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ABSTRACT
◥

Substantial progress has been made in understanding how
tumors escape immune surveillance. However, few measures to
counteract tumor immune evasion have been developed. Suppres-
sion of tumor antigen expression is a common adaptive mechanism
that cancers use to evade detection and destruction by the immune
system. Epigenetic modifications play a critical role in various
aspects of immune invasion, including the regulation of tumor
antigen expression. To identify epigenetic regulators of tumor
antigen expression, we established a transplantable syngeneic tumor
model of immune escape with silenced antigen expression and used
this system as a platform for a CRISPR–Cas9 suppressor screen for
genes encoding epigenetic modifiers. We found that disruption of
the genes encoding either of the chromatin modifiers activating

transcription factor 7–interacting protein (Atf7ip) or its inter-
acting partner SET domain bifurcated histone lysine methyl-
transferase 1 (Setdb1) in tumor cells restored tumor antigen
expression. This resulted in augmented tumor immunogenicity
concomitant with elevated endogenous retroviral (ERV) antigens
and mRNA intron retention. ERV disinhibition was associated
with a robust type I interferon response and increased T-cell
infiltration, leading to rejection of cells lacking intact Atf7ip or
Setdb1. ATF7IP or SETDB1 expression inversely correlated with
antigen processing and presentation pathways, interferon signal-
ing, and T-cell infiltration and cytotoxicity in human cancers.
Our results provide a rationale for targeting Atf7ip or Setdb1 in
cancer immunotherapy.

Introduction
The immune system plays a key role in preventing carcinogenesis in

immunocompetent hosts, a process knownas immune surveillance (1).
However, cancer cells can escape immune surveillance during the
cancer immunoediting process (2). Although considerable knowledge
has accumulated on how tumors avoid immune surveillance, the
development of effective therapies to overcome tumor immune eva-
sion remains a challenge.

Tumor antigens are processed and presented to CD4þ helper T cells
and circulating CD8þ cytotoxic T cells, which leads to activation of
adaptive immunity by CD4þ helper T cells or the direct killing of
tumor cells by infiltrated CD8þ cytotoxic T cells (3). One common
mechanism of tumor cell immune evasion is loss of antigen expres-
sion (4). In an autochthonous murine model of sarcomagenesis,
chronic T-cell attack on tumor cells can silence the expression of
tumor-specific antigens (5). In human lung cancer evolution, pro-
moter hypermethylation of genes encoding neoantigenic mutations is
an epigenetic mechanism of immune escape (6). Thus, searching for
candidate therapeutic targets that can promote tumor antigen expres-
sion and boost antitumor immunity when inhibited may lead to novel
strategies for cancer immunotherapy.

Targeting epigenetic modifiers shows potential in enhancing anti-
tumor immune response (7). For example, inhibition of polycomb-
repressive complex 2 substituents and histone deacetylases can restore
expression of MHC-I antigen processing and presentation machinery
and T-cell–mediated antitumor immunity (8, 9). Other studies show
that DNA methyltransferase and histone deacetylase inhibitors, or
histone demethylase inhibition increase tumor immunogenicity
through upregulation of tumor antigen expression, including antigens
derived from endogenous retroviruses (ERV; refs. 10–13). These
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findings suggest that targeting epigenetic regulators offers an attractive
avenue for restoring immune surveillance.

Here, we performed a CRISPR–Cas9 suppressor screen in an
antigen-silenced immune escaped lung adenocarcinoma tumormodel.
We identified Atf7ip and its interacting partner Setdb1 as potential
therapeutic targets to augment tumor immunogenicity. Functional
and mechanistic studies demonstrated that Atf7ip–Setdb1 deficiency
stimulated antitumor immunity in multiple tumor models. Thus, our
findings provide a rationale for nominating ATF7IP and SETDB1 as
potential novel immunotherapeutic targets in patients with cancer.

Materials and Methods
Plasmid construction, lentivirus production, cell lines, and cell
culture

Plasmids pLenti-Cas9-Puro (cat. #110837, addgene), lenti-
CRISPRv2 neo (cat. #98292, addgene), Lenti-LucOS (cat. #22777,
addgene), psPAX2 (cat. #12260, addgene), and pMD2.G (cat.
#12259, addgene) were directly used. The puromycin resistance of
pXPR-047 (cat. #107145, addgene) was replaced with blasticidin
resistance to construct the plasmid pXPR-GFP-Blast. Coding sequence
for ovalbumin-SIINFEKL (SIN, OVA257–264) was engineered to pMT-
025 (cat. #158579, addgene) to construct the plasmid SQ. The puro-
mycin resistance of Lenti ORF clone of Setdb1 (cat. #MR222601L3)
and Lenti ORF clone of Atf7ip (cat. #MR211907L3) was replaced with
neomycin resistance.

The single-guide RNAs (sgRNAs) synthesized by MilliporeSigma
(Supplementary Table S1) of mouse genes were cloned into the pXPR-
GFP-Blast vector using Gibson Assembly kit (cat. #E2611L, NEB)
according to the manufacturer’s instructions and cloned into the
lentiCRISPRv2 neo vector using T4 DNA ligase (cat. #M0202S, NEB)
according to the manufacturer’s instructions. These sgRNAs that can
work with Cas9 to edit 25 Atf7ip-interacting partners’ gene function
were used individually in the second screen to investigate the Atf7ip-
interacting partners’ function in regulating SQ expression and pre-
sentation by either RT-PCR or flow cytometry analysis.

To generate lentivirus, HEK-293T cells were cotransfected with
transfer plasmids and packaging plasmids PSPAX2 and PMD2.G
using Lipofectamine 3000 (cat. #L3000008, Invitrogen) according to
the manufacturer’s instructions. Viral particles in the cell culture
supernatant were filtered with 0.45-mm filters (cat. #431225, Corning)
to remove cellular debris.

HEK-293T cells were purchased from the ATCC and were authen-
ticated by theATCCusing STR profiling (14). Themouse KP cells used
were authenticated by PCR genotyping routinely run in the labora-
tory (14, 15). The mouse KP cell line is very malignant and grows
rapidly in B6/J immunocompetent mice, indicating the lack of immu-
nogenicity of tumor cells (15). MC38 cells were kindly received from
the Belfer Center of Dana-Farber Cancer Institute in 2018. YUMM1.7
cells were kindly received from Dr. Marcus Bosenberg’ laboratory at
Yale University in 2020. KP-SQ cells were established by infecting KP
cells with filtered SQ lentivirus in the presence of 10 mg/mL polybrene
(cat. #TR-1003-G). The medium containing lentivirus and polybrene
was replaced by fresh medium after overnight incubation. Infected
cells were selectedwith 5mg/mLpuromycin (cat. #A1113803, Thermo-
Fisher Scientific) after 48 hours and maintained in cell culture media
containing 2 mg/mL puromycin once the selection was completed. The
single-cell clone (KP-C6) expressing high level of SIN was sorted from
KP-SQ cells, expanded in cell culture and injected to B6/J immuno-
competent mice orthotopically to undergo tumor immunoediting.
Injected KP-C6 cells formed tumors in the lungs of some grafted mice

(2 out of 10) after 10 months, consistent with substantially increased
immunogenicity. The tumor nodule was harvested to establish the cell
line KP-IE1 (first-generation of immune escaped model) as previously
described (14). KP-IE1 cells formed tumors only 3weeks after injection
into B6/J mice, consistent with adaptation to immune surveillance
against ovalbumin-SIINFEKL. The tumor nodule was again collected
to establish the cell line KP-IE2 (second-generation of immune
escaped model). KP-LucOS cells were established by infecting KP
cells with filtered LucOS lentivirus, the single-cell clone expressing
high level of SIN was sorted from KP-LucOS cells, expanded in cell
culture, named as C1. C1 cells were orthotopically injected to B6/J
mice. The lung tumor nodules developed in the mice were harvested
for establishment of the immune escaped cell line IE as previously
described (14).

To generate Atf7ip or Setdb1-deficient KP-IE2, KP-LucOS, MC38,
and YUMM1.7 cells, Th cells were infected with cas9 and sgAtf7ip or
cas9 and sgSetdb1 viral supernatants in the presence of 10 mg/mL
polybrene (cat. #TR-1003-G). The medium containing lentivirus and
polybrene was replaced by fresh medium after overnight incubation.
Infected cells were selected with either 5 mg/mL puromycin (cat.
#A1113803, ThermoFisher Scientific) or 5 mg/mL blasticidin (cat.
#A1113903, ThermoFisher Scientific) or 600 mg/mL G418 (cat.
#10131035, ThermoFisher Scientific) after 48 hours and maintained
in cell culture media containing antibiotics once the selection was
completed.

Gene disruption was further confirmed bywestern blot. To generate
Atf7ip or Setdb1 overexpressed KP-IE2 and MC38 cells, the cells were
infected with Atf7ip or Setdb1 viral supernatants in the presence of 10
mg/mL polybrene (cat. #TR-1003-G). The medium containing lenti-
virus and polybrene was replaced by fresh medium after overnight
incubation. Infected cells were selected with 600 mg/mL G418 (cat.
#10131035, ThermoFisher Scientific) after 48 hours andmaintained in
cell culture media containing antibiotics once the selection was
completed. Gene overexpression was further confirmed by western
blot.

