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Activation of the cGAS/STING innate immunity pathway is essential and
effective for anti-tumor immunotherapy. However, it remains largely elusive
how tumor-intrinsic cGAS signaling is suppressed to facilitate tumorigenesis
by escaping immune surveillance. Here, we report that the protein arginine
methyltransferase, PRMTI1, methylates cGAS at the conserved Argl33 residue,
which prevents cGAS dimerization and suppresses the cGAS/STING signaling
in cancer cells. Notably, genetic or pharmaceutical ablation of PRMTI leads to
activation of cGAS/STING-dependent DNA sensing signaling, and robustly
elevates the transcription of type I and Il interferon response genes. As such,
PRMTI1 inhibition elevates tumor-infiltrating lymphocytes in a cGAS-
dependent manner, and promotes tumoral PD-L1 expression. Thus, combi-
nation therapy of PRMTI inhibitor with anti-PD-1 antibody augments the anti-
tumor therapeutic efficacy in vivo. Our study therefore defines the PRMT1/
c¢GAS/PD-L1 regulatory axis as a critical factor in determining immune sur-
veillance efficacy, which serves as a promising therapeutic target for boosting
tumor immunity.

M Check for updates

Innate immunity serves as the first defense mechanism against infec-
tive bacteria and viruses, among which cyclic GMP-AMP synthase
(cGAS) is a major sensor for the presence of cytosolic DNA derived
from bacterial or viral infection'. Upon stimulation by cytosolic DNA,
cGAS converts ATP and GTP into 2’3’-cyclic GMP-AMP (cGAMP)* . As a
second messenger, cGAMP binds with the stimulator of interferon
genes (STING)>’, triggers its translocation from the endoplasmic reti-
culum (ER) onto Golgi apparatus to server as a platform to recruit
TANK:-binding kinase 1 (TBK1) and IkB kinase (IKK) for the phosphor-
ylation of the downstream effectors such as interferon regulatory
factor 3 (IRF3) and NF-kappaB (NF-kB), which initiate the transcription
of type I interferons (IFNs) and cytokines®™.

The presence of cGAS/STING signaling in both tumor cells and
immune-competent mice is essential for anti-tumor immunity, and
depletion of cGAS and/or STING in either tumor cells or immune-
competent mice robustly dampen the tumor immunogenicity and effi-
ciency of immunotherapy™. On the other hand, administration of
c¢GAMP or STING agonists synergize with immune checkpoint blockades
(ICBs) in the syngeneic mouse models""". Moreover, therapies that
disrupt DNA damage repair to elevate cytosolic DNA levels, such as PARP
inhibitor, CHK1 inhibitor, and ATM inhibitor, synergize with anti-tumor
immunotherapy in part through activating the cGAS/STING pathway”".

Notably, the posttranslational modification of cGAS, including
ubiquitination, acetylation, and phosphorylation, has been reported to
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regulate its enzymatic activity in both immune cells and cancer
cells’®* >, However, it remains largely unknown how intra-tumoral
cGAS/STING signaling is suppressed to facilitate the immune evasion
of cancer cells. cGAS has a positive-charged lysine- and arginine-rich N-
terminus, which is essential for cGAS phase transition and membrane
translocation®*”. Arginine residue in protein undergoes methylation,
which is catalyzed by protein arginine methyltransferase (PRMT)*.
Three different types of arginine methylation exist for human protein,
i.e, monomethylarginine (MMA), asymmetric dimethylarginine
(ADMA), and symmetric dimethylarginine (SDMA)*. Protein arginine
methylation plays an important function in negatively regulating
antiviral responses, such as PRMT3-mediated RIG-1 methylation”,
inhibition of IRF3 by PRMT6 independent of its enzyme acitivity®®,
PRMT7-mediated MAVS methylation””, PRMT5-mediated cGAS
methylation®*', although it is still controversial*>. PRMT1 is the major
type | PRMT that is responsible for over 90% of ADMA, a modification
that frequently occurs in DNA- and RNA-binding proteins, such as the
Histone and CHTOP**, However, it is still poorly understood whether
and how PRMTI regulates cGAS activity. Recently, PRMTI inhibition
has been reported to induce a viral mimicry response in human triple-
negative breast cancer (TNBC) cells*, though whether and how it
interferes cGAS/STING signaling remains elusive.

In this study, we provide evidence that the protein arginine
methyltransferase, PRMTI, plays a critical role in suppressing cGAS/
STING signaling through methylating cGAS at the conserved Argl33
residue on its N-terminus. Thus, PRMTI1 is a potential target for cancer
immunotherapy and PRMT1 inhibitor synergizes with immune check-
point blockades to boost cancer immunity.

Results

PRMT1 methylates cGAS and suppresses cGAS/STING signaling
in cancer cells

We speculate that PRMT1 might mediate cGAS arginine methylation to
regulate innate immunity. To examine this hypothesis, we co-
transfected HA-cGAS and GFP-PRMTs in HEK293T cells that lack
endogenous cGAS and STING expression to avoid downstream
inflammation signaling. Notably, we found that cGAS bound with only
PRMT1 and PRMT2, but not other PRMTs we tested. Moreover, only
PRMTI1 triggered the asymmetric dimethylation on the arginine resi-
dues (ADMA) of both human and mouse cGAS (Fig. 1a, Supplementary
Fig. 1a, b). In keeping with this finding, PRMT1 bound with endogenous
cGAS (Fig. 1b) and methylated cGAS in vitro (Fig. 1c, Supplementary
Fig. 1c). Moreover, the three catalytic-dead mutants of PRMTI1, namely
G98R, E162Q, and E171A**%, were incapable of binding with or
methylating cGAS (Fig. 1d, Supplementary Fig. 1d). Meanwhile, PRMTI1-
mediated arginine methylation of cGAS could be totally abolished by
the PRMT1 inhibitors, MS023* and GSK3368715"° (Fig. 1e), indicating
that PRMT1 likely promotes the arginine methylation of cGAS in a
catalysis-dependent manner.

To further explore whether and how PRMTI-mediated cGAS
methylation affects cGAS-dependent DNA sensing signaling in cancer
cells, we established a HeLa cell line that stably over-expressed PRMT1
(Supplementary Fig. le) and found that PRMTI1 overexpression
robustly repressed cellular DNA sensing, reflected by reduced phos-
phorylation of STING and IRF3 after stimulation with DNA, including
HT-DNA and ISD45 (Fig. 1f, Supplementary Fig. 1f, g). In contrast, stable
overexpression of the catalytic-dead PRMTI1-E162Q mutant was
incapable of inhibiting DNA sensing (Fig. 1g, Supplementary Fig. 1h-j),
indicating that the observed suppressive effect of PRMT1 on cGAS/
STING DNA sensing pathway is likely catalysis-dependent. In further
support of the role of PRMT1 in directly suppressing cGAS enzymatic
activity rather than indirectly affecting the activities of components of
its downstream STING/TBKI/IRF3 signaling, we found that PRMT1
overexpression reduced cGAMP production after DNA stimulation
(Fig. 1h). In line with this finding, PRMT1 overexpression subsequently

repressed the phosphorylation of STING and IRF3, and reduced the
transcription of type I interferon response genes, including CCL5 and
CXCLIO (Fig. 1i, Supplementary Fig. 1k).

Genetic ablation or pharmaceutic inhibition of PRMTI leads to
activation of cGAS/STING signaling

To further determine the role of PRMTI in controlling cGAS/STING
signaling, we depleted the endogenous PRMTI using shRNA, and found
that genetic deletion of PRMTI1 activated the cGAS/STING/
IRF3 signaling in HeLa cells in a time-dependent manner (Supple-
mentary Fig. 2a-c). To exclude the potential effect of PRMTI ablation
on cells proliferation rate, we further generated doxycycline (DOX)-
inducible PRMTI knockdown cells and found DOX-induced transient
PRMTI1 depletion mildly affected cell proliferation (HeLa-tet-on-
shPRMTI, Fig. 2a, Supplementary Fig. 2d). Similar like the constantly
shRNA knockdown effect, DOX-induced PRMTI knockdown induced
activation of cGAS-dependent DNA sensing signaling at basal and DNA-
stimulated situations (Fig. 2b, Supplementary Fig. 2e, f). Moreover,
deletion of PRMTI elevated cGAMP production (Fig. 2c) and tran-
scription of type I interferon response genes (Fig. 2d). In echo with
genetic PRMTI ablation, pharmaceutical inhibition of PRMT1 with the
specific small molecule inhibitors, MS023*° and GSK3368715*, also led
to a similar activation of DNA sensing signaling, but not RNA sensing
signaling in dose- and time-dependent manners (Fig. 2e, f, Supple-
mentary Fig. 2g-1). More importantly, PRMT1 inhibition-derived acti-
vation of DNA sensing signaling could be completely abolished by
depleting endogenous cGAS (Fig. 2g, Supplementary Fig. 2m). Fur-
thermore, PRMTI inhibition also increased cGAMP production in
cGAS"™*, but not cGAS™ cells (Fig. 2h, Supplementary Fig. 2n). These
data together suggest that PRMT1 suppresses the cGAS/STING/IRF3
DNA sensing signaling in cancer cells via direct arginine methylation of
cGAS (Fig. 2i).

