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 Cancer cell proliferation and survival are dependent upon on a sufficient supply of 

deoxyribonucleotide triphosphates (dNTPs), the substrates for DNA replication. dNTPs are 

produced by convergent intracellular metabolic pathways, either by the de novo pathway which 

utilizes glucose and amino acid precursors or by the salvage pathway which allows for the 

scavenging of preformed nucleosides from the environment. Despite its fundamental nature, the 

regulation of nucleotide biosynthesis by intracellular signaling networks in cancer cells is poorly 

defined and the implications this control are unclear. Here we systematically evaluate the 

regulation of cancer cell nucleotide metabolism by two signaling networks, the replication stress 

response pathway and signaling elicited by the cytokine interferon. Armed with new insights into 

the regulation of nucleotide metabolism in cancer we develop new, rationally designed 

therapeutic strategies to be translated for the treatment of precisely defined patient populations. 

Chapter 1 provides an introduction to nucleotide metabolism function and regulation in cancer. 

Chapter 2 concerns the investigation of nucleotide metabolism regulation by the replication 

stress response signaling pathway. Here we define a link between the proximal replication 
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stress response kinase ataxia telangiectasia and Rad3-related protein (ATR) and rate-limiting 

enzymes in de novo and salvage nucleotide biosynthetic pathways: ribonucleotide reductase 

(RNR) and deoxycytidine kinase (dCK). In cancer cells, ATR inhibition produces a collateral 

dependency on RNR and dCK activity. We demonstrate that simultaneously targeting ATR, RNR 

and dCK using small molecule inhibitors effectively eradicates acute lymphoblastic leukemia 

cells in vitro and in vivo. 

In Chapter 3 we report an investigation of nucleotide metabolism regulation by the pleiotropic 

cytokine type I interferon. We determine that interferon signaling is constitutive in pancreatic 

ductal adenocarcinoma (PDAC) patient tumors and xenograft models and is driven by the 

cGAS/STING pathway. In PDAC cells, interferon signaling triggers a decrease in dNTP pool 

abundance and up-regulates dNTP phosphohydrolysis mediated by sterile alpha-motif and 

histidine-aspartate domain-containing protein 1 (SAMHD1). Activation of ATR is a compensatory 

response to this stress and we find that interferon signaling triggers a dependency on ATR 

activity in a subset of PDAC models. 

Chapter 4 concerns the identification of a cancer cell metabolic vulnerability that results from 

impaired dNTP catabolism. Here we show that inhibition of purine nucleoside phosphorylase 

(PNP) selectively induces dNTP pool imbalance and cell death in cancer cells lacking the 

phosphohydrolase SAMHD1. In this chapter we define a new synthetic lethal interaction in 

cancer and demonstrate that SAMHD1 deficiency is a requisite biomarker for PNP inhibitor 

activity. 

In Chapter 5 we present the development and application of a cell-based metabolic modifier 

screening platform that leverages the redundancy in pyrimidine metabolism for the discovery of 

specific modulators of convergent nucleotide biosynthetic pathways. Here we report the 

identification and characterization of selective small molecule inhibitors of the pyrimidine de 

novo pathway enzyme dihydroorotate dehydrogenase and of nucleoside transporters which are 

essential for nucleoside salvage pathway activity. 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CHAPTER 1 

Introduction 

Function and Regulation of  

Nucleotide Metabolism in Cancer 
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A sufficient, balanced supply of nucleotides is essential for cancer cell proliferation 

Nucleotides are perhaps the oldest molecules of life and thus participate in many cellular 

processes. These processes include: nucleic acid biosynthesis, DNA repair, energy transfer, 

signal transduction, carbohydrate metabolism and lipid metabolism (Figure 1.1)1.  

Cancer cells require an adequate, balanced supply of nucleotides for proliferation and survival. 

Deoxyribonucleotide triphosphates (dNTPs), the substrates for DNA replication and repair, are 

produced de novo from glucose and amino acids or by salvage of preformed nucleosides and 

nucleobases from the environment1. dNTP pool sizes are tightly regulated by the coordinated 

activity of a network of biochemical pathways controlled by over 200 proteins (Figure 1.2)1,2. 

The functions of these pathways within nucleotide metabolism encompass: 

(i) nucleotide biosynthesis mediated by the rate-limiting enzyme complex ribonucleotide 

reductase (RNR) that converts ribonucleotides (NDPs) to deoxyribonucleotides (dNDPs). 

Nucleotide diphosphate kinases add a terminal phosphate to complete dNTP synthesis. 

(ii) nucleotide utilization for DNA replication and repair. 

(iii) nucleotide phosphohydrolysis mediated by sterile alpha-motif and histidine-aspartate 

domain-containing protein 1 (SAMHD1) which hydrolyzes dNTPs to corresponding 

deoxyribonucleosides (dNs) and triphosphate3. 

(iv) nucleoside recycling of phosphohydrolysis-produced dNs by nucleoside kinases 

deoxycytidine kinase (dCK), which accepts dC, dA and dG; and thymidine kinase 1 (TK1) 

which accepts dT. 

(v) nucleoside salvage of preformed dNs from the environment via the action of nucleoside 

transporters and kinases. 

(vi) nucleoside breakdown of nucleosides by phosphorylases thymidine phosphorylase 

(TYMP) and purine nucleoside phosphorylase (PNP). 
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A hallmark characteristic of nucleotide metabolism, and of cellular metabolic networks in 

general, is the presence of convergent metabolic nodes: metabolites which are supplied by 

parallel biochemical pathways4. This redundancy grants metabolic plasticity and allows for 

adaption to alterations in environmental nutrient availability. Uridine monophosphate (UMP), the 

precursor to all pyrimidine nucleotides, is one such metabolic node and is produced redundantly 

by parallel de novo and salvage pathways. The de novo pathway utilizes glucose, glutamine 

and aspartate precursors in a six-step biochemical process mediated by tri-functional CAD, 

dihydroorotate dehydrogenase (DHODH), which is located on the other surface of the inner 

mitochondrial membrane and contributes electrons to the mitochondrial electron transport chain, 

and bi-functional UMP synthase (UMPS; Figure 1.3A)5. A parallel salvage pathway allows for 

utilization of preformed uridine from the environment via the combined actions of nucleoside 

transporters and the uridine-cytidine kinases (UCKs)6. Nucleoside membrane translocation is 

regulated by two major classes of nucleoside transporters: (i) concentrative nucleoside 

transporters (CNTs) which are obligatory inward transporters that co-import Na+, and (ii) 

equilibrative nucleoside transporters (ENTs) which are bidirectional, energy independent and 

responsive to nucleoside concentration gradients7. Similar convergent de novo and salvage 

pathways exist for the biosynthesis of pyrimidine deoxyribonucleotides dCMP and dTMP 

(Figure 1.3B). 

The first evidence of a cellular deoxyribonucleoside salvage pathway was obtained in the 1951 

by Reichard and colleagues who elegantly demonstrated that 15N-labeled dNs are incorporated 

into nucleic acids in cells8. It has been decades since the process of nucleoside salvage was 

biochemically mapped however its biological significance, particularly in the context of cancer, 

remains unclear. This metabolic pathway has been exploited in the treatment of cancer by the 

development of antimetabolite chemotherapies, such as gemcitabine and cytarabine, which are 

toxic analogs of natural nucleosides that rely on the salvage kinase dCK for their activation. dN 

salvage is perhaps most well studied for its role as a resistance mechanism in the context of 

therapeutic inhibition of de novo nucleotide biosynthetic pathways9. 
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The development of deoxycytidine and thymidine analogs labeled with a positron-emitter, 

including [18F]FAC, [18F]CFA and [18F]FLT, allowed for the measurement of endogenous 

nucleoside kinase activity in mice and humans using non-invasive positron emission 

tomography (PET)10–12. These studies indicated that dCK activity is enriched at sites of 

hematopoiesis, including the thymus, spleen and bone marrow. Consistently, defects in T- and 

B-cell development were found to be consequences of genetic dCK inactivation in mice, a 

finding which prompted the development of small molecule dCK inhibitors for the treatment of 

hyper-proliferative hematological malignancies2,13. dCK inhibitors have been deployed for 

treatment of acute lymphoblastic leukemia in preclinical models and found to potently enhance 

response to the pyrimidine de novo pathway inhibitors thymidine and triapine14,15. 

An increasing body of evidence indicates that the nucleoside salvage kinases dCK, TK1 and 

uridine-cytidine kinase 2 (UCK2) are active in cancer cells and that their substrates are 

abundantly produced by tumor-supporting cells in the microenvironment, including fibroblasts 

and immune cells16. A role for nucleosides in cancer cell fate is further supported by an 

association between elevated nucleoside kinase expression and poor prognosis in multiple 

cancers including pancreatic ductal adenocarcinoma17. One challenge in the study of nucleoside 

salvage lies in traditional in vitro cell culture systems where de novo pathway substrates 

(glucose and glutamine) are supplied in abundance in hyperoxic (20% O2) environments. In 

contrast, this de novo pathway may be limited in some tumors as a consequence of poor 

vasculature, nutrient starvation or hypoxia thereby increasing the relevance of salvage. 

Additionally, pyrimidine nucleosides are detected in human and rodent plasma but are generally 

omitted from cell culture media11. Thus, experimental artifacts resulting in vitro model systems 

could confound the investigation of the interplay between de novo and salvage nucleotide 

biosynthetic pathways. Furthermore, the end product of uridine salvage, UTP, is a potent 

allosteric inhibitor of the proximal de novo pathway enzyme CAD, suggesting that pyrimidine 

biosynthesis by the energetically economical salvage pathway is “preferred” (the de novo 

pathway requires expenditure of 1 glucose, 1 glutamine, 1 aspartate, and 2 ATP molecules to 
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produce UMP whereas the salvage pathway requires only preformed uridine scavenged from 

the environment and 1 molecule of ATP)4.  

Whether nucleoside kinase inhibitors can be effectively applied in cancer treatment with 

acceptable tolerability remains to be determined. This translation may require identification of 

optimal companion therapies (small molecule inhibitors and/or immunotherapy) and the 

stratification of patients using genomic (identification of tumors in which mutational inactivation 

of de novo pathway genes is observed) or transcriptional signatures. The first-in-class dCK 

inhibitor TRE-515 is currently progressing towards clinical trials for the treatment of cancer and 

the findings of these studies will undoubtably enhance our understanding of nucleoside salvage 

in humans. 

The replication stress response allows cancer cells to sense and respond to nucleotide 

insufficiency 

dNTP pool insufficiency, excesses or imbalances impair DNA replication fidelity and genome 

stability (Figure 1.4)18,19. Importantly, imbalances amongst dNTP pools have been implicated as 

a cause of the human pathologies severe combined immunodeficiency (SCID) and 

mitochondrial neurogastrointestinal encephalomyopathy (MNGIE)20,21. Thus, in mammalian 

cells, dNTPs pools are tightly regulated and maintained in limited supply. Consequently, even 

small reductions in dNTP biosynthesis could limit DNA replication and induce DNA damage in 

actively proliferating tumor cells.  

Nucleotide biosynthesis is regulated by both biochemical (allosteric feedback control) and 

signaling mechanisms (transcriptional and post-translational control of nucleotide metabolism 

enzymes)22–24. The KRAS oncogene has been shown to induce the expression of rate-limiting 

nucleotide biosynthetic enzymes in cancer cells via impairment of Retinoblastoma protein 

function and subsequent activation of E2F transcription factors25. The KRAS effector MYC has 
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also been shown to positively regulate nucleotide biosynthesis in pancreas cancer cells via 

induction of the pentose phosphate pathway gene RPIA26.  

More recently, the replication stress response pathway was identified as a key modulator of 

dNTP consumption, biosynthesis and salvage23,26. Initiated by replication stress, which is in turn 

triggered by any obstacle to DNA replication that causes stalling of replication forks, the 

replication stress response pathway is an extensive (over 700 component) signaling cascade27. 

This pathway is coordinated by the serine threonine kinase ataxia telangiectasia and Rad3-

related protein (ATR) and its downstream effectors, the checkpoint kinases CHEK1 and WEE1 

(Figure 1.5A)28. ATR senses replication stress by binding RPA-coated single-strand DNA 

(ssDNA) at stalled replication forks and functions to prevent their collapse into lethal DNA 

double-strand breaks. The replication stress response functions to stabilize stalled replication 

forks, inhibit new DNA synthesis, promote DNA repair, initiate nucleotide biosynthesis and 

restart DNA replication27. If unresolved, replication stress is an important source of DNA 

damage.  

