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4-1BB [tumor necrosis factor receptor superfamily (TNFRSF9), CD137) is

a critical immune stimulator that sustains T cell activity and antitumor

immune response. The strategy to eliminate cancers by agonistically target-

ing 4-1BB is under clinical investigation. As a protein expressed in an

inducible manner, 4-1BB is under tight control on both transcription and

translation levels to maintain its homeostasis. So far, the mechanisms

underlying the transcriptional activation of 4-1BB have been well-

interpreted; however, it remains inexplicit how 4-1BB is regulated on the

protein level. In this study, we presented experimental evidence supporting

that 4-1BB, especially the heavily N-glycosylated (mature) form, is polyubi-

quitinated and subjected to the ubiquitin-proteasomal system for degrada-

tion. By performing proximity-dependent biotin identification screening

coupled with biochemical assays, we identified that F-box/LRR-repeat pro-

tein 20 acts as the E3 ligase that promotes the polyubiquitination of 4-1BB

at the intracellular domain. Our data provided mechanistic insight into 4-

1BB regulation on the protein level by unmasking, for the first time, a

posttranslational mechanism governing 4-1BB abundance in cells. The find-

ings of this study could potentially guide the development of 4-1BB–tar-
geted therapy for cancers as well as other immune disorders.

Introduction

The clinical application of immunotherapy has achieved

extraordinary success in a broad spectrum of solid and

hematopoietic cancers [1]. By blocking the coinhibitory

immune checkpoints (e.g., PD-(L)1, CTLA-4) with ther-

apeutic antibodies, the compromised antitumor immu-

nity can be revitalized and, therefore, lead to regression

or elimination of the malignancies. However, a large

proportion of patients are refractory to checkpoint

blockade, and the reasons accounting for it are compli-

cated and still not well-interpreted yet [2]. While the

mechanistic investigation regarding immunotherapy

resistance remains one of the research hotspots, the

therapeutical potential of novel targets is under inten-

sive exploration to upgrade the cancer immunotherapy

arsenal. Among them, the immune-stimulatory recep-

tors such as 4-1BB, OX40, GITR, and CD40 have

emerged as attractive targets for drug development [3].

4-1BB (CD137/TNFRSF9), a member of the

TNFRSF, was identified as a potent costimulatory

receptor on activated T lymphocytes as well as other

types of leukocytes [4]. The nuclear factor jB (NF-jB)
and activating protein-1 (AP-1) serve as key transcrip-

tion factors driving 4-1BB expression upon immune

cell activation [5]. The signal transduction of 4-1BB
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follows a similar pattern shared by TNFRSF family

receptors [6]. In general, the trimeric 4-1BB ligand (4-

1BBL/TNFSF9) on antigen-presenting cells promotes

the clustering of 4-1BB, which afterward recruits the

TNFR-associated factor (TRAF) family proteins as

key adaptors to transduce signals down to the nucleus

[7]. Reinvigorating the antitumor immunity by agonis-

tic anti-4-1BB monoclonal antibodies has demon-

strated promising efficacy in many syngeneic animal

cancer models [8-10]. Clinically, urelumab and utomi-

lumab as two agonistic antibodies of 4-1BB have

entered early-stage trials against solid and hematopoi-

etic tumors. However, limitations regarding the effi-

cacy and liver toxicity became substantial obstructions

making them unable to proceed into late-phase clinical

studies [11]. Currently, a growing variety of 4-1BB-

targeting strategies are being actively investigated in

wish to achieve both effectiveness and safety profile.

These approaches include combinational therapy [12],

Fc-optimized or -deleted 4-1BB antibodies with

reduced toxicity [13-17], probodies activated by tumor-

associated proteases [18], as well as bispecific anti-

bodies that simultaneously target 4-1BB and other

cancer-associated receptors (e.g. PD-L1, HER2)

[19,20], etc. A more successful application of 4-1BB is

to incorporate the cytoplasmic domain of 4-1BB in

chimeric antigen receptors (CARs) for T-cell therapy.

As reported, the presence of 4-1BB signaling potenti-

ates the survival and function of CAR-T cells against

cancers [21-23].

Despite the mounting research effort focused on the

pharmacology and toxicology of 4-1BB therapy, there

remains a fundamental knowledge gap to understand

how 4-1BB is regulated intracellularly especially on the

protein level. There are known to be more than 400

types of posttranslational modification (PTM) that can

modulate the properties of proteins, and therefore,

give rise to the numerous complexity of proteomes

along with the diverse physiological functions [24].

Ubiquitination is a highly conserved PTM that partici-

pates in a variety of eukaryotic biological processes,

and the most essential one is to maintain proteome

homeostasis by initiating the protein degradation pro-

cess. It was estimated that more than 80% of proteins

go through the ubiquitin (Ub)-proteasome system

(UPS) for clearance in mammalian systems [25]. In the

past years, the growing diversity of nondegradative

functions (e.g., protein–protein interaction, signal

transduction) of ubiquitination has been unveiled. The

cascade reaction of protein ubiquitination is carried

out by Ub activation (E1), conjugation (E2), and liga-

tion (E3) enzymes. More than 600 E3 ligases are

encoded by the human genome [26], and the majority

of them have a substrate-specific manner of target rec-

ognition. Therefore, it is challenging but crucial to

identify the enzymes, especially E3 ligases, that ubiqui-

tinate the specific targets of interest. Over the years,

significant progress has been made to study the associ-

ation of protein ubiquitination/deubiquitination in

immune responses [27-29]. Dysregulated protein ubi-

quitination is associated with multiple types of immu-

nological disorders, including inflammation,

autoimmune diseases, and cancer. The appreciation of

ubiquitination-mediated degradation of significant

drug targets may provide considerable opportunities to

improve the current therapeutics.

