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ABSTRACT
◥

The type I interferon response plays a pivotal role in promoting
antitumor immune activity in response to radiotherapy. The identi-
ficationof approaches toboost the radiation-induced type I interferon
response could help improve the efficacy of radiotherapy. Here we
show that the histone methyltransferase SETDB1 is a potent sup-
pressor of radiation-induced endogenous retrovirus expression.
SETDB1 inhibition significantly enhanced the efficacy of radiother-
apy by promoting radiation-induced viral mimicry to upregulate
type I interferons. SETDB1 expression correlated with radiotherapy
efficacy in human non–small cell carcinoma andmelanoma patients.
In a murine tumor model, genetic deletion of Setdb1 significantly
enhanced radiotherapy efficacy, and Setdb1-deficient tumors had
enhanced intratumoral lymphocyte infiltration, an observation con-
firmed in human cancer samples. Setdb1 deficiency led to increased
basal and radiation-induced endogenous retrovirus (ERV) expres-
sion, enhanced MDA5/MAVS signaling, and upregulated type I
interferons, which were essential for SETDB1 deficiency–induced
radiosensitization. Taken together, these data suggest that inhibition
of SETDB1 is a promising approach to enhance cancer radiotherapy
efficacy by promoting radiation-induced viral mimicry and anti-
tumor immunity through ERV induction.

Significance: The identification of the SETDB1-mediated sup-
pression of radiotherapy-induced viral mimicry reveals SETDB1
inhibition as a potential approach to sensitize tumors to radiother-
apy by enhancing the type I interferon response.

Loss of the histone methyltransferase SETDB1 leads to endogenous retrovirus

of radiotherapy.
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Introduction
Radiotherapy is an established treatment modality involved in

managing over 50% of all solid malignancies. Traditionally, radio-
biologists believe that genomic DNA is the critical target of radiation
damage in cancer cells, and the extent of radiation-induced DNA
damage is the crucial determinant of tumor response to radio-

therapy. Many research efforts had thus focused on enhancing
radiotherapy by developing agents that could inhibit DNA dou-
ble-strand break (DSB) repair. Recently, however, there has been an
increasing recognition that additional molecular and cellular signal-
ing pathways, especially those involved in regulating the immune
system, may play significant roles in mediating tumor response to
radiotherapy (1–4). For example, the cytoplasmic dsDNA-activated
cGAS/STING pathway is a critical cellular defense mechanism
against viral infections (5). In addition, a significant recent discovery
in radiation biology is that cellular exposure to ionizing radiation can
initiate cGAS/STING signaling, which activates the type I interferon
response that plays a critical role in tumor response to radiotherapy
(6–9). Consistently, a cytoplasmic endonuclease, Trex1, which can
degrade cytoplasmic dsDNA, has a significant role in attenuating
tumor response to radiotherapy because of its ability to down-
regulate cGAS/STING signaling (10).

Aside from cytoplasmic dsDNA-triggered cGAS/STING signal-
ing, endogenous retroviruses (ERV) may be another significant
factor in tumor response to radiotherapy. ERVs are vestiges of
ancient retroviruses that account for 8% of the human genome (11).
Most ERV sequences in the human genome are defective and cannot
be activated. However, a small number of them are capable of being
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reactivated under the right circumstances. These can reinsert them-
selves into the genome and cause insertional mutagenesis (12).
However, most of the activatable ERVs reside within the hetero-
chromatin and are thus not active. Recently, several groups showed
that DNA methyltransferase inhibitors such as 5-azacytidine can
induce ERV activation, inducing a state of viral mimicry by gener-
ating cytoplasmic double-stranded RNAs (dsRNA). In addition, the
ERV-derived dsRNAs can trigger the activation of the RIG-I–MDA5–
MAVS signaling pathway, which stimulates the production of type I
interferons and enhances immune-checkpoint blockade (ICB) thera-
py (13, 14). Researchers believe that 5-azacytidine treatment activated
ERV transcription by desilencing of heterochromatin regions harbor-
ing the ERVs. Consistently, another group showed recently that
inhibition of SETDB1, an essential histone methyltransferase that
plays an integral role in maintaining the heterochromatin and sup-
pressing ERV activation, can synergize with ICB therapy (15). In the
present study, we decided to examine if SETDB1 plays any role in
cancer radiotherapy. We discovered that radiation could induce a
significant attenuation of SETDB1 expression, which caused a sub-
stantial downregulation of H3K9 trimethylation and activation of
ERVs. Furthermore, SETDB1 deficiency could significantly boost
ERV activation and accompanied type I interferon induction, sensi-
tizing murine tumors to radiotherapy dependent on type I interferons
and cytotoxic T cells. Therefore, we believe SETDB1 is potentially a
promising target for enhancing cancer radiotherapy. An advantage of
targeting SETDB1 is that it is a histone methyltransferase that is very
amenable to drug development.

Materials and Methods
Cell culture and radiation exposure

We obtained A375 (humanmelanoma cell, ATCC; cat. #1619IG-2,
RRID:CVCL_0132), A549 (human lung carcinoma cell, ATCC;
cat. #CCL-185, RRID:CVCL_0023), HEK293T (ATCC; cat. #CRL-
11268, RRID:CVCL_0063), CMT64 (mouse lung carcinoma cell,
ECACC#10032301, RRID:CVCL_2406), and B16F10 (mouse mela-
noma cell, ATCC; cat. #CRL-6475, RRID_0159) from the Cell Culture
Facilities of Duke University School of Medicine. A549 was grown in
Ham’s F-12K Medium (Sigma-Aldrich), A375, CMT64, and B16F10
were grown in high-glucose DMEM (Sigma-Aldrich), supplemented
with 10% (v/v) FBS (Corning) and 1% penicillin/streptomycin
(Thermo Fisher). Cells were cultured at 37�C in a humidified
atmosphere containing 5% CO2. All cell lines were subjected to a
Mycoplasma test periodically using the Universal Mycoplasma
Detection Kit (ATCC). In addition, we conducted X-ray irradiation
using an XRAD 320 irradiator (Precision) with 320 kV and 12.5 mA at
room temperature. The dose rate was 2.2 Gy/minute.

