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Cancer Cell Resistance to IFNy Can Occur via Enhanced

Double-Strand Break Repair Pathway Activity
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The pleiotropic cytokine interferon-gamma (IFNY) is associ-
ated with cytostatic, antiproliferation, and proapoptotic func-
tions in cancer cells. However, resistance to IFNy occurs in many
cancer cells, and the underlying mechanism is not fully under-
stood. To investigate potential IFNYy-resistance mechanisms, we
performed IFNYy-sensitivity screens in more than 40 cancer cell
lines and characterized the sensitive and resistant cell lines. By
applying CRISPR screening and transcriptomic profiling in
both IFNY-sensitive and IFNYy-resistant cells, we discovered that
activation of double-strand break (DSB) repair genes could result
in IFNY resistance in cancer cells. Suppression of single-strand

Introduction

Antitumor immunity involves concerted interactions between
cytokines and effector cells (1). Interferon-gamma (IFNY), predom-
inantly secreted by T cells and natural killer (NK) cells, is a crucial
effector with pleiotropic effects in antitumor immune responses.
Studies have shown the effects of IFNY on various cancer types (2, 3).
IFNYy treatment combined with chemotherapy has been shown to
enhance the therapeutic response in patients with ovarian cancer
and advanced hepatocellular carcinoma. In addition, IFNYy also
plays an important role in immune checkpoint blockade (ICB)
therapy (4). ICB therapy with antibodies targeting CTLA-4 or PD-1
could increase IFNYy production in the tumor microenvironment
(TME), eliminating cancer cells (5, 6).

The mechanisms of tumor killing by IFNy have been extensively
studied, with JAK/STAT signaling the primary pathway involved (7).
Upon binding of IFNY to its receptors IFNGRI and IFNGR?2, Janus
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break (SSB) repair genes increased the dependency on DSB
repair genes after IFNy treatment. Furthermore, inhibition of
the DSB repair pathway exhibited a synergistic effect with IFNy
treatment both in vitro and in vivo. The relationship between the
activation of DSB repair genes and IFNY resistance was further
confirmed in clinical tumor profiles from The Cancer Genome
Atlas (TCGA) and immune checkpoint blockade (ICB) cohorts.
Our study provides comprehensive resources and evidence to
elucidate a mechanism of IFNY resistance in cancer and has the
potential to inform combination therapies to overcome immu-
notherapy resistance.

kinases JAK1 and JAK2 are recruited and activated, which in turn
activates the transcription factor STAT1. Phosphorylated STATI
translocates to the nucleus to modulate the transcription of IFNY-
regulated genes such as IRFI. IRF1 functions as a transcription
activator of interferon-stimulated response elements (ISRE), leading
to the transcription of a large number of secondary response genes. A
subset of the target genes are involved in cell-cycle regulation, such as
the cyclin-dependent kinase inhibitors p21 and p27, allowing IFNYy to
exert direct cytostatic or cytotoxic effects on cancer cells (8). The IFNYy/
STAT1 signaling pathway has also been implicated in promoting
apoptosis in cancer cells by upregulating the expression of caspase-1,
-3, and -8 and enhancing the expression of FAS and FAS ligands (9, 10).
In addition, IFNY signaling in cancer cells can upregulate major
histocompatibility complex (MHC) class I expression, thus increasing
tumor sensitivity to CD8" T cell-mediated lysis (11). Furthermore,
IFNYy also orchestrates the recruitment of NK cells, T cells, and
invariant NK T cells to the TME by triggering the production of the
chemokines CXCL9, CXCL10, and CXCL11 (12). Last but not least,
IFNY has been reported to be involved in the inhibition of angiogenesis,
impairing the proliferation and survival of endothelial cells, and
inducing ischemia in the tumor stroma (13).

Despite the antitumor effect of IFNY, resistance of cancer cells to
IFNY has also been reported in many studies (14, 15). For example, loss
of IFNY signaling pathways, such as reduced STAT1I activity, JAK1/2
deficiency, and loss of function of IFNGR1/2 and IRF1, may reduce the
response to IFNY treatment in cancer cells (16, 17). Suppressor of
cytokine signaling (SOCS) proteins, important negative regulators of
IFNY signaling pathways, can block the activity of JAKs directly.
Previous studies showed that constitutive activation of SOCS proteins,
such as SOCS1 and SOCS3, limits the actions of IFNy in human
melanoma cells (18). In addition, recent reports have shown that
PTPNI1/2, a protein tyrosine phosphatase, can inhibit IFNYy signaling
by dephosphorylating STAT1 and JAK1 (19, 20). These studies
indicate that cancer cells can develop IFNy-dependent pathways to
evade IFNy-mediated killing. However, mutations of the IFNY sig-
naling pathway in patients are reported in less than 1% of primary
tumor cases (21), indicating alternative mechanisms might be used to
evade the antitumor effects of IFNYy.
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In this study, we systematically evaluated the sensitivity of
cancer cells to IFNYy treatment and analyzed pretreatment tran-
scriptomic data to identify potential pathways regulating resistance
to IFNYy. Our findings were validated through high-throughput
CRISPR screening and custom transcriptomic profiling in a panel
of IFNYy-sensitive and -resistant cancer cell lines. Integrative anal-
ysis of public TCGA clinical tumor profiles and ICB cohorts
indicates the strong clinical relevance of our findings (Fig. 1A).

Materials and Methods

Cancer cell culture and compounds

Cell lines with medium information are listed in Supplementary
Table S1. Cancer cells and HEK293T (RRID:CVCL_0063) were pur-
chased from the Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China) in 2014 to 2016. All cells for
experiments were frozen at passages two to five passages after pur-
chase. All cell lines were expanded and frozen at early aliquots, and
each were cultured for less than a total cumulative time of 6 months
from the time of acquisition to the time of each experiment. Cell
culture was performed in RPMI-1640 medium (Gibco, #11875093) or
DMEM (Gibco, #11960044), including 10% fetal bovine serum (FBS,
Gibco, #10091148), glutamine (Gibco, #25030081), and 1% penicillin/
streptomycin (Gibco, #15070063). Cells were cultured in an incubator
at 37°C in a humidified atmosphere containing 5% CO,. All cell lines
were tested for Mycoplasma regularly using PCR. Cell lines were
authenticated by short tandem repeat analysis.

Recombinant Human IFN-gamma protein (rhIENYy; catalog No.
285-IF-100) was purchased from R&D Systems on Biocompare.com.

Stocks of ataxia telangiectasia mutated (ATM) kinase inhibitors
(KU-55933, S1092) and DNA-PK inhibitors (NU-7441, S2638) were
purchased from Selleck.

IFN+y-sensitivity screens

Cancer cells were seeded into 12-well plates (1.5x10%/well)
overnight and were exposed to different concentrations of rhIFNy
(0, 1, 3, 5, 7, and 10 ng/mL) for 72 hours. Each condition has
two replicates. Control cells were cultured without rhIFNy. After
72-hour culture, we counted the cell number under each concen-
tration and calculated the cell viability. We defined cell viability
under 0 ng/mL rhIFNY as 100%, and cell viability under other
concentrations was calculated as follows:

The number of cells (1,3,5,7,10 ng/mL)
The number of cells on 0 ng/mL

Cell viability = x 100%.

According to the change in survival rates under differential IFNy
concentrations, we classified the cell lines into IFNy-sensitive cell lines
and -resistant cell lines. Finally, cell viability < 80% (10 ng/mL) was
quantified as an IFNy-sensitive cell line, and cell viability > 80%
(10 ng/mL) was quantified as an IFNYy-resistant cell line.

RNA extraction and RNA-sequencing data analysis
IENYy-sensitive cell lines—A549, NCIH1437, MDAMB231, A375,
and HCC827—and IFNy-resistant cell lines—MCF7, HCT116,
HUH6, HGC827, COLO205, and SW620—were treated with
10 ng/mL IFNy for 48 hours. All the cell lines without IFNy
treatment were regarded as controls. RNA of all the IFNYy-treated
cells and control cells was extracted using TRIzol reagent (Invitrogen
Life Technologies, #15596018). Quality and quantity of RNA were
analyzed using NanoDrop, agarose gel electrophoresis, and Agilent
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2100 (Thermo Fisher Scientific). RNA-seq libraries were prepared
using the Hieff NGS Ultima Dual-mode mRNA Library Prep Kit for
Mlumina (Yeasen, #12301ES96) and sequenced on Illumina Nova
6000 by Berry Genomics Co. Ltd. Data were aligned to the human
reference genome hg38 using STAR (RRID:SCR_004463). RSEM
(RRID:SCR_013027) was used to map aligned reads and to generate
a gene count matrix. We used DESeq2 (RRID:SCR_015687) to
identify the differential expression genes between IFNY-sensitive
cells and IFNy-resistant cells from the Cancer Cell Line Encyclo-
pedia (CCLE). We regarded the cancer types (e.g., lung cancer and
breast cancer) of cell lines as the covariants using the following
formula: Design = Cancer type + Cell IFNY sensitivity. For public
data, we downloaded from GEO and used limma to perform
differential gene-expression analysis. Gene set enrichment analysis
(GSEA) was performed GSEA (RRID:SCR_003199) preranked
mode using stat (DESeq2) or t-value (limma, RRID:SCR_010943)
as input and “clusterProfile” R package (RRID:SCR_016884) for
visualization (22).