An established cause of replication stress is an insufficient or imbalanced supply of dNTP 

precursors for DNA replication in S-phase. In addition to sensing nucleotide insufficiency, ATR 

directly promotes nucleotide biosynthesis by phosphorylating and activating dCK, and indirectly 

by stabilizing the E2F1 transcription factor which regulates the expression of genes required for 

de novo nucleotide biosynthesis, including RRM2, TYMS and DHFR, or by preventing untimely 

RRM2 proteasomal degradation initiated by CDK1 phosphorylation and mediated by the 

SCFCyclin F ubiquitin ligase complex23,29,30. 

Small molecule inhibitors of ATR, including M6620 (EMD Serano; also known as VE-822) and 

AZD6738 (AstraZeneca) have demonstrated anti-tumor activity in pre-clinical models and are 

being investigated in over 60 active clinical trials (Figure 1.5B)31. However, it has become 

evident that this class of drugs must be administered as a component of rationally designed 
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combination therapies for the treatment of tumors characterized by high basal levels of 

replication stress. 

In this context, the replication stress response pathway may be particularly important for the 

survival of tumor cells with oncogenic signaling driven by activating KRAS mutations and mutant 

TP5332,33. Specifically, mutant RAS has been shown to cooperate with ATR suppression to 

induce DNA damage in tumor cells32. Additionally, mitogenic oncogenic signaling in KRAS 

mutant tumor leads to an increased number of active replication origins during S-phase34. If this 

is not accompanied by a proportional upregulation of nucleotide biosynthesis, the increased 

number of replicons may lead to dNTP insufficiency, a known cause of oncogene-induced 

replication stress and senescence35,36. Collectively, these observations indicate that the 

replication stress response pathway, and consequently ATR activity, is a collateral dependency 

of transformed cells and is an example of non-oncogene addiction37. 

While the replication stress response pathway is a well-established regulator of nucleotide 

biosynthesis significant gaps remain in our understanding of the therapeutic significance of this 

link. Furthermore, the mechanisms and implications of the link between nucleotide metabolism 

and other signaling networks, such as cytokine signaling, remain to be investigated. 

Targeting nucleotide metabolism in pancreas cancer 

Pancreatic adenocarcinoma (PDAC) is a devastating disease with a median overall survival of 

less than one year and is expected to become the second most common cause of cancer 

related death in the United States by 202038,39. In addition to an aggressive tumor biology and 

late stage at diagnosis, the dismal prognosis is a result of high resistance to current tumor cell-

directed cytotoxic chemotherapies and immune checkpoint blockade40,41. Additionally, the 

majority of PDAC patients are not candidates for treatment with oncogene targeted kinase 

inhibitors as most tumors are driven by mutations in “un-druggable” KRAS. However, this 
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dogma is currently being challenged with the translation of KRAS G12C-mutant inhibitors to the 

clinic42. 

While surgery provides the only chance of cure, patients with metastatic disease are not 

candidates for resection. Chemotherapy is administered in adjuvant and advanced disease 

settings and approved regimens include: gemcitabine/abraxane combinations, or FOLFIRINOX 

a combination consisting of folinic acid, 5-fluorouracil (5-FU), irinotecan and oxaliplatin43,44. Both 

of these regimens contain either a nucleoside or nucleobase toxic antimetabolite, either the 

dCK-dependent deoxycytidine analog gemcitabine or the modified pyrimidine nucleobase 5-

FU43,44. While a subset of patients respond to chemotherapy, the 5-year overall survival rate of 

PDAC patients is <10%38.  

Thus, the development of new effective therapies for PDAC patients is an urgent need. One 

approach taken to improve outcomes has been to define genomic and transcriptional signatures 

to stratify patients45,46. Mutational inactivation of the DNA repair genes BRCA1/2 occurs in 4-7% 

of PDAC patients and is associated with improved responses to pharmacological PARP 

inhibition47. Furthermore, two transcriptional subtypes, epithelial/progenitor and mesenchymal/

squamous, have been recurrently identified in PDAC patient specimens and cells of the 

squamous subtype have been shown to exhibit elevated levels replication stress and enhanced 

sensitivity to ATR and WEE1 inhibitors41.  

The defining characteristics of PDAC tumors are mutations in KRAS and TP53 (which occur in 

90% and 78% of patients respectively), a heterotypic cellular microenvironment with a dense 

stromal compartment, and extensive inflammatory cytokine signaling (Figure 1.6)40,41. Recently, 

rewired cellular metabolism has emerged as an additional hallmark of PDAC and is driven by 

both cell autonomous mechanisms (i.e. oncogenic KRAS signaling) and by heterotypic cellular 

interactions within the tumor microenvironment48. Mutant KRAS is a critical driver of PDAC cell 

proliferation and survival and has been shown to orchestrate the up-regulation of multiple 

anabolic pathways including, glycolysis (the Warburg effect)49, glutamine metabolism50, the 
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pentose phosphate pathway26, nutrient scavenging via macropinocytosis51 and recycling by 

autophagy52. These metabolic alterations fuel the unrestrained proliferation of PDAC cells and 

allow for their survival in nutrient-poor, hypoxic microenvironment. Consistently, PDAC cells are 

particularly dependent on the activity of nutrient scavenging mechanisms, including autophagy, 

for survival. 

While nucleotide metabolism has been a target in PDAC for decades (by means of the 

antimetabolite chemotherapies gemcitabine and 5-FU) it has recently been rediscovered as a 

critical regulator of cancer cell growth and survival. The pyrimidine biosynthetic enzyme DHODH 

has been identified as a collateral dependency of KRAS driven PDAC and DHODH inhibitors 

effectively prevent PDAC cell proliferation in vitro and in vivo26. In PDAC cells, lysosomes have 

been identified as a contributor to cellular aspartate pools which are essential for de novo 

pyrimidine and purine biosynthesis53. Recent work has revealed that dN substrates for 

nucleoside kinases are abundantly produced by fibroblasts and tumor-promoting macrophages 

in PDAC tumors and competitively inhibit the activation and phosphorylation of gemcitabine by 

dCK16. However, the endogenous roles of these environmental nucleosides remain unclear and 

whether they are serve as a nutrient source for PDAC cells remains to be determined. 

The study of PDAC cell metabolism in vivo is confounded by the characteristic heterotypic 

cellular microenvironment of PDAC tumors. Cancer cells represent only a fraction of the cellular 

composition of these tumors the bulk of which consists of tumor supporting stromal cells 

including specialized fibroblasts termed stellate cells. Stellate cells directly contribute to PDAC 

cell metabolism by secreting the amino acid alanine which is scavenged by tumor cells51. 

Interestingly, this process has been shown to be orchestrated by PDAC cells indicating that they 

are capable of hijacking the metabolism of neighboring cells to fuel their own proliferation and 

promote their survival. It is clear that heterotypic cellular interactions profoundly influence PDAC 

cell metabolism and must be considered in the context of metabolism-targeted therapy. 

A significant challenge in the targeting of cellular metabolism is the lack of tumor cell selectivity 
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as cancer cells utilize the same “hard-wired” metabolic pathways present in non-transformed 

cells. However, the rewiring of metabolism in PDAC cells driven by environmental factors and 

mutant KRAS may provide unique, actionable metabolic dependencies and a sufficient 

therapeutic window for selective small molecule metabolism modifiers. Furthermore, 

pharmacological inhibition KRAS or its downstream effectors may reprogram metabolite 

production, salvage and utilization in PDAC cells and unlock new metabolic targets. 

While the links between mutant KRAS and altered metabolism are well documented in PDAC 

the regulation of cellular metabolism by other signaling networks, induced by either cell 

autonomous and environmental factors, is poorly characterized. Significant gaps remain in our 

understanding of how microenvironmental factors such as cytokines, which are abundant in the 

PDAC tumor microenvironment, influence metabolism and therapy response. A more complete 

understanding of this interaction may lead to the identification of new vulnerabilities that can be 

leveraged by targeted therapies in precisely defined patient populations. 
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Goals of this work 

This thesis describes a search for new regulators of nucleotide metabolism in cancer. Broadly, 

the goals of the work are to expand the understanding of the molecular links between signaling 

and metabolic networks and to use this information to define new therapeutic strategies. 

Specifically, the goals of this work are: 

(i) To evaluate the regulation of nucleotide metabolism by the replication stress response 

signaling network. 

(ii) To investigate the mechanisms by which the a hallmark characteristics of pancreatic ductal 

adenocarcinoma, cytokine signaling, regulates tumor cell nucleotide metabolism and to 

identify associated targetable vulnerabilities. 

(iii) To identify of new synthetic-lethal interactions arising from impaired dNTP 

phosphohydrolase activity in cancer cells. 

(iv) To identify new small molecule tools to modulate convergent pyrimidine biosynthetic 

pathways. 

Translational significance 

Armed with new insight into this fundamental biochemical network we developed new, rationally 

designed therapeutic approaches to be translated for the treatment of precisely defined patient 

populations. 
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Figure 1.1ㅣSummary of the biological functions of nucleotides. cGAMP: cyclic guanosine 

monophosphate–adenosine monophosphate; NAD: nicotinamide adenine dinucleotide; NADP: 

nicotinamide adenine dinucleotide phosphate. 
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Figure 1.1ㅣ Overview of the biological functions of nucleotides. Summary of biological functions of nucleotides. 

cGAMP: cyclic guanosine monophosphate–adenosine monophosphate; NAD: nicotinamide adenine dinucleotide; 

NADP: nicotinamide adenine dinucleotide phosphate.
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Figure 1.2ㅣOverview of nucleotide biosynthesis, recycling and catabolism. Schematic 

overview of key metabolic processes that regulate deoxyribonucleoside triphosphate (dNTP) 

pool sizes: (i) biosynthesis from glucose and amino acids in which a key rate-limiting step is 

the reduction of ribonucleotide diphosphate (NDPs) to deoxyribonucleotide diphosphates 

(dNDPs) by RNR; (ii) utilization for DNA replication and repair; (iii) phosphohydrolysis to 

deoxyribonucleosides (dNs), which can be (iv) recycled back to dNTPs by deoxyribonucleoside 

kinases, (v) nucleoside salvage from the environment or (vi) nucleoside breakdown of 

nucleosides by catabolic enzymes such as PNP (in the case of dG) or TYMP (in the case of dT). 

dCTP: deoxycytidine triphosphate; dTTP: thymidine triphosphate; dGTP: deoxyguanosine 

triphosphate; dATP: deoxyadenosine triphosphate; RNR: ribonucleotide reductase; SAMHD1: 

sterile alpha-motif and histidine-aspartate domain-containing protein 1; dCK: deoxycytidine 

kinase; TK1: thymidine kinase-1; PNP: purine nucleoside phosphorylase; TYMP: thymidine 

phosphorylase. 
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Figure 1.2ㅣ Overview of nucleotide biosynthesis, salvage and catabolism. Schematic overview of key 

metabolic processes that regulate deoxyribonucleoside triphosphate (dNTP) pool sizes: (i) dNTP production from 

glucose and amino acids in which a key rate-limiting step is the reduction of ribonucleotide diphosphate (NDPs) to 

deoxyribonucleotide diphosphates (dNDPs) by RNR; (ii) dNTP consumption for DNA replication and repair; (iii) 

dNTP phosphohydrolysis to deoxyribonucleosides (dNs), which can be (iv) recycled back to dNTPs by 

deoxyribonucleoside kinases, or effluxed and broken down by catabolic enzymes such as PNP (in the case of dG) or 

TYMP (in the case of dT). dCTP: deoxycytidine triphosphate; dTTP: thymidine triphosphate; dGTP: deoxyguanosine 

triphosphate; dATP: deoxyadenosine triphosphate; RNR: ribonucleotide reductase; SAMHD1: sterile alpha motif and 

histidine/aspartic acid domain-containing protein-1; dCK: deoxycytidine kinase; TK1: thymidine kinase-1; PNP: 

purine nucleoside phosphorylase; TYMP: thymidine phosphorylase.

nucleobases, 
deoxyribose-
1-phosphateSAMHD1

utilization

phosphohydrolysis

salvage / 
recycling

dCK 
TK1

RNR  breakdown

biosynthesis

TYMP 
PNP

nucleosides 
from the  

environment



Figure 1.3ㅣ Pyrimidine nucleotides are produced by convergent de novo and salvage 

pathways. DHODH: dihydroorotate dehydrogenase; UMPS: UMP synthase; UCK: uridine/

cytidine kinase; dCK: deoxycytidine kinase; TK1: thymidine kinase 1; RNR: ribonucleotide 

reductase; PRPP: phosphoribosyl pyrophosphate; TYMS: thymidylate synthase; ENT: 

equilibrative nucleoside transporter. 
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TK1: thymidine kinase 1; RNR: ribonucleotide reductase; PRPP: phosphoribosyl pyrophosphate; TYMS: thymidylate 

synthase; ENT: equilibrate nucleoside transporter.

