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Immune checkpoint blockade therapy, particularly those targeting programmed

death 1/programmed cell death ligand 1 (PD-1/PD-L1), has been extensively

employed to treat various human cancers, significantly improving clinical

outcomes. Increasing evidence reveals that the therapeutic efficacy of PD-1/

PD-L1 inhibitors depends on the abundance of PD-L1 on cancer cells and tumor-

associated stromal cells. Here, we demonstrated that F-box protein 9 (FBXO9) is

a novel regulator of PD-L1. We found that increased expression of FBXO9

suppresses tumor growth and promotes cytotoxic T cell activation in vivo.

Mechanistically, FBXO9 directly binds to PD-L1 protein and enhances its

degradation via ubiquitination, thereby impeding PD-L1 maturation and tumor

immune evasion. Meanwhile, the expression of FBXO9 is decreased in pancreatic

cancer tissues in comparison to normal tissues. Furthermore, FBXO9 expression

correlates inversely with PD-L1 levels, with lower FBXO9 expression being

associated with worse clinical outcome. These findings identify FBXO9 as a

tumor suppressor via its facilitation of PD-L1 degradation, underscoring the

potential of targeting FBXO9 in immunotherapeutic approaches for treating

cancers, particularly in combination with anti-PD-L1 therapy.
KEYWORDS

degradation, FBXO9, immunotherapy, pancreatic cancer, PD-1, PD-L1
Introduction

Pancreatic cancer is highly lethal malignancy, ranking as the 7th leading cause of

cancer-related deaths worldwide. Despite advancement in diagnostics, chemotherapy,

radiotherapy and combination therapies, most patients with pancreatic cancer continue

to exhibit poor survival rates (1–3). Thus, more effective treatments are urgently needed for
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this deadly disease. The advent of immunotherapy, particularly

approaches targeting tumor-associated immune cells via the

programmed death 1 (PD-1)/programmed cell death ligand 1

(PD-L1) axis, has emerged as promising frontier in cancer

treatment (4). Immune checkpoint blockade therapy, a specific

form of immunotherapy, overcomes mechanisms that impede

immune recognition of cancer cells. Recent studies have

demonstrated that PD-L1 is abnormally expressed in many tumor

types, such as melanoma, acute myeloid leukemia, and colorectal

cancer (5). PD-L1 inhibits CD8+ T cell activation and infiltration

through engagement with PD-1, thereby allowing cancer cells to

evade anti-tumor immunity (6). Previous studies have revealed that

anti-PD-L1 immunotherapy can elicit robust anti-tumor immune

responses and result in tumor regression (7).

The advent of PD-L1/PD-1 inhibitors has transformed the

clinical management of cancers such as melanoma, lung cancer,

and kidney cancer (8). However, the clinical response in other

cancer types, including pancreatic cancer, remains suboptimal. For

instance, in clinical trial, the objective response rate was only 3.1%

for patients with metastatic pancreatic cancer receiving

combination therapy, and 0% for those treated with Durvalumab

monotherapy (9). Hence, thoroughly deciphering the regulatory

mechanism of PD-L1 offers rationale for the prognostic prediction

and therapeutic efficacy of immunotherapy in pancreatic cancer.

Compelling evidence suggests that the therapeutic efficacy of PD-

L1 inhibitors can be markedly influenced by post-translational

modifications (PTMs) (10, 11), especially ubiquitination.

Ubiquitination drives a multitude of cellular processes, including

the stabilization and interaction of proteins, which in turn governs

cell proliferation, differentiation, and the dynamics of anti-tumor

responses (12–14). Previous studies have indicated that

ubiquitination and deubiquitination exert a pivotal function in the

modulation of PD-L1 protein levels and its immunosuppressive

functions (15, 16). For example, transmembrane and ubiquitin-like

Domain containing 1 (TMUB1) enhanced PD-L1 stability by

inhibiting its polyubiquitination at K281 in the endoplasmic

reticulum, thereby promoting PD-L1 maturation and enhancing

tumor immune evasion (17).

F-box proteins are substrate-recognition subunits of Skp1–Cullin–

F-box (SCF) E3 ubiquitin ligase complexes that bind specific target

proteins and promote their ubiquitination and proteasomal

degradation (18, 19). F-box proteins have been identified to play a

pivotal role in tumorigenesis in numerous cancer types (20–22).

FBXO9 has been reported to regulate the expression of several

proteins, such as Neurogenin 2 (Neurog2) (23), protein arginine

methyltransferase 4 (PRMT4) (24), and peroxisome proliferator

activated receptor gamma (PPARg) (25). FBXO9 controls

pluripotency via promotion of ubiquitylation and degradation of

DPPA5 (26). FBXO9 degrades F-box and WD repeat domain

containing 7 (FBXW7) and mediated zinc finger protein 143

(ZNF143)-induced cancer promotion as well as enhances drug

resistance in hepatocellular carcinoma (27). Emerging evidence has

pinpointed that FBXO9 is key factor in cell proliferation, metastasis and

malignant progress in acute myeloid leukemia (28, 29). However,
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whether FBXO9 is involved in regulating cancer immunotherapy

remains unclear. In this study, we demonstrated that FBXO9 plays a

role in regulating PD-L1 ubiquitination, thereby suppressing cancer cell

evasion. Taken together, FBXO9 may represent a potential target for

novel immunotherapeutic approaches.
Methods

Plasmids and sgRNAs

The cDNA encoding HA or Flag-tagged FBXO9 and PD-L1

were amplified and cloned into the pcDNA3.1 vector for

transfection. Additionally, they were cloned into pCDH lentiviral

constructs for establishing stable cell lines. The FBXO9 △F-box

was obtained from Youbio Biological Technology (Hunan, China).

FBXO9 sgRNAs were purchased from GenePharma Company

(Shanghai, China).
Cell culture, transfection and generating
stable cell lines

All cell lines were acquired from the Type Culture Collection of

the Chinese Academy of Sciences (Shanghai, China), and

maintained in DMEM containing 10% FBS. Lentiviruses

overexpressing FBXO9 were used to generated stable cell lines of

Panc-1 and Panc-02. The efficiency of transfection was determined

by immunoblotting and RT-qPCR, which analyzed protein and

mRNA expression, respectively.
Animal models

All animal experiments were approved by the Animal Care and

Use Committee of Bengbu Medical University. Nude mice or

C57BL/6 mice were subcutaneously injected with 5×106 Panc-1 or

Panc-02 cells overexpressing FBXO9. Tumor dimensions were

recorded at seven-day intervals (length × width), and tumor

volume was calculated using the formula: V=0.5 × Length ×

Width². After the experiments, tumors were harvested from the

nude mice and subjected to immunoblot analysis. Tumors from the

C57BL/6 mice were analyzed using immunoblotting and flow

cytometry (FACS).
Patients and tissues

Human pancreatic cancer tissues and adjacent normal tissues

were provided by the Department of Pathology at the First Affiliated

Hospital of Bengbu Medical University (Anhui, China) with the

approval from the Medical Ethics Committee. FBXO9 and PD-L1

expression levels were analyzed by immunohistochemical

(IHC) staining.
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Immunohistochemical staining

