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In brief

Engaging cytosolic nucleic acid sensing
and the type | interferon (IFN) response is
an emerging therapeutic strategy in
oncology. Gozgit et al. find that PARP7 is
a cancer-specific brake on this pathway
and that inhibition of PARP7 by a
selective inhibitor, RBN-2397, induces
both cancer cell-autonomous effects and
antitumor immunity via enhanced IFN
signaling.
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SUMMARY

PARP7 is a monoPARP that catalyzes the transfer of single units of ADP-ribose onto substrates to change
their function. Here, we identify PARP7 as a negative regulator of nucleic acid sensing in tumor cells. Inhibi-
tion of PARPY restores type | interferon (IFN) signaling responses to nucleic acids in tumor models. Restored
signaling can directly inhibit cell proliferation and activate the immune system, both of which contribute to
tumor regression. Oral dosing of the PARP7 small-molecule inhibitor, RBN-2397, results in complete tumor
regression in a lung cancer xenograft and induces tumor-specific adaptive immune memory in an immuno-
competent mouse cancer model, dependent on inducing type | IFN signaling in tumor cells. PARP7 is a ther-
apeutic target whose inhibition induces both cancer cell-autonomous and immune stimulatory effects via
enhanced IFN signaling. These data support the targeting of a monoPARP in cancer and introduce a potent

and selective PARP7 inhibitor to enter clinical development.

INTRODUCTION

Poly[adenosine diphosphate (ADP)-ribose] polymerases (PARPS)
are members of a family of 17 enzymes that regulate fundamental
cellular processes including gene expression, protein degrada-
tion, and multiple cellular stress responses (Cohen and Chang,
2018). The ability of cancer cells to survive under stress is a funda-
mental cancer mechanism and an emerging approach for thera-
peutics (Luo et al., 2009). PARPs use nicotinamide adenine dinu-
cleotide (NAD*) to post-translationally modify substrate proteins
with ADP-ribose, a process referred to as ADP ribosylation. The
majority of PARP family members are referred to as monoPARPsS,
because they catalyze the transfer of a single unit of ADP-ribose
(i.e., mono[ADP-ribose] or MAR) onto their substrates (MARyla-
tion), while other polyPARPs attach polymers of ADP-ribose units
(i.e., poly[ADP-ribose] or PAR) onto their substrates (PARylation).
One member of the polyPARP subfamily, PARP1, has already
been shown to be an effective cancer target in connection with
cellular stress induced by DNA damage, induced either by genetic
mutation or by cytotoxic chemotherapy, with four approved drugs
on the market and several others in the late stage of development
(Ohmoto and Yachida, 2017).
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In contrast to PARP1, PARP7 (TIPARP) is a monoPARP
whose expression is upregulated by ligands of the aryl hydro-
carbon receptor (AHR), including chemicals found in cigarette
smoke (Matthews, 2017). PARP7 acts as a negative feedback
mechanism to regulate the expression of cytochrome P450
genes, CYP1A1 and CYP1B1 (MacPherson et al., 2013,
2014). In the context of viral infection, AHR-induced PARP7
can interact with TBK1, a major kinase that is activated during
the onset of pathogen-associated molecular pattern pathways
leading to an activation of the type | interferon (IFN) response
and antiviralimmunity (Yamada et al., 2016). PARP7 was shown
to MARylate TBK1, which prevents its activation, thereby re-
pressing the type | IFN response. Based on these results after
viral infection, one could hypothesize that cancer cells can
use aberrantly expressed and/or activated PARP7 as a mecha-
nism to evade the host immune system through suppression of
the type | IFN response and thereby T cell-mediated antitumor
immunity. In a recent genetic screen to identify tumor factors
that suppress T cell activation, PARP7 was identified as a sig-
nificant gene hit (Pan et al., 2018). PARP7 knockout in a mouse
melanoma cell line was shown to increase the proliferation and
activation of co-cultured T cells, suggesting that PARP7
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inhibition may be a viable strategy to activate T cell-mediated
tumor killing.

Pattern recognition receptor (PRR) pathways, including
sensing mechanisms through cGAS/STING and RIG-I, activate
type I IFNs to induce innate immunity in response to pathogen-
or damage-generated cytosolic nucleic acids (lvashkiv and Don-
lin, 2014; Paludan et al., 2019; Barber, 2015; Ishikawa and
Barber, 2008; Ahn et al.,, 2014; Hartlova et al., 2015). For
instance, interaction of cytosolic DNA with cGAS activates the
synthesis of the second messenger, cGAMP, leading to confor-
mational changes in STING and phosphorylation of TBK1. Acti-
vated TBK1 in turn phosphorylates IRF3, leading to the transcrip-
tion of type | IFN genes (Borden, 2019). Type | IFNs bind the IFN-
o/ receptor (IFNAR) and signal through the JAK/STAT pathway
(Majoros et al., 2017), leading to the expression of hundreds of
IFN-stimulated genes (ISGs) (Borden, 2019) that regulate diverse
cellular functions in response to sensing cytosolic nucleic acids.
Due to genomic instability, cancer cells often harbor aberrant
cytosolic nucleic acids, which can activate PRRs (Paludan
et al., 2019; Hatch et al., 2013; Harding et al., 2017; Mackenzie
et al.,, 2017; Gluck et al., 2017). The resulting inflammatory
signaling could favor cancer growth at low levels and trigger
cell death or immune recognition at high levels (Cheon et al.,
2014), suggesting that cancer cells are under selective pressure
to regulate signaling strength. Here, we identify PARP7 as a
negative regulator of nucleic acid sensing whose expression is
upregulated in cancer to preferentially downregulate IFN
signaling. PARP7 inhibitors can unleash tumoral IFN signaling,
leading to tumor regression and durable immunity.

RESULTS

RBN-2397 is a potent inhibitor of PARP7 that restores
type | IFN signaling

In primary tumors of squamous histology, the PARP7 gene locus
region on chromosome 3 (3925) is frequently amplified, corre-
sponding to increased levels of PARP7 mRNA expression levels
(Figures S1A and S1B; www.cancer.gov/tcga). As PARP7 has
been shown to suppress virus-induced type | IFN signaling, we as-
sessed the relationship between PARP7 expression and baseline
IFN gene expression using a published ISG score (Liu et al., 2019).
We found that PARP7 expression is significantly correlated with
ISG score in most cancer types (Figure S1C). To understand
whether cancer cells depend on PARP?7 for proliferation, we inves-
tigated PARP7 in publicly available CRISPR screening databases
(www.depmap.org). These analyses revealed that a subset of
cancers exhibit PARP7 dependency. Importantly there is no cor-
relation observed between PARP7 and PARP1 CRISPR depen-
dencies in cancer cell lines (Figure S1D). Furthermore, higher
PARP7 expression corresponds with higher PARP7 cell line de-
pendency (Figure S1E). These data suggest that a subset of can-
cers distinctly depend on PARP7 compared with PARP1 and sup-
port PARP7 as a putative cancer target.

As part of our drug-discovery efforts to identify potent and se-
lective inhibitors of PARP7, we utilized structure-based design to
optimize an unselective monoPARP inhibitor identified by
screening Ribon’s internal compound collection of PARP inhibi-
tors. Further optimization of potency, selectivity, and physico-
chemical properties led to the discovery of RBN-2397, a small-
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molecule potent and selective inhibitor of PARP7 catalytic func-
tion (Figures 1A and S2A; Table S1). A co-crystal structure of
RBN-2397 demonstrated binding in the NAD*-binding pocket
(Figure 1B). In contrast to the approved PARP1 inhibitors,
RBN-2397 uniquely inhibits PARP7 within the family of human
PARPs with catalytic activity, as measured by biochemical
enzyme inhibition or biophysical assays (Figures 1C and S2A).
RBN-2397 inhibits PARP7 with an IC5y of <3 nM in a probe
displacement assay and has a Kp of 0.22 nM measured using
surface plasmon resonance (Figures 1C, S2A, and S2B), demon-
strating >50-fold selectivity for inhibition of PARP7 over all PARP
family members (Wigle et al., 2020a, 2020b). Binding to PARP7 in
the cellular milieu was shown by its ability to displace an active-
site probe in a NanoBRET assay, where RBN-2397 exhibited
dose-dependent inhibition of the BRET signal with an ICso of
1 nM, demonstrating 500-fold selectivity for PARP7 over
PARP12, another monoPARP that is structurally similar to
PARP7 (Figure S2C). The inhibition of PARP1-mediated ADP ri-
bosylation has been well characterized for several PARP1 inhib-
itors using a cellular PARylation assay (Jones et al., 2015; Wang
et al., 2016). We have previously shown that while PARP1 inhib-
itors potently inhibit PARylation, these compounds show little to
weak inhibition of cellular MARylation (Lu et al., 2019). Here we
show that RBN-2397 inhibits MARylation of multiple intracellular
proteins in PARP7-overexpressing SK-MES-1 cells with an IC5sq
of 2 nM, showing a 300-fold window over the inhibition of PAR-
ylation in PARP1-activated Hela cells (Figure 1D). It was previ-
ously shown that PARP7 selectively acts as a negative feedback
mechanism to regulate the expression of CYP1A7 and CYP1B1
genes (MacPherson et al., 2013, 2014). RBN-2397 treatment
increased expression of CYP7B7 mRNA in HARA cells in a sin-
gle-plex assay (Figure S2D) and in NCI-H1373 and NCI-H647
cells demonstrated by RNA sequencing (Table S2), consistent
with release from the negative regulatory effect of PARP7 on
AHR-driven transcription. Together, these data suggest that
RBN-2397 is a highly selective and cell-potent PARP7 inhibitor
leading to on-target pharmacological effects in cells.

PARP7 was reported to suppress the IFN response to both
viral DNA and synthetic RNA by interacting with TBK1 and sup-
pressing its activity by ADP ribosylation (Yamada et al., 2016).
We confirmed that overexpression of PARP7 can suppress the
IFN response to synthetic double-stranded DNA, poly(dA:dT),
as measured by a decrease in IFN-8 mRNA levels in HEK293T
cells (Figure 1E). We next demonstrated that PARP7-dependent
MARylation of recombinant TBK1 is completely abolished by
RBN-2397 (Figure S2E). To further evaluate the effects of
PARP?7 inhibition on type | IFN signaling in the context of cancer,
we screened a panel of mouse cancer cell lines (Figures S3A and
S3B) and found that RBN-2397 restored type | IFN signaling in
CT26 cells as measured by a concentration-dependent increase
in STAT1 phosphorylation and CXCL70 mRNA levels (Figures 1F
and 1G). RBN-2397 did not affect the proliferation of CT26 cells
at concentrations up to 10 uM (Figures S3A and S3B). The spec-
ificity of RBN-2397 for restoring the type | IFN response in CT26
cells was assessed using an inactive but structurally related
analog of RBN-2397, RBN250036, which is methylated at a
key nitrogen in the nicotinamide-binding pocket, resulting in
the loss of activity against all PARP family members (Figures
S3C and S3D). RBN250036 had no effect on pSTAT1 and
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Figure 1. RBN-2397 is a potent inhibitor of PARP7 that restores type | IFN signaling

(A) Structure of RBN-2397.