dCTP

dCDP

dTTP

dTMP

A

UMP

HCO3
- 

glutamine
carbamoyl-P carbamoyl- 

aspartate
dihydroorotate 

(DHO)
orotate 
(OA)

orotidine-5’-monophosphate 
(OMP) UMP

CAD

aspartate

DHODH

PRPP

thymidine 
(dT)

deoxycytidine 
(dC)

B

CDP

UMP

CAD
DHODH

UMPS

UCK

ENT

extracellular

intracellular

extracellular

intracellular

DNA replication and repair

uridine 
(rU)

glucose

dCK

ENT

RNR

TK1

ENT

CTPS1/2

dCMP

dUMP TYMSRNR



Figure 1.4ㅣConsequences of nucleotide insufficiency or imbalance. A sufficient, balanced 

supply of nucleotides (dNTP) is required for cancer cell growth and survival. An insufficient 

supply of nucleotides results in activation of the replication stress response signaling pathway 

which restricts proliferation. 
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Figure 1.5ㅣNucleotide insufficiency triggers activation of the replication stress response 

signaling pathway. (A) Schematic overview of the replication stress response signaling 

pathway. dNTP insufficiency results in stalling of replication forks and accumulation of RPA-

coated single stranded DNA (ssDNA) that recruits and activates ATR, the proximal kinase in the 

replication stress response pathway. Activated ATR phosphorylates CHEK1 and its downstream 

target WEE1. WEE1 inactivates CDK1/2 by phosphorylation, restricting new origin firing thereby 

reducing dNTP consumption. CHEK1 additionally inhibits CDC25A, preventing reactivation of 

CDK1/2. ATR increases dNTP production and recycling by promoting transcription and 

preventing degradation of RNR and by directly phosphorylating dCK. (B) M6620 (also known as 

VE-822) and AZD6738 are currently being evaluated in phase I/II clinical trials in combination 

with chemotherapy, PARP inhibitors or immunotherapy for treatment of various advanced solid 

tumors. ATR: ataxia-telangiectasia-mutated and Rad3-related kinase; CHEK1: serine/threonine-

protein kinase; WEE1: Wee1-like protein kinase; CDK1: cyclin-dependent kinase-1; CDK2: 

cyclin-dependent kinase-2; CDC25A: cell division cycle 25A.  
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Figure 1.5ㅣ The replication stress response pathway controls DNA replication in response to nucleotide 

insufficiency. (A) Schematic overview of the replication stress response signaling pathway. dNTP insufficiency 

results in stalling of replication forks and accumulation of RPA-coated single stranded DNA (ssDNA) that recruits and 

activates ATR, the proximal kinase in the replication stress response pathway. Activated ATR phosphorylates CHEK1 

and its downstream target WEE1. WEE1 inactivates CDK1/2 by phosphorylation, restricting new origin firing thereby 

reducing dNTP consumption. CHEK1 additionally inhibits CDC25A, preventing reactivation of CDK1/2. (b) ATR 

increases dNTP production and recycling by promoting transcription and preventing degradation of RNR and by 

directly phosphorylating dCK. (B) M6620 and AZD6738 are currently being evaluated in phase I/II clinical trials in 

combination with chemotherapy, PARP inhibitors or immunotherapy for treatment of various advanced solid tumors. 

ATR: ataxia-telangiectasia-mutated and Rad3-related kinase; CHEK1: serine/threonine-protein kinase; WEE1: 

Wee1-like protein kinase; CDK1: cyclin-dependent kinase-1; CDK2: cyclin-dependent kinase-2; CDC25A: cell 

division cycle 25A. 
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Figure 1.6ㅣHallmarks of pancreatic ductal adenocarcinoma (PDAC). (A) Schematic 

overview of the RAS signaling pathway. Mutant RAS controls nucleotide metabolism via 

transcriptional up-regulation of rate-limiting biosynthetic enzymes DHFR, TYMS, TK1 and 

RRM2. This up-regulation is achieved by the E2F1 and E2F3 transcription factors which are 

controlled by Rb. (B) Schematic of the PDAC tumor microenvironment. 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transcription factors which are controlled by Rb. (B) Schematic of the PDAC tumor microenvironment.
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CHAPTER 2 

Targetable Dependence on Convergent 

Nucleotide Biosynthetic Pathways in Leukemia 

is Facilitated by ATR Inhibition 
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ABSTRACT 

Leukemia cells rely on two nucleotide biosynthetic pathways, de novo and salvage, to produce 

dNTPs for DNA replication. Using metabolomic, proteomic, and phosphoproteomic approaches, 

we show that inhibition of the replication stress sensing kinase ataxia telangiectasia and Rad3-

related protein (ATR) reduced the output of both de novo and salvage pathways by regulating 

the activity of their respective rate-limiting enzymes, ribonucleotide reductase (RNR) and 

deoxycytidine kinase (dCK), via distinct molecular mechanisms. Quantification of nucleotide 

biosynthesis in ATR-inhibited acute lymphoblastic leukemia (ALL) cells revealed substantial 

remaining de novo and salvage activities, and could not eliminate the disease in vivo. However, 

targeting these remaining activities with RNR and dCK inhibitors triggered lethal replication 

stress in vitro and long-term disease-free survival in mice with B-ALL, without detectable toxicity. 

The functional interplay between alternative nucleotide biosynthetic routes and ATR provides 

new therapeutic opportunities in leukemia and potentially other cancers.  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INTRODUCTION 

Unabated proliferation is a hallmark of cancer which requires new DNA synthesis from 

deoxyribonucleotide triphosphates (dNTPs). However, cellular dNTP levels only suffice to 

sustain a few minutes of DNA replication indicating that dNTP pools are produced “on demand” 

via tightly regulated biosynthetic pathways1. These deoxynucleotide biosynthetic pathways, 

termed de novo and salvage, rely on distinct carbon and nitrogen sources2. De novo pathways 

use glucose and amino acids to produce ribonucleotide diphosphates (rNDPs) which are 

converted into deoxyribonucleotide diphosphates (dNDPs) by ribonucleotide reductase (RNR), a 

two-subunit enzyme complex3 upregulated in most cancers4. Salvage pathways convert 

preformed ribonucleosides, deoxyribonucleosides, and nucleobases into nucleotides through 

the actions of metabolic kinases and phosphoribosyltransferases2. Amongst nucleoside salvage 

kinases, deoxycytidine kinase (dCK) has the broadest substrate specificity, encompassing both 

purine and pyrimidine nucleosides5. While tumors are thought to predominantly rely on de novo 

pathways to produce nucleotides6, scavenging of preformed nucleosides via dCK and other 

salvage kinases may also play important roles in the economy of nucleotide metabolism in 

cancer cells. Many of the cell lines included in the Cancer Cell Line Encyclopedia (CCLE)7,8 

express dCK at higher levels than the corresponding normal tissues. Increased tumor dCK 

expression relative to matched normal tissues also occurs in patient samples, as evidenced by 

RNASeq data from The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov)9,10. 

Moreover, in vivo, cancer cells often encounter limited supplies of essential de novo pathway 

substrates, e.g. glucose, glutamine and aspartate, because of their avid consumption of these 

nutrients and inadequate vascularization11. An insufficient de novo biosynthetic capacity, 

coupled with an increased demand for dNTPs due to unabated proliferation driven by oncogenic 

signaling, might increase the dependency of certain tumors on salvage pathways for nucleotide 

production.  

!25



Consistent with this hypothesis, we previously demonstrated that acute lymphoblastic leukemia 

(ALL) cells display nucleotide biosynthetic plasticity12, defined as the ability to compensate for 

the inhibition of either de novo or salvage pathways by upregulating the alternate pathway. 

These metabolic transitions occurred both in vitro and in vivo; moreover partial inhibition of both 

de novo and salvage biosynthetic routes was required for therapeutic activity in animal models 

of T and B-ALL12. 

Collectively, these results described above suggest that, in acute leukemia, and potentially in 

other cancers, nucleoside salvage biosynthetic pathways may be metabolic non-oncogene 

addictions13 targetable by specific inhibitors. However, since both de novo and salvage 

biosynthetic pathways also operate in normal cells14,15, a better understanding of the signaling 

mechanisms that regulate their activity in cancer cells may lead to the development of more 

effective targeted therapies. In this context, the mTOR16–18, Myc19,20 and Ras21 pathways have 

been shown to regulate nucleotide biosynthesis. The replication stress response pathway, 

constitutively upregulated in many tumors, also plays important roles in regulating nucleotide 

metabolism, given its unique ability to ‘sense’ dNTP insufficiency22. The most proximal enzyme 

in the cellular response to replication stress is ataxia telangiectasia and Rad3-related protein 

(ATR), a serine threonine kinase activated at stalled replication forks23 in response to nucleotide 

insufficiency and other replication defects. In addition to its well-established role in regulating 

origin firing and promoting fork stability24, ATR has been recently linked to nucleotide 

metabolism. Inhibition of ATR, or its downstream effector kinases CHEK1 and WEE1, reduces 

dNTP levels in multiple cancer cell lines25. This effect of ATR inhibition was proposed to involve 

the downregulation of the small RNR subunit RRM2, particularly at the G1/S transition26, when 

cells are most susceptible to nucleotide insufficiency27. Intriguingly, ATR also regulates dCK 

activity in several solid tumor and myeloid leukemia cells by phosphorylation at serine 7428. This 

post-translational modification (PTM) modulates dCK’s catalytic properties and substrate 

specificity29,30. While collectively these findings support a connection between ATR signaling 

and dNTP production, the metabolic consequences of ATR inhibition in malignancies with 
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nucleotide biosynthetic plasticity are yet to be defined. Here, we examined ATR modulation of 

dNTP synthesis and utilization for DNA synthesis, and the consequences for tumor cell viability 

in culture and in vivo in ALL models, using quantitative approaches. A targeted multiplexed mass 

spectrometric (MS) assay was developed to measure the differential contributions of the de 

novo and salvage pathways both to nucleotide pools and newly replicated DNA. This assay was 

used in conjunction with proteomic and phosphoproteomic MS approaches to investigate the 

mechanisms responsible for alterations in nucleotide biosynthesis induced by ATR inhibition. In 

addition, we compared direct targeting of de novo and salvage rate-limiting enzymes, using 

specific inhibitors versus indirect inhibition of these enzymes via interference with ATR signaling. 

These studies identified a synthetically lethal interaction between inhibition of convergent 

nucleotide biosynthetic routes and ATR in ALL. This combination is therapeutically exploitable in 

vivo, resulting in long-term, disease-free survival in a systemic p185BCR-ABLArf–/– pre-B-ALL 

mouse model representative of the human disease31–33. Overall, our findings suggest that 

nucleotide biosynthetic plasticity in lymphoblastic leukemia cells, and potentially in other 

malignancies, is mediated by both ATR signaling and nucleotide metabolic adaptive 

mechanisms which may be targetable without overt toxicity to normal tissues, using existing 

small molecule inhibitors. 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RESULTS 

Inhibition of ATR and dCK impairs G1/S transition in T-ALL cells and alters substrate 

utilization for dCTP biosynthesis.  

Human T-ALL cells CCRF-CEM (subsequently referred to as “CEM”) express dCK and exhibit 

constitutive phosphorylation of the ATR effector kinase CHEK1 on Serine 345 (pS345; Figure 

S2.2A), a marker of replication stress34. CHEK1 pS345 levels are reduced following exposure to 

VE-822, a specific ATR inhibitor35 (Figure S2.2A). To investigate whether ATR inhibition 

increases the dependence of T-ALL cells on dCK activity at the G1/S transition, CEM cells were 

synchronized in G1 using Palbociclib, a CDK4/6 inhibitor36,37, and then released from G1 arrest 

into media containing VE-822 and/or DI-82, a high affinity competitive dCK inhibitor (dCKi) 

developed by our group38. At various time points following G1 release, cells were pulsed for 1 h 

with 5’-ethynyl-2’-deoxyuridine (EdU) to analyze cell cycle kinetics by flow cytometry. Six hours 

after release from G1, ~25% of cells in the untreated and single drug treated groups advanced 

into early S-phase (designated as S1, in blue, Figure 2.1A). In contrast, only 16% of cells 

treated with both VE-822 and dCKi entered S1. Twelve hours after release from G1 arrest, 16% 

fewer VE-822-treated cells entered the later part of S-phase (designated as S2, in red, Figure 

2.1B) compared to untreated cells. While at this time point dCK inhibition alone did not affect the 

number of cells that progressed beyond early S phase, progression to late S-phase was 

significantly impeded (Figure S2.2B). Co-inhibition of ATR and dCK decreased the percentage 

of cells that reached S2 by five-fold relative to untreated cells (Figure 2.1B). The effects of ATR 

inhibition on cell cycle kinetics were partially rescued by nucleotide supplementation, in a dCK-

dependent manner (Figures S2.2C, S2.2D).  

