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Significance

Cancer cells utilize the expression 
of PD-L1 to evade CD8+ T 
cell-mediated immune 
surveillance. A better 
understanding of the molecular 
regulation of PD-L1 expression 
may contribute to the success of 
anti-PD-L1/PD-L1 therapies in 
patients with low response and 
resistance to immune checkpoint 
blockade (ICB) therapy. Here, we 
reported that PD-L1 is a unique 
target for UFMylation. Decreased 
expression of UFL1 reduces the 
UFMylation of PD-L1, which 
stabilizes PD-L1 and imparts 
immune evasion. A covalent 
inhibitor of UFSP2 could promote 
the UFMylation of PD-L1 and 
destabilizes PD-L1, leading a 
tumor-suppressive effect in 
tumor mouse model. We 
provided a unique connection 
between PD-L1 and protein 
modification by Ubiquitin-fold 
modifier 1 (UFM1) (UFMylation).

Author contributions: J.Z. and Y.Z. designed research; 
J.Z., X.M., B.C., Z.J., L.L., and Y.Z. performed research; J.Z., 
X.H., J.Y., Z.W., Q.X., Y.C., and Y.Z. analyzed data; and J.Z. 
and Y.Z. wrote the paper.

Competing interest statement: The authors have patent 
filings to disclose, J.Z. and Y.Z. were listed as inventors 
on a patent owned by the Hangzhou Normal University 
related to this work.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.  
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1J.Z. and X.M. contributed equally to this work.
2To whom correspondence may be addressed. Email: 
zhoujunzhi2013@163.com or zouyk@szbl.ac.cn.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2215732120/-/DCSupplemental.

Published March 9, 2023.

CELL BIOLOGY

Dysregulation of PD-L1 by UFMylation imparts tumor immune 
evasion and identified as a potential therapeutic target
Junzhi Zhoua,1,2 , Xiaohe Maa,1, Xingrui Heb, Beiying Chena, Jiao Yuanc, Zhemin Jind, Lijing Lid, Zhiguo Wanga , Qian Xiaoe, Yafei Caif , 
and Yongkang Zoug,2

Edited by Aaron Ciechanover, Technion Israel Institute of Technology The Ruth and Bruce Rappaport Faculty of Medicine, Haifa, Israel; 
received September 14, 2022; accepted January 18, 2023

Immunotherapy of PD-L1/PD-1 blockage elicited impressive clinical benefits for cancer 
treatment. However, the relative low response and therapy resistance highlight the need 
to better understand the molecular regulation of PD-L1 in tumors. Here, we report 
that PD-L1 is a target of UFMylation. UFMylation of PD-L1 destabilizes PD-L1 by 
synergizing its ubiquitination. Inhibition of PD-L1 UFMylation via silencing of UFL1 
or Ubiquitin-fold modifier 1 (UFM1), or the defective UFMylation of PD-L1, stabilizes 
the PD-L1 in multiple human and murine cancer cells, and undermines antitumor 
immunity in vitro and mice, respectively. Clinically, UFL1 expression was decreased in 
multiple cancers and lower expression of UFL1 negatively correlated with the response 
of anti-PD1 therapy in melanoma patients. Moreover, we identified a covalent inhibitor 
of UFSP2 that promoted the UFMylation activity and contributed to the combination 
therapy with PD-1 blockade. Our findings identified a previously unrecognized regulator 
of PD-L1 and highlighted UFMylation as a potential therapeutic target.

post-translational modification | UFMylation | PD-L1 | immune checkpoint | tumor immunity

The ubiquitin and ubiquitin-like protein systems control many cellular functions and the 
dysregulation of those modifications was associated with the development of human 
cancers (1). The increasing recognition of the fundamental importance of these pathways 
in physiology and pathology has promoted the application of small molecules to selectively 
block the functions of these pathways in tumors (2). Ubiquitin-fold modifier 1 (UFM1) 
is a ubiquitin-like modification with low percentage of sequence homology compared 
with other ubiquitin and ubiquitin-like molecules (3). Unlike ubiquitination which 
encompasses several E1s, dozens of E2s (>50), and hundreds of E3s (>600), the UFM1 
modification (UFMylation) is catalyzed by the dynamic enzymatic reaction with unique 
E1 (UBA5), E2 (UFC1), and E3 (UFL1) and finally, UFM1 is covalently added to the 
Lys residues of targets (3). The proteases UFM1-specific cysteine proteases 1 (UFSP1) 
and 2 (UFSP2) execute the maturation of the UFM1 precursor and UFSP2 has long been 
considered the only functional UFSP in humans (4, 5). Recently, it has been reported 
that human UFSP1 is also an active UFM1-specific protease that regulates UFM1 mat-
uration and UFMylation activity (6, 7). The satellite components DDRGK1 and 
CDK5RAP3 were considered key regulators of the UFMylation system (8–10). It has 
been identified that gene variants of the UFMylation components contributed to the 
neurodevelopmental diseases and demonstrated the potential involvement of UFMylation 
components in other human disease models, such as microcephaly, atherosclerosis, stea-
tohepatitis, ischemic heart injury, and type two diabetes (11–15). A growing number of 
studies have revealed that UFMylation plays a critical role in genomic instability (16–19), 
protein synthesis, endoplasmic reticulum (ER) homeostasis, and other diverse cellular 
processes (5, 8, 10, 20–29). Recently, it has been shown that UFMylation components 
play roles in regulating responses to IFN-γ–activated macrophages and plasma cell devel-
opment, suggesting that UFMylation components may protect cells from external path-
ogen in a manner of innate or adaptive immune responses (24, 30). So far, only a few 
substrates of UFMylation have been described. The substrates of the UFMylation and its 
underlying biological significance, especially in tumorigenesis and tumor microenviron-
ment, have remained poorly understood.