(B) Crystal structure of PARP12 protein that has been mutated to resemble PARP7 shown as surface representation with enhanced view of the active site shown
as ribbon diagram (green, mutations in cyan), RBN-2397 (yellow) at 2.0 A with 2F,-F,, electron density map (1o, white mesh), and hydrogen bonds (dashes).
PARP12 was used as a surrogate, since PARP7 protein did not crystallize; four key residues were mutated to match the PARP7 sequence (cyan).

(C) Selectivity of RBN-2397 in biochemical enzyme inhibition or biophysical assays (see Figure S2A for further information).

(D) RBN-2397 potently inhibits MARylation in SK-MES-1 cells compared with PARylation in PARP1-activated Hela cells. Data shown as mean + SD from two
experiments tested in at least duplicate.

(E) Expression of IFN-8 mRNA in HEK293T cells treated with poly(dA:dT) in the presence of PARP7 overexpression. Representative data shown from a single
experiment, experiment repeated twice.

(F) Concentration-dependent increase in pSTAT1 by RBN-2397 compared with an inactive analog, RBN250036, in CT26 cells. Representative data shown from a
single experiment, experiment repeated twice.

(G) Effects of RBN-2397 on CXCL10 mRNA compared with an inactive analog, RBN250036, and PARP1 inhibitor, olaparib, in CT26 cells. Representative data
shown as mean + SD, n = 2, experiment repeated twice.

(H) Changes in pSTAT1 by RBN-2397 in wild-type (WT) CT26 cells, and PARP1 KO or PARP7 KO CT26 stable clones. Representative data shown from a single
experiment, experiment repeated twice.

(I) Changes in CXCL10 mRNA by RBN-2397 in wild-type (WT) CT26 cells, and PARP1 KO or PARP7 KO CT26 clones. Representative data shown as mean + SD,
n = 2, experiment repeated twice. Vehicle-treated PARP7 KO cells showed 2.4-fold increase in CXCL10 mRNA levels compared with vehicle-treated WT
CT26 cells.

CXCL10 in CT26 cells (Figures 1F and 1G), demonstrating that  cells (Figures S4A and S4B). These data suggest that activation

RBN-2397 restores the type | IFN response by specifically inhib-
iting PARP7 catalytic activity. We next assessed the effects of
the PARP1 inhibitor olaparib on the type | IFN response and
showed that inhibition of PARP1 did not increase STAT1 phos-
phorylation (Figure S3E) or CXCL10 (Figure 1G) in CT26 cells.
To further examine the on-target activity of RBN-2397, we
used CRISPR/Cas9 to knock out selected PARP family mem-
bers. Stable knockout (KO) of PARP7 prevented any additional
increase of STAT1 phosphorylation or CXCL10 mRNA by RBN-
2397 in CT26 cells; however, KO of PARPs 1, 2, 3, or 12 had
no effect on the induction of type | IFN signaling by RBN-2397
(Figures 1H, 11, S4A, and S4B). The double KO of PARP1 and
PARP2 (PARP1/2) showed a result similar to that for single-KO
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of the type I IFN response by RBN-2397 is an on-target effect of
inhibiting PARP7.

RBN-2397 induces antitumor immunity dependent on
CD8 T cells

To investigate the role of PARP7 in the antitumor immune
response in vivo, we orally dosed CT26 tumor-bearing, immuno-
competent BALB/c mice on a continuous daily schedule with
vehicle or RBN-2397 (3-100 mg/kg once daily [QD]) or using an
intermittent schedule of 5 days on and 2 days off (100 mg/kg).
RBN-2397 was either administered alone or co-formulated with
the cytochrome P450 inhibitor, 1-aminobenzotriazole (1-ABT),
to increase mouse exposure (Figures S5B and S5E). RBN-2397
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Figure 2. RBN-2397 induces antitumor immunity dependent on CD8 T cells

(A) Antitumor activity of RBN-2397 (QD x 42 days; dosing period indicated by solid line) in CT26 tumor-bearing BALB/c mice (n = 10). Treatment was initiated
6 days after tumor inoculation when mean tumor size reached 54 mm?®. p value determined by two-way ANOVA with multiple comparisons on day 18. All mice
were co-dosed with 1-ABT. QD, Once daily; TF, tumor-free.

(B) Twelve CT26 tumor-free mice after RBN-2397 treatment were rechallenged with CT26 or 4T1 cells (mean + SEM, n = 12). Naive mice were used as control
(mean + SEM, n = 8).

(C) Activity of RBN-2397 (QD x 35 days) in CT26 wild-type (WT), PARP1 KO, or PARP7 KO tumor-bearing BALB/c mice (n = 10). Treatment was initiated when
mean tumor size reached 61, 65, and 59 mm?® for WT, PARP1 KO, and PARP7 KO, respectively. p value determined by a two-tailed Student’s t test (WT day 18,
PARP1 KO day 19, and PARP7 KO day 22). Data shown as tumor volume (mean + SEM) for measurements with >80% of the mice remaining in the group. All mice
were co-dosed with 1-ABT. QD, once daily; TF, tumor-free.

(D) Exposure-dependent increase of tumoral IFN-3, CXCL10, IFIT1, and MX1 mRNAs in CT26 tumor-bearing mice dosed with RBN-2397. Data are shown as
mean + SD, n = 5, experiment repeated twice with similar results. All mice were co-dosed with 1-ABT.

(E) CT26 tumor-bearing NOG mice (mean tumor size of 69 mm?®) were administered either vehicle or RBN-2397 (QD x 21 days, n = 10). p value determined by two-
way ANOVA with multiple comparisons on day 14. Data shown as tumor volume (mean + SEM) for measurements with >80% of the mice remaining in the group.
All mice were co-dosed with 1-ABT.

(F) CT26 tumor-bearing BALB/c mice (mean tumor size of 76 mm?®) were administered either vehicle or 100 mg/kg RBN-2397 (QD x 28 days; dosing period
indicated by solid line) in the presence of either isotype control, anti-CD4, anti-CD8, or anti-asialoGM1 antibodies (n = 10). p value determined by two-way ANOVA
with multiple comparisons on day 19. Data shown as tumor volume (mean + SEM) for measurements with >80% of the mice remaining in the group. QD, once
daily; NS, not significant. All mice were co-dosed with 1-ABT.

(G) Changes in tumor immune cell populations and activation markers by RBN-2397 dosed at 500 mg/kg in CT26 tumor-bearing mice. Treatment was initiated
with mean tumor size of 81 mm?®. Data are shown as mean + SD, n = 8. p value determined by a two-tailed Student’s t test.

significantly inhibited tumor growth at all dose levels and sched-
ules, with complete and durable regression observed in 12 mice
at doses >30 mg/kg following 6 weeks of dosing (Figure 2A).
After 60 days of follow-up, all 12 tumor-free (TF) mice rejected a
challenge of injected CT26 cells, but 11 of the 12 developed
4T1 tumors, demonstrating development of tumor-specific
adaptive immune memory (Figure 2B; Corrales et al., 2015).
Using CT26 KO cell lines (described in Figures 1H, 11, S4A, and
S4B), we found that PARP?7 is indispensable for the immunomod-
ulatory and antitumor effects of RBN-2397 in vivo compared with
PARPs 1,2,3,12,and 1/2 (Figures 2C and S4C). Administration of
RBN-2397 (100 mg/kg) resulted in strong regression of wild-type
(WT) and PARP KO (PARPs 1, 2, 3, 12, and 1/2) CT26 tumors with
multiple TF mice observed in all groups; however, no regressions
were observed in PARP7 KO tumor-bearing mice (Figures 2C and
S4C). Enhanced antitumor activity was observed with RBN-2397

in PARP2, 3, 12, and 1/2 KO tumors (Figure S4C). These data
further support the on-target immunomodulatory activity of
RBN-2397. RBN-2397 showed an exposure-dependent increase
in IFN-B, CXCL10, MX1, and IFITT mRNAs in CT26 tumors (Fig-
ure 2D) but not in spleen tissue (Figure S5A) from mice adminis-
tered a single dose, suggesting tumor-specific activation of
type | IFN signaling in this model. RBN-2397 exposure levels (Fig-
ure S5B) required for antitumor activity coincided with the
observable pharmacodynamic effects in the tumor (Figure 2D).
To evaluate whether the adaptive immune response was
required for the antitumor effects of RBN-2397, we orally dosed
CT26-tumor-bearing immunodeficient NOG mice with RBN-
2397. In contrast to the complete and durable regression
observed by RBN-2397 in CT26 tumor-bearing BALB/c mice,
RBN-2397 showed reduced activity of 49% and 55% tumor
growth inhibition (TGI) at 30 and 100 mg/kg, respectively, with
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Figure 3. RBN-2397 antitumor immunity is dependent on tumor-produced type I IFN signaling
(A) Effects of TBK1 (BX795), JAK (ruxolitinib), or STING (C-178) blockade on RBN-2397-induced pSTAT1 in CT26 cells. Representative data shown from a single

experiment, experiment repeated twice.

(B) Effects of RBN-2397 on plRF3 and pSTAT1 determined by western immunoblotting in wild-type (WT), TBK1 KO, or IFNAR1 KO CT26 cells following 24-h
treatment. Representative data shown from single experiment, repeated twice.
(C) Effects of RBN-2397 on pSTAT1 in WT and STING KO CT26 cells. Representative data shown from single experiment, repeated twice.

(D) Effects of RBN-2397 on CXCL10 mRNA levels in WT and STING KO CT26 cells. Representative data shown from single experiment, repeated twice.

(E) Antitumor activity of 100 mg/kg RBN-2397 (QD x 35 days; dosing period indicated by solid line) in BALB/c subcutaneous tumor model using wild-type (WT),
IFNAR1 KO, TBK1, or STING KO CT26 cells. Tumor-bearing mice (mean size of 52, 63, 47 or 65 mm® for WT, IFNAR1 KO, TBK1 KO, or STING KO tumors,
respectively) were dosed orally with vehicle or RBN-2397 alone or in combination with anti-IFNAR1 neutralizing antibody (n = 10). p value determined by a two-
tailed Student’s t test (WT day 19; IFNAR KO, TBK1 KO, and STING KO day 14). All mice were co-dosed with 50 mg/kg 1-ABT. QD, once daily; TF, tumor-free.

no tumor regression (Figure 2E). To assess which immune cell
populations are involved in the antitumor effects of RBN-2397,
we depleted CT26 tumor-bearing BALB/c mice of CD4 T, CD8
T, or natural killer (NK) cells (Figure S5C). Depletion of CD4 T
or NK cells had no effect on RBN-2397 antitumor activity; how-
ever, depletion of CD8 T cells significantly reversed the effects
of RBN-2397 (Figure 2F), suggesting that CD8 T cells are respon-
sible for much of the antitumor immunity induced by RBN-2397.
Depletion of all three cell types showed similar effects as deple-
tion of CD8 T cells alone (Figure 2F). We also assessed the ef-
fects of RBN-2397 on tumor-infiltrating immune cell populations
by flow cytometry. We found that CT26 tumor-bearing mice
dosed daily with 500 mg/kg of RBN-2397 showed significant up-
regulation of MHCII, responsible for antigen presentation, and
CD86, responsible for delivery of the second activation signal
to T cells, on type | dendritic cells (DC1) by day 3 (Figures 2G
and S5D). CD8 tumor-infiltrating lymphocytes of RBN-2397-
treated mice had significantly increased levels of granzyme B
ondays 6 and 12, suggesting enhanced cytotoxic ability (Figures
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2G and S5D). The exposure levels of 500 mg/kg RBN-2397 (Fig-
ure S5E) were in line with levels observed with 30 mg/kg RBN-
2397 co-formulated with 1-ABT (Figure S5B). We also observed
that RBN-2397 significantly increased the prevalence of system-
ically distributed tumor antigen-specific T cells as shown by a
1.9-fold increase in the number of splenic T cells producing
IFN-v in response to the CT26 antigen, AH1 (gp70; Figure S5F;
Huang et al., 1996). This expansion of reactive cells was tumor
specific, as no increase was seen in the number of splenic
T cells producing IFN-y in response to an irrelevant peptide,
B-galactosidase peptide (B-gal; Figure S5F; Wang et al., 2018).