Briefly, tissues sections were deparaffinized and rehydrated,

following by boiling in sodium citrate antigen retrieval solution

for 15 minutes. After blocking, tissue slides were incubated with the

indicated antibodies. Subsequently, DAB was added to slides for

visualizing immunoreactivity. Representative images of each tissue

were captured and analyzed. IHC staining was evaluated using a

semi-quantitative scoring system: score = percentage of positively

stained tumor cells (0: 0%; 1: 1–25%; 2: 26–50%; 3: 51–75%; 4: 76–

100%) × staining intensity (0: negative; 1: weak; 2: moderate; 3:

strong). For statistical analysis, a final score ≥4 was defined as high

FBXO9 expression as described previously (30).
Immunoblot and immunoprecipitation

For IB, cells were harvested and lysed in RIPA buffer containing

1% PMSF. Lysates were purified by centrifugation at 12,000 rpm for

15 minutes, after which the supernatants were collected. Proteins

were separated by SDS-PAGE and transferred into PVDF

membranes. After blocking in TBST, the PVDF membranes were

immunoblotted with the indicated antibodies. Protein expression

was visualized using the ECL buffer (31). For IP, total proteins were

lysed in NP40 buffer with protease inhibitors. After centrifugation,

1–2 mg of whole cell lysate (WCL) was incubated with bead-

conjugated anti-HA or anti-Flag antibodies overnight at 4°C.

Subsequent immunoblotting was performed as described above.

Protein levels were quantified by the ImageJ software (32).
Protein half-life analysis

FBXO9-overexpressing cells were incubated with 400 mg/ml

cycloheximide (CHX) for the indicated time points, after which the

cells were collected for immunoblot analysis. The abundance of PD-

L1 was normalized to b-actin levels.
Ubiquitination assay

Cells were co-transfected with His-tagged ubiquitin (His-Ub) and

the desired plasmids, then incubated with 10 mM MG132 overnight.

Afterward, cells were lysed in NP40 lysis buffer, and the lysates were

incubated with Ni–NTA beads. Finally, the immunoblotting was

employed to detect ubiquitinated PD-L1 using anti-HA antibody.
CCK8 assay

Cells were grown in 96-wells plate and incubated for 24 h, 48 h

and 72 h. Subsequently, 10ml of CCK8 solution was added into each

well, and cell viability was measured at OD450 after incubation (33).
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Wound healing assay

Briefly, transfected cells were seeded into 6-well plates and

incubated for 24 h. A vertical scratch was made using a pipette tip,

and images were captured at 0 and 20 h after the scratch to assess

wound closure.
Transwell migration and invasion assay

Cell capacities of migration and invasion were evaluated using

Transwell assay. Transfected cells, cultured in 5% FBS, were seeded

into Transwell chambers containing 10% FBS in a 24-well plate. For

the invasion assay, the Transwell chambers were precoated with

Matrigel before transfected cells were seeded. After incubation for

24 h, the cells that migrated or invaded through the membrane were

stained, counted, and imaged under a microscope.
RT-qPCR analysis

Total RNA was extracted from cells using the FastPure

Complex Tissue/Cell Total RNA Isolation Kit (Vazyme, Nanjing,

China). The HiScript III RT SuperMix for qPCR kit (Vazyme,

Nanjing, China) was used to synthesize cDNA. RT-qPCR was

performed using Bio-Rad CFX96 (Bio-Rad, USA) with ChamQ

Universal SYBR qPCR Master Mix kit (Vazyme, Nanjing, China).

Relative quantities of mRNA levels were normalized to GAPDH

and calculated by the 2-DDCT method. The sequences of the primers

employed for RT-qPCR were showed as follows, GAPDH: forward

5′-CAG CCT CAA GAT CAG CA-3′, reverse 5′-TGT GGT CAT

GAG TCC TTC CA-3′; PD-L1: forward 5′-CAT TTG CTG AAC

GCC CCA TA-3′, reverse 5′-TGT CCA GAT GAC TTC GGC CT-

3′; FBXO9: forward 5′-TTG ACA ACC CCT GAA GAG CC-3′,
reverse 5′-GTG ACA AGC GAT AGT GAC CC-3′.
Flow cytometry

To ascertain the abundance of membrane PD-L1, cells were

collected and incubated with APC- or PE-conjugated PD-L1

antibody, along with an appropriate isotype control, for 30

minutes. Subsequently, the samples were analyzed using flow

cytometry, and data analysis was performed with FlowJo software.

Median fluorescence intensity (MFI) was employed to measure the

membrane abundance of PD-L1. For apoptosis detection, cells were

stained with PE-annexin V and 7-AAD, and the apoptotic cell

population was quantified by flow cytometry. Tumors were

dissociated into single-cell suspensions, stained with Live/Dead

dye and antibodies to CD45, CD3, CD4, and CD8, and analyzed

by flow cytometry. Debris and doublets were excluded, then live

CD45+ cells were gated, followed by CD3+ T cells, and finally CD8+

T-cell subsets for analysis.
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Statistical analysis

Statistical analyses were performed by GraphPad Prism 8

software (GraphPad Software, Inc.). Two-tailed unpaired

Student’s t-test and paired t-test were used to compare differences

between two groups. Kaplan-Meier analyses with the log-rank

Mantel-Cox test was conducted for survival analysis. P-values <

0.05 were considered statistically significant.
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Results

Reduced FBXO9 is closely correlated with
poor prognosis in pancreatic cancer

To explore the role of FBXO9 in pancreatic cancer, we initially

utilized The Cancer Genome Atlas (TCGA) database and

GSE183795 cohort for bioinformation analysis. Our results
FIGURE 1

Reduced FBXO9 expression is associated with poor clinical outcomes in pancreatic cancer patients. (A, B) FBXO9 expression was significantly
decreased in pancreatic cancer tissues compared to normal tissues based on the TCGA and GEO databases (GEO ID: GSE183795). ***p < 0.001
compared to normal tissues. (C, D) Kaplan-Meier survival analysis of pancreatic cancer patients from TCGA and GEO databases. (E) Representative
IHC staining showed a significant decrease in FBXO9 protein expression in pancreatic cancer tissues compared to adjacent normal tissues. scale bar:
100 mm. (F) Comparison of FBXO9 expression between pancreatic cancer tissues (n=112) and adjacent tissues (n=82). (G) FBXO9 expression in
paired tissue samples from pancreatic cancer patients (n=82). ***p < 0.001 compared to adjacent tissues. (H) Kaplan-Meier curve for overall survival
of pancreatic cancer patients based on FBXO9 expression scores, as calculated by IHC staining. Patients were divided into a high FBXO9 group
(n=46) or a low FBXO9 group (n=66).
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demonstrated that FBXO9 expression is markedly decreased in

pancreatic cancer tissues in comparison to normal tissues.