DESeq2 (RRID:SCR_015687) was used to identify the differential
expression genes between IFNY-sensitive cells and IFNy-resistant cells
from the CCLE. The cancer types (e.g., lung cancer and breast cancer)
of cell lines were used as the covariants by the following formula:
Design = Cancer type + Cell IFNY sensitivity.

Cloning of sgRNA libraries

For the 6K-cancer library, we used the lentiCRISPR v2 vector
(RRID:Addgene_52961) as the backbone. We designed 10 sgRNAs
per gene to target ~6,000 genes and added nontargeting sgRNAs as
controls. For library construction, we used the same protocol as
previous CRISPR screens (23).

Virus and virus infections

Lentiviruses used in this study, including lentiCRISPR v2
vector encoding Cas9 and sgRNAs targeting ~6,000 genes, were
packaged in HEK293T cells by cotransfection with psPAX2 (RRID:
Addgene_12260) and pMD2.G (RRID:Addgene_12259) as pre-
viously described (23). Supernatants were collected at 48 and
72 hours after transfection, passed through a 450-nm filter and added
to target cells in the presence of polybrene (8 pg/mL) (Sigma-Aldrich,
#TR-1003-G).

After 48-hour infection, puromycin (2 pug/mL; Gibco, #A1113803)
was used for selection over 2 days, which removed the uninfected
cells.

Pooled CRISPR screens and analysis

For the pooled CRISPR screen, IFNy-sensitive and -resistant cells
were used (Supplementary Fig. S1A). A total of 1.2 x 10® cells were
infected with the pooled lentiviral library at a multiplicity of infection
of 0.3. After puromycin selection, the cells were divided into three
groups (day 0, vehicle control, and IFNY treatment). The cell pellet of
the day 0 group was stored at —80°C. For the other two groups, the cells
were cultured for 14 days, with/without 10 ng/mL IFNY individually.
The cells were cultured for 14 days, split every 2 to 3 days until the
appearance of visibly viable colonies. Genomic DNA was harvested
from the live cells using the QTAGEN DNeasy Blood and Tissue Kit
(QIAGEN, #69504) according to the manufacturer’s instructions.
Library construction for NGS was performed by PCR as previously
described (24). The PCR products were purified for sequencing on
HiSeq X (Illumina). The CRISPR/Cas9 screening data were performed
by MAGeCK and MAGeCK-VISPR algorithms. MAGeCK-VISPR
calculates the B-score for each gene. The mapping ratio, the number
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of missing sgRNAs, and the evenness of sgRNAs were provided
(Supplementary Table S2).

Normalization of the screen data sets and definition of essential
genes for cell viability

CRISPR screen data sets were normalized using the quantile
normalization method, which could make the data comparable across
different cell types with different conditions. A gene can be defined as
essential when the loss of its function compromises the viability of cells
or results in a profound loss of fitness. In our screens, essential genes
were highly negatively selected across all the cell lines under vehicle
conditions and were strongly enriched in fundamental cellular pro-
cesses. We regarded the genes whose [3-scores were significantly larger
than —0.5 under vehicle control as nonessential genes. In our study, a
one-sample ¢ test (with i = —0.5) was used to identify the distribution
of gene essentiality. A t-statistic value = 2.5 was used to distinguish
essential genes and nonessential genes (Supplementary Fig. S1B).
Pathway enrichment of these essential genes was visualized by R
package clusterProfiler.

Identification of pathways underlying IFNvy sensitivity or
resistance in CRISPR screen

For each cell line, the gene’s differential B-score (AB-score) between
IFNYy treatment versus vehicle control was calculated. The average
AB-scores were calculated across all selected cell lines. The KO of
essential genes would result in a profound survival disadvantage under
the vehicle conditions/IFNYy treatment conditions. To minimize the
effect of the essential genes on pathway identification, we removed
these genes in downstream GSEA. GSEA was utilized to analyze the
pathway enrichment based on genes’ average AB-scores excluding
these essential genes (Supplementary Table S3).

Integration of the transcriptomic and CRISPR screen data sets

For transcriptomic data sets, highly expressed pathways of sensitive
(n = 21) or resistant cell lines (n = 22) were identified using their
publicly available transcriptomic profiles from CCLE using GSEA. For
CRISPR screens, pathway enrichment was identified to assess IFNy
response according to the AB-scores using GSEA across all the cancer
cell lines. Normalized enrichment scores (NES) were used to quantify
the enrichment. Pathways with RNA-seq NESs > 0 (or RNA-seq
NESs < 0) indicate genes in such pathways are highly expressed in
IFNYy-resistant cell lines (or in IFNy-sensitive cell lines). In contrast,
pathways with Screen NESs > 0 (or Screen NESs < 0) indicate the genes
in such pathways have stronger positive selections (Af3-scores > 0) or
stronger negative selections (AB-scores < 0) under IFNY treatment
conditions. Thus, we defined “sensitive-related pathways” as those
highly expressed in IFNY-sensitive cancer cell lines, and their deletion
in the CRISPR screen obstructed IFNy killing (AB-scores > 0). We also
identified “resistant-related pathways,” which are highly expressed in
IFNYy-resistant cell lines, and inhibition of their genes in the CRISPR
screen enhances the IFNy-mediated killing.

Generation of CRISPR/Cas9 knockout cell lines

To knockout double-strand break (DSB) repair-related genes,
CRISPR sgRNA sequences targeting PAXIPI, TP53BP1, XRCC4,
RAD50, RAD51, BRCA1, BRCA2, or nontargeting control (AAVSI)
were cloned into a lentiCRISPR v2 vector and confirmed by sequenc-
ing. Knockout constructs were cotransfected with pMD2.G and
psPAX2 into HEK293FT cells to generate lentivirus. Transfection was
performed using X-tremeGENE HP DNA Transfection Reagent
(Roche, #6366546001) following the manufacturer’s protocol. Lentivirus
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was collected at 48 and 72 hours. Then, 786-O cancer cells were infected
with a lentivirus, driving the expression of a sgRNA for 48 hours to
inactivate each gene individually. After puromycin selection, cells were
expanded and collected, and knockout (KO) was verified by western blot
analyses. The sequences of individual sgRNA for genes are shown in
Supplementary Table S3.

Generation of the overexpressed cell lines

Plasmid lentiCas9-blast was obtained from Addgene (plasmid No.
52962; RRID:Addgene_52962). Different gene sequences (DSB repair
genes: PAXIP1, TP53BP1, and XRCC4) were subcloned into a lenti-
Cas9-blast vector digested with BamHI (NEB, #R3136V) and Xbal
(NEB, #R0145V) via Gibson assembly to generate different gene-
expressing vectors (lenti-PAXIP], lenti-TP53BP1I, and lenti-XRCC4).
Overexpression of control (lenti-HA tag) was used. Overexpression
constructs were cotransfected with pMD2.G and psPAX2 into
HEK293FT cells to generate lentivirus. Transfection was performed
using X-tremeGENE HP DNA Transfection Reagent (Roche,
#6366546001) following the manufacturer’s protocol. Lentivirus was
collected at 48 and 72 hours. Then, A549 cancer cells were infected
with a lentivirus for 48 hours to overexpress each gene individually.
After blasticidin S HCI selection (Thermo Fisher Scientific,
#A1113903, selection concentration for A549: 5 ug/mL), cells were
expanded and collected, and overexpression was verified by western
blot analyses.

Western blotting

For western blotting, cells were lysed in RIPA buffer with protease
and phosphatase inhibitor cocktail (Sangon Biotech, #C500005).
Protein concentrations were measured with a BCA protein quantity
kit (Sangon Biotech, #C503021). Approximately 25 lig of total protein
from each sample was resolved by SDS-PAGE with 4% to 12% 15-well
SurePAGE Gel (GenScript, #M00654) and then transferred onto
polyvinylidene difluoride membranes (Millipore, #ISEQ00010) fol-
lowing standard procedures. Membranes were blocked with 5% bovine
serum albumin (BSA, Sigma-Aldrich, #82064) in TBST for 2 hours and
subsequently incubated with indicated primary antibodies overnight at
4°C according to the manufacturer’s recommendations. After three
washes with TBST, membranes were incubated with appropriate
horseradish peroxidase (HRP)-labeled secondary antibodies for 1 hour
at room temperature. The protein bands were detected by using an
enhanced chemiluminescence reagent (Smart-ECL Super, #S32500).
The images were captured with the Tanon 4600SF chemiluminescent
imaging system (Tanon 4600SF). Primary antibodies, PAXIP1 anti-
body (Abcam; cat. #ab168502, RRID:AB_2893189), TP53BP1 anti-
body (Cell Signaling Technology; cat. #4937, RRID:AB_10694558),
RAD50 antibody (Cell Signaling Technology; cat. #3427, RRID:
AB_2176936), RAD51 antibody (Cell Signaling Technology; cat.
#8875, RRID:AB_2721109), XRCC4 antibody (Cell Signaling Tech-
nology, cat. #23908), BRCA1 antibody (ABclonal; cat. #A11034, RRID:
AB_2758380), BRCA2 antibody (Cell Signaling Technology; cat.
#10741, RRID:AB_2797730), were used to evaluate protein expression.
B-Tubulin antibody (Cell Signaling Technology; cat. #2146, RRID:
AB_2210545) was used as a loading control. Goat anti-mouse sec-
ondary antibody (Cell Signaling Technology; cat. #7076, RRID:
AB_330924) and goat anti-rabbit secondary antibody (Cell Signaling
Technology; cat. #7074, RRID:AB_2099233) were used.