The programmed cell death protein 1 pathway (PD-1/PD-L1) is the most intensively 
studied negative regulatory checkpoint pathway which inhibits proliferation and activation 
of CD8+ T cells and imparts tumor cells to evade immune surveillance (31–33). It has 
been reported that antibodies against PD-L1/PD-1 have elicited a durable response in a 
subset of patients with a broad spectrum of cancers (melanoma, non-small cell lung cancer, 
head-and-neck cancer, urothelial carcinoma, high microsatellite instability colorectal car-
cinoma, Hodgkin’s lymphoma, etc.) (32, 34–38), and the high-level expression of PD-L1 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhoujunzhi2013@163.com
mailto:zouyk@szbl.ac.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215732120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215732120/-/DCSupplemental
mailto:
https://orcid.org/0000-0002-0579-0916
https://orcid.org/0000-0001-8732-4451
https://orcid.org/0000-0002-4123-0836
mailto:
https://orcid.org/0000-0002-0707-7380
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2215732120&domain=pdf&date_stamp=2023-3-9


2 of 12   https://doi.org/10.1073/pnas.2215732120� pnas.org

in tumors has been considered as a biomarker of response for 
anti-PD1/PD-L1 therapies (39). Thus, revealing the underlying 
mechanisms of how PD-L1 is regulated in tumor cells may con-
tribute to immune checkpoint blockade (ICB) therapy. PD-L1 
expression is critically controlled at both the transcriptional and 
posttranslational levels in normal tissues under intrinsic and 
extrinsic stresses to prevent tissue inflammation and contribute 
to homeostasis maintenance (40–42). However, cancer cells utilize 
the aberrant expression of PD-L1 to evade immune surveillance 
(43). Recent studies revealed the mechanisms that posttransla-
tional modifications, such as ubiquitination (44), glycosylation 
(45), phosphorylation (46), acetylation (47), and palmitoylation 
(48, 49), regulate the stability of PD-L1 and eventually affect the 
cancer immune surveillance. Inhibitors of CSN5 and HDAC2, 
identified as the posttranslational modification regulators of 
PD-L1, can reduce PD-L1 stability and nuclear localization, 
respectively, providing an effective approach for combinational 
therapy with the help of immune checkpoint therapy (41, 44, 
47). PD-L1 is both a membrane and exosome protein, which was 
synthesized and glycosylated on ER (45, 50–52). Except for gly-
cosylation, the mechanism of how PD-L1 is being modified at 
posttranslational level within ER remains incompletely known 
(42, 45, 53). Emerging evidence revealed that the ER-resident 
UFMylation plays an essential role in ER homeostasis (8, 24, 25, 
54). We recently reported that UFMylation family genes have 
high frequencies of somatic copy number alterations and the copy 
number loss of UFL1 in a multiple cancer types (18), which means 
dysregulation of UFMylation may lead to a wide range of effects 
on ER. Therefore, we are curious whether dysregulation of 
UFMylation affects the biological functions of PD-L1.

Here, we report that PD-L1 is a unique target of UFMylation. 
Reduced expression of UFL1 decreases the UFMylation of PD-L1 
and maintains the PD-L1 stability by antagonizing its ubiquiti-
nation, which interdicts CD8+ T cell-mediated antitumor immu-
nity. Thus, our findings identified that UFMylation is a 
posttranslational modification of PD-L1 and highlighted 
UFMylation as a potential therapeutic target in tumors.

Results

High Expression of UFL1 Was Associated with Immune-Active 
Tumor Microenvironment and Reduced Expression of UFL1 
Involved in PD-L1/PD-1 Pathway. To obtain an overview of the 
potential connections between the UFMylation activity and tumor 
immunogenicity, we grouped the high (top 50th percentile) and 
low (bottom 50th percentile) UFL1 expressions (FPKM) across 
33 cancer types from The Cancer Genome Atlas (TCGA) and 
calculated the corresponding enrichment scores of infiltrated 
immune cells for each group (55). We observed that higher 
expression of UFL1 (or UFM1) was closely associated with 
immune-active (CD8+ T cells, CD4+ T helper cells, T-effect cells, 
and T-central memory cells) tumor microenvironment (Fig. 1A, 
SI Appendix, Fig. S1A, and Datasets S1 and S2). Heat map further 
showed the correlation between the significant abundance of 
tumor-infiltrated immune cells and UFL1 (or UFM1) expression 
(Fig. 1B, SI Appendix, Fig. S1B, and Datasets S1 and S2). Gene 
ontology (GO) analysis showed that the knockdown of UFL1 
(or UFM1) expression was positively correlated with genes in 
immunology pathways (Fig.  1C and SI  Appendix, Fig.  S1C). 
Notably, the knockout of UFL1 positively correlated with the 
PD-L1 expression and PD-1 checkpoint pathway (Fig. 1C). We 
further found that high-level expression of UFL1 and DDRGK1 
protein was positively correlated with the responders of melanoma 
patients with anti-PD1 therapy from a public database (56)  

(Fig. 1 D and E and Dataset S3). These data together suggest that 
UFL1 expression was closely correlated with immune-active tumor 
microenvironment and response of PD-1 therapy, providing a 
connection between UFMylation and tumor microenvironment.

Identification of PD-L1 as a Target for UFMylation. A growing 
number of evidence showed that UFMylation, similar to ubiquitin 
and ubiquitin-like protein modifications, contributes to functional 
regulation of substrates and thus regulates a range of biological 
processes (2, 5). To investigate whether PD-L1 is a target of the 
UFMylation modification, we first analyzed the physical interaction 
between UFL1 and PD-L1 and identified the binding proteins 
of UFL1 within PD-L1 highly expressed human cell line MDA-
MB-231 through mass spectrometry analysis. Notably, PD-L1 was 
found as a partner of UFL1 with nine and seven unique peptides 
from mass spectrometry analysis of endogenous and exogenous 
UFL1-binding partners, respectively (Fig. 2A, SI Appendix, Fig. S2 
A and B, and Datasets S4 and S5). Reciprocal immunoprecipitation 
analysis further confirmed that UFL1 and PD-L1 were capable of 
binding with each other (Fig. 2 B and C). Moreover, we found 
that PD-L1 can interact with other UFMylation components 
DDRGK1 and UFSP2, further suggesting that PD-L1 may have 
potential biological interactions with the UFMylation complex 
(Fig. 2B). Importantly, GST-pull-down assay showed that UFL1 
directly binds with PD-L1 in vitro (Fig. 2D), further suggesting 
that PD-L1 could be a bona fide partner of UFL1. Given that 
UFMylation is a ubiquitin-like posttranslational modification, 
we are curious whether PD-L1 is a substrate of UFMylation. We 
first transiently coexpressed FLAG-tagged PD-L1 with HA-tagged 
UFMylation components UBA5, UFC1, UFL1, DDRGK1, and 
UFM1 in HEK293T cells as described previously (57), and the 
results showed that exogenous PD-L1 can be covalently conjugated 
by both the wild-type (UFM1WT) and active UFM1 (UFM1ΔC2), 
but not the defective UFM1 (UFM1ΔC3) (Fig. 2E). Concordantly, 
we further found that endogenous PD-L1 in MDA-MB-231 cells 
can be UFMylated by UFM1 (SI Appendix, Fig. S2C). Likewise, we 
further observed that endogenous PD-L1 was identified from the 
His-UFM1 affinity captures in MDA-MB-231 cell (Dataset S6).

