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Abstract
Programmed cell death ligand 1 (PD- L1) is a major immunosuppressive checkpoint 
protein expressed by tumor cells to subvert anticancer immunity. Recent studies have 
shown that ionizing radiation (IR) upregulates the expression of PD- L1 in tumor cells. 
However, whether an IR- induced DNA damage response (DDR) directly regulates 
PD- L1 expression and the functional significance of its upregulation are not fully un-
derstood. Here, we show that IR- induced upregulation of PD- L1 expression proceeds 
through both transcriptional and post- translational mechanisms. Upregulated PD- L1 
was predominantly present on the cell membrane, resulting in T- cell apoptosis in a 
co- culture system. Using mass spectrometry, we identified PD- L1 interacting pro-
teins and found that BCLAF1 (Bcl2 associated transcription factor 1) is an important 
regulator of PD- L1 in response to IR. BCLAF1 depletion decreased PD- L1 expres-
sion by promoting the ubiquitination of PD- L1. In addition, we show that CMTM6 
is upregulated in response to IR and participates in BCLAF1- dependent PD- L1 up-
regulation. Finally, we demonstrated that the ATM/BCLAF1/PD- L1 axis regulated 
PD- L1 stabilization in response to IR. Together, our findings reveal a novel regulatory 
mechanism of PD- L1 expression in the DDR.

K E Y W O R D S

BCLAF1, PD- L1, post- translational modification, radiation, ubiquitination

www.wileyonlinelibrary.com/journal/cas
mailto:
mailto:
https://orcid.org/0000-0001-8693-3060
http://creativecommons.org/licenses/by-nc/4.0/
mailto:xubo@tmu.edu.cn


     |  4065MA et Al.

1  | INTRODUC TION

The PD- L1/PD- 1 (Programmed cell death ligand 1/Programmed cell 
death 1) interaction is an immunosuppressive co- signaling pathway 
acquired by tumor cells to escape from the host immunity in the 
tumor microenvironment. Recent studies have shown that PD- L1/
PD- 1 signal- blockade antibodies can reactivate immune surveillance 
and exhibit a dramatic antitumor efficacy in patients with certain 
types of cancer. Radiation therapy is pivotal in cancer treatment. 
Mounting evidence has revealed that radiotherapy can elicit an an-
ticancer immune response by upregulating MHC tumor- associated 
antigen complexes, enhancing tumor antigen cross- presentation, 
and increasing T- cell infiltration into the tumor.1- 4 The synergis-
tic combination of radiotherapy and immunotherapy may provide 
marked therapeutic efficacies in tumors. In clinical trials comparing 
the combination of radiotherapy and anti- PD- 1/PD- L1 antibody 
with single traditional therapy,5,6 patients who received anti- PD- 1/
PD- L1 antibodies had significantly longer median progression- free 
survival and overall survival rate. These observations indicate that 
radiotherapy serves as an immune priming event. However, the 
mechanism involved is not fully understood. One mechanism for 
the synergistic activity of irradiation and PD- L1/PD- 1 blockade an-
tibody is that ionizing radiation (IR) upregulates PD- L1 expression 
in tumor cells. Previous studies have revealed that IFN- γ produced 
by T cells is responsible for mediating PD- L1 upregulation in tumor 
cells after radiotherapy in vivo.7,8 Deletion of T cells or inhibition of 
IFN- γ abrogates radiation efficacy. IFN- γ could be an exogenous fac-
tor of radiation- induced PD- L1 upregulation in tumor cells. However, 
whether IR directly increases PD- L1 expression in tumor cells needs 
to be explored. Sato et al.9 showed that the DNA double- stranded 
break repair pathway regulates PD- L1 expression in cancer cells at 
the transcriptional level.

Programmed cell death ligand 1 post- translational modification 
is involved in many critical biological processes. However, it is not 
known whether the DNA damage response (DDR) can induce post- 
translational modification and, if so, how it functions. In our initial 
observation, we observed an IR- induced PD- L1 post- translational 
modification in a Bcl- 2- associated transcription factor 1 (BCLAF1)- 
dependent manner. BCLAF1 was identified as a binding protein for 
the adenoviral Bcl2 homolog E1B 19K and expressed in the nucleus 
and cytoplasm.10 Although initial studies showed that BCLAF1 over-
expression triggers apoptosis and repressed transcription,10 many 
studies have suggested that BCLAF1 plays a role in a wide range 
of processes including lung development,11 T- cell activation,12 
mRNA metabolism,12 posttranscriptional processes,13 tumorigenic 
roles in colon cancer14 and DNA repair.15 In breast cancer, deple-
tion of BCLAF1 results in sensitivity to DNA damage and defective 
DNA repair induced by radiation.16 In hepatocellular carcinoma, 
BCLAF1 promotes tumor progression by manipulating c- MYC mRNA 
stability.17

In this report, we demonstrate that IR upregulates PD- L1 ex-
pression at both transcriptional and post- translational levels. Mass 
spectrometry findings revealed that BCLAF1 is a PD- L1- interacting 

protein and a regulator of PD- L1 de- ubiquitination after DDR. 
CMTM6, which is a critical PD- L1 regulator, is involved in the 
BCLAF1 regulatory pathway. These findings establish BCLAF1 as a 
new avenue to regulate tumor immune resistance and may contrib-
ute to improving the efficacy of therapies, particularly when radio-
therapy is considered.