PRMT1 methylates cGAS at the conserved Argl33 residue on its
N-terminus
Two conserved arginine residues in the N-terminus of cGAS, namely
Arg-71 (R71) and Arg-75 (R75), are critical for cGAS anchoring on the
plasma membrane®. Thus, we tested the potential role of R71/75 in
PRMT1-mediated methylation by in vivo methylation assay (Fig. 3a, b).
Notably, the methylation was unaffected by mutation of R71/75 to
glutamic acid (E) but eliminated by truncation of the N-terminal 160
amino acids of cGAS (namely cGAS-6160, Fig. 3a, b), suggesting that
PRMT1 methylates cGAS on its N-terminus. The N-terminus of cGAS is
essential for its function and regulation’**, and contains multiple
conserved arginine residues, including R60, R80, R124, R127, and R133
(Fig. 3a, Supplementary Fig. 3a, b). By mutating these arginine residues
to lysine (K), we identified the R133 residue (R139 in mouse) as a major
site for PRMT1-mediated methylation on cGAS (Fig. 3¢, Supplementary
Fig. 3c), which was further validated by the in vitro methylation assay
and mass spectrometry analysis (Fig. 3d, Supplementary Fig. 3d-f).
Mechanistically, the methylation-mimic mutant cGAS-R133F
repressed the dimerization of cGAS (Fig. 3e), but had relatively little
effect on its DNA binding capability or subcellular localization (Sup-
plementary Fig. 3g-i), suggesting that the methylation on the R133
might perturb cGAS homodimerization. Functionally, a stable HelLa
cell line expressing the methylation deficient mutant cGAS-R133K had
a relatively higher basal level and DNA-stimulated levels of p-STING
and p-IRF3 in dose- and time-dependent manners (Fig. 3f, g, Supple-
mentary Fig. 3j-m), thus elevating the expression of type I interferon
response genes, CCLS and CXCL1O0 (Fig. 3h). In contrast, the stable cell
lines expressing methylation-mimic cGAS-R133F mutant had a rela-
tively lower level of p-IRF3 than in WT cells (Supplementary Fig. 3n, 0).
Meanwhile, further depletion of PRMTI only activates cGAS/STING
DNA sensing signaling in HeLa cells expressing WT-cGAS, but not in
Hela cells expressing the cGAS-R133K mutant (Fig. 3i). Consistently,
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Fig. 1| PRMT1 methylates cGAS and inhibits the cGAS/STING DNA sensing
signaling. a PRMT1 interacts with and methylates cGAS. ADMA: asymmetric
dimethylarginine. Immunoblot analysis of the HA immunoprecipitant and WCL
derived from HEK293T cells that ectopically express HA-cGAS and GFP-PRMTs
constructs. b Endogenous PRMT1 binds with cGAS. Immunoblot analysis of the
immunoprecipitant derived from HeLa cells using either PRMT1 antibody or con-
trol IgG. ¢ PRMT1 methylates cGAS in vitro. Purified GST-cGAS protein was incu-
bated with PRMT1 protein and SAM for 1.5 hours, followed by immunoblot analysis
with indicated antibodies. d PRMT1 methylates cGAS in an enzyme activity-
dependent manner. Immunoblot analysis of the HA immunoprecipitant and WCL
derived from HEK293T cells that ectopically express HA-cGAS and GFP-PRMT1 or
indicated mutant constructs. e Inhibition of PRMT1 blocks cGAS methylation.
Immunoblot analysis of the HA immunoprecipitant and WCL derived from
HEK293T cells with the treatment of MS023 (6 uM) or GSK3368715 (6 uM) for

24 hours. f Stable overexpression of PRMT1 represses cGAS/STING DNA sensing

signaling. HeLa cells stably expressing either GFP or HA-PRMT1 were stimulated
with either HT-DNA (1x: 1 pg/mL; 2x: 2 pg/mL), or ISD (0.2 pg/mL) for 12 hours,
followed by immunoblot analysis. g Immunoblot analysis of HeLa stable cell lines
that expresses either GFP, HA-PRMT1-WT, or the catalytic-dead mutant HA-PRMTI-
E162Q, with or without stimulation with HT-DNA (1 pg/mL) for 12 hours, followed by
immunoblot analysis. h PRMTL1 overexpression reduces DNA-stimulated cGAMP
production. HelLa stable cells lines as in f were stimulated with 1 pg/mL of HT-DNA
for 12 hours, followed by ELISA analysis to measure cGAMP levels. n =3. i PRMT1
overexpression reduces DNA-stimulated expression of type I/Il interferon response
genes. Hel a stable cell lines as in f were stimulated with 1 pg/mL of HT-DNA for
12 hours, followed by qPCR analysis to measure the mRNA levels of CCL5 and
CXCLI10. n=4. Data are presented as mean values + SD for h and i. Two-tailed
unpaired Student ¢ test were used in h and i. Source data are provided as a Source
Data file.

pharmaceutical inhibition of PRMT1 by MS023 and GSK3368715 ele-
vated the phosphorylation of IRF3 only in HeLa cells expressing wild-
type (WT)-cGAS, but not in Hela cells expressing the cGAS-R133K
mutant (Fig. 3j). Taken together, these data indicate that PRMTI-
mediated methylation on the conserved R133 residue of cGAS sup-
presses the cGAS/STING DNA sensing signaling.

PRMTI1 suppresses tumor immunity in a cGAS-dependent
manner

Because the cGAS/STING pathway is essential for anti-tumor
immunity™", we further determined whether PRMTT1 is a rational tar-
get for immunotherapy. Through analyzing the role of PRMTI in
tumorigenesis and immune cell infiltration for patients in TCGA (see
methods for details), we found PRMT1 was highly expressed in most
cancer types, including breast cancer (BRCA, Supplementary Fig. 4a).
More importantly, PRMT1 expression was negatively correlated with
the infiltration of CD8" T cells and macrophages in BRCA, skin cuta-
neous melanoma (SKCM), and head and neck squamous cell

carcinoma (Fig. 4a, Supplementary Fig. 4b, c). Moreover, PRMT1
expression was reversely correlated with the effector T cell signature*
in BRCA and lung adenocarcinoma (Supplementary Fig. 4d).

We next determined the causal effect of PRMTL1 in tumor immune
surveillance in vitro and in vivo. To this end, we generated a mouse
cancer cell line CT26 that stably expressed a DOX-inducible shPrmt1
construct (hereafter CT26-tet-on-shPrmtI), which proceeded to RNA-
sequencing to analyze PRMT1-responsive genes (Fig. 4b). Notably,
Prmtl depletion elevated the expression of type I and Il interferons
response genes (Fig. 4c-g), and other inflammation-related genes
signatures, including inflammatory response and IL6-JAK-STAT3 sig-
naling (Supplementary Fig. 4e-g). The elevated expression of type |
and Il interferon response genes was further validated by RT-qPCR
after genetic deletion of PRMTI (Fig. 4h). In line with the critical role of
PRMT1 in suppressing tumor immune surveillance, relatively higher
PRMT1 expression level predicted lower cytotoxic T lymphocytes
(CTL) infiltration and a worse prognosis for patients with BRCA (Fig. 4i,
j), metastatic melanoma (Fig. 4k, I), and several other cancer types,
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Fig. 2 | Genetic ablation or pharmaceutic inhibition of PRMTI1 leads to activa-
tion of cGAS/STING signaling. a Immunoblot analysis of HeLa-tet-on-shPRMTI
stable cell lines. HeLa cells were infected with tet-inducible shPRMTI and treated
with doxycycline (DOX) for 3 days, followed by immunoblot analysis. b Genetic
ablation of PRMTI activates cGAS/STING signaling. The stable HeLa cell as in a were
stimulated with 1 pg/mL of HT-DNA for 12 hours, followed by immunoblot analysis.
¢ Genetic ablation of PRMTI increases DNA-stimulated cGAMP production. The
stable HeLa cells were treated as in b, followed by ELISA analysis to measure cGAMP
levels. n =4. d Genetic ablation of PRMTI increases DNA-stimulated expression of
type I interferon response genes. The stable HeLa cells were treated as in

b, followed by qPCR analysis to measure the mRNA levels of CCL5 and CXCL10.
n=4. e PRMT1 inhibition activates cGAS/STING signaling. HeLa cells were treated
with 1 or 5 M of MS023 for 48 hours, followed by stimulation with HT-DNA (1x:
1pg/mL; 5x: 5 pg/mL) or Poly(I:C) for 12 hours, followed by immunoblot analysis.

f PRMT1 inhibition activates cGAS/STING signaling in a time-dependent manner.
Hela cells were treated with 5 pM of MS023 for 48 hours, followed by stimulation
with 1 pg/mL of HT-DNA for indicated hours, followed by immunoblot analysis.

g PRMT1 inhibition activates cGAS/STING signaling in a cGAS-dependent manner.
HeLa-cGAS-WT or cGAS-KO cells were treated with 2 or 6 uM of MS023 for 48 hours,
then stimulated with 1 pg/mL of HT-DNA for 12 hours, followed by immunoblot
analysis. h PRMTI inhibition increases DNA-stimulated cGAMP production in a
cGAS-dependent manner. HeLa-cGAS-WT or cGAS-KO cells were treated with 2 uM
of MS023 for 48 hours, then stimulated with 1 pg/mL of HT-DNA for 12 hours, fol-
lowed by ELISA analysis to measure cGAMP levels. n=4. i A schematic diagram
shows that PRMT1 methylates and suppresses cGAS function. Data are presented as
mean values + SD for ¢, d, h. Two tailed unpaired Student ¢ test were used in for
¢, d, h. Source data are provided as a Source Data file.

including multiple myeloma (MM, Supplementary Fig. 4h) and neu-
roblastoma (NB, Supplementary Fig. 4i). Furthermore, the reverse
correlation between PRMT1 expression and CTL infiltration also
occurred in other cancer types, including acute myeloid leukemia
(AML), ovarian cancer (OVCA), lung cancer (LUCA), bladder cancer
(BLCA), liver cancer, and diffuse large B cell lymphoma (DLBC, Sup-
plementary Fig. 4h-o0), supporting the notion that PRMTI acts as a
suppressor of tumor immune surveillance.

