to stabilize mRNA) 
and verified that it can bind to the CTSL mRNA 3′-UTR, 

(See figure on previous page.)
Fig. 6  cFAM124A activates PI3K/Akt pathway through tRXRα to cause GEM resistance in PDAC, and K-80003 can reverse this effect. A, Western 
blot analysis of Akt, p-Akt (Ser473), p-Akt (Thr308), and cleaved caspase 3/8 expression after 6 h of treatment with different inhibitors and GEM treatment. 
B, IC50 values for GEM in PDAC cells overexpressing cFAM124A and control cells after 6 h of treatment with different inhibitors and GEM treatment. C, 
Necrosis in 3D tumor microspheres based on PI staining (red) and after 6 h of treatment with different inhibitors and GEM treatment. Scale bar, 100 μm. 
D, Colony formation by cells overexpressing cFAM124A after 6 h of treatment with different inhibitors and GEM treatment in 6-well dishes (800 cells/
well) for 2 weeks. Each inhibitor, copanlisib (2 nM, pan-PI3K inhibitor) or K-80003 (5 nM, tRXRα-dependent Akt activation inhibitor). Quantitative data are 
shown on the right. E, Subcutaneous xenograft model of mice in the different groups treated with GEM (40 mg/kg i.p. 2×/week for 4 weeks), copanlisib 
(1 mg/kg, iv. 2×/week for 4 weeks), or K-80003 (20 mg/ kg i.p. 2×/week for 4 weeks) at 2 weeks after subcutaneous injection of 5 × 106 cells overexpressing 
cFAM124A and control cells. Representative images of tumors are shown (n = 5). F, Body weights of subcutaneous tumor-bearing mice in the indicated 
groups (n = 5). G, Volcano plot showing upregulated and downregulated protein between EV-PATU8988T and cFAM124A-PATU8988T cells. H, Western 
blot analysis of RXRα, Akt, p-Akt (Ser473), and p-Akt (Thr308) expression in PDAC cells overexpressing cFAM124A or with cFAM124A knockout and control 
cells. I, cFAM124A increased RXRα protein degradation: Indicated PDAC cell lines were incubated with CHX for indicated time periods before western blot 
analysis of RXRα and GAPDH expression. Representative images are shown (left). J, Indicated PDAC cell lines were incubated with MG132 and then with 
CHX for indicated time periods before western blot analysis of RXRα and GAPDH expression. Representative images are shown (left)



Page 16 of 24Xie et al. Molecular Cancer          (2024) 23:215 

Fig. 7 (See legend on next page.)

 



Page 17 of 24Xie et al. Molecular Cancer          (2024) 23:215 

helping CTSL mRNA and IGF2BP2 protein to form a 
more stable complex. This was consistent with the fact 
that most circRNAs exert the function of stabilizing 
mRNA [55, 56]. Interestingly, we found that interfer-
ing only with its binding site could only partially restore 
the activity of CTSL protease. This led us to speculate 
that cFAM124A can also affect the enzymatic activity of 
CTSL through other mechanisms.

Further analysis of the proteins bound by cFAM124A 
revealed that cFAM124A could also bind to CSTB pro-
tein. CSTB is an endogenous inhibitor of the cysteine 
protease and can negatively regulate the activity of CTSL 
protease [48]. Using co-IP experiments, we found that 
cFAM124A sequesters the CSTB protein and interferes 
with its ability to bind to CTSL, resulting in enhanced 
CTSL enzyme activity. When interfering with the bind-
ing sites of cFAM124A, IGF2BP2, and CSTB at the same 
time, the expression of tRXRα protein and the abnormal 
activation state of PI3K/Akt could be restored, which 
was also consistent with the drug resistance functional 
phenotype. In summary, our results showed for the first 
time that some AG-resistant PDAC patients can ben-
efit from K-80003, which improves their sensitivity to 
AG regimens. This may be due to the high expression of 
cFAM124A in these cases. High expression of cFAM124A 
affects the expression and activity of the CTSL enzyme. 
RXRα is hydrolyzed by CTSL protease into tRXRα, which 
enhances AKT phosphorylation through interaction 
with the PI3K subunit p85α and the development of AG 
resistance. K-80003 directly acts as a site to intervene in 
the interaction between tRXRα and p85α, inhibit activa-
tion of the PI3K/Akt signaling pathway, and weaken AG 
resistance.

cFAM124A affects the mRNA expression and enzyme 
activity of CTSL through two mechanisms. We also 
observed a high positive correlation between the expres-
sion levels of cFAM124A and tRXRα, which makes 
cFAM124A a substitute for tRXRα to guide the use of 
sulindac K-80003.

