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We determine that type | interferon (IFN) response biomarkers are enriched in a subset of
pancreatic ductal adenocarcinoma (PDAC) tumors; however, actionable vulnerabilities associated
with IFN signaling have not been systematically defined. Integration of a phosphoproteomic
analysis and a chemical genomics synergy screen reveals that IFN activates the replication
stress response kinase ataxia telangiectasia and Rad3-related protein (ATR) in PDAC cells

and sensitizes them to ATR inhibitors. IFN triggers cell-cycle arrest in S-phase, which is
accompanied by nucleotide pool insufficiency and nucleoside efflux. In combination with IFN,
ATR inhibitors induce lethal DNA damage and downregulate nucleotide biosynthesis. ATR
inhibition limits the growth of PDAC tumors in which IFN signalingis driven by stimulator

of interferon genes(STING). These results identify a cross talk between IFN, DNA replication
stress response networks, and nucleotide metabolism while providing the rationale for targeted
therapeutic interventions that leverage IFN signaling in tumors.

In brief

Through orthogonal phosphoproteomic, metabolomic, and chemical genomics approaches, Abt
et al. reveal that in pancreas cancer cells, type I interferon shifts nucleotide metabolism

toward catabolism and activates the replication stress response kinase ATR. In combination with
interferon signaling, ATR inhibition induces lethal DNA damage and limits PDAC tumor growth.

Graphical Abstract
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) will become the second most common cause

of cancer-related deaths in the United States by 2030 (Rahib et al., 2014). Contributing

to this dismal prognosis is the resistance of PDAC tumors to current chemotherapy and
immunotherapy regimens, indicating that a better understanding of fundamental PDAC
tumor biology is required to inform the development and translation of more effective
treatments (Kamisawa et al., 2016; Froeling et al., 2021). While an inflammatory, cytokine-
rich tumor microenvironment is a hallmark of PDAC, whether tumor-cell-autonomous
cytokine responses can be leveraged therapeutically has not yet been systematically
investigated.

Among cytokines implicated in PDAC, interferons (IFNs) are particularly important as

they influence cancer development and therapy responses through the transcriptional
regulation of hundreds of IFN-stimulated genes (ISGs) (Parker et al., 2016). Type | IFNs,

a multi-gene cytokine family that includes 13 IFNa subtypes in humans (14 in mice),

IFNB, IFNe, IFN<, IFNx, IFNw, IFNS, and IFNC, are produced by immune, stromal,
epithelial, and tumor cells (Parker et al., 2016). All of these cell types are also capable of
responding to type | IFNs, which function by binding and stimulating a dimeric receptor
comprised of IFNAR1/IFNARZ2, leading to the activation of a JAK1/TYK2 signaling cascade
that initiates the ISGF3 transcription-factor-mediated transcriptional upregulation of 1SGs
(Cheon et al., 2013). Endogenous type | IFN production is governed by pattern recognition
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receptor (PRR)-mediated pathways that detect pathogen-derived molecules or mislocalized
self-nucleic acids (Vanpouille-Box et al., 2018). While decades of pre-clinical and clinical
studies have investigated the potential of recombinant IFN to prime anti-cancer immunity,
the development of synthetic PRR pathway activators, including agonists of Toll-like
receptors (TLRs) and stimulator of IFN gene (STING), has provided novel approaches for
therapeutic IFN stimulation (Ramanjulu et al., 2018).

Paradoxically, IFNs exert both pro- and anti-tumor effects. While IFN exposure impairs
cancer cell proliferation /n vitro, chronic IFN signaling /n vivois associated with

radiation, chemotherapy, and immune checkpoint blockade resistance (Balkwill et al., 1978;
Weichselbaum et al., 2008; Benci et al., 2019). Certain cancers display a constitutive
expression of IFN signaling biomarkers, and there is mounting evidence that tumor cells
themselves engender this cytokine response (Liu et al., 2019). In particular, a subset

of PDACs have been recently shown to exhibit a tumor-cell-intrinsic IFN transcriptional
program associated with a ductal cell of origin, hypomethylation of endogenous repetitive
genomic elements, and constitutive PRR activation (Espinet et al., 2021).

Constitutive IFN signaling occurs in a significant subset of PDAC tumors, but its impact
on tumor cells is incompletely understood and often overlooked. Furthermore, in contrast to
the transcriptional effects of IFN which have been studied extensively, how these cytokines
modulate tumor cell signaling networks and metabolism is much less well-characterized.
In leukemia cells, IFNs alter nucleotide metabolism by decreasing the abundance of
nucleotides; however, the molecular mediators of this effect remain uncharacterized, and
whether this occurs in solid tumors has not yet been determined (Barankiewicz et al.,
1986). The effect of IFNs on nucleotide levels may be particularly important as a balanced
and sufficient supply of deoxyribonucleotide triphosphate (ANTP) pools is essential for
sustaining cancer cell DNA replication and repair (Le et al., 2017). To survive dNTP
insufficiency, cancer cells rely on the replication stress-response signaling pathway, which
is triggered by impaired DNA replication in S-phase (Zeman and Cimprich, 2014).

The proximal mediator of this response, ataxia telangiectasia and Rad3-related protein
(ATR), initiates a protein-kinase-mediated signaling cascade that halts DNA replication by
suppressing origin firing, promotes replication fork stabilization, and activates an intrinsic
S/G2 checkpoint (Brown et al., 2017; Saldivar et al., 2018). Additionally, ATR promotes
de novo nucleotide biosynthesis by both transcriptional and post-translational induction

of ribonucleotide reductase (RNR), which catalyzes the conversion of ribonucleotides to
deoxyribonucleotides (Zhang et al., 2009; D’Angiolella et al., 2012). ATR also facilitates
the salvaging of pre-formed environmental nucleosides for dNTP synthesis through the
activation of deoxycytidine kinase (dCK) by phosphorylation of serine 74 (Beyaert et al.,
2016). Clinically, ATR has emerged as a promising target in cancer therapy, and several
ATR inhibitors are currently being evaluated alongside chemotherapy, radiation, and PARP
inhibition for the treatment of tumors exhibiting high levels of intrinsic replication stress
(Lecona and Fernandez-Capetillo, 2018).

Here, we determined that a subset of PDAC patient- and cell-line-derived xenograft tumors
exhibit an intrinsic IFN response that is not modeled by standard cell culture conditions.
Through the integration of orthogonal phosphoproteomic, metabolomic, and chemical
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genomic assays, we determined that IFN signaling causes PDAC cells to rely on replication
stress-response signaling for survival. Inhibiting the proximal mediator of this pathway,
ATR, in IFN-exposed PDAC cells induces catastrophic DNA damage and apoptosis. IFN
upregulates multiple genes involved in nucleotide/nucleoside catabolism such as sterile
alpha motif and HD domain-containing protein 1 (SAMHD1), 5’ -nucleotidase cytosolic
IHIA, (NT5C3A), and thymidine phosphorylase (TYMP). In combination, IFN signaling
and ATR inhibition restrict the utilization of dNTPs for DNA replication by promoting
their breakdown and impairing their biosynthesis. /n7 vivo, ATR inhibition limits the growth
of PDAC tumors with enhanced IFN signaling driven by tumor cell-intrinsic activation

of STING. This study highlights a previously unappreciated functional crosstalk between
cytokine signaling, nucleotide metabolism, and the DNA replication stress-response pathway
in PDAC and identifies ATR as an IFN-driven collateral dependency that can be leveraged
therapeutically by small-molecule inhibitors currently under clinical investigation.

IFN signaling is constitutive in a subset of PDAC tumors

A subset of PDAC tumors in The Cancer Genome Atlas (TCGA) dataset exhibit enriched
expression of a previously defined IFN-response gene expression signature (Figure 1A)
(Cancer Genome Atlas Research Network, 2017; Doherty et al., 2017). IFN response
genes were co-expressed across samples but not preferentially enriched among tumors
consistently defined as classical or squamous PDAC subtypes (Figures 1A and S1A) (Bailey
et al., 2016; Collisson et al., 2011; Moffitt et al., 2015). These findings were confirmed
using an expanded IFN-response gene set (Figure S1B). Likewise, a subset of primary
tumors and patient-derived specimens from our institution expressed high levels of two
canonical surrogate markers of type | IFN signaling, STAT1 and MX1, which were notably
localized to tumor cell compartments rather than the surrounding stroma as determined by
immunohistochemistry (IHC) (Figures 1B and 1C) (Rusinova et al., 2013). Furthermore,
IHC profiling of a library of 33 primary patient-derived PDAC xenograft tumors derived

at our institution and 17 PDAC cell line xenograft tumors indicated that the majority of
specimens exhibited high levels of STAT1 and MX1 immunoreactivity with a minority
scoring as low or negative and that the expression of these markers were positively
correlated (Figure 1D) (Moore et al., 2021). In contrast to the /n vivo setting where MX1
and STAT1 were highly expressed, PDAC cells lacked ISG expression when grown as
monolayer cultures /n vitro; however, IFNB (IFN) treatment induced ISG expression in

all tested models (Figures 1E and S1C). Taken together, these findings indicate that IFN
signaling occurs constitutively in a subset of PDAC tumors and that it can be modeled in cell
cultures through IFN supplementation.

The replication stress response pathway is a collateral dependency triggered by IFN

We next explored the possibility that IFN exposure elicits targetable, tumor-supportive
adaptive signaling vulnerabilities in PDAC cells that are not revealed by /n vitro cancer
cell line codependency-screening approaches in which cytokines, including IFN, are
generally omitted. We reasoned that such adaptive mechanisms could be identified and
prioritized by intersecting two orthogonal approaches measuring: (1) IFN-induced protein
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kinase activation using nanoscale liquid chromatographic tandem mass spectrometry (nLC-
MS/MS) phosphoproteomics and (2) IFN-induced protein kinase dependency using a
chemical genomics phenotypic screen (Figures 2A and 2B). Phosphoproteomic analysis

of SUIT2 PDAC cells 24 h after IFN stimulation identified 943 significantly altered proteins
(among 6,668 detected, at 1% false discovery rate [FDR]) and 911 significantly altered
phosphopeptides (among 17,368 detected, at 0.1% FDR). As expected, IFN enhanced

the protein levels of annotated ISGs (Figure S2A). Kinase-substrate enrichment analysis
(KSEA) (Wiredja et al., 2017) of phosphopeptides significantly altered by IFN identified
enriched phosphorylation of replication stress-response kinase ATR substrates alongside
ataxia telangiectasia-mutated (ATM), homeodomain-interacting protein kinase 2 (HIPK2),
and MAPK1/3 (ERK1/2) substrates. We observed that while IFN increased the abundance of
phosphorylated peptides corresponding to ATR targets (CHEK1, FANCD2, BRCA1, NBN),
their protein levels were unchanged, which indicates increased ATR kinase activity (Figure
2A). In parallel, we performed a chemical genomics phenotypic screen to identify actionable
adaptive signaling codependencies triggered by IFN exposure (Figure 2B). Among a

library of 430 protein kinase inhibitors, modifiers of replication stress-response kinases
including ATR (AZD-6738 [Foote et al., 2018]) and its downstream effector kinase CHEK1
(LY2603618, PF-477736, and AZD-7762 [Brown et al., 2017]) exhibited significantly
increased anti-proliferative activity against IFN-treated SUIT2 cells. Conversely, JAK
inhibitors (LY278544, tofacitinib, and ruxolitinib [Schwartz et al., 2017]), which block type
I IFN signaling, abrogated IFN-induced proliferation inhibition (Figure 2B).