In this work, we elucidated that the cellular abun-

dance and stability of 4-1BB are regulated by ubiquiti-

nation on its intracellular domain. F-box/LRR-repeat

protein 20 (FBXL20) was identified through proximity-

dependent biotin identification (BioID) screening as an

E3 ligase catalyzing 4-1BB polyubiquitination and pro-

teasomal degradation. Understanding the molecular

basis of 4-1BB turnover could further advance the devel-

opment and optimization of 4-1BB-targeted therapies in

the future.

Result

4-1BB is associated with enhanced antitumor

immunity

4-1BB is generally accepted as an immune-stimulatory

molecule. To investigate the involvement of 4-1BB in

cancer development, we first examined The Cancer

Genome Atlas (TCGA) dataset of skin cutaneous mel-

anoma (SKCM) patients and discovered the signifi-

cantly prolonged overall survival (OS) of individuals

whose TNFRSF9 mRNA levels are above average

(Fig. 1A). Next, we set out to assess whether 4-1BB

contributes to the clinical benefits of immune check-

point therapy in cancer. As uncovered by the Tumor

Immune Dysfunction and Exclusion (TIDE) platform

[30], melanoma patients with higher 4-1BB expression

are more likely to respond to immune checkpoint ther-

apy (Fig. 1B). We also learned from the Tumor

Immune Estimation Resource (TIMER2.0) [31] that

the TNFRSF9 mRNA level is associated with aug-

mented tumoral infiltration of CD4+ T cells, CD8+ T

cells, natural killer cells, and antitumor M1 macro-

phages. On the other hand, 4-1BB is negatively corre-

lated with the abundance of immune-inhibitory cell

groups including myeloid-derived suppressive cells

(MDSC) and M2-macrophages (Fig. 1C). Together,

these findings cooperatively supported that 4-1BB sup-

presses cancer progression and shapes an inflamed
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tumor microenvironment, which is susceptible to

immunotherapeutic agents.

4-1BB is a polyubiquitinated protein

Considering the essentiality of 4-1BB in the tumor

immune microenvironment, we aimed to study the regu-

lation of 4-1BB with a primary focus on protein level,

which has never been reported yet. Protein ubiquitina-

tion, one of the most frequently occurred PTMs, is

well-characterized as a signal of target degradation

through the 26S proteasome. As indicated by the previ-

ously published proteome-wide studies, 4-1BB can be

ubiquitinated on its intracellular domain [32,33].

Inspired by that information, we conducted immuno-

precipitation and mass spectrometry studies to verify

the formation of ubiquitination on 4-1BB. As shown in

Fig. 2A–B, both human and murine 4-1BB can

be polyubiquitinated in cultured cell lines. Liquid

chromatography-tandem mass spectrometry (LC-MS/

MS) analysis on immunoprecipitated flag-tagged human

4-1BB from HEK293T cells unveiled di-glycine remnant

on K214, K218, K219, and K225 residues with high

confidence (Fig. 2C), which provided solid evidence of

ubiquitination on these sites (designated as 4-K motif).

Sequence analysis indicated that the 4-K motif is highly

conserved among mammalian species (Fig. 2D), sug-

gesting potential functions lying within this area.

4-1BB is degraded via UPS

Through biochemical and proteomics study, we man-

aged to identify the ubiquitination sites of human 4-

1BB. Next, we aimed to elucidate the biological impor-

tance of this modification in detail. As expected, muta-

tion of the four lysine residues results in greatly

rendered polyubiquitination of 4-1BB (Fig. 3A). In

Fig. 3B–C, we conducted cycloheximide (CHX)-chase

assay on HEK293T cells and found that the 4KR

mutant (K214/218/219/225R) of 4-1BB exerts mark-

edly augmented stability versus the WT. To character-

ize whether 4K ubiquitination governs 4-1BB stability

in T lymphocytes, we established Jurkat cell lines (4-

1BB negative) stably overexpressing the WT or 4KR

Fig. 1. Prognostic and immune cell infiltration analysis of 4-1BB in cancers. (A) Kaplan–Meier survival analysis of melanoma patients with

high (n = 226) and low (n = 230) TNFRSF9 expression (TCGA-SKCM dataset). (B) Kaplan–Meier plot demonstrating the correlation of

TNFRSF9 mRNA level and the PFS of melanoma patients undergoing anti–PD-1 therapy (PRJEB23709 dataset, n = 41). (C) Impact of

TNFRSF9 on the infiltration of CD4+ T cell, CD8+ T cell, MDSC, NK cells, M1 macrophages, and M2 macrophages in TCGA-SKCM dataset

(n = 471). The P values were calculated by log-rank analysis (A–B) and Spearman’s correlation analysis (C). OS, overall survival; PFS,

progression-free survival.
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Fig. 2. Validation of 4-1BB ubiquitination in cultured cell lines. (A) Ubiquitination of human 4-1BB was detected in HEK293T cells transfected

with 4-1BB-Flag and HA-Ub constructs. The polyubiquitination level of human 4-1BB was detected by in vivo ubiquitination assay. (B)

Ubiquitination of mouse 4-1BB was detected in B16F10 cells transfected with m4-1BB-Flag and HA-Ub plasmids. The polyubiquitination

level of mouse 4-1BB was detected by in vivo ubiquitination assay. (C) Tandem mass spectrum of a human 4-1BB fragment with

ubiquitinated K214, 218, 219, and 225 residues. The recognized y and b ions were highlighted in red. (D) Amino acid sequence alignment of

mammalian 4-1BB on its ubiquitinated region located in the intracellular domain. WCL, whole-cell lysate; IP, immunoprecipitates.