This study has certain limitations. We used a prospec-
tive PDO model to construct biopsy specimens from 
patients with advanced pancreatic cancer. Due to the 

small amount of biopsy samples, the sample size for this 
part of the study was limited. We prospectively evalu-
ated patients with unresectable advanced stages treated 
with the AG regimen to define drug resistance. This type 
of sample is extremely representative. Moreover, we also 
used PDOs randomly obtained from the retrospective 
sample library (the sample size was 4 times that of the 
prospective sample), and the results also confirmed the 
finding that sulindac K-80003 has the therapeutic poten-
tial to overcome AG resistance. The sample library also 
provides a current sample, and this was one of the larg-
est PDO-based studies of pancreatic cancer. In addition, 
according to our results, CTSL protease may be used 
as another potential biomarker of response to sulindac 
K-80003. However, due to the instability of the protease, 
its short half-life, its enzymatic activity subject to inter-
ference from temperature, and physical and chemical 
properties, making its in vitro detection difficult. There-
fore, we believe that cFAM124A is the optimal biomarker 
for predicting the ability of K-80003 to overcome AG 
resistance in PDAC.

Conclusion
The new use of an old drug in combination with chemo-
therapy offers a safe and effective new strategy to solve 
the problem of drug resistance in PDAC. The results 
of this study show that sulindac K-80003, is a safe and 
effective old drug, that can enhance the sensitivity of 
pancreatic cancer to AG chemotherapy. This new use 
of K-80003 provides a new treatment option for clinical 
use. In addition, we report that cFAM124A is a biological 
marker that predicts the sensitization effect of sulindac 
K-80003 in patients with PDAC.

Methods
Human PDAC specimens
Human PDAC tissues from Fujian Provincial Hospi-
tal, Fujian Medical University Union Hospital and the 
First Affiliated Hospital of Fujian Medical University 
were used for IHC, generation of PDOs, RNA-seq and 
mIHC.  Shanghai Outdo Biotech Co., Ltd provided the 
technical support for mIHC. This study was approved 

(See figure on previous page.)
Fig. 7  cFAM124A upregulates CTSL enzyme expression through bridging effect and promotes an increase in the tRXRα protein level. A, West-
ern blot analysis of RXRα expression after 24 h of treatment with PD150606 (200 nM, m-calpain inhibitor) or ZFY-CHO (10 µM, CTSL inhibitor). Representa-
tive images are shown (left). B, Indicated PDAC cell lines were incubated with ZFY-CHO and then with CHX for indicated time periods before western 
blot analysis of RXRα and GAPDH expression. Representative images are shown (left). C, CTSL enzyme‑linked immunosorbent assay (ELISA) in PDAC cells 
with cFAM124A overexpression or knockout. D, Potential cFAM120A-binding proteins were pulled down in cell lysate by RAP assay; these were incubated 
with the cFAM124A probe and subsequently visualized by MS and silver staining. E, Venn diagram showing the overlap of potential binding proteins of 
cFAM124A. F, IGF2BP2 was pulled down by the LacZ probe (control) or cFAM124A probe and cFAM124A mutant. G, IGF2BP2 was pulled down by the CTSL 
3ʹ-UTR probe after overexpression of CTSL 3ʹ-UTR. H, Association of cFAM124A with CTSL mRNA on RAP assay. I, IGF2BP2 was pulled down by the CTSL 
3ʹ-UTR probe on western blotting in the indicated groups. J, Upper: Schematic of the RNA-binding domain within IGF2BP2 and list of different IGF2BP2 
truncation mutants. Lower: Immunoblotting with anti-Flag antibody after RNA pulldown assay in PATU8988T cells using RNA cFAM124A or CTSL mRNA 
probes. K, Pattern diagram of binding among cFAM124A, CTSL mRNA, and IGF2BP2. L, CTSL mRNA expression in the indicated groups. M, CTSL, Akt, RXRα, 
p-Akt (Thr308), and p-Akt (Ser473) protein expression in the indicated groups. N, CTSL protein concentrations detected by ELISA in the indicated groups
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Fig. 8 (See legend on next page.)
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by the Ethics Committee of Fujian Provincial Hospital 
(Fuzhou, China).