Cell proliferation and cell viability assays

786-O cells with PAXIP1, TP53BP1, XRCC4, RAD50, RAD51,
BRCA1, and BRCA2 KO or nontargeting control (AAVSI) KO were
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seeded in 96-well plates (500 cells per well, n = 3) and cultured
24 hours before IFNY treatment (10 ng/mL). Upon the addition of
IFNY, cell growth was monitored on days 1, 3, 5, and 7. At each time
point, the medium was aspirated and fresh culture medium was added
to the wells. CCK-8 reagent (10 uL, DOJINDO, #1310) was added to
each well, and the plate was incubated at 37°C with 5% CO, for 1 hour.
The optical density at 450 nm was measured to monitor cell growth.

A549 overexpressing PAXIP1, TP53BP1, and XRCC4 or lenti-HA
tag were seeded in 96-well plates (500 cells per well, # = 6) and cultured
for 24 hours before IFNY treatment (10 ng/mL). Upon the addition of
IFNY, cell growth was monitored on days 1, 3, 5, and 7. At each time
point, the medium was aspirated and fresh culture medium was added
to the wells. CCK-8 reagent (10 uL, DOJINDO, #1310) was added to
each well, and the plate was incubated at 37°C with 5% CO, for 1 hour.
The optical density at 450 nm was measured to monitor cell growth.

The activity levels of single agents and combinations were deter-
mined by Cell Counting Kit-8 (CCK-8). 786-0 kidney cancer cells and
HCT116 colon cancer cells were seeded in 96-well plates (500 cells per
well for 786-0O and 1,000 cells per well for HCT116), cultured 24 hours
before compound addition (KU-55933, 7 umol/L and/or 10 ng/mL
IFNY) and biologically replicated three times. Upon the addition of
the drug, cells were incubated for 7 days. After 7 days of culture, the
medium was aspirated and fresh culture medium was added to the
wells. CCK-8 reagent (10 UL) was added to each well, and the plate was
incubated at 37°C with 5% CO, for 1 hour. The optical density at
450 nm was measured to monitor cell viability. The cell survival rate
was calculated as follows: cell viability rate (%) = [(As — Ab)]/[(Ac —
Ab)] x 100%, in which As = experimental group (culture medium and
the compound); Ab = blank well (culture medium); AC = control well
(culture medium and 1% DMSO).

Cell colony formation

786-0O with PAXIPI, TP53BP1, XRCC4, RAD50, RAD51, BRCAL,
and BRCA2 KO or nontargeting control (AAVSI1) KO were seeded in
6-well plates (500 cells per well for 786-O) and attached for 24 hours
before IFNYy treatment (10 ng/mL, IFNY treatment). The cells were
maintained for 2 weeks. Colonies of cells were washed with PBS
(Gibco, #20012027) and then fixed with 1% methanol (Sangon Bio-
tech, #A506806). The colonies were stained with 1% crystal violet
(Sangon Biotech, #E607309) and imaged using a camera.

A549 overexpressing PAXIP1, TP53BP1, and XRCC4 or lenti-HA
tag were seeded in 6-well plates (500 cells per well for A549) and
attached for 24 hours before IFNYy treatment (10 ng/mL, IFNY treat-
ment). The cells were maintained for 2 weeks. Colonies of cells were
washed with PBS and then fixed with 1% methanol. The colonies were
stained with 1% crystal violet and imaged.

786-0 and HCT116 were seeded in 6-well plates (500 cells per well
for 786-O and 1,000 cells per well for HCT116) and attached for
24 hours. The cells were maintained for 2 weeks after being treated with
KU-55933 (ATM inhibitor, 7 pmol/L) or NU-7441 (DNA-PK inhibitor,
2 wmol/L/1 umol/L) or KU-55933 (ATM inhibitor, 7 pmol/L) + IFNy
(10 ng/mL) or NU-7441 (DNA-PK inhibitor, 2 pmol/L/1 pmol/L) +
IFNYy (10 ng/mL). Colonies of cells were washed with PBS (Gibco,
#20012027) and then fixed with 1% methanol (Sangon Biotech,
#A506806). The colonies were stained with 1% crystal violet (Sangon
Biotech, #E607309) and imaged using a camera.

Immunofluorescence imaging

IFNy-sensitive cells—A549 and A375—and IFNYy-resistant cells—
786-0 and HCT116—were grown on glass coverslips and were treated
with IFNYy (10 ng/mL) or vehicle control for 48 hours. Then, cells were
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washed with PBS and fixed in 4% paraformaldehyde in PBS for 30
minutes at room temperature. Cells were permeabilized in 0.2% Triton
X-100 for 20 minutes, followed by blocking for 30 minutes with 5%
BSA (Sigma-Aldrich, #B2064). Coverslips were then incubated with
primary antibody (Phospho-Histone H2A.X antibody, Cell Signaling
Technology; cat. #9718, RRID:AB_2118009) overnight at 4°C in a
humidified chamber, followed by incubation with a secondary anti-
body for 1 hour (Thermo Fisher Scientific; cat. #A10523, RRID:
AB_2534032). Primary and secondary antibodies were diluted in a
blocking buffer, and all incubations were performed at room temper-
ature. Coverslips were mounted using ProLong Diamond Antifade
Mountant with DAPI (ThermoFisher, #P36971). All images were
captured using a fluorescence microscope (Echo Revolved). The
number of y-H2AX-positive puncta was quantified using Image]
(RRID:SCR_003070). Three independent experiments with three
biological replicates per group were performed.

Drug synergy analysis

The SynergyFinder (RRID:SCR_019318) package was used to assess
the drug synergy. The synergy scores were based on the Bliss
model (25, 26).

In vivo experiment

HCT116 cells (5x10°) were resuspended in Hank’s Balanced Salt
Solution (Gibco, #1417112) and injected subcutaneously into the right
flank of 6- to 8-week-old female BALB/c nude mice (RRID:
IMSR_APB:4790). Seven to 9 days after subcutaneous injection of
tumor cells, when the volume of the tumor was approximately
100 mm’®, mice were randomly divided into six treatment groups
(n = 6 mice per group): ATM inhibitor alone in PBS (20 or 30 mg/kg,
six mice/group) or vehicle, IFNy alone (1 x 10” TU/kg, six mice/group)
or vehicle and combination of IFNy (1 x 107 IU/kg, six mice/group)
and ATM inhibitor (20 or 30 mg/kg). ATM inhibitor was dissolved in
5% DMSO + 40% PEG300 + 5% Tween 80 and 50% ddH,0 and was
administrated at 20 or 30 mg/kg via intraperitoneal injection every
2 days for 3 weeks. IFNy (1 x 107 IU/kg) was used for intratumoral
injection twice a week for 3 weeks. Tumors were measured every 3 days
after grouping. Finally, the tumor volume, tumor weight, and mouse
body weight were measured. Measurements were assessed manually by
assessing the longest dimension (length) and the longest perpendicular
dimension (width). Tumor volume was calculated using the formula
'/, x length x width?. All mouse experiments were carried out at the
Shanghai Youmi Biotechnology Co., LTD. All mouse experimental
procedures followed the guidelines of the Biological Research Ethics
Committee of Tongji University.

Collection of public data sets and data analysis

Public transcriptomic data sets were downloaded from GEO:
GSE85898 and GSE154996. Gene-expression data of IFNy responder
(n = 3) and IFNy nonresponder (n = 3) before and after IFNy
stimulation were downloaded from GSE85898. Gene-expression data
of the human melanoma cell lines before and after IFNY stimulation
were downloaded from GSE154996 in which wild-type melanoma cells
(n = 45) and JAK1/JAK2-defective melanoma cells (n = 8) were used.
DESeq2 or Limma was used to perform differential gene-expression
analysis. GSEA was performed using GSEA preranked mode using stat
(DESeq2) or t-value (Limma) as input and “clusterProfile” R package
for visualization. Enriched pathways are listed in Supplementary
Table S4.

CCLE expression data sets (date: 20180929) were downloaded
from https://portals.broadinstitute.org/ccle/data. DESeq2 was used
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to perform differential gene-expression analysis. GSEA was per-
formed using GSEA preranked mode using stat as input and
“clusterProfile” R package for visualization. The mutation and
copy-number variation (CNV) information of CCLE was down-
loaded from https://xenabrowser.net/datapages/ (cohort: CCLE,
data set ID: ccle/CCLE_copynumber_byGene_2013-12-03). Cells
were defined as SSB repair (SSBr) deficient or wild-type according
to the mutations and deletion of SSBr genes. The cells with
truncating mutations (frameshift indels, nonsense, and splice-site
mutations) or copy-number deep deletions (value < —1) in the SSBr
genes were defined as SSBr-deficient cells. Wild-type cells were cells
without truncating mutations or deletions in DSBr and SSBr genes.
Expression of DSB repair genes, especially IFNy-related DSBr genes
and non-IFNy-related DSBr genes, was evaluated in both SSBr-
deficient cells and wild-type cells. A two-sided paired Student ¢ test
was used to compute the P value.