RBN-2397 antitumor immunity is dependent on tumor-
produced type | IFN signaling

To investigate the mechanism of RBN-2397 in restoring type | IFN
signaling, we used pharmacological inhibitors BX795 for TBK1
(Clark et al., 2009), C-178 for STING (Haag et al., 2018), and rux-
olitinib for JAK1/2 (Quintas-Cardama et al., 2010; Pattison et al.,
2012), and observed that TBK1, STING, and JAK are required
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Figure 4. Enhanced antitumor immunity
with the combination of anti-PD-1 and
u RBN-2397
(A) Changes in tumor immune cell populations and
activation markers by RBN-2397 dosed at
500 mg/kg in CT26 tumor-bearing BALB/c mice.
Data shown as mean + SD, n = 8. p value deter-
mined by a two-tailed Student’s t test.
(B) Antitumor activity of RBN-2397 (QD x 35 days)
in combination with anti-PD-1 in CT26 tumor-

Anti-PD-1 (5 mg/kg)

bearing BALB/c mice (mean tumor size of 54 mm?,
n = 10). p value determined by two-way ANOVA
with multiple comparisons on day 19. All mice
were co-dosed with 1-ABT. QD, once daily; TF,
tumor-free.
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for the RBN-2397-mediated increase in STAT1 phosphorylation
(Figure 3A). To confirm these findings, we used CRISPR/Cas9 to
ablate either TBK1, STING, or IFNAR1 from CT26 cells. We found
that KO of TBK1 prevents both IRF3 and STAT1 phosphorylation
by RBN-2397, whereas KO of IFNAR1 only blocks RBN-2397-
induced STAT1 phosphorylation (Figure 3B). Likewise, the type |
IFN response by RBN-2397 was diminished in STING KO cells,
demonstrated by abrogated pSTAT1 and CXCL10 levels (Figures
3C and 3D). Together, these results are consistent with the role of
PARP7 negatively regulating PRR signaling in cancer cells.

To test whether the effect of RBN-2397 on antitumor immunity
depends on type | IFN signaling in vivo, we administered vehicle
or RBN-2397 (100 mg/kg) CT26 to WT or PRR pathway gene KO
tumor-bearing mice. We found that ablation of tumor TBK1 or
STING nearly eliminated the response to RBN-2397 (Figure 3E),
suggesting that tumor-derived IFN is the source of the immune
activation and is crucial for the RBN-2397-mediated antitumor
response. In contrast, antitumor activity of RBN-2397 was initially
attenuated in IFNAR1 KO tumors, but a subset of tumors began to
respond after day 12. Administration of a blocking anti-IFNAR1
antibody in this system to block non-tumor IFNAR responses
completely prevented tumor regression. This delayed response
seen in IFNAR1 KO tumors, which was sensitive to inhibition by
anti-IFNAR1 antibody, suggests that the onset of antitumorimmu-

— T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100110

RBN-2397 (30 mg/kg) +
anti-PD-1 (5 mg/kg)

administration of the anti-IFNAR1 anti-
body to mice bearing WT tumors phe-
nocopied the results of the IFNAR1 KO
plus anti-IFNAR antibody (Figure 3E).
Based onthese findings, it appears that tu-
mor-produced type | IFN, induced through
inhibition of PARP7 by RBN-2397, plays a
major role in the development of durable
antitumor immunity in this system.
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Using flow cytometry, we observed in-
creases in PD-L1 on macrophages and
LAG3 on CD8 T cells, markers of immune
feedback regulation and immune exhaustion, on days 6 and 12,
from tumor-infiltrating lymphocytes of mice bearing CT26 tumors
treated with 500 mg/kg RBN-2397 (Figures 4A and S5D). There-
fore, we next sought to evaluate whether the combination of
RBN-2397 with an anti-PD-1 antibody might mitigate PD-L1-
mediated inhibition of T cell activity and revive exhausted cyto-
toxic T lymphocytes, further enhancing antitumor responses (Par-
doll, 2012). Given the increase of PD-L1 on myeloid cells in the
CT26 tumor microenvironment following dosing with RBN-2397,
we started the administration of anti-PD-1 antibody on day 6.
RBN-2397 at 30 mg/kg showed significant TGl as a single agent
compared with anti-PD-1; however, the combination of anti-
PD-1 with RBN-2397 resulted in complete and durable regres-
sions in nine of the ten mice tested (Figure 4B). These data suggest
enhanced antitumor immunity with the combination compared
with either agent alone when tested at these dose levels.

Time (d)

RBN-2397 displays cell-autonomous effects in human
cancer models

To investigate the cell-autonomous effects of PARP7 inhibition,
we screened a set of three PARP7 inhibitors (supplemental infor-
mation) across 125 human cell lines derived from multiple cancer
types and identified a subset of cancer cell lines exhibiting de-
pendency on PARP7 for proliferation (Figure 5A and Table S3).
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Figure 5. RBN-2397 cell-autonomous effects in human cancer cell lines

(A) Representative Glso data for RBN011364 (PARP7 inhibitor) and niraparib (see Table S3 for responder cell lines and supplemental information for PARP7
inhibitors).

(B) Differentially expressed genes at baseline between responder and non-responder cell lines.

(C) PARP7 expression levels by PARP?7 inhibition response groups. Each point represents a cell line screened with PARP7 inhibitors, the color indicating the ISG
expression score of the cell line.

(D) Effects of RBN-2397 on proliferation of NCI-H1373 cells (left; representative data shown as mean + SD, n = 3, experiment repeated 46 times) or acute PARP7
knockout by CRISPR/Cas9 on proliferation of NCI-H1373 cells (right; representative data shown as mean + SD, n = 5, experiment repeated three times, p value
determined by a two-tailed Student’s t test).

(E) Effects of RBN-2397 on proliferation of HARA cells (left; representative data shown as mean + SD, n = 3, experiment repeated three times) or acute PARP7
knockout by CRISPR/Cas9 on proliferation of HARA cells (right; representative data shown as mean + SD, n = 5, experiment repeated three times, p value
determined by a two-tailed Student’s t test).

(F) Effects of RBN-2397 on type | IFN signaling in NCI-H1373 cells measured by the induction of IRF3 or STAT1 phosphorylation. Representative data shown from
a single experiment, experiment repeated twice.

(G) Effects of PARPs 1, 2, 3, or 7 acute KO in NCI-H1373 cells by CRISPR/Cas9 on RBN-2397-induced pSTAT1 determined by immunofluorescence. Repre-
sentative data shown as mean + SD, n = 4, experiment repeated twice, p value determined by one-way ANOVA.

(H) NCI-H1373 cells were treated with RBN-2397 and lysates were subjected to RNA sequencing. Volcano plot shows transcriptional changes (red: significant;
gray: not significant) by RBN-2397 in NCI-H1373 cells (top). GSEA of upregulated genes (bottom left) and Venn diagram (bottom right) depicting overlap of gene

expression changes. Significant gene expression changes defined by the false discovery rate (FDR) < 0.05 and fold change > 2.

We found remarkably differential responses between the PARP7
inhibitor (RBN011364) and niraparib, with niraparib showing 80-
fold more potent activity in the BRCA mutant MDA-MB-436 cell
line (RBN011364 Glsq: 4,000 nM and niraparib Glsg: 50 nM; Fig-
ure 5A and Table S3), suggesting that PARP7 inhibitors show se-
lective pharmacology in a subset of cancers. Responder cell
lines (n = 59; Table S3) were significantly enriched for high
expression of genes involved in type | IFN response and antigen
presentation (Figure 5B). Further analysis showed that both
PARP7 expression and the published ISG score (Liu et al.,
2019) were significantly higher among responder cell lines (Fig-
ure 5C). We used the CRISPR/Cas9 system to ablate PARP7 in
sensitive (NCI-H1373) and insensitive (HARA) lung cancer cells
and found that acute genetic KO of PARP7 phenocopied the
cellular activity of PARP7 catalytic inhibition via RBN-2397 in
both cell lines (Figures 5D and 5E). RBN-2397 treatment of cells
in which PARP7 was simultaneously being acutely knocked out
resulted in resistance to catalytic inhibition in sensitive NCI-
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H1373 but not insensitive HARA cells, demonstrating on-target
antiproliferative activity of RBN-2397 (Figures S6A and S6B).
Furthermore, the inactive analog, RBN250036, as well as two
PARP1 inhibitors, niraparib and olaparib, showed little to no ac-
tivity in the NCI-H1373 cell line (Glsos > 1,000 nM; Figure S6C).
We further characterized the phenotypic effects of PARP7 inhibi-
tion in NCI-H1373 and found that RBN-2397 significantly in-
creases the number of cells in the Go/G; phase of the cell cycle,
indicative of a cell-cycle arrest (Figure SED). This arrest in NCI-
H1373 cells appeared to be due to induction of senescence,
as shown by B-galactosidase staining (Figure S6D) and
increased MRNA expression of several SASP (senescence-
associated secretory phenotype) genes (Figure S6D).