(Figures 1A, B). We further analyzed the relationship between

FBXO9 and the clinical prognosis of pancreatic cancer patients

based on data from the TCGA database, the GSE183795 cohort, and

IHC analysis. The results revealed that lower expression of FBXO9

was correlated with inferior overall survival (Figures 1C, D).

Additionally, IHC staining was confirmed a reduction in the

expression of FBXO9 in tumor tissues compared with adjacent

normal tissues (Figures 1E, F). In paired tissue samples, FBXO9 was

also observed to be downregulated in tumor tissues relative to

adjacent tissues (Figure 1G). Furthermore, overall survival analysis

demonstrated that individuals with low levels of FBXO9 exhibited

markedly worse overall survival (Figure 1H). Additionally, a

consistent association was identified between lower FBXO9

expression and TNM stage and other clinical parameters in the

pancreatic cancer patient cohort (Table 1). These findings suggest

that reduced FBXO9 expression is associated with an unfavorable

prognosis in patients with pancreatic cancer.
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FBXO9 inhibits cell growth and
tumorigenesis

To clarify the biological role of FBXO9 in pancreatic cancer,

knockdown and overexpression experiments were conducted in

Panc-1 and Patu-8988 cell lines, respectively (Supplementary

Figures 1A, B). Then, using CCK-8 assays, we detected cell

viability and revealed that FBXO9 overexpression inhibited cell

viability, whereas FBXO9 silencing enhanced cell viability

(Figures 2A, B). To assess cell migration and invasion ability,

wound healing and Transwell assays were performed in

pancreatic cancer cells after transfection. As expected, the

capacity of migration and invasion was significantly attenuated by

the overexpression of FBXO9 (Figures 2C-F, Supplementary

Figures 2A-D). To further investigate the anti-tumor potential of

FBXO9 in vivo , subcutaneous implantation of FBXO9-

overexpressing Panc-1 cells was performed in nude mice. We

found that FBXO9-overexpression significantly delayed tumor
TABLE 1 Clinicopathological relevance of FBXO9 in pancreatic cancer.

Characteristics FBXO9 low FBXO9 high X2 P value

Age, years

≥60 48 (72.73%) 25 (54.35%)

<60 18 (27.27%) 21 (45.65%) 4.035 0.045

Gender

Female 30 (45.45%) 20 (43.48%)

Male 36 (54.55%) 26 (56.52%) 0.043 0.836

Serum CA19-9

≥37 U/ml 50 (75.76%) 33 (71.74%)

<37 U/ml 16 (24.24%) 13 (28.26%) 0.228 0.633

Serum CEA

≥5 U/ml 24 (36.36%) 17 (36.96%)

<5 U/ml 42 (63.67%) 29 (63.04%) 0.004 0.949

TNM stage

I 20 (30.30%) 21 (45.65%)

II 14 (21.21%) 15 (32.61%)

III 9 (13.64%) 3 (6.52%)

IV 23 (34.85%) 7 (15.22%) 8.273 0.004

Distant metastasis

M0 43 (65.15%) 39 (84.78%)

M1 23 (34.85%) 7 (15.22%) 5.327 0.021

Nerve invasion

Yes 22 (33.33%) 15 (32.61%)

No 44 (66.67%) 31 (67.39%) 0.006 0.936
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growth and reduced tumor weight (Figures 2G-I). Taken together,

these data suggest that FBXO9 suppresses pancreatic tumorigenesis.
FBXO9 activates an anti-tumor immune
response

To evaluate whether FBXO9 suppresses tumorigenesis via

immune responses, we analyzed the correlation between FBXO9

and immune effector cells by using the TIMER database (http://
Frontiers in Immunology 06
timer.cistrome.org/). The analysis revealed a close relationship

between FBXO9 expression and CD8+ T cells in pancreatic cancer

(Figure 3A, Supplementary Figures 3A-C), suggesting that FBXO9

may p lay an immunoregu la tory ro l e in the tumor

microenvironmental of pancreatic cancer. To further explore the

effects of FBXO9 in anti-tumor immune response, we upregulated

FBXO9 in Panc-02 mouse pancreatic cancer cells and then

transplanted them into immunocompetent C57BL/6 mice

(Figure 3B). In comparison with the EV control group, tumors

derived from FBXO9-overexpressing cells showed significantly
FIGURE 2

FBXO9 inhibits cell growth and tumorigenesis. (A, B) CCK8 assays showing cell growth of Panc-1 and Patu-8988 cells transfected with either FBXO9
sgRNA (A) or FBXO9 overexpression plasmid (B). ***p < 0.001 compared to the EV control group. (C, D) Wounding healing assays to analyze the
migration of Patu-8988 cells transfected with FBXO9 sgRNA (C) or FBXO9 overexpression plasmid (D). **p < 0.01, ***p < 0.001 compared to the EV
control group. (E, F) Transwell assays measuring migration and invasion of PATU-8988 cells transfected with FBXO9 sgRNA (E) or FBXO9
overexpression plasmid (F). **p < 0.01, ***p < 0.001 compared to the EV control group. (G) Representative images of tumors mass dissected from
FBXO9-overexpressing xenografts mouse models. Stable FBXO9-overexpressing Panc-1 cells and control cells were injected subcutaneously into
the BALB/c nude mice to establish xenografts models. (H, I) Statistic results of tumor weight (H) and volume (I) from the xenograft tumors from
xenografts shown in (G) **p < 0.01, ***p < 0.001 compared to the EV control group.
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FIGURE 3

FBXO9 activates an anti-tumor immune response. (A) Bioinformatics analysis of the correlation between FBXO9 and immune effector cells using the
TIMER database. (B) Schematic showing the experimental protocol in which EV and FBXO9-overexpressing Panc-02 cells were separately injected
subcutaneously into immunocompetent C57BL/6 mice. (C) Representative images of tumors, weights and growth curves from C57BL/6 mice.
*p < 0.05, **p < 0.01, ***p < 0.001 compared to EV control group. (D) Flow cytometry analysis of the infiltration of CD8+ T cells derived from
tumors. **p < 0.01 compared to the EV control group. (E) Flow cytometry analysis of apoptosis in Panc-02 cells cocultured with splenic cells from
healthy C57BL/6 mice, *p < 0.05 compared to the EV control group.
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reduced growth in C57BL/6 mice (Figure 3C). Moreover, tumor

weight was lower in the FBXO9 overexpression group in

comparison to the EV control group (Figure 3C). Flow cytometry

further revealed a notable elevation in CD8+ T cell infiltration in

FBXO9-overexpressing tumors (Figure 3D). Additionally, Panc-02

cells with FBXO9 overexpression or EV control cells were

cocultured for 3 days with splenic cells from healthy C57BL/6

mice. Apoptosis was significantly increased in FBXO9-

overexpressing Panc-02 cells compared with EV control group
Frontiers in Immunology 08
(Figure 3E). Collectively, these results demonstrated that FBXO9

promoted anti-tumor immunity.
FBXO9 downregulates PD-L1 protein in
pancreatic cancer