HEK-293T cells and MC38 cells were cultured in DMEM (cat.
#11995–065, Gibco) with 10% FBS (cat. #89510–186, VWR) and 1X
antibiotic–antimycotic (cat. #15240–062, Gibco). YUMM1.7 cells
were cultured as previously described (16). Mouse lung adenocarci-
noma cell lines KP, KP-SQ, KP-C6, KP-IE1, KP-IE2, KP-LucOS, C1
and IE were cultured in RPMI-1640 (cat. # 11875–093, Gibco) with
10% FBS. KP-IE2 was used in both initial epigenetic CRISPR screen
and the second screen. All cell lines were cultured in vitro for less than 4
passages before use and all tested as Mycoplasma negative using the
Universal Mycoplasma Detection Kit (ATCC 30–1012K).

Quantitative RT-PCR
Total RNA was extracted with RNeasy Plus Mini Kit (cat, #74136,

Qiagen), and cDNA was constructed with a High-Capacity cDNA
Reverse Transcription Kit (cat. #4374966, Applied Biosystems) using
1 mg total RNA. Quantitative PCR was run in Real-Time PCR System
(Applied Biosystems) with the PowerUp SYBRGreenMasterMix (cat.
#A25742, Thermo Fisher Scientific), primers and cDNA templates,
and transcripts were normalized with internal control Actin using
DDCt quantification. All the samples were run in triplicates. Gene
names and the primers used for DDCt quantification were listed
(Supplementary Table S1).

Flow cytometry and cell sorting
Cells in culture were collected and resuspended in PBSwith 2%FBS.

Cells were stained with Fc receptor blocking antibody (cat. #101319,
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BioLegend) for 5 minutes at room temperature, then the cells were
stained for cell surface markers using fluorochrome-coupled antibo-
dies (1:100 dilution; Supplementary Table S2) on ice for 30 minutes.
Cells were washed twice using PBS with 2% FBS. Well stained cells
were collected by BD Biosciences LSRFortessa and the data were
analyzed with FlowJo software. All the samples were run in triplicates.
For cell sorting, well stained cells were re-suspended in culture
medium and collected by SY3200 cell sorter and the data were analyzed
with FlowJo software. For generating single cell clone, cells in culture
were collected and filtered through 40-mmol/L cell strainers (cat. #08–
771–1, Thermo Fisher Scientific) to obtain single-cell suspensions.
Suspended cells with or without surface marker staining depending on
experiment design were sorted by SY3200 cell sorter to distribute
single-cell clone to 96-well plate with 100 mL culture medium. Each
single-cell clone was expanded for further experiments.

Western blots and antibodies
Cells were lysed in RIPA buffer (cat. #89900, Thermo Fisher

Scientific) with protease/phosphatase inhibitor cocktail (cat.,
#78440, Thermo Fisher Scientific). Protein concentration was deter-
mined by BCA assay (cat. #23227, Thermo Fisher Scientific). 30 mg
proteins from each sample were loaded in 4% to 12% Bis-Tris gels
(Invitrogen), transferred to nitrocellulose membranes, and immuno-
blotted with primary antibodies (Supplementary Table S2). IRDye
800-labeled goat anti-rabbit IgG (cat. #926–32211, LI-COR) and
IRDye 680-labeled goat anti-mouse IgG (cat. #926–68070, LI-COR)
were applied as secondary antibodies. The membranes were imaged
with an Odyssey platform (LI-COR Biosciences).

Epigenetic CRISPR screen using an immune escaped KP-IE2
lung cancer cell line

Cas9-KP-IE2 lung adenocarcinoma cells were infected at a MOI of
0.2 with lentivirus generated from the epigenetic libraries for at least
1,000-fold coverage (1,000 cells per sgRNA construct) in the presence
of 10 mg/mL polybrene in each infection replicate as previously
described (15). Lentiviral particles in the supernatant were from the
HEK-293T cells cotransfected with pXPR-GFP-sgRNA-blast epige-
netic library and packing plasmid psPAX2 and pMD2.G. MOI was
determined by the percentage ofGFPþ cells after the cells were infected
with serial volume of lentivirus for 72 hours (15). Transduced KP-IE2
cells were expanded in vitro for 2 weeks, and then both 15% of
SIINFEKL high-expression population and 15% low-expression pop-
ulation were sorted out. Genomic DNAs of these two populations were
extracted using theDNeasy Blood andTissue kit (cat. #69506, Qiagen).
sgRNAcassettes were amplified by PCR, andnext-generation sequenc-
ing (NGS) was performed on an Illumina HiSeq to determine sgRNA
abundance as previously described (15).

Data analysis for CRISPR screen
Cutadapt (v1.18) was applied to trim adaptor sequences, and

untrimmed reads were discarded. Then the sequences after the 20-
base sgRNAs were cut using fastx-toolkit (v0.0.13; http://hannonlab.
cshl.edu/fastx_toolkit/index.html), sgRNAsweremapped to the anno-
tation file (0 mismatch), and read count tables were made. The count
tables were normalized on the basis of their library size factors using
DESeq2 (17). MAGeCK (0.5.8; ref. 18) was applied to normalize the
read count tables based on median normalization and fold changes,
and significance of changes in the conditions was calculated for genes
and sgRNAs (Supplementary Tables S3 and S4). ClusterProfiler R
package (v3.6.0) was applied to performpathway analysis andGene Set
Enrichment Analysis (19). R (v3.1.1) was used to perform all

downstream statistical analyses and generate plots (http://www.r-
project.org).

Cell proliferation assay
Cells were plated in 96-well plates at a density of 500 cells per well.

Cell proliferation was measured by CCK-8 kit (cat. #ALX-850–039-
KI02, Enzo Lifesciences) on a FlexStation 3 multi-mode microplate
reader using Softmax Pro software (V.5.4.6.005) according to the
manufacturer’s instructions.

Cell apoptosis assay
Cells were plated in 6-well plates at a density of 100,000 cells per

well. After 24 hours, cell apoptosis was measured by Annexin V
apoptosis detection kit (cat. #88–8007–72, Thermo Fisher Scientific)
and BD Biosciences LSRFortessa according to the manufacturer’s
instructions. The data were analyzed with FlowJo software.

Animal studies
All animal work was reviewed and approved by the Institutional

Animal Care and Use Committee (IACUC) at NYU School of Med-
icine. All mice were housed and cared for in specific-pathogen-free
facilities. Six-week-old B6/Jwild-type (WT)micewere purchased from
The Jackson Laboratory. Six-week-old NU/NU Nude mice were
purchased from Charles River Laboratories. For the MC38 in vivo
model, 1 million cells were resuspended in PBS and subcutaneously
inoculated into the flanks of B6/J and NU/NUNude mice. Tumor size
was measured every 3 days using calipers to collect maximal tumor
length and width. Tumor volume was calculated with the following
formula: (L�W2)/2. For the KP-IE2 and KP-LucOS in vivomodels, 1
million cells were injected into each mouse via tail vein. Tumor
formation and progression were monitored by MRI as previously
described (15). CO2 inhalation was used to euthanize mice when the
tumor samples were harvested.

RNA sequencing and data analyses
RNA sequencing (RNA-seq) of MC38 cells with or without Atf7ip

deficiency and RNA-seq of MC38 cells with or without Setdb1
deficiency was performed in NYU School of Medicine Genome
Technology Core. Total RNA was extracted using RNeasy Plus Mini
Kit (cat, #74136, Qiagen) according to themanufacturer’s instructions.
The RNA library was prepared using TruSeq Stranded Total RNA
Library Prep Gold (cat, #20020598) according to the manufacturer’s
instructions. STAR 2.4.2a (20) was applied to align the RNA-seq
samples to the reference mouse genome (mm10) and count the
number of reads that map to each gene in the ensembl
GRCm38.80 gene model. R (v.3.5.1; http://www.R-project.org/) and
the DESeq2 package (v.1.10.0) were used to perform differential gene
expression analysis among different sample groups (21). Gene set
enrichment analysis was done using GSEA (v.3.0) and gene sets from
MSigDB (v.5.0). We used the “preranked” algorithm to analyze gene
lists ranked by the negative decadic logarithm of P valuesmultiplied by
the value of log2FC obtained from the differential-expression analysis
with DESeq2. rMATS version 4.0.2 was used to perform alternative
splicing analysis. The exon count tables and differential exon usagewas
calculated using DEXSeq (v3.10). Isoform predictions and isoform
differential expression analysis were analyzed using Cufflinks and
Cuffdiff (v 2.2.1; ref. 22). To identify differentially expressed retro-
elements, paired-end reads were mapped to the mm10 reference
genome using bowtie2 (23). Genomic wide coordinates of all ERVs
were downloaded from RepeatMasker through the UCSC Table
Browser tool (mm10) and BEDTools was used to create count tables
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from the BAM files. These count tables were then normalized using
DESeq2 and differential expression analysis was performed on the
ERVs genome wide.