Drug treatment of irradiated cells
In some experiments, irradiated tumor cells were treated with

tenofovir (100 mg/mL) and emtricitabine (60 mg/mL; Sigma-Aldrich),
two anti-HIV drugs, to inhibit ERV activation. The dosage used was
based on the effective doses previously reported (16). The drugs were
administered to tumor cell culture 24 hours prior to irradiation.

In other experiments, MG132 (Sigma-Aldrich) was used to inhibit
proteasome to determine if the proteasome was involved in the deg-
radation of SETDB1. MG132 was dissolved in DMSO as 1 mmol/L
stock solution. After the radiation, A549 cells were treated with
1 mmol/L MG132, and the cells were collected at different time points
post-irradiation.

The Cancer Genome Atlas patient treatment and clinical data
Weobtained patient treatment and clinical data from the cBioPortal

database (https://www.cbioportal.org; ref. 17; RRID:SCR_014555),
which includes 32 studies consisting of approximately 10,000 cancer
patients and representing 33 types of cancer fromThe Cancer Genome
Atlas (TCGA; ref. 18). Analyzed cohorts include non–small cell lung
carcinoma (NSCLC; LUAD and LUSC) and SKCMTCGA PanCancer
data within the time frame of our study (September 15, 2020–June 15,
2021).

Processing of TCGA RNA-seq and ERV data
TCGA patients’ RNA-seqV2–scaled estimates were obtained from

the cBioPortal database. In addition, we obtained ERV expression data
for subsets of the TCGA cohort from a published study that quantified
expression levels of transcribed ERVs by direct remapping from the
raw RNA-seq data (19). In the SETDB1 and ERV correlation analyses
(n¼ 386 for LUAD, n¼ 123 for SKCM), we only included patients for
which both mRNA and ERV expression data were available

Gene set enrichment analysis
We carried out enrichment of genes ontology biological processes

(BP) using the “ClusterProfiler” R software package (RRID:
SCR_016884; ref. 20) with enrichment analysis performed for TCGA
NSCLC and SKCM mRNA expression data sets. We deemed P < 0.01
as statistically significant.

CRISPR/Cas9-mediated gene knockout
We generated knockout cells by the use of lentivirus-mediated

CRISPR/Cas9 technology. Supplementary Table S1 lists single-guide
RNA (sgRNA) sequences targeting human and mouse genes. First,
we cloned double-stranded oligos encoding the sgRNA sequen-
ces into BsmBI (Thermal Fisher Scientific) digested plasmid
LentiCRISPRv2 (deposited by Dr. Feng Zhang of MIT to Addgene),
which can coexpress Cas9 and sgRNA in the same vector. We
then produced CRISPR lentivirus vectors in HEK293T cells by
cotransfecting psPAX2 (RRID:Addgene_12660) and pMD2.G
(RRID:Addgene_12259) plasmids with the sgRNA encoding plasmid
according to the established protocol of the Zhang lab (21). Finally, we
generated knockout cell lines by infecting target cells with lentivirus
and cultured them in media with 1 mg/mL puromycin for A375,
A549, and B16F10, 2 mg/mL for CMT64, and 1 mg/mL neomycin for
A549 cells (which was transduced with a modified LentiCRISPRv2
vector with the neoresistant gene).

Cell proliferation assay
Cell proliferation was measured using an MTT Cell Proliferation

Assay Kit (ATCC). Briefly, cells were seeded in a 96-well microplate
at a density of 2 � 103 cells/well. About 10 mL MTT reagent was
added to each well at different time points. After incubation at
37�C for 4 hours, adding 100 mL detergent reagent, we left the cells
at room temperature in the dark for 2 hours. We then recorded the
absorbance at 570 nm with a microplate reader. Each experiment
was repeated three times.

Quantitative reverse-transcribed, real-time PCR
We carried out total RNA extraction using the RNeasy Mini Kit

(Qiagen) following the manufacturer’s protocol. We then conducted
reverse transcription of the RNA with random hexamer primers using
Superscript II reverse transcriptase (Invitrogen). We further per-
formed qRT-PCR using the cDNA and 2� Quanti Test SYBR Green
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PCR Master Mix Kit (Qiagen). We conducted all qRT-PCR under the
following conditions: initiation for 10 minutes at 95°C, followed by 40
thermal cycles each at 95°C for 30 seconds and 60°C for 60 s. We
calculated relative fold-change in mRNA expression calculated using
the 2�DDCt method with the following equation: RQ (relative quan-
titation)¼ 2–DDCt. Supplementary Table S2 lists primers used for PCR
of different genes.