To further investigate the functions of dCK and ATR at the G1/S transition in CEM cells, a non-

targeted liquid chromatography mass spectrometry (LC-MS) assay was used to determine the 

utilization of labeled [13C6]glucose and [13C9,15N3]deoxycytidine, the main substrates for de novo 

and salvage nucleotide biosynthesis, respectively. Of the 166 metabolites identified in CEM cells 
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treated with VE-822 and/or dCKi, 105 metabolites found in all four treatment groups contained 

glucose-derived 13C atoms. While ATR inhibition did not decrease glucose uptake and labeling 

of glycolytic intermediates (Figure S2.3), it significantly decreased glucose utilization for 29 

other metabolites (Figure 2.1C). These metabolites included intermediates such as rUTP, rCTP, 

and rCDP in the de novo dCTP biosynthesis (Figure S2.1D). These data indicate that ATR 

inhibition impacts glucose utilization for de novo nucleotide biosynthesis. However, several 

deoxyribonucleotides, including dCTP, were below the limit of detection of the non-targeted LC-

MS approach, raising the concern that the sensitivity of this assay is not sufficient to measure 

the contribution of the salvage pathway or the ratio of de novo and salvage biosynthesis to 

these pools. To address this problem, a newly developed targeted mass spectrometric assay 

was developed (Figures 2.1E, S2.4). In this assay, samples containing either extracted dNTPs 

or hydrolyzed DNA from labeled cells are separated by liquid chromatography for detection by a 

triple quadrupole mass spectrometer (QQQ) using multiple reaction monitoring (LC-MS/MS-

MRM). The first (Q1) and third (Q3) quadrupoles function as mass filters, while the second (Q2) 

quadrupole serves as a collision chamber (Figure 2.1E). For instance, to profile the biosynthetic 

composition of deoxycytidine (dC) derived from hydrolyzed DNA or dCTP, an intact, protonated 

dC ion is selected in Q1, followed by fragmentation of the glycosidic bond, which releases in Q2 

a protonated nucleobase, cytosine, that is filtered in Q3 and detected to generate an ion 

chromatogram. The peak areas for the ion chromatograms of salvage [13C9,15N3]dC (red trace), 

de novo [13C5]dC (black trace, from [13C6]glucose) and unlabeled dC (gray trace) (Figure 2.1E) 

are used to determine the relative contributions of the de novo and salvage routes both to dCTP 

pools and to dCTP incorporated into DNA.  

Since dCK phosphorylates not only dC but also dA and dG5, the targeted LC-MS/MS-MRM 

assay was first used to determine whether, in T-ALL cells, dCK mediates the salvage of multiple 

deoxyribonucleosides (dNs). However, salvaging of purine dNs via dCK occurred only if the 

catabolic enzymes which degrade these dNs, adenosine deaminase (ADA) and purine 

nucleoside phosphorylase (PNP), were inhibited pharmacologically (Figure S2.5, S2.6). Since 
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inactivating mutations in ADA and PNP have been associated with severe combined 

immunodeficiency39, but not with cancer, we focused on examining the metabolic fate of dC as 

the most relevant dCK substrate in ATR-inhibited T-ALL cells for salvage biosynthesis. CEM 

cells were collected at multiple points after release from Palbociclib-induced G1 arrest into 

media containing VE-822 and/or dCKi, as well as substrates for the de novo and salvage 

pathways, [13C6]glucose and [13C9, 15N3]dC, respectively. At each of the examined time points, 

free dCTP pools in untreated cells were predominantly synthesized by the salvage pathway 

from [13C9,15N3]dC via dCK, with only a small contribution from [13C6]glucose via the de novo 

pathway (Figure 2.1F). While ATR inhibition alone did not alter free dCTP levels or their 

biosynthetic origins (e.g. de novo vs. salvage), dCKi either alone or in combination with VE-822, 

nearly eliminated the contribution of the salvage pathway and reduced the amount of free dCTP 

by ~50% at the 12 h time point.  

In contrast to the free dCTP pool, which was predominantly derived from the salvage pathway, 

dCTP incorporated into newly replicated DNA of CEM cells was produced in equal proportions 

by the de novo and salvage pathways (Figure 2.1G). This observation is consistent with 

previous findings that de novo synthesized dCTP is more readily incorporated in DNA than is 

dCTP synthesized by the salvage pathway12. ATR inhibition reduced the DNA incorporation of 

both de novo and salvage produced dCTP, yielding a combined 30% reduction in overall DNA 

labeling compared to untreated cells at the 12 h time point (Figure 2.1G). This reduction is 

consistent with the literature showing replication fork collapse and delays in restarting DNA 

replication following ATR inhibition in other cell types40–43. dCK inhibition abolished the 

incorporation of salvage produced dCTP into newly replicated DNA and triggered a 

compensatory increase in the DNA incorporation of de novo generated dCTP. This 

compensatory response was suppressed in cells treated with both VE-822 and dCKi (Figure 

2.1G).  
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ATR inhibition alters protein and phosphorylation levels of de novo and salvage 

nucleotide biosynthetic enzymes.  

To investigate the molecular mechanisms underlying the metabolic consequences of ATR and 

dCK inhibition, global changes in protein expression were assessed in CEM cells using 

quantitative nano-liquid chromatography tandem mass spectrometry (nLC-MS/MS) (Figure 

2.2A). Chemical isotope coding following reductive dimethylation of peptide N-termini and lysine 

primary amines with differential stable isotopes (light:medium:heavy) was used to compare 

expression of experimental (VE-822, dCKi, and VE-822 + dCKi) samples to controls (untreated, 

NT) by mixing equal proportions for triplex nLC-MS/MS quantitative analyses. The proteomics 

dataset was filtered for proteins identified in all treatment groups in three independent 

experiments with coefficients of variation <20%. This yielded 1757 proteins with relative fold 

changes in treated vs. untreated cells ranging from 0.45 to 1.83. Of these, about 3% (46 

proteins) displayed statistically significant (as determined by one-way ANOVA and false 

discovery rate cut-offs) fold changes in expression (>20%) in at least one treatment group 

(Figure 2B). Protein levels of both RNR subunits, RRM1 and RRM2, as well as thymidylate 

synthase (TYMS) decreased by more than 20% following ATR inhibition (Figure 2.2C). 

Changes in the expression of de novo enzymes observed in synchronous cells also occurred 

with ATR inhibition in asynchronous CEM cells (Figure 2.2D), thereby arguing against the 

possibility of experimental artifacts introduced by Palbociclib-mediated cell cycle 

synchronization. The reduction in RRM2 protein levels induced by ATR inhibition was 

accompanied by an ~50% decrease in the phosphorylation of RRM2 on threonine 33 (pT33) 

(Figure 2.2E), a phosphosite previously linked to the stability of the RRM2 subunit44.  

ATR inhibition decreased dNTP levels in several solid tumor-derived cell lines and has been 

linked to reduced RRM2 levels26,45. However, it remains unclear to what degree RRM2 protein 

levels are rate-limiting for de novo dCTP biosynthesis. To further investigate the relationship 

between RRM2 protein levels and dCTP biosynthesis, we knocked down RRM2 in CEM cells 

using shRNA (Figure S2.7A). RRM2 levels in the CEM shRNARRM2 cells were reduced by 35–
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50%, as determined by quantitative nLC-MS/MS and intracellular flow cytometry analyses 

(Figures S2.7A, S2.7B). The CEM shRNARRM2 cells exhibited approximately 30% lower 

incorporation of de novo synthesized dCTP into newly replicated DNA compared to control cells 

(Figure S2.7C); a response comparable with the effects of pharmacological ATR inhibition 

(Figure 2.1G). These findings suggest that the RRM2 regulation by ATR is an important 

determinant of de novo dCTP biosynthesis in T-ALL cells. Since ATR inhibition reduced RRM2 

levels by only 20%, it is likely that there are other mechanisms by which ATR regulates de novo 

dCTP biosynthesis. These additional mechanisms could include reduced levels of the large 

RNR subunit, RRM1 (Figures 2.2C, 2.2D), and/or changes in yet to be identified regulatory 

PTMs in RRM1 and RRM2 that are modulated directly or indirectly by ATR signaling.  

In contrast to the reduced RRM1 and RRM2 levels in response to ATR inhibition, dCK protein 

levels were not affected (Figures 2.2C, 2.2D). A recent study showed that ATR directly 

phosphorylates dCK on serine 74 (dCK pS74) to control its activity under replication stress28. 

We therefore quantified the effects of ATR inhibition on the biosynthetic output and 

phosphorylation status of dCK. Used as a positive control, the dCKi reduced dCK activity, as 

defined by contribution of labeled [13C9,15N3]dC to intracellular dCMP, by almost 90% (Figure 

2.2F, left panel). ATR inhibition in CEM cells reduced the dCK-labeled [13C9,15N3]dCMP pool by 

~33% compared to untreated cells (Figure 2.2F, left panel). The reduction in dCMP 

biosynthesis following ATR inhibition correlated with a ~36% decrease in dCK pS74 levels 

(Figure 2.2F, right panel). Collectively, these data (summarized in Figure 2.2G) show that, in 

T-ALL cells, ATR regulates de novo and salvage nucleotide biosynthetic pathways by diverse 

mechanisms involving alterations in total protein (ATR) and protein phosphorylation (dCK) 

levels. Nonetheless, both de novo and salvage pathways retain significant activity in ATR 

inhibited CEM cells and therefore, may allow these cells to survive therapeutic interventions that 

interfere with ATR signaling. 

!32



Effects of the RNR inhibitor 3-AP on de novo and salvage dCTP biosynthesis in CEM 

cells.  

To identify the most potent clinically relevant RNR inhibitors that could be used to target the 

remaining de novo nucleotide biosynthetic activity in ATR inhibited CEM cells we evaluated four 

compounds, each with a distinct mechanism of action: (3-AP)46,47, hydroxyurea (HU)48, gallium 

maltolate (GaM)49, and thymidine (dT)50 (Figure 2.3A). Amongst these, 3-AP was the most 

potent, as indicated by its ability to induce S-phase arrest at concentrations as low as 0.5 µM 

(Figures 2.3B, S2.8). In contrast, 60 to 100-fold higher concentrations of HU, GaM, and dT 

were required to induce S-phase arrest. The effects of 3-AP on the utilization of [13C6]glucose 

and [13C5, 15N3]dC for nucleotide biosynthesis in CEM cells were investigated (Figure 2.3C), 

using the targeted LC-MS/MS-MRM assay. 3-AP doubled the rCTP and rCDP pools, likely 

reflecting an inefficient conversion of these pools to dCDP via RNR. However, the most 

significant change in 3-AP treated cells occurred downstream of RNR and involved a ~19-fold 

reduction in the incorporation of de novo produced dCTP into newly replicated DNA. Along with 

its effects on de novo biosynthesis, 3-AP triggered a compensatory upregulation of the salvage 

pathway. Salvage dC nucleotide pools doubled in size following 3-AP treatment, and the 

incorporation of salvage-produced dCTP into DNA increased by >1.5-fold, thereby providing a 

potential mechanism of resistance to RNR inhibition by 3-AP (Figure 2.3C). 

Co-targeting ATR, RNR and dCK in CEM cells induces significant alterations in 

nucleotide metabolism followed by replication stress overload and caspase-8 mediated 

apoptosis.  