MS identification of Atf7ip interactions
KP-IE2 andMC38 cells were lysed with IP lysis buffer (cat. #87788,

Thermo Fisher Scientific). Cell lysates were incubated with rabbit IgG
(cat. #2729s, Cell Signaling Technology), anti-Atf7ip (cat. #A300–
169A, Bethyl Laboratories), and A-agarose beads (cat. # 20333, Pierce)
overnight. The agarose resin with immunoprecipitated proteins was
washed with IP lysis buffer 3 times. Samples were then washed 3 times
with 100 mmol/L Ammonium Bicarbonate. Samples were reduced
with DTT (cat. #43815, MilliporeSigma) at 57�C for 1 hour (2 mL of
0.2 mol/L). Samples were alkylated with Iodoacetamide (cat. #I1149,
MilliporeSigma) at RT in the dark for 45 minutes (2 mL of 0.5 mol/L).
200 ng of sequencing grade modified trypsin (cat. #V5111, Promega)
was added to each gel sample. Digestion proceeded overnight on a
shaker at RT. Beads were removed and peptides extracted. A slurry of
R2 20-mm Poros beads (cat. #112906, Thermo Fisher Scientific) in 5%
formic acid and 0.2% trifluoroacetic acid (TFA) was added to each
sample at a volume equal to that of the ammonium bicarbonate added
for digestion. The samples were shaken at 4�C for 3 hours. The beads
were loaded onto equilibrated C18 ziptips (Millipore) using a micro-
centrifuge for 30 seconds at 6,000 rpm. Gel pieces were rinsed three
times with 0.1% TFA and each rinse was added to its corresponding
ziptip followed by microcentrifugation. The extracted poros beads
were further washed with 0.5% acetic acid. Peptides were eluted by the
addition of 40% acetonitrile in 0.5% acetic acid followed by the
addition of 80% acetonitrile in 0.5% acetic acid. The organic solvent
was removed using a SpeedVac concentrator and the sample recon-
stituted in 0.5% acetic acid. 1/30th of each sample was analyzed
individually. LC separation online with MS using the autosampler of
an EASY-nLC 1000 (Thermo Scientific). Peptides were gradient
eluted from the column directly to a Lumos Mass spectrometer
using a 95 minutes gradient (Thermo Scientific). High resolution
full MS spectra were acquired with a resolution of 240,000, an AGC
target of 1e6, with a maximum ion time of 50 ms, and scan range of
400 to 1,500 m/z. All MS/MS spectra were collected using the
following instrument parameters: Ion trap scan rate of Rapid, AGC
target of 6e4, maximum ion time of 18 ms, one microscan, 2 m/z
isolation window, fixed first mass of 110 m/z, and NCE of 30.
MS/MS spectra were searched using a Uniprot Human database
plus IgG and supplied sequences using Sequest within Proteome
Discoverer (Supplementary Tables S5 and S6).

Chromatin immunoprecipitation sequencing and assay for
transposase-accessible chromatin sequencing

Chromatin immunoprecipitation (ChIP) was performed for MC38
cells with or without Atf7ip and Setdb1 using the ChIP-IT High
Sensitivity Kit (cat. #53040, Active Motif) according to the manufac-
turer’s instructions. An antibody against Histone H3 (tri methyl K9;
cat. #Ab8898, Abcam) was used. ChIP DNA was purified using the
same kit according to themanufacturer’s instructions and sent toNYU
School of Medicine Genome Technology Center for library construc-
tion and sequencing. The library was constructed with KAPA Hyper-
Prep Kits (cat. #07962347001, Roche) according to the manufacturer’s
instructions and was sequenced by Illumina NovaSeq 6000. For assay
for transposase-accessible chromatin sequencing (ATAC-seq), freshly
harvested KP-C6 cells and KP-IE2 cells were directly sent to NYU
School of Medicine Genome Technology Center for library construc-
tion and sequencing. The library was constructed with Nextera DNA

library Prep Kit (cat. #FC-121–1030, Illumina) according to the
manufacturer’s instructions and was sequenced by Illumina NovaSeq
6000.

ChIP sequencing, ATAC-seq and Hi-C-seq data analysis
Bowtie2 (v2.2.4; ref. 23) was applied to map all the reads from

sequencing to the reference genome and Picard tools (v.1.126; http://
broadinstitute.github.io/picard/) were used to remove duplicate reads.
Low-qualitymapped reads (MQ<20) were discarded from the analysis.
BEDTools (v.2.17.0; ref. 24) and the bedGraphToBigWig tool (v.4)
were applied to generate read per million (RPM) normalized BigWig
files. MACS (v1.4.2; ref. 25) was used to perform peak calling and
BEDTools was applied to create peak count tables. DESeq2 (17) was
applied to performdifferential peak analysis (Supplementary Tables S7
and S8). ChIPseeker (v1.8.0; ref. 26) R package was used for peak
annotations and motif discovery was performed with HOMER (v4.10;
ref. 27). ngs.plot (v2.47; ref. 27). ChIPseeker were applied for TSS site
visualizations and quality controls. clusterProfiler R package (v3.0.0;
ref. 19) was used to perform KEGG pathway analysis and Gene
Ontology (GO) analysis. To compare the level of similarity among
the samples and their replicates, two methods were used: principal-
component analysis and Euclidean distance-based sample cluster-
ing. Downstream statistical analysis and generating plots were
performed in R environment (v3.1.1; https://www.r-project.org/).
High-throughput chromatin conformation capture (Hi-C) data
were analyzed in the platform of hic-bench (28). First, bwa (29)
was used to align them to the mm10 reference genome. Only the
read pairs uniquely mapped to the same chromosome were used.
The interaction matrix was tabulated in the bin size of 40 kilobases,
and normalized using iterative correction method (30). Topologically
associated domains (TAD)were called from the interactionmatrix and
the boundary score, using the “ratio” method defined (28). Each
domain called had an “intra-TAD” activity signal associated with it,
and it was compared across different sample types.

Profiling of tumor-infiltrating immune cells
Mice were euthanized as indicated in “Animal studies.” Tumors

were minced and digested in Hank’s Balanced Salt Solution with
collagenase D (cat. #11088866001, Roche) and DNase I (cat.
#10104159001, Roche) at 37�C for 30 minutes. After digestion, the
whole tumors were filtered through 70-mmol/L cell strainers (cat.
#08–771–2, Fisher Scientific) to obtain single-cell suspensions.
Suspended cells were treated with 1� RBC lysis buffer (cat.
#420301, BioLegend) to lyse red blood cells. Live cells were stained
with a LIVE/DEAD Fixable Aqua Dead Cell Stain kit (cat. #423102,
BioLegend). Well processed cell pellets were resuspended in PBS
with 2% FBS for FACS analysis. Cells were stained for cell surface
markers using fluorochrome-coupled antibodies (Supplementary
Table S2) and then were fixed/permeabilized with fixation/permea-
bilization kit (cat. #00–5123–43 and #00–5223–56, Invitrogen).
Well stained cells were collected by BD Biosciences LSRFortessa
and the data were analyzed with FlowJo software. The gating
strategy was described previously (31).

IHC
Tumors were fixed in 10% formalin for 24 hours, washed in 70%

ethanol for 24 hours, and embedded for histological analysis. Five-
micron (5 mm) sections were cut from paraffin blocks. Briefly, all slides
underwent deparaffinization and sequential antigen retrieval. Primary
antibody against mouse CD3 (cat. #MCA1477T, Bio-Rad) and horse-
radish peroxidase–coupled secondaries (cat. #RMR622, Biocare) were
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used according to the manufacturer’s instructions. After whole-slide
scanning at�20 usingHamamatsuNanoZoomerwhole-slide scanner,
ImageJ was used for the quantifications of all IHC staining.

Sanger sequencing and TIDE analysis
Genomic DNA of tumors or cultured cell was extracted using

DNeasy Blood and Tissue Kit (cat. #69504, Qiagen) according to the
manufacturer’s instructions. 100 ng Genomic DNA template with
primers and Phusion polymerase (cat. #M0530, NEB) was used to
amplify the editing regions of sgAtf7ip or sgSetdb1 according to the
manufacturer’s instructions. The amplified products were sent to
GENEWIZ for sanger sequencing using the same forward primers.
Sanger sequencing files were uploaded to TIDE online tool to check the
sgRNA editing, including deletion or insertions (https://tide.nki.nl).

sgAtf7ip_1 editing region:

Forward primer: 50-GCATAGTGATGGCGGTTACA-30

Reverse primer: 50-AGAGAAATGTCATAGCTTCCTTCT-30

sgAtf7ip_2 editing region:

Forward primer: 50-CTTAGCAGGTAGCAGTGAGTTT-30

Reverse primer: 50-GGATACAACATGCACACAAAGAG-30

sgSetdb1_1 editing region:

Forward primer: 50-CCAACCGTTCTTCCCTTTCA-30

Reverse primer: 50-TCTCTTCCCTTCCCTAGCTATC-30

sgSetdb1_2 editing region:

Forward primer: 50-ACCTTACTGTCCTCTTGACCTT-30

Reverse primer: 50-CCAATACGAATAGATGGCACCAG-30

CpG sites methylation analysis on CMV promoter
Genomic DNA of cultured cells was extracted using DNeasy Blood

and Tissue Kit (cat. #69504, Qiagen) according to the manufacturer’s
instructions. 1 mg Genomic DNA was used with EpiJET Bisulfite
Conversion Kit (cat. #K1461, Thermo Fisher Scientific) to generate
converted DNA according to the manufacturer’s instructions. Con-
vertedDNAwas amplifiedwithprimers andHot StartDNAPolymerase
(cat. #F-555S/L, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Amplified DNA was sent to GENEWIZ for sanger
sequencing using the same forward primer. SnapGene 5.3.2 was used to
view cytosine and thymine in CpG site of the converted DNA.