4552 The FEBS Journal 289 (2022) 4549–4563 ª 2022 Federation of European Biochemical Societies

4-1BB is degraded through FBXL20-mediated ubiquitination R. Sun and S.-O. Lim



Fig. 3. Turnover of 4-1BB is determined by ubiquitination. (A) In vivo ubiquitination assay comparing the ubiquitination of 4-1BB WT and

4KR. The indicated plasmids were cotransfected to HEK293T cells followed by in vivo ubiquitination assay. (B) CHX-chase assay comparing

the degradation of 4-1BB WT and 4KR. HEK293T cells were transfected with flag-tagged 4-1BB plasmids followed by CHX (100 lM)

treatment for indicated periods of time. (C) Quantification of immunoblotting results in (B) (n = 3). (D) Flow cytometry analysis comparing

membrane level of 4-1BB WT and 4KR. Jurkat cells were transduced with lentivirus encoding 4-1BB WT or 4KR followed by flow cytometry

detection. (E) Quantification of membrane 4-1BB WT and 4KR level in (D) (n = 4). (F–I) Proteasome inhibition by MG-132 treatment led to 4-

1BB protein accumulation by not mRNA upregulation in HDLM-2 (F, G) and H1975 (H, I). (J, K) Proteasome inhibition by MG-132 treatment

led to upregulation of ectopically expressed 4-1BB ectopically in HEK293T (J) and Jurkat cells (K). (L) CHX-chase assay comparing the

degradation of 4-1BB with or without proteasome inhibition. HEK293T/4-1BB cells were pretreated with DMSO or 10 lM MG-132 for 2 h,

then incubated with CHX (100 lM) for indicated periods of time. (M) Quantification of immunoblotting results in (L) (n = 3). (N) Luciferase

assay comparing the amplification of NF-kB activity by 4-1BB WT and 4KR. Plasmids were transfected to the HEK293T/NF-kB reporter cell

line and harvested to analyze the NF-kB reporter activity by measuring bioluminescence (n = 4). The values are presented as mean � SD.

N.S. P > 0.05; *P < 0.05, **P < 0.01 (two-tailed student’s t-test). MFI, mean fluorescence intensity. RLU, relative luminescence unit.
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mutant of 4-1BB in parallel. EGFP was fused down-

stream of 4-1BB with a T2A self-cleavage peptide to

monitor the lentivirus transduction. As displayed in

Fig. 3D–E, the 4-1BB 4KR mutant exhibited substan-

tially elevated membrane level as against WT, support-

ing the delayed turnover and increased accumulation

of 4KR than WT. Taken together, these results coop-

eratively confirmed that 4-1BB degradation is dictated

by ubiquitination on its 4-K motif. UPS-mediated deg-

radation is the most fundamental mechanism guiding

the clearance of target proteins; therefore, we sought

to investigate whether ubiquitination functions as a

signal to transport 4-1BB to the proteasomal degrada-

tion pathway. Upon the treatment of proteasome

inhibitor MG-132, the protein level of 4-1BB could be

rapidly upregulated in lymphoid (Hodgkin’s lym-

phoma cell line HDLM-2) and epithelial cells (non–
small cell lung cancer cell line H1975) in 6 h without

increases of mRNA level (Fig. 3F–I), suggesting that

4-1BB is degraded through UPS mechanism. A similar

effect can be phenotypically reproduced on exoge-

nously expressed 4-1BB in both Jurkat and HEK293T

cells (Fig. 3J–K), indicating the effect of MG-132 was

achieved by posttranslational mechanisms. As antici-

pated, degradation of 4-1BB was retarded with protea-

some inhibition by MG-132 (Fig. 3L–M). Since

polyubiquitin chains can be utilized by some proteins

as signal transduction scaffolds, we compared the

potential of 4-1BB WT and 4KR to drive the activa-

tion of NF-jB which is known to be the major tran-

scription factor that 4-BB signals through.

Unsurprisingly, transient transfection of 4-1BB 4KR

elicited stronger NF-jB activity in comparison to WT

(Fig. 3N), suggesting that the polyubiquitin chain is

unlikely to contribute to 4-1BB signaling, and the

delayed degradation of 4-1BB may lead to augmented

transcription of downstream genes. These data collec-

tively confirm that the abundance and biological func-

tions of 4-1BB are negatively regulated by the UPS-

mediated proteolysis.

Ubiquitination-mediated proteolysis of 4-1BB

depends on its N-glycosylation status

We then evaluated the expression pattern of 4-1BB WT

and 4KR from whole cell lysate by immunoblotting. It

met our expectation that 4KR had increased band inten-

sity than WT due to its slow turnover; however, the dif-

ferent bands of 4-1BB showed unidentical ratio change.

As demonstrated in Fig. 4A, the higher membrane

expression of the 4-1BB 4KR mutant (Fig. 3D,E) is

associated only with the increased high molecular

weight (high-MW) band on immunoblotting, giving rise

to the hypothesis that high-MW band of 4-1BB confers

the mature, membrane-localized form, and is more sen-

sitive to UPS-mediated degradation. 4-1BB is a heavily

glycosylated protein with two putative N-glycosylation

sites (N138 and N149 for humans, as shown in Fig. 4B)

on the basis of the consensus motif (N-X-S/T) [34].