Pharmaceutic inhibition of PRMT1 triggers tumor immunity in a
cGAS-dependent manner in vitro and in vivo

To further explore the potential of PRMT1 as an immunotherapeutic
target, we further treated CT26 cells with PRMT1 inhibitors, MS023 and
GSK3368715, and performed RNA-sequencing for these samples
(Fig. 5a). In line with the genetic ablation data, pharmaceutical inhibi-
tion of PRMT1 displayed the same phenotype, including elevated
expression of type I and Il interferons response genes and other
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Fig. 3 | PRMT1 methylates cGAS at the conserved R133 residue to inhibit the
cGAS/STING signaling. a Schematic diagram shows the conserved arginine resi-
dues in the N-terminus of cGAS. cGAS-6160: cGAS that lacks the N-terminal amino
acids 1-160. R71/75E: arginine 71/51 to glutamic acid mutant. b PRMTI methylates
cGAS at its N-terminus. Immunoblot analysis of the HA immunoprecipitant and
WCL derived from HEK293T cells that ectopically express Flag-PRMT1 and HA-
cGAS. c The conserved R133 in cGAS is a major site for PRMT1-mediated asymmetric
dimethylation. d Mutation of the R133 residue largely reduces PRMT1-mediated
methylation on cGAS in the in vitro methylation assay. e Mutation of the R133
residue represses cGAS dimerization. Immunoblot analysis of the GST pulldown
products and WCL derived from HEK293T cells that ectopically express GST-cGAS
together with HA-cGAS-WT or the R133F mutant constructs. R133F: arginine 133 to
phenylalanine mutant. f Disruption of cGAS-R133 methylation activates cGAS/
STING signaling. HeLa-cGAS ™" cells expressing either HA-cGAS-WT or R133K were
stimulated HT-DNA and followed by immunoblot analysis. g Disruption of cGAS

HeLa-cGAS”, tet-on-shPRMT1

HeLa-cGAS”, tet-on-shPRMT1

arginine methylation activates cGAS/STING signaling in a time-dependent manner.
The stable HeLa cell lines as in f were stimulated with HT-DNA for indicated times,
followed by immunoblot analysis. h Disruption of cGAS arginine methylation
increases DNA-stimulated expression of type I interferon response genes. The
stable HeLa cell lines as in f were stimulated with HT-DNA, followed by qPCR
analysis. Two-tailed unpaired Student ¢ test, n =4. Data are presented as mean
values + SD. i Mutation of cGAS-R133 abolished PRMT1-mediated regulation of the
cGAS/STING signaling. The stable HeLa cell lines as in f were infected with tet-
inducible shPRMT1 lentivirus, treated with DOX, and stimulated with HT-DNA,
followed by immunoblot analysis. j PRMT1 inhibition activates the cGAS/STING
signaling in cGAS-WT expressing cells, but not in the cGAS-R133K mutant expres-
sing cells. The stable HeLa cell lines as in f were treated with MS023 (6 uM) or
GSK3368715 (6 uM) for 48 hours and stimulated with HT-DNA, followed by immu-
noblot analysis. Source data are provided as a Source Data file.
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inflammation-related gene signatures (Fig. 5b-f, Supplementary
Fig. 5a-k). Interestingly, the expression levels of MYC-target genes
were significantly reduced after genetic and pharmaceutical ablation
of PRMTI (Fig. 5b, Supplementary Fig. 5c, d, h), which was consistent
with previous reports depicting MYC as a suppressor of anti-tumor
immunity*>*. Similarly, CDK4 and E2F1 also have been reported as
downstream substrates of PRMT1***, thus the reduced gene signature

of E2F targets might be due to the inactivation of CDK4/E2F signaling
(Fig. 5b, Supplementary Fig. 5d). The elevated expression of type I and
Il interferon response genes was further validated by RT-qPCR after
pharmaceutical inhibition of PRMTI (Fig. 5g). More importantly,
PRMT1 inhibition-induced elevation in type I and Il interferon response
genes, including Cxcl10, Ifnb, and others, was completely abolished by
depletion of endogenous cGAS (Fig. 5h, 1, Supplementary Fig. 51-u).
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Fig. 4 | PRMTI1 represses tumor immune cells infiltration in human tumor
samples and in mouse tumor cells. a PRMT1 expression is inversely correlated
with CD8+ T cells infiltration in multiple cancer types in TCGA by TIMER2. SKCM:
skin cutaneous melanoma, HNSC: head and neck squamous cell carcinoma, BRCA:
breast invasive carcinoma. Spearman correlation rho and p value are presented.
Error band represents the 95% confidence interval. b Immunoblot analysis of CT26-
tet-on-shPrmtl cells after treatment with doxycycline for 48 hours. CT26 mouse
tumor cells were infected with tet-inducible-shPrmt1 lentivirus and selected with
5 pg/mL puromycin for 7 days. The stable CT26-tet-on-shPrmt1 cell lines were
treated with indicated doses of DOX for 3 days and harvested for immunoblot
analysis. ¢ Genetic ablation of PrmtI activates the expression of type I and Il
interferon genes. The stable CT26-tet-on-shPrmtI cell lines were treated with DOX
for 3 days to induce deletion of endogenous Prmt1, then subjected to RNA-
sequencing and Gene set enrichment analysis (GSEA). d Gene set enrichment plots

of the IFN-a response hallmarks after genetic ablation of Prmt1in CT26 cells asin b.
NES =2.55, < 0.001. e Gene set enrichment plots of the IFN-y response hallmarks
after genetic ablation of Prmt1 in CT26 cells as in b. NES = 2.51, ¢ < 0.001. f Heatmap
of IFN-a response genes after genetic ablation of PrmtI in CT26 cells as in d.

g Heatmap of IFN-y response genes after genetic ablation of PrmtI in CT26 cells as
in e. h Depletion of Prmt1 in CT26 mouse tumor cells induces the transcription of
Interferon o and IFN-y response genes. Two-tailed unpaired Student ¢ test, n=4.
Data are presented as mean values + SD. i, j Correlation analysis between PRMT1
expression with cytotoxic T lymphocytes (CTL) infiltration and survival in BRCA,
derived from GSE9893 (i) and GSE24450 (j) at PRECOG by TIDE. k, 1 Correlation
analysis between PRMT1 expression with CTL infiltration and survival in metastatic
melanoma, derived from TCGA (k) and GSE8401 (I) by TIDE. i-1 Spearman corre-
lation rho and p value are presented. Source data are provided as a Source Data file.

These data suggest that genetic or pharmaceutical ablation of PRMT1
increases the expression of type I and Il interferon response genes in a
¢GAS-dependent manner, which might predict a better response to
cancer immunotherapy.

To demonstrate the inhibitory effect of PRMTL in cancer immune
surveillance through methylation of cGAS in vivo, we measured
immune cell infiltration in a syngeneic mouse model of engraftment
with either CT26-cGAS-WT or CT26-cGAS-KO cells after treatment with
PRMT1 inhibitor MS023 (Fig. 5j, Supplementary Fig. 5v). We found that
PRMT1 inhibitor treatment stimulated macrophages infiltration in only
CT26-cGAS-WT cell-engrafted tumor, but not the CT26-cGAS-KO cell-
engrafted tumor (Fig. 5k). Moreover, PRMT1 inhibition increased the
CD80 MFI in macrophages, indicating a relatively higher level of CDS8O
activation and cytotoxic T cells (GranB*CD8") in CT26-cGAS-WT, but
not the CT26-cGAS-KO cell-engrafted tumor (Fig. 51, m). Notably,
PRMTT1 inhibition also led to an increased population of the CD8+ PD-
1+ T cells in CT26-cGAS-WT, but not the CT26-cGAS-KO cell-engrafted
tumor (Fig. 5n). This observation is consistent with the reverse corre-
lation between PRMTI level and macrophages or effector T cells infil-
tration in cancer patients (Fig. 4a, Supplementary Fig. 4b—-d). Notably,
we also observed an elevation of PD-L1 abundance in infiltrating
macrophages after PRMT1 inhibition in CT26-engrafted tumors
(Fig. 50), which prompted us to further determine whether and how
PRMTI1 regulates PD-L1 expression.

PRMTI1 ablation increases PD-L1 expression in a cGAS-dependent
manner

To investigate how PRMTI regulates PD-L1 expression, we next gen-
erated multiple mouse tumors cells, including CT26, MC38, 4T1, and
B16, that stably expressed tet-inducible shPrmtI (Supplementary
Fig. 6a-d), and found that mPD-L1 expression was robustly elevated
after doxycycline-induced knockdown of Prmt1 in these mouse tumor
cells (Fig. 6a, Supplementary Fig. 6b-d). Similarly, pharmaceutical
inhibition of PRMTI1 also increased mPD-L1 expression in these tumor
cells (Fig. 6b, Supplementary Fig. 6e-g). To further determine whether
PRMTI1-mediated change in PD-L1 expression is cGAS-dependent, we
depleted endogenous cGAS in CT26, MC38, and 4T1 mouse tumor
cells, and found a significant reduction in mPD-L1 expression in these
cells (Fig. 6¢, Supplementary Fig. 6h-j). More importantly, genetic
ablation or pharmaceutical inhibition of PRMTI increased mPD-L1
expression only in cGAS-WT cells, but not in cGAS-KO cells (Fig. 6d, e,
Supplementary Fig. 6k-m). Moreover, mPD-L1 expression was also
elevated in multiple mouse organs/tissues in mice treated with PRMTI-
specific inhibitors, MS023 and GSK3368715 (Fig. 6f-i). In line with this
finding, PD-L1 expression was positively correlated with cGAS level in
human BRCA samples and BRCA cell lines (Fig. 6j, Supplementary
Fig. 6n, 0). Interestingly, the TNBC cells were largely cGAS-positive and
PD-L1-positive, while most HER2-positive or ER2-positive BRCA cells
had neither cGAS nor PD-L1 expression (Fig. 6j-1, Supplementary
Fig. 60). Moreover, these cGAS-positive TNBC cells, including MDA-

MB-231, have intact cGAS/STING DNA sensing signaling (Fig. 6m,
Supplementary Fig. 6p-r). Similar to the results in HeLa cells, DOX-
induced genetic ablation of PRMT1 in MDA-MB-231 cells also activated
DNA sensing signaling, but not RNA sensing signaling (Fig. 6n, Sup-
plementary Fig. 6s). These results imply that PRMT1 regulates PD-L1
expression in a cGAS-dependent manner, which might account for the
repressive role of PRMT1 in cancer immune surveillance.