Findings from the phosphoproteomics and the small-molecule kinase inhibitor screens
consistently identified a functional link between IFN exposure and the replication stress-
response signaling pathway. IFN exposure led to ATR activation, as evidenced by enhanced
substrate phosphorylation, and it sensitized PDAC cells to inhibitors of ATR or its
downstream effector kinases CHEK1 and WEE1 (Figures S2B and S2C). We confirmed
IFN-induced activation of the replication stress response using an immunoblot analysis in
which enhanced CHEK1-S345 phosphorylation was observed 12 h after the addition of
IFN in SUIT2 cells (Figure S2D). Consistently, IFN triggered S-phase accumulation, a
phenotype associated with replication stress, as determined by 5-ethynyl-2’-deoxyuridine
(EdU) labeling and flow cytometry (Figure S2E).

To further investigate the effects of the IFN/ATR inhibitor combination, we evaluated
alterations in single-stranded DNA (ssDNA) abundance, an established consequence of
replication fork stalling and replication stress (Le et al., 2017). While either IFN or ATR
inhibition triggered ssDNA accumulation in SUIT2 cells, the greatest degree of induction
was observed following combination treatment (Figure 2C). Additionally, IFN alone induced
a minor (~3%) increase in the percentage of phosphorylated H2A.X-S139-positive cells, a
marker of DNA damage caused by unresolved replication stress, but triggered a much higher
increase (to over 60% pH2A.X-S139-positive cells) when administered alongside an ATR
inhibitor (Figure 2D). Consistently, apoptosis was synergistically induced by the IFN and
ATR inhibitor combination as determined by an immunoblot analysis for Cleaved Caspase3/
PARP and Annexin V/propidium iodide (PI) flow cytometry (Figures 2E and 2F).

Cell Rep. Author manuscript; available in PMC 2022 March 03.
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Next, we evaluated the link between IFN exposure and ATR activation across a

panel of PDAC cell lines and observed varying degrees of IFN-induced CHEK1-S345
phosphorylation (Figure 2G). Additionally, CellTiter-Glo cell proliferation and flow
cytometry cell-cycle analyses revealed heterogeneous degrees of IFN-induced S-phase
accumulation and a sensitization to ATR inhibitors across PDAC cell lines (Figure 2H).

IFN most potently enhanced the effects of ATR inhibition in models exhibiting the

greatest degree of IFN-induced S-phase accumulation and CHEK1-S345 phosphorylation,
suggesting that IFN-induced replication stress is a direct cause of ATR inhibitor sensitization
(Figures 2G and 2H). Consistent with the CellTiter-Glo analysis, Incucyte live-cell imaging
indicated that while single-agent IFN or ATR inhibition alone moderately slowed growth,
the combination completely blocked proliferation (Figure S2F). Furthermore, IFN treatment
potentiated S-phase arrest, proliferation inhibition, and apoptosis induced by ATR inhibition
in A31A primary human PDAC cells (Figures S2G, S2H, and S21), whereas no significant
anti-proliferative effects nor S-phase arrest was observed in human pancreatic ductal
epithelial cells (Ouyang et al., 2000), which possess a doubling time similar to SUIT2 and a
nearnormal genotype (Figures S2J and S2K).

In tumor microenvironments, type | IFNs co-exist with additional cytokines produced by
immune and stromal cells, including type Il IFN (IFNvy), which is primarily produced

by activated T cells and natural killer (NK) cells. To determine if PDAC cell CHEK1
phosphorylation is altered in the context of an endogenous cytokine response, we isolated
conditioned media from human peripheral blood mononuclear cells (PBMCs) treated

with T cell mitogens (phytohemagglutinin [PHA] and interleukin-2 [IL-2]) to induce

T cell activation. Activated PBMC-derived conditioned media induced the expression

of the ISG STAT1 in PDAC cells and enhanced CHEK1-S345 phosphorylation (Figure
S2L). Recombinant IFNy also triggered CHEK1-S345 phosphorylation (Figure S2L) and
synergized with ATR inhibition to induce apoptosis (Figure S2M). Collectively, these results
indicate that both type I and Il IFNs activate the DNA replication stress-response pathway in
PDAC cells and render them sensitive to ATR inhibition.

IFN signaling augments nucleotide catabolism

To investigate whether activation of the replication stress-response pathway in tumor

cells by IFN is associated with metabolic alterations, we used LC-MS to measure >450
metabolites in two cell lines (SUIT2 and YAPC) in which IFN induces ATR activation

in response to IFNB and in one (PANC1) that does not. IFN altered the levels of a

greater number of metabolites in sensitive SUIT2 and YAPC cells than in resistant PANC1
cells, which associate with the separation of these models along the PC2 axis in principal-
component analysis (PCA; Figure 3A). Metabolite set enrichment analysis (MSEA [Xia and
Wishart, 2010]) of significantly altered metabolites identified multiple processes related to
nucleotides including purine, pyrimidine, and NAD* metabolism, which were significantly
altered by IFN (Figure 3B). The impact of IFN on NAD*/NADH levels is consistent with
previous reports showing that IFN+y inhibits tumor cell growth via NAD depletion and

that type I IFN is linked to NAD™ pool alterations in tumor cells via upregulation of
non-canonical PARPs (Aune and Pogue, 1989; Moore et al., 2021).

Cell Rep. Author manuscript; available in PMC 2022 March 03.
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IFN decreased the levels of multiple biosynthetic intermediates and end-products in
pyridine, purine, and pyrimidine nucleotide synthesis while simultaneously increasing
metabolites generated from their catabolism (Figure 3C). Although all three PDAC models
displayed altered nucleotide and NAD*/NADH pools following exposure to IFN, we

noted significant heterogeneity in both the basal levels and the magnitude of decrease in
these metabolites of responses to IFN (Figure 3D); this heterogeneity may reflect unique
genetic features that confer a differential capacity to tolerate perturbations of nucleotide
metabolic pathways, as previously described in the context of NAD* depletion (Xiao et al.,
2016). Accordingly, in PANC1 cells, baseline dNTP and NAD*/NADH pool levels were
substantially higher than those in SUIT2 and YAPC cells (Figure 3D). Additionally, the
magnitude of the IFN-induced decreases in dNTP and NAD*/NADH pools was lower in
PANC1 than in SUIT2 or YAPC cells (Figure 3D).

Since dNTP insufficiency is a major cause of DNA replication stress, we aimed to further
understand the links between IFN signaling and alterations in the levels of key intermediates
involved in the biosynthesis and breakdown of nucleotides. Decreases in dNTP abundance
may be a consequence of either impaired biosynthesis, increased consumption, or enhanced
catabolism. To identify potential mechanisms responsible for ANTP pool restriction
triggered by IFN, we adapted a targeted LC-MS/MS-multiple reaction monitoring (MRM)
approach previously reported by our group (Le et al., 2017; Abt et al., 2020) to evaluate
alterations in the contribution of stable-isotope-labeled glucose ([13Cg]glucose) to: (1)
intracellular nucleotide pools, (2) extracellular nucleosides (the products of INTP/dNTP
hydrolysis), and (3) dNTP consumption for DNA replication (Figure 4A). This targeted
assay consistently revealed IFN-induced decreases in dCTP, dTTP, dATP, and dTTP

pool levels in addition to a restriction of the incorporation of [13Cg]glucose-derived
nucleotides to newly synthesized DNA (Figure 4A). IFN simultaneously induced the

efflux of [13Cg]glucose-derived deoxycytidine (dC), cytidine (rC), and uridine (rU) into

the extracellular space (Figure 4A). Purine nucleosides were undetectable in culture media,
which is likely the result of rapid catabolism by adenosine deaminase (ADA) or purine
nucleoside phosphorylase (PNP) (Camici et al., 2019; Le et al., 2017). dNTP pool restriction
was not a transient response to IFN exposure, as reductions were observed in SUIT2 cells
after 21 days of chronic IFN exposure (Figure S3A). Collectively, our findings indicate that
IFN remodels nucleotide catabolism.

To identify candidate genes that may mediate the shift toward nucleotide/nucleoside
catabolism induced by IFN exposure, we probed our global proteomics dataset (Figure
2A)for IFN-regulated proteins involved in nucleotide and nucleoside metabolism. Notably,
multiple proteins related to these processes, including SAMHD1 (which catalyzes dNTP
phosphohydrolysis) (Goldstone et al., 2011); TYMP (which catalyzes the first step in
thymidine catabolism) (Liang et al., 2021); NT5C3A (a nucleotidase which converts UMP
and CMP to rU and rC, respectively) (Bianchi and Spychala, 2003); and VIPERIN (also
known as RSAD2, which converts CTP to 3’-deoxy-3’,4’-didehydro-CTP [ddhCTP], a
naturally occurring anti-viral factor) (Gizzi et al., 2018) were significantly upregulated in
IFN-treated cells (Figures 4B and S3B). Furthermore, IFN downregulated dihydrofolate
reductase (DHFR) and thymidylate synthase (TYMS), two essential mediators of de novo
nucleotide synthesis. Immunoblot analysis confirmed IFN-induced alterations on the levels

Cell Rep. Author manuscript; available in PMC 2022 March 03.
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of these nucleotide metabolism regulators (Figure 4C). These results indicate that IFN
coordinates a multigene metabolic program that alters the balance between catabolic and
anabolic processes in nucleotide metabolism, thereby triggering dNTP pool insufficiency
and replication stress in PDAC cells (Figure 4D).

SAMHD1 emerged as a potential mediator of IFN-induced dNTP alterations as it

catalyzes intracellular ANTP phosphohydrolysis to deoxyribonucleosides (dNs) that may
then be effluxed across the plasma membrane via equilibrative nucleoside transporters. To
investigate the role of SAMHDL1 in IFN-induced nucleotide pool restriction, we generated
SAMHD1-knockout (KO) SUIT2 cells using CRISPR-Cas9 and applied our LC-MS/MS-
MRM assay to evaluate the contribution of [13Cg]glucose to dNTP pools, extracellular dNs,
and newly replicated DNA in this model (Figures 4E and S3C). In SAMHD1-proficient
cells, IFN treatment resulted in a 2-fold decrease in dCTP levels and a 3-fold increase

in dC efflux (Figure 4E). In contrast, SAMHD1-KO cells, which at baseline possess a
nearly 3-fold larger labeled dCTP pool than parental cells, were not impacted by IFN in
terms of their dCTP pools or dC efflux. While IFN treatment decreased the contribution

of [13C]glucose-labeled dCTP (generated via the de novo pathway) to newly synthesized
DNA in both parental and SAMHD1-KO cells, indicating a reduction in the rate of
S-phase progression, this effect was significantly less pronounced in KO cells (Figure

4E). Moreover, genetic SAMHDZ1 inactivation increased baseline dATP pools and partially
rescued IFN-induced dATP restriction (Figure 4E). Prompted by these observations, we
attempted to rescue IFN-induced ATR activation and S-phase arrest by supplementing cells
with various ribonucleosides or dN substrates for nucleoside salvage pathways as well as
with dNTPs. None of our nucleoside or nucleotide supplementation schemes counteracted
IFN-induced ATR activation (Figure S3D). Given that NAD*/NADH reductions were
observed following IFN treatment and that these factors fuel PARylation reactions that

are required for the recruitment of sSDNA break repair proteins such as XRCCL1 (El-
Khamisy et al., 2003) and enable the activity NAD*-dependent sirtiun-1 (SIRT1), which
has DNA repair functions (Alves-Fernandes and Jasiulionis, 2019), we also evaluated
nicotinamide riboside (NR) supplementation, which restored NAD*/NADH pools in IFN-
treated cells but did not prevent CHEK1-S345 phosphorylation (Figure S3E). The inability
of an exogenously added dNTP precursor to rescue IFN-induced alterations in cell-cycle
progression may be explained by the impact of catabolic genes (including those regulated by
IFN) on the metabolic fates of exogenously added nucleosides. Thymidine is catabolized by
TYMP, which is itself an ISG. Purine nucleosides are readily catabolized to nucleobases
(hypoxanthine and guanine) by ADA andPNP. These nucleobases can be recycled by
hypoxanthine phosphoribosyltransferase (HPRT) to generate purine ribonucleotides, which,
following their conversion to dNTPs, may additionally be susceptible to degradation by
SAMHD1.