Western blot
We first lysed cells in RIPA buffer with Protease Inhibitor

Cocktail (Sigma-Aldrich). We then determined lysate total protein
concentrations using the protein assay kit (Bio-Rad). Next, equal
amounts of protein were denatured with sodium dodecyl sulfate
(SDS) sample loading buffer (Bio-Rad) at 100�C for 10 minutes,
then loaded onto a 10% SDS-PAGE gel for electrophoresis
(SDS-PAGE). After electrophoresis, we transferred the proteins to
a methanol-activated polyvinylidene fluoride membrane (Milli-
pore) and blocked the membrane in tris-buffered saline [TBST;
10 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 0.1% Tween 20]
containing 5% BSA (MP Biomedical) for 1 hour at room temper-
ature and then incubated the membrane with primary antibodies
overnight at 4�C. The primary antibodies include those against
SETDB1 (Cell Signaling Technology; cat. #2196, RRID:AB_823637;
and Proteintech; cat. #11231–1-AP, RRID:AB_2186069), GAPDH
(1:1,000, Proteintech; cat. #60004–1-Ig, RRID:AB_2107436), MDA5
(Cell Signaling Technology; cat. #5321, RRID:AB_10694490),
MAVS (Cell Signaling Technology, cat. #24930, RRID:AB_2798889;
cat. #4983, RRID:AB_823566), IRF7 (Cell Signaling Technology;
cat. #4920, RRID:AB_2127551), and H3K9me3 (1:1,000, CST; cat.
#13969, RRID:AB_2798355). After washing with TBST twice, the
membrane was incubated with the appropriate horseradish per-
oxidase (HRP)-labeled secondary antibody for 1 hour at room
temperature. Secondary antibodies conjugated with HRP includ-
ed goat–anti-rabbit or mouse IgG (1:5,000). Finally, we visualized
immunoblots using the enhanced chemiluminescence detection
system according to the manufacturer’s protocol.

Clonogenic survival assay after radiation exposure
To carry out the clonogenic survival assay, we first trypsinized the

cells, washed the cells in PBS buffer, and exposed the cells to radiation
in an Eppendorf tube. After radiation exposure, we seeded appropriate
numbers of cells into 100-mm Petri dishes to produce colonies. For
each radiation dose, we used three replicate dishes. Subsequently, we
allowed the colonies to grow for 10 days, fixed the cells with 10 mL
fresh Carnoy’s solution (22), and stained themwith 0.5% crystal violet
for 20minutes. Finally, we counted all colonies withmore than 50 cells.
We calculated the plating efficiencies (PE) as follows: the number of
colonies formed/number of cells plated; survival ratios as follows: PE
(irradiated)/PE (unirradiated).

Tumor growth delay studies
We purchased 6-week-old female C57BL/6J (RRID:IMSR_

JAX:000664) and nude mice (RRID:IMSR:002019) from The Jackson
Laboratory. Before tumor cell injection, we shaved the right hind-
limbs of the mice. Next, we resuspended about 1 � 106 CMT64 or
1 � 105 B16F10 cells in 50 mL PBS and injected them into the shaved
hindlimbs subcutaneously. After 7 days, we irradiated the tumors with
8 Gy of X-rays with the help of lead shielding. We then measured
tumor volumes every other day and calculated tumor volumes using
the following formula: (Length) � (Width)2/2. We sacrificed the
mice when tumor volumes reached 2,000 mm3. Finally, we used the

Kaplan–Meier test and log-rank (Mantel–Cox) test for survival anal-
ysis among different tumor-bearing mice groups.

CIBERSORT analysis of the intratumoral lymphocyte infiltration
in human tumors

CIBERSORT is a bioinformatics tool for characterizing the status
of anticancer immunity and the proportion of tumor-infiltrating
immune cells (23). We conducted a CIBERSORT analysis of NSCLC
patients from the TCGA database based on their RNA expression data
using an online CIBERTSORT analysis tool, TIP (http://biocc.hrbmu.
edu.cn/TIP/), to visualize the immune cell subset of the tumor samples.

Quantifying tumor-infiltrating lymphocytes by flow cytometry
To quantify tumor-infiltrating lymphocytes, we established vector

control and Setdb1KO B16F10 tumors established subcutaneously.
First, we sacrificed tumor-bearing mice and excised the tumors on day
14 after inoculation. We then weighed and minced the tumors and
incubated the tumor tissue in PBS solution with DNase I (50 mg/mL,
Sigma) and collagenase P (2 mg/mL, Sigma) for 30 minutes at 37�C.
Next, we passed the dissociated cells through a 70-mm cell strainer
(BD). We then blocked the filtered cells with an anti-CD16/32
antibody (BioLegend; cat. #101319, RRID:AB_1574973) and stained
them with specific surface antibodies (Pacific Blue anti-mouse-CD3
(BioLegend; cat. #100333, RRID:AB_2028473), APC anti-mouse CD4
(BioLegend; cat. #100424, RRID:AB_389324), APC-Cy7anti-mouse-
CD8a (BioLegend; cat. #100766, RRID:AB_2572113), FITC anti-mouse
CD45 (BioLegend; cat. #103107, RRID:AB_312972), BioLegend) for
20 minutes on ice. Next, we excluded the dead cells using Live/Dead
Fixable Aqua dye (Thermo Fisher Scientific). Next, we fixed the cells
with 2% PFA for 20 minutes and permeabilized them with 0.1% Triton
X-100 PBS for 10 minutes on ice. After that, we incubated the cells
with antibodies for intracellular targets (PE anti-mouse NK1.1, PE
anti-mouse-Foxp3, APC IFNg , and PE anti-mouse-GZMB, BioLegend)
in the dark for 30 minutes on ice. We then analyzed the stained cells
by use of a BD Canto flow cytometry system.