To evaluate the clinical relevance of FBXO9 and PD-L1, we

examined their protein expression levels in tumor tissues from
FIGURE 4

FBXO9 downregulates PD-L1 protein level. (A) Representative IHC staining of pancreatic cancer tumors showing PD-L1 expression. (B) Correlation
between FBXO9 and PD-L1 protein levels in pancreatic cancer tissues from our cohort. (C, D) Immunoblot analysis of PD-L1 protein levels in Patu-
8988, Panc-1 and 293T cells after transfection with FBXO9 overexpression plasmid or FBXO9 sgRNA. Quantitative results are shown on the right
panel. ***p < 0.001 compared to the EV control group. (E) Flow cytometry analysis of PD-L1 abundance on the surface of pancreatic cancer cells
after transfection with FBXO9 overexpression plasmid. (F) RT-qPCR analysis of PD-L1 mRNA levels in Patu-8988, and Panc-1 cells after transfection
with FBXO9 overexpression plasmid or FBXO9 sgRNA. ns, not significant.
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patients with pancreatic cancer using IHC. The analysis revealed a

negative correlation between FBXO9 and PD-L1 expression.

(Figures 4A, B). Next, we investigated whether FBXO9 directly

affects PD-L1 protein level. Expectedly, FBXO9 overexpression led

to a remarkable decrease in PD-L1 protein levels in Panc-1, Patu-

8988, and 239T cells (Figure 4C). Conversely, FBXO9 knockdown

markedly increased PD-L1 protein levels (Figure 4D). Flow

cytometry further confirmed a noticeable reduction in cell

membrane PD-L1 levels in the presence of FBXO9 overexpression

(Figure 4E). In addition, it is noteworthy that PD-L1 mRNA level

were not altered with the changes in FBXO9 expression revealed by

RT-qPCR analysis (Figure 4F), suggesting that FBXO9 may regulate

PD-L1 largely at post-transcriptional level, likely through the

ubiquitin-proteasome system.
FBXO9 facilitates PD-L1 degradation via
ubiquitination

Since the ubiquitin E3 ligase FBXO9 promotes substrate

proteins ubiquitination and subsequent degradation, we

investigated whether FBXO9 promotes PD-L1 ubiquitination and

degradation. We found that the proteasome inhibitor MG132

enhanced PD-L1 protein accumulation, indicating that the

proteasome pathway is responsible for FBXO9-mediated PD-L1

degradation (Figure 5A). Next, we further investigate the regulatory

role of FBXO9 in PD-L1 protein stability. We found that ectopic

overexpression of FBXO9 dramatically shorten the half-life of PD-

L1 protein (Figure 5B), suggesting that FBXO9 degrades PD-L1

protein in pancreatic cancer cells. Consistently, the interaction
Frontiers in Immunology 09
between FBXO9 and PD-L1 was observed in multiple cell lines

(Figure 5C). Notably, in vivo ubiquitination assays demonstrated

that FBXO9 overexpression dramatically elevated PD-L1 poly-

ubiquitination (Figure 6A). These findings reveal that FBXO9

directly interacts with PD-L1, thereby promoting its

ubiquitination and degradation.

The F-box domain is responsible for directing the

ubiquitination of substrates, which is essential for the regulation

of numerous cellular functions (34). To determine whether the F-

box domain mediates the interaction between FBXO9 and PD-L1,

we generated an FBXO9 mutant deleting F-box (△F-box). As

expected, the FBXO9 DF-box mutation increased the protein

abundance of PD-L1 in comparison to wild-type FBXO9. In line

with this, the protein half-life of endogenous PD-L1 was observed to

be considerably prolonged in cells expressing the FBXO9 DF-box
mutant (Figure 6B). Furthermore, the FBXO9 DF-box mutant

disrupted the binding with PD-L1 (Figure 6C), and nearly

abolished PD-L1 polyubiquitination (Figure 6D). These results

reveled that the F-box domain of FBXO9 is necessary for PD-L1

binding and ubiquitination.
Discussion

Immune system suppression and dysfunction are hallmarks of

various cancers (35). However, new approaches aimed at

reinvigorating anti-tumor immune responses are becoming

increasingly prominent in cancer treatment. Immunotherapy,

especially immune checkpoint blockade therapies such as anti-

PD-1/PD-L1, has exhibited unprecedented clinical efficacy (36,
FIGURE 5

FBXO9 facilitates PD-L1 degradation. (A) Immunoblot (IB) analysis of whole cell lysates (WCLs) derived from 293T, Patu-8988 and Panc-1 cells
treated with MG132. (B) IB analysis of WCLs derived from 293T, Patu-8988 cells transfected with FBXO9 constructs (Top panel). Cells were treated
with 100 mg/ml cycloheximide (CHX) for the indicated time points. PD-L1 protein abundance was quantified and plotted (Bottom panel). (C) IB
analysis of WCLs and anti-HA immunoprecipitations (IPs) from 293T, Panc-1, and Patu-8988 cells co-transfected with the indicated plasmids. Cells
were treated with 10 mM MG132 for 6 h before harvesting.
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37). The effectiveness of these therapies is complicated and has been

attributed to the abundance of PD-L1 in both tumor cells and T

cells (38, 39). As such, elucidating the regulatory mechanism of PD-

L1 is crucial for the advancement of novel cancer immunotherapy

strategies. Recent studies have highlighted that different PTM

mechanisms , inc luding glycosy la t ion , SUMOylat ion ,

phosphorylation and ubiquitination, play important roles in the

regulation of PD-L1 protein stability, translocation and interactions

(40–43). Aberrant alterations of PTMs can directly influence PD-

L1-mediated immune resistance. Nevertheless, the mechanisms

governing PD-L1 expression via the ubiquitin-proteasome system

remain incompletely understood. Our study revealed that FBXO9
Frontiers in Immunology 10
functions as a PD-L1 binding partner, directly ubiquitinating and

mediating the degradation of PD-L1 in pancreatic cancer cells.