TCGA expression data sets (1 = 36) were downloaded from http://
firebrowse.org/. Mutation data and CNV data are collected from
https://xenabrowser.net/datapages/ (cohort: GDC Pan-Cancer, data
set ID: GDC-PANCAN gistic.tsv) using the same method to define the
SSBr-deficient samples with truncating mutations or deep deletions
(value < —2) and wild-type samples and evaluate the expression of
DSB repair genes. A one-sample paired ¢ test was used to compute the
P value.

For the ICB cohorts, we downloaded three data sets with a sample
size larger than 40 from Tumor Immune Dysfunction and Exclusion
(TIDE) (http://tide.dfci.harvard.edu; refs. 27-29). Immune cell infiltra-
tion was inferred from bulk RNA-seq data using CIBERSORT (RRID:
SCR_016955, https://cibersort.stanford.edu/, absolute mode). The
effect of IFNG expression on patients’ outcomes is calculated using
Cox-PH regression. According to the median value of IFNG expression,
patients were divided into IFNG high/low expressed cohorts. A
Kaplan-Meier plot was used to visualize the survival between the
groups. Log-rank test was used to compute the P value in survival analysis.

Cox-PH regression to calculate the interaction score with IFNG
The TIDE model was developed by Jiang and colleagues. In this
model, a regression method was utilized to evaluate the immune cells’
dysfunction by testing the interaction between each gene and immune
signatures with the adjustment for these clinical cofounders. We
applied this model to identify gene association with IFNG. In statistics,
two variables interact if the effect of one variable depends on other
variables, and a multiplication term in a multivariate linear model can
test the interaction effect between two variables. Thus, we applied the
Cox-PH survival regression to test how the expression of IFNG
interacts with other genes in the tumor to affect survival outcomes.

Response =a x IFNG x gene + b x IFNG + ¢ x gene+ d x cofounders.
= (b + a x gene) x IFNG + ¢ x gene + d X cofounders

In this model, the Response refers to the patient’s survival
information (the time to death event). The variable gene refers to
the expression level of the candidate gene. Within the cox model,
other confounders were also taken into account, including tumor
mutation (mutation), tumor resection position (tissue), CD8
expression level, tumor purity (if available), age, and tumor stage.
The coefficients a, b, ¢, and d were estimated through model
fitting. Because we selected the TCGA data sets (TCGA-SARC,
TCGA-SKCM, TCGA-BRCA, and TCGA-BLCA) and clinical data
sets in which IFNG is favorable for survival, the coefficient b is always
negative. If a > 0, a higher gene will flatten the slope (b + a x gene)
between IFNG and Response, suggesting a worse survival. If a < 0, a
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higher gene will sharpen the slope between IFNG and Response, which
means a better survival outcome. Thus, the interaction term between
gene and IFNG could be used to evaluate the beneficial association
between IFNG and overall survival. DSB repair genes used in our study
are listed in Supplementary Table S5.

To further investigate the alterations of DSB repair genes that would
influence IFNG-mediated survival, we focused on the DSB repair
genes, including loss-of-function mutations and deep deletions, and
conducted the same interaction model for each gene as the model for
expression signatures of DSB repair genes: Response = a x IFNG X
alteration + b x IENG + ¢ X alteration + d x cofounders where IFNG
is IFNG expression in tumor samples, alteration is the alteration status
of DNA-repair genes, where 0 represents the wild-type DSB repair
gene, whereas 1 represents DSB repair gene with loss-of-function
mutation or deep deletion. We also took other confounders into
account as the model above, such as tumor mutation (mutation),
tumor resection position (tissue), CD8 expression level, tumor purity
(if available), age, and tumor stage. In our analyses, the samples with
truncating mutations (frameshift indels, nonsense, and splice-site
mutations) and copy-number deep deletions (value < —1) in DSB
repair genes were defined as DSB repair-deficient samples. The
interaction coefficient a is the parameter required to be estimated, of
which a negative value represents that the alteration of a DSB repair
gene could attenuate the beneficial effect of IFNG on survival.

Statistical analysis

Statistical tests used with the number of replicates and inde-
pendent experiments are listed in the relevant Materials and
Methods sections and figure legends. Statistical analyses were per-
formed either with the R software (RRID:SCR_001905, http://
www.R-project.org/) or Prism 9 (GraphPad Prism (RRID:SCR_
002798). Statistical analyses gathering more than two groups were
performed using ANOVA. For two group, statistical analyses were
performed using a two-sided paired t test (ns > 0.05; *, P < 0.05;
, P <0.01; 7%, P <0.001; ****, P < 0.0001). A one-sided paired
Student ¢ test was used to evaluate the expression of IFNYy-related
DSBr genes in tumors with wild-type SSBr genes or tumors with
SSBr genes deficiency in TCGA (ns > 0.05; *, P < 0.05; **, P < 0.01;
¥, P <0.001; ****, P < 0.0001). Log-rank test was applied when
assessing the association between the IFNG level and overall
survival for patients with different expressions of IFNy-related
DSBr genes.

Data availability

All the RNA-seq data and CRISPR screen data sets generated in this
study have been deposited to the GEO database under accession
number GSE180943. All other data are available in the main text or
the supplementary materials or are available from the corresponding
author upon reasonable request.

Results

High expression of DSB repair genes in IFNy-resistant cell lines

To comprehensively understand the molecular mechanisms under-
lying IFNY resistance, we conducted IFNYy-sensitivity screens in a total
of 43 cancer cell lines, including lung, colon, breast, ovarian, kidney,
head neck, prostate, liver, and stomach, which are commonly used
models in cancer research (Supplementary Table S1). Cells were
treated with increasing concentrations of IFNy (0, 1, 3, 5, 7, and
10 ng/mL) for 72 hours, and the IFNY sensitivity of cancer cells was
quantified by counting the cell number (Fig. 1B). Cell viabilities under
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differential concentrations were calculated and the cancer cell lines
were classified into IFNYy-sensitive (n = 21) and IFNYy-resistant (n =
22) cell lines accordingly (Fig. 1C; Supplementary Table S1). To
address whether differential responses to IFNy were caused by the
inherent molecular characterizations of these cancer cell lines, we
examined the transcriptomic difference between the sensitive and
resistant cell lines with adjustment for cancer types as covariants
using their publicly available transcriptomic profiles from CCLE
(Supplementary Table S1). Our analysis revealed that some known
regulators of the IFNYy response, such as IRF1, IL18, IL1f, and CCR7,
which are involved in IFNY-mediated signaling pathway and inflam-
matory response, were highly expressed in IFNY-sensitive cell lines
(Fig. 1D; refs. 30, 31). In addition, we observed that genes such as
RAD50, RAD51, BRCA1/2, and XRCC2-6 were highly expressed in
resistant cells (Supplementary Table S1). These genes are involved in
DNA-repair pathways, especially DSB repair, suggesting a potential
role of DSB repair in mediating IFNY resistance (Fig. 1D).

CRISPR knockout screens in IFNy-sensitive and IFN-y-resistant
cancer cells

To further assess the molecular mechanisms related to IFNy
resistance, we performed CRISPR KO screens on four IFNy-resistant
cell lines and five IFNYy-sensitive cell lines (Supplementary Fig. S1A).
The CRISPR library established in our previous work targeted ~6,000
cancer-related genes (23). After lentiviral library infection and puro-
mycin selection, the cells were treated with IFN'y (10 ng/mL) or vehicle
control for 14 days. The sequences encoding the sgRNAs were then
PCR-amplified from the transduced cells at day 0 control and after
14 days of culture (IFNYy treatment or vehicle control) and quantified
by high-throughput sequencing (Fig. 2A).

CRISPR screen data sets were analyzed using MAGeCK-VISPR
(32), an algorithm assessing the sgRNA abundance across different
conditions. MAGeCK-VISPR assigns each gene a log fold-change
“B-score” of essentiality in each condition (IFNY treatment or vehicle
control) in comparison with the designated controls (day 0 control;
Fig. 2B; Supplementary Table S2). A positive 3-score (B-score > 0) of
the gene implies a survival advantage upon gene KO (positive selection
gene), whereas a negative 3-score (-score < 0) represents a survival
disadvantage upon gene KO (negative selection gene). Overall, most
genes were consistently positively or negatively selected across all the
cell lines under different conditions (Fig. 2C). As expected, negatively
selected genes identified as essential for cell survival and proliferation
in both conditions were significantly enriched in fundamental bio-
logical processes, such as ribosome biogenesis, RNA transcription, and
RNA processing (Fig. 2D; Supplementary Fig. S1B and S1C; ref. 33).
Meanwhile, positively selected genes were enriched in cell population
proliferation, apoptotic process, and regulation of cell death (Supple-
mentary Fig. S1D and S1E; ref. 34). Compared with vehicle control,
genes related to IFNy-mediated immune response and response to
cytokine were significantly positively selected under IFNYy treatment
conditions, such as STATI, JAK1/2,and IRFI. These genes are reported
to be involved in response to IFNy and activation of interferon-
stimulated genes (ISG; Fig. 2E and F; ref. 35). Altogether, our results
reflected the high quality and reproducibility of the CRISPR screen
data sets.