Immunofluorescence-based quantification of cytoplasmic
dsRNA

We seeded the cells at 1 � 104 per dish into 35-mm glass-bottom
poly-D-lysine–coated dishes (MatTek) before irradiating them. At
various times after irradiation, we fixed the cells with 4% paraformal-
dehyde (PFA) for 20 minutes and permeabilized them with 0.5%
Triton X-100 (Sigma-Aldrich) in PBS for 10minutes.We then blocked
nonspecific binding sites on the surface of the cells with 5%BSA in PBS
for 60 minutes at room temperature before incubation with primary
antibodies. We then incubated the cells with the primary antibody
diluted in 5% BSA/1� PBS for 3 hours at room temperature. The
primary antibody we used for immunostaining of dsRNA was J2
(1:200, SCICONS; cat. #10010200, RRID:AB_2651015), which specif-
ically binds to dsRNA. After incubation, cells were washed three
times with PBS, 10 minutes each, and then incubated with the appro-
priate Alexa Fluor 488/594 secondary antibodies (1:2,000, Invitrogen)
diluted in 5% BSA for 1 hour. Next, we washed the cells three times
with PBS for 10 minutes each time. We then counterstained the
cellular nuclei with 40,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher). Finally, we performed digital image analysis using a TCS
SP5-inverted confocal microscope (Leica) at �40 magnification.
We used the ImageJ software (ImageJ, RRID:SCR_003070) to obtain
the relative integrated fluorescence intensity per cell. We quantified
images of 50 cells for every time point and carried out at least three
independent experiments for each time point.
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Lymphocyte depletion and interferon signaling blockade
We depleted CD4þ T cells, CD8þ T cells, and NK cells via i.p. in-

jection of anti-CD4 (Bio X Cell; cat. #BE0003-1, RRID:AB_1107636),
anti-CD8b (Bio X Cell; cat. #BE0223, RRID:AB_2687706), or anti-
NK1.1 (Bio X Cell; cat. #BE0036, RRID:AB_1107737) at 100 mg per
mouse, respectively, on days 1, 4, and 7 after tumor cell injection. We
used an equal amount of IgG isotype antibodies (PIP, Bio X Cell) as a
control. In addition, we injected an anti–IFNAR-1 antibody (Bio X Cell;
cat. #BE0241, RRID:AB_2687723) i.p. at 200 mg per moue on days 6,
9, and 12 to block type I interferon signaling after tumor cell injection.

5-Ethynyl-20-deoxyuridine incorporation assay and J2
costaining

We quantified cell proliferation fraction by the Click-iT EdU Cell
ProliferationKit (Thermo Fisher Scientific). Briefly, we seeded the cells
at 1 � 104 per dish on 35-mm glass-bottom poly-D-lysine–coated
dishes before radiation exposure. Four days later, we incubated the
cells with 10 mmol/L 5-ethynyl-20-deoxyuridine (EdUrd) for 24 hours
before fixing, permeabilizing, and staining the cells with EdUrd
according to the manufacturer’s protocol. We also carried out costain-
ing of the cells with J2 antibody as described above.

Statistical analysis and reproducibility
We obtained TCGA patient treatment information, clinical data,

and RNA sequence data from the cBioPortal database. We compared
the difference in survival by using the log-rank (Mantel–Cox) test. We
used the Spearman correlation test to conduct correlation analyses.
In addition, we carried out gene set enrichment analysis and derived
P values using the “ClusterProfiler”package inR software version 3.4.0.
We used the unpaired t test to analyze the differences in CIBERSORT
scores between different groups. We also used the unpaired t test to
compare ERV expression levels between different groups.

For in vitro experiments, unless stated otherwise in figure legends,
data are represented as individual values or as mean � SEM. Group
sizes (n) and applied statistical tests are indicated in figure legends.We
assessed the statistical significance by using an unpaired t test analysis.
Experiments were all performed at least three times with biologically
independent samples.

For in vivo experiments, unless stated otherwise in figure legends,
data are represented as individual values or as mean � SEM. Group
sizes (n) and applied statistical tests are indicated in figure legends. In
all cases, we randomly assigned mice into different treatment groups
stratified for tumor sizes at the time of treatment. In some experiments
(as indicated in figure legends), we assessed the significance of the
differences between different groups using the two-way ANOVA
analysis. In other cases, we used the Mantel–Cox log-rank test to
calculate the significance of the differences between different groups.
Finally, we used GraphPad Prism 8.2.1 (GraphPad Prism, RRID:
SCR_002798) for all of our statistical calculations.

Data availability statement
All of the data generated in this study are available within the article

and the supplementary data files. In addition, we analyzed some data
from the cBioPortal at https://www.cbioportal.org/study/summary?
id¼luad_tcga_pan_can_atlas_2018.

Results
Low SETDB1 expression predicts survival benefits in
radiotherapy patients

To investigate whether SETDB1 expression levels influence human
tumor response to radiotherapy, we analyzed the correlation between

SETDB1 expression and response to radiotherapy in TCGA PanCan-
cer lung and melanoma cohorts using the cBioPortal database (17). In
particular, we analyzed subcohorts of 113 NSCLC and 45 melanoma
(SKCM) patients known to have undergone radiotherapy (see Sup-
plementary Table S3 and S4 for patient characteristics). Our analysis
indicated that patients with low SETDB1 expression levels had a
significant advantage in progression-free survival (PFS) when com-
pared with those with high SETDB1 expression (high and low expres-
sers divided by median; P ¼ 0.021 or 0.030 for NSCLC or SKCM,
respectively; Fig. 1A and B). Furthermore, although we used the
median SETDB1 expression level to separate high versus low cohorts,
Cox regression analysis using SETDB1 as a continuous variable shows
that patient survival is negatively correlated with patient survival in
both NSCLC and SKCM patients (Supplementary Fig. S1A and S1B).
In NSCLC patients, the median of PFS was 41 months versus
17 months in SETDB1-low and -high groups, respectively. Among
SKCM patients, the median PFS was 77 months versus 30 months in
SETDB1-low and -high groups, respectively. Importantly, in the
absence of radiotherapy, the differences in PFS between the SETDB1
high versus low groups became nonsignificant in NSCLC patients
(Fig. 1C) and wholly gone in SKCM patients (Fig. 1D). Therefore, our
analysis suggests that low SETDB1 expression may predict radiother-
apy benefits in NCSLC and melanoma patients.