Several F-box proteins have been discovered to regulate the

stability of PD-1 and PD-L1. For instance, FBXO38 governs anti-

tumor immunity of T cells via targeting PD-1 for ubiquitination and

degradation (44). However, one recent study showed that FBXO38

is dispensable for PD-1 regulation (45). FBW7 increases sensitivity

of anti-PD-1 immunotherapy via promotion of ubiquitination and

destruction of PD-1 in non-small cell lung cancer (46). FBXO22 has

been reported to degrade PD-L1 and sensitize tumor cells to DNA

damage (47). PD-L1 immunosuppression is regulated by N-

glycosylation and glycogen synthase kinase 3 beta (GSK3b) and
FIGURE 6

FBXO9 induces PD-L1 degradation via ubiquitination. (A) IB analysis of products of ubiquitination and WCLs derived from lysates of 293T, Panc-1,
and Patu-8988 cells transfected with the indicated constructs. (B) IB analysis of WCLs derived from Panc-1 cells transfected with indicated
constructs. Cells were treated with 100 mg/ml CHX for the indicated time points. PD-L1 protein abundance was quantified and plotted. (C) IB analysis
of IPs and WCLs derived from Panc-1 and 293T cells transfected with the indicated plasmids. Cells were treated with 10 mM MG132 for 6 h before
harvesting. (D) IB analysis of products of ubiquitination and WCLs derived from 293T cells transfected with the indicated constructs.
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beta-transducin repeat–containing protein (b-TrCP)–mediated

ubiquitination. Epidermal growth factor (EGF) inactivates

GSK3b, stabilizing PD-L1, reducing antitumor T-cell responses

and PD-1 blockade efficacy (48). Cyclin D–CDK4 and speckle-

type POZ protein (SPOP) control PD-L1 degradation. CDK4/6

inhibition or SPOP loss stabilizes PD-L1, while combining CDK4/6

inhibitors with PD-1/PD-L1 blockade enhances antitumor efficacy

(49). Vaccinia-related kinase 2 (VRK2) stabilizes MYC via Ser281/

293 phosphorylation, blocking SCF–FBXO24-mediated

ubiquitination, thereby upregulating PD-L1 and protumor

programs in HCC (50). Several studies have demonstrated that

FBXO9 functions as a tumor suppressor and could serve as

prognostic biomarker (28, 51). Mechanisms supporting the tumor

suppressive role of FBXO9 have been proposed. For instance,

depletion of FBXO9 has been shown to reduce ATP6V1A

ubiquitination, resulting in increased metastasis in lung cancer

cells (52). In this study, we identified that FBXO9 can target PD-

L1 for ubiquitination and degradation in pancreatic cancer.

Evidence reveals that lower FBXO9 levels are associated with

poorer survival outcomes in patients with lung cancer (52). One

study showed that FBXO9 and CK2 govern cellular response to

growth factor depletion through degradation of Tel1/Tti1 and lead

to survival in multiple myeloma (53). In ovarian cancer, FBXO9

expression is decreased and positively associated with DNA damage

repair, indicating FBXO9 as a tumor suppressor in ovarian cancer

(51). Consistently, our study illustrated that the expression of

FBXO9 is decreased in pancreatic cancer and is strongly

correlated with poor survival in patients with pancreatic cancer.

In vitro, the ectopic overexpression of FBXO9 decreased cell

viability, suppressed migration and invasion capability in

pancreatic cancer cells. Besides, FBXO9 overexpression

significantly retarded tumor growth in vivo.

The evidence presented here indicates that FBXO9 enhances the

recruitment of CD8+ T cells, and that pancreatic cancer patients

with high FBXO9 expression show significant downregulation of

PD-L1. However, the precise mechanism by which FBXO9

modulates PD-L1 in the context of immunotherapy, especially at

the post-translational level, remains poorly understood. In this

study, we observed that FBXO9 negatively regulates the protein

level of PD-L1, but not its mRNA level. FBXO9 could directly bind

to PD-L1 through its F-box domain and facilitate PD-L1

ubiquitination and subsequent degradation. FBXO9 suppresses

pancreatic cancer cell growth, migration, and invasion, suggesting

that it may act on additional tumor-suppressive targets beyond PD-

L1 that regulate intrinsic cancer cell behavior.
Conclusion

In conclusion, our findings provide evidence that FBXO9

functions as a tumor suppressor by targeting PD-L1 for

ubiquitination-dependent degradation. FBXO9 expression is

inversely associated with PD-L1 levels. Moreover, lower
Frontiers in Immunology 11
expression of FBXO9 is correlated with worse clinical outcome.

This identifies FBXO9 as a promising therapeutic target with the

potential to improve the clinical efficacy of immunotherapy. The

following limitations should be acknowledged. (1) It remains

unclear whether additional F-box family members also regulate

PD-L1 in pancreatic cancer. (2) Although the authors demonstrate

that FBXO9 ubiquitinates PD-L1, the specific lysine residue(s)

involved and the subcellular compartment in which this occurs

(ER, Golgi, or plasma membrane) have not been elucidated. (3)

Beyond CD8+ T cells, it is important to clarify whether Tregs,

myeloid cells, or NK cells also contribute to FBXO9-mediated

immunomodulation. (4) It would be valuable to investigate

whether combining FBXO9 overexpression with anti–PD-1/PD-

L1 therapy confers additive or synergistic therapeutic benefit in

pancreatic cancer.

Future perspectives are outlined below. To date, whether

FBXO9 enhances anti-tumor immunity remains incompletely

understood. Since FBXO9 has multiple known substrates, it is

necessary to investigate whether these additional substrates also

influence anti-tumor immunity in pancreatic cancer. It will also be

important to determine whether FBXO22, b-TrCP, and SPOP

similarly target PD-L1 for degradation in pancreatic cancer. This

study included 112 pancreatic cancer tissues for IHC analysis.

However, it is critical to validate these findings in additional,

independent clinical tissue cohorts. Moreover, future work should

also assess FBXO9 overexpression combined with anti–PD-L1

treatment in syngeneic models to determine potential

sensitization and therapeutic benefit in pancreatic cancer.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving humans were approved by The First

Affiliated Hospital of Bengbu Medical University. The studies

were conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study. The animal study was

approved by The Animal Care and Use Committee of Bengbu

Medical University. The study was conducted in accordance with

the local legislation and institutional requirements.
Author contributions

TC: Writing – original draft, Formal analysis, Methodology, Data

curation, Software, Conceptualization, Resources, Investigation. RZ:
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1726825
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cao et al. 10.3389/fimmu.2025.1726825
Methodology, Investigation, Data curation, Software, Writing –

original draft. YW: Resources, Data curation, Writing – original

draft, Formal analysis, Investigation, Methodology. ZY: Writing –

original draft, Formal analysis, Software, Methodology, Data

curation, Investigation. HH: Writing – original draft, Investigation,

Formal analysis, Data curation, Methodology. YC: Formal analysis,

Data curation, Methodology, Investigation, Writing – original draft.

XP: Investigation, Formal analysis, Writing – original draft, Data

curation, Methodology. YG: Methodology, Investigation, Writing –

original draft, Formal analysis, Data curation. WS: Formal analysis,

Data curation, Writing – original draft, Investigation, Methodology.