Asparagine-to-glutamine mutation of these two residues

abolished the N-glycosylation and resulted in a band

shift toward lower molecular weight. In agreement with

that, digestion of 4-1BB by PNGase F, an enzyme that

selectively cleaves N-linked glycans from the substrates,

led to the vanishing of both high- and medium-MW

bands of wild type 4-1BB in Jurkat cells (Fig. 4C), indi-

cating that high- and medium-MW bands represent 4-

1BB at distinct N-glycoforms. There are no additional

N-linked glycosylation sites since 4-1BB N138Q/N149Q

(2NQ) showed no response to PNGase F. Pharmacolog-

ically hindering protein transportation from the endo-

plasmic reticulum (ER) to Golgi apparatus by brefeldin

A (BFA) treatment causes the decrease of only high-

MW bands and accumulation of medium-MW bands in

a time-dependent manner (Fig. 4D), indicating that the

two bands represent distinct forms 4-1BB at pre- and

post-Golgi compartments. Interestingly, short-time

BFA treatment led to a significant decrease of high-MW

4-1BB WT rather than 4KR, which is consistent with

our previous hypothesis that high-MW 4-1BB is sensi-

tive to ubiquitination-triggered clearance. Considering

protein N-glycosylation is achieved by sequential enzy-

matic reactions taking place in ER and Golgi, we pre-

sumed that medium MW is referred to as partially N-

glycosylated 4-1BB which is generated in the ER,

whereas the high-MW band is the mature 4-1BB that

has passed the entire N-glycosylation pathway. To test

the assumption that the high-MW band represents the

membrane-localized 4-1BB, we exploited the cell mem-

brane proteome labeling method with cell-impermeable

sulfo-NHS-SS-biotin as demonstrated in Fig. 4E. We

found that the biotinylated 4-1BB enriched by streptavi-

din pull-down was constituted mainly by the high-MW

form over the other species. Altogether, we proposed

that the high-MW bands represent 4-1BB at the fully N-

glycosylated status, while the medium-MW ones stood

for the ER-resident, partially N-glycosylated form. The

rapid degradation of mature 4-1BB, which underwent

the entire N-glycosylation process, was mediated by the

polyubiquitination on the intracellular domain.

Profiling the interacting partners of 4-1BB

Protein degradation involves the sophisticated cellular

machinery composed by a group of interacting part-

ners. E3 ligase is known as the key component to
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promote target ubiquitination and allow proteolysis to

take place predominantly but not exclusively through

the proteasomal pathway. Therefore, we planned to

carry out proteomics-based approaches to comprehen-

sively profile the intracellular binding partners of 4-

1BB. Considering the transient nature of E3 ligase-

substrate interaction, which made it challenging to

capture E3 ligases by affinity pulldown, we alterna-

tively conducted the BioID assay which is an ideal

approach to map the weak or transient interacting

partners of a given protein of interest (“bait”; Fig. 5A)

[35]. Besides, several reports have shown that proxim-

ity labeling can be utilized to identify E3 ligases/deubi-

quitinating enzymes of given substrates [36], which

further justified the feasibility of our research strategy.

To set up the BioID assay, BioID2 (an optimized pro-

miscuous biotin ligase with smaller size and superior

labeling efficiency [36]) was fused to the cytoplasmic

end of human 4-1BB with a hemagglutinin (HA) tag

(4-1BB-BioID2-HA) and was stably expressed in the

HEK293FT cell line. The labeling efficiency of

proximal proteins was validated by streptavidin blot-

ting before the mass spectrometry sample collection

(Fig. 5B). Cells expressing the BioID2-HA construct

were utilized to exclude the proteins that were ran-

domly labeled in cells. We applied stringent data filtra-

tion criteria, and only proteins with unique peptides

recognized in all three biological replicates were con-

sidered meaningful hits. As expected, 4-1BB was signif-

icantly enriched in the 4-1BB-BioID2 group with a

fold change (FC) > 8 according to label-free quantifi-

cation (LFQ; Fig. 5C), indicating that the labeling

process was performed successfully. Consequently, a

total of 362 enriched in 4-1BB-BioID2 group, of which

264 hits were considered significant (FC > 2,

P < 0.01).

FBXL20 acts as the E3 ligase promoting 4-1BB

ubiquitination and degradation

We next searched for E3 Ub ligase from the 264 candi-

dates against a list of human E3 ligase assembled by

Fig. 4. Highly glycosylated 4-1BB is more

susceptible to ubiquitination-mediated

degradation. (A) Immunoblotting analysis of

4-1BB WT, 4KR, and 2NQ from Jurkat cells

transduced with indicating lentivirus. (B)

Immunoblotting analysis of PNGase F

digestion of lysate from Jurkat cells stably

expressing 4-1BB WT and 2NQ mutant. The

4-1BB mutants were lentivirally expressed

on Jurkat ells. (C) Amino acid sequence

alignment of mammalian 4-1BB on its N-

glycosylation region at the extracellular

domain. (D) Impact of BFA treatment to 4-

1BB WT and 4KR by immunoblotting. Jurkat

cells were transduced with lentivirus

encoding 4-1BB WT or 4KR, then incubated

with 1 lM BFA for the indicated times. (E)

Enrichment of membrane-associated 4-1BB

by the sulfo-NHS-SS-biotin labeling strategy.

The membrane proteome of Jurkat/4-1BB

cells was labeled, enriched, and analyzed by

immunoblotting. Triangle, high-MW band

(mature form) of 4-1BB. Square, medium-

MW band (immature form) of 4-1BB. Circle,

low-MW band (N-glycan-abolished form) of

4-1BB. FT, flow-through.
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Fig. 5. FBXL20 promotes the polyubiquitination and degradation of 4-1BB. (A) Graphic workflow of BioID-based proximity labeling assay. (B)

Validation of target biotinylation in BioID cell lines by streptavidin blotting. Lysates of biotin-treated cells were subjected to immunoblotting

and visualized with IRDye800-conjugated streptavidin. (C) Volcano plot illustrating the differentially enriched biotinylated proteins in the

BioID2 group versus the 4-1BB-BioID2 group. Three replicated sets of samples were included for LFQ. Significant hits (FC > 2, P < 0.01)

were highlighted (BioID2 group by blue dots, and 4-1BB-BioID2 group by red dots). (D) Co-IP confirmation of 4-1BB-FBXL20 interaction.