2  | Mater ia ls  and methods

2.1 | Cell lines, reagents, and transfection

MDA- MB- 231, PC- 3, HT1080, HEK293T, and Jurkat cell lines 
used in this study were obtained from the American Type Culture 
Collection. They were cultured in DMEM or RPMI 1640 medium 
supplemented with 10% fetal bovine serum and 1% penicillin and 
streptomycin. The transient transfection reagent was Lipofectamine 
3000 (Life Technologies). siRNA duplexes targeting PD- L1 were syn-
thesized and purified by OriGene (OriGene Technologies). siRNA du-
plexes targeting ATM, BCLAF1, and CMTM6 were synthesized and 
purified by GenePharma. The following siRNA sequences were used:

PD- L1#1, 5′- rGrCrArArUrArUrGrArCrArArArUrUrGrArArUrGrC
rArArATT- 3′;

#2, 5′- rGrCrCrGrArCrUrArCrArArGrCrGrArArUrUrArCrUrGrUG
A- 3′;

#3, 5′- rGrGrArCrCrUrArUrArUrGrUrGrGrUrArGrArGrUrArUrG
GT- 3′;

ATM#1, 5′- AAUGUCUUUGAGUAGUAUGUUTT- 3′;
#2, 5′- AAGCACCAGUCCAGUAUU GGCTT- 3′;
BCLAF1#1, 5′- GAUGAAGAGUCUAGAGUAUTT- 3′;
#2, 5′- GGTTCACTTCGTATCAGAA- 3′;
CMTM6#1, 5′- CCUUUCUUCUGAGUCUC CUUA- 3′;
#2, 5′- CUUUCUUCUGAGUCUCCUUAU- 3′.
PD- L1, PD- L1- GFP BCLAF1, CMTM6, and ubiquitin- HA overex-

pression plasmids were constructed in our laboratory and confirmed 
by enzyme digestion and DNA sequencing. Cycloheximide (CHX) was 
purchased from Selleckchem. Anti- PD- 1 blocking antibody (10 µg/
ml) was purchased from Invitrogen (eBioscience, J116). Recombinant 
human IFN- γ (10 ng/ml, Novus. #NBP2- 34992) was added into the 
medium for additional culturing for 48 h.

2.2 | Irradiation

IR was delivered using an X- RAD 320 X- ray irradiator (Precision X- 
ray Inc.) at a dose rate of 3.1 Gy/min.

2.3 | Western blotting, cell fraction isolation, and 
immunoprecipitation

Cells were harvested and lysed in lysis buffer (Thermo Fisher Scientific, 
#78503) after washing with phosphate- buffered saline (PBS). Pierce 
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BCA Protein Assay (Thermo Fisher Scientific, #PI- 23227) was used to 
measure the protein concentration. Immunoblotting was performed 
with primary antibodies against PD- L1 (Cell Signaling Technology; 
#13684), ATM (Cell Signaling Technology; #2873), BCLAF1 (Abcam, 
#ab181240), CMTM6 (Abcam, #ab198284), Phospho- SHP- 2 (Cell 
Signaling Technology; #3751), caspase- 3 (Cell Signaling Technology; 
#9662), Ub (Santa Cruz, #sc- 166553), GFP tag antibody (Proteintech, 
50430- 2- AP), HA Tag antibody (Proteintech, 66006- 2- Ig), Na+/Ka+ 
ATPase (Abcam, #ab76020), Lamin A/C (Cell Signaling Technology, 
#4777) and GAPDH (Cell Signaling Technology; #5174). The cell 
membrane protein was isolated using the Mem- PER Plus Membrane 
Protein Extraction Kit (Thermo Fisher Scientific, #89842), and 
the assay was performed in accordance with the manufacturer’s 
protocol.

For immunoprecipitation, the cells were lysed in buffer (20 mM 
Tris- HCl pH 8.0, 250 mM NaCl, 0.2% NP40, 10% glycerol, 5 mM 
EDTA, protease, and phosphatase inhibitor cocktail) on ice. After 
sonication in water bath (55 Hz for 3 min), the lysates were centri-
fuged at 16 000 ×g for 30 min to remove debris. The cleared lysates 
were subjected to immunoprecipitation with PD- L1 antibody (Cell 
Signaling Technology; #13684) or IgG (Cell Signaling Technology; 
#2729) and incubated on a head- over- head rotator overnight at 4°C. 
Protein A/G plus- agarose beads (Santa Cruz, #sc- 2003) were added 
and incubated further for 2 h at 4°C. After 4 washes in lysis buffer, 
the samples were eluted in 2× Laemmli sample buffer (BIO- RAD, 
#161- 0737) for 10 min at 95°C.