Based on the above analysis, we hypothesized that SETDB1 defi-
ciency might sensitize tumors to radiotherapy. To evaluate the influ-
ence of SETDB1 on the intrinsic radiosensitivity of cancer cells, we
generated SETDB1 knockout A549 human lung cancer and A375
human melanoma cells using the CRISPR/Cas9 technology (Fig. 2A;
refs. 21, 24). We then carried out clonogenic surviving assays after
exposing the cells to different doses of X-rays. Our results indicated
SETDB1 deficiencies significantly decreased the clonogenic abilities of
the A549 and A375 cells, especially at higher radiation doses (Fig. 2B
and C). We also generated Setdb1KO B16F10 mouse melanoma cells
and evaluated their radiation sensitivity. Our results indicate that
similar to human tumor cells, Setdb1KO sensitized B16F10 cells at
higher radiation doses (Supplementary Fig. S1C). Importantly,
SETDB1 knockout has no effect on clonogenic (Supplementary
Fig. S1D) and proliferative (Supplementary Fig. S1E) capacity of
A549, A375, and B16F10 cells.

We next evaluated the influence of Setdb1KO on the radiotherapy
response of murine CMT64 lung tumors (Fig. 2D–F) and B16F10
melanoma (Fig. 2G–I). After establishing subcutaneous tumors using
vector control and Sefdb1KOCMT64 and B16F10 cells, we treated the
tumors with radiotherapy. Our data indicated that Setdb1-deficient
tumors grew slower than controls. Furthermore, they respond to
radiotherapy significantly better than vector controls (Fig. 2E
and H). Mice bearing Setdb1-deficient tumors also survived signifi-
cantly longer (Fig. 2F and I), with tumors disappearing in 2 of 5mice in
both tumor models and not palpable at the end of the experiments.

Taken together, our experimental data suggest that SETDB1 defi-
ciency sensitizes bothmurine tumors in vivo and human tumor cells to
ionizing radiation in vitro, consistent with the observed radiotherapy
benefits observed in SETDB1 cancer patients in TCGA NSCLC and
SKCM cohorts.

SETDB1 deficiency promoted intratumoral lymphocyte
infiltration

Wenext sought to elucidate themechanisms of SETDB1deficiency–
induced sensitization of human and mouse tumors to radiotherapy.
We started by conducting a gene ontology (GO) BP analysis (25, 26) of
SETDB1 high- or low-expressing tumors in radiotherapy-treated
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NSCLC and SKCM patients. There were 284 and 352 genes negatively
correlated with SETDB1 expression in radiotherapy-treated NSCLC
and SKCM patients. GO analysis showed that genes overexpressed in
SETDB1 low-expressing NSCLC or SKCM tumorsmainly belonged to
innate immune response pathways such as leukocyte degranulation,
myeloid cell activation, and neutrophil-mediated immunity. (Fig. 3A
and B). In comparison, the numbers of genes overexpressed in the
SETDB1 high expression group were 441 and 423 in NSCLC and
SKCM patients, respectively. Furthermore, GO analysis indicated that
the main pathways enriched in these tumors were related to RNA
metabolism (Fig. 3C and D).

Based on the above GO enrichment analysis results, we reasoned
that SETDB1-low tumors significantly activated genes involved in
immune recognition and lymphocyte activation. To further examine
this observation, we carried outCIBERSORT (27) analysis of SETDB1-
high and -low, radiotherapy-treated TCGA NSCLC and SKCM
patients using the TIP online database (28). CIBERSORT is a bioin-
formatics tool established to identify different immune effector subsets
from RNA-seq data. Our CIBERSORT analysis showed that the
recruitment scores for T, CD4þ T cell, CD8þ T, NK, DC, and

macrophage cells were significantly higher in SETDB1 low versus
highNSCLC patients (Fig. 4A–F).Wemade similar findings in SKCM
patients except for CD4þ T cells, which did not reach statistical
significance despite a positive trend (Fig. 4G–L).

Based on our analysis that SETDB1-low expression correlated
with increased intratumoral lymphocyte infiltration in TCGANSCLC
and SKCM patients, we assessed whether Setdb1 deficiency could
boost intratumoral lymphocyte infiltration in murine tumors. For
this purpose, we established Setdb1-deficient and control B16F10
tumors in syngeneic C57BL/6 mice and quantified the numbers of
tumor-infiltrating lymphocytes using flow cytometry analysis follow-
ing a gating strategy shown in Supplementary Fig. S2. Our analysis
showed significantly increased CD4þ and CD8þ T-cell infiltration in
Setdb1-deficient B16F10 tumors compared with control tumors
(Fig. 4M and N). In addition, infiltrations of NK, IFNgþCD8þ

T cells in Setdb1-deficient B16F10 tumors also increased (Fig. 4O
and P). Furthermore, there was a general trend toward increased
infiltration of CD4þFoxp3þ Tregs and granzyme-Bþ (GzmBþ) CD8þ

cells. However, such increases did not reach statistical significance
(Fig. 4Q and R).
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Figure 1.

The influence of the SETDB1 expression level on the PFS of radiotherapy patients. A and B, Kaplan–Meier analysis of the PFS of radiotherapy-treated TCGA NSCLC
patients (A) and SKCM patients (B) with high or low SETDB1 expression. The cutoff value between high and low groups was the median. C and D, The PFS
of nonradiotherapy treatedNSCLC patients (C) and SKCMpatients (D) with high and low SETDB1 expression. The cutoff value between high and lowwas themedian.
P values were determined by a log-rank test.
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Taken together, we concluded that SETDB1 deficiency promoted
general innate immune signaling and intratumoral lymphocyte infil-
tration in both human and murine tumors.