CRISPR screens implicated DSB repair-related pathways in
driving IFNvy resistance

To determine the genes whose loss of function confers IFNy
sensitivity or resistance, we calculated the differential 3-score (denoted
as AB-score) between IFNY treatment and vehicle control. AB-score >0
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(or AB-score < 0) reflects a gene whose [-score increased (or
decreased) after IFNYy treatment compared with vehicle control,
implying cell resistance (or sensitivity) to IFNy upon gene KO. Our
results showed that most genes had consistently positive or negative
AB-scores across all the cell lines (Fig. 3A) regardless of cell sensitivity
(Supplementary Fig. S1F and S1G). For instance, key mediators in the
IENY cascade, such as IFNGRI, STATI, JAK1/2, and IRF1, exhibited a
stronger positive selection (AB-score > 0), implying the loss of those
genes promoted the cell’s survival advantage to IFNY treatment
(Fig. 3A; Supplementary Fig. S1F and S1G). In contrast, KO of
negative regulators of IFNYy signaling, such as PTPN1/2 (19, 20),
SOCSI (18), and TSC1/2 (36), had stronger negative selections
(AB-score < 0), demonstrating increased cell sensitivity to IFNy
treatment upon gene KO (Fig. 3A). To further understand the path-
ways involved in IFNY resistance, we utilized GSEA to analyze pathway
enrichment based on genes’ AB-scores (Supplementary Table S3).
Among the pathways related to stronger negative selection under IFNy
treatment, we found that pathways, including cell-cycle regulation
and DNA integrity checkpoint, were highly enriched (Fig. 3B).
Besides, genes related to the DSB repair pathway (NES = —1.50,
P = 0.018) and regulation of DSB repair via homologous recombi-
nation (HR; NES = —1.74, P = 0.004) also showed significantly
decreased B-scores (AB-score < 0; Fig. 3C). KO of DSB repair genes
increased cell sensitivity to IFNY treatment (AB-score < 0) across all
the cell lines, which implied that these DSB repair genes became
more essential in the presence of IFNY treatment (Fig. 3D).

Next, we integrated the transcriptomic and CRISPR screen data sets
to better understand the potential pathways driving IFNYy response.
We first defined “sensitive-related pathways” as those highly expressed
in IFNYy-sensitive cancer cell lines, and their KO obstructed IFNY-
mediated killing (AB-scores > 0; Fig. 3E, purple dots in the top left
corner). We observed IFNy-mediated signaling pathways and regu-
lation of innate immune response as “sensitive-related pathways.” We
also identified pathways highly expressed in IFNy-resistant cell lines,
and inhibition of their genes enhanced the IFNy-mediated killing,
which we defined as “resistance-related pathways.” The DSB repair
pathway was the top resistance-related pathway, which was highly
expressed in IFNY-resistant cancer cell lines, and KO of these genes
increased cell sensitivity to IFNY treatment (AB3-scores < 0; Fig. 3E, red
dots in the bottom right corner). Together, the transcriptomic profiles
and CRISPR screen data sets both implicated DSB repair-related
pathways in driving IFNYy resistance.

Loss of DSB repair-related genes sensitizes cancer cell lines to
IFN+y treatment

To verify that activation of the DSB repair pathway could promote
IFNY resistance, we used independent sgRNAs targeting DSB repair
genes in 786-O, which we showed was an IFNYy-resistant cell and
exhibited a strong linkage between DSB repair genes and IFNy
resistance (Fig. 1C and Fig. 3D). We introduced multiple sgRNAs
targeting DSB repair genes, such as PAXIP1, TP53BP1, and XRCC4,
which were the top hits from our screens (Fig. 3D; Supplementary
Table S3). Consistent with the screen results, sgRNAs targeting
PAXIPI1, TP53BP1, or XRCC4 depleted the protein level and markedly
decreased cell growth and long-term colony formation under IFNy
treatment, suggesting the resistance to IFNy was attenuated after the
loss of DSB repair genes (Fig. 4A-C; Supplementary Fig. S2A and
S2B). To further explore whether the high expression of DSB repair
genes promotes IFNY resistance, we overexpressed PAXIP1, TP53BP1,
and XRCC4 in A549, an IFNy-sensitive cell line, and observed that
overexpression of these genes could increase the resistance to IFNy
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CRISPR knockout screens in IFNy-sensitive and IFNy-resistant cancer cells. A, CRISPR screens strategy. B, Genes’ essentiality scores (B-scores) calculated by
MAGeCK-VISPR. MAGeCK-VISPR assesses the sgRNA abundance across different conditions (IFNy treatment and vehicle control) and assigns each gene a log fold-
change “B-score” of essentiality in each condition in comparison with the designated control (day O control). A positive B-score (B-score > 0) of the gene implies
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(green or red cells). Genes’ differential B-scores (denoted as AB-scores) between IFNy treatment versus vehicle control were next calculated. C, The heat map shows
the positively selected genes (red: survival advantage) and negatively selected genes (blue: survival disadvantage) in IFNy-sensitive and IFNy-resistant cells under
both conditions. Genes are ranked by the mean value using a one-sample t test across all conditions and cell lines. Top 200 positively (negatively) selected genes to
visualize. D, Pathway enrichment of essential genes (genes’ B-scores < —0.5 under vehicle control, see Materials and Methods for details). Preranked GSEA was used
to calculate the enrichment. E and F, The rank of the genes’ 3-scores (average B-scores across all the cell lines) under (E) vehicle control or (F) IFNy treatment
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treatment (Fig. 4D; Supplementary Fig. S2C and S2D). Taken togeth-
er, our CRISPR screen data suggested that activation of the DSB repair
pathway was linked to IFNY resistance, which was further confirmed
by the KO and overexpression validation experiments.

Our analyses demonstrated that enhancement of cell survival might
be conferred through the high expression of DSB repair genes. We then
investigated differentially expressed genes between IFNYy-resistant and
IFNYy-sensitive cell lines before IFNY treatment. Here, we selected six
cancer cell lines from the CRISPR screens (IFNY-sensitive cell lines:
A549, NCIH1437, and MDAMB231; IFNYy-resistant cell lines: MCF?7,
HCT116, and HUHS6). To test whether this mechanism was consistent
among different cancer lines, we also selected five additional cell lines
from IFNy-sensitivity screens (IFNYy-sensitive cell lines: A375 and
HCC827; IFNY-resistant cell lines: HGC827, COLO205, and SW620;
Supplementary Fig. S2E). In line with the CCLE transcriptomic data
sets, some DSB repair genes, such as RAD50, RAD51C, BRCA1/2, and
XRCC2-6, were also intrinsically highly expressed in IFNy-resistant
cell lines (Fig. 4E; Supplementary Fig. S2F). To explore whether KO of
these highly expressed DSB repair genes could alter the cellular
response to IFNYy treatment, we introduced sgRNAs targeting RAD50
and RAD5] and observed that KO of RAD50 and RAD5I could also
increase the sensitivity of 786-O to IFNY treatment (Fig. 4F and G).
KO of BRCA1I could not overcome the resistance to IFNYy treatment,
which was opposite to the phenotypes of KO BRCA2 (Supplementary
Fig. S3A and S3B). This opposite phenotype could be explained by a
series of studies that BRCAI functions in regulating IFNY signaling but
not BRCA2 (37, 38). Together, the transcriptomic profiles implicated
the activation of DSB repair-related pathways in driving IFNYy resis-
tance, and KO of these DSB repair genes sensitized the cancer cells to
IFNYy treatment.

To confirm that DNA damage repair was directly involved in IFNy
resistance, we analyzed expression of the phosphorylated form of
H2AX histone (y-H2AX), an early cellular response to the induction of
DSB (Supplementary Fig. S3C- S3E) in both IFNYy-sensitive and IFNY-
resistant cells. At the baseline level, IFNY-resistant cell lines such as
786-0 or HCT116 demonstrated a higher level of y-H2AX compared
with IFNy-sensitive cell lines such as A549 or A375, implying a higher
DNA damage response level in IFNYy-resistant cell lines. y-H2AX levels
were slightly decreased in response to IFNYy treatment in both sensitive
and resistant cell lines (Supplementary Fig. S3E). Although DSB repair
was slightly suppressed by IFNYy treatment, the y-H2AX levels of
resistance cell lines were still higher than sensitive cell lines and even
higher than its baseline level (Supplementary Fig. S3E). Altogether,
these results supported an intrinsic high DNA-damage response in
IFNYy-resistant cell lines.