JX: Conceptualization, Validation, Formal analysis, Writing – review

& editing, Supervision, Investigation. HX: Supervision, Validation,

Conceptualization, Writing – review & editing, Visualization. JM:

Visualization, Validation, Writing – review & editing, Funding

acquisition, Supervision, Formal analysis, Conceptualization.
Funding

The author(s) declared that financial support was received for

this work and/or its publication. This work was supported by grant

from the major project from the Natural Science Foundation of

Education Department of Anhui Province (2022AH051515,

2024AH051262, 2025AHGXZK30181), Key Natural Science

program of Bengbu Medical College (2022byzd042), National

Natural Science Foundation Incubation Project of Bengbu

Medical University (2024byfy003), China National University

Student Innovation & Entrepreneurship Development Program

(202310367035, 202310367020, 202510367029, 202510367164),

and Bengbu Medical University Graduate Student Innovation

Research Project (Byycxz24035).
Frontiers in Immunology 12
Conflict of interest

The author(s) declared that this work was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declared that generative AI was not used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1726825/

full#supplementary-material
References
1. Cabasag CJ, Ferlay J, Laversanne M, Vignat J, Weber A, Soerjomataram I, et al.
Pancreatic cancer: an increasing global public health concern. Gut. (2022) 71:1686–7.
doi: 10.1136/gutjnl-2021-326311

2. Stoffel EM, Brand RE, Goggins M. Pancreatic cancer: changing epidemiology and
new approaches to risk assessment, early detection, and prevention. Gastroenterology.
(2023) 164:752–65. doi: 10.1053/j.gastro.2023.02.012

3. Zhang XB, Fan YB, Jing R, Getu MA, Chen WY, Zhang W, et al.
Gastroenteropancreatic neuroendocrine neoplasms: current development, challenges,
and clinical perspectives. Mil Med Res. (2024) 11:35. doi: 10.1186/s40779-024-00535-6

4. Yi M, Zheng X, Niu M, Zhu S, Ge H, Wu K. Combination strategies with PD-1/
PD-L1 blockade: current advances and future directions. Mol Cancer. (2022) 21:28.
doi: 10.1186/s12943-021-01489-2

5. Wang X, Teng F, Kong L, Yu J. PD-L1 expression in human cancers and its
association with clinical outcomes. Onco Targets Ther. (2016) 9:5023–39. doi: 10.2147/
ott.S105862

6. Huang C, Ren S, Chen Y, Liu A, Wu Q, Jiang T, et al. PD-L1 methylation restricts
PD-L1/PD-1 interactions to control cancer immune surveillance. Sci Adv. (2023) 9:
eade4186. doi: 10.1126/sciadv.ade4186

7. Akinleye A, Rasool Z. Immune checkpoint inhibitors of PD-L1 as cancer
therapeutics. J Hematol Oncol. (2019) 12:92. doi: 10.1186/s13045-019-0779-5

8. Yamaguchi H, Hsu JM, Yang WH, Hung MC. Mechanisms regulating PD-L1
expression in cancers and associated opportunities for novel small-molecule
therapeutics. Nat Rev Clin Oncol. (2022) 19:287–305. doi: 10.1038/s41571-022-
00601-9
9. O'Reilly EM, Oh DY, Dhani N, Renouf DJ, Lee MA, Sun W, et al. Durvalumab
with or without tremelimumab for patients with metastatic pancreatic ductal
adenocarcinoma: A phase 2 randomized clinical trial. JAMA Oncol. (2019) 5:1431–8.
doi: 10.1001/jamaoncol.2019.1588

10. Xiong W, Gao X, Zhang T, Jiang B, Hu MM, Bu X, et al. USP8 inhibition
reshapes an inflamed tumor microenvironment that potentiates the immunotherapy.
Nat Commun. (2022) 13:1700. doi: 10.1038/s41467-022-29401-6

11. Miao Z, Li J, Wang Y, Shi M, Gu X, Zhang X, et al. Hsa_circ_0136666 stimulates
gastric cancer progression and tumor immune escape by regulating the miR-375/
PRKDC Axis and PD-L1 phosphorylation. Mol Cancer. (2023) 22:205. doi: 10.1186/
s12943-023-01883-y

12. WangW, LiuW, Chen Q, Yuan Y, Wang P. Targeting CSC-related transcription
factors by E3 ubiquitin ligases for cancer therapy. Semin Cancer Biol. (2022) 87:84–97.
doi: 10.1016/j.semcancer.2022.11.002

13. Liu J, Chen T, Li S, Liu W, Wang P, Shang G. Targeting matrix
metalloproteinases by E3 ubiquitin ligases as a way to regulate the tumor
microenvironment for cancer therapy. Semin Cancer Biol. (2022) 86:259–68.
doi: 10.1016/j.semcancer.2022.06.004

14. Huang Y, Che X, Wang PW, Qu X. p53/MDM2 signaling pathway in aging,
senescence and tumorigenesis. Semin Cancer Biol. (2024) 101:44–57. doi: 10.1016/
j.semcancer.2024.05.001

15. Hou B, Chen T, Zhang H, Li J, Wang P, Shang G. The E3 ubiquitin ligases regulate
PD-1/PD-L1 protein levels in tumor microenvironment to improve immunotherapy. Front
Immunol. (2023) 14:1123244. doi: 10.3389/fimmu.2023.1123244
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1726825/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1726825/full#supplementary-material
https://doi.org/10.1136/gutjnl-2021-326311
https://doi.org/10.1053/j.gastro.2023.02.012
https://doi.org/10.1186/s40779-024-00535-6
https://doi.org/10.1186/s12943-021-01489-2
https://doi.org/10.2147/ott.S105862
https://doi.org/10.2147/ott.S105862
https://doi.org/10.1126/sciadv.ade4186
https://doi.org/10.1186/s13045-019-0779-5
https://doi.org/10.1038/s41571-022-00601-9
https://doi.org/10.1038/s41571-022-00601-9
https://doi.org/10.1001/jamaoncol.2019.1588
https://doi.org/10.1038/s41467-022-29401-6
https://doi.org/10.1186/s12943-023-01883-y
https://doi.org/10.1186/s12943-023-01883-y
https://doi.org/10.1016/j.semcancer.2022.11.002
https://doi.org/10.1016/j.semcancer.2022.06.004
https://doi.org/10.1016/j.semcancer.2024.05.001
https://doi.org/10.1016/j.semcancer.2024.05.001
https://doi.org/10.3389/fimmu.2023.1123244
https://doi.org/10.3389/fimmu.2025.1726825
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cao et al. 10.3389/fimmu.2025.1726825
16. Hu X, Wang J, Chu M, Liu Y, Wang ZW, Zhu X. Emerging role of ubiquitination
in the regulation of PD-1/PD-L1 in cancer immunotherapy. Mol Ther. (2021) 29:908–
19. doi: 10.1016/j.ymthe.2020.12.032

17. Shi C, Wang Y, Wu M, Chen Y, Liu F, Shen Z, et al. Promoting anti-tumor
immunity by targeting TMUB1 to modulate PD-L1 polyubiquitination and
glycosylation. Nat Commun. (2022) 13:6951. doi: 10.1038/s41467-022-34346-x

18. Wang Z, Liu P, Inuzuka H, Wei W. Roles of F-box proteins in cancer. Nat Rev
Cancer. (2014) 14:233–47. doi: 10.1038/nrc3700

19. Cheng J, Liu O, Bin X, Tang Z. F-box proteins in cancer: from cancer cells to the
tumor microenvironment. Cell Commun Signal. (2025) 23:433. doi: 10.1186/s12964-
025-02445-z