Forward primer: 50-GGGTACAGTGCAGGGGAAAG-30

Reverse primer: 50-CGAATTCGCTAGCTCTAGAATCTT-30

STRING database analysis
The list of proteins was uploaded to online tool STRING database

(https://string-db.org/cgi/input?sessionId¼b1uYexAeE5VA&input_
page_show_search¼on). Biological Process (Gene Ontology), KEGG
Pathways, and Reactome Pathways analysis were automatically
generated by the online tool.

Copy-number analysis
Genomic DNA of cultured cells (KP, KP-SQ, KP-C6, KP-IE1, and

KP-IE2) was extracted using DNeasy Blood and Tissue Kit (cat.
#69504, Qiagen) according to the manufacturer’s instructions. Quan-
titative PCR was run in Real-Time PCR System (Applied Biosystems)
with the PowerUp SYBR Green Master Mix (cat. #A25742, Thermo
Fisher Scientific), primers (forward: 50-ACGGCCAATTCATTCA-
CTTC-30, reverse: 50-ACTCTTTGGTGGTGGACTGG-30) and 20 ng

genomic DNA, and SQ copy number were normalized with internal
control Actin using DDCt quantification. SQ copy number in KP-SQ
was defined as 2. SQ copy numbers of KP, KP-C6, KP-IE1, and KP-IE2
were further normalized on the basis of the SQ copy number of KP-SQ.
All the samples were run in triplicates.

The Cancer Genome Atlas RNA-seq data analysis
Level 3 RNA-seq data from The Cancer Genome Atlas (TCGA)

were obtained through theTCGAportal with the IDnumbers specified
(Supplementary Tables S9 and S10). All the normal samples were
excluded from the analysis. Data were sorted on the basis of the level of
expression ofATF7IP or SETDB1, and the samples were separated into
quarters. The top 25% expression group (high expression; 2,581
patients) was compared with the low 25% expression group (low
expression; 2,581 patients) by GSEA as outlined in “RNA sequencing
and data analyses.” The gene list for GSEA input was ranked by the
value of log2FC, where FC was defined by the ratio of the low-
expression group to the high-expression group.

Statistical analysis
GraphPad Prism 7 was used for all statistical analyses. Data were

analyzed by the student t test (two tailed). Survival analysis was
performed by the Kaplan–Meier method and log rank (Mantel–Cox)
test. Error bars represent standard error of themean (SEM). �,P < 0.05;
��, P < 0.01; ���, P < 0.001; ����, P < 0.0001.

Data access
NGS data for the CRISPR screen, ATAC-seq data, RNA-seq data,

ChIP-sequencing (ChIP-seq) data, and Hi-C data have been deposited
in the National Center for Biotechnology Information’s Gene Expres-
sion Omnibus and are accessible through GEO Series accession
number GSE179574 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc¼GSE179574).

Results
Silencing of tumor antigen expression contributes to tumor
immune evasion

By mimicking immunoediting in mice, we drove the outgrowth of
immune evasive tumor cells from cells that were initially highly
immunogenic, establishing an immune escaped cancer cell line, KP-
IE2 (Fig. 1A). We next evaluated the characteristics of the KP-IE2
immune escaped tumor model. Prior research indicates that intrinsic
MHC downregulation can promote tumor cell immune evasion (32).
Although we observed no difference in total cell membrane MHC-I
expression, we saw inhibition of SIN presentation in KP-IE1 and KP-
IE2 cells (Fig. 1B). We observed no change in PD-L1 expression
(Fig. 1B), upregulation of which can also promote tumor immune
evasion (33). In addition, SQ was transcriptionally significantly inhib-
ited in the absence of deep deletion (Fig. 1C and D). SQ in this
construct is under the control of a CMV promoter, which is well
known to be silenced by DNA methylation in vivo. CpG methylation
analysis confirmed that the CMV promoter was hypermethylated in
KP-IE1 and KP-IE2 cells (Fig. 1E and F). Furthermore, the average SQ
reads per million sequencing reads was only 13 in KP-IE2 cells
compared with 25 in KP-C6 cells, indicating the SQ region in the
chromatin was less accessible in immune escaped cell line (Fig. 1G and
H), which also suggested more heterochromatin formed in the SQ
genomic region during tumor immune escape. These results suggest
that KP-IE2 escaped immune surveillance through silencing of SQ
antigen expression via an epigenetic mechanism.
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Figure 1.

The characteristics of the immune escaped tumor model. A, Strategy for establishing an immune escaped cancer cell line. B, FACS of H-2Kb–bound SIINFEKL,
MHC-I, and PD-L1 (blue represents isotype). C, RT-PCR of SQ transcripts. D, Analysis of genomic SQ copy number. E, Animation of CpG methylation on SQ
promoter. F, Quantification of methylated CpG sites on SQ promoter. G, DNA accessibility of SQ region evaluated by ATAC-seq. H, Quantification of
DNA accessibility of SQ region. Two-tailed unpaired t tests were used to compare the two arms. Error bars represent mean � SEM. � P < 0.05; �� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001. NS, not significant.
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Atf7ip is an epigenetic regulator controlling tumor antigen
expression and presentation

Epigenetic modulators regulate tumor cell antigen expression and
presentation (10, 34). To identify novel epigenetic modifiers that
mediate tumor antigen expression and presentation, we performed
an epigenome-wide CRISPR suppressor screen using the KP-IE2 cells
(Fig. 2A). The sgRNA library contained sgRNAs targeting 524 epi-
genetic genes, described previously (15). KP-IE2 cells were infected
with the lentivirus pool, cultured for 2 weeks, and sorted for the top
15% of SIINFEKL-expressing cells (SIINFEKLhigh) and the bottom
15% of cells (SIINFEKLlow; Fig. 2A). By comparing sgRNAs extracted
from SIINFEKLhigh cells with those from the SIINFEKLlow cells, we
identified epigenetic targets whose disruption could promote or inhibit
SIINFEKL expression and presentation (Fig. 2A). For example,
sgRNAs targetingH2-K1, Tap1, Tap2, B2 m and Tapbp were enriched
in the SIINFEKLlow population (Fig. 2B), consistent with their estab-
lished role in positively regulating antigen presentation. In contrast,
sgRNAs targeting Atf7ip were enriched in the SIINFEKLhigh popula-
tion (Fig. 2B–D), indicating a role in negatively regulating antigen
expression and presentation. Indeed, both SQ expression and SIIN-
FEKL presentation were significantly increased in KP-IE2 cells upon
Atf7ip disruption (Fig. 2E–G). Moreover, CpG methylation analysis
indicated that the CMV promoter remained hypermethylated upon
Atf7ip disruption (Fig. 2H and I), suggesting that Atf7ip deficiency
functions downstream of the DNA methylation to reverse tumor
antigen silencing.

To exclude the possibility that the regulatory effect of Atf7ip is CMV
promoter specific, we analyzed an alternative model. A previous study
showed that KP-LucOS lung cancer cells escaped immune surveillance
by silencing tumor antigen expression in immunocompetent
hosts (35). LucOS is a lentiviral vector expressing the T-cell antigen
SIYRYYGL (SIY) and two antigens from ovalbumin-SIINFEKL (SIN,
OVA257–264) and OVA323–339 (35) under the control of the UBC
promoter (Supplementary Fig. S1A). We established immune escaped
KP-LucOS cell line (IE) with silenced antigen expression (Supple-
mentary Fig. S1B). Atf7ip inhibition significantly increased antigen
expression in immune escaped IE cells (Supplementary Fig. S1C–S1E).
These results indicate that in two distinct models, Atf7ip deficiency
upregulates tumor antigen expression in the context of CMV, a strong
viral promoter, and UBC, a mammalian promoter cloned from the
ubiquitin c gene.