Cell lines
The PATU8988T and Mia-Paca2 human PDAC cell lines 
were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA). The cells were 
cultured in ATCC-recommended standard media supple-
mented with heat-inactivated fetal bovine serum (FBS) 
and antibiotics (50U/mL penicillin and 50  mg/L strep-
tomycin) in a humidified atmosphere at 37℃ containing 
5% CO₂. The GEM-resistant cell lines PATU8988TGR 
and MiaPaCa-2-GR were generated by treatment with 
intermittently increasing drug concentrations. The half-
maximal inhibitory concentration (IC50) values for the 
resistant cell lines were detected, and the resistance 
index (RI) was calculated as follows: RI of the resistant 
cell line = IC50/IC50 of the parental cell line. An RI > 5 
indicated a resistant strain. All cell lines were tested to 
confirm that they were free of mycoplasma and authenti-
cated by short-tandem repeat analysis.

Cell transfection
Hsa_circ_0030292 (cFAM124A) lentiviruses or plas-
mids were purchased from HANBIO (Shanghai, China). 
Lentivirus transfection was performed by Genechem 
(Shanghai, China) and plasmids were transfected into 
cells using the Roche Transfection Reagent (Roche, Basel, 
Switzerland).

Culture of pancreatic cancer patient-derived organoids 
(PDOs)
PDOs were generated from PDAC tissue harvested from 
cancer patients with GEM-sensitive or GEM-resistant 
PDAC. First, the tumor tissues were washed with phos-
phate-buffered saline (PBS) and cut into small pieces 
(2–3 mm3) with sterile surgical scissors. Second, the tis-
sue samples were digested in MasterAim™ Tissue Enzyme 
Solution I (AIMINGMED, 100 − 051) in Advanced Dul-
becco’s Modified Eagle Medium (DMEM)/F12 medium 
(Thermo Fisher Scientific) for 1  h at 37  °C with inter-
mittent shaking. Third, an additional Digestion™ Tissue 
Enzyme Solution I (AIMINGMED, 100 − 051) from Mas-
terAim was applied. From the collected cell samples, ali-
quots of 600 cells resuspended in 30 µL Matrigel (356231, 
Corning, NY, USA) were added to individual wells of a 
48-well plate and incubated at 37  °C for 5  min to allow 

solidification of the Matrigel. Cells were cultured in alka-
line medium (advanced DMEM/F12, 10 mM HEPES, 1× 
GlutaMAX-I, 100  µg/mL Primocin, and 1× penicillin/
streptomycin solution) or complete medium (advanced 
DMEM/F12, 10 mM HEPES, 1×GlutaMAX-I, 100  µg/
mL Primocin, 1× penicillin/streptomycin solution, 500 
nM A83-01, 10 µM Y-27632, 1.56  M N-acetylcysteine, 
10 mM nicotinamide, 10 ng/mL fibroblast growth factor 
10 [FGF10], 1× B27 supplement, 10 µM forskolin, 30% 
Wnt3A conditioned medium, 2% R-corresponding con-
ditioned medium and 4% Noggin conditioned medium). 
The medium was changed every 3 days.

Live/dead staining of PDOs
PDOs were treated for 48  h with saline or AG (Nab-
paclitaxel 10nM plus GEM 30nM) or K-80003 (5 nM) or 
AG (Nab-paclitaxel 10nM plus GEM 30nM plus K-80003 
5 nM) before staining with a Live (calcein-AM)/Dead 
(NucRed D) staining kit (BestBio, Shanghai, China), and 
images were obtained using an inverted fluorescence 
microscope.

RNA isolation and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR)
Total RNA was extracted using the TRIzol reagent 
(Thermo Fisher Scientific, USA), and RT was performed 
using the PrimeScript RT Reagent Kit (Takara, Shang-
hai, China). Real-time PCR analyses were performed 
using the StepOnePlus™ Real-Time PCR System (Thermo 
Fisher Scientific, USA). Relative mRNA/circRNA expres-
sion levels were normalized to glyceraldehyde- 3-phos-
phate dehydrogenase (GAPDH) expression using the 
2-ΔΔCT method.

Ribonuclease R (RNase R) treatment and actinomycin D 
assay
For the RNase R digestion assay, total RNA from 
PATU8988T and MiaPaCa-2 cells was treated with or 
without 5 U/µg RNase R (RNR07250, Epicenter Tech-
nologies) and incubated at 37  °C for 30  min. For the 
actinomycin D assay, cells were treated with 2  µg/mL 
actinomycin D (Sigma, USA) for 0, 4, 8, 12, or 16 h. RT-
qPCR analysis was performed to detect the expression 
levels of cFAM124A and FAM124A. Experiments were 
performed three times.