SETDB1 deficiency caused enhanced basal- and radiation-
induced ERV activation and type I interferon response

We next sought to understand how SETDB1 deficiency promoted
immune signaling and increased intratumoral lymphocyte infiltration.
Previous studies report that SETDB1, as a histone H3K9 methyltrans-
ferase, plays a critical role in silencing ERVs transcription by main-
taining H3K9 trimethylation and heterochromatin status (29–31).

Therefore, we reasoned that SETDB1 deficiency might cause H3K9
demethylation and activation of the ERVs. To test our hypothesis, we
next measured basal and radiation-induced dsRNA levels in the
cytoplasm of A549 and A375 cancer cells and murine B16F10 cells
by use of the well-established J2 antibody, which binds specifically to
dsRNA that are 40 bp or longer (32).We observed significant increases
in dsRNA levels in A549 cells on days 3, 5, and 7 after radiation
exposure, peaking on day 5 (Supplementary Fig. S3A and S3B). We
next used qRT-PCR to quantify known individual ERVs in irradiated
A549 cells to obtain definitive evidence of radiation-induced ERV
expression. Our data indicated that all 12 ERVs examined were
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induced by radiation exposure, and the induction peaked at day 5
(Supplementary Fig. S3C–S3N).

We next determined radiation-induced dsRNA in SETDB1-defi-
cient A549 lung cancer and A375 melanoma cells at day 5 post-
irradiation. Our data indicate that both basal and radiation-induced
cytoplasmic dsRNA levels were significantly increased in SETDB1-
knockout A549 (Fig. 5A andB; Supplementary Fig. S4), andA375 cells
(Fig. 5C andD). We also found that in B16F10 cells, Setdb1 knockout
enhanced both basal or radiation-induced dsRNA (Supplementary
Fig. S5A and S5B).

We next analyzed the correlation between SETDB1 and individ-
ual ERV expression levels in NSCLC and SKCM patients in the

TCGA database. Our analysis indicated that expression levels of
some ERVs were significantly higher in SETDB1 low-expressing
NSCLC (Fig. 6A–D) and SKCM tumors (Fig. 6E and F).

We further used qRT-PCR was used to quantify individual ERV
induction in SETDB1-deficient A549 and A375 cells. Our data showed
significantly higher levels of both basal and radiation-induced ERV
transcription for most ERVs examined in SETDB1-deficient A549
(Fig. 6G–J; Supplementary Fig. S4) and A375 (Fig. 6K–N) cells.
Previous studies have indicated ERV activation can induce a viral
mimicry state and trigger type I interferon response (13, 14). We thus
quantified the transcription levels of several interferon-stimulated
genes (ISG) in control and irradiated A549 and A375 cells. Consistent
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with ERV induction, radiation induced significant increases in ISG
expression, and SETDB1 deficiency enhanced basal ERV levels
significantly in A549 (Fig. 6O–S) and A375 (Fig. 6T–X) cells. In
addition, radiation further boosted already high basal ERV levels in
the SETDB1KO cells. Consistently, in control and Setdb1-deficient
murine B16F10 melanoma cells, radiation exposure enhanced both
ERV (Supplementary Fig. S5C) and ISG (Supplementary Fig. S5D–
S5H) induction.

To establish a causal relationship between SETDB1 and radiation-
induced viral mimicry and type I interferon response, we treated
control and SETDB1KO A549 cells with a combination of anti-
retroviral drugs, tenofovir and emtricitabine, which have previously
been shown to inhibit ERV activation in human cancer cells (16).
Our results show that this combination anti-retroviral pretreatment
could restrain SETDB1-deficiency–enhanced, radiation-induced

ERVs (Supplementary Fig. S6A–S6D) and ISGs (Supplementary
Fig. S6E–S6I) in A549 cells.

We next examined the influence of radiation exposure on SETDB1
levels. Western blot analysis of irradiated A549 cells indicated that
radiation caused a progressive decrease in SETDB1 levels inA549 cells,
which was accompanied by attenuated H3K9Me3 levels (Supplemen-
tary Fig. S7A), indicative of the derepression of the heterochromatin
that was consistent with earlier reports of radiation-induced chroma-
tin relaxation (33, 34). In addition, our data also showed that SETDB1
knockout increased radiation-induced MDA5 and IRF7 levels, two
crucial factors in viral mimicry-induced type I interferon response in
A549 cells (Supplementary Fig. S7B).What is the potential mechanism
of radiation-induced SETDB1 attenuation? Previously, it was discov-
ered that genotoxic stress such as radiation could induce the degra-
dation of phosphorylated KAP1 (35). Since it is well established that
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Figure 4.