Collectively, these findings indicate that ANTP pool insufficiency and impaired DNA
replication induced by IFN likely reflect the combined effects of multiple alterations in
nucleotide metabolism that cannot be compensated for by increasing the flux through
nucleoside salvage pathways via substrate supplementation (Figure 4D).

Cell Rep. Author manuscript; available in PMC 2022 March 03.
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ATR inhibitors and IFN cooperatively restrict ANTP pools

As ATR has been shown to regulate both de novo and scavenging nucleotide synthesis via
transcriptional and post-translational mechanisms, we reasoned that ATR inhibition could
enhance dNTP restriction triggered by IFN (Le et al., 2017). LC-MS/MS analysis revealed
that while both IFN and ATR inhibition decreased dCTP levels alone, the combination
elicited the greatest effect (Figure 5A). To evaluate the impact of IFN and ATR inhibition on
DNA replication dynamics, we tracked the incorporation of [13Cg]glucose into nucleosides
in newly replicated DNA using LC-MS/MS-MRM. Both IFN exposure and ATR inhibition
decreased the contributions of the de novo pathway to dCTP incorporated into newly
replicated DNA, and the greatest degree of inhibition was observed in combination-treated
cells (Figure 5B). This reduction is consistent with increased DNA damage identified in
combination-treated cells in Figure 2D and may reflect replication fork collapse or delays
in restarting DNA replication following ATR inhibition. ATR promotes de novo ANTP
synthesis by transcriptional and post-translational regulation of RNR regulatory subunit M2
(RRM2), the S-phase restricted catalytic subunit of RNR (Zhang et al., 2009; D’ Angiolella
et al., 2012). ATR-mediated stabilization of the transcription factor E2F1 facilitates RRMZ2
expression, and ATR activation prevents SCFCYClinF ybiquitin ligase complex-dependent
RRMZ2 degradation triggered downstream of RRM2-T33 phosphorylation by CDK1. In
SUIT2 cells, ATR inhibition decreased the protein levels of E2F1 and its de novo nucleotide
synthesis-related targets RRMZ, RRM1, and thymidine kinase 1 (TK1) (Figure 5C).
Consistently, ATR inhibition restricted RRMZ2 transcript levels (Figure 5D)and proteasome
inhibition partially rescued ATR-inhibitor-mediated KRM2downregulation, indicating that
in this model ATR functions to promote RNR activity through both translational and
post-transcriptional mechanisms (Figure 5E). ATR inhibition only decreased RRMZ2 protein
levels in cell lines in which IFN potentiated the anti-proliferative effects of ATR inhibitors
(SUIT2 and DANG) but not in PANCL cells (Figure 5F). Consistently, the combination

of IFN and ATR inhibition synergistically triggered S-phase accumulation, a phenotype
associated with dNTP insufficiency, in SUIT2 and DANG cells but not in PANC1 cells
(Figure 5G). These results indicate that while IFN restricts ANTP abundance by initiating
nucleotide and nucleoside catabolism, ATR inhibition primarily restricts ANTP levels via
downregulation of genes required for de novo dNTP biosynthesis.

Tumor cell-autonomous IFN signaling driven by STING sensitizes PDAC cells to ATR

inhibition

We next aimed to determine whether autocrine/paracrine IFN signaling initiated by PDAC
cells phenocopies recombinant IFN treatment and drives sensitization to ATR inhibitors.
Our observation of ISG enrichment in the majority of patient-derived and PDAC cell line
xenograft tumors implicated tumor cells themselves as a source of IFN signaling as IFNs are
species restricted. Type | IFN production is initiated downstream of the activation of various
nucleic-acid-sensing mechanisms. One such sensor is cyclic GMP-AMP synthase (CGAS),
which binds cytosolic double-stranded DNA and, in turn, activates STING via production
of the cyclic dinucleotide second messenger 2°-3’-cGAMP (Motwani et al., 2019). While
most nucleic acid sensors are predominantly expressed in immune cells, the cGAS/STING
pathway is broadly expressed in immune, stromal, endothelial, and epithelial cells as well
as in certain cancers. In contrast to other tumor types in which cGAS and STING are
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suppressed, STING is expressed in PDAC tumors compared with normal pancreatic tissue
(Figure 6A). Moreover, IHC analyses of a PDAC tissue microarray derived at our institution
revealed detectable STING expression in tumor cells at varying levels in >90% of samples,
a finding consistent with a previous report(Figure 6B)(Baird et al.,2016). Thus, we further
investigated the potential of cGAS/STING pathway stimulation to elevate IFN signaling
responses in PDAC tumors.

IFNBI transcript levels were induced in a subset of PDAC cell lines following transfection
with the cGAS ligand IFN stimulatory DNA (I1SD), thereby confirming cGAS/STING
pathway functionality (Figure S4A). Each of the models responsive to ISD expressed

both cGAS and STING (Figure S4A). Despite expressing both cGAS/STING, SUIT2 cells
failed to respond to ISD stimulation. However, in SUIT2 cells, the /FNBI transcript was
induced when STING was directly activated by transfection with a biphosphorothioate
cGAMP-analog (Figure S4B). As expected, cGAMP transfection triggered activation of
proximal STING signaling (evidenced by IRF3-S396 phosphorylation), autocrine IFN
signaling (evidenced by STAT1-Y701 phosphorylation), and ISG expression in STING-
expressing SUIT2 and DANG cells (Figure S4C). Inhibition of JAK using ruxolitinib
abrogated cGAMP-induced STAT1 phosphorylation and ISG induction but not IRF3-S396
phosphorylation. IFNP was detected in PDAC cell-culture supernatants following cGAMP
transfection (Figure S4D). As the cGAS/STING pathway drives autocrine/paracrine IFN
signaling and is functional in a subset of PDAC cells, we reasoned that it could initiate the
IFN signaling response observed in xenograft tumors (Figures 1D and 1E). To investigate
this possibility, we used CRISPR-Cas9 to KO STING in HS766T, DANG, and CFPAC1
cells, which exhibit constitutive ISG expression when grown as xenograft tumors in
immunodeficient mice. Immunoblot analyses indicated that STING KO eliminated 1SG
expression in HS766T and DANG xenograft tumors (Figure 6C). However, ISG expression
in CFPACL xenograft tumors was not affected by STING KO, indicating that an additional
mechanism sustains ISG expression in this model (Figure S4E). Collectively, these results
indicate that the cGAS/STING pathway drives constitutive IFN signaling in a subset of
xenograft tumors and that autocrine IFN signaling can be induced downstream of STING
activation in PDAC cells.

To determine whether STING-driven autocrine IFN signaling sensitizes PDAC cells to
ATR inhibition, we employed SUIT2 cells engineered to express a constitutively active
STING mutant (SUIT2-TetR-STINGR284M) conditionally in the presence of doxycycline
(Tang and Wang, 2015). SUIT2 cells were chosen for this model as they did not exhibit
constitutive expression of ISGs when grown as tumors in mice but were responsive to

IFN (Figure S5A). Live-cell imaging of anchorage-independent SUIT2-TetR-STINGR284M
cultures indicated that while doxycycline-initiated STING activation and ATR inhibition
individually impaired sphere growth, the combination completely prevented proliferation
(Figure 6D). JAK signaling was essential for this synergy, as ruxolitinib restored the
proliferation of combination-treated cells (Figure S5B). In a second conditional model using
YAPC-TetR-STINGR284M cells, genetic STING activation elicited JAK-dependent 1SG
expression (Figure S5C) and sensitized cells to ATR inhibition (Figure S5D). Furthermore,
treatment with the small-molecule STING agonist diABZI-compound 3 (Ramanjulu et al.,
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2018) enhanced the anti-proliferative effects of AZD-6738 in SUIT2 and CFPACL1 cells
(Figure S5E).

Analysis of SUIT2-TetR-STINGR284M tymors isolated from mice treated with doxycycline
and the ATR inhibitor AZD-6738 (Foote et al., 2018) revealed that STING activation
induced ISG (MX1) expression and ATR-dependent CHEK1-S345 phosphorylation (Figure
6E). AZD-6738 treatment additionally restricted the growth of STING-active subcutaneous
and orthotopic SUIT2-TetR-STINGR284M tumors (Figures 6F, 6G, and 6H). Collectively,
these findings indicate that genetic or pharmacological STING activation induces IFN
signaling, triggers ATR activation, and sensitizes PDAC cells to pharmacological ATR
inhibition.

DISCUSSION

Here, we provide new insight into the consequences of IFN signaling in PDAC cells.

Using orthogonal phosphoproteomics and chemical genomics approaches, we identified the
replication stress-response pathway as an IFN-induced collateral dependency in a subset
of PDAC cells. Inhibition of the replication stress-response kinase ATR induces replication
catastrophe in IFN-treated PDAC cell lines and primary cells but not in non-transformed
cells. We found that IFN regulates a metabolic program that controls the abundance of
intracellular nucleotide pools by stimulating their catabolism to nucleosides, which are in
turn released into the environment. Mechanistically, ATR inhibition restricts the expression
of RRMZ, a rate-limiting mediator of de novo dNTP synthesis, and enhances IFN-induced
depletion of nucleotide pools. Additionally, we determined that the cGAS/STING pathway
is active in PDAC cells and is required for constitutive type | IFN signaling in a subset of
xenograft tumors. Furthermore, we demonstrated that ATR inhibition restricts the growth
of subcutaneous and orthotopic PDAC tumors in which IFN signaling is driven by STING
activation.