To identify which lysine residues (K) were involved in the covalent 
modification by UFM1 on PD-L1, we constructed a total of 19 
individual mutants (lysine to arginine) and Lys less mutant 
(PD-L1MT). We found that K75R, K89R, K105R, K162R, K280R, 
and K281R mutants significantly decreased the UFMylation of 
PD-L1. Notably, K89R and K162R represented the least modifica-
tion of UFMylation of PD-L1 (SI Appendix, Fig. S2D). Those data 
indicate that the UFMylation sites of PD-L1 reside in these Lys res-
idues. Importantly, we further detected that K89 and K162 could be 
covalently modified by UFM1 through mass spectrometry analysis 
(Fig. 2 F and G, SI Appendix, Fig. S2 F and G, and Dataset S7). To 
further explore which Lys residues were maximally required for the 
UFMylation of PD-L1, we constructed Lys to Arg mutations in var-
ious combinations, including PD-L12KR (K89R+K162R), PD-L13KR 
(K89R+K162R+K75R), PD-L14KR (K89R+K162R +K75R+K105R), 
PD-L15KR (K89R+K162R+K75R+K105R+K280R), and PD-L16KR 
(K89R+K162R+K75R+K105R+K280R+K281R) and found that 
PD-L16KR was the minimum UFMylated by UFM1 system (Fig. 2H), 
similar to the negative control of PD-L1MT, suggesting that all the 
six Lys residues are required for UFMylation of PD-L1. However, 
this does not rule out the possibility that other Lys residues may be 
modified under certain physiological or pathological conditions in 
response to intrinsic and extrinsic stresses.

Similar to ubiquitin, the C-terminal conserved glycine residue 
was not only essential for UFM1-mediated conjugation on targets, 
but also crucial for forming a di-UFM1 or poly-UFM1 chains 

http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2215732120#supplementary-materials


PNAS  2023  Vol. 120  No. 11  e2215732120� https://doi.org/10.1073/pnas.2215732120   3 of 12

(5). To identify the Lys residues that are involved in the formation 
of di-UFM1 chains on PD-L1, all the six Lys residues on UFM1, 
except one of them, were substituted with Arg, and Lys less mutant 
(UFM1MT) was used as a negative control. We found that K69 is 
a key Lys residue responsible for the di-UFMylation of PD-L1, 
which is similar to the patterns of UFMylated PD-L1 by UFM1WT 
and active UFM1ΔC2. By contrast, K3, K7, K19, K34, and K41, 
similar to the Lys less (MT) mutant, showed very weak modifica-
tion of UFMylation (SI Appendix, Fig. S2E).

UFSP2 is the primary “de-UFMylation” enzyme in human cells 
(4, 5, 18). Therefore, we investigated whether UFSP2 is respon-
sible for removing UFM1 from the UFMylated PD-L1 by cotran-
siently overexpressing HA-UFSP2 and UFMylation components 
in HEK293T cells. We observed that UFSP2 could significantly 
diminish the conjugation of UFM1 on PD-L1 (SI Appendix, 
Fig. S2H). Considering that PD-L1 could interact with UFSP2 
(Fig. 2B), those data suggest that UFSP2 acts as a de-UFMylation 
enzyme for PD-L1 through direct physical interaction.

Fig. 1. High expression of UFL1 was associated with immune-active tumor microenvironment and reduced expression of UFL1 involved in PD-L1/PD-1 pathway. 
Scatter plot (A) and heat map (B) show differences in signatures of immune cells in UFL1high and UFL1low tumors, respectively, across TCGA using ssGSEA  
(n = 5,000 tumors for each group, pdaj < 0.05). Highly represented immune cells in high-expression tumors are shown on the Right, while those in low-expression 
tumors are shown on the Left. ssGSEA, single-sample gene set enrichment analysis. FC, fold change. pdaj, the adjusted P values. Tem: effector memory T cells, 
Tcm: central memory T cells, Treg: regulatory T cells, MDSC: myeloid-derived suppressor cells, TFH: follicular helper T cells, DC: dendritic cells, NK cells: natural 
killer cells, Tgd: gamma delta T cells, pDC: plasmacytoid DCs, Th1: T helper 1 cells; Th2: T helper 2 cells; Th17: T helper 17 cells. (C) GO analysis of up-regulated 
genes in immune [log2 (FC-KD/Ctrl)>1] and false discovery rate (FDR < 0.25) in sgUFL1 compared with control MDA-MB-231. The protein levels of UFL1 (D) and 
DDRGK1 (E) in tumors from melanoma patients with response (n = 40) and nonresponse (n = 25) of anti-PD1 therapy. Statistical analysis was performed using 
an unpaired two-sided Student’s t test.
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Fig. 2. Identification of PD-L1 as a target for UFMylation. (A) Mass spectrometry analysis identified PD-L1 as a partner of UFL1. UFL1 was immunoprecipitated 
from cell lysates of MDA-MB-231 cells expressing HA-UFL1, with HA-vector as a control. The immunoprecipitates were subjected to mass spectrometry analysis. 
Table. 1 shows some of the UFL1 binding partners which have more than five unique peptides identified from our mass spectrometry. Cell lysates were prepared 
from MDA-MB-231 and subjected to immunoprecipitation with anti-FLAG (B) or anti-HA (C) antibody followed by western blot analysis of the mutual interactions 
between UFL1, PD-L1, DDRGK1, and UFSP2. DDRGK1 and CSN5 were chosen as positive controls for UFL1 and PD-L1 binding, respectively. (D) Recombinant human 
His-tagged PD-L1 protein was incubated with GST or GST-UFL1 followed by GST pull-down assay with glutathione-Sepharose and immunoblot with indicated 
antibodies. (E) Assay for detecting the UFMylation of exogenous PD-L1. HEK293T cells were transfected with UFMylation components and FLAG-PD-L1 followed 
by immunoprecipitation with anti-FLAG antibody and immunoblot with anti-UFM1 antibody. UFM1ΔC2 and UFM1ΔC3 were chosen as active and defective UFM1, 
respectively. (F and G) Identification of lysine residues of PD-L1 modified by UFM1 through mass spectrometry. FLAG was immunoprecipitated from cell lysates 
of HEK293T cells expressing UFMylation components and FLAG-PD-L1, followed by mass spectrometry analysis. (H) UFMylation assays of wild-type PD-L1 and 
its mutants (K to R) in HEK293T cells expressing UFMylation components. *stands for the bands of the UFMylated PD-L1.
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Moreover, to find out which lysine residues were undertaken 
in the covalent modification on murine PD-L1 by UFM1 mod-
ification system, we constructed a total of thirteen individual 
mutants (lysine to arginine) and Lys less mutant (mPD-L1MT) of 
mPD-L1. We observed that K75R, K89R, K105R, K271R, and 
K280R significantly decreased the UFMylation of mPD-L1 
(SI Appendix, Fig. S3A). Meanwhile, K94R slightly reduced the 
UFMylation of mPD-L1. Therefore, we finally selected and gen-
erated a defective UFMylation of mPD-L15KR (including K75R, 
K89R, K105R, K271R, and K280R). UFMylation assay further 
showed that mPD-L15KR significantly decreased the covalent bind-
ing of UFM1 (SI Appendix, Fig. S3B) compared with the mPD-
L1WT, suggesting that UFMylation sites on mPD-L1 mainly 
within  the five Lys residues of K75, K89, K105, K271, and K280. 
Furthermore, we aligned the homology of lysine residues of PD-L1 
of human and murine and observed that five Lysine residues are 
consistent with PD-L16KR and mPD-L15KR, further suggesting 
that those Lysine residues are crucial for modification of PD-L1 
by UFM1 (SI Appendix, Fig. S3C). Importantly, mass spectrom-
etry analysis further supported that endogenous mPD-L1 can be 
modified by endogenous UFM1 (SI Appendix, Fig. S3 D–F).