Having identified 3-AP as a clinically relevant and potent RNR inhibitor that can be used to 

directly target the remaining de novo activity in ATR treated T-ALL cells, we next quantified the 

impact of combined ATR, dCK and RNR inhibition on the de novo and salvage dCTP 

biosynthesis in asynchronous CEM cells (Figure 2.4A). ATR inhibition decreased the 
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[13C6]glucose labeling of the rCDP pool by 40% (Figure 2.4A, rCDP panel), an effect similar to 

that observed in the synchronous model (Figure 2.1D). In contrast, RNR inhibition increased 

the size of the rCDP pool (Figure 2.4A, rCDP panel, 3-AP). While neither ATR nor RNR 

inhibition alone had a statistically significant impact on the de novo contributions to the dCDP, 

dCMP and dCTP pools, these pools were nearly abolished when both ATR and RNR were 

inhibited simultaneously. However, the salvage biosynthetic contributions to the dCMP, dCDP 

and dCTP pools remained substantial in the absence of the dCKi. In fact, RNR inhibition, alone 

or combined with ATR inhibition, increased the salvage contributions to the dCMP, dCDP, and 

dCTP pools by approximately two-fold, indicative of a compensatory mechanism. dCK inhibition 

abolished this adaptive mechanism to augment these deoxyribonucleotide pools. Consequently, 

the rate of dCTP incorporation into newly replicated DNA was lowest when all three enzymes 

were inhibited (Figure 2.4A, DNA panel). 

Persistent nucleotide insufficiency triggers replication stress characterized by the accumulation 

of single-stranded DNA (ssDNA) at stalled replication forks, which progresses to DNA double 

stranded breaks (DSBs)51. To investigate these events following ATR, dCK, and RNR inhibition, 

we used flow cytometry and antibodies against ssDNA52 as an indicator of replication stress, 

and phosphorylated histone H2A.X on serine 139 (pH2A.X) as an indicator of DNA damage 

(Figure 2.4B). RNR inhibition by 3-AP increased the percentage of ssDNA+ cells by more than 

two-fold as early as 0.5 h after treatment, and by greater than three-fold at the 4 h time point. 

Combined inhibition of ATR and dCK also increased the ssDNA+ and ssDNA+;pH2A.X+ cell 

populations at the 0.5 and 4 h time points. Addition of an RNR inhibitor resulted in a rapid and 

massive (>12-fold) expansion of ssDNA+ population at the 0.5 h time point compared to 

untreated cells, an effect which was further amplified at the later time point (Figure 2.4B). Along 

with these changes, RNR inhibition triggered rapid induction of CHEK1 pS345, a direct 

downstream target of ATR (Figure 2.4C). This PTM was abrogated by VE-822 treatment at the 

0.5 h time point and partially inhibited at the 4 h time point. The rebound in CHEK1 pS345 

expression at the 4 h time point was likely mediated by the ATR related kinase, ataxia 
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telangiectasia mutated (ATM), which also phosphorylates CHEK1 on serine 34553. ATM was 

activated in cells treated with the triple combination therapy, as indicated by an increase in 

phosphorylation of CHEK2 on threonine 68 (pT68, Figure 2.4C); a direct target of activated 

ATM. The induction of CHEK2 pT68 in cells treated with the triple combination therapy coincided 

with an increase in the pH2A.X-positive population (Figure 2.4B) and with cleavage of the 

apoptotic markers caspase 8 (but not caspase 9), caspase 3, and Poly (ADP-ribose) 

polymerase (PARP) (Figure 2.4C). Consistent with these observations, co-targeting ATR, dCK, 

and RNR resulted in the highest percentage of apoptotic cells, as measured by Annexin V 

staining (Figure S2.9A). The cytotoxic effect of ATR inhibitors has been attributed to the 

induction of premature mitotic entry of cells undergoing DNA replication, an event that 

exacerbates the level of replication stress and DNA damage54,55. Consistent with this model, 

ATR inhibition increased the percentage of S-phase CEM cells with phosphorylation of histone 3 

on serine 10 (H3 pS10), a marker for mitotic kinase activation. This effect was significantly 

amplified in the triple combination therapy and correlated with the induction of apoptosis (Figure 

S2.9B). 

ATR inhibition alone is marginally effective in a systemic primary B-ALL mouse model.  

To investigate the in vivo efficacy and tolerability of co-targeting alternative nucleotide 

biosynthetic pathways and ATR, we used a previously described primary BCR-ABL-expressing 

Arf-null pre-B (p185BCR-ABLArf–/–) model which is difficult-to-treat and thought to be representative 

of the human disease31,33. When compared with 31 cancer cell lines of different origins, 

p185BCR-ABLArf–/– cells were amongst the most sensitive to ATR inhibition by VE-822, with an IC50 

value of ~300 nM (Figure 2.5A). However, despite its high potency in culture against pre-B-ALL 

cells, VE-822 alone was only marginally efficacious in vivo. C57BL/6 mice inoculated with 

luciferase expressing p185BCR-ABLArf–/– cells succumbed to disease within 17 days; all VE-822 

treated mice died of leukemia within 38 days after inoculation (Figures 2.5B–D). We then 
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investigated whether targeting the activities of de novo and salvage pathways can improve the 

efficacy of ATR inhibition in p185BCR-ABLArf–/– cells. Similar to the findings in the human T-ALL 

cells, targeting these biosynthetic pathways along with ATR was necessary to achieve maximal 

induction of cell death (Figure 2.5E) and complete inhibition of cell growth (Figures S2.10A, 

S2.10B).  

Co-targeting ATR, dCK, and RNR is well-tolerated and promotes long-term survival in a 

systemic primary B-ALL mouse model.  

To translate the above cell culture findings into an in vivo setting, we first developed a new drug 

formulation consisting of PEG-200, Transcutol, Labrasol, and Tween-80 blended in a ratio of 

5:3:1:1 to solubilize three different drugs (3-AP, VE-822, and dCKi) and achieve therapeutically 

relevant plasma concentrations via oral delivery (Figure 2.6A). Based on the observed plasma 

pharmacokinetic parameters, 3-AP and dCKi were administered twice/day while VE-822 was 

administered once/day (Figure 2.6B). Treatment was initiated on day 7 post-inoculation of pre-

B-ALL when all mice showed evidence of systemic disease, as indicated by whole body 

bioluminescence imaging (BLI, Figure 2.6C, top row, right panel). While mice in the control 

group succumbed to disease within 17 days, mice in the combination treatment group had 

significantly lower disease burden on day 17 (Figure 2.6C, 2.6D). All treated mice remained 

disease-free for 442 days after treatment withdrawal, 42 days post-inoculation of pre-B-ALL 

(Figure 2.6E). The combination therapy was well-tolerated, as indicated by maintenance of 

body weight during treatment (Figure 2.6F) and long term survival (over 1 year and currently 

ongoing) without any detectable pathology. We also assessed the efficacy of the combination 

therapy when all 3 components were administered once daily. Although this therapeutic scheme 

appeared to be slightly less efficacious than the twice/day schedule for 3-AP and dCKi, it was 

well tolerated and four out of five mice had no detectable disease 313 days after treatment 

withdrawal (Figure S2.11). Importantly, removing the dCKi from the combination therapy 
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significantly reduced the therapeutic efficacy in vivo (Figure S2.12), a result consistent with cell 

culture findings (Figures 2.4, 2.5E, S2.9, S2.10).  

While BCR-ABL tyrosine kinase inhibitors are becoming standard care for patients with 

Philadelphia chromosome positive ALL56, therapeutic resistance in pre-B-ALL is common and is 

caused by the rapid emergence of the T315I BCR-ABL kinase domain (“gatekeeper”) mutation 

which renders this class of kinase inhibitors ineffective32,56. To test the combination of VE-822, 

dCKi, and 3-AP against kinase inhibitor resistant ALL we generated p185BCR-ABLArf–/– T315I 

mutant cells by exposing the leukemia bearing mice to dasatinib and harvesting drug-resistant 

cells from bone marrow (Figures S2.13A–C). Mice were inoculated with the T315I-positive cells 

and treated with the combination therapy (Figures S2.13D–G). The combination therapy was 

effective against the highly aggressive dasatinib resistant in vivo pre-B-ALL model with 13 of 20 

mice being disease-free over 365 days post-inoculation of leukemia cells (Figure S2.13). To 

determine whether mice that did not achieve complete remissions harbor ALL cells that have 

acquired resistance to the triple combination, we harvested leukemia cells from the bone 

marrow of the moribund mice. These cells were then used to test the efficacy of the combination 

treatment in cell culture, and compare it with the original dasatinib-resistant p185BCR-ABLArf–/– 

pre-B-ALL cells. The harvested leukemia cells responded to the combination treatment as well 

as did the parental cells (Figure 2.14). One potential reason for the incomplete response in 

some of the treated mice is the rapid engraftment of p185BCR-ABLArf–/– T315I+ pre-B-ALL cells in 

the brain coupled with the suboptimal penetrability of 3-AP and potentially, dCKi across the 

blood-brain-barrier. 
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Figure 2.1ㅣEffects of ATR and dCK inhibition on G1-S transition and substrate utilization 

for dCTP biosynthesis. (A and B) Flow cytometry analysis of EdU incorporation in CEM T-ALL 

cells treated with VE-822 (1 µM) and/or dCKi (DI-82,1 µM) for 6 (A) and 12 h (B) following 

release from G1 arrest, respectively. Bar graphs summarize the percentage of cell populations 

in S1 (early S-phase) and S2 (mid to late S-phase) at 6 and 12 h (mean ± s.d., n = 2, one-way 

ANOVA, Bonferroni corrected). Plots are representative of two independent experiments. (C) 

Comparison of metabolite labeling by [13C6]glucose in CEM T-ALL cells treated with VE-822 

and/or dCKi for 12 h following release from G1 arrest. Number of metabolites exhibiting 
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biosynthesis, respectively. Of the 166 metabolites identified in
CEM cells treated with VE-822 and/or dCKi, 105 metabolites
found in all four treatment groups contained glucose-derived 13C
atoms. While ATR inhibition did not decrease glucose uptake and
labeling of glycolytic intermediates (Supplementary Fig. 2), it
significantly decreased glucose utilization for 29 other metabolites
(Fig. 1c and Supplementary Data 1). These metabolites included

intermediates such as rUTP, rCTP and rCDP in the de novo
dCTP biosynthesis (Fig. 1d). These data indicate that ATR
inhibition impacts glucose utilization for de novo nucleotide
biosynthesis. However, several deoxyribonucleotides, including
dCTP, were below the limit of detection of the non-targeted
LC-MS approach, raising the concern that the sensitivity of this
assay is not sufficient to measure the contribution of the salvage
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Fig. 1 Effects of ATR and dCK inhibition on G1-S transition and substrate utilization for dCTP biosynthesis. a , b Flow cytometry analysis of EdU
incorporation in CEM T-ALL cells treated with VE-822 (1 µM) and/or dCKi (DI-82,1 µM) for 6 a and 12 h b following release from G1 arrest, respectively.
Bar graphs summarize the percentage of cell populations in S1 (early S-phase) and S2 (mid to late S-phase) at 6 and 12 h (mean ± s.d., n= 2, one-way
ANOVA, Bonferroni corrected). Plots are representative of two independent experiments. c Comparison of metabolite labeling by [13C6]glucose in CEM T-
ALL cells treated with VE-822 and/or dCKi for 12 h following release from G1 arrest. Number of metabolites exhibiting alterations in [13C6]glucose labeling
greater than 15% with significance at a false discovery rate≤ 20% are indicated. d Percent glucose labeling of ribonucleotides intermediates in the de novo
dCTP biosynthesis (mean ± s.d., n= 6, one-way ANOVA, Bonferroni corrected). eWorkflow for targeted LC-MS/MS-MRM analysis of dCTP incorporated
into newly replicated DNA using a triple quadrupole mass spectrometer. See text for details and Supplementary Fig. 4 for the LC-MS/MS-MRM analysis of
dCTP pools. f, g Contributions of the de novo and salvage pathways to dCTP pools f and dCTP incorporated into newly synthesized DNA g in CEM cells
treated with VE-822 and/or dCKi after release from G1 arrest (mean ± s.d., n= 3). Results are representative of two independent experiments. NT=Not
treated, V=VE-822, D= dCKi, V + D=VE-822 + dCKi. *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001. ATR ataxia telangiectasia and Rad3-related
protein, EDU 5’-ethynyl-2’-deoxyuridine, FDR false discovery rate, RNR ribonucleotide reductase, CTPS1/2 CTP synthase 1/2, R5P ribose 5-phosphate,
OMP orotidine monophosphate, rCDP cytidine diphosphate, CTP cytidine triphosphate, UTP uridine triphosphate, dCTP deoxycytidine triphosphate,
LC-MS/MS-MRM liquid chromatography tandem mass spectrometry operating in multiple reaction monitoring
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alterations in [13C6]glucose labeling greater than 15% with significance at a false discovery rate 

(FDR) ≤ 20% are indicated. (D) Percent glucose labeling of ribonucleotides intermediates in the 

de novo dCTP biosynthesis (mean ± s.d., n = 6, one-way ANOVA, Bonferroni corrected). (E) 

Workflow for targeted LC-MS/MS-MRM analysis of dCTP incorporated into newly replicated 

DNA using a triple quadrupole mass spectrometer (QQQ). See text for details and Figure S2.4 

for the LC-MS/MS-MRM analysis of dCTP pools. (F and G) Contributions of the de novo and 

salvage pathways to dCTP pools (F) and dCTP incorporated into newly synthesized DNA (G) in 

CEM cells treated with VE-822 and/or dCKi after release from G1 arrest (mean ± s.d., n = 3). 