PRMT1 inhibitor synergizes with anti-PD-1 antibody to boost
anti-tumor immunity

Given the critical role of PRMTI in cGAS-dependent DNA sensing sig-
naling and immune suppression in human and mouse tumor cells
(Figs. 4 and 5), we next examined the potential of PRMT1 as a target of
cancer immunotherapy. We noticed that PRMTI inhibition strongly
stimulated macrophage infiltration (Fig. 5k, 1) and elevated PD-L1
expression in vitro and in vivo (Fig. 6, Supplementary Fig. 6), which
provided a rationale for combination therapy using PRMT1 inhibitor
and ICBs, such as anti-PD-1 antibody. Thus, we treated CT26- and
MC38-derived syngeneic tumor models with either PRMTI inhibitor
MSO023, or anti-PD-1 antibody, or their combination and monitored
tumor growth and mouse survival for up to 90 days (Fig. 7a, Supple-
mentary Fig. 7a). Notably, PRMT1 inhibition alone restricted neither
tumor growth nor overall survival of CT26 or MC38, while the com-
bination of PRMT1 inhibition and anti-PD-1 antibody substantially slo-
wed tumor growth and increased the survival rate in both CT26 and
MC38 tumor-engrafted mouse models (Fig. 6n-e, Supplementary
Fig. 6b-e).

In line with the results of syngeneic tumor models, higher cyto-
toxic T lymphocytes (CTLs) infiltration predicted better prognosis only
when PRMT1 expression level was low in human cancer patients,
including COAD, AML, lymphoma, and glioma (Supplementary
Fig. 6f-j). Notably, high PRMT1 expression also compromised the
response efficacy of anti-PD-L1 antibody treatment in human bladder
cancer*® (Supplementary Fig. 6k, 1), possibly due to an inverse relation
between PRMT1 expression and CTLs infiltration level in tumors (Fig. 4,
Supplementary Fig. 4). Finally, we compared the responsiveness for
the combination treatment of PRMTI inhibitor and anti-PD-1 antibody
between CT26-cGAS-WT and CT26-cGAS-KO syngeneic tumor models
(Fig. 7m). We found that the combination therapy robustly slowed the
tumor growth and increased the survival rate only in CT26-cGAS-WT
tumor model, while cGAS-KO tumor-engrafted mice did not respond to
the combination therapy (Fig. 7f, g, Supplementary Fig. 7n, 0), sup-
porting the notion that the therapeutic benefit of PRMT1 inhibition in
the syngeneic tumor model was largely cGAS-dependent (Fig. 7h,
Supplementary Fig. 7p).

Discussion

PRMT1 is known as a regulator of immune function by directly inter-
acting with interferon receptors, methylating STAT1, and promoting B
cell and macrophage differentiation by methylating CDK4 or B cell
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Fig. 5 | PRMTI inhibition activates type I and Il interferon response genes
expression and promotes immune cell infiltration in a cGAS-dependent man-
ner. almmunoblot analysis of CT26 mouse tumor cells after treatment with 6 uM of
MS023 or GSK3368715 for 48 hours. b PRMT1 inhibition activates the expression of
type I and Il interferon genes. CT26 cells were treated with MS023 (6 uM) or
GSK3368715 (6 uM) for 48 hours, then subjected to RNA-sequencing and GSEA
analysis. PRMTIi represents a total of 6 samples with either MS023 or GSK3368715
treatment. n = 3. ¢, d Gene set enrichment plots of the IFN-a (c) and IFN-y response
(d) hallmarks after treatment with PRMT1 inhibitors in CT26 cells. e, f Heatmap of
IFN-a (e) and IFN-y response (f) genes for CT26 cells after treatment with MS023 or
GSK3368715 in CT26 cells as in ¢ and d, respectively. g Inhibition of PRMT1in CT26
mouse tumor cells induces the transcription of IFN-a and IFN-y response genes.
h, i PRMT1 inhibition increases Cxcl10 (h) and Interferon 3 (i) expression in a cGAS-
dependent manner in CT26 cells. j A schematic diagram illustrates the animal

experimental design for the tumor-infiltrating immune cells analysis. CT26-cGAS-
WT and cGAS-KO cells were injected into BALB/c mice and tumors were harvested
at 14 days after tumor engraftment, followed by isolation and staining of tumor-
infiltrating immune cells. k, | PRMT1 inhibition induces macrophage infiltration (k)
and activation (I) in CT26 cells-derived syngeneic tumor in a cGAS-dependent
manner. m, n PRMT1 inhibition induces cytotoxic Gran B‘CD8" T cells (m) and
CD8'PD-1' T cells (n) in CT26 cells-derived syngeneic tumor in a cGAS-dependent
manner. 0 PRMT1 inhibition increases mPD-L1 expression in tumor-infiltrated
macrophages. Data are presented as mean values + SD for g-i, n=3. Data are pre-
sented as mean values with scatter dots for k-0, n = 8. Two-tailed unpaired Student
t test were used in g-o. The animal experiments in k-0 were replicated twice, and
the representative data were presented. Source data are provided as a Source
Data file.
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Fig. 6 | PRMT1 inhibition increase PD-L1 in a cGAS-dependent manner. a Genetic
ablation of PrmtI elevates mPD-L1 expression. The stable CT26-tet-on-shPrmt1 cells
were treated with DOX for 3 days to induce deletion of endogenous PrmtI, followed
by immunoblot analysis. b PRMT1 inhibition elevates mPD-L1 expression. CT26 cells
were treated with the indicated doses of MS023 or GSK3368715 for 48 hours, followed
by immunoblot analysis. ¢ Depletion of endogenous cGAS reduces mPD-L1 expression.
d Genetic ablation of Prmt1 elevates mPD-L1 expression in a cGAS-dependent manner.
CT26-tet-on-shPrmtI cells as in a were infected with sgcGAS lentivirus and treated with
DOX, followed by immunoblot analysis. € PRMT1 inhibition elevates mPD-L1 expres-
sion in a cGAS-dependent manner. The stable cell lines as in ¢ were treated with
MS023, followed by immunoblot analysis. f, g Immunoblot analysis of mPD-L1 (f) and
quantification (g) in different organs/tissues of mice after i.p. administration of

50 mg/kg MS023 or vehicle for 14 days. h, i Immunoblot analysis of mPD-L1 (h) and

TNBC cells

-tet-on-shPRMT1

quantification (i) in different organs/tissues of mice after gavage of 80 mg/kg
GSK3368715 or vehicle for 14 days. j Correlation analysis of cGAS and PD-L1 protein
expression in human BRCA cell lines. The protein levels were retrieved from DepMap.
ER+: estrogen receptor positive; HER2+: human epidermal growth factor receptor 2
positive; ER+, HER2+: ER and HER2 double positive; ER-, HER2-: ER and HER2 nega-
tive. k, I Inmunoblot analysis of PD-L1 and cGAS in a panel of BRCA (k) and TNBC cell
lines (I). m Immunoblot analysis of MDA-MB-231 cells after stimulation with indicated
doses of HT-DNA for 12 hours. n Genetic ablation of PRMTI increases cGAS/STING
DNA sensing signaling in MBA-MD-231 cells. MDA-MB-231 cells were infected with tet-
on-shPRMTI lentivirus and selected with 1 pg/mL of puromycin for 7 days. The stable
cell lines were treated with DOX for 3 days, and stimulated with HT-DNA for 12 hours,
followed by harvesting for immunoblot analysis. Data are presented as mean

values + SD, and two-tailed unpaired Student ¢ test were used in for 6g and i, n=5.
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antigen receptor***’-*°, However, the function of PRMTI as a ther-
apeutic target of cancer remains largely elusive, particularly for its role
in cancer immunosurveillance. Here we revealed a critical role of
PRMT1 in directly methylating cGAS and blocking cGAS/STING DNA
sensing signaling, thus promoting tumor immune evasion, which
provides a rationale for PRMT1 as a promising immunotherapeutic
target. Several chemotherapy and targeted therapy drugs have been
reported to activate STING signaling to boost tumor immunity,
including etoposide and PARP inhibitor in LUCA and BRCA""¢. Given
that the basal level of cGAS/STING signaling in tumors is suppressed, at
least partially, by PRMTI1-mediated cGAS methylation, PRMT1 inhibi-
tion is an attractive therapeutic choice to potentially synergize with
these cytosolic DNA-elevating therapies, which might produce better

immunogenicity in the tumor microenvironment for cancer patients.
Indeed, PRMT1 inhibitor displays the most potent synergistic effect
with PARP inhibitor for BRCA and LUCA cells in vitro®? and PRMT1
overexpression confers the chemoresistance to cisplatin®. Moreover,
PRMT1 inhibition induces a viral mimicry response in human TNBC
cells®. Thus it is worth further in-depth investigation of PRMTI-
focused combination therapy in boosting anti-tumor immunity,
especially in an immune-competent condition in vivo. In addition,
PRMT1 governs spliceosome function, and PRMTI inhibition boosts
anti-tumor  immunity through MHC-I-mediated neo-antigen
presentation®’. Recently, PRMT5, the major type Il protein arginine
methyltransferase, has also been reported as a suppressor of anti-
tumor immunity in melanoma in a cGAS-independent manner through
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Fig. 7 | PRMT1 inhibition boosts the efficacy of anti-PD-1 immunotherapy

in vivo in a cGAS-dependent manner. a A schematic diagram illustrates the animal
experiment design for the CT26 syngeneic tumor model with PRMT1 inhibitor and
anti-PD-1 antibody treatment. b Kaplan-Meier survival curves for each treatment
group in CT26 syngeneic tumor model (Control, n =12; PD-1 monoclonal antibodies
(mAb), n=15; MS023, n=11; Combined, n =14). Two-sided Gehan-Breslow-
Wilcoxon test. ¢ Kaplan-Meier survival curves for each treatment group in