The ATR inhibitors ceralasertib (AstraZeneca, also known as AZD-6738), berzosertib (EMD
Serano, also known as VE-822), and BAY 1895344 (Bayer) are currently being evaluated
for the treatment of DNA-damage response (DDR)-deficient cancers or in combination

with chemotherapy, PARP inhibitors, and immune checkpoint blockade for solid tumors
including PDAC (Brown et al., 2017). In our study, a range of responses to the IFN/ATR
inhibitor combination across PDAC models was observed, which is likely reflective of

the well-documented genomic, transcriptional, and metabolic heterogeneity of this disease
(Collisson et al., 2011; Daemen et al., 2015) (Figure 2H). Tumor-cell-intrinsic factors,

such as DDR defects or KRAS, TP53, or ARID1A mutations, and intrinsic replication
stress may also dictate the efficacy of pharmacological ATR inhibition (Brown et al.,

2017). Furthermore, dNTP synthesis capacity critically dictates the requirement for ATR, as
increasing RNR activity can rescue ATR-deficiency-induced genomic fragile-site breakage
in mice, and pharmacological RNR inhibition amplifies the anti-tumor activity of ATR
inhibitors (Lopez-Contreras et al., 2015; Le et al., 2017). /n vivo, the degree of replication
stress and sensitivity to replication stress-response inhibitors is likely dictated by not only
constitutive IFN signaling but also by oncogene activation, metabolite availability, and
reactive oxygen species levels (Lecona and Fernandez-Capetillo, 2018).
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An early study of IFN responses in cancer cells reported alterations in nucleotide
metabolism (Barankiewicz et al., 1986). Our findings build on this foundational observation
and demonstrate that IFN upregulates the expression and activity of multiple mediators

of nucleotide metabolism including SAMHD1, which catalyzes dNTP phosphohydrolysis
to nucleosides. Notably, environmental dC produced by pancreatic stellate cells and tumor-
resident macrophages limits the efficacy of gemcitabine by competing for phosphorylation
by dCK (Halbrook et al., 2019; Dalin et al., 2019). Our findings indicate that cancer cells
may be an additional source of dC and implicate IFN and SAMHDL as critical regulators
of its abundance. Beyond tumor cells, we have determined that IFN induces SAMHD1
expression and enhances dC efflux in a PDAC-cancer-associated fibroblast model (Figure
S6). Additionally, IFN-induced nucleoside release may be counteracted by nucleoside
salvage kinases such as dCK, TK1, and uridine cytidine kinases (UCKSs), which enable

the conversion of pyrimidine nucleosides to nucleotides (Le et al., 2017). Beyond their

role as metabolic precursors, the nucleosides uridine and guanosine have been identified

as co-ligands for endosomal TLR7 and TLR8, respectively, indicating that IFN-stimulated
nucleoside efflux may also generate ligands for these receptors (Zhang et al., 2016; Tanji et
al., 2015).

The low-grade chronic inflammatory response observed in PDAC has been referred to

as “para-inflammation” and is defined by a transcriptional signature resembling the type

I IFN response (Aran et al., 2016). Among TCGA datasets, PDAC ranks the highest in
terms of para-inflammation signature enrichment, which is a negative prognostic factor
(Aran et al., 2016). Consistently, a tumor-cell-intrinsic IFN transcriptional program has been
identified in a subset of PDACs and is associated with an aggressive phenotype (Espinet

et al., 2021). Regarding the discrepancy between basal I1SG expression in PDAC cell lines
in vitro and in vivo, models exhibiting intrinsic IFN biomarker expression when grown as
tumors may constitutively release minimal amounts of IFN that are insufficient to drive
intrinsic signaling /n vitro, as IFNs can be diluted in culture media and eliminated by
routine cell passaging. A second explanation is that the stimulus responsible for intrinsic
IFN signaling, potentially a nucleic acid sensor ligand, is present /n vivo but absent in vitro.
Beyond cGAS/STING, the roles of additional type | IFN-inducing pathways, such as those
regulated by TLRs and MDA5/MAVS, to tumor-intrinsic IFN signaling are unclear and

will require additional studies. While we focused our investigation on PDAC, IFN-signaling
transcriptional signature enrichment has been implicated in other malignancies such as
inflammatory breast and bladder cancers (Provance and Lewis-Wambi, 2019; Aran et al.,
2016). Whether tumor-cell-autonomous STING signaling drives this IFN response or if ATR
inhibitors are potentiated by IFN in these settings remains to be determined.

Limitations of the study

A limitation of this study is the reliance on recombinant type | IFN to stimulate PDAC
cell responses in vitro. In tumor microenvironments, IFNs are a component of multi-
faceted cytokine responses mediated by various cell types including immune cells (Parker
et al., 2016). We have shown that conditioned media from activated human PBMCs
triggers CHEKZ1 phosphorylation in PDAC cells and that IFN-y also sensitizes PDAC

cells to ATR inhibition. This finding may be linked to pre-clinical observations associating
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pharmacological ATR inhibition with increased antitumor activity of CD8" T cells (Vendetti
et al., 2018). Additionally, we utilized a recently developed STING agonist (Ramanjulu

et al., 2018) and linked both genetic and pharmacological STING activation to increased
IFN signaling and ATR inhibitor sensitization in PDAC cells (Figure S5E). As systemic
STING agonists are advancing in the clinic for the treatment of solid tumors including
PDAC, understanding their direct and indirect (cytokine-mediated) effects on tumor cells
should be prioritized, and it remains to be determined whether basal IFN signaling in tumors
influences the outcomes of STING agonist treatment. Regarding the link between IFN
signaling, nucleotide metabolism, and replication stress, the identification of a single ISG
mediator of our observed metabolic and phenotypic alterations is a significant challenge, as
multiple IFN-regulated genes related to both the synthesis and breakdown of nucleotides
were identified. In addition to IFN-regulated metabolic genes, the ISG promyelocytic
leukemia gene (PML) has been linked to delays in S-phase progression and could indirectly
mediate nucleotide synthesis via the regulation of E2F transcription factors which control
the expression of de novo nucleotide synthesis genes (Vannucchi et al., 2000; Vernier et al.,
2011). Given the inability of nucleotides or nucleosides to rescue IFN-induced cell-cycle
alterations, it is possible that additional factors not accounted for here contribute to this
phenotype. Moreover, several IFN-regulated metabolic genes possess secondary functions;
in addition to its metabolic role, SAMHD1 mediates DNA repair by functioning as a

CtlIP scaffold (Daddacha et al., 2017). Thus, SAMHDL1 induction by type I IFN signaling
may reduce dNTP abundance while simultaneously facilitating DNA repair. Our findings
suggest that IFN-induced replication stress is the consequence of alterations in multiple 1FN-
regulated genes. Additionally, we focused our investigation on human cells, as significant
differences between the nucleotide metabolism of humans and mice have been noted (Kim et
al., 2016).

This study begins to define the functional interplay between cytokine signaling, nucleotide
metabolism, and replication stress in PDAC. Furthermore, this work provides the rationale
for further investigations of emerging IFN-stimulating therapies as companions for ATR
inhibitors as well as for leveraging IFN response transcriptional signatures as patient
stratification biomarkers for ATR inhibitor-anchored therapeutic regimens currently under
clinical evaluation in multiple malignancies.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Reagent or resource requests should be submitted to and will be fulfilled
by the lead contact, Caius G. Radu (cradu@mednet.ucla.edu).

Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and code availability—Results from nLC-MS/MS proteomics analysis of SUIT2
cells treated £100 U/mL IFNP for 24 hours related to Figure 2 are included as Table S1.
Results from nLC-MS/MS phosphoproteomics analysis of SUIT2 cells treated +£100 U/mL
IFNB for 24 hours related to Figure 2 are included as Table S2. Full kinase inhibitor library
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phenotypic screen results of SUIT2 cells treated £100 U/mL IFN alongside a library of 430
protein kinase inhibitors for 72 hours related to Figure 2 are included as Table S3.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is
available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAIL

Cell culture—Cell culture was performed as previously described (Liang et al., 2021).
All cancer cell cultures were maintained between passages 3 and 20 and maintained in
antibiotic free Dulbecco’s Modified Eagle’s Medium (DMEM) +10% fetal bovine serum
(FBS) at 37°C in 5% CO,. Cell cultures were routinely monitored for mycoplasma
contamination using the PCR-based Venor Mycoplasma kit. PDAC cell lines were acquired
either from a commercial vendor (ATCC, DSMZ) or from collaborators. Cell line identity
was independently authenticated by PCR (Laragen, Culver City, CA). Immortalized human
pancreatic cancer associated fibroblast cells were provided by Dr. Rosa F. Hwang at The
University of Texas MD Anderson Cancer Center. AL3A primary pancreas cancer cells were
provided by the lacabuzio-Donahue laboratory at Memorial Solan Kettering Cancer Center.
HDPE cells were provided by the Tsao laboratory at the Ontario Cancer Institute.

Animal studies—Animal studies were performed as previously described (Liang et al.,
2021). All animal studies were approved by the UCLA Animal Research Committee
(ARC). For the development of subcutaneous tumor models, 6-8 week-old male NOD-
Prkdcem26Cds2: |12rgem26Cd22: NjuCrl coisogenic immunodeficient mice (NCG; CRL572;
Charles River Laboratories) were injected subcutaneously on the flanks with 0.5 x

108 cells resuspended 1:1 in phosphate buffered saline (PBS):matrigel (50 uL: 50

uL). For orthotopic tumor studies SUIT2-TetR-STINGR284M cells were engineered to
stably express firefly luciferase using lentiviral transduction and 3 x 104 cells were
resuspended in 1:1 PBS:matrigel (15 pL:15 pL) and injected into pancreata of male NOD-
Prkdcem26Cds2)|2rgem26Cd22/NjuCrl (NCG) mice. 7 days after inoculation, tumor radiance
was measured by bioluminescence imaging (BLI) and this signal was used to randomize
mice to treatment cohorts. For BLI, 5 minutes after intra-peritoneal injection of D-luciferin
(50 pL at 50 pg/mL in 0.9% saline) mice were anesthetized under 2% isoflurane for

5 additional minutes and subsequently imaged using an IVIS Bioluminescence Imaging
scanner (PerkinElmer). All BLI images were acquired using a 30 second exposure time and
low binning. BLI quantification was performed using Living Image software (PerkinElmer)
where a region of interest (ROI) was drawn over a whole tumor and the radiance (p/s)
value was recorded. Subcutaneous tumor volumes were calculated by micro-computed
tomography (LCT) analysis using a G8 PET/CT scanner (PerkinElmer). All tumor volume
measurements were performed by trained technicians blinded to experimental conditions.
For doxycycline treatment, mice were supplied with doxycycline hyclate supplemented diet
intended to deliver a daily dose of 2-3 mg of doxycycline or a control diet. For treatment
studies, AZD-6738 was formulated in 10% DMSO, 40% propylene glycol (PPG), 50% H,0
and administered at 25 mg/kg p.o. b.i.d. in a volume of 100 puL/20 g mouse.
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METHOD DETAILS

Drug preparation for in vitro studies—Drugs for /in vitro studies were prepared

as previously described (Liang et al., 2021). Drug stocks were prepared in neat
dimethylsulfoxide (DMSO) or H,0, stored at —80°C, and diluted fresh in cell culture
media for experiments. The non-hydrolyzable bisphosphorothioate 2'-3’-cGAMP analog
(cGAMP-PS) and interferon-stimulatory DNA (ISD) were complexed with Lipofectamine
3000 before treatment.

Analysis of PDAC TCGA sample gene expression—The Cancer Genome Atlas
(TCGA) pancreatic ductal adenocarcinoma gene expression data (Cancer Genome Atlas
Research Network, 2017) were filtered to exclude neuroendocrine and low-purity tumors
and to include only tumors that were sub-typed consistently by previously set definitions
(Bailey et al., 2016; Collisson et al., 2011; Moffitt et al., 2015). Basal-like like tumors were
only included if they were defined as basal-like by Moffitt et al., quasimesenchymal by
Collisson et al., and squamous by Bailey et al. Classical-subtype tumors were only included
if they were defined as classical by Moffitt et al., classical by Collisson et al., and pancreatic
progenitor by Bailey et al. which gave 11 basal-like and 30 classical tumors. Filtered tumors
were clustered by expression of a previously defined 24 gene interferon response signature
(Figure 1A) (Doherty et al., 2017) or with a expanded list of 104 genes which including

the MSigDB Hallmark gene set for INTERFERON ALPHA RESPONSE (Figure S1A).
Expression data were z-scored for visualization.