Inhibition of DSB repair pathways overcomes resistance to IFNy
in vitro and in vivo

Given that the transcriptomic data and CRISPR screens revealed the
increased dependency of DSB repair genes upon IFNYy treatment, we
hypothesized that DSB repair inhibitors might enhance the effects of

IFNY treatment in resistant cancer cells. KU-55933 is a competitive
ATM inhibitor that can attenuate the induction of DNA damage
responses. In the presence of a DSB, KU-55933 blocks HR repair
signals by decreasing y-H2AX and RAD5]1 focal in human melanoma
cells (39). We, therefore, assessed whether there was a synergistic effect
between KU-55933 and IFNYy on IFNYy-resistant cells. In the 786-0O cell
line, ATM inhibitor treatment sensitized IFNYy-resistant cells to IFNy
and enhanced the anticancer effects of the cytokine in both clonogenic
assays and cell viability assays (Fig. 5A and B). To determine whether
such combination treatment is effective in other IFNYy-resistant cells,
we also tested the synergy of treatment combination in HCT116 colon
cancer cell lines and observed similar effects (Fig. 5A and B). The
combination treatment of ATM inhibitor with IFNy was highly
synergistic across a broad range of concentrations according to the
Bliss independence model in the resistant cell lines (Fig. 5C; Supple-
mentary Fig. S4A and S4B).

Although ATM plays a more general role in activating the DNA
damage response, in mammalian cells, DSBs are predominantly
repaired by the nonhomologous end joining (NHE]) pathway (40).
The NHE] pathway is governed by DNA-dependent protein kinase
(DNA-PK) and reconnects the broken DNA ends together directly
without using a homologous DNA template. We therefore examined
the synergistic effect of DNA-PK inhibitor and IFNY treatment. In
both 786-0 and HCT116 cancer cell lines, cotreatment of a DNA-PK
inhibitor (NU-7441) and IFNY significantly decreased cell viability and
inhibited cancer cell growth (Fig. 5D-F; Supplementary Fig. S4C and
$4D).

To evaluate the synergistic effect between DSB repair inhibitors
and IFNY in vivo, we generated HCT116 mouse xenografts (Fig. 5G).
In the HCT116 xenograft mouse model, although the ATM inhibitor
and IFNY as single agents partially suppressed tumor growth, coad-
ministration of the ATM inhibitor (KU-55933) and IFNy had
significantly enhanced antitumor effects, and this combination ther-
apy exhibited a dose-dependent growth inhibition (Fig. 5H and I;
Supplementary Fig. S4E). In most conditions, mice did not display
signs of drug toxicity following the treatment period, and no con-
siderable weight loss was observed between ATM inhibitors versus
control groups (Supplementary Fig. S4F). Altogether, these results
indicated the combination of DSB repair inhibition and IFNY treat-
ment as a potential therapeutic strategy to overcome IFNY resistance
in vivo.

IFN+y treatment upregulates ISGs in both IFNvy-sensitive and
IFN+y-resistant cancer cells

To further explore the potential molecular mechanisms of DSB
repair-related pathways in IFNY resistance, we used the above-
mentioned cell lines and evaluated the transcriptome changes upon
treatment with IFN7y. We treated the cell lines with 10 ng/mL of IFNy
for 48 hours and examined their transcriptome changes by RNA-seq
analysis (Supplementary Fig. S5A; Supplementary Table S4). We
observed that immune-related pathways, such as IFNy-mediated

(Continued.) The corresponding gene set IDs are DOUBLE_STRAND_BREAK_REPAIR (NES = —1.50, P = 0.018) and REGULATION_OF_DOUBLE_STRAND_
BREAK_REPAIR_VIA_HOMOLOGOUS_RECOMBINATION (NES = —1.74, P = 0.004). D, DSB repair genes with AB-scores < 0. Bar plot (left) shows the
AB-scores, and the heat map (right) shows the B-scores in each cancer cell line under different conditions. E, RNA-seq NESs were plotted on the x-axis and
RNA-seq NESs > O (RNA-seq NESs < 0) indicate genes in such pathways were highly expressed in IFNy-resistant (IFNy-sensitive) cell lines. Screen NESs were
plotted on the y-axis. Screen NESs > O (screen NESs < 0) indicate the genes in such pathways have stronger positive (AB-scores > 0) or negative selections
(AB-scores < 0) under IFNy treatment conditions. Purple dots (top left corner) represent IFNy sensitive-related pathways with RNA-seq NESs < O and Screen
NESs > 0. Red dots (lower right corner) represent IFNy resistant-related pathways with RNA-seq NESs > O and screen NESs < O. The legend of the heatmap is
the significance of the “sensitive-related pathway” and “resistant-related pathway.” The significance value was calculated by NES x P value (if P < 0.05,

significance = NES x 1, while significance = 0).
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Figure 4.

Loss of DSB repair-related genes sensitizes cancer cell lines to the IFNy treatment. A, Western blotting analysis for the efficiency of PAXIPT sgRNAs. For gene
knockout experiments, three independent sgRNAs targeting PAXIPT were used, with one sgRNA targeting AAVST as control. B-Tubulin is the loading control.
B, Cell growth under 10 ng/mL IFNy treatment.  (Continued on the following page.)
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signaling, T cell-mediated immune response, and inflammatory
response, were activated after IFNy treatment (Supplementary
Fig. S5B; Supplementary Table S4). The transcriptomic activation of
IFNy-mediated signaling was similar in the cells regardless of IFNy
sensitivity (Fig. 6A; Supplementary Table S4), suggesting that in our
data, IFNY resistance is not due to the failure of IFNY to activate these
pathways. Our analysis of an independent transcriptomic data set
(GSE85898; ref. 15) corroborated that IFNy-mediated signaling was
similarly activated in both IFNy-sensitive (n = 3) and IFNYy-resistant
cells (n = 3) after IFNYy treatment (16 hours; Supplementary Fig. S5C
and S5D; Supplementary Table S4).

To further exclude the possibility that IFNYy resistance in our
data were due to the blockage of IFNY signaling transduction, we
analyzed ISGs to evaluate whether IFNy stimulation upregulated
these genes (41). We found that ISGs were upregulated upon IFNy
treatment not only in the IFNYy-sensitive cell lines but also in the
IFNy-resistant cell lines (Fig. 6B), data that were supported by
analysis of an independent data set (GSE85898; ref. 15; Supple-
mentary Fig. S5E). Moreover, in a published data set (GSE154996)
obtained from human melanoma cell lines exposed to IFNy
in vitro (42), we found that the upregulation of the ISGs after
IENY treatment was blocked in JAK1/2-defective melanoma cells
(n = 8) compared with wild-type cells (n = 45; Supplementary
Fig. S5F). Altogether, these results demonstrated that resistance to
IFNY can still occur, even though ISGs and IFNY signaling path-
ways are activated.

IFN+y influences cell viability by suppressing SSBr genes

The observation that ISGs were upregulated in both IFNYy-sensitive
and IFNy-resistant cell lines suggests that alternative mechanisms
might drive IFNY resistance. Because we found DSB repair genes to be
highly expressed in IFNy-resistant cell lines and essential for IFNy
resistance, we investigated whether IFNY treatment could affect the
expression of DSB repair genes. We performed pathway enrichment
analysis for the downregulated genes after IFNY treatment and focused
on the DSB repair pathways, including recombinational repair, reg-
ulation of DSB repair via HR, and DSB repair. However, we did not
observe significant downregulation of these pathways in either IFNY-
sensitive or IFNy-resistant cell lines (Fig. 6C). Cooperation between
DSB repair and SSBr is known to help cells preserve genome stability.
These two repair pathways have a well-known synthetic lethality
relationship, where loss of function of both can drive cancer cell
apoptosis (43, 44). Considering that DSB repair genes were not
significantly downregulated but had increased essentiality in IFNy-
resistant cell lines, we hypothesized that the increased essentiality of
DSB repair genes in cancer cells might be due to inhibition of the SSBr
genes upon IENY treatment.

To address this issue, we examined the transcriptomic changes of
SSBr genes upon IFNY treatment. Genes related to SSBr pathways,
such as mismatch-repair pathway (MSH2 and MSH6), base excision
repair pathway (POLDI, PNKP, and FEN1), and nucleotide excision
repair pathway (XPA, DDBI, and ERCC2/3; ref. 45), were significantly
downregulated after IFNy treatment regardless of cell sensitivity to
IFNY (Fig. 6D and E). We used downregulated SSBr genes after IFNy
treatment to define a repressed SSBr gene signature (Fig. 6E; Supple-
mentary Fig. S6A; Supplementary Table S5). To evaluate the univer-
sality of the repressed SSBr pathway upon IENY treatment, we
performed similar analyses using the two public transcriptomic data
sets where cancer cells were treated with IFNy (GSE85898 and
GSE154996; refs. 15, 42). We found that the repressed SSBr signature
was significantly downregulated upon IFNYy treatment, suggesting a
general effect of IFNY on suppressing SSBr (Supplementary Fig. S6B
and S6C). Moreover, we did not observe downregulation of repressed
SSBr signature upon IFNYy treatment when the IFNy cascade was
blocked through the loss of JAK1/2 (GSE154996; Supplementary
Fig. S6D). Because many of these SSBr genes are reported to be
involved in cell proliferation and cell cycle, we examined the effect
of the repressed SSBr signature on cell viability in our CRISPR screens.
Under vehicle control, genes in the repressed SSBr signature were
negatively selected, indicating that these SSBr genes are important for
cell viability (Fig. 6F; Supplementary Fig. S6E and S6F, pink box).
However, under IFNY treatment, which downregulates these repressed
SSBr genes, the KO of these genes became less essential (Fig. 6F;
Supplementary Fig. S6E and S6F, blue box). Collectively, these obser-
vations suggested that IFNy treatment influences cell viability by
inhibiting SSBr genes.