Atf7ip deficiency augments tumor immunogenicity and boosts
antitumor immune responses

To further examine whether Atf7ip deficiency can restore the
immunogenicity of KP-IE2 cells and stimulate an adaptive immune
response, Atf7ip WT and Atf7ip-deficient KP-IE2 cells were injected
into either B6/J immunocompetent mice or athymic nude (NU/NU)
immunodeficient mice, which lack mature T cells and cannot mount
many types of adaptive immune responses (36). Compared with
Atf7ip WT tumors, Atf7ip-deficient tumors grew significantly slower
in B6/J mice, contributing to prolonged survival benefit (Fig. 2J,
K, and M). However, there was no survival benefit to nude mice
grafted with Atf7ip-deficient KP-IE2 cells (Fig. 2L). Importantly,
Atf7ip-deficient KP-IE2 cells showed only marginal change in prolif-
eration in vitro (Supplementary Fig. S1F and S1G). These findings
indicate that Atf7ip inhibition results in the restoration of immune
surveillance in tumor cells in vivo, where the adaptive immune system
plays a critical role.

To rule out the possibility that regulation of antigen expression and
presentation by Atf7ip was due to an artificial effect from exogenous

antigen induction, we expanded our study to a different cancer
model by using the murine colorectal cancer cell line MC38, which
was established from a colon tumor that developed in immuno-
competent host (37). Atf7ip-deficient MC38 cells showed marginal
reduction in proliferation in vitro (Supplementary Fig. S1H and S1I)
and no change in cell apoptosis (Supplementary Fig. S1J and S1K).
MC38 cells with or without Atf7ip disruption (Supplementary
Fig. S1H) were subcutaneously injected into both nude mice and
B6/J mice. Tumor progression with Atf7ip-deficient MC38 cells was
significantly inhibited in B6/J mice but only marginally inhibited in
nude mice (Fig. 3A–C). These data indicate that Atf7ip deficiency
could stimulate an antitumor immune response through the adap-
tive immune system.

Indeed, IHC staining showed that there was a significant increase in
CD3þ T-cell infiltration in Atf7ip-deficient tumors (Fig. 3D and E),
which further supports that tumor cell–intrinsic Atf7ip deficiency
enhances antitumor immune responses. Consistent with this obser-
vation, immune profiling showed a significant increase in infiltrated
CD8þ T cells in Atf7ip-deficient tumors (Fig. 3F; Supplementary
Fig. S2A). Moreover, the activation of cytotoxic CD8þ T cells was
markedly enhanced in Atf7ip-deficient MC38 tumors (Supplementary
Fig. S2B and S2C) and infiltrated CD4þ and CD8þ T cells were less
exhausted (Supplementary Fig. S2D–S2G). T-bet is a key player in the
generation of type 1 immunity in both helper and cytotoxic T cells and
it is also a transcription factor that promotes the activation in CD8þ

effector function (38). T-betþ infiltrated CD4þ and CD8þ T cells were
significantly increased in Atf7ip-deficient tumors (Supplementary
Fig. S2H–S2K), also suggesting enhanced antitumor immunity. These
results indicate that Atf7ip deficiency elevates tumor immunogenicity
and the infiltration of activated T cells.

To explore whether from the effects of Atf7ip deficiency on
antitumor immune responses are common to other cancers, we
expanded our study to another tumor model, using YUMM1.7
cells, which recapitulate human melanoma because they have the
BRAFV600E driver mutation, inactivating CDKN2A and PTEN
mutations (16). YUMM1.7 cells with or without Atf7ip disruption
(Supplementary Fig. S2L) were subcutaneously injected into both
nude mice and B6/J mice. Tumor progression with Atf7ip-deficient
YUMM1.7 cells was significantly inhibited in B6/J mice but only
marginally inhibited in nude mice (Fig. 3G and H). Some sgAt-
f7ip-targeted YUMM1.7 tumors escaped immune control, as we
previously observed with sgAtf7ip-targeted MC38 tumors. In both
experiments, bulk populations of CRISPR–Cas9-disrupted cells
were used to engraft recipient mice. Because of heterogeneity
in CRISPR–Cas9 editing outcomes, bulk edited cell populations
are composed of WT, partially disrupted, and fully disrupted
genotypes. We hypothesized that cells with WT Atf7ip would
have a selective advantage in vivo. To assess the editing outcomes
before engraftment and at the endpoint of the experiment,
we performed Sanger sequencing and TIDE analysis on in vivo
sgAtf7ip-targeted YUMM1.7 tumor samples harvested from B6/J
mice at day 17 and long-term in vitro cultured sgAtf7ip-targeted
YUMM1.7 cells. We observed that most of in vivo sgAtf7ip-
targeted tumor cells at day 17 had significantly more intact Atf7ip
gene sequence and less out-of-frame Atf7ip gene sequence com-
pared with long-term cultured sgAtf7ip-targeted cells (Supple-
mentary Fig. S2M–S2P). This strongly supports that tumor cells
lacking intact Atf7ip were rejected through immune surveillance.
Collectively, these data indicate that Atf7ip deficiency consistently
stimulated antitumor immune responses across different tumor
models.
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Figure 2.

Atf7ip regulates SQ expression and presentation. A, Strategy of epigenetic CRISPR screen to identify epigenetic regulators of antigen expression and presentation.
B, Volcano plot illustrating genes whose disruption enhanced (red) or inhibited (blue) presentation of SIINFEKL. C, Illustration of the top 10 candidates from B.
D, Normalized read counts of Atf7ip sgRNAs in SIINFEKL 15% high and 15% low populations. E, RT-PCR of SQ transcripts. F, FACS of SIINFEKL presentation.
G, Quantification of SIINFEKL presentation in F. H, Animation of CpG methylation on SQ promoter KP-IE2-C1 (the single clone of KP-IE2). I, Quantification of
methylated CpG sites on SQ promoter. J, Representative MRI scans showing mouse lung tumors 4 weeks after transplant through tail vein injection in B6/J
immunocompetent mice. K,Quantification of lung tumors volume in J (n¼ 3mice/group), L, Survival curves for the immunocompromised nudemice (NU/NU) after
being transplanted with control and Atf7ip-deficient KPIE2 cells (n¼ 3 mice/group).M, Survival curves for each group in the study (n¼ 9 mice/group). For survival
data, results were plotted using Kaplan–Meier curve, and statistical significance was determined via a log-rank test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001. NS, not significant.
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Figure 3.

Atf7ip disruption stimulates antitumor immunity in vivo. A and B, Tumor growth curves of MC38 tumors with or without Atf7ip deficiency in NU/NU mice and B6/J
mice (NU/NU: n ¼ 8 mice/group, B6/J: n ¼ 16 mice/group). C, Normalized tumor volume of B6/J mice at day 18. D, CD3 IHC staining of tumor samples at day 19.
E,Quantification of CD3þ cells inD. F, Bar graph of CD8þ T-cell percentage in CD45þ cells in the tumor samples at day 19.G andH, Tumor growth curves of YUMM1.7
tumorswith orwithoutAtf7ipdeficiency inNU/NUmice andB6/Jmice (NU/NU: n¼8mice/group, B6/J:n¼ 12mice/group). I,Volcanoplot illustrating retroelements
that were upregulated (red) in Atf7i-deficient MC38 cells. J,Quantification of the number of ERV-derived antigens in G (adj. P < 0.05, fold change >2). K, RT-PCR of
p15E and gp70 that encode tumor-associated ERV-derived antigens. L and M, Enrichment of genes associated with INTERFERON_ALPHA_RESPONSE (L) and
INTERFERON_GAMMA_RESPONSE (M). N, RT-PCR of interferon-stimulated genes.O,Western blot of ERV sensors and interferon signaling pathway components.
P, RT-PCR of Irf7 and Irf9. Q,Western blot of ERV sensors and interferon signaling pathway components. R, Enrichment of cancer testis antigen genes. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001. NS, not significant.
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Atf7ip deficiency upregulates tumor antigen expression and
interferon immune response

ERV-derived antigens are found in human tumors (39) and can be
recognized by T cells (40). These antigens are potent tumor rejection
antigens (41) and can potentially serve as immunotherapy
targets (42–44). Atf7ip was identified as one of the determinants for
provirus silencing in embryonic stem cells (45). Thus, we investigat-
ed whether Atf7ip deficiency could boost antitumor immunity by
upregulating expression of ERV-derived antigens by performing
RNA-seq of Atf7ip WT and Atf7ip-deficient MC38 cells and moni-
toring the change in ERV-derived antigens expression upon Atf7ip
inhibition. The analysis indicated that Atf7ip deficiency significantly
upregulated global expression of ERV-derived antigens (Fig. 3I and J).
Specifically, the expression of the ERV-derived antigens gp70 and
p15E was significantly increased upon Atf7ip inhibition (Fig. 3K).
Double-strand RNAs (dsRNA), including ERVs, can be sensed by the
immune system resulting in an interferon immune response (10, 11).
Indeed, we found that upregulation of ERV expression in Atf7ip-
deficient MC38 cells further activated interferon immune response
(Fig. 3L and M). Key players in interferon signaling pathways,
including Irf7 and Irf9, were upregulated in Atf7ip-deficient MC38
cells at both a transcriptional and translational level (Fig. 3N and O).
This phenotype was recapitulated in Atf7ip-deficient YUMM1.7 cells
(Fig. 3P and Q). These results indicate that Atf7ip deficiency might
augment antitumor immune responses by promoting expression of
ERV-derived antigens.