Results are representative of two independent experiments. 

NT = Not treated, V = VE-822, D = dCKi, V+D = VE-822 + dCKi. 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 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Figure 2.2ㅣAlterations in total protein and phosphoprotein levels following ATR and dCK 

inhibition. (A) Workflow for quantitative global proteomics using nLC-MS/MS. See text for 

details. (B) Comparison of protein levels in CEM cells treated with VE-822 and/or dCKi for 12 h 

following release from G1 arrest. Number of proteins exhibiting fold changes greater than 15% 

changes with significance at a false discovery rate (FDR) ≤ 20% are indicated. (C) Protein levels 

of nucleotide biosynthetic enzymes (mean ± s.d., n = 3, one-way ANOVA, Bonferroni corrected). 

(D) Protein levels in asynchronous CEM cells treated with VE-822 (1 µM) for 12 h (mean ± s.d., 

n = 3, one sample t-test to assess if the mean of the protein level normalized to untreated 

control is equal to one). (E) Relative level of RRM2 pT33 normalized to RRM2 protein level from 

(D), in asynchronous CEM cells treated with VE-822 (1 µM) for 12 h (mean ± s.d., n = 3, 

unpaired two-tailed Student’s t-test). (F, left panel) Salvage produced [13C9,15N3]dCMP in 

asynchronous CEM cells treated with VE-822 or dCKi for 12 h (mean ± s.d., n = 3, one-way 
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other mechanisms by which ATR regulates de novo dCTP
biosynthesis. These additional mechanisms could include reduced
levels of the large RNR subunit, RRM1 (Figs. 2c, d),
and/or changes in yet to be identified regulatory PTMs in
RRM1 and RRM2 that are modulated directly or indirectly by
ATR signaling.

In contrast to the reduced RRM1 and RRM2 levels in
response to ATR inhibition, dCK protein levels were not affected
(Fig. 2c, d). ATR was shown to directly phosphorylate dCK on
serine 74 (dCK pS74) to control its activity under replication
stress28. We therefore quantified the effects of ATR inhibition on
the biosynthetic output and phosphorylation status of dCK. Used
as a positive control, the dCKi reduced dCK activity, as defined by
contribution of labeled [13C9,15N3]dC to intracellular dCMP, by
~ 90% (Fig. 2f, left panel). ATR inhibition in CEM cells reduced
the dCK-labeled [13C9,15N3]dCMP pool by ~ 33% compared to
untreated cells (Fig. 2f, left panel). The reduction in dCMP

biosynthesis following ATR inhibition correlated with a ~ 36%
decrease in dCK pS74 levels (Fig. 2f, right panel). Collectively,
these data (summarized in Fig. 2g) show that, in T-ALL cells,
ATR regulates de novo and salvage pathways by diverse
mechanisms involving alterations in total protein (ATR) and
protein phosphorylation (dCK) levels. Nonetheless, both de novo
and salvage pathways retain significant activity in ATR inhibited
CEM cells.

Increased salvage dCTP biosynthesis by RNR inhibition. To
identify the most potent clinically relevant RNR inhibitors that
could be used to target the remaining de novo nucleotide
biosynthetic activity in ATR inhibited CEM cells we evaluated
four compounds, each with a distinct mechanism of action:
(3-AP)46, 47, hydroxyurea (HU)48, gallium maltolate (GaM)49 and
thymidine (dT)50 (Fig. 3a). Amongst these, 3-AP was the most
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Fig. 2 Alterations in total protein and phosphoprotein levels following ATR and dCK inhibition. a Workflow for quantitative global proteomics using
nLC-MS/MS. See text for details. b Comparison of protein levels in CEM cells treated with VE-822 and/or dCKi for 12 h following release from G1 arrest.
Number of proteins exhibiting fold changes greater than 15% changes with significance at a false discovery rate≤ 20% are indicated. c Protein levels of
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ANOVA, Bonferroni corrected). (F, right panel) Relative levels of dCK pS74, after normalized to 

dCK protein level from (D), in asynchronous CEM cells treated with VE-822 (1 µM) for 12 h 

(mean ± s.d., n = 3, unpaired two-tailed Student’s t-test). (G) Summary of the observed effects 

of ATR and dCK inhibition in CEM cells. ↓ partial decrease/inhibition, ↓↓↓ nearly complete 

inhibition, ↑ increase, ⟷ no change, nd not determined. 

NT = Not treated, V = VE-822, D = dCKi, V+D = VE-822 + dCKi. 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 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Figure 2.3ㅣ3-AP potently inhibits RNR and enhances salvage nucleotide biosynthesis. 

(A) Mechanisms of action of four RNR inhibitors. The two RNR subunits, RRM1 (α) and RRM2 

(β) form a catalytically active α2β2 complex. Each RRM1 subunit contains two allosteric 

regulatory sites (the specificity and activity sites), as well as the active site, where nucleotide 

reduction occurs. The active form of the RRM2 dimer (holo-β2) houses the di-iron cofactor and 

the tyrosyl radical (Y-O•). 3-AP forms a complex with Fe2+ which interferes with the regeneration 
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ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-00221-3

6 NATURE COMMUNICATIONS |8:  241 |DOI: 10.1038/s41467-017-00221-3 |www.nature.com/naturecommunications



of the tyrosyl radical in RRM2 therefore promoting the formation of an inactive met-β small 

subunit which retains its di-iron center7. Hydroxyurea (HU) scavenges the RRM2 tyrosyl radical 

and depletes the di-iron center to form an inactive apo-β form. Gallium maltolate (GaM) 

releases Ga3+ which mimics Fe3+ and disrupts the RRM2 di-iron center. Thymidine (dT) is 

converted via the salvage pathway to thymidine triphosphate (dTTP) which binds to the 

allosteric specificity site on RRM1 to favor GDP reduction over pyrimidine (CDP and UDP) 

reduction, thereby resulting in dCTP insufficiency. (B) Effects of RNR inhibitors on cell cycle 

progression. CEM cells were incubated for 24 h with indicated concentrations of RNR inhibitors 

followed by cell cycle analyses using flow cytometry. Shown in bold red are the concentrations 

of each RNR inhibitor required to induce a greater than 45% increase in the S-phase population, 

indicative of S-phase arrest due to nucleotide insufficiency. Cell cycle plots are representative of 

two independent experiments. See Figure S2.8 for quantification. (C) LC-MS/MS-MRM analysis 

of dCTP biosynthesis in CEM cells treated with 500 nM 3-AP for 12 h (mean ± s.d., n = 3). NT: 

not treated. 
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Figure 2.4ㅣSynthetic lethality induced by combined inhibition of ATR, dCK and RNR. (A) 

LC-MS/MS-MRM analysis of dCTP biosynthesis in CEM cells treated as indicated in the text for 

12 h (mean ± s.d., n = 3). Results are representative of two independent experiments. (B, left 

panels) Flow cytometry analyses of ssDNA (F7-26) and pH2A.X levels in CEM cells treated as 

indicated for 0.5 and 4 h. (B, right panels) Bar graphs summarizing the percentage of ssDNA+ 

and ssDNA+;pH2A.X+ cells at 0.5 and 4 h, respectively (mean ± s.d., n = 2, one-way ANOVA, 
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potent, as indicated by induction of S-phase arrest at
concentrations as low as 0.5 µM (Fig. 3b and Supplementary
Fig. 7). In contrast, 60–100-fold higher concentrations of HU,
GaM and dT were required to induce S-phase arrest. The effects
of 3-AP on the utilization of [13C6]glucose and [13C5, 15N3]dC for
nucleotide biosynthesis in CEM cells were investigated (Fig. 3c),
using the targeted LC-MS/MS-MRM assay. 3-AP doubled the
rCTP and rCDP pools, likely reflecting an inefficient conversion
of these pools to dCDP via RNR. However, the most significant
change in 3-AP treated cells was a ~ 19-fold reduction in the
incorporation of de novo produced dCTP into DNA. Along with
its effects on de novo biosynthesis, 3-AP triggered a compensa-
tory upregulation of the salvage pathway. Salvage dC nucleotide
pools doubled in size following 3-AP treatment, and the

incorporation of salvage-produced dCTP into DNA increased by
>1.5-fold, thereby providing a potential mechanism of resistance
to RNR inhibition by 3-AP (Fig. 3c).

Triple combination induces lethal replication stress in vitro.
We next quantified the impact of combined ATR, dCK and RNR
inhibition on the de novo and salvage dCTP biosynthesis in
asynchronous CEM cells (Fig. 4a and Supplementary Data 4).
ATR inhibition decreased the [13C6]glucose labeling of the rCDP
pool by 40% (Fig. 4a, rCDP panel), an effect similar to that
observed in the synchronous model (Fig. 1d). In contrast, RNR
inhibition increased the size of the rCDP pool (Fig. 4a, rCDP
panel, 3-AP). While neither ATR nor RNR inhibition alone had a
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Bonferroni corrected). ssDNA-pH2A.X plots are representative two independent experiments. 

(C) Representative immunoblots of CEM cells treated as indicated in the text for 0.5 and 4 h. 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
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Figure 2.5ㅣATR inhibition alone is effective but not sufficient to achieve disease-free 

survival in a systemic primary B-ALL model. (A) IC50 values of VE-822 in a panel of cancer 

cell lines and patient-derived samples (Cell Titer Glo assay at 72 h, mean ± s.d., n = 3). (B and 

C) Bioluminescence images (B) and quantification of whole-body radiance (C) of leukemia 

bearing mice treated with 40 mg/kg VE-822 (n = 6) or vehicle (control, n = 6). VE-822 was 

administered once daily. (D) Kaplan-Meier survival analysis of C57BL/6 mice bearing p185BCR-

ABLArf–/– systemic pre-B-ALL treated with 40 mg/kg/day VE-822 (n = 6) or vehicle (control, n = 6). 
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statistically significant impact on the de novo contributions to the
dCDP, dCMP and dCTP pools, these pools were nearly abolished
when both ATR and RNR were inhibited simultaneously.
However, the salvage biosynthetic contributions to the dCMP,
dCDP and dCTP pools remained substantial in the absence of the
dCKi. In fact, RNR inhibition, alone or combined with ATR
inhibition, increased the salvage contributions to the dCMP,
dCDP and dCTP pools by approximately twofold, indicative of a
compensatory mechanism. dCK inhibition abolished this

adaptive mechanism to augment these deoxyribonucleotide pools.
Consequently, the rate of dCTP incorporation into DNA was
lowest when all three enzymes were inhibited (Fig. 4a, DNA
panel).