UFMylation of PD-L1 Promotes Its Proteasome-Mediated 
Degradation of PD-L1. To investigate the biological functional 
regulation of PD-L1 by UFMylation in cells, we depleted UFL1 or 
UFM1 in human cancer cell lines of MDA-MB-231, WM989, and 
HLF by two specific sgRNAs for UFL1 and UFM1 and found that 
knockout UFL1 or UFM1 significantly promoted accumulation 
of PD-L1 protein (Fig. 3A and SI Appendix, Fig. S4A). Besides, 
we observed that the knockdown of Ufl1 or Ufm1 in murine 
cancer cell lines MC38, B16F10, and Hepa1-6 by specific small 
interfering RNAs (siRNAs) significantly increased the total 
mPD-L1 proteins (SI Appendix, Fig. S4 B and C). Furthermore, 
exogenous expression of human UFL1-sgRNA–resistant UFL1 
cDNA in CRISPR–Cas9-mediated UFL1 knockout cells restored 
the total level of PD-L1 protein in MDA-MB-231 (Fig.  3B), 
suggesting that UFL1 functions as a real regulator of PD-L1.

To further investigate whether UFL1 regulates the stability of 
PD-L1 in vivo, we generated the liver conditional knockout mice 
(Ufl1fl/flAlbCre) and found that the total mPD-L1 protein level was 
up-regulated in Ufl1-deprived liver tissue (Fig. 3 C and D). 
Meanwhile, we further observed that Ufl1fl/flAlbCre mice induced a 
remarkably liver cancer gene signature (SI Appendix, Fig. S4G), which 
further suggests that Ufl1 deprivation contributed to pathological 
conditions including cancer. It is worth mentioning that global 
UFMylated proteins were down-regulated in both UFL1 knockout 
MDA-MB-231 cells (SI Appendix, Fig. S4D) and Ufl1fl/flAlbCre   
tissues (SI Appendix, Fig. S4 E and F), which suggested that 
UFL1 (or Ufl1) regulates the stability of PD-L1 were associated 
with the functional involvement of UFMylation activity. Flow 
cytometry analysis further confirmed that UFL1 knockout 
enhanced the cell surface location of PD-L1 in MDA-MB-231 
and WM989 cells (Fig. 3E). Notably, knockout UFL1 significantly 
increased the cell-surface PD-L1, but not the expression of 
PD-L1 mRNA in the presence of IFNγ, which further suggests 
that UFMylation regulated PD-L1 in a manner of posttranslational 
modification (Fig. 3F). Moreover, immunofluorescence results 
visually showed that the knockout of UFL1 enhanced the cell-sur-
face PD-L1 in MDA-MB-231 cells (Fig. 3 G and H). Together, 
our data suggest that dysUFMylation stabilizes the PD-L1 protein 
in both levels of cells and in vivo. We examined the PD-L1 stability 
in MDA-MB-231 and HLF cells treated with cycloheximide 
(CHX) and found that PD-L1 stability was significantly increased 
after depletion of UFL1 (Fig. 3 I and J and SI Appendix, Fig. S5 

A and B). Concordantly, we observed that human PD-L16KR and 
murine PD-L15KR were increased in endogenous PD-L1 knocked-
out human and murine cancer cell lines (termed MDA-MB-
231KO, HLFKO, Hepa1-6KO, and MC38KO) treated with CHX 
compared with the corresponding controls (Fig. 3 K and L and 
SI Appendix, Fig. S5 C–H). These data further supported that 
dysUFMylation of PD-L1 stabilizes PD-L1 protein. Given that 
ubiquitination, glycosylation, and lysosome-mediated degradation 
are crucial ways for regulating the stability of PD-L1 (44, 45, 
58–60), we are curious whether the mechanisms underlining the 
UFMylation regulating the stability of PD-L1 are related to those 
ways. We treated cells with the inhibitors of the proteasome 
(MG132) and lysosome (HCQ) and found that cells of MDA-
MB-231-sgUFL1, MDA-MB-231KO-PD-L16KR, and MC38KO-
mPD-L15KR were insensitive to MG132 treatment compared with 
their controls (Fig. 3 M and N and SI Appendix, Fig. S5I), which 
suggests that the dysregulation of UFMylation may antagonize the 
proteasome-mediated degradation of PD-L1. To further clarify 
the potential regulatory relationship between UFMylation and 
ubiquitination, we transiently coexpressed FLAG-tagged PD-L1WT 
(or FLAG-tagged PD-L16KR) with UFMylation components and 
His-tag Ub in HEK293T cells, then treated with MG132, and 
found that the increased activity of UFMylation promoted the 
ubiquitination of PD-L1WT compared with PD-L16KR, which 
further supported that dysUFMylation maintained the stability of 
PD-L1 by antagonizing its ubiquitination (Fig. 3O). Moreover, 
we also observed that there is no significant difference of total 
glycoprotein between UFL1 knocked-out and control cells 
(SI Appendix, Fig. S5 J and K), suggesting that dysUFMylation 
promoted the stability of PD-L1 which is independent of the 
modification of glycosylation. Together, these data suggest that 
dysregulation of UFMylation could diminish the ubiquitination 
of PD-L1, thereby stabilizing PD-L1 by counteracting its protea-
some-mediated degradation.