We next evaluated the effects of PARP7 inhibition on type | IFN
signaling in the human NCI-H1373 cell line model and found that
RBN-2397 induced a concentration-dependent increase in IRF3
and STAT1 phosphorylation (Figures 5F and S7A) and CXCL10
(Figure S7B) compared with the inactive analog, RBN250036.
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Acute KO of PARP7 in NCI-H1373 cells showed the same
enhancement of pIRF3 and pSTAT1 (Figures 5G and S7C).
Simultaneous KO of PARP7 prevented any additional increase
of IRF3 or STAT1 phosphorylation by RBN-2397; however, KO
of PARPs 1, 2, or 3 had no effect on the induction of type | IFN
signaling by RBN-2397, further supporting the on-target activity
of RBN-2397 for PARP7 in both mouse and human cell lines (Fig-
ures 5G and S7C). The PARP1 inhibitor olaparib showed no ef-
fect on pSTAT1 or pIRF3 (Figures 5G and S7C) or CXCL10 (Fig-
ure S7B). We also observed no effects on pIRF3 and pSTAT1 in
two normal cell lines, BEAS-2B (lung epithelial) and MRC-5
(fibroblast) treated with RBN-2397 (Figure S7D). Similar to the re-
sults found with the mouse CT26 cell line (described in Figure 3),
RBN-2397 restored type | IFN signaling through TBK1 and JAK in
NCI-H1373 cells (Figure S7E). Additionally, we found that acute
KO of cGAS or STING by CRISPR/Cas9 prevented induction of
both pIRF3 and pSTAT1 by RBN-2397 in NCI-H1373 cells, but
KO of RIG-I did not affect downstream signaling (Figure S7F),
suggesting that the DNA-sensing pathway is essential for the ef-
fects of RBN-2397 on type | IFN signaling in NCI-H1373 cells.

We next investigated transcriptional changes after RBN-2397
treatment in two PARP?7 inhibitor-sensitive cell lines, NCI-H1373
and NCI-H647, by RNA sequencing. The majority of gene
expression changes were transcriptional increases at the 24-h
time point (Figures 5H and S8; Table S2). Based on gene set
enrichment analysis (GSEA), upregulated genes from PARP7 in-
hibition were significantly enriched in type | IFN signaling and
viral response genes in both cell lines (Figures 5H and S8). We
also observed that many ISGs whose baseline expression pre-
dicted in vitro sensitivity to PARP7 inhibition (Figure 5B) were
further transcriptionally increased by RBN-2397 (Figures 5H
and S8), suggesting that a primed state of IFN signaling in sensi-
tive cells is further enhanced by PARP7 inhibition.

Type | IFN pathway genes confer resistance and
sensitivity to RBN-2397 for proliferation
To further explore how RBN-2397 inhibits NCI-H1373 cell prolif-
eration, we performed unbiased genetic screens using whole-
genome CRISPRi and CRISPRa libraries (le Sage et al., 2017;
Jost and Weissman, 2018). Comparison of CRISPRi and
CRISPRa phenotype scores highlighted genes with opposing
functionality upon RBN-2397 treatment (Figure 6A and Table
S4). GSEA analysis showed that genes involved in innate immune
response, regulation of chemokine production, and Toll-like re-
ceptor signaling resulted in resistance to RBN-2397 when
silenced (CRISPRI) or sensitivity when activated (CRISPRa; Fig-
ure 6B). A custom CRISPR array comprising 234 genes involved
in innate immunity, helicase activity, and cytosolic RNA/DNA
sensing was used to validate the findings of the CRISPRi/a screen
and to further investigate the role of PARP7 in regulating the type |
IFN response in cancer cells. Consistent with results from the
CRISPRI/a screen, genetic KO of key components of type | IFN
signaling, such as cGAS (MB21D1) and IFNAR1, conferred resis-
tance to RBN-2397 (Figures 6C and S9; Table S5). These data
indicate that PARP7 suppresses the type | IFN response in NCI-
H1373 cells and that inhibiting PARP7 with RBN-2397 reactivates
the pathway, leading to inhibition of cancer cell proliferation.

To identify PARP7 substrates in cancer cells, we quantified
ADP-ribosylated proteins from cells with differential PARP7 ac-

¢ CellP’ress

tivity (either PARP7-inhibitor treated or with PARP7 overexpres-
sion) via an enrichment-mass spectrometry approach (Lu et al.,
2019). Proteins found to be differentially ADP-ribosylated were
considered as PARP7 substrate candidates (Table S6). These
putative PARP7 substrates were then compared with the hits
from the CRISPR screens described above. Concordance of
the phenotype between both CRISPR screens occurred in 18
substrates (Figure 6D). Among the four resistance hits, we iden-
tified PARP7 and AHR as substrates. AHR transcriptionally reg-
ulates PARP7 and was previously validated as a PARP7 sub-
strate (Lu et al.,, 2019; Gomez et al., 2018). Several PARP7
substrates were regulators of the type | IFN response. For
example, ADAR, an enzyme that negatively regulates cytosolic
RNA sensing (Ishizuka et al., 2019; Mannion et al., 2014), is a
PARP7 substrate, and KO of its gene confers sensitivity to
RBN-2397 (Figures 6D and S9). These data demonstrate that
PARP7 negatively regulates type | IFN signaling downstream of
nucleic acids at multiple steps in the pathway.

Antitumor activity of RBN-2397 in human xenografts

We next investigated the relationship between RBN-2397 anti-
proliferative activity and induction of type | IFN response in a
panel of cancer cell lines. We found that the majority of cell lines
that are sensitive to RBN-2397 antiproliferative activity also
show induction of ISGs (Figures 7A, S10A, and S10B). Both
RBN-2397 antiproliferative activity and induction of ISGs by
RBN-2397 were independent of the levels of cGAMP or cytosolic
DNA across the panel of cell lines (Figures S10C and S10D).
When grown as xenografts in CB17 SCID mice, QD dosing of
RBN-2397 led to antitumor activity (Figure S10E) in all cell
models that showed an induction of ISGs in vitro (Figures 7A
and S10B). We also observed modest antitumor activity (53%-—
78%) in four lung cancer patient-derived xenograft models,
further supporting the tumor-intrinsic activity of RBN-2397 (Fig-
ure S10F). RBN-2397 did not show any antitumor activity in the
HARA xenograft model (Figure S10E) that was also a non-
responder in vitro (Figure 5E). Taken together, reactivation of tu-
mor-intrinsic type | IFN signaling is a major determinant of the
antitumor activity of RBN-2397 in vivo.

While RBN-2397 slowed tumor growth (TGl: 49%-67%) in
most xenograft models, we observed complete tumor regres-
sion in the NCI-H1373 xenograft with either once- or twice-daily
dosing of 500 mg/kg RBN-2397. Tumor regressions were dura-
ble for at least 11 days after RBN-2397 dosing was stopped,
and tumors that regrew to either the initial starting tumor size
(approximately 122 mm?®) or to larger more established tumors
(approximately 530 mm?®) remained sensitive to RBN-2397
upon retreatment (Figure 7B). We next examined the antitumor
effects of once-daily orally administered RBN-2397 in CB17
SCID mice with subcutaneous NCI-H1373 xenograft tumors
over a dose range. We observed a dose-dependent effect of
RBN-2397 on tumor growth, with tumor regressions at dose
levels >30 mg/kg (Figure 7C). Increased antitumor activity was
associated with increased RBN-2397 exposure as measured
by plasma levels over time (Figure S11A). In addition, all three
intermittent dosing schedules tested at 300 mg/kg resulted in tu-
mor regression (Figure S11B). We observed that RBN-2397
significantly decreased ADP ribosylation at 24 h and increased
human tumor cell-expressed IFN-8, MX1, and IFITT mRNA
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Figure 6. Genes involved in type | IFN signaling confer resistance and sensitivity to RBN-2397
(A) Biplot of CRISPRIi/a gene scores in RBN-2397 treated NCI-H1373 cells. Genes with opposing CRISPRi/a effects are colored blue and orange.
(B) Waterfall plot of significantly enriched gene sets using CRISPRi-resistant/CRISPRa-sensitive (blue) and CRISPRI-sensitive/CRISPRa-resistant (orange)

scores.

(C) Waterfall plot of gene hits identified in CRISPR knockout array screen with RBN-2397 ranked by robust rank aggregation (RRA) score. Genes are listed to
match bars that have RRA FDR < 0.05 and consistent fold changes in the corresponding direction.

(D) Overlay of CRISPRI phenotype scores, CRISPR KO array (maximum log fold-change values), and substrate ID datasets. Substrate ID experimental hits are
defined as observed reduction in ADP ribosylation with PARP7 inhibitor (RBN011364, see supplemental information) treatment compared with vehicle treatment.

levels, and both CXCL70 mRNA and protein levels, in an expo-
sure-dependent manner compared with vehicle control (Figures
7D, S11C, and S11D). We also observed an induction of STAT1
phosphorylation in the tumor by RBN-2397 (Figure S11E).
While CB17 SCID mice lack cells of the adaptive immune sys-
tem, they still have innate immune cells such as NK cells and mac-
rophages that can be activated by type | IFNs (Zitvogel et al.,
2015). Using CB17 SCID mice treated with anti-asialoGM1 anti-
bodies to deplete NK cells, we observed that RBN-2397 antitumor
activity is independent of NK cells in the NCI-H1373 model (Fig-
ures S12A and S12B). Additional assessment of RBN-2397 anti-
tumor activity in SCID beige mice that lack functional NK cells
(Roder and Duwe, 1979) showed similar results (Figure S12C).
These data support the notion that RBN-2397 antitumor activity
in this model is mediated by tumor-intrinsic activity and not by
activation of NK cells in this model. We next evaluated the role
of type | IFN signaling on the tumor-intrinsic effects of RBN-
2397 in NCI-H1373 xenografts using CRISPR/Cas9 to knock out
TBK1. Although KO of TBK1 only resulted in partial resistance to
RBN-2397, it completely prevented tumor regression (Figure 7E).
These data suggest that TBK1/type | IFN signaling plays a partial
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role in controlling tumor growth in an immunodeficient model and
that other TBK1-independent pathways may be involved.

DISCUSSION

A growing body of literature suggests that one of the conse-
quences of genetic instability in cancer is the presence of aber-
rant nucleic acids in the cytosol (Paludan et al., 2019; Hatch
et al., 2013; Harding et al., 2017; Mackenzie et al., 2017; Gluck
etal., 2017). Typically, this triggers damage-associated molecu-
lar PRR signaling, for instance through the cGAS/STING or RIG-I
systems, and the type | IFN response (lvashkiv and Donlin, 2014;
Barber, 2015; Ishikawa and Barber, 2008; Ahn et al., 2014; Har-
tlova et al., 2015). Activation of this pathway at low levels may
promote tumor growth, but strong activation is thought to pro-
mote growth arrest and/or elimination by the immune system
(Cheon et al., 2014). Cancer cells may be under selective pres-
sure to control tumoral IFN signaling. For instance, the RNA- ed-
iting enzyme ADAR has been suggested to render nucleic acids
invisible to PRRs and may be upregulated in cancer cells to sup-
press the type | IFN response (Ishizuka et al., 2019; Liu et al.,
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Figure 7. RBN-2397 causes complete regression in human NCI-H1373 lung cancer xenografts

(A) Heatmap showing relationship between sensitivity to RBN-2397 for proliferation and ISG expression determined by NanoString (single experiment) across a
panel of cancer cell lines.

(B) Antitumor activity of 500 mg/kg RBN-2397 in CB17 SCID subcutaneous tumor model with NCI-H1373 cells. Tumor-bearing mice (mean tumor size of
118 mm?®, n = 10) were dosed orally with either vehicle or RBN-2397 at the indicated dose and schedule. Mice were monitored for tumor regrowth and were
retreated with either vehicle (blue line) or RBN-2397 (orange line) when tumor volumes reached either 122 mm? (left panel) or 530 mm? (right panel). Mean tumor
volume and SEM are plotted.