Immunohistochemistry (IHC)—IHC analysis was performed as previously described
(Moore et al., 2021). Formalin-fixed, paraffin-embedded tumor samples were incubated at
60°C for 1 hour, deparaffinized in xylene, and rehydrated with graded alcohol washes. Slides
were then boiled in 0.01 M sodium citrate buffer for 15 minutes followed by quenching
of endogenous peroxidase with 3% hydrogen peroxide. After 1 hour of blocking with 5%
donkey serum at room temperature, primary antibodies (diluted 1:100) were added and
slides were incubated overnight at 4°C. Biotin-conjugated anti-rabbit secondary antibody
(1:500) was added, slides were incubated for 1 h at 4°C and signal was developed using
the Elite Vectastain ABC kit. IHC scoring was performed by a blinded pathologist with
expertise in pancreatic cancer. Specimens were assigned a semiquantitative histoscore (0—
300), which was the product of staining intensity (0 = negative, 1 = weak, 2 = moderate,

3 = strong) and percentage (0-100) of tumor cells staining at that intensity. Antibodies are
reported in key resources table.

IHC analysis of PDAC tissue microarray (TMA) patient samples—All studies
involving patient specimens were performed with appropriate institutional review board
approvals. The UCLA PDAC TMA has been previously described and was generated from
surgical resections performed on treatment naive, AJCC stage I/1l PDAC at UCLA (n =
138) (Manuyakorn et al., 2010). STING (TMEM173) levels were evaluated across three
representative 1.0 mm cores per tumor using a semiquantitative histoscore (0-300), which
is the product of staining intensity (0 = negative, 1 = weak, 2 = moderate, 3 = strong)

and percentage (0-100) of tumor cells staining at that intensity. Values presented represent
average histoscore. Scoring was performed blinded.
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Protein kinase inhibitor phenotypic high throughput screen—Phenotypic
screening was performed as previously described (Abt et al., 2020). A library of 430 protein
kinase inhibitors was arrayed in polypropylene 384-well plates at 2003 concentrations
covering a 7-point concentration range (corresponding to 13 concentrations: 5 UM, 1.65
UM, 550 pM, 185 pM, 61.5 nM, 20.6 nM, 6.85 nM). 25 pL per well of growth media
(DMEM +10% FBS) + 200 U/mL IFNP (for a final concentration of 100 U/mL) was
plated in opaque-white 384-well plates using a BioTek multidrop liquid handler. Protein
kinase inhibitors were added by 250 nL pin-tool transfer (BioMek FX, Beckman-Coulter)
and inhibitor/media mixtures were incubated at room temperature for 30 minutes. 25 pL

of a 40,000 cells/mL suspension of SUIT2 cells (for 1000 cells/well) was subsequently
added to each well. After 72 hours of incubation at 37°C 5%CO», 50 pL of CellTiter-Glo
reagent diluted 1:4 in dH,0 was added to each well and luminescence was measured using
a Wallac plate reader (Perkin EImer). Each condition was assayed in duplicate (n = 2).
Percent of control proliferation values for each condition were calculated by normalizing
experimental wells to plate 0.5% DMSO controls and averaging replicate values. Composite
synergy scores for each test compound were defined as the sum of the Synergy Score (%
proliferation inhibition observed - % proliferation inhibition expected; calculated using the
Excess over Bliss Additivity method) between IFNP and individual protein kinase inhibitor
concentrations across the 7-point concentration range (Greco et al., 1995). Z’ factor scores
for individual assay plates were calculated using eight positive and eight negative control
wells on each plate. All plates gave a Z* factor >0.5 (Zhang et al., 1999).

Tumor tissue homogenization—Fragments from resected tumors were weighed (30-80
mg), transferred to Omni Hard Tissue homogenization vials, snap-frozen in liquid nitrogen
and stored at —80°C before processing. 7.5 puL/mg tissue of tissue lysis buffer (50 mM
ammonium bicarbonate pH 7.2, 0.5% sodium deoxycholate, 12 mM sodium laurel sarcosing;
supplemented with protease and phosphatase inhibitors cocktails) was added and samples
were homogenized using an Omni Bead Ruptor Elite (8 cycles of: 15 seconds on, 30 seconds
off, speed 8) chilled to 4°C. Tissue homogenates were cleared by centrifugation at 12,000

x g for 10 minutes at 4°C. Cleared lysates were normalized using the BCA method and
prepared for immunoblot analysis.

Immunoblot analysis—Immunaoblot analysis was performed as previously described
(Liang et al., 2021). PBS-washed cell pellets obtained by trypsinization of cells and
centrifugation at 450 x g for 5 minutes were resuspended in cold RIPA buffer supplemented
with protease and phosphatase inhibitor cocktails. Sample protein content was determined
using the BCA assay. Cell line and tumor samples were normalized by RIPA and 4x
laemmli loading dye dilution, resolved on 4-12% Bis-Tris gels and electro-transferred

to nitrocellulose membranes. After blocking with 5% nonfat milk in tris-buffered saline
(TBS) + 0.1% tween-20 (TBS-T) for 30 minutes at room temperature, membranes were
incubated overnight in primary antibodies diluted 1:1000 in 5% BSA in TBS-T at 4°C.
Membranes were washed with TBS-T and incubated with horseradish peroxidase (HRP)-
linked secondary antibodies prepared at a 1:2500 dilution in 5% nonfat dry milk/TBS-T for
1 hour at room temperature. HRP was activated by incubating membranes with a mixture of
SuperSignal Pico and SuperSignal Femto enhanced chemiluminescence ECL reagents (33:1
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ratio). Exposure of autoradiography film was used for detection. Antibodies are reported in
key resources table.

Reverse Transcription-polymerase chain reaction (RT-PCR)—RT-PCR was
performed as previously described (Liang et al., 2021). Total RNA was isolated from cell
cultures using the NucleoSpin RNA kit and quantified by Nanodrop. Reverse transcription
was performed using the High Capacity cDNA Reverse Transcription Kit. Quantitative PCR
was performed using EvaGreen gPCR Master Mix on the QuantStudio3 system. RNA
expression values were normalized to housekeeping gene (ACTB) expression, calculated
using the 22Ct method and reported as relative expression to vehicle control treated samples.
Primer sequences are indicated in key resources table.

Enzyme-linked immunoassay (ELISA)—2.5 x 10° cells in 1 mL of DMEM +10%
FBS were allowed to seed overnight in 24 well plates. 2'-3’-cGAMP-PS was complexed
with Lipofectamine 3000 in OptiMEM at a 1:1:2 cGAMP-PS:lipofectamine:OptiMEM ratio
for transfection. For treatment, cells were washed with PBS, 400 pL of culture media was
added to each well and 100 pL of complexed 2’3 -cGAMP-PS was added dropwise for a
final concentration of 25 pug/mL. 6 or 24 hours after treatment, culture media was collected,
centrifuged for 4 minutes at 450 x g at 4°C and supernatant was analyzed by ELISA per
manufacturers instructions.

Immuno-Fluorescence microscopy—SUIT2 cells were seeded on coverslips in 6-well
plates and treated as indicated. Cells were fixed with 4% (w/v) paraformaldehyde in PBS
for 15 minutes, permeabilized with 0.2% (v/v) Triton X-100, blocked with 3% (w/v) BSA
in PBS for 30 minutes, and incubated with primary anti-ssDNA antibody diluted 1:100 in
1% BSA, 0.1% saponin in PBS overnight. Coverslips were washed with PBS then incubated
with fluorochrome-conjugated secondary antibody diluted 1:250 in 1% BSA in PBS for 1
hour. Following washing, cells were stained with diamidino-2-phenylindole (DAPI), washed
with PBS, mounted onto microscope slides and imaged using a NIKON Eclipse Ci-S
fluorescence microscope.

Cell proliferation analysis—For anchorage-dependent Cell Titer Glo analysis, cells were
seeded at 1 x 108 cells per well in 50 uL of DMEM + 10% FBS in white opaque 384-well
plates and treated as described. After 72 hours, 50 uL of 3D Cell Titer Glo reagent (diluted
1:5 in PBS) was added to each well, plates incubated at room temperature for 5 minutes and
luminescence was measured using a Synergy H1 microplate luminescence reader.

For live-cell imaging cells were seeded at 5 x 102 cells per 100 uL per well in ultra-low
attachment U-bottom 96-well plates (for anchorage- independent culture) or flat bottom
96-well plates (for anchorage- dependent culture). After 24-72 hours, treatments were added
to a final volume of 200 pL and cell proliferation was tracked using the IncuCyte Zoom
live-cell imaging system. Images were acquired at 3 hour intervals over the indicated time
period. Sphere area analysis was applied to quantify proliferation for anchorage-independent
cultures. Percent confluence analysis was applied to quantify proliferation for anchorage-
dependent cultures.
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Flow cytometry—All flow cytometry data were acquired on a five-laser LSRII, and
analyzed using FlowJo software.

AnnexinV/Pl—Following treatment, adherent PDAC cells were trypsinized, washed twice
with PBS and incubated with AnnexinV-FITC and propidium iodide diluted in 1x annexin
binding buffer per manufacturers instructions.

Propidium iodide cell cycle analysis—Following treatment, adherent PDAC cells
were trypsinized, washed twice with PBS and suspended in 500 pL of cell cycle staining
solution (100 ug/mL propidium iodide, 20 pg/mL ribonuclease A, 1 mg/mL sodium citrate,
0.3% Triton-X 100 in dH,0).

pH2A.X-S139—Following treatment, adherent PDAC were trypsinized, washed twice with
PBS, fixed and permeabilized with cytofix/cytoperm for 15 minutes on ice, and stained with
FITC-conjugated anti-pH2A.X-S139 antibody (prepared at a 1:800 dilution in perm/wash)
for 20 minutes at room temperature shielded from light. Cells were subsequently washed
twice with PBS and stained with 0.5 mL of DAPI (250 ng/mL in PBS) before analysis.

EdU pulse—Cells were treated + 100 U/mL IFNp for 24 hours in 2 uL of DMEM +10%
FBS in 6-well plates. Cells were subsequently pulsed with 10 uM EdU for 2 hours before
trypsinization. Isolated cells were fixed with 4% paraformaldehyde and permeabilized using
saponin perm/wash reagent. Cells were then stained with azide-Alexa Fluor 488 by Click
reaction according to manufacturers protocol. Cells were subsequently washed twice with
PBS and stained with 0.5 pL of DAPI (250 ng/mL in PBS in 2% FBS) before analysis.

CRISPR/Cas9 knockout cell line generation—Gene knockout was performed as
previously described (Liang et al., 2021). All guide RNA (gRNA)-encoding oligonucleotides
were cloned into the LentiCrisprV2 vector. Lipofectamine 3000 was used to transfect

PDAC cells with gRNA-specific LentiCrisprV2 vectors. Following puromycin selection,
cells were singly cloned and gene knockout was confirmed by genomic DNA PCR/TIDE
in/del analysis of Sanger sequencing results. Gene knockout was additionally validated using
immunoblot analysis.

Generation of doxycycline-inducible STINGR284M models—The generation of
SUIT2-TetR-STINGR284M ce|ls was previously described (Moore et al., 2021). A
STINGR284M encoding gene fragment was ligated into the pPENTR-D/TOPO entry vector.
Resulting constructs were recombined into pLenti-CMV/TO-GFP/PURO using Gateway

LR Clonase Il. For virus production lentivirval vectors and packaging plasmids (psPAX2,
pMD2G) at a 2:1:1 ratio were transfected into FT293 cells using polyethylenimine.
Transduced cells were selected in puromycin for 1 week. In this model STINGR284M
expression is regulated by the doxycycline responsive Tet repressor (TetR) protein expressed
from the pLenti3/EF/GW/IVS-Kozak-TetR-P2A-Bsd vector.