MC38 syngeneic tumor model (Control, n=14; PD-1 mAb, n=15; MS023, n=13;
Combined, n=15). Two-sided Gehan-Breslow-Wilcoxon test. d Volumes of

CT26 syngeneic tumors treated with vehicle + control antibodies (black lines,
n=12), or vehicle + anti-PD-1 mAb (blue lines, n=15), or PRMTI inhibitor MS023+
control antibodies (orange lines, n =11), or combined therapy (red lines, n=14)
were plotted individually. e Volumes of the MC38 syngeneic tumors treated with
vehicle + control antibodies (black lines, n =14), vehicle + anti-PD-1 mAb (blue lines,
n=15), PRMT1 inhibitor MS023 + control antibodies (orange lines, n=13) or

combined therapy (red lines, n =15) were plotted individually. f Volumes of CT26-
cGAS-WT and cGAS-KO syngeneic tumors treated with vehicle + control antibody or
MS023 + anti-PD-1 mAb were plotted individually. cGAS-WT + vehicle and control
antibody, n =12, black lines; cGAS-WT + MS023 and anti-PD-1 mAb, n =14, red lines;
cGAS-KO + vehicle and control antibody, n =12, blue lines; cGAS-KO + MS023 and
anti-PD-1 mAb, n =13, purple lines. g Kaplan-Meier survival curves for each treat-
ment group in CT26-cGAS-WT and cGAS-KO syngeneic tumor model (cGAS-WT +
vehicle and control antibody, n =12; cGAS-WT + MS023 and anti-PD-1 mAb, n=14;
cGAS-KO + vehicle and control antibody, n=12; cGAS-KO + MS023 and anti-PD-1
mAb, n=13). Two-sided Gehan-Breslow-Wilcoxon test. h A schematic diagram
shows that PRMTI1 represses cGAS/STING signaling to promote tumor immune
evading, while the combination therapy of PRMT1i and ICB boosts the immune
response to promote tumor regression. The animal experiments in a-g were
replicated twice, and the representative data were presented. Source data are
provided as a Source Data file.

methylating IFI16 (a parallel signaling of cGAS/STING) and NLRCS to
block the transcription of type I interferons and major histocompat-
ibility complex class I (MHC-1)***%, Our defined PRMT1-cGAS signaling
axis might partially explain the synergistic effect of inhibition of
PRMT1 and PRMT5*, in which both the parallel cGAS and
IFI16 signaling might be activated to maximal downstream cascade to
trigger anti-tumor immunity. Given that intratumor PD-L1 expression
level dictates the sensitivity to immune checkpoint blockade therapies,
such as anti-PD-1 and anti-PD-L1 antibodies®, other therapies that
increase PD-L1 expression might be a rational choice to be used
together with immunotherapy. For example, CDK4/6 inhibition ele-
vates PD-L1 expression and enhances the therapeutic outcomes of anti-
PD-1 antibody®**’. Apart from boosting antigen presentation through
type I/ll interferon pathway, depletion or inhibition of PRMT1 also led
to elevation in PD-L1 expression in vitro and in vivo, thus synergizing
with the anti-PD-1 antibody in various syngeneic mouse models (Figs. 6
and 7). In our study, PRMTL inhibitor plus the PD-1 antibody combined
immunotherapy has been evaluated in two syngeneic mouse models,
CT26 and MC38, which have relatively high immunogenicity and well
response rate to the PD-1 antibody. In a recent study, PRMT1 inhibitor
and the PD-1 antibody has been reported to be effective in suppressing
Bl6-derived xenograft syngeneic mouse model**, indicating that this
combined immunotherapy might be a valid option for tumor with
either higher or low immunogenicity. Now, PRMT1 inhibitor is in phase
I clinic trial*®, and its effect as a combination immunotherapy awaits
further in-depth investigation.

Methods

Cell lines

HEK293T, Hela cells, mouse embryonic fibroblasts (MEFs), MB157,
MDA-MB-231, MDA-MB-436, MDA-MB-436, Cal51, Cal120, Hs587T, BT-
549, BT-20, T47D, SK-BR-3, iBMDM, CT26, MC38, 4T1, and B16F10 cell
lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
containing 10% fetal bovine serum (FBS), 100 Units of penicillin and
100 ug/ml streptomycin. HCC1954, ZR-75-1, MDA-MB-468, HCC38,
HCC1143, HCC1806, and HCC1937 cells were cultured in RPMI1640
containing 10% FBS, 100 Units of penicillin, and 100 ug/ml strepto-
mycin. SUM149 cells were cultured in DMEM/F12 media containing 5%
FBS, 5 ug/ml insulin, 1 ug/ml hydroxylcortisol, 100 Units of penicillin,
and 100 pg/ml streptomycin. All the cell lines were authenticated and
validated for mycoplasma negative.

General cloning

Expression plasmids for GFP-PRMT], 2, 3, 4, and 5 were kindly gift from
Dr. Yanzhong Yang (City of Hope Cancer Center). Expression plasmids
for C-terminal tagged HA-cGAS, HA-cGAS-R71/75E and cGAS-6160 were
kindly gift from Dr. Jonathan C. Kagan (Harvard Medical School). GFP-
PRMTI1-G98R, E162Q, E171A, HA-cGAS-R60K, R80K, R124/127 K, R133K,
and R133F were constructed using the Site-Directed Mutagenesis Kit

(Agilent) according to the manufacturer’s manual. Expression vectors
for N-terminal tagged HA-cGAS was constructed by cloning the cor-
responding cDNAs into pcDNA3-HA vector. Expression plasmids for
mouse cGAS were constructed by cloning the corresponding cDNAs
from pMSCV-eGFP-mcGAS (Addgene, #108675) into pcDNA3-HA vec-
tor. Virus packaging vectors for HA-PRMT1, HA-PRMT1-E162Q, HA-
cGAS, HA-cGAS-R133K, and HA-cGAS-RI33F were constructed by
cloning the corresponding pLenti-GFP vector. Mammalian expression
vector for GST-cGAS were constructed by cloning the corresponding
cDNA into pCMV-GST vector. Bacterial expression vectors for GST-
cGAS and GST-cGAS-R133K were constructed by cloning the corre-
sponding cDNA into pGEX-GST-4T1 vector. The shPRMT1 constructs
were purchased from Sigma. The doxycycline-inducible knockdown
plasmids for PRMT1 were constructed by subclone respective
sequences into pLKO-tet-on-shRNA vector®. The sgRNA constructs for
human and mouse cGAS were generated by inserting respective sgRNA
into pLenti-CRISPR-v2 vector®..

Antibodies

The anti-ADMA (13522), anti-human cGAS (15102), anti-mouse cGAS
(31659), anti-STING (13647), anti-p-STING (Ser366, 50907), anti-IRF3
(11904), anti-mouse p-IRF3 (Ser 396, 29047), anti-TBK1 (3504), anti-p-
TBK1 (Ser172, 5483), anti-PRMT1 (2449), anti-human PD-L1 (13684),
anti-GST (2625) antibodies were obtained from Cell Signaling Tech-
nology. Anti-human p-IRF3 (Ser 396, ab76493) and anti-mouse PD-L1
(EPR20529, ab213480) antibodies were obtained from Abcam. Anti-
Tubulin (sc-8035), anti-GFP (B-2, sc-9966), and anti-PRMT1 (B-2, sc-
166963) antibodies were obtained from Santa Cruz Biotechnology.
Mouse monoclonal anti-HA.11 epitope tag (16B12, 901513) was
obtained from BioLegend. Anti-Vinculin (V9131), rabbit polyclonal anti-
HA (H6908), Mouse monoclonal anti-Flag (F3165), Rabbit polyclonal
anti-Flag (F7425), anti-mouse IgG (whole molecule)-peroxidase
(A4416) and anti-rabbit IgG (whole molecule)-peroxidase (A4914) were
obtained from Sigma-Aldrich. Mouse monoclonal ANTI-FLAG M2 affi-
nity agarose gel (A2220) and Mouse monoclonal anti-HA-agarose
(A2095) were obtained from Sigma-Aldrich. The antibodies used for
FACS were as follow: anti-CD45 (30-F11, #103140, BioLegend); anti-CD3
BV785 (17A2, #100232, BiolLegend); anti-CD3e BV785 (145-2Cl1,
#100355, BiolLegend); anti-CD4 BV650 (GKL1.5, #100469; RM4-5,
#100555, BioLegend); anti-CD8a BV711 (53-6.7 #100748, BioLegend);
anti-PD-L1 (10 F.9G2, # 124308, BioLegend); anti-Granzyme B Pacific
Blue (GBI1, #515408, BioLegend); anti-CD11b BV650 (M1/70, # 101259,
BioLegend); anti-CD11c BV510 (N418, # 117353, BioLegend); anti-CD80O
Pacific Blue (16-10A1, 104724, BioLegend).