Several types of endogenous tumor antigens other than ERV-
derived antigens have been described previously (41), and thus we
investigated whether Atf7ip deficiency could cause changes to addi-
tional endogenous tumor antigens in tumor cells. For example, cancer
testis antigens are another type of tumor endogenous antigen that
have been applied in clinical trials for immunotherapy (46, 47). GSEA
indicated global upregulation of CTs upon Atf7ip inhibition
(ref. 48; Fig. 3R). In addition, changes in alternative splicing can
produce neoepitopes (49, 50), and tumor-specific retained intron
neoepitopes have been identified in both patient cancer and cell
line–derived samples (51). Our GSEA indicated that Atf7ip deficiency
inhibited spliceosome activity (Supplementary Fig. S2P and S2Q).
There was a significant increase in RNA intron retention events in
Atf7ip-deficient MC38 cells (Supplementary Fig. S2R). We also
observed the downregulation of spliceosome assembly activities in
ATF7IP low–expressing tumor samples in the TCGA lung adenocar-
cinoma dataset (Supplementary Fig. S2S and S2T). Collectively, these
results indicate that Atf7ip deficiency promotes tumor antigen expres-
sion and activates antitumor immune responses.

Setdb1 is a partner of Atf7ip in the regulation of tumor antigen
expression

To explore other key players that act alongside Atf7ip in regulating
tumor antigen expression and presentation, we performed immuno-
precipitation mass-spectrometry (IP-MS) of Atf7ip. We picked up 25
Atf7ip-binding partners and investigated whether their inhibition
could modulate SQ transcription or presentation (Fig. 4A). Setdb1
was the only partner that not only interacted with Atf7ip but also
regulated SQ expression and presentation (Fig. 4B–E; Supplementary
Fig. S3A and S3B). Moreover, Setdb1 is one of the candidates whose
inhibition promoted SIINFEKL expression and presentation in our
initial genetic screen (Fig. 2B). Setdb1 is a histone H3K9 methyl-
transferases that works with HUSH complex for transcriptional
silencing (52). However, our data showed that regulation of SQ
presentation is independent of HUSH complex and other H3K9

methyltransferases (Supplementary Fig. S3C). In addition, Setdb1
deficiency significantly increased SIINFEKL expression in our KP-
LucOS immune escaped tumor model (Supplementary Fig. S3D).
These results indicate that Setdb1 might work with Atf7ip to regulate
antigen expression.

To test whether Setdb1 disruption can restore the immunogenicity
of KP-IE2 cells, KP-IE2 cells with or without Setdb1 deficiency were
injected into both B6/J mice and nude mice (Supplementary Fig. S3E).
We found no survival benefit in nude mice grafted with Setdb1-
deficient KP-IE2 cells (Fig. 4F). However, Setdb1-deficient tumors
grew significantly slower in B6/J mice, leading to significantly pro-
longed survival benefit (Fig. 4G). These results indicate that Setdb1
deficiency resulted in the restoration of immune surveillance to KP-
IE2 cells in vivo. To understand whether there is a synergistic effect on
regulating antigen expression and presentation when cells lack both
Atf7ip and Setdb1, we generated Atf7ip and Setdb1 double knock-out
KP-IE2 cell lines (Supplementary Fig. S3F). Simultaneous Atf7ip and
Setdb1 deficiency showed no synergistic effect on SQ transcription and
presentation (Fig. 4H–O), further supporting the idea that they work
in the same pathway, and knocking out either one results in similar
consequences. It has been reported that Atf7ip is essential for Setdb1
stability (53). Consistent with this, Atf7ip and Setdb1 proteins were
positively correlated with each other in both KP-IE2 and MC38 cell
lines (Fig. 4P and Q). Furthermore, overexpressing Atf7ip increased
Setdb1 protein level and overexpressing Setdb1 increased Atf7ip
protein level in the KP-IE2 cell line (Fig. 4R). The elevation of their
protein levels was further enhanced when bothAtf7ip and Setdb1were
overexpressed together in both KP-IE2 and MC38 cell lines (Fig. 4R
and S). Thus, we hypothesize thatAtf7ip and Setdb1work in a complex
to control tumor antigen expression and presentation.

Setdb1 deficiency augments antitumor immune responses
In our previously published in vivo epigenetic CRISPR screen,

Setdb1was identified as an epigenetic target that, upon loss, modulated
the antitumor immune response in B6/J mice (ref. 15; Supplementary
Fig. S4A and S4B). To investigate whether Setdb1 deficiency could
also stimulate antitumor immunity in different tumor models, and
based on what we observed in Atf7ip studies that clones with WT or
partially disrupted genotypes could affect the tumor growth due to
heterogeneity in CRISPR-Cas9 editing outcomes, we established
Setdb1-deficient MC38 single-cell clones and pooled them together
to avoid potential bias introduced by the clonal selection process
(Supplementary Fig. S4C). Setdb1-deficientMC38 cells showed reduc-
tion in proliferation in vitro (Supplementary Fig. S4D), but no change
in cell apoptosis (Supplementary Fig. S4E and S4F). MC38 cells and
Setdb1-deficient MC38 cells were subcutaneously injected into both
nude mice and B6/J mice. Greater inhibition in tumor growth was
found in Setdb1-deficientMC38 tumor growth in B6/J mice compared
with that in nude mice, indicating that Setdb1 deficiency induced an
antitumor immune response (Fig. 5A–D). Moreover, the majority of
Setdb1 disrupted tumors did not grow out at all, especially for cells
generated using the first and third Setdb1 sgRNA (2 tumors formed out
of 24 transplants for the first sgRNA; 2 tumors formed out of 24
transplants for the third sgRNA). Indeed, there was a significant
increase in infiltrated CD3þ T cells in Setdb1-deficient tumors as
assessed by IHC staining (Fig. 5E and F). Immune-profiling experi-
ments also indicated an increase in infiltration of both CD4þ and
CD8þ T cells in Setdb1-deficient tumors (Fig. 5G and H). More-
over, the activation of infiltrated T cells was markedly enhanced in
Setdb1-deficient tumors (Supplementary Fig. S4G–S4N) and infil-
trated T cells were less exhausted (Supplementary Fig. S4O–S4R).
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Figure 4.

Atf7ip and Setdb1 work in a complex to regulate SQ expression and presentation. A, Strategy to identify Atf7ip-binding partners whose inhibition promotes
both SQ transcription and SIINFEKL presentation. B, Coimmunoprecipitation of Atf7ip and Setdb1. C, RT-PCR of SQ transcripts. D, FACS of SIINFEKL
presentation. E, Quantification of SIINFEKL presentation in D. F, Survival curve for NU/NU mice inoculated with WT or Setdb1-deficient KP-IE2 cells via tail vein
injection (n ¼ 3 mice/group). G, Survival curve for B6/J mice inoculated with WT or Setdb1-deficient KP-IE2 cells (n ¼ 9 mice/group). H and I, RT-PCR of SQ
transcripts after disrupting Setdb1 in Atf7ip knocked-out KP-IE2 cells. J and K, FACS of SIINFEKL presentation after disrupting Setdb1 in Atf7ip knocked-out KP-IE2
cells. L andM, RT-PCR of SQ transcripts after disrupting Atf7ip in Setdb1 knocked-out KP-IE2 cells.N andO, FACS of SIINFEKL presentation after disruptingAtf7ip in
Setdb1 knocked-out KP-IE2 cells. P andQ,Western blot ofAtf7ip and Setdb1 after depleting Setdb1 or Atf7ip in KP-IE2 cells (P) and MC38 cells (Q). R and S,Western
blot ofAtf7ip and Setdb1 after overexpressing Atf7ip or Setdb1 or both Atf7ip and Setdb1 in KP-IE2 cells (R) and MC38 cells (S). PCDH is empty vector. ���, P < 0.001;
���� , P < 0.0001. NS, not significant.
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Figure 5.

Setdb1 deficiency stimulates antitumor immunity in vivo.A–C, Tumor growth curves of MC38 tumorswith or without Setdb1 deficiency in NU/NUmice and B6/Jmice
(NU/NU: n¼ 8mice/group, B6/J: n¼ 8mice/group).D,Normalized tumor volume of B6/Jmice at day 18. E, CD3 IHC of tumor samples at day 19. F,Quantification of
CD3þ cells in E. G and H, Bar graph of CD4þ (G) and CD8þ (H) T cells as a percentage of CD45þ cells in the tumor samples at day 19. I and J, Tumor growth curves of
YUMM1.7 tumors with or without Setdb1 deficiency in nude (NU/NU) mice and B6WT (B6/J) mice (NU/NU: n¼ 6mice/group, B6/J: n¼ 12 mice/group). K, Volcano
plot illustrating retroelements that are upregulated (red) in Setdb1-deficient MC38 cells. L,Quantification of the number of ERV-derived antigens in K (adj. P < 0.05,
fold change >2). M, RT-PCR of p15E and gp70. N and O, Enrichment of genes associated with INTERFERON_ALPHA_RESPONSE (N) and INTERFERON_
GAMMA_RESPONSE (O). P, RT-PCR of interferon-stimulated genes. Q, Western blot of ERV sensors and interferon signaling pathway components. R, RT-PCR
of Irf7 and Irf9. S, Western blot of ERV sensors and interferon signaling pathway components. T, Overlap of upregulated genes in both Atf7ip KO and Setdb1 KO
groups ofMC38 cells.U,Enrichmentof pathways associatedwithoverlapping genes inTbyEnrichr analysis tool.V,Enrichment of cancer testis antigengenes. �� ,P<0.01;
��� , P < 0.001; ���� , P < 0.0001. NS, not significant.
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T-betþ infiltrated T cells were significantly increased in Setdb1-
deficient tumors, which also indicated enhanced antitumor immu-
nity (Supplementary Fig. S4S–S4V).