2.4 | Immunofluorescence

The MDA- MB- 231 cells were cultured on coverslips overnight and 
treated with or without 5 Gy radiation. After the indicated time 
points, the cells were washed with cold PBS 3 times and fixed with 
methanol for 5 min, permeabilized and blocked with the Perm/
Block solution (0.1% Triton X- 100, 10% normal goat serum in PBS) 
for 30 min at room temperature. The samples were stained with 
PD- L1 antibody (Abcam, #213524) overnight at 4°C. The next day, 
the cells were washed with PBS 3 times at room temperature and 
stained with secondary antibody (Invitrogen, #A- 11012) and DAPI 
at room temperature for 30 min in the dark. A confocal microscope 
(Carl Zeiss) was used for image analysis.

2.5 | Mass spectrometry analysis

Duplicate PD- L1 and IR- treated samples (and IgG controls) protein 
eluates were sent to the University of Alabama at Birmingham mass 
spectrometry core for analysis. The samples were loaded onto a 10% 
Bis- Tris gel. The gel was stained overnight with Colloidal Coomassie 
(Invitrogen). Each lane was cut into 6- molecular weight fractions, 
and each fraction was digested with trypsin (Promega) in accordance 
with the manufacturer’s instructions. Peptide digests were analyzed 
using an nLC LTQ Velos Pro Orbitrap mass spectrometer (Thermo 

Fisher Scientific). The data were analyzed by Professor Mobley 
James at the University of Alabama, Birmingham.

2.6 | Quantitative reverse transcription polymerase 
chain reaction assays

The cells were lysed, and total RNA was isolated using the RNeasy 
Mini Kit (Qiagen, #74104) in accordance with the manufacturer’s 
instructions. cDNA was synthesized through reverse transcription 
from purified RNA using High- Capacity cDNA Reverse Transcription 
Kits (Applied Biosystems). qRT- PCR was performed in the CFX96 
Real- Time System (Bio- Rad) using the primers below. All data analy-
ses were performed using the comparative Ct method. Results were 
normalized to the internal control β- actin mRNA:

PD- L1- Forward: 5′- GGTGCCGACTACAAGCGAAT- 3′,
PD- L1- Reverse: 5′- AGCCCTCAGCCTGACATGTC- 3′;
BCLAF1- Forward: 5′- TCACCTGAGCAGGTAAAGTCTGA- 3′,
PD- L1- Reverse: 5′- AGTCAAGGAA GCAGGTCTGTTAG- 3′;
β- actin- Forward: 5- CATGTACGTTGCTATCCAGGC- 3′,
β- actin- Reverse: 5′- CTCCTTAATGTCACGCACGAT- 3′.

2.7 | Flow cytometry

To detect apoptosis, Jurkat cells in the culture medium were col-
lected, centrifuged, and washed with cold PBS. The Tali Apoptosis 
Kit- Annexin V Alexa Fluor 488 and propidium iodide (Thermo Fisher 
Scientific, #A10788) were used to stain the phosphatidyl serine 
(PS) and nucleic acids of cells separately. Stained cells were sub-
jected to flow cytometric analysis using an Intellicyt iQue+ screener 
(Intellicyt). The data acquired by the Intellicyt were analyzed using 
Forecyt analysis software.

2.8 | Jurkat and PC- 3 co- culture systems

PC- 3 tumor cells were plated into 6- well plates and treated with 
0.1 Gy radiation. siRNA- PD- L1 was transfected into PC- 3 cells for 
48 h before radiation. Subsequently, Jurkat cells were added to PC- 3 
cells at a ratio of 1:2 Jurkat:PC- 3. Jurkat cells in the medium were 
collected after 24 h of co- culture and were harvested by centrifuga-
tion. The cell pellet was lysed to detect phospho- SHP- 2 (pSHP- 2) by 
western blot or resuspended in binding buffer for detecting apopto-
sis by flow cytometry.

2.9 | Tissue samples and immunohistochemistry

Archival formalin- fixed, paraffin- embedded esophageal squamous 
cell carcinoma (ESCC) samples were collected from patients di-
agnosed with primary ESCC after radical esophagectomy at the 
Cancer Institute and Hospital of Tianjin Medical University from 
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January 2005 to December 2009. Patients who had a history of 
malignant disease or had received preoperative treatment (chemo-
therapy and/or radiotherapy) were excluded from this study. The 
retrieval of tissue and clinical data was approved by the Ethical 
Institutional Review Board of Tianjin Medical University Cancer 
Institute and Hospital.