Co-immunoprecipitation and western blot

Cells were lysed in EBC buffer (50 mM Tris pH 7.5, 120 mM NacCl, 0.5%
NP-40) supplemented with protease inhibitors (A32963, Thermo-
Fisher) and phosphatase inhibitors (APExBIO, #K1015). The protein
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concentration was measured using the Bio-Rad protein assay reagent
on a Beckman Coulter DU-800 spectrophotometer. The lysates were
then resolved by SDS-PAGE and immunoblotted with indicated anti-
bodies. For immunoprecipitation, 0.5 to 1 mg lysates were incubated
with the appropriate antibody or beads overnight or for 4 hours at
4 °C. Immuno-complexes were washed four times with NETN buffer
(20 mM Tris, pH 8.0,100 mM NaCl, 1 mM EDTA and 0.5% NP-40) before
being resolved by SDS-PAGE and immunoblotted for indicated pro-
teins. For immunoblotting analysis, the primary antibodies were dilu-
ted in 1% BSA in TBST, and the secondary antibodies were diluted in 5%
non-fat milk.

In vitro methylation assays

GST-cGAS proteins were purified from BL-21 E. Coli were used for the
in vitro methylation of cGAS. Briefly, the bacterial expression construct
PGEX-GST-cGAS vector was transfected into BL-21 E. Coli, and the
protein was induced by 100 uM of IPTG at 18 °C for 12 hours. Then, the
bacteria was lysed in PBS with protease inhibitor with sonication for
15 minutes, then centrifuged at 10,000 x g for 30 minutes at 4 °C. The
supernatant was incubated with Glutathione Sepharose 4B beads (GE
Healthcare, GE17-7056-05) for 3 hours, washed with PBS four times.
Finally, 10 ug GST-tagged proteins were incubated with S-(5-Adeno-
syl)-L-methionine chloride (SAM), a methyl donor (Cayman, #13965,
1 mM final concentration), with or without 1 ug PRMTI protein (Active
motif, #31411) at 30 °C for 1.5 hours, followed by SDS-PAGE.

Measurement of cGAMP level

The cGAMP level was measured using 2'3-cGAMP ELISA kit (Cayman,
#501700) following the manufacturer’s manual. Briefly, cells were
lysed using the M-PER™ Mammalian Protein Extraction Reagent
(ThermoFisher, #78503), and 100 uL cell lysates were used for analysis.
The OD450 were measured for calculation of cGAMP level, and finally
normalized with protein concentration.

Cell stimulation with DNA or RNA

To activate cellular DNA or RNA sensing pathways, cells were trans-
fected with either HT-DNA (Sigma, D6898), or ISD45 (TACAGATCTAC
TAGTGATCTATGACTGATCTGTACATGATCTACA-3', synthesized from
IDT) or Poly(l:C) (InvivoGen, #tlrl-pic). Briefly, the HT-DNA, I1SD45,
and Poly(I:C) were transfected with PEI (Polysciences, #23966) for
12 hours.

Biotin-pulldown assay

Cell lysates derived from HEK293T cells that express either wild-type
¢GAS or its mutants were mixed with biotin-ISD for 3 hours at 4 °C,
followed by further incubation with 10 pL of streptavidin Agarose
beads (Pierce, #20353) for 1 hour at 4 °C. Then, the beads were washed
four times with wash buffer (50 mM Tris-HCI, pH 7.5, 100 mM NaCl,
10% glycerol, and 0.5% NP-40) and denatured by adding SDS sample
buffer, followed by SDS-PAGE and immunoblotting.

RNA-sequencing and bioinformatics analyses

Total RNAs were extracted from CT26 cells using QlAsheredder (Qia-
gen, #79656) and Qiagen RNeasy mini kit (Qiagen. #74106). Library
preparation (Roche, Kapa mRNAseq Hyper prep) and sequencing ana-
lysis (Illumina NS500 Paired-end 2 x 150 bp) were performed at the
Molecular Biology Core facility at Dana-Farber Cancer Institute. The
data were aligned to mm10 by Salmon 1.4.0%* using the default para-
meters. The DEGs were calculated using DESeq2°. For GSEA analysis, we
used the GSEA tool v.4.2.2°, with the MSigDB v.7.1 Hallmarks gene sets
collection and the ‘classic’ method for calculating enrichment scores.

RT-qPCR
Total RNAs were extracted using Qiagen RNeasy mini kit (Qiagen.
#74106) and reversed transcripted into cDNA using iScript™ Reverse

Transcription Supermix (Bio-Rad, # 1708841). RT-qPCR was performed
with SYBR Select Master Mix (ThermoFisher, #4472908) using indi-
cated primers.

Treatment of wild-type mice with PRMT1 inhibitors

Six-weeks old BALB/c female mice (Taconic) were treated with MS023
(80 mg/kg body weight, by i.p. injection), GSK3368715 (80 mg/kg body
weight, by gastric gavage), or respective vehicle, one dose daily for
21 days. MS023 (SelleckChem, #S8112) was dissolved in NMP (Sigma,
#328643), and then sequentially diluted with 20% Captisol (Sell-
eckChem, #54592), PEG-400 (Sigma, PX1286B-2) and saline, with a final
ratio of 5:220:20:55 (NMP/20% Captisol/PEG-400/saline, v/v/v/v)®.
GSK3368715 (SelleckChem, #S8858) was dissolved in ddH,0. Then,
tissues and organs were collected and analyzed by immunoblotting.

In vivo experimental therapy in syngeneic mice tumor models
The study is compliant with all relevant ethical regulations regarding
animal research. Animal experiments were approved by Dana-Farber
Cancer Institute Institutional Animal Care and Use Committee (IACUC;
protocol number 04-047) or Beth Israel Deaconess Medical Center
(BIDMC) Institutional Animal Care and Use Committee (IACUC: Pro-
tocol #043-2019), and performed in accordance with guidelines
established by NIH Guide for the care and use of laboratory animals.
Briefly, a total of 2x10° CT26 or MC38 cells in 100 pL HBSS saline
buffer were injected subcutaneously into 6 weeks old BALB/c or
C57BL/6 female mice (Jackson Lab or Taconic). Tumor sizes were
measured every three days after tumor cells implantation, and tumor
volume was calculated by L x W?x 0.5 (L: length, W. width). On day 7
after tumor engraftment, mice were pooled and randomly divided into
experimental groups. For experiment #1, mice were grouped into 4
groups: (1) CT26-cGAS"* treated with vehicle; (2) CT26-cGAS"* treated
with MS023; (3) CT26-cGAS™" treated with vehicle; (4) CT26-mccGAS™
treated with MS023. For experiment #2 (CT26 cells) and 3 (MC38
cells), mice were grouped into 4 groups and treated with: (1) control
antibody and vehicle; (2) anti-PD-1 mAb and vehicle; (3) control anti-
body and MS023; (4) anti-PD-1 mAb and MS023. For experiment #4,
mice were grouped into 4 groups: (1) CT26-cGAS"* treated with vehicle
and control antibody; (2) CT26-cGAS** treated with MS023 and anti-
PD-1 mAb; (3) CT26-cGAS™ treated with vehicle and control antibody;
(4) CT26-cGAS™" treated with MS023 and anti-PD-1 mAb. The control
and anti-PD-1 mAb (clone 1A12) were prepared in HBSS saline buffer in
a final working solution of 1 mg/mL, and intraperitoneal injected with
200 pg/mouse in 200 pL HBSS saline buffer every three days for a total
of 4 injections. MS023 treatment was given by daily intraperitoneally
injection with 80 mg/kg body weight (in 5% NMP, 20% Captisol, 20%
PEG-400 in saline) for a total of 14 injections. For survival studies,
animals were monitored for tumor volumes for up to 92 days, until
tumor volume exceeded 1000 mm?, or the diameter of tumor excee-
ded 1.5 cm, or until the tumor became ulcerated with ulcer diameter
reaching 0.5 cm with a diameter of tumor exceeded 1.0 cm. Statistical
analysis was conducted using the GraphPad Prism 8 software (Graph-
Pad Software). Kaplan-Meier curves and corresponding Gehan-
Breslow-Wilcoxon tests were used to evaluate statistical differences
between groups in survival studies.

Tumor-infiltrating lymphocytes analysis

Fourteen days after the treatment of CT26 tumors with indicated
compounds, tumor-infiltrating lymphocytes (TILs) were isolated and
stained as previous described. Briefly, tumor were dissected and
chopped into fine pieces, digested in the dissociation buffer
(RPMI1640, 5% FBS, 1mg/mL Collagenase IV (Sigma, C5138), and
200 U/mL DNase | (Roch, #04536282001) at 37 °C for 20 minutes.
Then, the digests were filtered with a 70 um cell strainer (Falcon,
#352350), and spun at 1900 RPM for 10 minutes. The cells were further
treated with Red Cell Lysis Buffer (Sigma, #R7757) at RT for 1 minute,

Nature Communications | (2023)14:2806

12



Article

https://doi.org/10.1038/s41467-023-38443-3

and stopped by adding R10 buffer (RPMI1640, 10% FBS), followed by
spin at 1200 RPM for 5 minutes. The cell pellets were resuspended in
2 mL of 40% Percoll (GE Healthcare, #17-0891-01) in PBS, topped on
2 mL of 70% Percoll, and spun at 2000 RPM for 30 minutes. Finally, the
immune cell layer between the two Percoll interphase was collected
and washed once with R10 buffer and spun at 1500 RPM for 5 minutes.
The purified immune cells were resuspended in MACS buffer (HBSS,
no Ca2’, no Mg2’, Gibco, #14175-095, 1% FBS, 2 mM EDTA).