DysUFMylated PD-L1 Diminished CD8+ T Cell-Mediated Tumor 
Immunity. Cancer cells exploit the PD-L1/PD-1 pathway to evade 
CD8+ T cell-mediated immune surveillance (43, 61). To investigate 
whether dysUFMylation of PD-L1 affects the PD-1–binding and 
CD8+ T cell-mediated cytotoxicity, recombinant human PD-1 
Fc chimera protein was incubated with MDA-MB-231 sgUFL1 
and control cells. Flow cytometry and immunofluorescence 
assays showed that disruption of UFL1 significantly increased 
the binding of PD-1 to tumor cell surface (Fig.  4 A and B). 
Consistently, coculture assay showed that deletion of UFL1 
decreased the sensitivity of tumor cells to activated T cell killing 
(Fig.  4C). Giemsa staining further showed that disruption of 
UFL1 diminished the sensitivity of tumor cells from CD8+ T cell 
killing, and promoted the survival of cancer cells  with increased  
PD-L1 and decreased expression of caspase-3, respectlively 
(Fig. 4 D and E). Immunoblotting further revealed the decreased 
granzyme B (GZMB), phospho-Akt, and phospho-ERK in the 
activated human peripheral blood mononuclear cells cocultured 
with UFL1 knocked-out tumor cells (Fig.  4E). In contrast, 
we found that the deletion of UFL1 did not affect the growth 
of tumor cells when tumor cells cultured   alone (SI Appendix, 
Fig. S6A). These data suggested that UFL1 is involved in T cell-
mediated immune response in tumor microenvironment.

To further investigate the role of UFMylation on PD-L1 
in vivo, we first constructed endogenous mPD-L1 knocked-out 
MC38 cells by specific sgRNAs and substituted with sgRNA-re-
sistant cDNA of mPD-L1WT and mPD-L15KR cell lines (termed 
MC38KO-mPD-L1WT and MC38KO-mPD-L15KR, respectively). 
Similar to the previous results of PD-L16KR in human cancer cell 
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Fig. 3. UFMylation destabilized PD-L1 by promoting its proteasome-mediated degradation. (A) Western blot analysis of PD-L1 protein in MDA-MB-231 cells 
with UFL1 knockdown by specific sgRNAs. (B) Western blot analysis of PD-L1 expression in UFL1 knockout MDA-MB-231 cells in the absence or presence of UFL1 
cDNA. (C and D) Immunoblot analysis of mPD-L1 expression in liver tissues from Ufl1fl/fl and Ufl1fl/fl AlbCre mice (n = 6). Statistical analysis was performed using an 
unpaired two-sided Student’s t test. *P < 0.05. (E) Flow cytometry analysis of cell-surface PD-L1 in UFL1 knockout cells and control cells in the absence or presence 
of IFNγ treatment. (F) qPCR analysis of PD-L1 mRNA expression in UFL1-KO MDA-MB-231 and control cells treated with IFNγ for 48 hours. (G and H) Representative 
sections of immunofluorescent staining of PD-L1 in UFL1 knockout versus control MDA-MB-231 cells (G). Quantification of the intensity of the membrane PD-L1 
(H). (I) PD-L1 stability was determined by western blot in UFL1 knockout versus control MDA-MB-231 cells. Cells treated with 100 μg/mL cycloheximide (CHX) 
for the indicated times. (J) The quantification of the PD-L1 protein levels. Statistical analysis was performed using an unpaired two-sided Student’s t test. Three 
biological replicates (mean, SEM). (K and L) MDA-MB-231KO-PD-L1WT and MDA-MB-231KO-PD-L16KR were treated with 100 μg/mL cycloheximide (CHX) for the 
indicated times followed by immunoblot with anti-FLAG (K). The relative levels of PD-L1 protein were quantitated (L). Statistical analysis was performed using 
an unpaired two-sided Student’s t test. Three biological replicates (mean, SEM). (M) UFL1 KO cells were treated with MG132 (20 μM) or HCQ (100 μM) for the 
indicated times followed by western blot with anti-PD-L1. (N) MDA-MB-231KO-PD-L1WT and MDA-MB-231KO-PD-L16KR were treated with MG132 (20 μM) or HCQ 
(100 μM) for the indicated times followed by western blot with anti-PD-L1. (O) Ubiquitination of PD-L1WT and PD-L16KR was analyzed by western blot in HEK293T 
cells expressing His-Ub alone or His-Ub and UFMylation components together.
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Fig. 4. Dysregulation of UFMylation stabilizes PD-L1 to promote tumor growth by interdicting the infiltration of CD8+ T cells. (A) PD-1 binding was examined by 
flow cytometry in MDA-MB-231 cells with UFL1-specific or control sgRNAs. The Y axis shows the normalized mean fluorescence intensity. P values were calculated 
by two-sided Student’s t test. (B) Representative sections of immunofluorescent staining of PD-1 (fused to Ig-Fc) in MDA-MB-231 cells treated by UFL1-specific 
sgRNAs. Quantification of the intensity of the membrane-localized PD-1. (Scale bar indicates 20 μm.) P values were calculated by two-sided Student’s t test; 
(C) Schematic diagram for the experimental procedures of coculture assay. PBMC, peripheral blood mononuclear cells. T cell killing assay of MDA-MB-231 cells 
treated with sgRNAs for UFL1 sand control sgRNA. (D and E) Crystal violet staining of nonapoptosis MDA-MB-231 cells after cocultured with T cells for 24 h (D). 
Western blot analysis of GZMB, PRF1, MEK1/2, and p-AKT for T cells and Caspase-3 and UFL1 for MDA-MB-231 cells (E). (F) Tumor growth curves of MC38KO-
mPD-L1WT and MC38KO-mPD-L15KR cells in C57 BL/6J mice, respectively,  and tumors were measured at the indicated times (n = 7 mice per group). P values were 
calculated 26 d after injection by two-sided Student’s t test. (G) Representative pictures of tumors derived from MC38KO-mPD-L1WT and MC38KO-mPD-L15KR cells. 
(H) Quantification of the tumor weight is shown. (I) Western blot analysis of mPD-L1 expression in tumors derived from MC38KO-mPD-L1WT and MC38KO-mPD-
L15KR cells. (J and K) Representative sections of immunohistochemical staining of mPD-L1 in tumors derived from MC38KO-mPD-L1WT and MC38KO-mPD-L15KR 
cells (J). Quantification of the PD-L1 expression in tumors is shown (K). (L and M) Flow cytometry analysis of the activation markers (Pd-1, Cd69, and IFNγ) (L) and 
cytotoxicity markers (Gzmb, Prf1) (M) of CD8+ T cell population from the isolated tumor-infiltrating lymphocytes. The graphs show means ± SD and P values were 
calculated by two-sided Student’s t test; **P < 0.01. *P < 0.05.
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lines MDA-MB-231 and HLF, mPD-L15KR significantly enriched 
the mPD-L1 protein with no changes in cell growth, cell cycle, 
and DNA replication compared with controls (SI Appendix, 
Fig. S6 B and C). We further subcutaneously injected C57BL/6J 
mice with MC38KO-mPD-L1WT and MC38KO-mPD-L15KR. 
Consistent with the results from the coculture assay, mPD-L15KR 
significantly promoted the tumor growth with higher expression 
of mPD-L1 compared with mPD-L1WT (Fig. 4 F–I and 
SI Appendix, Fig. S6D). Immunohistochemistry analysis of tumor 
tissues revealed that mPD-L15KR promoted mPD-L1 protein accu-
mulation and membrane distribution (Fig. 4 J and K). Meanwhile, 
flow cytometry evaluated the CD8+ T cell response in tumor tissues 
and showed that mPD-L15KR not only inhibited the activation of 
CD8+ T cells by decreased expression of Pd1, Cd69, and IFNγ, but 
also interdicted T cell cytotoxicity by decreased expression of Gzmb 
and Prf1, compared with the mPD-L1WT tumors (Fig. 4 L and M). 
Because GZMB is largely produced by CD8+ T cells and  NK cells 
and induces tumor cell apoptosis (62), the above results suggested 
that dysUFMylation could impair the activities of toxic CD8+ T cells 
and disturb the tumor immune microenvironment in dependent of 
PD-L1 pathway. In support to this conclusion, MC38KO-mPD-
L1WT and MC38KO-mPD-L15KR were subcutaneously injected into 
immune-deficient BALB/c nude mice and we found there were no 
difference in both tumor volumes and weights between tumors of 
MC38KO-mPD-L1WT and MC38KO-mPD-L15KR, respectively 
(SI Appendix, Fig. S6 E and F), our results partially support that 
dysregulation of PD-L1 modification by UFM1 could play a role 
in subverting the CD8+ T cell-mediated immune surveillance. 
Collectively, these results suggested that the UFMylation system 
plays a key role in the functional regulation of PD-1/PD-L1 
pathway.