We expanded our study to the YUMM1.7 tumor model. YUMM1.7
cells with or without Setdb1 disruption (Supplementary Fig. S4W)
were subcutaneously injected into both nude mice and B6/J mice.
Tumor progression with Setdb1-disrupted YUMM1.7 cells was sig-
nificantly inhibited in B6/J mice but not in nude mice (Fig. 5I and J).
Consistent with data from our previous Atf7ip-disrupted YUMM1.7
in vivo studies, YUMM1.7 tumors eventually grew out in immuno-
competent mice injected with sgSetdb1-targeted cells. In addition, we
observed that most in vivo sgSetdb1-targeted tumor cells at day 17 had
significantly more intact Setdb1 gene sequence and less out-of-frame
Setdb1 gene sequence compared with cells from long-term cultured
sgSetdb1-targeted cells (Supplementary Fig. S4X and S4Y). This sup-
ports that tumor cells lacking intact Setdb1 were rejected through
immune surveillance, which phenocopied our observations with
tumor cells lacking intact Atf7ip. Collectively, these data indicate that
Setdb1 deficiency consistently stimulated antitumor immune
responses across different tumor models.

Setdb1 deficiency upregulates tumor antigen expression and
interferon response

To analyze changes in expression of ERV-derived antigens
upon Setdb1 disruption, we performed RNA-seq for Setdb1 WT and
Setb1-deficient MC38 cells. The analysis indicated that Setdb1 defi-
ciency significantly upregulated global expression of ERV-derived
antigens (Fig. 5K and L). Expression of ERV-derived gp70 and
p15E were significantly increased upon Setdb1 disruption (Fig. 5M).

Upregulation of the expression of ERV-derived antigens further
activated interferon immune responses (Fig. 5N andO). Key players in
interferon signaling pathways, including Irf7 and Irf9, were upregu-
lated in Setdb1-deficient MC38 cells, as demonstrated at the tran-
scriptional and translational level (Fig. 5P andQ). This phenotype was
recapitulated in Setdb1-deficient YUMM1.7 cells (Fig. 5R and S). In
addition, loss of Setdb1 and Atf7ip shared a similar impact on the
transcriptome of MC38 cells (Fig. 5T). Enrichr analysis showed that
the top three upregulated signaling pathways upon loss of Setdb1 and
Atf7ip are interferon signaling pathways (Fig. 5U).

GSEA indicated global upregulation of CTs upon Setdb1 disruption
(Fig. 5V), which phenocopied Atf7ip disruption. GSEA also indicated
Setdb1 deficiency inhibited spliceosome activity (Supplementary
Fig. S5A and S5B). There was also a significant increase in intron
retention events in Setdb1-deficient MC38 cells (Supplementary
Fig. S5C). Moreover, we observed the downregulation of spliceosome
assembly activities in SETDB1 low–expressing tumor samples in the
TCGA lung adenocarcinoma dataset (Supplementary Fig. S5D and
S5E). This abnormal spliceosome activity and mRNA alternative
splicing could be due to changes in the Atf7ip–Setdb1 network.
The analysis of Atf7ip IP-MS by STRING database indicates that a
significant number of Atf7ip-binding partners play a role in mRNA
alternative splicing (Supplementary Fig. S5F and S5G). These results
indicate that Setdb1 is necessary to suppress tumor antigen expression
and its inhibition stimulates antitumor immunity.

Chromatin remodeling promotes ERV-derived antigen
upregulation

H3K9 trimethylation (H3K9me3) is a histone modification asso-
ciated with heterochromatin that contributes to gene downregulation
by forming large repressive domains on the chromosomes (54).
Because Setdb1 catalyzes the formation of H3K9me3 (55) and

H3K9me3 levels decreased upon Atf7ip or Setdb1 inhibition
(Fig. 4P and Q), we hypothesized that global upregulation of ERV-
derived antigens upon Atf7ip or Setdb1 disruption was due to loss of
H3K9me3. To test this hypothesis, we performed H3K9me3 ChIP-seq
in WT, Atf7ip-deficient, and Setdb1-deficient MC38 cells and mon-
itored differences in H3K9me3 in regions encoding ERV-derived
antigens. The analysis showed that Atf7ip or Setdb1 deficiency signif-
icantly downregulated H3K9me3 deposition (blue color) in regions
encoding ERV-derived antigens and the number of regions encoding
ERV-derived antigens that showedH3K9me3was significantly smaller
(red color), indicating the overall genomic wide loss of H3K9me3 in
ERVs region upon Atf7ip or Setdb1 inhibition (Fig. 6A–D). In
addition, loss of Setdb1 and Atf7ip had similar impacts on H3K9
demethylation of regions encoding ERV-derived antigens (Fig. 6E).
These results suggest that global upregulation of expression of ERV-
derived antigens was due to loss of H3K9me3 deposition in the regions
encoding these caused by Setdb1 deficiency, considering that Atf7ip
disruption also compromises the function of Setdb1.

We further performed Hi-C for chromatin conformation cap-
ture analysis inWT,Atf7ip-deficient, and Setdb1-deficientMC38 cells.
Genome-wide increase in the Hi-C signal was observed in both
Atf7ip-deficient and Setdb1-deficient cells (Fig. 6F and G). Intra-
TADs in the deficient groups exhibited more significantly upregula-
ted elements than significantly downregulated ones, in comparison
with theWT control group. The overall increase in theHi-C signal also
had functional impacts, measured by the RNA expression intensity of
ERV-derived antigens (Fig. 6H and I). Those ERV-derived antigens
placed in the differentially upregulated domains had higher signals
overall than those in the differentially downregulated domains
(Fig. 6H and I). This finding was corroborated by the signal of
H3K9me3 repressive chromatin marker at the loci encoding ERV-
derived antigens.

Low ATFIP or SETDB1 expression is associated with the
hot tumor immune microenvironment

To explore the enhanced antitumor immunity resulting from
Atf7ip or Setdb1 deficiency in a clinical setting, we interrogated
public cancer transcriptomic data in TCGA. Pan-cancer analysis
showed that either ATF7IP or SETDB1 expression strongly nega-
tively correlated with antigen processing and presentation, inter-
feron response signaling and T-cell–mediated immunity and cyto-
toxicity pathways (Fig. 7A and B), potentially confirming our
results from murine tumor models.

In summary, these results support the notion that Atf7ip or Setdb1
deficiency restrains tumor progression through increasing tumor
immunogenicity, stimulating antitumor immunity, and enabling
immune surveillance (Supplementary Fig. S6). Thus, targeting Atf7ip
and/or Setdb1 might be a potential novel immunotherapeutic strategy
for patients with cancer.

Discussion
Tumors can escape immune surveillance by losing the capacity to

present antigens to effector cells of the immune system (5). We
established a syngeneic murine tumor model that spontaneously
adapted to immune pressure in vivo by silencing the model antigen
SQ over a period of 10 months, modeling one process of human
cancer evolution (6), in which the promoter of genes containing
neo-antigenic mutations were silenced by an epigenetic mechanism.
A cell line derived from tumors that escaped immune pressure,
KP-IE2, was used in a genetic screen to identify epigenetic factors
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Figure 6.

Chromatin remodeling enables ERV-derived antigen upregulation upon Atf7ip or Setdb1 disruption. A, Volcano plot illustrating H3K9me3 of retroelements in
MC38 cells with or without Atf7ip from differential H3K9me3 ChIP-binding peaks analysis. B, Quantification of the number of ERV-derived antigens with
significant (adj. P < 0.05) higher binding peaks in A. C, Volcano plot illustrating H3K9me3 of retroelements in MC38 cells with or without Setdb1 from
differential H3K9me3 ChIP-binding peaks analysis. D, Quantification of the number of ERV-derived antigens with significant (adj. P <0.05) higher binding
peaks in C. E, Overlapped relative number of H3K9 demethylated ERV-derived antigens in both Atf7ip KO and Setdb1 KO groups of MC38 cells. F, Intra-TAD
interaction changes in Atf7ip-deficient (sgAtf7ip) versus WT (sglacZ) MC38 cells. Atf7ip deficiency is associated with increased intra-TAD interaction (red,
918) and decreased intra-TAD interaction (blue, 40). G, Intra-TAD interaction changes in Setdb1-deficient (sgSetdb1) versus WT (sglacZ) MC38 cells. Setdb1
deficiency was associated with increased intra-TAD interaction (red, 786) and decreased intra-TAD interaction (blue, 94). H, Cumulative distribution function
(CDF) plot illustrating the distribution of ERV expression associated by TADs that have increased interaction (red) and decreased interaction (blue) from WT
MC38 cells to Atf7ip-deficient MC38 cells. I, CDF plot illustrating the distribution of ERV expression associated by TADs that have increased interaction (red)
and decreased interaction (blue) from WT MC38 cells to Setdb1-deficient MC38 cells.
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mediating presentation of SQ-derived peptides. We discovered that
Atf7ip and its interacting partner Setdb1 are required for mainte-
nance of the silenced state. Genetic disruption of either gene in
tumor cells increased antigen presentation and induced an inter-
feron response, leading to rejection of tumor engraftment with no
other intervention, suggesting potential therapeutic strategies to
overcome tumor immune evasion.