For FACS staining, 100 pL cells in MACS buffer were blocked by
1ug Fc blocker ((anti-mouse CD16/CD32 antibody, Clone 2.4G2, Bio X
Cell) for 15minutes, then stained with Live-Dead NIR (Invitrogen,
#L10119) and individual antibodies at RT for 40 minutes, washed with
MACS buffer. Then, the stained cells were further fixed and permea-
bilizated using the eBioscience Foxp3/Transcription Factor Staining
Buffer (ThermoFisher, #00-5533-00), followed by staining with Foxp3
and GramB antibodies at RT for 40 minutes, and washed with MACS
buffer. Stained cells were analyzed by multicolor flow cytometry (BD
LSR Fortessa X-20) and the FACS data were analyzed using
FlowJo_V10.6.1 software (Tree Star). T cells gating strategy: gate cells
exclude dead cells and debris based on cells size, then gate live cells
based on Live-Dead NIR negative cells, then gate CD45" cells, then gate
CD45'CD3" cells, then gate CD45'CD3'CD8" cells and CD45'CD3'CD4"
cells. Macrophage gating strategy: gate cells exclude dead cells and
debris based on cell size, then gate live cells based on Live-Dead NIR
negative cells, then gate CD45" cells, then gate CD45°CD11b* cells.

Transcripts and survival analyses

PRMTI1 transcripts across all cancer types, the association between
PRMT1 expression and effector T cell signature, as well as the association
between cGAS and PD-L1 expression were analyzed using the gene
expression profiling interactive analysis v2 (GEPIA2)*® (http://gepia2.
cancer-pku.cn). The association between PRMTI1 expression and
immune cell infiltration in tumors was analyzed using TIMER2?" (http:/
timer.cistrome.org/). The association between cGAS and PD-L1 expres-
sion in breast cancer patients was analyzed using cBioPortal®®® (https://
www.cbioportal.org). The customized genomic analysis was based on
The Cancer Genome Atlas (TCGA) data (https://cancergenome.nih.gov/).
The expression data of cGAS and PD-L1 in a panel of BRCA cell lines were
obtained from GEO dataset GSE735267°. The data for PRMT1 expression
and survival of patients with bladder cancer after PD-L1 antibody treat-
ment were generated using the TIDE tool” (http://tide.dfci.harvard.edu)
and the source data are based on the Mariathasan2018_PDLIcohort™.
The association between PRMT1 expression level and T cell dysfunction
in multiple cancer types was generated using the TIDE tool and the
source data are derived from data in TCGA and PRECOG”.

Statistics and reproducibility

All quantitative data were presented as the Mean + S.D., as indicated by
at least three independent experiments or biological replicates unless
otherwise stated. Statistical analyses were performed using GraphPad
Prism 8 and Excel unless indicated otherwise. The statistical tests and P
values were described in the figure legend for each experiment. All ¢-
tests were two-sided. P<0.05 was considered statistically significant.
All data shown are representative of two or more independent
experiments with similar results, unless indicated otherwise.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper
and the Supplementary Information. RNA-seq data used to support the
present study have been deposited in the Gene Expression Omnibus
with an access number of GSE203466. Further information and

requests for resources and reagents should be directed to the lead
author, W.W. Source data are provided with the paper.

References

1. Civril, F. et al. Structural mechanism of cytosolic DNA sensing by
cGAS. Nature 498, 332-337 (2013).

2. Li, X. D. et al. Pivotal roles of cGAS-cGAMP signaling in antiviral
defense and immune adjuvant effects. Science 341,

1390-1394 (2013).

3. Gao, D. et al. Cyclic GMP-AMP synthase is an innate immune sensor
of HIV and other retroviruses. Science 341, 903-906 (2013).

4.  Wu, J. et al. Cyclic GMP-AMP is an endogenous second messenger
in innate immune signaling by cytosolic DNA. Science 339,
826-830 (2013).

5. Sun, L., Wy, J., Du, F., Chen, X. & Chen, Z. J. Cyclic GMP-AMP syn-
thase is a cytosolic DNA sensor that activates the type | interferon
pathway. Science 339, 786-791 (2013).

6. Ablasser, A. et al. cGAS produces a 2'-5"-linked cyclic dinucleotide
second messenger that activates STING. Nature 498,

380-384 (2013).

7. Ishikawa, H. & Barber, G. N. STING is an endoplasmic reticulum
adaptor that facilitates innate immune signalling. Nature 455,
674-678 (2008).

8. Ishikawa, H., Ma, Z. & Barber, G. N. STING regulates intracellular
DNA-mediated, type | interferon-dependent innate immunity. Nat-
ure 461, 788-792 (2009).

9. Sharma, S. et al. Triggering the interferon antiviral response
through an IKK-related pathway. Science 300, 1148-1151 (2003).

10. Fitzgerald, K. A. et al. IKKepsilon and TBK1 are essential components
of the IRF3 signaling pathway. Nat. Immunol. 4, 491-496 (2003).

1. Schadt, L. et al. Cancer-cell-intrinsic cGAS expression mediates
tumor immunogenicity. Cell Rep. 29, 1236-1248.e1237 (2019).

12. Wang, H. et al. cGAS is essential for the antitumor effect of immune
checkpoint blockade. Proc. Natl Acad. Sci. USA 114,

1637-1642 (2017).

13. Pan, B. S. et al. An orally available non-nucleotide STING agonist
with antitumor activity. Science 369, eaba6098 (2020).

14. Chin, E. N. et al. Antitumor activity of a systemic STING-activating
non-nucleotide cGAMP mimetic. Science 369, 993-999 (2020).

15. Pantelidou, C. et al. PARP inhibitor efficacy depends on CD8 + T-cell
recruitment via intratumoral STING pathway activation in BRCA-
deficient models of triple-negative breast cancer. Cancer Discov. 9,
722-737 (2019).

16. Sen, T. et al. Targeting DNA damage response promotes antitumor
immunity through STING-mediated T-cell activation in small cell
lung cancer. Cancer Discov. 9, 646-661 (2019).

17. Song, X., Ma, F. & Herrup, K. Accumulation of cytoplasmic DNA due
to ATM deficiency activates the microglial viral response system
with neurotoxic consequences. J. Neurosci. 39, 6378-6394 (2019).

18. Seo, G. J. et al. Akt kinase-mediated checkpoint of cGAS DNA
sensing pathway. Cell Rep 13, 440-449 (2015).

19. Zhong, L. et al. Phosphorylation of cGAS by CDK1 impairs self-DNA
sensing in mitosis. Cell Discov. 6, 26 (2020).

20. Li, T. et al. Phosphorylation and chromatin tethering prevent cGAS
activation during mitosis. Science 371, eabc5386 (2021).

21. Dai, J. et al. Acetylation blocks cGAS activity and inhibits Self-DNA-
induced autoimmunity. Cell 176, 1447-1460.e1414 (2019).

22. Chen, M. et al. TRIM14 inhibits cGAS degradation mediated by
selective autophagy receptor p62 to promote innate immune
responses. Mol. Cell 64, 105-119 (2016).

23. Zhang, Q., Tang, Z., An, R., Ye, L. & Zhong, B. USP29 maintains the
stability of cGAS and promotes cellular antiviral responses and
autoimmunity. Cell Res. 30, 914-927 (2020).

24. Du, M. &Chen, Z. J. DNA-induced liquid phase condensation of cGAS
activates innate immune signaling. Science 361, 704-709 (2018).

Nature Communications | (2023)14:2806

13


http://gepia2.cancer-pku.cn
http://gepia2.cancer-pku.cn
http://timer.cistrome.org/
http://timer.cistrome.org/
https://www.cbioportal.org
https://www.cbioportal.org
https://cancergenome.nih.gov/
http://tide.dfci.harvard.edu

Article

https://doi.org/10.1038/s41467-023-38443-3

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Barnett, K. C. et al. Phosphoinositide interactions position cGAS at
the plasma membrane to ensure efficient distinction between self-
and viral DNA. Cell 176, 1432-1446.e1411 (2019).

Blanc, R. S. & Richard, S. Arginine methylation: the coming of age.
Mol. Cell 65, 8-24 (2017).

Zhu, J. et al. Zebrafish prmt3 negatively regulates antiviral
responses. FASEB J. 34, 10212-10227 (2020).

Zhang, H., Han, C., Li, T., Li, N. & Cao, X. The methyltransferase
PRMT6 attenuates antiviral innate immunity by blocking TBK1-IRF3
signaling. Cell Mol. Immunol. 16, 800-809 (2019).

Zhu, J. et al. Arginine monomethylation by PRMT7 controls MAVS-
mediated antiviral innate immunity. Mol Cell 81, 3171-3186.e3178
(2021).

Cui, S. et al. Nuclear cGAS functions non-canonically to enhance
antiviral immunity via recruiting methyltransferase Prmt5. Cell Rep
33, 108490 (2020).

Ma, D. et al. Arginine methyltransferase PRMT5 negatively regulates
cGAS-mediated antiviral immune response. Sci. Adv. 7,

eabc1834 (2021).

Kim, H. et al. PRMTS5 control of cGAS/STING and NLRC5 pathways
defines melanoma response to antitumor immunity. Sci. Transl.
Med. 12, eaaz5683 (2020).

Yang, Y. & Bedford, M. T. Protein arginine methyltransferases and
cancer. Nat. Rev. Cancer 13, 37-50 (2013).

Wang, H. et al. Methylation of histone H4 at arginine 3 facilitating
transcriptional activation by nuclear hormone receptor. Science
293, 853-857 (2001).

van Dijk, T. B. et al. Friend of Prmt1, a novel chromatin target of
protein arginine methyltransferases. Mol. Cell. Biol. 30,

260-272 (2010).

Wu, Q. et al. PRMT inhibition induces a viral mimicry response in
triple-negative breast cancer. Nat. Chem. Biol. 18, 821-830
(2022).

McBride, A. E., Weiss, V. H., Kim, H. K., Hogle, J. M. & Silver, P. A.
Analysis of the yeast arginine methyltransferase Hmt1p/Rmtl1p and
its in vivo function. Cofactor binding and substrate interactions. J.
Biol. Chem. 275, 3128-3136 (2000).