Metabolite extraction for liquid chromatography mass spectrometry (LC-MS)

metabolomics analysis—0.75 x 108 SUIT2, YAPC and PANC1 cells were plated in
6-well plates (n = 6/condition) in 2 uL of DMEM + 10% FBS and seeded overnight. For
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treatment, media was replaced +100 U/mL IFNP. After 24 hours, plates were transferred

to ice, media was removed, wells were washed twice with 1 uL of 150 mM NHj, acetate;
and metabolite extraction buffer (80% MeOH in MiliQ-purified/LC-Pak treated H,O +
stable isotope-labeled nucleotide and amino acid internal standards: [13C,1°N]amino acids
(50 mM) and [**N]r/dNTPs (25 mM), [1N]r/dNMPs (5 mM), and [**N]r/dNs (1 pM))

was added to each well for a final protein concentration of 0.4 ug/mL. Samples were
incubated on ice for 10 minutes, scraped, transferred to 1.5 mL microcentrifuge tubes,
vigorously vortexed and placed on dry ice until sample collection was completed. After
incubation at —80°C for 30 minutes, samples were centrifuged at 12,000 x g for 15

minutes at 4°C to remove insoluble material. The protein-containing pellet was resuspended
in 500 pL of tissue lysis buffer (50 mM ammonium bicarbonate pH 7.2, 0.5% sodium
deoxycholate, 12 mM sodium laurel sarcosine), incubated at 4°C for 15 minutes, sonicated
and evaluated using the BCA method to determine protein content. In parallel, MeOH-
extracted supernatants were transferred to 1.5 mL microcentrifuge tubes and dried in a
speed-vac overnight. Metabolite pellets were reconstituted in 60% acetonitrile in MiliQ-
purified/LC-Pak treated H,O at 5 pL for each 100 uL of metabolite extraction buffer

dried (equivalent to 8 pg/uL of extracted protein). Reconstituted metabolite samples were
vortexed, transferred to HPLC injector vials and injected directly onto a Waters Acquity
UPLC BEH Amide Column (130A, 1.7 um, 3 mm x 150 mm) and effluent was directed to a
LTQ-Orbitrap XL mass spectrometer.

Media metabolite extraction, DNA isolation/hydrolysis and targeted mass
spectrometry (LC-MS/MS-MRM) analysis—For stable isotope tracing experiments,
0.75 x 10 cells in 2 mL of DMEM + 10% FBS were seeded overnight in 6-well plates.

For treatment, cells were washed twice with PBS and media was replaced with glucose-free
DMEM +10% dialyzed FBS +1 g/L [13Cg] glucose £100 U/mL IFNpB. Media and DNA
analysis were performed on samples obtained from a single well. Intracellular metabolite
analysis was performed on samples plated and treated in parallel.

For analysis of media nucleosides, a a modified version of previously reported method was
applied (Liang et al., 2021). At experimental endpoints, media was collected ina 1.5 mL
microcentrifuge tube, centrifuged at 450 x g for 5 minutes at 4°C and the supernatant was
stored at —80°C. For metabolite extraction, 20 pL of supernatant was mixed with 80 pL

of 100% MeOH containing stable isotope-labeled nucleoside internal standards (0.5 uM
[15N]r/dNs). MeOH-extracted samples were incubated at —80°C for 24 hours before transfer
to a HPLC injector vial and LC-MS/MS-MRM analysis.

For analysis of stable isotope labeling of nucleosides in DNA, a modified version of

a previously reported method was applied (Le et al., 2017). Cells were harvested by
trypsinization, genomic DNA was extracted using the Quick-gDNA MiniPrep kit, and DNA
was hydrolyzed to nucleosides using the DNA Degradase Plus kit following manufacturer-
supplied instructions. In the final step of purification, 50 uL of H,O was used to elute DNA
into 1.5 pL microcentrifuge tubes. 50 pL of a DNA nuclease solution (10x buffer/DNA
Degradase Plus/H,0; 2.5/1/1.5) was added to 20 pL of eluted genomic DNA in an HPLC
injector vial. Samples were incubated overnight at 37°C before analysis.
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Liquid Chromatography-Mass Spectrometry (LC-MS/MS) of hydrolyzed DNA and media
was performed as previously described (Le et al., 2017). 5 yL of sample was injected onto

a porous graphitic carbon column (Thermo Fisher Scientific Hypercarb, 100 x 2.1 mm,

5 um particle size) equilibrated in solvent A (0.1% formic acid in MiliQ-purified/LC-Pak
treated H,0) and eluted (700 pL/min) with an increasing concentration of solvent B (0.1%
formic acid in acetonitrile) using min/%B/flow rates (uL/min) as follows: 0/2/700, 3/80/700,
4/80/700, 4.5/2/700, 7/2/700. The effluent from the column was directed to a Agilent

Jet Stream ion source connected to a Agilent 6460 triple quadrupole mass spectrometer
operating in the multiple reaction monitoring (MRM) mode using previously optimized
settings. The peak areas for each nucleoside (precursor — fragment ion transitions) at
predetermined retention times were recorded using Agilent MassHunter software. Peak areas
were normalized to nucleoside internal standard signals. An external standard curve was
applied to determine media nucleoside concentrations. Experimental and standard samples
were processed together to minimize variation.

Intracellular nucleotide extraction and LC-MS/MS-MRM analysis—For
intracellular nucleotide analysis, a modified version of a previously reported method was
utilized (Le et al., 2017). 0.75 x 10° cells in 2 mL of DMEM +10% FBS were seeded
overnight in 6-well plates. For treatment, media was replaced with glucose-free DMEM
+10% dialyzed FBS +1 g/L [13Cg]glucose 100 U/mL IFN. After 24 hours, metabolites
were extracted and dried as described for LC-MS analysis. Dried metabolite pellets were
reconstituted in MiliQ-purified/LC-Pak treated H,Oat 5 L for each 100 pL of metabolite
extraction buffer dried (samples were concentrated 203). Reconstituted samples were
vortexed and transferred to HPLC injector vials. 5 pL was injected directly onto a Hypercarb
column (100 x 2.1 mm, 5 mm particle size) equilibrated in solvent A (5 mM hexylamine and
0.5% diethylamine in MiliQ-purified/LC-Pak treated H,0, pH adjusted to 10.0 using glacial
acetic acid) and eluted (200 pL/min) with an increasing concentration of solvent B (100%
acetonitrile) at the following min/%B/flow rates (uL/min): 0/5/200, 15/60/200, 15.5/60/600,
18/5/600, 20.5/5/200, 23/5/200. The effluent from the column was directed to a Agilent

Jet Stream ion source connected to a Agilent 6460 triple quadrupole mass spectrometer
operating in the MRM mode using previously optimized settings. The peak areas for

each nucleotide (precursor/fragment ion transitions) at predetermined retention times were
recorded using Agilent MassHunter software and were normalized to nucleotide internal
standards. An external standard curve was applied to determine nucleotide concentrations
which were normalized to the protein content of individual samples.

Proteomics and phosphoproteomics—A modified version of a previously described
proteomics and phosphoproteomics sample processing, data acquisition and analysis
workflow was applied (Stuparu et al., 2021).

Protein extraction, digestion, labeling and pooling—SUIT2 cells were treated

as indicated and washed twice with ice cold PBS and lysed in fresh lysis buffer (50

mM triethylammonium bicarbonate, pH 8.5, 0.5% sodium deoxycholate, 12 mM sodium
lauroyl sarcosine, MS-SAFE protease inhibitor cocktail (Sigma-Aldrich) and phosphatase
inhibitor cocktail containing 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM
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sodium orthovanadate, and 50 mM beta-glycerophosphate). Protein lysates were sonicated
for 10 minutes, 30 seconds on 30 seconds off, at 4°C using Bioruptor Pico (Diagenode)
followed by heating at 95°C for 5 minutes. The protein concentration of lysates were
quantified by the BCA protein assay and 1 mg of total protein from each sample was
carried through subsequent sample preparation. Protein disulfides were reduced with 5 mM
dithiolthreitol (final concentration) for 30 minutes at 37°C followed by alkylation with 10
mM chloroacetamide (final concentration) for 30 minutes at room temperature in the dark.
Excess alkylating agent was quenched by adding the same amount of dithioltheritol as the
previous step and incubating for 5 minutes at room temperature. Each sample was then
diluted 1:5 using 50 mM triethylammonium bicarbonate, pH 8.5, containing 10 mg trypsin
(Promega) and digested at 37°C for 4 hours. A second aliquot of 10 pg trypsin (Promega)
was spiked into the samples and digested overnight at 37°C. The reaction was quenched
and detergents extracted with 1:1 (v:v) ethyl acetate containing 1% trifluoroacetic acid. The
samples were vortexed vigorously and centrifuged at 16,000xg for 5 minutes. The lower
aqueous phase was transferred to new microcentrifuge tubes and dried by speedvac. The
samples were reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid, desalted on
Oasis HLB 10 mg cartridges (Waters), and dried by speedvac. Samples were resuspended in
200 mM EPPS, pH 8.5, and peptide concentration was obtained using Pierce Quantitative
Colorimetric Peptide Assay (Thermo). 400 ug of peptides were labeled with 10-plex TMT
reagents at 1:2 reagent:peptide concentration following the manufacturer’s instruction, and
dried by speedvac. Samples were reconstituted in 2% acetonitrile with 0.1% trifluoroacetic
acid and 1 mg of total peptides from each sample were pooled and desalted using SDB
StageTips as previously described (Rappsilber et al., 2007). 1 mg of total peptide from this
pooled test sample was acquired via nanoLC-MS/MS on a QExactive Plus (Thermo) using
a 3 hour gradient as later discussed. The raw data was processed using Proteome Discoverer
v2.2 (Thermo) as later discussed. Each sample was normalized to the protein median fold
change compared to the 126 m/z TMT channel and ~300 mg of each sample was pooled
accordingly. The pooled peptide sample was desalted on an Oasis HLB 200 mg cartridge
(Waters) and dried by speedvac.

Phosphopeptide enrichment by immobilized metal affinity chromatography
—Phosphopeptide enrichment was performed using Fe-IMAC as previously described
(Swaney and Villén, 2016). Briefly, 3.3 mg of dried peptides were solubilized in 900 uL

of phosphopeptide binding solution (80% acetonitrile and 0.1% TFA). 150 L peptide
aliquots were mixed with 165 pL of Fe-IMAC and incubated at room temperature for 30
minutes with shaking. The supernatant and all washes were collected, dried by speedvac,
and desalted on an Oasis HLB 200 mg cartridge (Waters) to be later used for peptide
fractionation and total protein quantification via nanoLC-MS/MS. The phosphopeptides
were quickly eluted from beads with 100 pL of phosphopeptide elution solution (70%
acetonitrile and 1% ammonium hydroxide), passed through C8 StageTip and acidified with
30 uL of 10% formic acid. The phosphopeptide eluents were dried by speedvac and desalted
using SDB StageTips.