Atf7ip is a multifunctional nuclear protein, mediating heterochro-
matin formation and gene silencing in several contexts (53). Setdb1
is a histone methyltransferase that catalyzes the formation of
H3K9me3 (55). Aberrant SETDB1 activity has been implicated to
have potential pro-oncogenic function in the development of various
types of cancer (56). In this study, we systemically investigated the role
that Atf7ip and Setdb1 play in enforcing tumor antigen silencing, and
identified their potential application in cancer immunotherapy.

A contemporary study by Griffin and colleagues (57) reported
results of an in vivo screen for genes that are selectively required for
tumor engraftment in the context of immune checkpoint blockade.
The authors screened two independent syngeneic models, LLC and
B16, identifying several candidate genes with sgRNAs depleted in the
context of immune checkpoint blockade, including a common require-
ment for Setdb1. Although sgRNAs targetingAtf7ipwere present in the
library, they were not significantly depleted in any screen; however, the
authors did identify Setdb1 as a hit in both cell lines. Several potential
biological and technical differences could explain why Atf7ip was not
identified by Griffin and colleagues in their primary screens. Griffin
and colleagues screened two different cell lines and demonstrated
divergent results for most hits. It is therefore possible that Atf7ip is
required to maintain silencing in KP, MC38, and YUMM1.7 cells, but
not in LLC or B16 cells. Technical factors may also explain differences
in our findings; the screens were performed with different libraries, in
different contexts, and with different types of selective pressure. In
addition, our screen was specific to exploring epigenetic regulators
playing a role in antigen expression and presentation. Because of the
technical limitation of establishing endogenous tumor antigen models
from immune evasion, we used an exogenous antigenmodel under the
control of different promoters (CMV or UBC), which might not fully
mimic endogenous promoters in the genome. Therefore, it would be
worth establishing an endogenous tumor antigen model and further
investigating novel epigenetic factors that regulating antigen expres-
sion and presentation.

Another significant difference is that in our study, immune check-
point blockade was not required for tumor rejection in any secondary
screen. Althoughwe observed tumor outgrowth inmice engraftedwith
heterogeneous populations ofAtf7ip knockout cells for both theMC38
and YUMM1.7 models, we subsequently determined that cells with
intact Atf7ip efficiently populated the tumor. In subsequent experi-
ments with Setdb1 disruption, we showed that clonal knockout cell
lines were rejected for 2 out of 3 sgRNAs tested. It is possible that
immune checkpoint blockade was required inGriffin and colleagues to
control outgrowth of tumors with intact Setdb1, as knockout efficiency
or clonal selection was not reported. Another possible explanation is
context-specific differences in interferon induction. We found that
antitumor immune responses promoted by Setdb1 deficiency were due
to upregulation from both tumor antigen expression and interferon
signaling, whereas Griffin and colleagues did not observe any signif-
icant interferon response in their model systems. Because five inde-
pendent syngeneic tumor models are represented between these two
complementary studies; it would be of significant future interest to
cross validate our findings in these and further syngeneic models to
understand better the heterogeneity and generalizability of these
observations.

ERV-derived antigens are a type of cancer-specific antigen, which
are silenced in normal tissues. Previous studies have shown that ERV-
derived antigens can activate adaptive immunity and contribute to
immune response against cancer cells (10, 11, 58). We observed a
significant upregulation in the expression of ERV-derived antigens
uponAtf7ip and Setdb1 disruption and subsequent antitumor immune

Figure 7.

Low ATFIP or SETDB1 expression is associated with the hot tumor immune
microenvironment in patients with cancer. A, Bubble plot showing multiple
GSEA of the indicated pathways in a pan-cancer analysis of the TCGA dataset.
NES >0: The gene set is enriched in ATF7IP low–expressing cancer samples
(bottom 25%) compared with ATF7IP high–expressing cancer samples (top
25%). B, Bubble plot showing multiple GSEA of the indicated pathways in a
pan-cancer analysis of the TCGA dataset. NES >0: The gene set is enriched in
SETDB1 low–expressing cancer samples (bottom 25%) compared with SETDB1
high–expressing cancer samples (top 25%).
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responses in immunocompetent hosts. Although a previous study
indicated that Atf7ip and Setdb1 regulated provirus silencing in
embryonic stem cells (45), our study shows that Atf7ip and Setdb1
play an important role in modifying the tumor immune microenvi-
ronment by promoting expression of ERV-derived antigens. In addi-
tion, our immune profiling showed a significant expansion of T-betþ

infiltrated T cells in Atf7ip and Setdb1-deficient tumors and a remark-
edly elevated Th1 antitumor immune response. Previous work shows
that under antigen-specific stimulation conditions, T-bet is required
for the differentiation of na€�ve CD8 T cells into effector CTLs (38).
These results support the existence of enhanced antigen stimulation to
T cells inAtf7ip or Setdb1-deficient tumor cells. It would be interesting
to investigate whether other types of immune cells in the tumor
microenvironment are changed upon intrinsic inhibition of Atf7ip or
Setdb1 in tumor cells, like dendritic cells, macrophages and B cells, all
of which can play a critical role in antigen presentation.

One class of epigenetic therapy, DNA methyltransferase inhibitor
treatment mostly upregulates short interspersed nuclear elements
(SINE, for instance, Alu retroelements), rather than long interspersed
nuclear elements andDNAencoding ERV-derived antigens in patient-
derived colorectal cancer cells (59). SINE (Alu retroelements) upre-
gulation also results in activated interferon responses (59). These data
indicate that different epigenetic inhibition strategies may induce
interferon responses through different mechanisms in different cel-
lular contexts.

We note that antigen SQ expression and presentation was reversed
without significant change in the methylation of its promoter upon
Atf7ip deficiency in the immune escapedKP-IE2 cell line. These results
suggest that Atf7ip and Setdb1 might function downstream of DNA
methylation.We did not perform further immune evasionmechanism
studies in our immune escaped tumor model because our goals were
focused on investigating immunotherapeutic targets that can reverse
immune evasion, but future work should examine this. In addition, our
data suggested the existence of euchromatin to heterochromatin
transition in the SQ genomic region and the silencing of antigen SQ
expression during tumor immune escape. Therefore, we hypothesize
that the loss of Atf7ip might reverse the transition from heterochro-
matin to euchromatin in the SQ genomic region. It would be necessary
to perform ATAC-seq to confirm the chromatin transition in SQ
genomic region uponAtf7ip disruption in the future.Moreover, Atf7ip
regulates H3K9me3, which plays a transcriptionally repressive func-
tion. Therefore, it would be worth performing H3K9me3 ChIP-seq to
investigate whether there is H3K9me3 reduction in the SQ genomic
region upon Atf7ip disruption in future studies.

Although TCGA pan-cancer analysis showed that ATF7IP or
SETDB1 expression strongly negatively correlated with antigen-
processing and presentation, interferon response signaling and
T-cell–mediated immunity and cytotoxicity pathways, it would be
worth dissecting the association between ATF7IP and SETDB1 and
immune regulatory pathways based on immunogenic and nonimmu-
nogenic types of cancer. In addition, given that disruption of Atf7ip or
Setdb1 promoted expression of ERV-derived antigens inmurine tumor
models, it would be very interesting to investigate whether ATF7IP or
SETDB1 expression also inversely correlates to expression of ERV-
derived antigens in TCGA datasets. Moreover, to further exploremore
clinical relevance to our study, it would be worth examining the
correlation between ATF7IP or SETDB1 expression of tumor samples
and patients’ response to immune checkpoint inhibitors in the future.

Collectively, we performed an epigenome-focused CRISPR screen
and identified ATF7IP’s and SETDB1’s role in regulating antitumor
immunity. Functional and mechanistic studies showed that tumor

cell–intrinsic Atf7ip or Setdb1 deficiency promotes antigen expression
and presentation, especially for ERV-derived antigens and intron-
retainedmRNAs.Upregulation of antigen expression and presentation
increases T-cell infiltration and activation, leading to enhanced anti-
tumor immune responses (Supplementary Fig. S6). Atf7ip and Setdb1
deficiency exerts significant inhibition on tumor growth in immuno-
competent host. Thus, ATF7IP and Setdb1 inhibition might serve as
potential novel immunotherapeutic strategies for patients with cancer.
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