The influence of SETDB1 expression on lymphocyte activation and infiltration in human and mouse tumors. A–L, Tumor lymphocyte recruitment scores in SETDB1-
high vs. -lowNSCLC (A–F) and SKCM (G–L) patients. Data obtained fromCIBERSORT analysis of RNA-seq data of pretreatment tumor tissues. Cutoff values between
high and low groups are medians. The box plots showmedian� IQR (interquartile range).M–R, The average numbers of tumor-infiltrating CD4þ T cells (M), CD8þ T
cells (N), NK cells (O), CD4þFOXP3þ Tregs (P), CD8þIFNgþ T cells (Q), and CD8þGZMBþ T cells (R) per mg of tissue from vector control (VC) or SETDB1-KO B16F10
tumors grown in C57BL/6 mice. Flow cytometry analyses were done on day 14 after implantation of 1 � 105 tumor cells. In M–R, values indicate mean� SEM. � , P <
0.05; ��, P < 0.01; ns, not significant; P values were determined by an unpaired t test.
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SETDB1 associates with KAP1 to maintain the heterochromatin (36),
it is reasonable to suggest that under genotoxic stress, SETDB1 might
also be degraded by the proteasome system. Indeed, when we used
MG132, a well-established proteasome inhibitor together with radi-
ation, the reduction in SETDB1 was almost abrogated, accompanied
by the restoration in H3K9me3 levels (Supplementary Fig. S7C). Our
results, therefore, suggest that SETDB1 levels are regulated by the
proteasome system after radiation exposure. In this respect, there
remain critical unanswered questions, such as the role of KAP1 in
regulating SETDB1 levels and the specific E3 ligases involved in
mediating SETDB1 degradation. In future studies, it would be impor-
tant to better understand radiation-induced heterochromatin relaxa-
tion and ERV upregulation.

Taken together, our experiments here provided strong evidence for
radiation-induced ERV activation in cancer cells strongly amplified by
SETDB1 inhibition.

ERV activation–induced viral mimicry essential for SetDB1
deficiency–induced radiosensitization in vivo

Now that we have shown evidence that SETDB1 deficiency
amplified both basal and radiation-induced viral mimicry and
type I interferon response, the next two important questions are:
(i) To what extent ERV activation is responsible for radiation-
induced type I interferon response? (ii) Are radiation-induced viral
mimicry and type I interferon response functionally required for
SetDB1 deficiency–induced radiosensitization to tumors? We gen-
erated SETDB1/MDA5, SETDB1/MAVS, and SETDB1/IRF7 double
knockout A549 cells (Fig. 7A) because MDA5, MAVS, and IRF7 are
well-known factors essential for ERV sensing and signaling. Control,
SETDB1 single knockout, SETDB1/MDA5 or /MAVS, /IRF7 double

knockout A549 cells were then subjected to X-ray exposure and
analyzed (by qRT-PCR) for type I interferon response. Our data
indicated that in the absence of dsRNA-sensing MDA5/MAVS/
IRF7, SETDB1 deficiency induction of both the type I interferon
(IFNB1) and other ISGs (IFI27, IFI44, and IFI44L) attenuated
significantly (Fig. 7B–E).

The importance of viral mimicry and dsRNA-sensing type I inter-
ferons was further supported by in vitro proliferation and radiation
sensitivity assays. Using EdUrd labeling and staining with dsRNA-
specific J2 antibody, we observed a significantly higher fraction of J2
staining in EdU-negative cells (Supplementary Fig. S8A and S8B).
Because EdUrd only stains proliferating cells, these results thus
indicate that radiation-induced ERV activation correlated with pro-
liferation arrest in irradiated A549 cells. Colony formatting assays
further bolstered these results in A549 cells. These assays showed that
the radiosensitivity observed in SETDB1-KO A549 cells was signifi-
cantly attenuated by the double knockout of MDA5, MAVS, or
IRF7 genes (Supplementary Fig. S8C).

To determine the functional importance of dsRNA-induced type I
interferons in the radiation response of Setdb1-deficient tumors
in vivo, we conducted radiotherapy experiments with tumors estab-
lished from B16F10 cells deficient in Setdb1. We used an anti-
interferon receptor (IFNAR) antibody to block type I interferon
response. Our results showed that using the anti-IFNAR antibody
reduced tumor growth delay in nonirradiated Setdb1-deficient tumors
significantly (Fig. 7F). Furthermore, it also abrogated radiation-
induced growth delay of Setdb1-deficient tumors (Fig. 7F–G). To
assess the importance of the immune effector cells in SetDB1 defi-
ciency–induced radiosensitization, we depleted CD4þT, CD8þT, and
NK cells using anti-CD4, anti-CD8, and anti-NK1.1 antibodies,
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respectively, in another series of tumor growth delay experiments. Our
results indicated that depletion of any one of the three cellular subsets
abrogated SetDB1 deficiency indued radiosensitization of B16F10
tumors (Fig. 7H–I). Consistently, in athymic nude mice, which are
deficient in T cells, SETDB1 deficiency-induced tumor growth

delay and radiotherapy benefits were significantly attenuated com-
pared with wild-type C57BL/6 mice (Supplementary Fig. S8D–S8E
vs. Fig. 2H–I). Finally, MAVS deficiency by itself had a modest but
significant effect in attenuating radiation-induced tumor suppression
in wild-type B16F10 models (Supplementary Fig. S8F–S8H).
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Figure 6.

SETDB1 deficiency enhanced basal and radiation-induced ERV activation and type I interferon expression. A–F, FPKM of ERV expression levels in SETDB1-high vs.
-lowTCGANSCLC (A–D) and SKCM (E andF) patients. Cutoff values are the top vs. lowest 20%. Thebox plots showmedian� IQR (interquartile range).P valueswere
calculated by log-rank test. G–N, Relative ERV expression levels in A549 (G–J) and A375 (K–N) cells as measured by qRT-PCR in VC and SETDB1-KO cells at 5 days
after exposure to 8 Gy of X-rays.O–X,Relative type I interferon response genes’ expression levels in A549 (O–S) and A375 (T–X) asmeasured by qRT-PCR in VC and
SETDB1-KO cells at 5 days after exposure to 8 Gy of X-rays. Quantitative values in G–X are shown as mean � SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not
significant, as determined by an unpaired t test.
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Together, our results showed the importance of the dsRNA-sensing
signaling pathway in mediating SETDB1 deficiency-induced radio-
sensitization (in vitro and in vivo) and the importance of an intact
immune system in vivo.