To evaluate whether cells with a deficiency of SSBr genes rely more
on the intrinsic high expression of DSB repair genes for survival, we
defined three different sets of DSB repair genes from our transcrip-
tomic data under untreated conditions: (i) upregulated DSB repair
genes in IFNY-resistant cell lines (termed IFNY-related DSBr); (ii)
the nondifferentially expressed DSB repair genes (termed nonIFNy-
related DSBr), and (iii) all the DSB repair genes (all DSBr; Supple-
mentary Table S5). Using CCLE data sets, we found that cells with
truncating mutations (frameshift indels, nonsense, and splice-site
mutations) or cells with copy-number deep deletions located in SSBr
genes were associated with higher expression of DSB repair genes,
especially the IFNYy-related DSBr genes (Supplementary Fig. S6G and
S6H). We also made similar observations in the TCGA data set. In 70%
(24 in 34) of the cancer types, tumors with SSBr genes deficiency had
higher expression of IFN7y-related DSBr genes compared with tumors
with wild-type SSBr genes (Fig. 6G; Supplementary Table S6). Thus,
the high activity of DSB repair genes was associated with enhanced
viability of the cancer cells with SSBr deficiency, suggesting a

(Continued.) 786-0 cancer cell harboring three different sqRNAs targeting PAX/PI and one sgAAVST as control. The data are represented as mean +SD (n =3,
ns>0.05; %, P<0.05; **, P< 0.01; ***, P < 0.007; ****, P < 0.0001) by two-way ANOVA. C, Colony formation assay of PAX/PI depletion under IFNy treatment in
786-0. Shown are the results from one representative experiment of two replicates. D, Western blotting analysis for the overexpression of PAX/P1 in A549
(left); cell growth under 10 ng/mL IFNy treatment (middle). A549 cancer cells harboring PAXIPI overexpression (lenti-PAXIPT) or one control (lenti-HA) were
treated with IFNy (10 ng/mL). The data are represented as mean + SD (n = 6; ns > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001) by two-way
ANOVA. Colony formation assay of PAXIPI-overexpressed A549 or control group (lenti-HA) treated with IFNy (10 ng/mL, right). Shown are the results from
one representative experiment of two replicates. E, Heat map showing the highly expressed gene sets (Z-score) in IFNy-sensitive/resistant cells under
untreated conditions. Differential expressed DSB repair genes (75 genes; denoted as IFNy-related DSBr) are labeled in the box. F and G, Loss of function of (F)
RADS50 and (G) RADS5I sensitizes 786-0 to IFNy treatment. Western blotting analysis for efficiency of RAD50 and RAD5T sgRNAs. For the gene knockout
experiment, two independent sgRNAs were used, with one sgAAVST as control. B-Tubulin is the loading control. Cell growth under 10 ng/mL IFNy treatment.
786-0 cancer cell harboring the different sgRNAs targeting RAD50 and RADS5T sensitizes 786-0 to IFNy treatment. The data are represented as mean + SD
(n=3;ns>0.05;* P<0.05; **, P<0.01; ***, P < 0.001; ****, P < 0.0001) by two-way ANOVA. Colony formation assay of RAD50 and RAD5] depletion under
IFNy treatment in 786-0. Shown are the results from one representative experiment of two replicates.
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Figure 5.

Inhibition of the DSB repair pathway overcomes resistance to IFNy in vitro and in vivo. A, Bar plot showing the cell viability of 786-0 and HCT116 treated with KU-55933
(ATM inhibitor) or/and IFNy; mean = SD for n = 3; two-tailed Student t test: *, < 0.05; **, P< 0.01; ***, P< 0.007; ****, P< 0.0001. B, Colony formation assay for 786-O
and HCT116 under treatment of ATM inhibitor (KU-55933) and IFNy. C, The 2D drug synergy map between ATM inhibitor (KU-55933) and IFNy in 786-0 and HCTT116.
The synergy score was calculated based on the Bliss independence model. The synergy scores are larger than 10, indicating that the two drugs are likely synergistic.
D, Bar plot showing the cell viability of 786-O and HCT116 treated with DNA-PK inhibitor (NU-7447) or/and IFNy; mean =+ SD for n = 3; two-tailed Student ¢ test:
ns>0.05;*,P<0.05;**, P<0.01;***, P<0.007; ****, P<0.0001. E, Colony formation assay for 786-0 and HCT116 under treatment of DNA-PK inhibitor (NU-7447) and
IFNy. F, The 2D drug synergy map between DNA-PK inhibitor (NU-7447) and IFNy in 786-O and HCT116. The synergy score was calculated based on the Bliss
independence model. G, Treatment schematic illustration of tumor-bearing mice in which HCT116 colon cancer cells were subcutaneously injected into the 6- to
8-week-old female BALB/c nude mice. After subcutaneous injection of tumor cells for 7-9 days (the volume of the tumor was approximately 100 mm?®), mice were
divided into six groups (n = 6 mice per group): untreated, ATM inhibitor (20 or 30 mg/kg, intraperitoneal injection, every 2 days for 3 weeks), IFNy treatment
(1% 107 1U/kg, intratumoral injection, twice a week for 3 weeks), and ATM inhibitor + IFNy (same dose and routes of administration as monotherapy groups. H, Growth
curves from HCT116 tumor-bearing mice. Six mice per group. Data are shown as the mean £ SEM; ns > 0.05; *, P<0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001 by
two-way ANOVA. |, Images of isolated tumors from HCT116 tumor-bearing mice for each treatment group at the study endpoint; the ruler scale is mm.
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collaboration between the DSB repair pathway and the SSBr pathway
in cell survival. Altogether, our data revealed that IFNYy treatment
suppresses the expression of SSBr genes, and cells with intrinsic high
expression of DSB repair genes can sustain cell growth, thus conferring
IFNY resistance.

Increased DSB repair genes attenuate the beneficial effect of
IFN+y on survival

We extended our findings to clinical data by investigating whether
DSB repair genes influence the effect of IFNy on clinical outcomes
using data from TCGA cohorts (Fig. 7A). Among all the cancer types,
higher IFNG expression was positively associated with better survival
in melanoma (TCGA-SKCM), breast cancer (TCGA-BRCA), sarcoma
(TCGA-SARC), and bladder cancer (TCGA-BLCA; Supplementary
Table S7). Interestingly, in melanoma and breast cancer patients,
higher IFNG expression was associated with better overall survival
only when the IFNy-related DSBr genes were lowly expressed (Fig. 7B;
Supplementary Fig. S7A-S7C). Considering that other factors such as
tumor stage/purity, patients’ age, and CD8" T-cell infiltration can
dramatically affect survival (46), we revised a computational model
TIDE to exclude the influence of these confounders on patients’
survival (47). For each gene, we defined an IFNYy dysfunction score
(IDS) based on the interaction effect of this gene and IFNG on patients’
survival, with adjustment for clinical confounders (Supplementary
Fig. S7D). A larger IDS indicated that higher expression of a gene
would decrease the beneficial effect of IFNG on overall survival.
Consistently, we observed significantly higher IDSs of the IFNY-related
DSBr in SKCM, BRCA, and SARC (Fig. 7C; Supplementary Fig. S7TE
and S7F). In BLCA, we did not observe higher IDSs (Supplementary
Fig. S7G), which might be due to frequent alterations of DSB repair
genes in bladder tumors (48). We also tested whether the mutation of
DSB repair genes could alter the beneficial effect of IFNG on overall
survival. Although there was a slight trend that IFNYy-related DSBr
genes had a lower interaction coefficient compared with non-IFNy-
related DSBr, these genes did not reach a significant P value, which may
be due to the extremely low frequency of DSB repair genes’ alterations
(Supplementary Fig. S7H). Mutations of IFNYy-related DSBr genes
such as PAXIP1, RAD51, and TP53BP1 were the top enriched genes
with negative interaction coefficients suggesting potential roles of these
genes in IFNY resistance (Supplementary Fig. S7I). Altogether, these
results indicated that DSB repair genes could attenuate the beneficial
effect of IFNY on patients’ survival.

The benefit of ICB therapy has been reported to depend on IFNy
production (49). We investigated whether the DSB repair genes could
also attenuate the effect of IFN?y on ICB response. Among three ICB
clinical cohorts with a sample size larger than 40 (27-29), two cohorts
showed significantly improved overall survival in patients with higher

IFNvy Resistance via Enhanced DSB Repair Pathway

IFNG expression (Supplementary Table S7). In line with our TCGA
results, we found that higher IFNG expression was associated with
better overall survival in the samples only when IFNY-related DSBr
genes were lowly expressed (Fig. 7D; Supplementary Fig. S8A). In
addition, we observed significantly higher IDSs of IFNy-related DSBr
genes in these two ICB cohorts, indicating that IFNYy-related DSBr
genes might attenuate the beneficial effect of IFNG on survival and
affect patients’ response to ICB (Fig. 7E; Supplementary Fig. S8B).
Collectively, our study provides comprehensive data resources and
reveals the upregulation of DSB repair genes as a mechanism under-
lying IFNY resistance in cancer cells (Supplementary Fig. S8C). It also
suggested that DSB repair gene activation-mediated tumor immune
evasion through IFNY resistance could be a predictive biomarker of
ICB response.