Offline basic pH reverse phase liquid chromatography—The total phosphopeptide-
enriched sample and 70 mg of the non-phosphopeptide sample were each solubilized in 3
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uL of buffer A (10 mM ammonium bicarbonate, pH 10, and 2% acetonitrile) and separated
on a Zorbax 300Extend-C18 column (3.5 mm particle size, 0.3 mm x 150 mm, Agilent)
using an Agilent 1260 capillary pump and mWPS autosampler equipped with an 8 uL
sample loop. 96 fractions were collected with a 60 minutes gradient from 5% to 60% buffer
B (90% acetonitrile, 10 mM ammonium bicarbonate, pH 10, flow rate of 6 uL/min) into
pre-deposited 20 pL of 5% formic acid. The samples were concatenated with an interval

of 24 to form 24 final fractions (e.g. fractions 1, 25, 49, and 73 combined, fractions 2,

26, 50 and 74 combined, and so on). The concatenated fractions were desalted using SDB
StageTips and dried by speedvac.

Acidic pH reverse phase liquid chromatography coupled with tandem MS—
The dried peptide fractions for whole proteome analysis were reconstituted in 11 pL of 2%
acetonitrile and 0.15% formic acid. For phosphopeptide analysis, the dried peptide fractions
were reconstituted in 6 uL of 2% acetonitrile and 0.15% formic acid. 5 puL of sample was
loaded on a laser-pulled reverse phase column (150 mm x 20 cm, 1.8 mm C18 resin with
0.5 cm of 5 mm C4 resin at the laser-pulled end (Acutech Scientific)) interfaced with an
Eksigent 2D nanoLC, Phoenix S&T dual column source, and QExactive Plus MS (Thermo).
Peptides were eluted using 5-40% buffer B gradient in 3 hours (buffer A: 2% acetonitrile,
0.15% formic acid; buffer B: 98% acetonitrile, 0.15% formic acid, flow rate of 0.5 uL/min).
The column was heated at 60C by a butterfly portfolio heater (Phoenix S&T) to reduce
backpressure. The mass spectrometer was operated in data-dependent mode with a survey
scan from 350-1500 m/z (70,000 resolution, 3 x 108 AGC target and 100 ms maximal ion
time) and 10 MS/MS scans with starting fixed m/z of 100 (35,000 resolution, 2 x 10> AGC
target, 120 ms maximal ion time, 32 normalized collision energy, 1.2 m/z isolation window,
and 30 second dynamic exclusion).

Identification and quantitation of peptides using Proteome Discoverer v 2.2
—The acquired MS/MS raw files were searched by the Sequest algorithm against a
forward and reverse target/decoy database to estimate FDR. The target protein database
was downloaded from the Uniprot human database (reference and additional sequences,
93,320 protein entries; downloaded in March 2018) and the decoy protein database was
generated by reversing all target protein sequences. A contaminate protein database was
included in the searches (244 protein entries; downloaded from MaxQuant 1.6.0.16).
Spectra were searched with +10 ppm for precursor ion and +0.02 Da product ion

mass tolerance, fully tryptic restriction, static mass shift for TMT-tagged N-terminus and
lysine (+229.16293), carbamidomethylation to cysteine (+57.021), dynamic mass shift for
oxidation of methionine (+15.995), deamidation of asparagine and glutamine (+0.984),
acetylation of protein N-terminus (+42.011), phosphorylation of serine, threonine and
tyrosine (+79.96633, only for phosphopeptide-enriched fractions), two maximal missed
cleavages, three maximal modification sites, and the assignment of b and y ions. Putative
peptide spectra matches were filtered by Percolator using 1% FDR. Post-translational
modifications were site localized using ptmRS. TMT reporter ions were quantified using
the most confident centroid with reporter ion mass tolerance at 20 ppm.
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Proteome and phosphoproteome differential expression analysis—Differential
expression events were defined by identifying proteins/phosphopeptides with between-
treatment variance significantly larger than within-replicate variance using one-way
ANOVA (analysis of variance). Significantly altered proteins and phosphopeptides were
filtered using Benjamini-Hochberg (BH) procedure at 1% or 0.1% FDR respectively.

All statistical analysis, principle component analysis, and unsupervised hierarchical
clustering was performed using Python. Kinase substrate enrichment analysis (KSEA) was
performed using the web tool (https://casecpb.shinyapps.io/ksea/). Briefly, the significantly-
altered phosphopeptides were submitted and respective kinases were assigned using the
PhosphositePlus database and NetworKin. Kinases were filtered with 5% FDR.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + SD with number of biological replicates indicated in figure
legends. Comparisons of two groups were evaluated using the unpaired two-tailed unpaired
t test and P values less than 0.05 were considered significant. Comparisons of more than
two groups were evaluated using one-way ANOVA followed by Bonferroni’s multiple
comparison test and P values less than 0.05/m, where m is the total number of possible
comparisons, were considered significant.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Interferon signaling biomarkers are enriched in a subset of PDAC tumors

Phosphoproteomics and chemical genomics identify ATR as an interferon-
induced codependency in PDAC cells

Blocking ATR in combination with interferon signaling limits nucleotide
pools

ATR inhibitors restrict the growth of PDAC tumors in which interferon
signaling is driven by STING
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Figure 1. IFN signaling is enriched in a subset of PDAC tumors
(A) Analysis of an IFN response gene expression signature in the filtered TCGA PDAC

dataset.

(B and C) Histoscores and representative immunohistochemistry (IHC) images of primary
PDAC specimens probed for STAT1 (B) or MX1 (C; n = 26). Histoscores were calculated as
a sum of the staining intensity (0, negative; 1, weak; 2, moderate; or 3, strong) multiplied by
the percentage of tumor cells at that intensity (0-300 range).

(D) Representative STAT1 and MX1 IHC images and histoscores of PDAC-patient-derived
(n =33) and cell line (n = 17) xenograft tumors. Pearson correlation coefficient is indicated.
(E) Immunoblot analysis of DANG and HS766T cells treated £100 U/mL IFN for the
indicated timepoints /n vitro and lysates prepared from DANG and HS766T subcutaneous
tumors in NCG mice.
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Figure 2. IFN triggers ATR activation and sensitizes PDAC cells to ATR inhibition
(A) nLC-MS/MS proteomics/phosphoproteomics analysis of SUIT2 cells treated +100

U/mL IFNB for 24 h. An FDR of 1% was applied to identify significantly altered

proteins. An FDR of 0.1% was applied to identify significantly altered phosphopeptides.
Kinase-substrate enrichment analysis (KSEA) of phospho-sites meeting the FDR cutoff was
performed to infer alterations in protein kinase activity. A Z score >1 indicates activation
and <1 indicates repression. ATR substrate phospho-sites meeting the 0.1% FDR cutoff and
corresponding total protein levels are indicated (n = 5).

Cell Rep. Author manuscript; available in PMC 2022 March 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abtetal.

Page 32

(B) High-throughput phenotypic screen evaluating the anti-proliferative effects of 430
protein kinase inhibitors using CellTiter-Glo. Compounds were tested at7-point dose
response against SUIT2 cells treated +100 U/mL IFN for 72 h (n = 2).

(C) Immunofluorescence microscopy analysis of sSDNA in SUIT2 cells treated £100 U/mL
IFNB £500 nM VE-822 (ATRi) for 24 h (mean + SD; n = 10; one-way ANOVA corrected
for multiple comparisons by Bonferroni adjustment).

(D) Flow cytometry analysis of pH2A.Xg139 levels in SUIT2 cells treated £100 U/mL IFNB
+500 nM ATRI for 48 h (mean + SD; n = 2; one-way ANOVA corrected for multiple
comparisons by Bonferroni adjustment).

(E) Immunoblot analysis of SUIT2 cells treated for 72 h £100 U/mL IFNB 500 nM ATRi.
(F) AnnexinV/PI flow cytometry analysis of SUIT2 cells treated for 72 h £100 U/mL IFNB
+500 nM ATRi (mean = SD; n = 2; one-way ANOVA corrected for multiple comparisons by
Bonferroni adjustment).

(G) Immunoblot analysis of PDAC cell lines treated 100 U/mL IFN for 24 h.

(H) Propidium iodide (PI) flow cytometry cell-cycle analysis of PDAC cells treated +100
U/mL IFNB, and CellTiter-Glo analysis of ATRi response in a panel of PDAC cell lines
treated 100 U/mL IFNP for 72 h (mean + SD; n = 4; unpaired t test). *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.
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Figure 3. IFN alters nucleotide metabolism in PDAC cells

(A) Principal-component analysis (PCA) of fold changes in 485 metabolites measured
by LC-MS in SUIT2, YAPC, and PANC1 cells treated +100 U/mL IFNP for 24 h (n =
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6). Numbers and percentages of metabolites significantly altered by IFNp treatment are

indicated (FDR < 10%).

(B) Metabolite set enrichment analysis (MSEA) of significantly altered metabolites in each

cell line.

(C) Summary of IFN-induced alterations in nucleotide and NAD*/NADH metabolism in

SUIT2 cells.

(D) Relative levels of indicated metabolites in PDAC cell lines treated 100 U/mL IFNp for
24 h (mean + SD, n = 6, unpaired t test). *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001.
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Figure 4. IFN restricts dNTP pools and enhances nucleoside efflux in PDAC cell lines
(A) LC-MS/MS-MRM analysis of intracellular ANTP pools, DNA, and extracellular

nucleosides in SUIT2 cells treated 100 U/mL IFNp for 24 h in media containing 1
g/L [13Cglglucose. Gray bars indicate unlabeled (M+0) fraction, and red bars indicate
[*3Cg]glucose-labeled (M+5), newly synthesized fraction. DNA was hydrolyzed to
nucleosides before analysis (mean + SD; n = 6; unpaired t test; statistical analysis was
performed only on [13Cg]glucose-labeled fractions; NT: nucleoside transporter).
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(B) Summary of nucleotide metabolism-related proteins significantly altered in SUIT2 cells
following 24 h treatment 100 U/mL IFNB in the nLC-MS/MS proteomics dataset obtained
in Figure 2A (<1% FDR).

(C) Immunoblot analysis of SUIT2 cells treated 100 U/mL IFNp for 24 h.

(D) Schematic of the nucleotide metabolism-related processes impacted by IFN.

(E) Analysis of [13Cg]glucose-labeled intracellular metabolite levels, extracellular media
nucleoside levels, and contribution of [23Cg]glucose to newly replicated DNA in SUIT2-wild
type (WT) and SAMHD1-knockout (KO) measured using LC-MS/MS-MRM following
treatment £100 U/mL IFNB for 24 h in media containing 1 g/L [*3Cg]glucose (mean + SD;

n = 3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment). *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 5. IFN and ATR inhibitors cooperatively restrict ANTP pools and S-phase progression
(A) LC-MS/MS analysis of dCTP pools in SUIT2 cells treated £100 U/mL IFNB+500 nM

VE-822 (ATRI) for 24 h (mean = SD; n = 3; one-way ANOVA corrected for multiple
comparisons by Bonferroni adjustment).

(B) LC-MS/MS-MRM analysis of [13Cg]glucose contribution to newly replicated DNA in
SUIT2 cells treated +100 U/mL IFNB+500 nM ATRi for 24 h (mean = SD; n = 3; one-way
ANOVA corrected for multiple comparisons by Bonferroni adjustment).

(C) Immunoblot analysis of SUIT2 cells treated with indicated doses of ATRIi in the
presence of 100 U/mL IFNp for 48 h.

(D) RT-PCR analysis of RRMZ2transcript levels in SUIT2 cells treated £100 U/mL
IFNB+250 nM ATRI for 24 h (mean + SD; n = 6; one-way ANOVA corrected for multiple
comparisons by Bonferroni adjustment).

(E) Immunoblot analysis of SUIT2 cells treated as indicated in the presence of the
proteasome inhibitor MG132.