Persistent nucleotide insufficiency triggers replication
stress characterized by the accumulation of single-stranded
DNA (ssDNA) at stalled replication forks, followed by DNA
double-stranded breaks51. To investigate these events we used
flow cytometry and antibodies against ssDNA52 as an indicator of
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Median survival for the control group was 15 days after treatment initiation and 32.5 days for the 

VE-822 group (Mantel-Cox test). (E) Apoptosis induction in p185BCR-ABLArf–/– pre-B-ALL cells 

treated as indicated (350 nM 3-AP, 100 nM VE-822, and 1 µM dCKi) for 72 h using flow 

cytometry for Annexin V and PI staining (mean ± s.d., n = 2, one-way ANOVA, Bonferroni 

corrected). 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 

HCC: hepatocellular carcinoma; PDAC: pancreatic ductal adenocarcinoma. 
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Figure 2.6ㅣThe triple combination therapy is effective and well-tolerated in a systemic 

primary B-ALL model. (A) Plasma pharmacokinetic parameters for 3-AP (15 mg/kg), VE-822 

(40 mg/kg) and dCKi (50 mg/kg) in C57BL/6 mice (n ≥ 3) after single dose oral co-administration 

(mean ± s.d., n ≥ 3). (B) Doses and schedules for the triple combination therapy of leukemia 

bearing mice. (C and D) Bioluminescence images (C) and quantification of whole body radiance 

(D) of leukemia bearing mice treated with the combination therapy (treated, n = 5) or vehicle 

(control, n = 5) at indicated days after tumor inoculation. See also Figures S2.11–13. (E and F) 

Kaplan-Meier survival analysis (E) and body weight measurements (f) of leukemia bearing mice 

treated with the combination therapy (treated, n = 5) or vehicle (control, n = 5). Median survival 

for the control group was 14 days after treatment initiation, whereas median survival for the 
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replication stress, and phosphorylated histone H2A.X on serine
139 (pH2A.X) as an indicator of DNA damage (Fig. 4b). RNR
inhibition by 3-AP increased the percentage of ssDNA+ cells by
more than two-fold as early as 0.5 h after treatment, and by
greater than three-fold at the 4 h time point. Combined inhibition
of ATR and dCK also increased the ssDNA+ and ssDNA+;pH2A.
X+ cell populations at the 0.5 and 4 h time points. Addition of an
RNR inhibitor resulted in a rapid and massive expansion of
ssDNA+ population at the 0.5 h time point compared to
untreated cells, an effect which was further amplified at the later
time point (Fig. 4b). Along with these changes, RNR inhibition
triggered rapid induction of CHEK1 pS345, a direct downstream
target of ATR (Fig. 4c). This PTM was abrogated by VE-822
treatment at the 0.5 h time point and partially inhibited at the 4 h
time point. The rebound in CHEK1 pS345 expression at the 4 h
time point was likely mediated by the ATR related kinase, ataxia
telangiectasia mutated (ATM), which also phosphorylates
CHEK1 on serine 34553. ATM was activated in cells treated with
the triple combination therapy, as indicated by an increase in
phosphorylation of CHEK2 on threonine 68 (pT68, Fig. 4c); a
direct target of activated ATM. The induction of CHEK2 pT68 in
cells treated with the triple combination therapy coincided with
an increase in the pH2A.X+ population (Fig. 4b) and with
cleavage of the apoptotic markers caspase 8 (but not caspase 9),
caspase 3, and Poly (ADP-ribose) polymerase (PARP) (Fig. 4c).
Consistent with these observations, co-targeting ATR, dCK, and

RNR resulted in the highest percentage of apoptotic cells, as
measured by Annexin V staining (Supplementary Fig. 8a). The
cytotoxic effect of ATR inhibitors has been attributed to the
induction of premature mitotic entry of cells undergoing DNA
replication, an event that exacerbates the level of replication stress
and DNA damage54, 55. Consistent with this model, ATR
inhibition increased the percentage of S-phase CEM cells with
phosphorylation of histone 3 on serine 10 (H3 pS10), a marker
for mitotic kinase activation. This effect was significantly
amplified in the triple combination therapy (Supplementary
Fig. 8b).

ATR inhibition alone is marginally effective in vivo. To
investigate the in vivo efficacy and tolerability of co-targeting
alternative nucleotide biosynthetic pathways and ATR, we used a
previously described primary BCR-ABL-expressing Arf-null pre-B
(p185BCR-ABLArf–/–) model which is difficult-to-treat and thought
to be representative of the human disease31, 33. When compared
with 31 cancer cell lines of different origins, p185BCR-ABLArf–/–

cells were amongst the most sensitive to ATR inhibition by
VE-822, with an IC50 value of ~ 300 nM (Fig. 5a). However,
despite its high potency in culture against pre-B-ALL cells,
VE-822 alone was only marginally efficacious in vivo. C57BL/6
mice inoculated with luciferase expressing p185BCR-ABLArf–/–

cells succumbed to disease within 17 days; all VE-822 treated
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treated group remains undefined (Mantel-Cox test).* P < 0.05; ** P < 0.01; *** P < 0.001; **** P 

< 0.0001. q.d.: once/day; b.i.d.: twice/day. 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Figure S2.1ㅣConstitutive ATR activation in CEM T-ALL cells and its role in cell cycle 

progression. (A) Representative pS345 CHEK1 immunoblots of CEM cells ± VE-822 (1 µM) for 

24 h. (B) Flow cytometry analysis of EdU incorporation in CEM T-ALL cells treated with VE-822 

(1 µM) and/or dCKi (DI-82,1 µM) for 12 h following release from G1 arrest. Bar graphs 

summarize the percentage of cell populations in S3 (late S-phase) 12 h (mean ± s.d., n = 2, 

one-way ANOVA, Bonferroni corrected). Plots are representative of two independent 

experiments. (C) Cell cycle analyses of synchronous CEM T-ALL cells treated with VE-822       
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Supplementary Figure 1 | Constitutive ATR activation in CEM T-ALL cells and its role in cell cycle progression. (a) 
Representative pS345 CHEK1 immunoblots of CEM cells ± VE-822 (1 µM) for 24 h. (b) Flow cytometry analysis of EdU incorporation 
in CEM T-ALL cells treated with VE-822 (1 µM) and/or dCKi (DI-82,1 µM) for 12 h following release from G1 arrest. Bar graphs 
summarize the percentage of cell populations in S3 (late S-phase) 12 h (mean ± s.d., n = 2, one-way ANOVA, Bonferroni corrected). 
Plots are representative of two independent experiments. (c) Cell cycle analyses of synchronous CEM T-ALL cells treated with 
VE-822 (1 µM) and/or dCKi (DI-82,1 µM) in the presence or absence of 10 µM dNTPs for 12 h following release from G1 arrest. (d) 
Cell cycle analyses of asynchronous CEM T-ALL cells treated with VE-822 (1 µM) and/or dCKi (DI-82,1 µM) in the presence or 
absence of 10 µM dNTPs for 12 h. Bar graph summarize the percentage of cell populations in S-phase at 12 h (mean ± s.d., n = 2, 
one-way ANOVA, Bonferroni corrected).
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(1 µM) and/or dCKi (DI-82,1 µM) in the presence or absence of 10 µM dNTPs for 12 h following 

release from G1 arrest. (D) Cell cycle analyses of asynchronous CEM T-ALL cells treated with 

VE-822 (1 µM) and/or dCKi (DI-82,1 µM) in the presence or absence of 10 µM dNTPs for 12 h. 

Bar graph summarize the percentage of cell populations in S-phase at 12 h (mean ± s.d., n = 2, 

one-way ANOVA, Bonferroni corrected). 
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Figure S2.2ㅣATR inhibition minimally impacts glucose labeling in the glycolysis of CEM 

T-ALL cells. Percent glucose labeling of glycolytic metabolites (mean ± s.d., n = 6, one-way 

ANOVA). 

Glc: glucose; G6P/F6P: glucose 6-phosphate/fructose 6-phosphate; F1,6BP: fructose 1,6-

bisphosphate; DHAP: dihydroacetone phosphate; G3P: glyceraldehyde 3-phosphate; 3PG: 3-

phosphoglycerate; PEP: phosphoenolpyruvate; Pyr: pyruvate; Lac: lactate. 

* P < 0.05; ** P < 0.01; *** P < 0.001. 
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Supplementary Figure 2 | ATR inhibition minimally impacts glucose labeling in the glycolysis of CEM T-ALL cells. Percent 
glucose labeling of glycolytic metabolites (mean ± s.d., n = 6, one-way ANOVA). 
Glc glucose; G6P/F6P glucose 6-phosphate/fructose 6-phosphate; F1,6BP fructose 1,6-bisphosphate; DHAP dihydroacetone 
phosphate; G3P glyceraldehyde 3-phosphate; 3PG 3-phosphoglycerate; PEP phosphoenolpyruvate; Pyr pyruvate; Lac lactate. 
* P < 0.05; ** P < 0.01; *** P < 0.001.
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Figure S2.3ㅣWorkflow for the targeted mass spectrometric analysis used to measure 

dCTP pools. Optimally, nucleotides should be monitored in the positive mode to precisely 

measure the labeled atoms on the nucleobase and sugar moieties. To enable such 

measurements, we expanded on the work by Cohen and colleagues1 who reported the use of 

ion pairing reagents. With the addition of diethylamine (DEA) in the mobile phase, nucleotides 

have their negative charge phosphate group masked by DEA and their nucleobase becomes 

protonated. Under these conditions, nucleotides with the DEA adduct were monitored in the 

positive mode as [NTP−DEA−H]+ and the fragmentation of the adduct nucleotide ions resulted 

in protonated nucleobases. 
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monitored in the positive mode as [NTP−DEA−H]+ and the fragmentation of the adduct nucleotide ions resulted in protonated 
nucleobases.



Figure S2.4ㅣdCK-dependent dATP production from dA requires ADA inhibition. (A) 

Schematic representation and the 13C and 15N labeling pattern of the de novo and salvage dATP 

biosynthetic pathways. dA can be salvaged as a nucleobase through the actions of ADA, PNP, 

and HPRT or as an intact deoxyribonucleoside via dCK. The former salvage pathway is blocked 

by Pentostatin (dCF), a specific adenosine deaminase (ADA) inhibitor; the latter salvage 

pathway is blocked by DI-82, a dCK inhibitor (dCKi). (B–D) Jurkat cells were treated with dCF 

(10 µM) ± dCKi (1 µM) in culture media containing 11 mM [13C6]glucose and 5 µM [15N5]dA for 

18 h. (B) [15N5]dA levels in the cell culture media 18 h after treatment initiation (mean ± s.d., n = 

3, one-way ANOVA, Bonferroni corrected). (C) Biosynthetic routes to produce free dATP and 
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Supplementary Figure 4 | dCK-dependent dATP production from dA requires ADA inhibition (companion for Fig. 1). (a) 
Schematic representation and the 13C and 15N labeling pattern of the de novo and salvage dATP biosynthetic pathways. dA can be 
salvaged as a nucleobase through the actions of ADA, PNP, and HPRT or as an intact deoxyribonucleoside via dCK. The former 
salvage pathway is blocked by Pentostatin (dCF), a specific adenosine deaminase (ADA) inhibitor; the latter salvage pathway is 
blocked by DI-82, a dCK inhibitor (dCKi). (b–d) Jurkat cells were treated with dCF (10 µM) ± dCKi (1 µM) in culture media containing 
11 mM [13C6]glucose and 5 µM [15N5]dA for 18 h. (b) [15N5]dA levels in the cell culture media 18 h after treatment initiation (mean ± 
s.d., n = 3, one-way ANOVA, Bonferroni corrected). (c) Biosynthetic routes to produce free dATP and dATP incorporated into newly 
replicated DNA 18 h after treatment initiation: de novo from [13C6]glucose via RNR, [15N5]dA salvage via dCK catalyzed 
phosphorylation, and HPRT mediated salvage of [15N5]hypoxanthine (Hx) produced from [15N5]dA following deamination, and 
glycosidic bond cleavage catalyzed by ADA and PNP, respectively (mean ± s.d., n = 3). (d) Fold changes in total dNTP levels 18 h 
after treatment initiation (mean ± s.d., n = 3, one-way ANOVA, Bonferroni corrected). (e) Cell cycle analyses of Jurkat cells treated as 
indicated for 24 h. (f) Quantification of cells in S (left panel) and G2/M (right panel) after the indicated treatments for 24 h (mean ± 
s.d., n = 2). (g) Representative immunoblots of CHEK1, CHEK2 and H2A.X phosphorylation; cells were treated as indicated for 24 
h.  
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
dCF Pentostatin; ADA adenosine deaminase; PNP purine phosphorylase; Hx hypoxanthine; HPRT hypoxanthine 
phosphoribosyltransferase.
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dATP incorporated into newly replicated DNA 18 h after treatment initiation: de novo from 

[13C6]glucose via RNR, [15N5]dA salvage via dCK catalyzed phosphorylation, and HPRT 

mediated salvage of [15N5]hypoxanthine (Hx) produced from [15N5]dA following deamination, and 

glycosidic bond cleavage catalyzed by ADA and PNP, respectively (mean ± s.d., n = 3). (D) Fold 

changes in total dNTP levels 18 h after treatment initiation (mean ± s.d., n = 3, one-way ANOVA, 

Bonferroni corrected). (E) Cell cycle analyses of Jurkat cells treated as indicated for 24 h. (F) 

Quantification of cells in S (left panel) and G2/M (right panel) after the indicated treatments for 

24 h (mean ± s.d., n = 2). (G) Representative immunoblots of CHEK1, CHEK2 and H2A.X 

phosphorylation; cells were treated as indicated for 24 h.  