(C) Antitumor activity of RBN-2397 over a dose range (QD x 28 days) in CB17 SCID subcutaneous tumor model with NCI-H1373 cells. Treatment initiated with
mean tumor size of 118 mm®. Mean tumor volume and SEM are plotted, n = 10. p value determined by two-way ANOVA with multiple comparisons on day 28. QD,
once daily.

(D) Exposure-dependent decrease of tumoral monoADP ribosylation (MAR, top) and increase of IFN-8, CXCL10, IFIT1, and MX1 mRNAs (bottom) in NCI-H1373
tumor-bearing mice dosed with RBN-2397. Data are shown as mean + SD, n = 5, experiment repeated twice with similar results.

(E) Antitumor activity of 300 mg/kg RBN-2397 (QD x 21 days) in CB17 SCID subcutaneous tumor model with wild-type (WT) and TBK1 KO NCI-H1373 cells.
Treatment initiated with mean tumor size of 150 or 159 mm?® for WT and TBK1 KO, respectively. Mean tumor volume and SEM are plotted, n = 10. p value

determined by a two-tailed Student’s t test on day 21. QD, once daily.

2019; Gannon et al., 2018). Here, we show that some cancer
cells use PARP7 to reduce the type | IFN response to nucleic
acids. We discovered PARP7 to be a connection between im-
mune-regulatory AHR signaling and the type | IFN pathway in
cancer. We hypothesize that increased PARP7 expression due
to gene amplification or transcriptional activation by AHR leads
to chronic suppression of tumor IFN signaling. This allows the
cancer cell to grow and avoid immunosurveillance despite the
presence of cytosolic DNA or/and aberrant RNA.

Agents that engage innate immunity pathways, such as
STING agonists, have been proposed as cancer treatment stra-
tegies and have recently entered clinical testing (Galon and
Bruni, 2019; Vanpouille-Box et al., 2019; Flood et al., 2019).
STING agonists activate innate immunity by targeting immune
cells within the tumor microenvironment to mediate an adaptive
immune response but cannot trigger productive IFN signaling
and antiproliferative activity in tumor cells themselves (Flood,

2017). Because their effects rest on activation of cells of the im-
mune system, they lack specificity for tumors and may trigger
whole-body inflammation (Ramanjulu et al., 2018). PARP1 in-
hibitors, originally approved to target DNA repair defects in
cancer, have been recently shown to increase cytosolic DNA
and cGAMP levels leading to cGAS-STING activation in cells
with defects in their DNA repair machinery. In this context,
PARP1 inhibitors have been shown to trigger antitumor immune
responses in preclinical BRCA-deficient mouse models (Pante-
lidou et al., 2019; Shen et al., 2019; Ding et al.,, 2018). In
contrast, we have demonstrated that inhibition of PARP7 with
the small-molecule inhibitor RBN-2397 restores type | IFN
signaling in tumor cells by releasing a brake on aberrant nucleic
acid sensing, thus enhancing innate immunity within the tumor
environment rather than systemically. In addition, these tumor-
specific responses are not limited to cancers with DNA repair
defects.
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The on-target inhibition of PARP7 by RBN-2397 causes both
direct inhibition of cell proliferation and activation of signaling to
the immune system. Oral dosing of RBN-2397 results in durable,
complete tumor regression in a human lung cancer xenograft and
regression followed by tumor-specific adaptive immune memory
in a mouse syngeneic model, which can be amplified in combina-
tion with anti-PD-1 checkpoint inhibition. Interestingly, stable KO
of PARP7 in CT26 cells did not phenocopy the antitumor effects
observed with RBN-2397. Stable KO of PARP?7 results in only a
modest increase of type | signaling (Figures 1H and 1l), so it is
possible that the cells have adapted to suppress chronic type |
signaling. In contrast, acute KO of PARP7 results in a similar
type | IFN response compared with RBN-2397 in NCI-H1373 cells
(Figures 5G and S7C); therefore, it is unclear whether a conditional
KO would be more comparable with a small molecule in vivo.
Another intriguing possibility is that RBN-2397 is not only prevent-
ing the catalytic activity of PARP7 but is also working by trapping
PARP7 on a substrate affecting protein function.

Our in vivo data in human and mouse cancer models suggest
that antitumor activity can be achieved without a fully func-
tioning immune system; however, to achieve maximal and du-
rable regressions tumor cell-induced immune activation is
necessary. Our data support that PARP7 but not PARPs 1, 2,
3, or 12 is indispensable for the immunomodulatory activity of
RBN-2397. We did observe enhanced antitumor immunity
with PARP2, PARP3, and PARP12 KO CT26 cells and sensitiza-
tion to RBN-2397 with PARP1 and PARP3 KO NCI-H1373 cells,
suggesting the possibility to combine with agents that target
other PARPs. Our mechanistic studies indicate that active
signaling through PRRs and IFNAR1 in tumor cells is required
for the antitumor activity of RBN-2397, and that PARP7-medi-
ated ADP ribosylation regulates the activity of multiple signaling
nodes of this innate immunity pathway. This includes inputs
from both DNA and RNA arms of the pathways, with the RNA
arm evidenced by ADAR being both a PARP7 substrate and
sensitivity determinant. Cancer cell lines that have increased
expression of ISGs at baseline tend to be more responsive to
PARP7 inhibition, and RBN-2397 treatment increases gene
expression of several of the same ISGs further. This suggests
that certain cancers exhibit constitutive, low-level IFN signaling
that is negatively regulated by PARP7 to allow cancer cell sur-
vival and immune evasion. PARP7 inhibition releases that nega-
tive regulation, leading to cancer cell arrest and tumor targeting
by the immune system. The concept of cancers with high-
baseline ISG signaling has recently been introduced by
analyzing data from The Cancer Genome Atlas (Liu et al,
2019) and represents a potential patient enrichment strategy
for RBN-2397 testing in clinical trials. Together, our preclinical
data demonstrate the PARP7 inhibitor RBN-2397 as a cancer
treatment, and a phase 1 clinical trial is under way (Falchook
et al., 2021; NCT04053673) (clinicaltrials.gov, 2019).
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B-Actin Cell Signaling Technologies Cat#3700; RRID: AB_10828322
GAPDH Cell Signaling Technologies Cat#5174; RRID: AB_10622025
MAR/PAR Cell Signaling Technologies Cat#83732; RRID: AB_2749858
Phosphorylated IRF3 Cell Signaling Technologies Cat#4947; RRID: AB_823547
IRF3 Cell Signaling Technologies Cat#10949; RRID: AB_2797733
RIG-I Cell Signaling Technologies Cat#3743; RRID: AB_2269233
CGAS Cell Signaling Technologies Cat#15102; RRID: AB_2732795
STING Cell Signaling Technologies Cat#13647; RRID: AB_2732796

Anti-PD1 Clone# RPM1-14
Anti-IFNAR Clone# MAR1-5A3
Anti-mouse CD4 Clone#GK1.5
Anti-mouse CD8a Clone#2.43
Anti-Mouse, Rat Asialo GM1 Antibody
Anti-CD3

Poly/Mono-ADP Ribose (EBF6A) mAb
Goat anti-Rabbit IgG Secondary Antibody
CD3 Clone# 145-2C11

CD103 Clone# 2E7

CD4 Clone# RM4-5

PD-1 Clone# 29F.1A12

CD49b Clone# HMa2

CD335 Clone# REA815

LAG-3 Clone# C9B7W

CD45 Clone# 30-F11

Granzyme B Clone# QA16A02

FoxP3 Clone# 3G3

CD11b Clone# M1/70

CDB86 Clone# GL-1

CDB80 Clone# REA983

MHCII Clone# M5/114.15.2

CD172a (SIRPa) Clone# P84

Siglec H Clone# 551

CD11c Clone# N418

F4/80 Clone# BM8

PD-L1 Clone# 10F.9G2

CD206 Clone# C068C2

CD19 Clone#1D3

CD8 Clonet# 53-6.7

BioXCell
BioXCell
BioXCell
BioXCell

Wako Chemicals
eBioscience
Cell Signaling Technologies
Licor
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
Miltenyi Biotec
BioLegend

BD Biosciences
BioLegend
Miltenyi Biotec
BioLegend
BioLegend
Miltenyi Biotec
eBiosceince

Cat#BE0146; RRID: AB_10949053
Cat#BE0241; RRID: AB_2687723
Cat#BE0003-1; RRID: AB_1107636
Cat#BE0061; RRID: AB_1125541
Cat#986-10001; RRID: AB_516844
Cat#16-0031-86; RRID: AB_467048
Cat# 83732; RRID: AB_2749858
Cat#926-32211

Cat# 100369 ; RRID: AB_2734149
Cat# 121414; RRID: AB_1227502
Cat# 100510; RRID: AB_312713

Cat# 135207; RRID: AB_10550092
Cat# 103506; RRID: AB_313029
Cat# 130-112-359; RRID: AB_2657604
Cat# 125208; RRID: AB_2133343
Cat# 372210; RRID: AB_2728377
Cat# 372210; RRID: AB_2728377
Cat# 130-093-014; RRID: AB_871548
Cat# 101215; RRID: AB_312798

Cat# 105012; RRID: AB_493342)
Cat# 130-116-398; RRID: AB_2727516
Cat# 14-5321-82; RRID: AB_467561

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BD Biosciences
BioLegend

Cat# 144005; RRID:
Cat# 129605; RRID:
Cat# 117309; RRID:
Cat# 123116; RRID:
Cat# 124303; RRID:
Cat# 141716; RRID:
Cat# 560245; RRID:
Cat# 100701; RRID:

AB_11204432
AB_1227763
AB_313778
AB_893481
AB_961230
AB_2561992
AB_1645233
AB_312740

Chemicals, peptides, and recombinant proteins

Olaparib
Niraparib
Propidium iodide
Fugene HD

AdooQ Bioscience
AdooQ Bioscience
Thermo Scientific
Promega

Cat#A1011
Cat#A11026
Cat#P3566
Cat#E2311
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REAGENT or RESOURCE SOURCE IDENTIFIER
M-Per lysis buffer Thermo Scientific Cat#78501
HALT protease and phosphatase inhibitor Thermo Scientific Cat#78447
KU-60019 Selleckchem Cat#S1570
Camptothecin Sigma-Aldrich Cat#C9911
Ruxolitinib Selleckchem Cat#S1378
BX795 Selleckchem Cat#S1274
RBN250036 Ribon Therapeutics This paper
RBN-2397 Ribon Therapeutics This paper
RBNO011364 Ribon Therapeutics This paper
RBN011147 Ribon Therapeutics This paper
RBNO011198 Ribon Therapeutics This paper
RBNO011628 Ribon Therapeutics This paper
RBNO011595 Ribon Therapeutics This paper
Mouse IFN- B PBL Assay Science Cat#124-001
Human IFN-B Peprotech Cat#500-P32B
ADU-S100 Invivogen Cat#Tlrl-nacda2r-01
C-178 Selleckchem Cat#S6667
RIPA lysis buffer Millipore Cat#20-188
SDS Amresco Cat#E719-100mL
T-PER lysis buffer Thermo Scientific Cat#78510
Pierce BCA assay Thermo Scientific Cat#23225
Hoechst 33342 Sigma-Aldrich Cat#4082
RNAiMax Thermo Scientific Cat#13778150
1-ABT Sigma-Aldrich Cat#A3940
Zombie NIR viability dye BiolLegend N/A