(See figure on previous page.)
Fig. 8  cFAM124A competes with CSTB through bait effect and enhances CTSL enzyme activity. A, MS of CSTB protein. B, CSTB was pulled down 
by the cFAM124A probe or LacZ probe (control). C, RIP assay showing the association of CSTB with cFAM124A. D-E, Co-IP assay of CSTB and CTSL in PDAC 
cells with cFAM124A overexpression or knockout. F, Predicted binding regions in cFAM124A for CSTB by CatRAPID. G, After PATU8988T cells were trans-
fected with plasmids for wild-type or truncated cFAM124A overexpression, RNA pulldown assay was performed with cFAM124A-specific probes. H, Co-IP 
assay of CSTB and CTSL in PDAC cells in different treatment groups. I, Western blot analysis of CTSL, RXRα, Akt, p-Akt (Ser473), and p-Akt (Thr308) protein 
expression in the indicated groups. J, CTSL concentrations by ELISA in the indicated groups. K, Proposed mechanism by which cFAM124A promotes 
PDAC chemoresistance via “scaffolding” and “decoys-like” effects. Not significant (ns), *P < 0.05; **P < 0.01; ***P < 0.001
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Agarose gel electrophoresis
Nucleic acid samples were loaded on 2% (w/v) agarose 
gel and then separated by electrophoresis in Tris-acetate‐
EDTA running buffer at 120  V for 30  min. Gel images 
were taken using the ChemiDoc MP imaging system 
(Bio‐Rad, CA, USA).

CCK-8 assay
To understand the response of PDAC cells to GEM treat-
ment, 5000 treated pancreatic cells per well were seeded 
in a 96-well plate. On the next day, fresh, GEM-contain-
ing medium was added to the cells at gradient concen-
trations of 0, 0.001, 0.01, 0.1, 1, 10, 100, and 1000 µM. 
After 48 h of incubation, the cells were incubated for 2 h 
at 37  °C with 10 µL CCK-8 solution (Dojindo, Japan). 
Absorbance was measured at 450 nm using a microplate 
reader (Tecan Trading AG, Switzerland). The IC50 value 
was calculated using GraphPad Prism 9.0 software to 
determine the extent of tumor cell response to GEM.

Colony formation assay
PDAC cells (800 cells per well) were added to 6-well 
plates and allowed to attach during incubation for 24 h. 
After treatment with GEM for 2 days, the medium was 
replaced with a complete medium, and the cells were cul-
tured for 2 weeks. For counting after this period, colonies 
were fixed in 4% paraformaldehyde for 20 min and then 
stained with 0.1% crystal violet. The colonies were then 
counted manually. Three independent experiments were 
performed.

3D tumor microsphere live/dead staining
Tumor cells were washed three times with PBS, and then 
cell dissociation enzymes were added to obtain a single-
cell suspension without clusters. The cell suspension was 
transferred to a sterile container and 200 µL/well was 
dispensed into Ultra Low Attachment (ULA) 96-well 
round-bottom plates (1500 cells/well) using a multichan-
nel pipette. These plates were transferred to an incubator 
(37  °C, 5% CO2, 95% humidity) for growth. Three-day-
old microsphere samples were treated with GEM for 
48 h. Then cells were stained with a Live (Calcein-AM)/
Dead (NucRed D) staining kit (BestBio, Shanghai, China), 
and images were obtained using an inverted fluorescence 
microscope.

Western blotting
Total proteins were extracted using radioimmunoprecipi-
tation assay (RIPA) lysis buffer (Beyotime, China) con-
taining protease inhibitors. Protein concentration was 
determined using the BCA method (Thermo Fisher Sci-
entific, USA). Next, proteins were separated by sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE) and then transferred onto polyvinylidene 