20. Xiong HJ, Yu HQ, Zhang J, Fang L, Wu D, Lin XT, et al. Elevated FBXL6
activates both wild-type KRAS and mutant KRAS(G12D) and drives HCC
tumorigenesis via the ERK/mTOR/PRELID2/ROS axis in mice. Mil Med Res. (2023)
10:68. doi: 10.1186/s40779-023-00501-8

21. Wang Q, Wu L, Cao R, Gao J, Chai D, Qin Y, et al. Fbxo45 promotes the
Malignant development of esophageal squamous cell carcinoma by targeting GGNBP2
for ubiquitination and degradation. Oncogene. (2022) 41:4795–807. doi: 10.1038/
s41388-022-02468-7

22. Dai M, Chen S, Wang Y, Fan J, Pan X, Sang C, et al. F-box proteins at the crossroads
of ubiquitination and tumor immunity: regulatory networks and immunotherapy
strategies. Front Immunol. (2025) 16:1596344. doi: 10.3389/fimmu.2025.1596344

23. Liu JA, Tai A, Hong J, Cheung MPL, Sham MH, Cheah KSE, et al. Fbxo9
functions downstream of Sox10 to determine neuron-glial fate choice in the dorsal root
ganglia through Neurog2 destabilization. Proc Natl Acad Sci U S A. (2020) 117:4199–
210. doi: 10.1073/pnas.1916164117

24. Lai Y, Li X, Li T, Nyunoya T, Chen K, Kitsios GD, et al. Endotoxin stabilizes
protein arginine methyltransferase 4 (PRMT4) protein triggering death of lung
epithelia. Cell Death Dis. (2021) 12:828. doi: 10.1038/s41419-021-04115-7

25. Lee KW, Kwak SH, Koo YD, Cho YK, Lee HM, Jung HS, et al. F-box only protein
9 is an E3 ubiquitin ligase of PPARg. Exp Mol Med. (2016) 48:e234. doi: 10.1038/
emm.2016.31

26. Swenson SA, Dobish KK, Peters HC, Bea Winship C, Willow Hynes-Smith R,
Caplan M, et al. Ubiquitin E3 ligase FBXO9 regulates pluripotency by targeting DPPA5
for ubiquitylation and degradation. Stem Cells. (2024) 42:317–28. doi: 10.1093/stmcls/
sxae004

27. Wang Z, Chen X, Zhou L, Zhao X, Ge C, Zhao F, et al. FBXO9 mediates the
cancer-promoting effects of ZNF143 by degrading FBXW7 and facilitates drug
resistance in hepatocellular carcinoma. Front Oncol. (2022) 12:930220. doi: 10.3389/
fonc.2022.930220

28. Hynes-Smith RW, Swenson SA, Vahle H, Wittorf KJ, Caplan M, Amador C,
et al. Loss of FBXO9 enhances proteasome activity and promotes aggressiveness in
acute myeloid leukemia. Cancers (Basel). (2019) 11:1717. doi: 10.3390/cancers11111717

29. Hussain S, Dong J, Ma X, Li J, Chen S, Clement A, et al. F-box only protein 9 and
its role in cancer. Mol Biol Rep. (2022) 49:1537–44. doi: 10.1007/s11033-021-07057-7

30. Chen K, Wang Y, Dai X, Luo J, Hu S, Zhou Z, et al. FBXO31 is upregulated by
METTL3 to promote pancreatic cancer progression via regulating SIRT2
ubiquitination and degradation. Cell Death Dis. (2024) 15:37. doi: 10.1038/s41419-
024-06425-y

31. Weng H, Xiong KP, Wang W, Qian KY, Yuan S, Wang G, et al. Aspartoacylase
suppresses prostate cancer progression by blocking LYN activation. Mil Med Res.
(2023) 10:25. doi: 10.1186/s40779-023-00460-0

32. Wu L, Yu K, Chen K, Zhu X, Yang Z, Wang Q, et al. Fbxo45 facilitates pancreatic
carcinoma progression by targeting USP49 for ubiquitination and degradation. Cell
Death Dis. (2022) 13:231. doi: 10.1038/s41419-022-04675-2

33. Xu H, Li YF, Yi XY, Zheng XN, Yang Y, Wang Y, et al. ADP-dependent
glucokinase controls metabolic fitness in prostate cancer progression. Mil Med Res.
(2023) 10:64. doi: 10.1186/s40779-023-00500-9

34. Skaar JR, Pagan JK, Pagano M. Mechanisms and function of substrate
recruitment by F-box proteins. Nat Rev Mol Cell Biol. (2013) 14:369–81.
doi: 10.1038/nrm3582
Frontiers in Immunology 13
35. Thommen DS, Schumacher TN. T cell dysfunction in cancer. Cancer Cell. (2018)
33:547–62. doi: 10.1016/j.ccell.2018.03.012

36. Wu M, Huang Q, Xie Y, Wu X, Ma H, Zhang Y, et al. Improvement of the
anticancer efficacy of PD-1/PD-L1 blockade via combination therapy and PD-L1
regulation. J Hematol Oncol. (2022) 15:24. doi: 10.1186/s13045-022-01242-2

37. Chen X, Gao A, Zhang F, Yang Z, Wang S, Fang Y, et al. ILT4 inhibition prevents
TAM- and dysfunctional T cell-mediated immunosuppression and enhances the
efficacy of anti-PD-L1 therapy in NSCLC with EGFR activation. Theranostics. (2021)
11:3392–416. doi: 10.7150/thno.52435

38. Wagner MJ, Othus M, Patel SP, Ryan C, Sangal A, Powers B, et al. Multicenter
phase II trial (SWOG S1609, cohort 51) of ipilimumab and nivolumab in metastatic or
unresectable angiosarcoma: a substudy of dual anti-CTLA-4 and anti-PD-1 blockade in
rare tumors (DART). J Immunother Cancer. (2021) 9:e002990. doi: 10.1136/jitc-2021-
002990

39. Shitara K, Ajani JA, Moehler M, Garrido M, Gallardo C, Shen L, et al. Nivolumab
plus chemotherapy or ipilimumab in gastro-oesophageal cancer. Nature. (2022)
603:942–8. doi: 10.1038/s41586-022-04508-4

40. Xiao X, Shi J, He C, Bu X, Sun Y, Gao M, et al. ERK and USP5 govern PD-1
homeostasis via deubiquitination to modulate tumor immunotherapy. Nat Commun.
(2023) 14:2859. doi: 10.1038/s41467-023-38605-3

41. Zhao X, Wei Y, Chu YY, Li Y, Hsu JM, Jiang Z, et al. Phosphorylation and
stabilization of PD-L1 by CK2 suppresses dendritic cell function. Cancer Res. (2022)
82:2185–95. doi: 10.1158/0008-5472.Can-21-2300

42. Ma X, Jia S, Wang G, Liang M, Guo T, Du H, et al. TRIM28 promotes the escape
of gastric cancer cells from immune surveillance by increasing PD-L1 abundance.
Signal Transduct Target Ther. (2023) 8:246. doi: 10.1038/s41392-023-01450-3