RoboSep Buffer STEMCELL Technologies Cat#20104
AHI peptide; SPSYVYHQF GL Biochem Cat#201905270013
B-galactosidase; TPHPARIGL MBL International Cat#SPM511
Matrigel BD Biosciences Cat#354234

Laemmli sample buffer
TBS blocking buffer
Poly(dA:dT)
Poly(I:C) (LMW)
Poly(I:C) (HMW)
Lyovec

PARP1

PARP2

PARP3

PARP4

PARP5a

PARP6

PARP7

PARP8

PARP9

PARP10

PARP11

PARP12

PARP13

Bio-Rad

Licor

Invivogen
Invivogen
Invivogen
Invivogen

Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
Wigle et al. (2020a)
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Cat#161-0747
Cat#927-60001
Catitlrl-patc
Catiftlrl-picwlv
Catittlrl-piclv
Catitlyec

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
PARP14 Wigle et al. (2020a) N/A

PARP15 Wigle et al. (2020a) N/A

PARP16 Wigle et al. (2020a) N/A
Biotin-NAD* Biolog Cat. # NO12
Critical commercial assays

QuantiGene Singleplex HT Assay kit Thermo Scientific Cat#QS0384
Cell TiterGlo Promega Cat#G7573
B-Galactosidase activity Cell Signaling Technologies Cat#9860
2'3’-cGAMP ELISA assay kit Cayman Chemical Cat#501700
Qiagen RNeasy Plus Mini Kit Qiagen Cat#74136
MagMAX-96 for microarrays total RNA isolation kit Thermo Scientific Cat#AM1839

Miltenyi Tumor Dissociation Kit
SSVILO Reverse Transcription kit
Tagman multiplex Master Mix
CXCL10/IP-10 Quantikine ELISA Kit
Mouse CD3+ T Cell Isolation Kit
Mouse IFN-y ELISpot Kit
QuantiGene Singleplex HT Assay Kit

Miltenyi

Omni International
Thermo Scientific

R&D Systems
STEMCELL Technologies
MABTECH

Thermo Scientific

Cat#130-096-730
Cat#11754-250
Cat#4461882
Cat#DIP100
Cat#19851A
Cat#3321-2A
Cat#QS0384

Europium-labeled streptavidin Perkin Elmer Cat. # AD0063

ULight-labeled streptavidin Perkin Elmer Cat. # AD0062

Europium-labeled anti-His Perkin Elmer Cat. # AD0111

Ulight-labeled anti-His Perkin Elmer Cat. # TRF0105

384-well nickel-NTA coated microplates Thermo Custom

DELFIA Eu-N1 Streptavidin Perkin Elmer Cat. # 1244-360

DELFIA Assay Buffer Perkin Elmer Cat. # 1244-111

DELFIA Enhancement Solution Perkin Elmer Cat. # 1244-105

IntracellularTE Nano-Glo(R) Substrate/Inhibitor Promega Cat. # N2161

DELFIA Enhancement Solution Perkin Elmer Cat. # 1244-105

Deposited data

Structure of PARP12 mutant bound to RBN-2397 This paper PDB: 6V3W

RNA-seq dataset This paper GEO:GSE177494; https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE177494

CRISPRIi/a dataset This paper GEO: GSE178386; https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE178386

R scripts This paper https://github.com/cl-ribon/parp7_cancercell

Experimental models: cell lines

4T1 ATCC CRL-2539

A20 ATCC TIB-208

B16-F10 ATCC CRL-6475

BEAS-2B ATCC CRL-9609

CAL27 ATCC CRL-2095

HCC827 ATCC CRL-2868

HPAF-II ATCC CRL-1997

KLN205 ATCC CRL-1453

NCI-H1373 ATCC CRL-5866

NCI-H1373 Cas9 overexpressing clone Ribon Therapeutics NA

NCI-H1703 ATCC CRL-5889

NCI-H1944 ATCC CRL-5907

NCI-H2066 ATCC CRL-5917

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
NCI-H2347 ATCC CRL-5942
NCI-H596 ATCC HTB-178
NCI-H647 ATCC CRL-5834
NCI-H226 ATCC CRL-5917
PANCO03.27 ATCC CRL-2549
PANC-1 ATCC CRL-1469
MRC-5 ATCC CCL-171
RENCA ATCC CRL-2947
SK-MES ATCC HTB-58
HEK-293T ATCC CRL-3216
CT26 ATCC CRL-2638
CT26-Cas9 Genecopoeia Cat# SL582
COR-L105 MilliporeSigma ECACC 92031918
HARA JCRB JCRB1080.0
HCC-44 DSMZ ACC 534
SCC-25 DSMZz ACC 617
HCC95 KOREAN CELL LINE BANK 70095
MOCH1 WASHINGTON UNIVERISTY N/A
MOC2 WASHINGTON UNIVERISTY N/A
UN-SCC680AJ FUNDACION PARA LA N/A

INVESTIGACION MEDICA

APLICADA
Experimental models: organisms/strains
CB17 female mice Beijing Vital River Laboratory 404

Animal Technology Co., Ltd
Beige SCID female mice Beijing Vital River Laboratory 405

Animal Technology Co., Ltd
BALB/c female mice Shanghai Lingchang Biotech N/A

Co. Ltd.
Athymic Nude-Foxn1nu female mice Envigo, Indianapolis, Indiana N/A
Oligonucleotides
Cherry-picked Edit-R crRNA library Horizon Discovery N/A
IFN-B gene primers Integrated DNA technology N/A
forward (ATGACCAACAAGTGTCTCCTCC)
reverse (GCTCATGGAAAGAGCTGTAGTG)
CRISPR targeting sequences; see Table S8 Dharmacon N/A
CRISPR KO targeting sequences for CT26 Canopy N/A
and NCI-H1373 KO cell lines; see Table S8
Tagman primer/probe sequences; see Table S8 Thermo Scientific N/A
Recombinant DNA
pLVX-IRES-pur plasmid Clontech Cat#632183
Plasmid: CAG-Blast-Cas9 Nuclease Dharmacon Cat#VCAS10129

Software and algorithms

MetaXpress 6

GraphPad Prism 8

MAGeCK v0.5.0

Molecular Devices

GraphPad Software

Cross et al., 2016
Li et al., 2014
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https://www.moleculardevices.com/
products/cellular-imaging-systems/
acquisition-and-analysis-software/
metaxpress#gref
https://www.graphpad.com/scientific-
software/prism/

https://sourceforge.net/p/mageck/wiki/
Home/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Robust Rank Aggregation (v1.1)
R statistical software v3.6.1
fgsea v1.10.19

DESeq2 v1.18.18

Salmon v0.11.27

Kolde et al., 2012
The R Foundation

Sergushichev et al., 2016

Love et al.,(2014)

Patro et al., (2017)

https://rdrr.io/cran/RobustRankAggreg/
https://www.r-project.org/
https://bioconductor.org/packages/fgsea/

https://bioconductor.org/packages/release/
bioc/html/DESeg2.html

https://combine-lab.github.io/salmon/

Other

Cytosolic DNA detection

Custom 100 gene nanoString array
Odyssey CLx

Bead Ruptor Elite

ImgaXpress Micro XLS

Elispot reader

Mini-PROTEAN TGX Gel
CRISPRi/a screen

intoDNA
Kordon et al., 2020

NanoString

LI-COR biosciences
Omni International
Molecular Devices
AID

Bior-Rad

Horizon Discovery

N/A

N/A
N/A
Cat#19-040E
N/A
Cat#9207233
Cat#4561096
N/A

le Sage et al., 2017

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Joseph
Gozgit (jgozgit@ribontx.com).

Materials availability
Allunique/stable reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

RNA-seq and CRISPRi/a data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. All analysis code has been deposited at GitHub (https://github.com/cl-ribon/
parp7_cancercell) and is publicly available as of the date of publication. X-ray crystallographic coordinates and structure factor files
have been deposited in the Protein Data Bank (PDB: 6V3W).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains

The following mouse strains were used in these studies: CB17 female, Beige SCID female (Beijing Vital River Laboratory An-
imal Technology Co., Ltd), BALB/c (Shanghai Lingchang Biotech Co. Ltd.) and Athymic Nude-Foxn1nu female mice (Envigo,
Indianapolis, Indiana). All mice were 6-8 weeks of age for efficacy and PK/PD studies. Mice were 16-21 week of age for re-
challenge studies.

Cell lines

4T1, A20, B16-F10, BEAS-2B, Cal27, HCC827, HPAF-II, KLN205, NCI-H1373, NCI-H1703, NCI-H1944, NCI-H2066, NCI-
H2347, NCI-H596, NCI-H647, NCI-H226, Panc 03.27, Panc 08.13, PANC-1, MRC-5, RENCA, SK-MES, HEK-293T and
CT26 were purchased from American Type Culture Collection (ATCC, Manassas, VA). COR-L105 was purchased from Euro-
pean Collection of Authenticated Cell Cultures (MilliporeSigma, Burlington, MA). HARA was purchased from the JCRB Jap-
anese Collection of Research Bioresources Cell Bank (JCRB, Osaka, Japan). HCC-44 and SCC-25 were purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). EBC-1 was purchased from the
Riken Cell Bank (Tsukuba, Ibaraki, Japan). HCC95 was purchased from the Korean Cell Line Bank (Seoul, South Korea).
MOC1 and MOC2 were obtained from The Washington University (St. Louis, MO) and UN-SCC680AJ were obtained from
Fundacion para la Investigacion Medica Aplicada (Pamplona, Spain). All cell lines were maintained according to the data
sheets provided by the individual cell banks.
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METHOD DETAILS

TCGA and dependency map analysis
TCGA gene expression data were extracted from Genomics Data Commons Portal using the HTSeq — Counts workflow analysis.
TCGA copy-number analysis data were extracted from the Broad Institute TCGA GDAC GISTIC2 SNP6 Copy number analysis (28
January 2016 release).

The publicly available human cancer cell line processed CRISPR dependency data (Meyers et al., 2017); (Dempster et al., 2019)
(Achilles dataset 20Q2) was downloaded from the Dependency Map web portal (depmap.org). The Achilles dataset contains
genome-scale CRISPR knockout screens for 18,119 genes in 769 cell lines (Meyers et al., 2017; Dempster et al., 2019).

Surface plasmon resonance (SPR)
The binding affinity of RBN-2397 was measured using SPR. PARP7 was expressed and purified as previously described (Wigle et al.,
2020a). Further details on this methodology are included in the supplemental information.