difluoride (PVDF) membranes. The membranes were 
blocked with 5% nonfat milk solution for 2  h at room 
temperature and then incubated overnight at 4  °C. The 
next day the appropriate primary antibody (RXRΑ (Cat. 
No. A19105, ABclonal, Boston, USA), CTSL (Cat. No. 
66914-1-Ig, Proteintech, Chicago, USA), AKT1/2/3 (Cat. 
No. ET1609-51, HUABIO, Hanzhou, China), Phospho-
AKT (ser473) (Cat. No. ET1607-73, HUABIO), Phos-
pho-pan-AKT1/2/3 (Thr308) (Cat.No. AF3262, Affinity 
biosciences, Changzhou, China), GAPDH (Cat. No. 
ET1601-4, HUABIO), CSTB (Cat. No. sc-166561, Santa 
Cruz Biotechnology, USA), CSTA (Cat. No. ER63192, 
HUABIO), IGF2BP2 (Cat. No. HA720003, HUABIO), 
AGO2 (Cat. No. ET1702-39, HUABIO). solution was 
added, followed by incubation at room temperature for 
1  h. After three washes with Tris-buffered saline con-
taining Tween 20 (TBST), the targeted proteins were 
visualized using an enhanced chemiluminescence (ECL) 
reagent.

Immunohistochemistry (IHC) and H&E staining
For IHC analysis, tumor tissues were fixed in 4% para-
formaldehyde and embedded in paraffin. Tissue sections 
were deparaffinized and rehydrated, followed by antigen 
retrieval through heat mediation in citrate buffer. Sam-
ples were blocked with 5% bovine serum albumin (BSA) 
for 1  h. Sections were incubated in primary antibody 
solutions overnight at 4  °C, followed by incubation with 
secondary antibody solution at room temperature for 1 h. 
A diaminobenzidine (DAB) solution was used to generate 
the chromogenic reaction.

Fluorescence in situ hybridization (FISH)
Fluorescently labeled cFAM124A probes were designed 
and synthesized by Servicebio (Wuhan, China). After 
fixation, permeabilization, and pre-hybridization, sam-
ples were hybridized with the probes in a hybridization 
buffer at 37  °C overnight. The hybridization buffer was 
then gradually washed away with 4× SSC (including 0.1% 
Tween-20), 2× SSC and 1× SSC at 42 °C. Cell nuclei were 
stained with DAPI.

Enzyme‑linked immunosorbent assay (ELISA)
Cellular CTSL enzyme activity was measured using a 
human CTSL ELISA kit (Shanghai Enzyme-linked Bio-
technology Co., Ltd.), according to the manufacturer’s 
instructions. Briefly, 100  µl of cell lysate from the indi-
cated PDAC lines was collected and incubated at 37℃ for 
60 min. CTSL detection antibody, streptavidin-horserad-
ish peroxidase (HRP), and tetramethylbenzidine (TMB) 
were added, and the intensity of the color was measured 
at 450 nm using as spectrophotometer.
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RNA immunoprecipitation (RIP) assay
RIP was performed using the Magna RIP RNA Binding 
Protein Immunoprecipitation Kit (Merck Millipore, MA, 
USA) according to the manufacturer’s protocol. Co-pre-
cipitated RNA was detected and analyzed by RT-qPCR.

Methylated RNA immunoprecipitation (MeRIP) assay
MeRIP analysis was performed using the Magna MeRIP 
m6A kit (Merck Millipore, MA, USA) according to the 
manufacturer’s protocol. Co-precipitated RNA was 
detected and analyzed by RT- qPCR.

RNA antisense purification (RAP) assay
The RAP assay was performed using the BersinBio 
RNA Antisense Purification Kit (BersinBio, Guang-
zhou, China), according to the manufacturer’s protocol. 
Co-precipitated proteins were detected and analyzed by 
western blotting using a silver staining kit (Solarbio, Bei-
jing, China). Co-precipitated RNA was detected and ana-
lyzed by RT-qPCR.

Animal experiments
Balb/c nude mice (4–6 weeks old) were purchased from 
the Anburui BD Laboratory (Fuzhou, China). All animal 
procedures strictly followed the “Principles for the Use 
and Care of Vertebrates” and “Guidelines for the Care 
and Use of Experimental Animals.” All animal experi-
ments were approved by the Institutional Animal Care 
and Use Committee of Fujian Medical University (FPH.
SL.20230606[0009], 2021-8CAARM153).

Orthotopic tumor model
PDOs were cultured in standard 6-well plates for 1 week 
and recovered in cold Hank’s buffered saline solution 
(HBSS) as undissociated organoids. PDOs were then 
digested with a 10% fraction at 37 °C for 10 min and cen-
trifuged at 600×g for 5 min at room temperature. PDO-
derived cells were suspended in 100  µl HBSS with 50% 
BME, and then 1 × 10^6 cells per flank were injected into 
the parenchyma of the pancreas of nude mice. Five weeks 
later, tumor growth was evaluated by in vivo luciferase-
based noninvasive bioluminescence imaging, and mice 
were euthanized after measurement.