In total, 132 ESCC samples were constructed into a tissue mi-
croarray on 1 slide. The tissue microarray was cut into 5- μm thick-
nesses and, heated at 70°C for 1 h, deparaffinized in xylene, and 
rehydrated in a graded series of ethanol. Antigen retrieval was per-
formed using a pressure cooker to heat tissue sections in ethylene-
diamine tetra- acetic acid buffer (pH 8.0) for 10 min, and then cooled 
to room temperature. After incubation with peroxidase blocking re-
agent (3% H2O2 solution) for 30 min, the tissues were washed with 
PBS solution 3 times and incubated with primary PD- L1 antibody 
(Spring Bioscience, #SP142) or primary BCLAF1 antibody (Abcam, 
#ab181240) in a humidified chamber overnight at 4°C. After washing 
the tissue slices with PBS 3 times, they were incubated with HRP- 
polymer anti- mouse/rabbit secondary antibody (Fuzhou Maixin 
Biotech) for 30 min. Antibody detection was visualized using a DAB 
detection kit (ZSGB- BIO, #ZLI- 9018). The slides were counter-
stained with hematoxylin.

Scoring was evaluated by 2 blinded pathologists. PD- L1 immu-
nostaining was evaluated as previously described.18 PD- L1 posi-
tivity was defined as >10% PD- L1 positive cells. PD- L1 expression 
was scored in at least 5 microscopic fields. The scoring system of 
BCLAF1 was assessed as previously described.17,19,20 The inten-
sity of immunostaining was scored as negative, weak, moderate, 
and strong. We defined moderate and strong intensity as positive 
staining.

2.10 | Analysis of BCLAF1 RNA levels in breast 
cancer, and correlation between BCLAF1 and 
PD- L1 RNA levels in The Cancer Genome Atlas 
(TCGA) samples

We used GEPIA (http://gepia.cance r- pku.cn/), which is an interactive 
web application for gene expression analysis based on 9736 tumors 
and 8587 normal samples from TCGA and the GTEx databases.21 
Correlation coefficients and associated P- values between BCLAF1 
and PD- L1 were computed on this website using Pearson’s method. 
We used UALCAN (http://ualcan.path.uab.edu/) and Kaplan- Meier 
Plotter (https://kmplot.com/analy sis/) to analyze the impact of 
BCLAF1 mRNA expression on survival rate in 1081 breast cancer 
patients and 211 breast cancer patients with chemotherapy using 
the Kaplan- Meier method.

2.11 | Statistical analysis

All independent Student t tests were two- tailed for compar-
ing continuous variables. The correlation between BCLAF1 

and PD- L1 mRNA was analyzed using Pearson’s method. The 
Spearman method was performed to investigate the association 
between BCLAF1 and PD- L1 protein expression. A Kaplan- Meier 
estimation was used to compare the differences in overall sur-
vival. Values of P < .05 were considered to indicate statistical 
significance.

3  | Result s

3.1 | Upregulated PD- L1 after IR induces T- cell 
apoptosis

Previous studies have shown that IR upregulates PD- L1 expres-
sion in an IFN- γ- dependent manner. However, whether IR directly 
induces PD- L1 expression is not known. To test this possibility, 
we isolated membrane and cytoplasmic or nuclear fractions of 
MDA- MB- 231 cells after 5- Gy IR treatment. We found that IR 
upregulated PD- L1 expression in MDA- MB- 231 cells in the mem-
brane fraction (Figures 1A and S1a). This phenomenon was con-
firmed in the PC- 3 prostate cancer cell line (Figures 1B and S1b). 
To examine whether IR- induced PD- L1 affected T- cell function, 
we pretreated PC- 3 cells with a low dose of IR (0.1 Gy) and then 
co- cultured them with Jurkat cells for 24 h. The Jurkat cell line is 
an immortalized T lymphocyte cell line and has most often been 
used as a prototypical T- cell line to study T- cell signaling. The 
Jurkat cell line has been used to model and characterize signal-
ing events in T- cell activation. We detected phosphorylated Src 
homology region 2 domain- containing phosphatase- 2 (phospho- 
SHP- 2) expression in Jurkat cells. The recruitment of SHP- 2 to the 
ITSM tyrosine of PD- 1 is critical for inhibiting PD- 1 function,22 
in which phosphorylation of SHP- 2 induces its phosphatase ac-
tivity and regulates the negative signal of PD- 1.23 As shown in 
Figure 1B, after co- culturing Jurkat cells with PC- 3 cells contain-
ing upregulated PD- L1, the expression of pSHP- 2 and cleaved 
caspase- 3 in Jurkat cells increased, indicating that upregulated 
PD- L1 activated the PD- 1 downstream pathway. Deletion of 
PD- L1 expression in PC- 3 cells with siRNA- PD- L1 or blockade 
of the PD- L1/PD- 1 interaction with PD- 1 antibodies abrogated 
the upregulation of pSHP- 2 and cleaved caspase- 3 in Jurkat cells 
after co- culture (Figure 1C). These observations were further 
confirmed by flow cytometry analysis. Co- culture with PD- L1- 
depleted PC- 3 cells exposed to IR, Jurkat cells did not show cell 
death (Figure 1D). Taken together, these results indicated that IR- 
upregulated PD- L1 activates T- cell downstream molecular signals 
to induce apoptosis.