Biochemical PARP inhibition assays

PARP enzymes made and run in enzyme inhibition assays as previously described (Wigle et al., 2020b). Displacement of a bio-
tinylated compound (RBNO11147) binding to the active sites of His-tagged PARP7, PARP14 and PARP16 was measured using a
time-resolved fluorescence energy transfer (TR-FRET) assay where acceptor and donor fluorophores are captured onto the biotin
and His tags. Further details on this methodology are included in the supplemental information.

MAR/PAR in-cell western (ICW) assay

The inhibition of PARP7 enzymatic activity in cells was determined by using an ICW assay to measure immunofluorescent staining of
global MARylation in SK-MES-1 cells stably transfected with doxycycline-inducible full-length PARP7 (SK-MES-1 PARP7-OE).
Further details on this methodology are included in the supplemental information (Lu et al., 2019).

Active site probe displacement NanoBRET assay

Displacement of a fluorescently labeled compound (RBN0O11198) binding to the active site of NanoLuc-tagged full-length PARP7 ex-
pressed in 293T cells was measured using a NanoBRET Target Engagement assay (Promega, Madison, WI) as previously described
(Wigle et al., 2020b). Further details on this methodology are included in the supplemental information.

RNA detection assay for PARP7-mediated CYP1B1 RNA regulation
The modulation of CYP1B1 mRNA levels by PARP7 was measured using the QuantiGene Singleplex HT Assay kit (Thermo Scientific,
QS0384). Further details on this methodology are included in the supplemental information.

Cell proliferation

Cells were seeded at previously optimized seeding densities in two 384-well white-walled tissue culture-treated plates and either
treated immediately or allowed to adhere overnight, depending on the cell line. Cell viability was measured immediately after dosing
(Day 0) and after 6 days of incubation using Cell TiterGlo (CTG, Promega, G7573). The Day 0 average luminescence value was sub-
tracted from individual Day 6 values before analyzing the plate for percent of control (DMSO). Gl s0s for each compound were calcu-
lated by non-linear regression analysis (4-parameter fit) and geometric means were calculated across runs. Olaparib and niraparib
were purchased from AdooQ Bioscience (Irvine, CA).

Cancer cell line screen

A broad cancer cell line screen was performed at Horizon Discovery (Cambridge, UK) using similar methodology as described above.
A four-parameter logistic model was applied to model the relationship between compound dose level and cellular growth using R
statistical package dr4pl v1.1.7.1. Further details on these analyses are included in the supplemental information.

Cell cycle and senescence assays

NCI-H1373 cells were treated with RBN-2397 for 3 days, harvested, and then fixed and permeabilized in 70% EtOH. Cells were then
stained with 50 ng/mL propidium iodide (Thermo Scientific, P3566) and analyzed by flow cytometry on a Cytoflex flow cytometer.
FACS data was analyzed using Flowjo software. For the senescence assay, cells were seeded and allowed to attach overnight,
and treated with RBN-2397 for 6 days. Senescence was detected by staining for B-Galactosidase activity (Cell Signaling Technol-
ogies, 9860) according to manufacturer’s instructions. Images were captured on a Nikon ECLIPSE TS100 phase contrast
microscope.

PARP7 overexpression

HEK293T cells were transfected with the pLVX-IRES-puro plasmid containing full-length human PARP7 with an N-terminal 3 x Hem-
agglutinin (HA) Tag or empty vector (Clontech, 632183) using the Fugene HD transfection reagent (Promega, E2311) according to
manufacturer’s instructions. 48 hours post transfection, cells were then treated with LyoVec (#lyec-12) control or 1 g/mL poly(dA:dt)
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(#tIrl-piclv, Invivogen, San Diego, CA) for 24 hr. RNA was extracted from cells and IFN-B gene expression was determined by QPCR
using forward (ATGACCAACAAGTGTCTCCTCC) and reverse (GCTCATGGAAAGAGCTGTAGTG) primers (Integrated DNA Technol-
ogy, Coralville, lowa).

2'3'-cGAMP ELISA

Cells were rinsed with ice-cold PBS and scraped with cold M-Per lysis buffer (ThermoFisher Scientific, 78,501) supplemented with
HALT protease and phosphatase inhibitor (ThermoFisher, #78447) 24 hr after treatment with DMSO or 2 uM KU-60019 (Selleckchem,
S$1570). 2'3'-cGAMP was measured in cell lysates with a competitive ELISA assay kit (Cayman Chemical, 501700) according to man-
ufacturer’s instructions.

Cytosolic DNA detection

Cytosolic DNA detection and analysis were performed by intoDNA (Krakow, Poland). Cells were seeded at subconfluent densities
onto round glass coverslips (thickness 0.17 mm, diameter 15 mm) and fixed with 70% (v/v) ethanol at —20°C overnight. Following
fixation, for the purpose of detection of DNA fragments in the cytoplasm, the cells underwent procedures of SensiTive Recognition
of Individual double-strand DNA Ends (dSTRIDE) as previously described (Kordon et al., 2020). Treatment of NCI-H1373 cells with
1 uM camptothecin (Sigma-Aldrich, C9911) or DMSO for 24 hr served as controls for the assay.

Transfection of PRR ligands

PRR ligand transfection was performed using LyoVec (Invivogen #lyec-12), poly(dA:dT) (Invivogen # tIrl-patc) as double-stranded
DNA or a 1:1 mixture of low molecular weight (Invivogen # tIrl-picwlv) and high molecular weight poly(l:C) (Invivogen # tIrl-piclv) as
double-stranded RNA according to the manufacturers’ instruction. NCI-H1373 cells were transfected with PRR ligands at the final
concentration of 0.1 ug/mL, and cells were co-treated with 1 uM RBN-2397 or vehicle control for 24 hr before immunofluorescent
assays were performed.

nanoString analysis

Cells were plated at a density of 1.5 x 10° cells/well in 6-well dishes and allowed to adhere overnight prior to 24 hr of com-
pound treatment. Media was removed and cells were rinsed with phosphate buffered saline (PBS) before being pelleted and
frozen. RNA was isolated using Qiagen RNeasy Plus Mini kit (Qiagen, #74136) and ran on a custom 100 gene nanoString array
per standard protocol (Canopy Biosciences, St. Louis, MO). Standard nanoString quality control and normalization measures
were applied to the raw expression data (see https://www.nanostring.com/download_file/view/251/8241). Normalized
expression values were compared between treatment and control samples to obtain log-transformed fold-change values.
Visualized log-transformed values were plotted in a heatmap with data-driven row and column clustering using R package
ComplexHeatmap v1.17.1(Gu et al., 2016).

RNA sequencing

Cells were plated at a density of 1.5 x 10° cells/well in 6-well dish and allowed to adhere overnight prior to compound treatment. Cells
were harvested after either 6 or 24 hr of treatment. RNA was isolated using the MagMAX-96 for Microarrays Total RNA Isolation Kit
(Thermo Fisher Scientific, #AM1839) per manufacturer’s instructions. RNA concentration was determined using a NanoDrop 8000
(ThermoFisher Scientific, Waltham, MA). Paired-end sample libraries consisting of 60 bp with 6 nucleotide indices were prepared
for measuring high-throughput 3’ digital gene expression based on a previously published protocol (Massachusetts Institute of Tech-
nology, Cambridge, MA) (Soumillon, 2014). Further details on this methodology are included in the supplemental information.

Western blotting

For in vitro assays, cells were plated at a previously optimized density and allowed to adhere overnight prior to treatment with RBN-
2397 (1 uM, unless otherwise stated). Other treatments included ruxolitinib (1 uM, Selleckchem, S1378), BX795 (1 uM, Selleckchem,
S1274), RBN250036 (Ribon Therapeutics), mouse (10 ng/mL PBL Assay Science, #12400-1) or human interferon-beta (10 ng/mL Pe-
protech, #500-P32B), ADU-S100 (Invivogen, tIr-nacda2r-01), or C-178 (Selleckchem, S6667) (Haag et al., 2018). After 24 hr of treat-
ment, cells were rinsed with PBS on ice prior to being scrapped in RIPA lysis buffer (Millipore, #20-188) supplemented with 0.1%
sodium dodecyl sulfate (SDS, Amresco, E719-100mL) and HALT protease and phosphatase inhibitor (ThermoFisher, #78447). For
in vivo samples, frozen tumors were weighed and 50 mg of each sample was placed in homogenate tubes containing beads
(VWR, #10032-756) with T-PER lysis buffer (Thermo, #78510), supplemented with Halt protease and phosphatase inhibitor. Samples
were homogenized using a Bead Ruptor Elite (Omni International, #19-040E). All clarified lysates were assayed for protein concen-
tration by Pierce BCA assay (ThermoFisher, #23225) per kit instructions. Blots were incubated with appropriate antibodies and
imaged on an Odyssey CLx (LI-COR Biosciences, Lincoln, NE). Antibodies were obtained from the following sources: phosphory-
lated STAT1 (#9167); STAT1 (#9176); B-ACTIN (#3700); GAPDH (#5174); MAR/PAR (#83732); phosphorylated IRF3
(#4947),IRF3#10949), RIG-| (#3743); cGAS (#15102); STING (#13647, Cell Signaling Technology); IRDye 680RD Donkey anti-Mouse
IgG (LI-COR Biosciences, #926-68022); IRDye 800CW Goat anti-Rabbit IgG (LI-COR Biosciences, #926-32211). Analysis was per-
formed with Odyssey Image Studio (LI-COR Biosciences, Lincoln, NE).
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Immunofluorescence staining and imaging

NCI-H1373 cells were plated at a density of 2 x 10° cells/well in 384-well plates and treated with 1 1M RBN-2397 for 24 hr. After treat-
ment, the cells were fixed with ice-cold methanol for 20 min at —20°C and permeabilized with 0.5% Triton X-100 for 15 min at room
temperature. After incubating with blocking buffer (LI-COR Biosciences, 927-50,010), cells were stained with either pSTAT1 (CST,
#9167) or pIRF3 (CST #29047), followed by incubation with secondary antibody (ThermoFisher, A32733) and Hoechst 33,342 (Sigma,
#4082). Images were acquired on an ImageXpress Micro XLS (Molecular Devices, San Jose, CA) and analyzed with MetaXpress 6
(Molecular Devices, San Jose, CA). Average nuclear intensity was measured and further blanked with non-primary staining controls
to quantify the pSTAT1 level. Statistics analysis was performed with unpaired t-tests using GraphPad Prism 8 (GraphPad Software,
La Jolla, CA).

CRISPRi/a screen

CRISPR-Cas9 dual screening with RBN-2397 (2.5 nM) in NCI-H1373 cells was performed at Horizon Discovery (Cambridge, UK).
Briefly, cells were transduced with either whole-genome CRISPR activation (CRISPRa) or interference (CRISPRI) libraries, then
selected and maintained in culture to allow CRISPR-driven gene perturbations to occur (le Sage et al., 2017). Further details on
this methodology are included in the supplemental information.