Subcutaneous xenograft model
PDAC cells (5 × 106 cells in a 1:1 solution of PBS and 
Matrigel in a final volume of 100 µL per mouse) were 
subcutaneously injected into the left and right flanks of 
nude mice. Tumor volume was determined from mea-
surements taken using electronic calipers and calcu-
lated as follows: volume (mm3) = (W × L)/2, where W 
is the short axis and L is the long axis. The mice in each 
group (n = 5) received intraperitoneal injections of saline 
or GEM (50  mg/kg) twice per week for 4 weeks with 

regular monitoring of tumor size, which reached approx-
imately 3 mm in diameter. Six weeks later, all mice were 
euthanized.

RNA-Seq
Total RNA was extracted utilizing the Trizol reagent kit 
(Invitrogen, Carlsbad, CA, USA) per the manufacturer’s 
protocol. The quality of the RNA was assessed using an 
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo 
Alto, CA, USA) and verified through RNase-free aga-
rose gel electrophoresis. Following the extraction of total 
RNA, eukaryotic mRNA was enriched using Oligo(dT) 
beads. The enriched mRNA was fragmented into smaller 
pieces with a fragmentation buffer and then reverse-tran-
scribed into cDNA. The purified double-stranded cDNA 
fragments were subjected to end repair, addition of an 
A base, and ligation with Illumina sequencing adapters. 
The ligation reaction was purified using AMPure XP 
Beads (1.0X) and amplified via polymerase chain reac-
tion (PCR). The resultant cDNA library was sequenced 
on the Illumina Novaseq6000 platform by Gene Denovo 
Biotechnology Co. (Guangzhou, China). The mapped 
reads from each sample were assembled using StringTie 
(version 1.3.1) in a reference-based approach. Normaliza-
tion was performed using the DESeq2 pipeline, applying 
size factors for normalization. This method is part of the 
R Bioconductor package DESeq2. Differential expression 
analysis was carried out using the DESeq2 R package. The 
criteria for selecting genes for further analysis included 
an adjusted p-value threshold of < 0.05 and a log2 fold 
change > 1 or <-1.

Proteomics
Proteomics analysis of cell samples was conducted using 
a combination of data-dependent acquisition (DDA). 
Protein samples were obtained by FASP digestion of 
100  µg cell lysate. Each sample was injected for nano-
liquid chromatography (LC)- tandem mass spectrometry 
(MS/MS) analysis on a Q Executive HF-X mass spec-
trometer (Thermo Fisher Scientific) that was coupled to 
Easy nLC1200 (Thermo Fisher Scientific). MS data were 
acquired using a data-dependent top 10 method dynami-
cally choosing the most abundant precursor ions from 
the survey scan (350–1800  m/z) for HCD fragmenta-
tion. MS2 scans were acquired at a resolution of 15,000 
for HCD spectra at m/z 200 with an AGC target of 2e5 
and a max IT of 60 ms, and isolation width was 2 m/z. 
The MS data were analyzed using MaxQuant software 
version 1.6.17.0. MS data were searched against the data-
base (uniprot_homo). The cut-off of global false discov-
ery rate (FDR) for peptide and protein identification was 
set to 0.01. Protein abundance was calculated based on 
the normalized spectral protein intensity (LFQ intensity). 
All results were filtered at a Q cut-off of 0.05 (equivalent 
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to a 1% false discovery rate). P-value estimation was per-
formed by the Kernel density estimator.

Reagents
Gemcitabine (LY 188011), Nab-Paclitaxel (HY-P99974), 
K-80003 (HY-U00458), Copanlisib (HY-15346), Z-FY-
CHO (HY-128140) and PD150606 (HY-100529) were 
purchased from MedChemExpress (Monmouth Junction, 
New Jersey, USA).

Statistical analysis
GraphPad Prism 9.0 and SPSS 26.0 were used for statis-
tical analyses. Categorical variables were analyzed using 
Pearson’s χ2 statistic or Fisher’s exact test. Comparisons 
among multiple groups were performed using a one-way 
analysis of variance (ANOVA). Student t-test was used to 
assess differences in data between the two groups. Over-
all survival (OS) and relapse-free survival (RFS) were 
assessed using the Kaplan–Meier method and compared 
using the log-rank test. P values < 0.05 indicated differ-
ences were statistically significant (*P < 0.05, **P < 0.01, 
and ***P < 0.001), and P values ≥ 0.05 indicated differences 
were non-significant (ns).
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