We further evaluated the effects of MC38KO-mPD-L1WT and 
MC38KO-mPD-L15KR on tumor growth after anti-mPD-1 or IgG 
treatment. Consistent with the aforementioned results, mPD-
L15KR significantly promoted tumor growth (SI Appendix, 
Fig. S6G). As expected, mPD-1 blockade by anti-mPD-1 antibody 
dramatically inhibited tumor growth of both MC38KO-mPD-
L1WT and MC38KO-mPD-L15KR (SI Appendix, Fig. S6 H and I). 
Notably, we also observed that MC38KO-mPD-L1WT with the 
lower expression of mPD-L1 showed a slower tumor growth rate 
and an extended survival from anti-PD1 treatment compared with 
the MC38KO-mPD-L15KR (SI Appendix, Fig. S6J), which may 
relate to the fact that decreased PD-L1 coulde reduce the binding 
to PD-1 and thereby enhances antitumor immunity. This obser-
vation further supports that inhibition of PD-L1 could enhance 
an efficacy of anti-PD-1 therapy (45).

UFL1 Expression Was Decreased and Negatively Correlated with 
Levels of PD-L1 in Human Cancers. To investigate the patterns of 
UFMylation gene expression in clinical samples, we found that 
the expression of UFL1 was significantly decreased in liver cancer 
tissues compared with adjacent normal tissues (Fig. 5 A and B) 
and negatively correlated with PD-L1 expression through human 
tissue microarray (Fig. 5 C and D). In addition, we also found that 
UFL1 expression was reduced in patients with melanoma based 
on TCGA database (SI Appendix, Fig. S7A). Moreover, we found 
that Ufl1 and Ddrgk1 expression was down-regulated in chemical-
induced mouse liver cancer models (SI Appendix, Fig. S7 B and C), 
which further supports that loss of Ufl1 may induce pathological 
diseases. Notably, we performed Kaplan–Meier analysis and found 
that the low expression of UFL1 was closely associated with poorer 
overall survival in both patients with liver cancer (Fig. 5E) and 
melanoma (SI Appendix, Fig. S7D). Taken together, our findings 

suggest that UFL1 could function as a tumor suppressor by 
regulating the stability of PD-L1 (Fig. 5F).

Compound-8, a Covalent Inhibitor of UFSP2, Promotes UFMylation 
Activity and Contributes to Immunotherapy with Anti-PD-1. 
Inhibition of UFSP2 significantly enhances the global UFMylation 
activity in cells and thus increases the UFMylation of substrates. 
Our findings above revealed that UFMylation of PD-L1 could 
promote the ubiquitination degradation of PD-L1. We then 
sought to provide in vivo proof-of-principle data to test the clin-
ical translational potential of our findings by identifying covalent 
inhibitors of UFSP2. In order to screen inhibitors of UFSP2, we 
performed virtual screening of target molecule library with soft-
ware Schrodinger (Maestro) (Fig. 6A). We first selected the crystal 
structure of 3OQC (UFSP2) as the receptor protein from PDB 
database and the recently published AlphaFold protein structure 
database. Since the substrate-binding cavity of the catalytic site 
(Cys294) of UFSP2 is relatively narrow, we selected covalent in-
hibitor molecular library for virtual screening of small-molecule 
inhibitors. Covalent Docking in Schrodinger software was used 
to evaluate the ability of various covalent inhibitor molecules to 
form covalent bonds with Cys294 of UFSP2 (Fig. 6A). According 
to the binding conformation and energy scoring, we finally ob-
tained eight top-ranked candidates of inhibitors from the library 
of 3,000 covalent inhibitors (Fig.  6B). We observed that com-
pound-8 could significantly and consistently improve the global 
UFMylation activity in both MDA-MB-231 and MC38 cells. 
Meanwhile, compound-8 decreased the expression of PD-L1 with-
out affecting the UFSP2 protein levels (Fig. 6 C–E and SI Appendix, 
Fig. S8A). To investigate the specificity of compound-8 in the reg-
ulation of UFMylation activity, we treated MDA-MB-231 and 
MC38 cells with compound-8 at indicated concentrations and 
found that compound-8 dose dependently enhanced the glob-
al UFMylation proteins while decreasing the expression of PD-
L1 (Fig. 6F and SI Appendix, Fig. S8B). Moreover, we observed 
that compound-8 significantly promoted the modification of  
PD-L1 by UFMylation in cell assay of UFMylation (Fig.  6G). 
Lastly and importantly, we observed the tumor-suppressive effect 
of compound-8 in the MC38 tumor mouse model. Although PD-1 
blockade and compound-8 treatment showed different tumor-sup-
pressive effects, the combination treatment yielded a better anti-
tumor effect with no appreciable body weight loss (Fig. 6 H–K).