Zhang, X. & Cheng, X. Structure of the predominant protein argi-
nine methyltransferase PRMT1 and analysis of its binding to sub-
strate peptides. Structure 11, 509-520 (2003).

Eram, M. S. et al. A potent, selective, and cell-active inhibitor of
human type i protein arginine methyltransferases. ACS Chem. Biol.
1, 772-781(2016).

Fedoriw, A. et al. Anti-tumor activity of the type | PRMT inhibitor,
GSK3368715, synergizes with PRMTS5 inhibition through MTAP loss.
Cancer Cell 36, 100-114.€125 (2019).

Bottcher, J. P. et al. Functional classification of memory CD8+T cells
by CX3CR1 expression. Nat. Commun. 6, 8306 (2015).

Casey, S. C. et al. MYC regulates the antitumor immune response
through CD47 and PD-L1. Science 352, 227-231 (2016).

Han, H. et al. Small-molecule MYC inhibitors suppress tumor
growth and enhance immunotherapy. Cancer Cell 36,
483-497.e415 (2019).

Dolezal, E. et al. The BTG2-PRMT1 module limits pre-B cell expan-
sion by regulating the CDK4-Cyclin-D3 complex. Nat. Immunol. 18,
911-920 (2017).

Zheng, S. et al. Arginine methylation-dependent reader-writer
interplay governs growth control by E2F-1. Mol. Cell 52,
37-51(2013).

Mariathasan, S. et al. TGFbeta attenuates tumour response to PD-L1
blockade by contributing to exclusion of T cells. Nature 554,
544-548 (2018).

Infantino, S. et al. Arginine methylation of the B cell antigen
receptor promotes differentiation. J. Exp. Med. 207, 711-719
(2010).

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

Infantino, S. et al. Arginine methylation catalyzed by PRMT1 is
required for B cell activation and differentiation. Nat. Commun. 8,
891 (2017).

Mowen, K. A. et al. Arginine methylation of STAT1 modulates
IFNalpha/beta-induced transcription. Cell 104, 731-741 (2001).
Abramovich, C., Yakobson, B., Chebath, J. & Revel, M. A protein-
arginine methyltransferase binds to the intracytoplasmic domain of
the IFNAR1 chain in the type | interferon receptor. EMBO J. 16,
260-266 (1997).

Hsu, W.-J. et al. PRMT1 confers resistance to olaparib via modulating
MYC signaling in triple-negative breast cancer. J. Pers. Med. 11,
1009 (2021).

Dominici, C. et al. Synergistic effects of type | PRMT and PARP
inhibitors against non-small cell lung cancer cells. Clin. Epigenet.
13, 1-15 (2021).

Musiani, D. et al. PRMT1 is recruited via DNA-PK to chromatin where
it sustains the senescence-associated secretory phenotype in
response to cisplatin. Cell Rep. 30, 1208-1222.1209 (2020).

Lu, S. X. et al. Pharmacologic modulation of RNA splicing enhances
anti-tumor immunity. Cell 184, 4032-4047.e4031 (2021).

Herbst, R. S. et al. Predictive correlates of response to the anti-PD-L1
antibody MPDL3280A in cancer patients. Nature 515,

563-567 (2014).

Topalian, S. L. et al. Safety, activity, and immune correlates of anti-
PD-1 antibody in cancer. N. Engl. J. Med. 366, 2443-2454 (2012).
Patel, S. P. & Kurzrock, R. PD-L1 expression as a predictive biomarker
in cancer immunotherapy. Mol. Cancer Ther. 14, 847-856 (2015).
Zhang, J. et al. Cyclin D-CDK4 kinase destabilizes PD-L1 via cullin
3-SPOP to control cancer immune surveillance. Nature 553,

91-95 (2018).

Jin, X. et al. Phosphorylated RB promotes cancer immunity by
inhibiting NF-kappaB activation and PD-L1 expression. Mol. Cell 73,
22-35.e26 (2019).

Wiederschain, D. et al. Single-vector inducible lentiviral RNAi sys-
tem for oncology target validation. Cell Cycle 8, 498-504 (2009).
Sanjana, N. E., Shalem, O. & Zhang, F. Improved vectors and
genome-wide libraries for CRISPR screening. Nat. Methods 11,
783-784 (2014).

Patro, R., Duggal, G., Love, M. L., Irizarry, R. A. & Kingsford, C. Sal-
mon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 14, 417-419 (2017).

Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeg2. Genome Biol.
15, 1-21 (2014).

Subramanian, A. et al. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles.
Proc. Natl. Acad. Sci. 102, 15545-15550 (2005).

Fong, J. Y. et al. Therapeutic targeting of RNA splicing catalysis
through inhibition of protein arginine methylation. Cancer Cell 36,
194-209.e199 (2019).

Tang, Z., Kang, B., Li, C., Chen, T. & Zhang, Z. GEPIA2: an enhanced
web server for large-scale expression profiling and interactive
analysis. Nucleic Acids Res. 47, W556-W560 (2019).

Li, T. et al. TIMER2.0 for analysis of tumor-infiltrating immune cells.
Nucleic Acids Res. 48, W509-W514 (2020).

Cerami, E. et al. The cBio cancer genomics portal: an open platform
for exploring multidimensional cancer genomics data. Cancer Dis-
cov. 2, 401-404 (2012).

Gao, J. et al. Integrative analysis of complex cancer genomics and
clinical profiles using the cBioPortal. Sci. Signal. 6, pl1 (2013).
Marcotte, R. et al. Functional genomic landscape of human breast
cancer drivers, vulnerabilities, and resistance. Cell 164,

293-309 (2016).

Jiang, P. et al. Signatures of T cell dysfunction and exclusion predict
cancer immunotherapy response. Nat. Med. 24, 1550-1558 (2018).

Nature Communications | (2023)14:2806

14



Article

https://doi.org/10.1038/s41467-023-38443-3

72. Mariathasan, S. et al. TGF[3 attenuates tumour response to PD-L1
blockade by contributing to exclusion of T cells. Nature 554,
544-548 (2018).

73. Gentles, A. J. et al. The prognostic landscape of genes and infil-
trating immune cells across human cancers. Nat. Med. 21,
938-945 (2015).

Acknowledgements

We thank Dr. Pengda Liu at UNC-Chapel Hill for suggestions and com-
ments on this work. We thank Dr. Yanzhong Yang at the City of Hope for
kindly providing the GFP-PRMTs constructs. This work was supported by
R35CA253027 (W.W.), RO1 CA236226, PO1 CA250959, and PO1
CA239660 (P.S.), and CA40192, PO1AI56299, P50CA101942, and
P50CA206963 (G.F.).

Author contributions

The idea was conceived by W.W., G.F., J.L., and X.B.; J.L. designed and
performed the in vitro experiments; J.L., X.B., and X.D. designed and
performed the in vivo experiments; J.A. performed the mass spec
experiments. C.C. analyzed the RNA-seq data. J.L. and X.B. wrote the
manuscript. W.W., G.F., and P.S. supervised the study and edited the
manuscript. All authors commented on the manuscript.

Competing interests

W.W. is a co-founder and stockholder of Rekindle Therapeutics. All other
authors declare no competing interests. G.J. Freeman has patents/
pending royalties on the PD-1/PD-L1 pathway from Roche, Merck MSD,
Bristol-Myers-Squibb, Merck KGA, Eli Lilly, Boehringer-Ingelheim,
AstraZeneca, Dako, Leica, Mayo Clinic, and Novartis. G.J. Freeman has
served on advisory boards for Roche, Bristol-Myers-Squibb, Xios, Origi-
med, Triursus, iTeos, NextPoint, IgM, Jubilant, Trillium, GV20, and
Geode. G.J. Freeman has equity in Nextpoint, Triursus, Xios, iTeos, IgM,
GV20, and Geode. G.J. Freeman has patents on TIM-3 licensed to
Novartis. P.S. has been a consultant at Novartis, Genovis, Guidepoint,
The Planning Shop, ORIC Pharmaceuticals, Cedilla Therapeutics, Syros
Pharmaceuticals, Exo Therapeutics, Curie Bio Operations, Exscientia,

Ligature Therapeutics, Redesign Science. P.S. laboratory receives
research funding from Novartis.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38443-3.

Correspondence and requests for materials should be addressed to
Gordon J. Freeman or Wenyi Wei.

Peer review information Nature Communications thanks Stefani
Spranger and the other anonymous reviewer(s) for their contribution to
the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2806

15


https://doi.org/10.1038/s41467-023-38443-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	PRMT1 mediated methylation of cGAS suppresses anti-tumor immunity
	Results
	PRMT1 methylates cGAS and suppresses cGAS/STING signaling in cancer cells
	Genetic ablation or pharmaceutic inhibition of PRMT1 leads to activation of cGAS/STING signaling
	PRMT1 methylates cGAS at the conserved Arg133 residue on its N-terminus
	PRMT1�suppresses tumor immunity in a cGAS-dependent manner
	Pharmaceutic inhibition of PRMT1 triggers tumor immunity in a cGAS-dependent manner in�vitro and in�vivo
	PRMT1 ablation increases PD-L1 expression in a cGAS-dependent manner
	PRMT1 inhibitor synergizes with anti-PD-1 antibody to boost anti-tumor immunity

	Discussion
	Methods
	Cell lines
	General cloning
	Antibodies
	Co-immunoprecipitation and western blot
	In vitro methylation assays
	Measurement of cGAMP level
	Cell stimulation with DNA or RNA
	Biotin-pulldown assay
	RNA-sequencing and bioinformatics analyses
	RT-qPCR
	Treatment of wild-type mice with PRMT1 inhibitors
	In vivo experimental therapy in syngeneic mice tumor models
	Tumor-infiltrating lymphocytes analysis
	Transcripts and survival analyses
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