HEK293T cells were cotransfected with 4-1BB-Flag and Myc-FBXL20 plasmids followed by anti-Flag immunoprecipitation. (E) Assessment of

FBXL20-promoted polyubiquitination of 4-1BB. Myc-FBXL20 and HA-Ub plasmids were cotransfected to the HEK293T/4-1BB cell line

followed by in vivo ubiquitination assay. (F) Immunoblotting results of 4-1BB protein level change on the HEK293T/4-1BB cell line upon

transfection of the empty vector or Myc-FBXL20 plasmid. (G) Immunoblotting showing 4-1BB protein level change on HEK293T/4-1BB cell

line upon the transfection of non-targeting or FBXL20-targeting siRNA. (H) Validation of FBXL20 knockdown by measuring the mRNA level

through qPCR (n = 4). The values are presented as mean � SD. ***P < 0.001 (two-tailed Student’s t-test). LC-MS/MS, liquid

chromatography-tandem mass spectrometry. EV, empty vector. siNC, non-targeting siRNA.
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Tokheim et al. [37]. Notably, FBXL20 was the only

E3 ligase that could be identified from all three repli-

cates of 4-1BB- BioID2 samples but not the BioID2

samples (Fig. 5C), suggesting FBXL20 serves as a 4-

1BB interacting protein with high reliability. FBXL20,

also known as SCRAPPER, was originally identified

from the central nervous system [38]. Sequence analy-

sis confirmed SCRAPPER as a member of the F-box

family E3 ligase according to its F-box domain on N-

terminus. F-box proteins function as the substrate rec-

ognition subunit and cooperate with S phase kinase-

associated protein 1 (SKP1) and cullin 1 (CUL1) to

form SCF complexes that have intact E3 ligase activity

[39]. The SCF E3 ligase complex mediates the degrada-

tion of a wide range of proteins. Among over 70 mem-

bers of F-box family proteins, the substrate specificity

and biological importance of FBXL20 are less clari-

fied. Our preliminary results from BioID screening

prompted us to interrogate whether 4-1BB expression

is regulated through FBXL20-mediated polyubiquiti-

nation. The interaction of 4-1BB and FBXL20 was

confirmed by coimmunoprecipitation (co-IP) assay as

demonstrated in Fig. 5D. As expected, overexpression

of FBXL20 led to an increased polyubiquitination

level of 4-1BB. However, the F-box-deleted mutant of

FBXL20 (FBXL20dF), which cannot complex with

SKP1 and CUL1 to form SCF complex, failed to ubi-

quitinate 4-1BB (Fig. 5E). Overexpression of FBXL20

led to a decrease of 4-1BB (Fig. 5F). Conversely,

siRNA-mediated FBXL20 knockdown resulted in the

accumulation of total 4-1BB (Fig. 5G,H). We then

took advantage of bioinformatics platforms to study

the impact of FBXL20 on cancer immunotherapy. As

unveiled by TCGA datasets, FBXL20 expression was

inversely correlated with the overall survival of indi-

viduals harboring kidney renal papillary cell carcinoma

(KIRP) and ovarian serous cystadenocarcinoma (OV;

Fig. 6A,B). More importantly, high FBXL20 expres-

sion is associated with less satisfactory clinical out-

come of checkpoint therapy in two independent

cohorts (Fig. 6C,D) as unveiled by the TIDE database.

These data suggested that FBXL20 may serve critical

roles in antitumor immunity, and this is possibly

related to its regulatory function on 4-1BB.

Discussion

In this study, we reported that the E3 ligase subunit

FBXL20 drives the proteasomal degradation of 4-1BB

by prompting the polyubiquitination on the four intra-

cellular lysine residues. The physiological essentiality

of 4-1BB as an immune stimulator has been well-

documented. For instance, systematic deletion of 4-

1BB showed diminished T cell immunity in mice [40].

Clinically, several loss-of-function mutations of 4-1BB

have been reported to be correlated with defected T

cell and B cell immunity and enhance the susceptibility

to Epstein–Barr virus (EBV)–associated lymphoma

[41]. The DNA hypomethylation on TNFRSF9 loci,

which led to increased transcription of 4-1BB, is posi-

tively correlated with antitumor immunity and survival

in melanoma patients [42]. Nonetheless, the unex-

pected activation of 4-1BB signaling on non-T cells

was found to accelerate pathogenesis or induce severe

adverse effects upon the systematic administration of

therapeutic antibodies. As indicated by Bartkowiak

et al., activation of liver-resident myeloid cells via 4-

1BB pathway triggers IL-27-dependent liver damage

[43]. Jiang et al. showed that 4-1BB promotes the dif-

ferentiation of monocytes/macrophages and facilitates

the bone metastasis of breast cancer [44]. 4-1BB+ B

cells secrete proinflammatory cytokines such as TNFa
and IL-6 upon engagement with 4-1BBL-expressing

cells and led to multiple sclerosis [45]. The

Fig. 6. Impact of FBXL20 in cancer development and therapeutical outcome. (A–B) Inverse correlation of FBXL20 mRNA level with the

overall survival from TCGA-KIRP (A) and TCGA-OV (B) datasets. (C–D) Inverse correlation of the FBXL20 mRNA level and immunotherapy

outcomes in two cohorts of melanoma patients (C, dataset phs000452.v2.p1, n = 42; D, dataset PRJEB23709, n = 32). Significance values

were calculated by log-rank analysis.
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upregulation of 4-1BB can also be found on adipo-

cytes upon obesity-related factors and promotes adi-

pose inflammation [46]. Conversely, deficiency of 4-

1BB protects mice against obesity-induced inflamma-

tion [47]. 4-1BB is involved in cardiovascular diseases

as well. According to a study by Olofsson et al. [48],

the expression of 4-1BB on vascular endothelial cells

and contributes to the development of atherosclerosis.

In summary, the biological behaviors and functions of

4-1BB are rather complicated and likely to be tissue-

and cell lineage–dependent, and the profound under-

standing of their differentiated regulation would help

resolve the dilemma of how to precisely target 4-1BB

on tumor-reactive T cells.

The presence of the target is the basis of efficacious

drug therapy; therefore, it is of great significance to

investigate the regulatory mechanisms controlling the

abundance of proteins that serve as drug targets. As the

first broadly applied immunotherapeutic targets, PD-1

undergoes ubiquitination for degradation, and different

E3 ligases favor PD-1 at distinct glycosylation status.