Discussion

Blockage of PD-1/PD-L1 pathway prevents the PD-L1 on can-
cer cell surface from binding with PD-1, thereby promoting T 
cell-mediated antitumor response (33, 53). However, the rela-
tively low response rate of anti-PD-1/PD-L1 therapy and ICB 
resistance highlight the need for further improvement in therapy. 
Further study and improvement requires a more in-depth under-
standing of how PD-L1 is being regulated in tumor cells (43). 
Here, we revealed that UFMylation (or dysregulation of 
UFMylation) of PD-L1 could regulate the stability of PD-L1. 
On the basis of our findings, we conclude that UFL1 expression 
is down-regulated and closely associated with poorer overall sur-
vival rate in patients with melanoma or liver cancers. Importantly, 
lower expression of UFL1 positively correlated with immune-sup-
pressive microenvironment, PD-L1 expression, and nonresponse 
of anti-PD1 therapy. Interestingly, the mPD-L1 expression was 
dramatically increased in liver tissues from Ufl1 conditional 
knockout mice with induced liver cancer signature genes, which 
further suggests that UFL1 may function as a true tumor 
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suppressor in tumorigenesis. It could be speculated that copy 
number loss could contribute to the decreased expression of 
UFL1 in various cancer types including melanoma from the 

genomic signatures of UFMylation family (18). However, how 
UFL1 expression was down-regulated and contributed to the 
hepatocarcinogenesis remains to be answered.

Fig. 5. UFL1 expression was decreased and negatively correlated with levels of PD-L1 in human cancers. (A) Representative sections of immunohistochemical 
staining of UFL1, PD-L1, and Ki67 in 90 pairs of human liver cancers and adjacent normal tissues in tissue array. Quantification of the relative IHC scores of UFL1 
(B) and PD-L1 (C) from liver cancer (n = 93) and adjacent normal tissues (n = 85), respectively, in tissue array. Statistical analysis was performed using an unpaired 
two-sided Student’s t test. **<0.01. (D) Correlation analysis of UFL1 expression and the levels of PD-L1 in 90 pairs of liver cancers and adjacent normal tissues 
(r = −0.24, P = 0.03). (E) Kaplan–Meier analysis of overall survival rate in patients with hepatocellular carcinoma according to the high- and low-level expression 
of UFL1 (two-sided Mantel–Cox log-rank test; n = 41). (F) Working model of UFMylation and dysUFMylation of PD-L1 in tumor microenvironment.
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Furthermore, using the assays of reciprocal coimmunoprecip-
itation, GST pull down, exogenous and endogenous UFMylation 
detection, and identification of modification site, we demonstrated 
that PD-L1 could be a bona fide substrate of UFMylation through 
direct physical interaction. Recent studies have revealed that 

several targets (e.g. MRE11/H4, DDRGK1, p53, and RPL26, 
et al.) can be modified by UFMylation in response to DNA dam-
age, ER stress, and abnormal stalled ribosome, respectively. 
However, there is little information on how UFMylation has taken 
place and has been coordinated. Thus, the temporal and spatial 

Fig. 6. Covalent inhibitor of UFSP2 promoted UFMylation activity and contributed to immunotherapy with anti-PD-1. (A) Working model of the virtual screening. 
(B) Structures of compounds. (C and D) The global UFMylation activity was measured by western blot in MDA-MB-231 cells treated with compounds for 48 
h (C). Quantification of UFMylation activity is shown (D). (E) Crystal structure of UFSP2 (3OQC) in complex with compound-8. UFSP2 (green) with relevant side 
chains in stick representation; Compound-8 is shown in yellow. The catalytic site (Cys294) of UFSP2 is shown in red. Gray bands stand for the interaction region 
between UFSP2 and comppund-8. (F) The global UFMylation activity and endogenous PD-L1 were measured by immunoblot in MDA-MB-231 cells treated with 
indicated dose of compound-8 for 48 h. (G) Assay of UFMylation for PD-L1 in MDA-MB-231 treated with 5 μg/mL compound-8 for 48 h. *stands for the bands of 
the UFMylated PD-L1. (H) Tumor growth curves of MC38 in C57BL/6J mice with indicated treatments. (I) Representative pictures of tumors derived from (H). (J 
and K) Body weights of mice from (I). P values, Student’s t test. *P < 0.05; **P < 0.01.
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regulation of Lysine residues on PD-L1 under a wide variety of 
intrinsic and extrinsic stresses merits future investigation to clirify 
the relationship between ubiquitination, acetylation, glycosyla-
tion, phosphorylation, and palmitoylation (42, 51). Importantly, 
we further found that dysUFMylation, such as knockout UFL1 
or defective UFMylation of PD-L1, promoted the stability of 
PD-L1 and its membrane location through antagonizing the pro-
teasome-mediated degradation of PD-L1 across a range of both 
human and murine cancer cell types. To provided more informa-
tion to support the connection between PD-L1 UFMylation and 
ubiquitination, we identified that nine lysine residues on PD-L1 
that can be covalently binds ubiquitin after batches of mass spec-
trometry data analysis, including K46, K75, K89, K105, K129, 
K136, K178, K189, and K271. Using ubiquitin assay, we further 
observed that K46, K89, K129, K136, K162, and K280 are 
important for ubiquitin-mediated PD-L1 degradation 
(SI Appendix, Fig. S9 A and B and Dataset S8). It is worth men-
tioning that we observed that K89, K162, and K280 can also be 
conjugated to UFM1 modification. Therefore, we speculated that 
K46, K129, and K136 may function as primary and specific Lys 
residues for ubiquitin-mediated PD-L1 degradation. Moreover, 
our preliminary data suggested that ubiquitin is a potential target 
of UFMylation. There is a possibility that PD-L1 could be mod-
ified by the UFM1–ubiquitin mixed chains. Furthermore, mass 
spectrometry analysis was used to identify the potential E3 ligases 
of PD-L1 in MDA-MB-231 cells with or without UFL1 expres-
sion, and we found that several potential E3 ligases (e.g., ITCH, 
HIP1R, OTUB1, USP16, RNF34, RNF185, TRIP12, UBR1, 
and UBR3) may involve in the ubiquitination of UFMylated 
PD-L1 (Dataset S9). The detailed mechanisms by which 
UFMylation promoted the proteasome-mediated degradation of 
PD-L1 need to be uncovered.