3.2 | IR upregulates PD- L1 expression at both the 
transcriptional and post- translational levels

To further study PD- L1 regulation in the IR response, we examined 
changes in PD- L1 protein and mRNA expression in MDA- MB- 231, 

http://gepia.cancer-pku.cn/
http://ualcan.path.uab.edu/
https://kmplot.com/analysis/
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HT1080, and PC- 3 cells. As shown in Figure 2A,B, PD- L1 protein 
expression was upregulated by 5Gy IR after 2 h, but PD- L1 mRNA 
expression did not show any significant change; PD- L1 expression 
induced by IR was dose independent (Figure S2a). A time course ex-
periment was performed in MDA- MB- 231 cells, and both immuno-
blot and immunofluorescence analyses showed that PD- L1 protein 
expression was upregulated from 2 h after IR (Figures 2C and S2b). 
However, PD- L1 mRNA expression in MDA- MB- 231 cells began to 
increase only at a later time point (8 h) but not at 2 h (Figure 2d). 
These data suggested that IR upregulated PD- L1 protein expres-
sion by not only inducing PD- L1 mRNA but also stabilizing the PD- 
L1 protein. IR- induced PD- L1 stabilization was also observed in an 
experiment using cycloheximide. At 2- 4 h after IR, PD- L1 protein 
expression was still upregulated even when cycloheximide blocked 
the PD- L1 mRNA translational process (Figures 2E and S2c).

3.3 | BCLAF1 mediates IR- induced PD- L1 
stabilization

To identify the regulatory element controlling IR- induced PD- L1 sta-
bilization, we performed liquid chromatography- tandem mass spec-
trometry analysis to analyze changes in PD- L1- binding proteins after 
IR. Protein samples were obtained using immunoprecipitation with 
an anti- PD- L1 antibody. Among the 102 binding proteins identified, 

we selected proteins whose fold change of the quantitative values 
was more than 1.5, which were located on the membrane or in the 
cytoplasm of cells. We then ranked these proteins based on the pro-
tein mean quantitative value of the untreated group. Among the top 
10 proteins related to PD- L1 regulation shown in Table 1, the first 
protein was BCLAF1. The interaction between BCLAF1 and PD- L1 
was confirmed by co- immunoprecipitation (Figure 3A).

Downregulation of BCLAF1 expression with 2 different siR-
NAs reduced PD- L1 expression in MDA- MB- 231 cells (Figure 3B). 
Overexpression of BCLAF1 increased PD- L1 expression in HEK293T 
cells, which expressed exogenous PD- L1 (Figure 3C). However, 
downregulation of PD- L1 with a siRNA did not influence BCALF1 
expression (Figures 3D and S2d). As shown in Figure 3E, PD- L1 
upregulation induced by IR was abolished by BCLAF1 knockdown. 
Similar results were observed in PC- 3 cells (Figure S1b,c). These data 
suggested that PD- L1 expression induced by IR is dependent on 
BCLAF1. Because ATM is the most important transducer of DNA 
damage signaling and BCLAF1 is a substrate of ATM,24 we detected 
PD- L1 and BCLAF1 expression after IR in the presence or absence 
of a specific ATM siRNA. The results showed that BCLAF1 and PD- 
L1 protein expression induced by IR was depleted when ATM was 
knocked down (Figure 3E). It should be noted that BCLAF1 did not 
affect PD- L1 mRNA expression because BCLAF1 knockdown using 
siRNA did not downregulate PD- L1 mRNA expression in response 
to IR (Figure 3F).

F I G U R E  1   Ionizing radiation induces cancer immunosuppression through upregulation of PD- L1. A, Cell- surface expression of PD- L1 
was examined using cell fractionation in MDA- MB- 231 cells at 2 h after exposure to 5 Gy radiation. Na+/Ka+ ATPase was used as a plasma 
membrane marker. B, After exposure to 0.1 Gy, PC- 3 cells were co- cultured with Jurkat cells for 24 h. Cleaved caspase- 3 and pSHP- 2 
levels were examined by western blotting (WB) after harvesting Jurkat cells. PD- L1 was examined after harvesting PC- 3 cells. C, Jurkat 
cells were co- cultured with PC- 3 cells treated with 0.1 Gy for 24 h. Cleaved caspase- 3 and pSHP- 2 levels in Jurkat cells were examined by 
WB after knocking down PD- L1 expression of PC- 3 cells using siRNA- PD- L1 or using an anti- PD- 1 blocking antibody. The siRNA- PD- L1 
was transfected into PC- 3 cells for 48 h before co- culture. D, Flow cytometry was performed to detect annexin V- FITC/7- AAD staining to 
determine the viability of Jurkat cells after co- culture with PC- 3 cells treated with 0.1 Gy. siRNA- PD- L1 or anti- PD- 1 blocking antibodies 
were also used in this co- culture system. Data are presented as the mean ± standard deviation (SD) of triplicate independent experiments. 
Statistical significance was determined using Student two- tailed t test. *P < .05, **P < .01
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Next, we investigated whether BCLAF1- dependent PD- L1 up-
regulation in response to IR is through the ubiquitination pathway. 
We performed exogenous and endogenous immunoprecipitation 
experiments. We observed that ubiquitination was increased after 