Discussion
Identifying innate cellular immunity signaling, such as the cyto-

plasmic dsDNA-sensing cGAS/STING pathway, as a critical signaling
event in determining tumor response to radiotherapy is a landmark
discovery. It provides a critical mechanistic understanding of how
radiation-induced DNA damage can influence tumor response to
radiotherapy and highlights a direct link between DNA DSBs and
the host immune system. From this perspective, radiation-induced
ERV activation added an important new twist to the interaction
between radiation and the cellular innate immune system. Together

with our recent identification of KAP1 as an important regulator of
ERV activation during radiotherapy (37), the present study provides
solid proof for a potential role of the KAP1/SETDB1 complex in
suppressing ERV when mammalian cells suffer DNA DSB damage.
Compared with KAP1, an adaptor protein responsible for bringing
other proteins together to promote H3K9 trimethylation (36) and
difficult to target, SETDB1 is an effector histone trimethyltransferase
with clearly defined enzymatic activities. Because histonemethyltrans-
ferase inhibitors have been successfully developed and are currently in
human clinical trials (38), SETDB1 should bemuchmore amenable to
drug development than KAP1.

The discovery of the radio-sensitizing effect of SETDB1 inhibition is
exciting from several different perspectives. First, it provides a novel
druggable therapeutic target for radiotherapy different from well-
established radio-sensitizing targets such asDNAdouble-strand repair
factors ATM and DNA-PKcs (39). Second, targeting SETDB1
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Figure 7.

ERV-induced type I interferon response responsible for increased radiotherapy-induced tumor growth in SETDB1-deficient tumors. A, Western blot
analyses for MDA5, MAVS, IRF7, and H3K9me3 levels in VC and SETDB1-KO A549 cells with or without double knockdown of MDA5, IRF7, or MAVS.
B–E, Relative expression levels of type interferon response genes in SETDB1-KO, SETDB1/MDA5-DKO, SETDB1/MAVS-DKO, and SETDB1/IRF7-DKO A549
cells at 5 days after exposure to 0 and 8-Gy X-rays, as measured by qRT-PCR. F and G, Tumor growth delay (F) and Kaplan–Meier survival curve (G) of
C57BL/6 mice inoculated with 1�105 control or SETDB1-KO B16F10 cells treated with or without anti-IFNAR antibodies (200 mg/mouse) on days 6, 9, 12, and
irradiated with or without 8-Gy X-rays on day 7 after inoculation. H and I, Tumor growth delay (H) and Kaplan–Meier survival curve (I) of C57BL/6 mice
inoculated with 1 � 105 SetDB1-KO B16F10 cells treated with or without anti-CD4, CD8, NK1.1 antibodies, respectively (100 mg/mouse on days 1, 4, 7)
and irradiated with or without 8 Gy of X-rays on day 7. Values in B–E, F, and H indicate mean � SEM. � , P < 0.05; ��, P < 0.01; ��� , P < 0.001; #, P < 0.05,
##, P < 0.05 (compared with the SETDB1 KO group); ns, not significant, as determined by two-way ANOVA in F and H. In B–E, P values were determined by
an unpaired t test. In G and I, P values were determined by the log-rank test.
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mobilizes the immune system to fight cancer by activating the dsRNA-
sensing innate immune signaling pathway, which is quite novel among
other radio-sensitizing targets currently in consideration. Given the
recent advances in our understanding of the importance of the
immune system in radiotherapy (2), our discovery provides another
exciting angle to understand and exploit cancer radiotherapy. Third,
since ERVs and other retroviral elements exist in all human cells,
SETDB1-targeting may be applicable to all cancer types where radio-
therapy is used.

Moving forward, we still have some important unanswered issues
concerning the prospect of SETDB1 as a target for the radiosensi-
tization of tumors. One key question is whether normal cells
respond similarly to tumor cells in ERV activation. Although both
normal and malignant cells repair DNA DSBs using the same DNA
repair machinery, there are reasons to believe that important
differences between the two may affect how ERVs are regulated.
For example, after radiation exposure, p53 is induced by DNA
damage to stop the cell cycle in normal cells (40). In addition, p53
can suppress the transcription of ERVs (41) and other transposable
elements (42) in normal mammalian cells. On the other hand,
most tumor cells are defective in p53 signaling, rendering them
more susceptible to radiation-induced ERV induction. Therefore,
p53 status may be an important consideration in potential future
SETDB1-targeted therapeutics development.

There are limitations to our present study. One example is the
radiation dosage we used. We have chosen a single dosage of 8 Gy
because it elicited a robust ERV and type I interferon response in
both human and mouse cells we used. Although we are confident
of the capacity of clinically relevant, fractionated radiation (e.g.,
1.5–2.0 Gy per day for multiple days) to induce ERVs, further
systematic studies are needed to characterize the time course and
kinetics of fractionated radiotherapy-mediated ERV induction.
Another unanswered question of our study is the potential involve-
ment of other transposable retroelements in the genome, such as
long/short interspersed elements (SINES/LINES), which are also
regulated by SETDB1 (29, 43), in causing viral mimicry and type I
interferon response. It is possible that these elements, in addition
to ERVs, are also involved. Future studies are warranted to tease

out the relative involvement of various classes of retroelements in
radiation-induced antitumor immunity.

Conclusion
Our study provides strong evidence that SETDB1 restrains

radiation-induced viral mimicry state in mammalian cells and ensuing
MDA5/MAVS/IRF7 mediated type I interferon response. Therefore,
targeting SETDB1 may, thus, be a promising strategy to enhance the
efficacy of radiotherapy by activating antitumor immunity.
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