(F) Immunoblot analysis of PDAC cells treated £100 U/mL IFNp+500 nM ATRi for 24 h.
(G) Flow cytometry cell-cycle analysis of PDAC cells treated £100 U/mL IFNB+500 nM
ATRIi for 24 h, ***p < 0.001; ****p < 0.0001.
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Figure 6. ATR inhibitors restrict the growth of PDAC tumors with STING-driven IFN signalling
(A) STING transcript levels across TCGA tumor datasets relative to GTEx organ-matched

normal tissues.

(B) IHC analysis of STING expression in the UCLA PDAC tissue microarray (n = 138).
(C) Immunoblot analysis of protein lysates prepared from STING WT and CRISPR-Cas9
KO HS766T or DANG subcutaneous xenograft tumors.

(D) IncuCyte live-cell imaging analysis of SUIT2 TetR STINGR284M ce||s treated

+50 ng/mL doxycycline (DOX) + 500 nM VE-822 (ATR inhibitor [ATRI]) in
anchorage-independent cultures (mean + SD; n = 6; one-way ANOVA corrected for
multiple comparisons by Bonferroni adjustment). Images are representative of respective
experimental endpoints.

(E) Immunoblot analysis of SUIT2 tumors from mice treated £ DOX diet + AZD-6738 (25
mg/kg b.i.d.) for 3 days.

(F) Experimental design to evaluate the impact of ATRi against PDAC tumors with active
STING signaling.

(G and H) NCG mice were inoculated with subcutaneous (s.c.; G; n = 8) or orthotopic

(H; n = 4) SUIT2 TetR STINGR284M tymors. Mice were fed a DOX-supplemented diet
starting 7 days after tumor inoculation and treated +25 mg/kg ATRi AZD-6738 b.i.d. for 26
days (unpaired t test; mean + SD). Tumor volumes were measured using micro-computed
tomography (UCT). Mass of excised tumor tissue is indicated. *p < 0.05; ****p < 0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-STAT1 (IB/IHC), rabbit monoclonal
anti-pSTAT1-Y701, rabbit monoclonal

anti-MX1 (IB/IHC), rabbit monoclonal
anti-ACTIN, mouse monoclonal

anti-VINCULIN, rabbit monoclonal
anti-SAMHD1, rabbit polyclonal

anti-CHEK1, mouse monoclonal
anti-pCHEK1-S345, rabbit monoclonal
anti-pH2AX-S139, rabbit monoclonal

anti-TYMP, rabbit monoclonal

anti-NT5C3A, rabbit polyclonal

anti-DHFR, mouse monoclonal

anti-TYMS, rabbit monoclonal

Ant-RSAD2 (VIPERIN)

anti-CLEAVED PARP, rabbit monoclonal
anti-CLEAVED CASPASE 3, rabbit polyclonal
anti-RRM2, rabbit monoclonal

anti-E2F1, rabbit polyclonal

anti-STING (TMEM173) (1B/IHC); rabbit monoclonal
anti-pIRF3-S396; rabbit monoclonal

anti-RABBIT 1gG, HRP-LINKED, goat polyclonal
anti-MOUSE IgG, HRP-LINKED, goat polyclonal
anti-RABBIT IgG BIOTIN, goat polyclonal
anti-pH2AX-S139 FITC conjugate, mouse monoclonal

anti-ssDNA (F7.26), mouse monoclonal

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Sigma-Aldrich

Novus Biologicals

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Jackson Laboratories
ThermoFisher Scientific

Millipore

Cat#14994; RRID:AB_2737027
Cat#9167; RRID:AB_561284
Cat#37849; RRID:AB_2799122
Cat#3700; RRID:AB_2242334
Cat#13901; RRID:AB_2728768
Cat#49158

Cat#2360; RRID:AB_2080320
Cat#2348; RRID:AB_331212
Cat#9718; RRID:AB_2118009
Cat#4307; RRID:AB_10549070
Cat#HPA010630; RRID:AB_2668319
Cat#MAB7934

Cat#9045; RRID:AB_2797693
Cat#13996; RRID:AB_2734772
Cat#5625; RRID:AB_10699459
Cat#9662; RRID:AB_331439

Cat# 65939

Cat#3742; RRID:AB_2096936
Cat#13647; RRID:AB_2732796
Cat#37829; RRID:AB_2799121
Cat#7074; RRID:AB_2099233
Cat#7076; RRID:AB_330924
Cat#111-065-003; RRID:AB_2337959
Cat#16-202-AMI

Cat#MAB3299; RRID:AB_11211010

Bacterial and virus strains

Stbl3 chemically competent E. Coli ThermoFisher Scientific Cat#C737303
Biological samples

Human peripheral blood mononuclear cells UCLA N/A

PDAC patient-derived xenograft (PDX) models UCLA N/A
Pancreatic cancer tissue microarray (deidentified) Manuyakorn et al., 2010 N/A

Chemicals, peptides, and recombinant proteins

DMEM
Fetal bovine serum

OptiMEM

Corning
Omega Scientific

ThermoFisher Scientific

Cat#10-107-CV
Cat#FB-11
Cat#31985-062
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Lipofectamine 3000 ThermoFisher Scientific 3000001

Human IFNB

Human IFNy

[13Cg]glucose

VE-822

AZD-6738

LY2603618

AZD-1775

CHIR-124

Ruxolitinib

Doxycycline

2'3’-cGAM(PS), (Rp/Sp)
Interferon stimulatory DNA (ISD)
diABZI compound 3
Lipofectamine 3000

OptiMEM

RIPA protein lysis buffer

Halt protease inhibitor cocktail
Halt phosphatase inhibitor cocktail
Laemmli loading dye

4-12% Bis-tris protein gels
Nitrocellulose membrane
Nonfat dry milk

Tris-buffered saline

Tween-20

Supersignal pico ECL reagent
Supersignal femto ECL reagent
Autoradiography film

DAPI

CytoFIX/CytoPERM

DNA degradase PLUS

Hard tissue homogenizing vials
Ultra-low attachment 96-well plates

Vectastain elite ABC kit

Doxycycline supplemented rodent diet

Control rodent diet
Propylene glycol
Matrigel
D-Luciferin

Ultra-low attachment 96-well plates

PBL Assay Science
PBL Assay Science
Sigma-Aldrich

Cayman Chemicals
Cayman Chemicals
Cayman Chemicals
Cayman Chemicals
Cayman Chemicals
Cayman Chemicals
Clontech

Invivogen

Invivogen

Selleckchem
ThermoFisher Scientific
ThermoFisher Scientific
Boston BioProducts
ThermoFisher Scientific
ThermoFisher Scientific
Boston BioProducts
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Sigma-Aldrich
ThermoFisher Scientific
ThermoFisher Scientific
Denville

Invitrogen

BD Biosciences

Zymo

Omni International
ThermoFisher Scientific
Vector Laboratories
Envigo

Envigo

Sigma-Aldrich
ThermoFisher Scientific
Goldbio

ThermoFisher Scientific

Cat#11415-1
Cat#11500-1
Cat#389374

Cat#24198
Cat#21035
Cat#20351
Cat#21266
Cat#16553
Cat#11609
Cat#631311
Cat#tlrl-nacga2srs
Catfftlrl-isdn
Cat#S8796
Cat#1.3000001
Cat#31985-062
Cat#BP-115
Cat#P178430
Cat#P178428
Cat#BP-110R
Cat#NP0336
Cat#88018
Cat#M-0841
Cat#50-751-7046
Cat#P9416
Cat#34580
Cat#34095
Cat#E3012
Cat#D1306
Cat#554722
Cat#E2021
Cat#19-628
Cat#07-201-680
Cat#PK-6100
Cat#TD.120769
Cat#TD.00588
Cat#P4347
Cat#CB-40234
Cat#Luck
Cat#07-201-680
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Critical commercial assays
AnnexinV-FITC apoptosis detection Kit BD Biosciences Cat#556547
BCA assay ThermoFisher Scientific Cat#23225
3D Cell Titer Glo Promega Cat#G9683
NucleoSpin RNA kit Takara Bio Cat#740955.25
MycoPlasma detection Kit Sigma-Aldrich Cat#MP0025
EvaGreen qPCR master mix Lambda Biotech Cat#MX-S
High-capacity cDNA reverse transcription kit ThermoFisher Scientific Cat#4368814
Quick RNA miniprep kit Zymo Cat#R1054
Quick genomic DNA miniprep kit Zymo Cat#D3021
Human IFNB ELISA PBL Assay Science Cat#41410
EdU cell proliferation kit ThermoFisher Scientific Cat#C10337

Experimental models: Cell lines

Human SUIT2 (male) cells

Human DANG (female) cells
Human CFPACL1 (male) cells
Human YAPC (male) cells

Human PANCO0327 (female) cells
Human PATU8988T (female) cells
Human MIAPACA2 (male) cells
Human PANC1 (male) cells
Human PANC0203 (female) cells
Human HS766T (male) cells
Human A13A primary PDAC cells

Accegen

DSMZ
ATCC
DSMZ
ATCC
DSMzZ
ATCC
ATCC
ATCC
ATCC
Elliott et al., 2019.

Cat#ABC-TC1175;
RRID:CVCL_3172

Cat#ACC249; RRID:CVCL_0243

Cat#CRL1918; RRID:CVCL_1119
Cat#ACC382; RRID:CVCL_1794

Cat#CRL2549; RRID:CVCL_1635
Cat#ACC162; RRID:CVCL_1847

Cat#CRL1420; RRID:CVCL_0428
Cat#CRL1469; RRID:CVCL_0480
Cat#CRL2553; RRID:CVCL_1633
Cat#HTB134; RRID:CVCL_0334

N/A

Experimental models: Organisms/strains

Mouse: NOD-Prkdcem266952 | 2pgem26C022/ NjuCrl Charles River Cat#572
(NCG) Laboratories

Oligonucleotides

human IFNB1 RT-PCR primer-forward (5°- Liang et al., 2021. N/A
TCACCAGGGGAAAACTCATGAGC-3%)

human IFNB1 RT-PCR primer-reverse (5’- Liang et al., 2021. N/A
GAGATCTTCAGTTTCGGAGGTAACCT-3")

human RRM2 RT-PCR primer-forward (5°- This paper N/A
CACAAGGCATCGTTTCAATG-3")

human RRM2 RT-PCR primer-reverse (5’- This paper N/A
ACAGAAGCCCGCTGTTTCTA-3’)

human STING-targeting gRNA (5’- This paper N/A

AGAGCACACTCTCCGGTACC-3")
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

human SAMHD1-targeting gRNA (5- Liang et al., 2021. N/A

GTCATCGCAACGGGGACGCT-3’)

Recombinant DNA

pMD2G lentiviral packaging plasmid Addgene Cat#12259

psPAX2 lentiviral packaging plasmid Addgene Cat#12260

LentiCrisprv2 plasmid Addgene Cat#52961

pLenti PURO DEST mammalian expression plasmid Invitrogen Cat#17452

pPENTR-D/TOPO plasmid ThermoFisher Scientific Cat#KP240020

pLENTI TetR BLAST mammalian expression plasmid ~ Addgene Cat#17492

Software and algorithms

Flowjo software Tree Star https://www.flowjo.com

Graphpad Prism software Graphpad https://www.graphpad.com/scientific-
software/prism/

Other

Q-Exactive mass spectrometer Thermo N/A

6460 triple quadrupole mass spectrometer Agilent N/A

SynergyH1 microplate reader BioTek N/A

QuantStudio3 Real-Time PCR system ThermoFisher Scientific N/A

IncuCyteZoom live cell imaging system IncuCyte N/A
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