MG132 treatment and decreased after IR in HEK293T cells over-
expressing PD- L1- GFP and ubiquitin- HA (Figure 3G). Similarly, 
ubiquitination of endogenous PD- L1 was also decreased after IR 
in MDA- MB- 231 cells (Figure S3a). After BCLAF1 knockdown, we 

F I G U R E  2   Ionizing radiation increases PD- L1 expression of cancer cells at the transcriptional and post- translational levels. A, PD- L1 
protein expression and (B) PD- L1 mRNA expression were examined in MDA- MB- 231, HT1080, and PC- 3 cells 2 h after 5 Gy IR. C, PD- L1 
protein expression was examined in MDA- MB- 231 cells at the indicated time points after 5 Gy IR. Quantification of bands using ImageJ 
software for PD- L1 expression is shown in the bar chart below. Error bars are expressed as mean ± SD of 3 independent experiments. D, 
PD- L1 mRNA expression was examined in MDA- MB- 231 cells at the indicated time points after 5 Gy IR. E, Protein stability of PD- L1 in 
MDA- MB- 231 cells. Cells were treated with 20 µM cycloheximide (CHX) at indicated intervals with or without IR (5 Gy) and analyzed by 
western blot (left). Quantification of bands for PD- L1 expression is shown as a line graph on the right. Error bars are expressed as mean ± SD 
of 3 independent experiments

TA B L E  1   Results of PD- L1 binding proteins related to IR by mass spectrometry

Identified proteins
Accession 
number

Quantitative values of 
MOCK group

Unique peptide count of 
MOCK group

Fold 
change

Bcl- 2- associated transcription factor 1 Q9NYF8 20.77 14 1.9

Programmed cell death 1 ligand 1 Q9NZQ7 12.11 6 1.7

Polyadenylate- binding protein 4 Q13310 (+1) 8.57 3 - 

Protein FAM208B Q5VWN6 7.70 7 6.0

Fragile X mental retardation syndrome- related 
protein 1

P51114 6.07 5 2.0

Sperm- specific antigen 2 P28290 5.83 4 1.7

Filamin- B O75369 5.2 4 2.9

DNA topoisomerase 2- alpha P11388 4.87 4 2.0

N- terminal kinase- like protein Q96KG9 4.37 2 5.7

Eukaryotic initiation factor 4A- III P38919 3.87 3 1.9
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F I G U R E  3   BCLAF1 mediates PD- L1 stabilization through deubiquitination in response to IR. A, Interaction between endogenous PD- L1 
and BCLAF1 in MDA- MB- 231 cells. B, PD- L1 expression after BCLAF1 depletion using 2 different siRNA sequences in MDA- MB- 231 cells. 
PD- L1 was examined 48 h after transfection with siRNA- BCLAF1. C, HEK293T cells transiently transfected with the PD- L1 expression 
plasmid in the presence or absence of the BCLAF1 expression plasmid. PD- L1 and BCLAF1 levels were analyzed by western blot. D, 
Western blot analysis of BCLAF1 and PD- L1 expression in mock and PD- L1- knockdown MDA- MB- 231 cells with or without IR (5 Gy, 2 h). 
E, Western blot analysis of ATM, BCALF1, and PD- L1 expression in mock and ATM- knockdown, BCLAF1- knockdown MDA- MB- 231 cells 
with or without exposure to IR (5 Gy, 2 h). F, Quantitative PCR analysis of BCLAF1 and PD- L1 mRNA level in mock and BCLAF1- knockdown 
MDA- MB- 231 cells with or without exposure to IR (5 Gy, 2 h). G, After transient co- transfection of the PD- L1- GFP expression plasmid 
and ubiquitin- HA plasmid into HEK293T cells, cells were treated with IR (5 Gy for 2 h) or MG132 (10 µM) for 6 h. Ubiquitinated PD- L1 was 
immunoprecipitated (IP) with the anti- GFP antibody and subjected to western blot analysis with an anti- HA antibody. H, MDA- MB- 231 cells 
were transiently transfected with siRNA- BCLAF1 or scramble siRNA for 48 h. Ubiquitinated PD- L1 was IPed with an anti- PD- L1 antibody 
and subjected to western blot with an anti- ubiquitin antibody
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found that PD- L1 ubiquitination increased (Figure 3H). These re-
sults indicated that BCLAF1 mediates deubiquitination of PD- L1 in 
response to IR.