While FBXO38 was identified by Meng et al. as the E3

ligase destabilizing mature PD-1 inserted on T cell mem-

brane [49], KLHL22 ubiquitinates the partially glycosy-

lated PD-1 before it reaches Golgi apparatus [50]. The

functional participation of ubiquitination in regards of

the 4-1BB signaling pathway has been discussed in a few

studies. Forero et al. unveiled that K63-linked ubiquiti-

nation of the adapter protein TRAF2 is required for the

downstream signal activation upon antibody-mediated

4-1BB stimulation [9]. By contrast, deubiquitinase A20

and CYLD are both associated with 4-1BB/TRAF2 sig-

nal complex and dampen the NF-kB activation by dis-

sembling the polyubiquitin chain on TRAF2 [51]. These

studies provided valuable insights linking 4-1BB signal-

ing with protein ubiquitination. In our research, we

demonstrated that FBXL20-promoted ubiquitination is

involved in the modulation of 4-1BB by directing its

proteolysis. According to Guo et al. [52], GITR can also

be proteasomally degraded, suggesting potential degra-

dation mechanisms shared by TNFRSF family immune

receptors. Another highlighted finding in our study is

that we noticed the unidentical pattern of proteasomal

degradation of 4-1BB at distinct glycoforms. The inter-

play between glycosylation and ubiquitination has been

reported on many proteins. Previous studies reported

that N-glycosylation of immune receptors can directly

or indirectly impede E3 ligase engagement and, there-

fore, enhance their stability [53,54]. Conversely, some

E3 ligase functions by specifically recognizing N-

glycosylated degron on substrates [55]. We hypothesized

that N-glycosylation affects 4-1BB stability possibly

through regulating its spatial distribution instead of E3

ligase recruitment for two reasons: first, the post-Golgi

fraction of 4-1BB is more sensitive to UPS-mediated

degradation than the pre-Golgi fraction. It has been

reported that FBXL20 contains a C-terminal isopreny-

lated CAAX membrane sorting signal [56], which allows

it to engage the surface 4-1BB and promote degrada-

tion; second, the intracellular domain (ICD) and the

extracellular N-glycosylation motifs of 4-1BB are sepa-

rated into distinct subcellular compartments by the

plasma membrane. Given that the ubiquitination of 4-

1BB occurs on the ICD, it is very likely that FBXL20

recognizes the ICD-localized degron regardless of the

N-glycosylation status on the extracellular domain.

Nevertheless, the crosstalk between these two modifica-

tions on 4-1BB should be further explored in depth.

One limitation of our study is that we have not

delineated how FBXL20 recognizes 4-1BB. As

reviewed, F-box proteins are recruited to substrates by

a variety of means [57]. In the research by Xiao et al.,

FBXL20 drives ubiquitination-dependent degradation

of Vsp34, and key degron of Vsp34 was identified to

be the phosphorylated T159 residue [56]. Recently,

Manne et al. described that proapoptotic proteins

PUMA and BAX are both degraded by FBXL20-

induced K48-linked polyubiquitination, and this pro-

cess is licensed by Akt-mediated phosphorylation of

substrates [58]. Notably, the degradation rate of 4-1BB

was only partially rescued by MG-132, whereas the

4KR mutant remained at high intracellular abundance

after CHX treatment for 12 h. According to our pre-

liminary observation, the lysosomal–autophagy path-

way is also involved in the control of 4-1BB

abundance (data not shown), suggesting additional

mechanisms by which the ubiquitination signal on

the ICD is utilized to guide 4-1BB degradation.

In conclusion, we revealed that 4-1BB is a ubiquiti-

nated protein that undergoes UPS-mediated rapid deg-

radation. Proteomics analysis identified FBXL20

serves as one of the E3 ligases to ubiquitinate and

destabilize 4-1BB. Data mining results also indicated

that FBXL20 is negatively correlated with the clinical

benefits gained from checkpoint inhibitors, supporting

the potential of FBXL20 to act as a key predictor of

immunotherapy for cancer. Our research also provided

a practical paradigm to interrogate the molecular

nature of other TNFRSF family proteins.

Materials and methods

Cell culture

HEK293FT, Jurkat, H1975, and B16F10 cells were

obtained from American Type Culture Collection
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(Manassas, VA, USA). HEK293T cells were purchased

from Takara (San Jose, CA, USA). HDLM-2 cells were

purchased from Creative Bioarray (Shirley, NY, USA).

Jurkat cells were cultured in RPMI-1640 medium (Cytiva,

Marlborough, MA, USA) containing 10% FBS (Corning,

Oneonta, NY, USA), 2 mM L-glutamine, 10 mM HEPES,

1 mM sodium pyruvate, and 1% penicillin/streptomycin

(Pen/Strep; Gibco, Waltham, MA, USA). HDLM-2 cells

were cultured in RPMI medium with 20% FBS and anti-

biotics. All other cell lines were maintained in Dulbecco’s

Modified Eagle Medium (Gibco) with 10% FBS and pen/

strep. All cells were kept in humified incubators with 5%

CO2 at 37 °C.

Plasmid transfection and RNA interference

The cDNA of human (Sino Biological, Wayne, PA,

USA) and mouse (Genescript, Piscataway, NJ, USA) 4-

1BB were cloned into the pcDNA3 vector for transient

transfection. For lentivirus-mediated protein expression,

human 4-1BB was cloned into pCDH-CMV-puro (Sys-

tem Biosciences, Palo Alto, CA, USA) and pHR-SFFV

(Addgene, Watertown, MA, USA, #79121) vector for

stable expression. The cDNA of human FBXL20

(DNASU, Tempe, AZ, USA, #HsCD00942792) was

cloned to the pcDNA3 vector. Point mutations were

accomplished by using the Q5 Site-Directed Mutagene-

sis Kit (New England BioLabs, Ipswich, MA, USA).

The construction of other plasmids was described in

the corresponding sections in detail. All DNA con-

structs were confirmed by Sanger sequencing before

use. Knockdown of FBXL20 was achieved by siRNA

transfection. The siRNA targeting human FBXL20 was

purchased from Integrated DNA Technologies (Coral-

ville, IA, USA). Transfections of DNA and siRNA

were performed using X-TremeGene HP (Roche, India-

napolis, IN, USA) and Lipofectamine RNAiMAX

transfection reagent (Invitrogen, Waltham, MA, USA),

respectively, according to the manufacturer’s guidance.