43. Lee HH, Wang YN, Xia W, Chen CH, Rau KM, Ye L, et al. Removal of N-linked
glycosylation enhances PD-L1 detection and predicts anti-PD-1/PD-L1 therapeutic
efficacy. Cancer Cell. (2019) 36:168–78. doi: 10.1016/j.ccell.2019.06.008

44. Meng X, Liu X, Guo X, Jiang S, Chen T, Hu Z, et al. FBXO38 mediates PD-1
ubiquitination and regulates anti-tumour immunity of T cells. Nature. (2018) 564:130–
5. doi: 10.1038/s41586-018-0756-0

45. Dibus N, Salyova E, Kolarova K, Abdirov A, Pagano M, Stepanek O, et al.
FBXO38 is dispensable for PD-1 regulation. EMBO Rep. (2024) 25:4206–25.
doi: 10.1038/s44319-024-00220-8

46. Liu J, Wei L, Hu N, Wang D, Ni J, Zhang S, et al. FBW7-mediated ubiquitination
and destruction of PD-1 protein primes sensitivity to anti-PD-1 immunotherapy in
non-small cell lung cancer. J Immunother Cancer. (2022) 10:e005116. doi: 10.1136/jitc-
2022-005116

47. De S, Holvey-Bates EG, Mahen K, Willard B, Stark GR. The ubiquitin E3 ligase
FBXO22 degrades PD-L1 and sensitizes cancer cells to DNA damage. Proc Natl Acad
Sci U.S.A. (2021) 118:e2112674118. doi: 10.1073/pnas.2112674118

48. Li CW, Lim SO, Xia W, Lee HH, Chan LC, Kuo CW, et al. Glycosylation and
stabilization of programmed death ligand-1 suppresses T-cell activity. Nat Commun.
(2016) 7:12632. doi: 10.1038/ncomms12632

49. Zhang J, Bu X, Wang H, Zhu Y, Geng Y, Nihira NT, et al. Cyclin D-CDK4 kinase
destabilizes PD-L1 via cullin 3-SPOP to control cancer immune surveillance. Nature.
(2018) 553:91–5. doi: 10.1038/nature25015

50. Su C, Liao Z, Mo J, Liu F, Wang W, Zhang H, et al. VRK2 targeting potentiates
anti-PD-1 immunotherapy in hepatocellular carcinoma through MYC destabilization.
Nat Commun. (2025) 16:9027. doi: 10.1038/s41467-025-64079-6

51. Luo X, Wang Y, Zhang H, Chen G, Sheng J, Tian X, et al. Identification of a
prognostic signature for ovarian cancer based on ubiquitin-related genes suggesting a
potential role for FBXO9. Biomolecules. (2023) 13:1724. doi: 10.3390/biom13121724

52. Liu L, Chen X, Wu L, Huang K, Wang Z, Zheng Y, et al. Ubiquitin ligase subunit
FBXO9 inhibits V-ATPase assembly and impedes lung cancer metastasis. Exp Hematol
Oncol. (2024) 13:32. doi: 10.1186/s40164-024-00497-4

53. Fernandez-Saiz V, Targosz BS, Lemeer S, Eichner R, Langer C, Bullinger L, et al.
SCFFbxo9 and CK2 direct the cellular response to growth factor withdrawal via Tel2/
Tti1 degradation and promote survival in multiple myeloma. Nat Cell Biol. (2013)
15:72–81. doi: 10.1038/ncb2651
frontiersin.org

https://doi.org/10.1016/j.ymthe.2020.12.032
https://doi.org/10.1038/s41467-022-34346-x
https://doi.org/10.1038/nrc3700
https://doi.org/10.1186/s12964-025-02445-z
https://doi.org/10.1186/s12964-025-02445-z
https://doi.org/10.1186/s40779-023-00501-8
https://doi.org/10.1038/s41388-022-02468-7
https://doi.org/10.1038/s41388-022-02468-7
https://doi.org/10.3389/fimmu.2025.1596344
https://doi.org/10.1073/pnas.1916164117
https://doi.org/10.1038/s41419-021-04115-7
https://doi.org/10.1038/emm.2016.31
https://doi.org/10.1038/emm.2016.31
https://doi.org/10.1093/stmcls/sxae004
https://doi.org/10.1093/stmcls/sxae004
https://doi.org/10.3389/fonc.2022.930220
https://doi.org/10.3389/fonc.2022.930220
https://doi.org/10.3390/cancers11111717
https://doi.org/10.1007/s11033-021-07057-7
https://doi.org/10.1038/s41419-024-06425-y
https://doi.org/10.1038/s41419-024-06425-y
https://doi.org/10.1186/s40779-023-00460-0
https://doi.org/10.1038/s41419-022-04675-2
https://doi.org/10.1186/s40779-023-00500-9
https://doi.org/10.1038/nrm3582
https://doi.org/10.1016/j.ccell.2018.03.012
https://doi.org/10.1186/s13045-022-01242-2
https://doi.org/10.7150/thno.52435
https://doi.org/10.1136/jitc-2021-002990
https://doi.org/10.1136/jitc-2021-002990
https://doi.org/10.1038/s41586-022-04508-4
https://doi.org/10.1038/s41467-023-38605-3
https://doi.org/10.1158/0008-5472.Can-21-2300
https://doi.org/10.1038/s41392-023-01450-3
https://doi.org/10.1016/j.ccell.2019.06.008
https://doi.org/10.1038/s41586-018-0756-0
https://doi.org/10.1038/s44319-024-00220-8
https://doi.org/10.1136/jitc-2022-005116
https://doi.org/10.1136/jitc-2022-005116
https://doi.org/10.1073/pnas.2112674118
https://doi.org/10.1038/ncomms12632
https://doi.org/10.1038/nature25015
https://doi.org/10.1038/s41467-025-64079-6
https://doi.org/10.3390/biom13121724
https://doi.org/10.1186/s40164-024-00497-4
https://doi.org/10.1038/ncb2651
https://doi.org/10.3389/fimmu.2025.1726825
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	FBXO9 promotes anti-tumor immunity via degradation of PD-L1 in pancreatic cancer
	Introduction
	Methods
	Plasmids and sgRNAs
	Cell culture, transfection and generating stable cell lines
	Animal models
	Patients and tissues
	Immunohistochemical staining
	Immunoblot and immunoprecipitation
	Protein half-life analysis
	Ubiquitination assay
	CCK8 assay
	Wound healing assay
	Transwell migration and invasion assay
	RT-qPCR analysis
	Flow cytometry
	Statistical analysis

	Results
	Reduced FBXO9 is closely correlated with poor prognosis in pancreatic cancer
	FBXO9 inhibits cell growth and tumorigenesis
	FBXO9 activates an anti-tumor immune response
	FBXO9 downregulates PD-L1 protein in pancreatic cancer
	FBXO9 facilitates PD-L1 degradation via ubiquitination

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