3.4 | BCLAF1 is required for CMTM6- mediated PD- 
L1 protein stabilization

CKLF- like MARVEL transmembrane domain- containing protein 
6 (CMTM6) is a critical PD- L1 regulator that deubiquitinates PD- 
L1.25,26 Whether CMTM6 plays a role in IR- induced PD- L1 sta-
bilization is unknown. To test this, we examined CMTM6 protein 
expression levels by immunoblotting in MDA- MB- 231, PC- 3, HeLa, 
and BT- 483 cell lines. We found that CMTM6 expression in these 4 
cell lines was upregulated after IR (Figures 4A and S3b,c). We also 
found that this increased expression was dependent on ATM (Figure 
S3d). CMTM6 knockdown abolished IR- induced PD- L1 upregula-
tion but did not affect BCLAF1 expression (Figure 4B). Similar re-
sults were obtained in PC- 3 cells (Figure S1d). However, we found 
that knocking down BCLAF1 downregulated CMTM6 (Figures 4C 
and S3e). Furthermore, PD- L1 expression levels did not decrease 
further when co- transfecting BCLAF1 siRNA and CMTM6 siRNA 
(Figure 4C), suggesting that BCLAF- 1 and CMTM6 might share the 

same pathway to regulate PD- L1. The changes in IR- induced PD- L1 
expression after knocking down BCLAF1/CMTM6 were similar to 
those of the above results (Figure S3e). However, restoring CMTM6 
expression in MDA- MB- 231 cells after knockdown of BCLAF1 
failed to restore the increase in PD- L1 expression compared with 
the CMTM6 overexpression group (Figure 4D). These results indi-
cated that BCLAF1 is required for CMTM6- mediated PD- L1 protein 
stabilization.

3.5 | Correlation of BCLAF1 and PD- L1 expression 
in human tumor tissues

To further validate the correlation between BCLAF1 and PD- L1, 
we analyzed BCLAF1 and PD- L1 RNA expression in tumor samples 
from TCGA. The RNA expression levels of BCLAF1 and PD- L1 were 
positively correlated in 15 types of cancer (Figures 5A and S4a). 
The Pearson correlation coefficient in 5 types of cancer was more 
than 0.2 (Figure 5A). To further examine the association of BCLAF1 
and PD- L1 at the protein level, immunohistochemical staining was 
performed for 132 ESCC specimens. BCLAF1 was detected in 79 of 
the 86 specimens with high PD- L1 expression, indicating that there 
was a positive correlation between BCLAF1 and PD- L1 protein 

F I G U R E  4   BCLAF1 is required 
for CMTM6- mediated PD- L1 protein 
stabilization. A, CMTM6 and PD- L1 
expression in MDA- MB- 231 and PC- 3 
cells 2 h after exposure to 5 Gy of IR. 
B, Western blot analysis of BCLAF1, 
CMTM6, and PD- L1 expression in control 
or CMTM6- knockdown MDA- MB- 231 
cells in the absence of presence of IR 
(5 Gy, 2 h). C, Western blot analysis of 
BCLAF1, CMTM6, and PD- L1 expression 
in MDA- MB- 231 cells transiently 
transfected with siRNA- CMTM6, 
siRNA- BCLAF1, or both. Quantification 
of bands for PD- L1 expression is shown 
as a bar chart below. Error bars are 
expressed as mean ± SD of 3 independent 
experiments. D, Western blot analysis of 
PD- L1 after overexpression of CMTM6 
in BCLAF1- knowdown MDA- MB- 231 
cells. Quantification of bands for PD- L1 
expression is shown as a bar chart below. 
Error bars are expressed as mean ± SD of 
3 independent experiments
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expression (r = 0.495, P = .000) (Figure 5B). These results suggested 
a relationship between BCLAF1 and PD- L1. As a new regulator of 
PD- L1, we also investigated the survival predictive value of BCLAF1 
in TCGA. High expression of BCLAF1 mRNA was associated with a 
poor overall survival rate in 1081 breast cancer patients (P = .00014) 
(Figure 5C). In 211 breast cancer patients with chemotherapy, higher 
expression of BCLAF1 mRNA was also correlated with worse sur-
vival rate (P = .042) (Figure S4b).