Stable cell line generation by lentivirus

Lentiviral plasmids of target genes were cotransfected

with pMD2.G (Addgene #12259) and psPAX2 (Addgene

#12260) to HEK293T cells at a 4 : 2 : 3 ratio. Forty-

eight hours after transfection, the supernatant was col-

lected and utilized for transduction of target cells. For

transduction of Jurkat cells, lentivirus was incubated with

cells overnight, and protein expression was confirmed on

day 3 by flow cytometry or Western blotting. To trans-

duce adherent cell lines, the lentivirus-containing superna-

tant was added to cell culture in the presence of

8 lg�mL�1 polybrene (Santa Cruz Biotechnology, Dallas,

TX, USA) overnight. Stable cell lines were acquired by

puromycin selection.

Immunoblotting, immunoprecipitation, and

in vivo ubiquitination assay

For immunoblotting, cells were lysed in RIPA lysis buffer

(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.1%

SDS, 1 mM EDTA, 0.5% sodium deoxycholate, 1 lg�mL�1

pepstatin, 2 lg�mL�1 aprotinin, 2 lg�mL�1 leupeptin and

1 mM PMSF), centrifugated at 20 000 g for 15 min, and

boiled in laemmli buffer containing 5% 2-mercaptoethanol

(2-ME) for 10 min at 95 °C. The concentration of samples

was determined by BCA assay (Pierce, Waltham, MA,

USA). Samples were separated on SDS/PAGE gels and

transferred onto PVDF membranes (Millipore, St. Louis,

MO, USA) followed by blocking in 5% skim milk. Mem-

branes were sequentially incubated with primary antibodies

at 4 °C overnight and secondary antibodies (LI-COR Biosci-

ences, Lincoln, NE, USA) at room temperature for 1 h.

Image acquisition was performed on Odyssey CLx imager

(LI-COR Biosciences). Band intensity quantification was

completed on Image Studio software. For immunoprecipita-

tion, cells were lysed in ice-cold NETN lysis buffer (50 mM

Tris-HCl, pH 7.5, 150 mM, 0.5% NP-40, 1 mM EDTA,

1 lg�mL�1 pepstatin, 2 lg�mL�1 aprotinin, 2 lg�mL�1 leu-

peptin and 1 mM PMSF) on a shaker for 30 min. Lysates

were clarified by centrifugation (20 000 g, 15 min, 4 °C) and
incubated with antibody-conjugated agarose beads overnight

followed by four times washing. Bead-bound proteins were

eluted by boiling in sample buffer containing 2-ME for

10 min at 95 °C. Samples were analyzed by immunoblotting.

To detect protein ubiquitination, cells were incubated with

20 lM MG-132 (Selleck, Houston, TX, USA) for 4 h and

lysed in NETN buffer. Clarified cell lysates were supplemen-

ted with 1% SDS and incubated at 95 °C for 10 min to dis-

sociate the non-specifically bound proteins. Afterward, nine

volumes of SDS-free NETN buffer were added to the lysate

afterward to dilute SDS concentration to 0.1% for immuno-

precipitation overnight. The following steps for sample anal-

ysis were performed the same as immunoprecipitation above.

The following primary antibodies and beads were used for

detection: anti-Flag agarose (Sigma Aldrich, St. Louis, MO,

USA, #A2220), Flag-tag (Sigma Aldrich #F1804, 1 : 1000,

mouse), DYKDDDDK-tag (Cell signaling technology, Dan-

vers, MA, USA, #2368, 1 : 2000, rabbit, same as Flag-tag),

b-actin (Santa Cruz #sc-47778, 1 : 1500, mouse), GAPDH

(Cell signaling technology #5174, 1 : 2500, rabbit), HA-tag

(Cell signaling technology #3724. 1 : 2500, rabbit), Myc-tag

(Cell signaling technology #2278, 1 : 1000, rabbit), and 4-

1BB (Cell signaling technology #34594, 1 : 2500, rabbit).

RNA isolation and qRT-PCR

Total RNA was extracted from cells by using TRIzol

reagent (Invitrogen). 1 lg total cellular RNA was used for

cDNA synthesis with the iScript cDNA Synthesis Kit (Bio-

Rad, Hercules, CA, USA) according to the guidance by the
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manufacturer. Real-time PCR was performed using SsoAd-

vanced Universal SYBR Green Supermix (Bio-Rad) on a

CFX96 real-time PCR system (Bio-Rad). The relative gene

expression was normalized to b-actin and calculated by

the DDCq method. The following primers were used for

qRT-PCR amplification:

Human b-actin forward: 50- AGAGCTACGAGCTGCC

TGAC -30

Human b-actin reverse: 50- AGGAAGGAAGGCTGGAA

GAG -30

Human 4-1BB forward: 50- CGCTCCGTTTCTCTGTTG

TTA -30

Human 4-1BB reverse: 50- GCTACAGCCATCTTCCTC

TTG -30

Human FBXL20 forward: 50- TAGCCAGGTGAAGCA

TTGAG -30

Human FBXL20 reverse: 50- AGAGGGTGCTTCTTC

TTGGA -30

NF-jB reporter assay

The NF-kB reporter cell line was generated by transducing

HEK293T cells with pGreenfire-NF-kB-puro lentivirus

(System Biosciences). Cells were transfected with 4-1BB

plasmids and harvested in passive lysis buffer (Promega,

Madison, WI, USA) 48 h after transfection. The reporter

activity was measured using Bio-Glo luciferase substrate

(Promega) on a Synergy LX plate reader (BioTek, Winoo-

ski, VT, USA) and normalized to protein concentration.