Discussion

Although extensive efforts have been made to understand IFNy
resistance, most of these studies focused on the defects in IFNy
signaling pathways. However, deficiency of the IFNY signaling path-
way was reported in fewer than 1% of patients (21). Given the lack of a
comprehensive understanding of IFNYy resistance, it is critical to
identify novel resistance mechanisms. In our study, we performed
IFNYy-sensitivity screens in more than 40 cancer cell lines to evaluate
the cell sensitivity. By leveraging the CCLE and our custom transcrip-
tomic data set of these cancer cells, we uncovered that DSB repair genes
were highly expressed in IFNy-resistant cell lines. Functional CRISPR
screens supported the associations between DSB repair genes and IFNy
resistance, and combined inhibition of DSB repair and IFNYy treatment
overcame IFNY resistance in vitro and in vivo. In addition, the results of
the CRISPR screens suggested a potential synthetic lethality between
DSB and SSBr genes, which were confirmed by analysis of publicly
available CCLE and TCGA cohorts. Finally, we demonstrated that
higher activity of DSB repair genes might be a general mechanism to
evade IFNy-mediated tumor cell killing and affect response to ICB in
clinical cohorts. In summary, our study indicates potential mechan-
isms of IFNY resistance and provides a potential strategy to enhance
IFNY treatment via a combination of DSB repair inhibition with IFNy
treatment.

Functional genomic screening using CRISPR-Cas9 has shown
promise as a robust and unbiased approach to discovering novel
cancer targets (50). In previous studies, in vivo CRISPR screens in
murine melanoma models have revealed that loss of PTPN2 and
ADARI can enhance tumor sensitivity to immunotherapy through
the IFNy-mediated signaling pathway (20, 51). Our in vitro CRISPR
screens also showed that loss of function of PTPN2 or ADARI could
sensitize cancer cells to IFNYy treatment. In addition, the genes that are

Figure 6.

IFNy treatment analysis in IFNy-sensitive/resistant cell lines. A, Pathway enrichment of upregulated genes in IFNy-sensitive cell lines or IFNy-resistant cell lines,
respectively, after 48-hour IFNy treatment. B, Heat map showing the expression (Z-score) of ISGs in both IFNy-sensitive/resistant cell lines before/after IFNy
treatment (48 hours). C and D, Pathway enrichment of (C) DSB repair pathways or (D) SSBr pathways after 48-hour IFNy treatment in both IFNy-sensitive cell lines
and IFNy-resistant cell lines, respectively. E, GSEA for SSBr pathways after IFNy treatment (across all the cells). The corresponding gene set IDs are
NUCLEOTIDE_EXCISION_REPAIR (NES =-178, P = 0), BASE_EXCISION_REPAIR (NES = -1.92, P = 0.0026), and MISMATCH_REPAIR (NES = -1.69,
P = 0.01). Downregulated SSBr genes after IFNy treatment in these pathways were used to generate a gene signature called repressed SSBr (repressed SSBr,
pink bar). Other SSBr genes are nonrepressed SSBr signatures (nonrepressed SSBr, green bar). Genes in repressed SSBr signature are labeled in the box. F, Boxplot
showing the B-scores of repressed SSBr or nonrepressed SSBr under different conditions in CRISPR screens. A two-sided paired Student ¢ test was used to compute
the Pvalue (ns>0.05;*, P<0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001). G, Expression of IFNy-related DSBr genes in tumors with wild-type SSBr genes or tumors
with SSBr genes deficiency in TCGA. In TCGA cancer types, there are 35 cancer types with copy-number deep deletions data (excluding KIPAN), and there are
34 cancer types with more than one sample with SSBr genes deficiency (excluding CHOL). A one-sided paired ¢ test was used to compute the P value (ns > 0.05;
*, P<0.05; **, P <0.01; ***, P < 0.007; ****, P < 0.0001).
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Figure 7.

Increased DSB repair genes attenuate the beneficial effect of IFNy on survival. A, Patient stratification. Patients from TCGA or ICB treatment cohorts were divided
into four groups according to the median expression of /FNG and DSB repair genes. “DSBr High & /IFNG High”: patients with above median expression of DSBr and
IFNG. “DSBr High & IFNG Low”: patients with above median expression of DSBr but below median expression of IFNG. “DSBr Low & IFNG High”: patients with below
median expression of DSBr but above median expression of /FNG. “DSBr Low & /IFNG Low”: patients with both below median expression of /FNG and DSBr genes.
Patients with different groups will be followed by survival analysis or IFNy dysfunction analysis. B, The association between the /FNG level and overall survival for
patients with different expressions of IFNy-related DSBr genes in melanoma cohorts (SKCM) from TCGA. “/FNG High” or “/IFNG Low” means the patients with above/
below median /FNG expression value among all samples. “High DSB repair genes” or “Low DSB repair genes” refers to the samples with above/below median
expression of DSB repair genes among all samples. Log-rank test was used to compute the P value in survival analysis. C, Boxplot showing the effects of DSB repair
genes on IFNy dysfunction in melanoma cohorts (SKCM-TCGA). The blue boxplot indicates IFNy-related DSB repair (IFNy-related DSBr) genes (IFNy-related DSBr
genes defined in Fig. 4E; Supplementary Table S5); the purple box indicates the non-IFNy-related DSB repair (non-IFNy-related DSBr) genes; the pink box indicates
all DSB repair (all DSBr) genes (GO:0006302). The gray box indicates all genes as background. A two-sided paired Student t test was used to compute the P value (ns
>0.05;*, P<0.05;**,P<0.01;***, P<0.0071; ****, P< 0.0001). D, The association between the /FNG level and overall survival for patients with different expressions of
IFNy-related DSBr genes in urothelial cancer patients pretreated with anti-PD-L1. “/FNG high” or “IFNG low” means patients with above/below median IFNG
expression value among all samples. “High DSB repair genes” or “Low DSB repair genes” means samples with above/below median DSB repair genes’
expression value among all samples. Log-rank test was used to compute the P value in survival analysis. E, Boxplot showing the effects of DSB repair genes
on IFNy dysfunction in patients with urothelial cancer pretreated with anti-PDL1. The blue box indicates IFNy-related DSBr; the purple box indicates the
non-IFNy-related DSBr; the pink box indicates all DSBr (GO:0006302). A two-sided paired Student t test was used to compute the P value (ns>0.05; *, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
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known to confer IFNY resistance, such as STAG2, and SH2B3, were also
identified in our CRISPR screens (52, 53). These results reflect the
efficiency of our in vitro CRISPR screens and the reliability of the data
resources. By integrating the transcriptomic profiles and CRISPR
screen data sets, we optimized functional pathways related to IFNy
resistance. Using generalized linear models, we showed that activation
of DSB repair pathways is a key factor related to IFNYy resistance
independent of deactivation of the IFNy-mediated signaling pathway.
Taken together, our CRISPR screens combined with transcriptomic
profiles serve as valuable resources to systematically identify the genes
underlying IFNY regulation, and the method for integrated analysis
could also be used to identify other regulatory mechanisms such as
drug resistance.

Despite the aforementioned merits, our study also has several
limitations that deserve future exploration. First, in the cancer cell
lines, the mutation status of DNA-repair genes should be taken into
consideration. We evaluated the mutations of DSB repair genes and
found frameshift deletion or insertions in both IFNYy-resistant and
IFNY-sensitive cell lines. This suggests that loss/gain of functions of
DNA-repair genes are common in cancer cell lines. Additionally, in
our study, we observed that alterations of IFNy-related DSBr genes
have lower interaction coefficients with IFNG, indicating the potential
benefits of alterations of these genes on the effect of IFNy on patient
survival. Second, the KO experiments showed that PAXIPI and other
DSB repair genes confer IFNY resistance. However, PAXIPI was
reported to regulate not only DSB repair but also epigenetic modifica-
tions. Whether PAXIP]I-related IFNY resistance is fully dependent on
DSB repair or partially through epigenetic mechanisms requires
further investigation. Moreover, although we showed a synergistic
effect between DSB repair inhibition and IFNY in vivo, the synergistic
effect was evaluated only in an immunodeficient mouse model. Further
studies are needed to evaluate the synergistic effect in an immuno-
competent mouse model. Third, in our study, we identified a cytotoxic
effect of IFNy treatment via repressing SSBr genes in tumor cells. The
synthetic lethality between DSB and SSBr genes could potentially
explain the resistance to IFNy-mediated cell killing, but additional
detailed experiments are needed to fully elucidate the mechanisms. Itis
interesting that our study also observed that increased expression of
DNA methylation genes, similar to DSB repair genes, has an antag-
onistic function in IFNG-mediated survival. One potential explanation
could be that DNA-stabilizing mechanisms, including DNA damage
repair and DNA methylation, might play an important role in IFNy
resistance, and additional detailed experiments are needed to fully
elucidate the mechanism (54). Recently, studies have reported that
antitumor immunotherapy using CTLA-4 and PD-1 inhibitors can
increase IFNYy production and lead to the elimination of cancer cells (4).
Mounting evidence indicates that DNA damage response defects are
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