4  | Discussion

Our findings demonstrate that IR- induced PD- L1 expression 
happens at both the transcriptional and post- translational lev-
els. At the transcriptional level, our data are consistent with a 
previous report9 showing that the DNA double- stranded break 
repair pathway regulates PD- L1 mRNA expression. At the post- 
translational level, we identify BCLAF1 as the key regulator for 

F I G U R E  5   BCLAF1 is positively correlated with PD- L1 in human cancer tissues and a potential survival predictor for breast cancer. A, 
From TCGA database, BCLAF1 was correlated with PD- L1 at the mRNA level in 15 types of cancers. Pearson’s correlation coefficients (r) 
are shown along with associated P- values. Correlation coefficients above 0.2 between BCLAF1 and PD- L1 of cancer are shown. B, In 132 
esophageal squamous cancer tissues, the expression of BCLAF1 and PD- L1 was examined by immunohistochemistry, and the relationship 
between BCLAF1 and PD- L1 is shown in the table. C, Kaplan- Meier analysis indicates a correlation between BCLAF1 overexpression and 
survival in breast cancer from TCGA database

(A)

(B)

(C)(a) (b)

(c) (d)
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PD- L1 stabilization in response to IR. These findings provide a 
novel mechanism for understanding the regulatory system of PD- 
L1, especially in tumor cells treated with DNA damaging agents, 
including radiotherapy.

Our data demonstrated that BCLAF1 not only participates in 
DDR- induced PD- L1 expression, but is also involved in PD- L1 up-
regulation stimulated by IFN- γ (Figure S2e). These 2 mechanisms 
might have a compounding effect on tissue levels. How BCLAF1 is 
directly involved in the processes remains to be discovered. As a 
transcriptional repressor, BCLAF1 might be involved in transcrip-
tional regulation of CMTM6 and other proteins directly involved 
in PDL- 1 stabilization. BCLAF1 was originally identified as a pro-
tein that interacts with the E1B 19K protein, which is functionally 
similar to anti- apoptotic members of the Bcl2 family. Because of 
its apoptotic activity, BCLAF1 has been proposed to be a tumor 
suppressor.10 Subsequent studies have shown that BCLAF1 plays 
a role in a wide range of processes that are not normally associated 
with the actions of Bcl2 family members.12 Lee et al 15 revealed 
that BCLAF1 is involved in the γH2AX- mediated regulation of 
apoptosis and DNA repair. BCLAF1 contributed to mRNA splic-
ing and export of some genes involved in DNA damage signaling 
and maintained the genomic stability.16,27 More recently, BCLAF1 
has been reported to have oncogenic features in some tumors. 
For example, BCLAF1 promotes cancer progression by activating 
autophagy in bladder cancer.28 BCLAF1 stimulated cell prolifera-
tion and colony formation in vitro and promoted the tumorigenic 
capacity of colon cancer cells in mice.14 In hepatocellular carci-
noma, BCLAF1 promoted tumor progression by manipulating c- 
MYC mRNA stability17 and regulating HIF- 1α.29 In our study, high 
expression of BCLAF1 was associated with a poor overall survival 
rate in breast cancer. Therefore it is possible that BCLAF1 posi-
tively regulates the immune checkpoint PD- L1, which helps the 
tumor cells escape immune surveillance. We believe that BCLAF1 
may exert an oncogenic function in breast cancer by regulating 
PD- L1.

Our immune- histochemical study in ESCC shows a positive cor-
relation between BCLAF1 and PD- L1 protein expression, indicating 
a clinical relevance of our findings. In addition, we analyzed 211 
breast cancer patients with chemotherapy alone from TCGA data-
base and found that high expression of BCLAF1 was associated with 
a poor overall survival rate in the subgroup, supporting the notion 
that BCALF- 1 is related to DNA damage- based cancer therapy and a 
potential biomarker.

CMTM6 has been identified as a master regulator of PD- L1 
by reducing PD- L1 ubiquitination and increasing its protein half- 
life.26 PD- L1 can be induced by IR, however little information is 
known as to whether IR affects CMTM6 expression. In our study, 
we found that CMTM6 expression was upregulated in response to 
IR. Furthermore, knocking down of CMTM6 abolished IR- induced 
PD- L1 expression, indicating that CMTM6 is required for the 
process. Because BCLAF1- mediated PD- L1 stabilization through 

deubiquitination, we investigated whether CMTM6 played a role 
in this process. BCLAF1 was found to be an upstream regulator 
of CMTM6, and BCLAF1 is required for CMTM6- mediated PD- L1 
stabilization.

In summary, we demonstrated a mechanism of immunosup-
pression in cancer cells through BCLAF1- mediated stabilization 
of PD- L1. This regulatory event is critical for DDR- induced PD- L1 
expression. Importantly, inhibition of PD- L1 stabilization through 
BCLAF1 not only inhibited PD- L1 expression induced by DDR but 
also blocked PD- L1 mRNA expression stimulated by exogenous 
IFN- γ. Therefore, targeting cancer cell PD- L1 stabilization through 
BCLAF1 inhibition may represent a potential strategy to restore 
immune surveillance.
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