CRISPR gene KO

A clone of Cas9 overexpressing NCI-H1373 cells was established by transduction with Cas9 lentivirus (Dharmacon, VCAS10129)
following the instruction of Cellecta CRISPR library user manual (v2). Transient gene knockouts were performed in Cas9 expressing
cells with crRNA:tracrRNA transfection using RNAiMax (ThermoFisher, #13778150) according to the manufacturer’s instructions. In
brief, NCI-H1373 Cas9 overexpressing cells were transfected with crRNA:tracrRNA with the final concentration of 25 nM. Each gene
was targeted by a pool of three crRNAs (Dharmacon, see supplemental information). Forty-eight hours post transfection, cells were
treated with PARP?7 inhibitor or DMSO for another 5 days. Relative growth inhibition of gene-edited cells was calculated by subtract-
ing the Day 0 values, followed by normalizing to DMSO controls. Dose-response curves were generated with non-linear regression
analysis (3-parameter fit) and statistical analyses were performed with extra sum-of-squares F tests, using GraphPad Prism 8.

CRISPR arrayed screening

Arrayed CRISPR screens were conducted using a cherry-picked Edit-R crRNA library (Horizon Discovery, Cambridge, UK) targeting
234 innate immunity-related genes and 6 non-targeting or intron-targeting negative controls in Cas9-expressing NCI-H1373 cells.
Further details on this methodology are included in the supplemental information.

Generation of CRISPR KO CT26 cells

CT26 TBK1, IFNAR1, PARP1 and PARP7 KO cell lines were generated at Canopy Biosciences (St. Louis, MO). CRISPR-Cas9 was
used to knockout mTBK1 and mIFNAR1 in CT26 cells via introduction of frame shifting insertions/deletions (indels) via non-homol-
ogous end-joining (NHEJ). Briefly, crRNAs were designed targeting exon 5 of mouse TBK1 and exon 4 of mouse IFNAR1. In silico
screens for predicted activity and potential off-target effects, and the highest scoring designs were synthesized. The crRNAs
were nucleofected into CT26 cells along with tracrRNA and Cas9 protein. The nucleofected pools were screened via next generation
sequencing for Cas9 activity, and the pools were single cell sorted. The clones were expanded and sequenced. Sequencing data
confirmed biallelic knockout of mouse genes (Table S7).

Substrate ID by mass spectrometry
Cell lysis, immunoprecipitation, and mass spectrometry analysis methods were performed as previously described (Lu et al., 2019).

In vivo studies

Multiple efficacy and single-dose PK/PD studies using human cancer cell lines were performed in CB17 or Beige SCID female mice
(Chempartner, Shanghai, China) while the CT26 syngeneic model studies were performed in BALB/c female mice (Chempartner,
Shanghai, China). Studies were conducted using the following compounds: RBN-2397 (oral gavage once a day at the indicated
schedule; RBN-2397 was co-formulated with 1-ABT to increase exposure (50 mg/kg, 1-ABT, Sigma, #A3940, CAS# 1614-12-6)
for selected CT26 BALB/c studies, as indicated); 5 mg/kg of Anti-PD-1 (intraperitoneal injection, twice a week (BIW) at the indicated
schedule, delivered in a volume of 0.2 mL/20 g mouse (10 mL/kg) and adjusted for the last recorded weight of the individual animals;
BioXCell, # BE0146, Clone# RMP1-14); 200 ug Anti-IFNAR antibody (intraperitoneal injection, BIW for 3 weeks, BioXCell, Cat#
BE0241, Clone# MAR1-5A3). For all studies, tumor volumes were determined by manual calipers every 2-3 days. The tumor volumes
were then used for the calculations of tumor growth inhibition (TGI) and tumor regression rate (TR). Summary statistics including
mean and standard error of the mean (SEM) were calculated for the tumor volumes of each group at each time point. Statistical an-
alyses for TGl were performed when at least 8 of the 10 mice were remaining in the vehicle group. Two-way ANOVAs followed by
Bonferroni post-tests were performed to compare tumor volumes at different days between groups. All statistical and graphical an-
alyses were performed with GraphPad Prism version 8. Further details on this methodology are included in the supplemental
information.
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PDX studies

Patient derived xenograft (PDX) studies were performed at Champions Oncology (Rockville, MD) using Athymic Nude-Foxn1nu fe-
male mice (Envigo, Indianapolis, Indiana). Tumors were grown in stock mice until they reached approximately 1.0-1.5 cm®, tumors
were then harvested for re-implantation into pre-study animals. Pre-study animals were implanted unilaterally on the left flank with
tumor fragments. Pre-study tumor volumes were recorded for each experiment beginning seven to ten days after implantation. Mice
were randomized when tumors reached an average tumor volume of 150-300 mm?® and dosing initiated on Day 0. Mice were daily
administered either vehicle (50% Labrasol) or RBN-2397 500 mg/kg QD. Tumors were measured twice a week. The tumor volumes
were then used for the calculations of tumor growth inhibition (TGI). Data are plotted as mean + standard error of the mean (SEM).
Study was conducted as a screen and only included 3 mice per group.

Tumor re-challenge
For CT26 BALB/c studies, tumor-free mice were monitored for 60 days following the dosing period. Tumor-free mice were re-chal-
lenged with either CT26 or 4T1 cells inoculated on the opposite flank from the original tumor. naive mice were used as controls.

In vivo immune depletion

CT26-tumor bearing BALB/c mice (mean tumor size 70-80 mm?) were administered with either vehicle or RBN-2397 (100 mg/kg QD)
co-formulated with 1-ABT (50 mg/kg) starting on day 1 of a 28-day efficacy study (Covance, Ann Arbor, Ml). CD4 and CD8 T cells were
depleted using 4 consecutive doses of GK1.5 and 2.43 antibodies (200 uL/dose, Bio X Cell), respectively, on day 0 (staging day), day
1, day 2, and day 6. NK cells were depleted using 6 consecutive doses of anti-AsGM1 (50 uL/dose, Wako Chem) on day —7 (2 days
before cell implantation), day —5 (implantation day), day 0, day 1, day 2, and day 6. Changes in immune cell numbers were determined
by flow cytometry analysis in both blood and tumor on day 9 using the panels described in supplemental information and count-
ing beads.

Immunophenotyping

CT26-tumor bearing BALB/c mice (mean tumor size 81 mm?®) were administered either vehicle or RBN-2397 (500 mg/kg QD) and
tumors were harvested on days 3, 6 and 12 for immunophenotyping by flow cytometry (Covance Ann Arbor, Ml). For analysis of im-
mune cell populations, isolated tumors were weighed and dissociated using the Miltenyi Tumor Dissociation Kit (Miltenyi, 130-096-
730). Samples were washed through a 70 uM cell strainer followed by centrifugation and red blood cell lysis. Tumor cells were
blocked with CD16/32 and stained with Zombie NIR viability dye (BioLegend). Cells were washed and stained with respective anti-
body panels and acquired. All samples were acquired on an Attune NxT flow cytometer, and data were analyzed using FlowJo soft-
ware (Becton Dickinson, Franklin Lakes, NJ). Further details on antibody reagents are included in supplemental information. Gating
strategy is shown in supplemental information.

Quantitative PCR (QPCR)

RNA harvest and isolation for gPCR was performed using the MagMAX-96 for Microarrays Total RNA Isolation Kit (Thermo Fisher
Scientific, #AM1839) per manufacturer’s instructions. In brief, frozen tumors were weighed and 50 mg was placed in homogenate
tubes containing beads (VWR, #10032-756) with 700 uL of Tri-reagent. Samples were homogenized using a Bead Ruptor Elite
(Omni International, #19-040E). RNA was further purified using the KingFisher Flex (ThermoFisher Scientific, Waltham, MA). RNA con-
centration was determined using a NanoDrop 8000. Reverse transcription of the RNA was carried out using the SSVILO Reverse
Transcription kit (ThermoFisher, # 11,754-250) per manufacturer’s instructions. gPCR reactions were performed in a LightCycler
480 (Roche Life Science) in 384-well white-walled gPCR plates (USA Scientific, #1438-1690) using Tagman Multiplex Master Mix
(ThermoFisher, #4461882).

CXCL10 ELISA

Xenograft tumors were processed as described in the Western blotting method section for in vivo samples. CXCL10 protein level was
determined with the human CXCL10/IP-10 Quantikine ELISA Kit (R&D Systems, DIP100) and absorbance was measured using the
EnVision plate reader from PerkinElmer per manufacturer’s instructions. Analysis was performed with the SOFTMAX PRO software.

Ex vivo T cell response using IFN-y ELISPOT

CT26-tumor bearing BALB/c mice were administered RBN-2397 (100 mg/kg co-dosed with 50 mg/kg 1-ABT, QD) and spleens were
harvested on day 15 for ex vivo analysis (Chempartner, Shanghai, China). Spleens from tumor-bearing mice were pressed through
70 uM nylon cell strainers to generate single cell suspensions in cold PBS. Splenocytes were isolated from RBC using Ficoll sepa-
ration. Splenocytes were centrifuged and re-suspended in RoboSep™ Buffer (STEMCELL Technologies, #20104) and T cells were
isolated using Mouse CD3" T cell Isolation Kit (EasySep, #19851A, negative enrichment for T cells). Spleens from 2 normal healthy
naive BALB/c mice (pooled sample, 8 week old female mice) were used as controls. 5 x 10* T cells in RPMI-1640 with 10% FBS
together with syngeneic spleen cells (1:1 ratio) were plated per well (in triplicate) and stimulated with AH1 (0.5 mM, SPSYVYHQF)
peptide (GL Biochem, #201905270013) or B-galactosidase (100 pg/mL, TPHPARIGL) peptide (MBL International, #SPM511). Control
wells for all conditions were set up with no antigenic stimulus or anti-CD3 (1 ung/mL, eBioscience, #16-0031-86) as a positive control
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and incubated at 37°C with 5% CO, for 24 hr. Spots were developed using the Mouse IFN-y ELISpot kit (MABTECH, #3321-2A) ac-
cording to manufacturer’s instructions. The number of spots were measured by Elispot reader (AID, 9207233).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical details for the experiments can be found in the figure legends. For in vitro studies including acute CRISPR, cell cycle and
gene expression, p values were determined by a two-tailed Student’s t-test or one-way ANOVA depending on group size. For acute
CRISPR proliferation studies (Figure S6A and S6B), p values were determined by extra sum-of-squares F test. For in vivo studies,
statistical analyses for TGl were performed when at least 80% of the mice were remaining in the vehicle group. p values for efficacy
or PD were determined by either two-tailed Student’s t-test for two groups or a two-way ANOVA with multiple comparisons for
studies with more than 2 groups. Significant changes in IFN-y producing splenic T cells were determined with a one-sided Mann
Whitney U Test. All statistical analyses listed above were performed using GraphPad Prism 8. For the human cell line screen, a
four-parameter logistic model was applied to determine the relationship between compound dose level and cellular growth using
R statistical package dr4pl v1.1.7.1. For RNAseq, differentially expressed genes between treatment and control samples were iden-
tified with R package DESeqg2 v1.18.1. Significant gene expression changes defined by the false discovery rate (FDR) < 0.05 and fold-
change > 2. Geneset enrichment analysis was performed using R package fgsea v1.10.1. For TCGA analysis, significant correlations
were determined by Spearman rank correlation coefficients calculated in R statistical software v3.6.1.
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