The defective UFMylated PD-L1 significantly promoted 
tumor growth in syngeneic mouse cancer model compared with 
controls, but it is not observed in cancer cells cultured alone that 
lack of immune microenvironment, suggesting dysregulation of 
PD-L1 by UFMylation accelerates the tumor growth was 
dependent on tumor immune microenvironment. As expected, 
we found that dysUFMylated PD-L1 promoted the binding of 
PD-1 and thereby decreased the activation and proliferation of 
CD8+ T cells. Our data showed that dysUFMylation of PD-L1 
increases the membrane localization of PD-L1 and its binding 
ability to PD-1, which may affect the response to immunother-
apy with anti-PD1/PD-L1 antibody. In line with this hypothesis, 
we found that mPD-L15KR promoted tumor growth and reduced 
the overall survival of tumor-bearing mice, suggesting its insen-
sitivity to anti-PD1 treatment compared with mPD-L1WT. It 
has been reported that the reduced expression of PD-L1 by 
gefitinib, inhibitor of EGFR, enhanced the efficacy of anti-PD1 
therapy (45). Thus, we speculate that increased UFMylation 
activity may promote PD-1 therapy through effectively degrad-
ing PD-L1, which could partially explain why higher expression 
of UFL1/UFM1 positively correlates with the response of 
anti-PD-1 therapy. In support of our deduction, we used virtual 
screening and identified that a compound-8, a covalent inhibitor 
of UFSP2, could significantly promote UFMylation activity and 
contribute to anti-PD-1 therapy, suggesting that UFMylation 
system is a potential therapeutic target for cancer.

Materials and Methods

SI  Appendix, Supporting Materials and Methods provides information on 
library preparation for transcriptome sequencing, GO (gene ontology) analysis, 

antibodies and reagents, immunoprecipitation, GST pulldown, tissue microar-
ray, immunohistochemistry, UFMylation site identification by mass spectrometry 
analysis, denaturing His-tag affinity capture, mass spectrometry and data analy-
sis, PD-L1 ubiquitination assay, immunofluorescence, and animal experiments.

Cells, Transfection, and Plasmids. HEK293T, MDA-MB-231, WM989, HLF, 
MC38, B16F10, and Hepa1-6 were maintained in Dulbecco’s Modified Eagle 
Medium (Biological Industries) with 10% fetal bovine serum (FBS; HyClone),  
100 U/mL penicillin, and 100 µg/mL streptomycin. U2OS cells were maintained 
in McCoy’s 5A medium (Biological Industries) with 10% FBS, 100 U/mL penicillin, 
and 100 µg/mL streptomycin. All the cell lines were purchased from ATCC and 
mycoplasma is negative of each cell line.

To transiently express plasmids in HEK293T cells, PEI transfection solution was 
used (57). For transfection of siRNAs in different cancer cell lines, Lipofectamine 
3000 (Invitrogen) was used, according to the manufacturer’s instructions. The 
siRNAs used in this study are described in Dataset S10. The sense sequences 
of siRNAs were as follows: Ufl1-1: GUGGUCGAGUAAACAUUGUTT; Ufl1-2: 
GCAGCCAUUACAAGUGAUATT; Ufm1-1: GCAGCUACAAGUGCGAUUATT; Ufm1-2: 
GCUCAGAACUGAGAAUCAUTT. The siRNAs were purchased from GenePharma. 
All plasmids used in this study are described in Dataset S11.

UFMylation Detection. An optimized protocol to detect protein UFMylation 
was performed as previously described (57). For exogenous PD-L1 UFMylation, 
we transiently transfected the expression plasmids of UFMylation components 
(UBA5, UFC1, UFL1, DDRGK1, and UFM1) and the Flag-tagged PD-L1 into 
HEK293T cells using PEI solution buffer, followed by immunoprecipitation with 
anti-Flag beads and immunoblotting to detect the UFMylated protein with the 
UFM1 antibody. For endogenous PD-L1 UFMylation in MDA-MB-231 cells, cells 
were lysed by boiling in lysis buffer [150 mM Tris-HCl (pH 8), 5% SDS, and 30% 
glycerol]. Cell lysates were diluted 20-fold with buffer A (50 mM Tris-HCl pH 
8.0, 150 mM NaCl, 10 mM imidazole, 1% NP-40, 2 mM NEM, and protease 
inhibitor cocktail). Supernatants were incubated with anti-PD-L1 antibody over-
night, followed by incubating Protein-A/G Plus beads (Santa Cruz) for 2 h at  
4 °C. After washing with NP-40 buffer for several times, the immunoprecipitates 
were analyzed by western blotting with anti-UFM1 antibody. For the detection of 
UFMylated PD-L1, mouse anti-rabbit IgG light chain-specific (Abbkine, A25022) 
antibody was used.

PD-L1/PD-1 Binding Assay. The PD-1 binding assay was performed as previ-
ously described (59). Briefly, for flow cytometry assay, UFL1 knockout and control 
MDA-MB-231 cells were seeded into gelatin-coated 6-well plates and allowed to 
reach 60% confluence, followed by trypsin digestion and washing with 1×phos-
phate-buffered saline (PBS). Cells were incubated with 5 μg/mL recombinant 
human PD-1 FC chimera protein (1:100) (R&D Systems; 1086-PD-050,) at room 
temperature for 1 h. The cells were washed with PBS buffer three times before 
incubating with anti-human IgG (H+L) Alexa Fluor 488 dye conjugated anti-
body (Invitrogen; A-11013; dilution; 1: 400) for 30 min at room temperature. 
After washing with PBS buffer, the cells were suspended in staining buffer. The 
cells were analyzed by flow cytometry using BD LSR Fortessa and the data were 
analyzed using FlowJo.

Tumor Cell Killing Assay. The protocol was performed as previously 
described (59). UFL1 knockout and control MDA-MB-231 cells were seeded 
in gelatin-coated 12-well plates at a density of 1 × 105 cell/well. Human 
PBMC (peripheral blood mononuclear cells) cells were seeded at a density 
of 1 × 106 cell/well and activated with 100 ng/mL CD3 antibody (BioLegend; 
317303), 100 ng/mL CD28 antibody (BioLegend; 302913), and 10 ng/mL IL2 
(BioLegend; 589102) for 24 h in 96-well round-bottomed plate, followed by 
transferring the activated PBMCs to the cancer cells at a ratio of 10:1 and 
performing coculture for 24 h. Then, PBMCs were collected and subjected to 
western blot. Survival analysis of cancer cells was performed by crystal violet 
staining and immunoblotting.

Data, Materials, and Software Availability. Raw RNA-seq data have been 
deposited in NCBI Gene Expression Omnibus (GSE217684). All study data are 
included in the article and/or SI Appendix.
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