Mass spectrometry

For detection of ubiquitination signal, 4-1BB with a C-terminus

Flag tag was isolated using anti-Flag M2 affinity gel (Sigma

Aldrich #A2220) from HEK293T/4-1BB cells. To increase the

abundance of ubiquitinated protein, cells were pre-treated with

20 lM MG-132 for 4 h before protein extraction. Bound pro-

teins were eluted by 39 Flag peptide (Sigma Aldridge), resolved

by SDS/PAGE gel and visualized by Coomassie blue staining.

The gels were minced and rinsed with 50% acetonitrile/20 mM

ammonium bicarbonate (pH 7.5) twice. The gel pieces were

dehydrated with acetonitrile and dried out on SpeedVac. Protein

was on-gel digested by 0.01 mg�mL�1 trypsin in 20 mM

NH4HCO3. The tryptic peptides were extracted from gel pieces

with 50% acetonitrile/0.1% formic acid twice and dried. The

mass spectrometry analyses were performed on a LTQOrbitrap

Elite Mass Spectrometer coupled with a Proxeon Easy NanoLC

system (Thermo Scientific, Waltham, MA, USA). The data-

dependent acquisition (DDA) method was used to acquire MS

data. A surveyMS scanwas acquired first, and then the top eight

ions in the MS scan were selected for following CID MS/MS

analysis. BothMS andMS/MS scans were acquired by Orbitrap

at the resolutions of 120 000 and 15 000, respectively. Data were

acquired using Xcalibur software (version 2.2; Thermo Fisher

Scientific). Protein identification and modification characteriza-

tion were performed using Thermo Proteome Discoverer (ver-

sion 1.4) with the Mascot (Matrix Science) and Uniprot human

protein databases (protein count: 78 120, Proteome ID:

UP000005640). The spectra of possible modified peptides were

further inspected to verify the accuracy of the assignments.

To employ BioID assay, we first established HEK293FT

cell lines stably expressing the BioID constructs. HA-tagged

BioID2 was subcloned from MCS-BioID2-HA (Addgene

#74224) to the pGIPZ vector to get control plasmids

(pGIPZ_BioID2-HA). The pGIPZ_h4-1BB-BioID2-HA

construct was acquired by inserting human 4-1BB cDNA

upstream of BioID2 with a GGGGS linker. Lentivirus trans-

duction and puromycin selection were described previously.

Cells were pre-treated with 50 lM D-biotin (Alfa Aesar,

Tewksbury, MA, USA) for 24 h to biotinylate the proximal

proteome of 4-1BB. After three washes with ice-cold PBS

buffer, cells were pelleted and stored at �80 °C for protein

enrichment later. Three biological replicated sets of samples

were prepared independently. The isolation of biotinylated

protein was conducted as described [36]. In short, biotiny-

lated protein was precipitated by high-capacity streptavidin

agarose (Pierce). 5% of agarose was used for validating the

protein biotinylation, and the rest of the protein-bound

beads were suspended in 50 mM NH4HCO3 and stored at

�80 °C before LC/MS-MS analysis. Three biological repli-

cates of samples were prepared independently. The raw data

were processed by MaxQuant (v2.0.3.0) and searched against

the UniProt human protein database. The false discovery

rate was set to 0.01. Fold change along with P values of all

identified proteins were analyzed and visualized using the

LFQ-Analyst platform (https://bioinformatics.erc.monash.

edu/apps/LFQ-Analyst/) [59]. The proteomic analysis was

performed on the Thermo Orbitrap Elite LC/MS system

(funded by NIH S10RR028859) at the Proteomics and Mass

Spectrometry Facility at University of Georgia.

Flow cytometry

The membrane level of 4-BB was evaluated by flow cytometry.

Lentivirus-transduced Jurkat cells were washed twice with

washing buffer (0.5% BSA in PBS) and incubated with APC-

conjugated human 4-1BB antibody (BD #561702) for 30 min

at 4 °C. Antibody-stained cells were loaded on Attune NxT

Flow Cytometer (Invitrogen) for analysis. EGFP+ population

of cells was gated to determine the membrane level of 4-1BB.

To acquire convincing quantitative result, lentivirus-

transduced cells must have a comparable overall EGFP signal

to be used for MFI measurement. The data were visualized

and analyzed on Attune NXT software (Invitrogen).

Membrane protein labeling

To label membrane-bound proteins, cells were washed twice

with ice-cold PBS. Cells were incubated with 1 mg�mL�1
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sulfo-NHS-SS-biotin (APExBIO, Houston, TX, USA) for

30 min at 4 °C. The biotinylation reaction was quenched

by 100 mM glycine in PBS, and total protein was extracted

in RIPA buffer. The biotinylated protein was isolated with

high-capacity streptavidin agarose (Pierce) overnight at

4 °C and eluted by sample buffer with 2-ME. All samples

were analyzed by immunoblotting.

PNGase F assay

The N-linked glycosylation of 4-1BB is analyzed by glycosi-

dase treatment. 4-1BB-expressing cells were lysed in NETN

buffer and subjected to Rapid PNGase F (New England

BioLabs) following the protocol provided by the manufac-

turer. The enzymatic digestion results were analyzed by

immunoblotting as described above.

Statistical analysis

Quantification was performed using GRAPHPAD PRISM 9

(GraphPad Software, San Diego, CA, USA) or Microsoft

Excel (Microsoft, Redmond, WA, USA). Two-tailed stu-

dent’s t-test was used to calculate the significance between

the two groups. A P value < 0.05 was considered statisti-

cally significant. All quantitative experimental results were

presented as mean � SD. calculated from at least three

replicates. The infiltration level of immune cells was

assessed by TIMER or CIBERSORT and visualized on

TIMER2.0 (http://timer.cistrome.org/). The impact of genes

on overall survival was analyzed based on TCGA dataset

on cBioPortal (https://www.cbioportal.org/). TIDE (http://

tide.dfci.harvard.edu/) was exploited for evaluating the cor-

relation between genes and immunotherapy outcome.
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