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 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Figure S2.5ㅣdCK-dependent production from dG requires PNP inhibition. (A) Schematic 

representation and the 13C and 15N labeling pattern of the de novo and salvage dGTP 

biosynthetic pathways. dG can be salvaged as a nucleobase through the actions of PNP and 

HPRT or as an intact deoxyribonucleoside via dCK. The former salvage pathway is blocked by 

BCX-1777, a specific inhibitor of PNP; the latter salvage pathway is blocked by DI-82, a dCK 

inhibitor (dCKi). (B–D) Jurkat cells were treated with BCX-1777 (100 nM) ± dCKi (1 µM) in 

culture media containing 11 mM [13C6]glucose and 5 µM [15N5]dA for 18 h. (B) [15N5]dG 

concentration in the cell culture media 18 h after treatment initiation (mean ± SD, n = 3, one-way 

ANOVA, Bonferroni corrected). (C) Biosynthetic routes to produce free dGTP and dGTP 
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Supplementary Figure 5 | dCK-dependent production from dG requires PNP inhibition (companion for Fig. 1). (a) Schematic 
representation and the 13C and 15N labeling pattern of the de novo and salvage dGTP biosynthetic pathways. dG can be salvaged as 
a nucleobase through the actions of PNP and HPRT or as an intact deoxyribonucleoside via dCK. The former salvage pathway is 
blocked by BCX-1777, a specific inhibitor of PNP; the latter salvage pathway is blocked by DI-82, a dCK inhibitor (dCKi). (b–d) 
Jurkat cells were treated with BCX-1777 (100 nM) ± dCKi (1 µM) in culture media containing 11 mM [13C6]glucose and 5 µM [15N5]dA 
for 18 h. (b) [15N5]dG concentration in the cell culture media 18 h after treatment initiation (mean ± s.d., n = 3, one-way ANOVA, 
Bonferroni corrected). (c) Biosynthetic routes to produce free dGTP and dGTP incorporated into newly replicated DNA 18 h after 
treatment initiation: de novo from [13C6]glucose via RNR, [15N5]dG salvage via dCK catalyzed phosphorylation, and HPRT mediated 
salvage of [15N5]G produced from [15N5]dG following glycosidic bond cleavage catalyzed by PNP (mean ± s.d., n = 3). (d) Fold 
changes in total dNTP levels 18 h after treatment initiation (mean ± s.d., n = 3, one-way ANOVA, Bonferroni corrected). (e) Cell cycle 
analyses of Jurkat cells treated as indicated for 24 h. (f) Quantification of cells in the S (left panel) and G2/M (right panel) after the 
indicated treatments for 24 h (mean ± s.d., n = 2, one-way ANOVA, Bonferroni corrected). (g) Representative immunoblots of 
CHEK1, CHEK2 and H2A.X phosphorylation; cells were treated as indicated for 24 h  
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
PNP purine phosphorylase; Hx hypoxanthine; HPRT hypoxanthine phosphoribosyltransferase.
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incorporated into newly replicated DNA 18 h after treatment initiation: de novo from 

[13C6]glucose via RNR, [15N5]dG salvage via dCK catalyzed phosphorylation, and HPRT 

mediated salvage of [15N5]G produced from [15N5]dG following glycosidic bond cleavage 

catalyzed by PNP (mean ± SD, n = 3). (D) Fold changes in total dNTP levels 18 h after 

treatment initiation (mean ± SD, n = 3, one-way ANOVA, Bonferroni corrected). (E) Cell cycle 

analyses of Jurkat cells treated as indicated for 24 h. (F) Quantification of cells in the S (left 

panel) and G2/M (right panel) after the indicated treatments for 24 h (mean ± SD, n = 2, one-

way ANOVA, Bonferroni corrected). (G) Representative immunoblots of CHEK1, CHEK2 and 

H2A.X phosphorylation; cells were treated as indicated for 24 h  

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 

PNP: purine phosphorylase; Hx: hypoxanthine; HPRT: hypoxanthine phosphoribosyltransferase. 
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Figure S2.6ㅣEffects of knocking down RRM2 using shRNA on RRM2 protein levels and 

RNR-produced dCTP incorporated into newly replicated DNA of CEM T-ALL cells. (A) 

Protein levels in CEM shRNARRM2 cells as determined by nLC-MS/MS (mean ± SD, n = 3, one 

sample t-test to assess if the mean of the protein level normalized to parental CEM is equal to 

one). (B) Mean fluorescence intensity (MFI) of RRM2 levels in S-phase parental CEM cells 

treated with 1 µM VE-822 for 12 h (V) and CEM shRNARRM2 cells (mean ± SD, n = 2, one-way 

ANOVA, Bonferroni corrected). (C) Contributions of the de novo and salvage pathways to dCTP 

incorporated into newly replicated DNA in parental CEM and CEM shRNARRM2 cells (mean ± 

SD, n = 3, two-way ANOVA, Bonferroni corrected, comparing de novo contribution between 

parental CEM and CEM shRNARRM2).  

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.  

RRM1: ribonucleotide reductase subunit 1; RRM2: ribonucleotide reductase subunit 2; TYMS: 

thymidylate synthase; dCK: deoxycytidine kinase. 
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Supplementary Figure 6 | Effects of knocking down RRM2 using shRNA on RRM2 protein levels and RNR-produced dCTP 
incorporated into newly replicated DNA of CEM T-ALL cells. (a) Protein levels in CEM shRNARRM2 cells as determined by nLC-
MS/MS (mean ± s.d., n = 3, one sample t-test to assess if the mean of the protein level normalized to parental CEM is equal to one). 
(b) Mean fluorescence intensity (MFI) of RRM2 levels in S-phase parental CEM cells treated with 1 µM VE-822 for 12 h (V) and CEM 
shRNARRM2 cells (mean ± s.d., n = 2, one-way ANOVA, Bonferroni corrected). (c) Contributions of the de novo and salvage pathways 
to dCTP incorporated into newly replicated DNA in parental CEM and CEM shRNARRM2 cells (mean ± s.d., n = 3, two-way ANOVA, 
Bonferroni corrected, comparing de novo contribution between parental CEM and CEM shRNARRM2).  
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.  
RRM1 ribonucleotide reductase subunit 1; RRM2 ribonucleotide reductase subunit 2; TYMS thymidylate synthase; dCK 
deoxycytidine kinase.
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Figure S2.7ㅣIC50 values and minimal concentrations of RNR inhibitors required to cause 

S-phase arrest. (A) IC50 values of dT, HU, GaM, and 3-AP in CEM cells (Cell Titer Glo assay at 

72 h, mean ± SD, n = 3). (B) Minimal concentrations of the four RNR inhibitors required for the 

induction of S-phase arrest observed in Figure 2.3B (see main text for details, mean ± SD, n = 

2, one-way ANOVA, P < 0.0001).  

dT: thymidine; HU: hydroxyurea; GaM: gallium maltolate. 
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Supplementary Figure 7 | IC50 values and minimal concentrations of RNR inhibitors required to cause S-phase arrest (see in 
Fig. 3b and main text for details). (a) IC50 values of dT, HU, GaM, and 3-AP in CEM cells (CellTiter-Glo assay at 72 h, mean ± s.d., 
n = 3). (b) Minimal concentrations of the four RNR inhibitors required for the induction of S-phase arrest observed in Fig. 3b (see 
main text for details, mean ± s.d., n = 2, one-way ANOVA, P < 0.0001).  
dT thymidine; HU hydroxyurea; GaM gallium maltolate.
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Figure S2.8ㅣAnalyses of apoptosis induction and premature mitotic entry in CEM cells 

treated with ATR, dCK and RNR inhibitors. (A) Apoptosis induction in CEM cells treated as 

indicated (500 nM 3-AP, 1 µM VE-822, and 1 µM dCKi) for 24 h using flow cytometry for Annexin 

V and PI staining (mean ± SD, n = 2, one-way ANOVA, Bonferroni corrected). (B) 

Phosphorylated H3 on serine 10 (pS10 H3) levels in CEM cells treated as indicated (500 nM 3-

AP, 1 µM VE-822, and 1 µM dCKi) for 24 h using flow cytometry (mean ± SD, n = 2, one-way 

ANOVA, Bonferroni corrected). 

NT: not treated control, V: VE-822, D: dCKi. 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
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Supplementary Figure 8 | Analyses of apoptosis induction and premature mitotic entry in CEM cells treated with ATR, dCK 
and RNR inhibitors as indicated in Fig. 4. (a) Apoptosis induction in CEM cells treated as indicated (500 nM 3-AP, 1 µM VE-822, 
and 1 µM dCKi) for 24 h using flow cytometry for Annexin V and PI staining (mean ± s.d., n = 2, one-way ANOVA, Bonferroni 
corrected). (b) Phosphorylated H3 on serine 10 (pS10 H3) levels in CEM cells treated as indicated (500 nM 3-AP, 1 µM VE-822, and 
1 µM dCKi) for 24 h using flow cytometry (mean ± s.d., n = 2, one-way ANOVA, Bonferroni corrected). 
NT: not treated control, V: VE-822, D: dCKi. 
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure S2.9ㅣOptimal therapeutic efficacy against p185BCR-ABLArf –/– pre-B-ALL cells in 

culture requires combined inhibition of ATR, RNR and dCK. (A and B) Treatment scheme 

(A) and growth curves (B) of p185BCR-ABLArf–/– pre-B-ALL treated as indicated (mean ± SD, n = 

2, unpaired two-tailed Student’s t-test comparing 3-AP+V and 3-AP+V+D at day 8).  

NT: not treated control, V: VE-822, D: dCKi. 

*** P < 0.001. 
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Supplementary Figure 9 | Optimal therapeutic efficacy against p185BCR-ABLArf –/– pre-B-ALL cells in culture requires 
combined inhibition of ATR, RNR and dCK (companion for Fig. 5). (a and b) Treatment scheme (a) and growth curves (b) of 
p185BCR-ABLArf–/– pre-B-ALL treated as indicated (mean ± s.d., n = 2, unpaired two-tailed Student’s t-test comparing 3-AP+V and 3-
AP+V+D at day 8).  
NT: not treated control, V: VE-822, D: dCKi. 
*** P < 0.001.
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Figure S2.10ㅣCo-targeting ATR, dCK and RNR is effective and well-tolerated in a 

systemic primary B-ALL model. (A, B, C) Schematic representation of the therapeutic 

regimen (A), bioluminescence images (B), and quantification of whole-body radiance (C) of 

leukemia bearing mice treated with a slight modification of the therapeutic regime shown in 

Figure 2.6B (3-AP, 30 mg/kg q.d., treated, n = 5). (D and E) Kaplan-Meier survival analysis (D) 

and body weight measurements (E) of leukemia bearing mice treated with the combination 

therapy (treated, n = 5) or vehicle (control from Figure 2.6C, n = 5). Median survival for the 

control group is 14 days after treatment initiation, whereas median survival for the treated group 

remains undefined (Mantel-Cox test). 

** P < 0.01. 
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Supplementary Figure 10 | Co-targeting ATR, dCK and RNR is effective and well-tolerated in a systemic primary B-ALL 
model (companion for Fig. 6). (a, b, c) Schematic representation of the therapeutic regimen (a), bioluminescence images (b), and 
quantification of whole-body radiance (c) of leukemia bearing mice treated with a slight modification of the therapeutic regime shown 
in Fig. 6b (3-AP, 30 mg/kg q.d., treated, n = 5). (d and e) Kaplan-Meier survival analysis (d) and body weight measurements (e) of 
leukemia bearing mice treated with the combination therapy (treated, n = 5) or vehicle (control from Fig. 6c, n = 5). Median survival 
for the control group is 14 days after treatment initiation, whereas median survival for the treated group remains undefined (Mantel-
Cox test). 
** P < 0.01.



Figure S2.11ㅣOptimal therapeutic efficacy against p185BCR-ABLArf –/– pre-B-ALL cells in 

vivo requires combined inhibition of ATR, RNR and dCK. (A) Schematic representation of 

the therapeutic regimen; (B) bioluminescence images (C), and quantification of whole-body 

radiance of leukemia bearing mice treated with 15 mg/kg 3-AP + 40 mg/kg VE-822 (3-AP+V, n = 

8), 15 mg/kg 3-AP + 40 mg/kg VE-822 + 50 mg/kg dCKi (3-AP+V+D, n = 8), and vehicle 

(control, n = 4). Drugs were formulated in PEG-200, Transcutol, Labrasol, and Tween-80 

blended in a ratio of 5:3:1:1 and were administered orally. One-way ANOVA, Bonferroni 

corrected for the BLI comparisons among three groups at day 16 and unpaired two-tailed 

Student’s t-test for the BLI comparison of 3-AP+V and 3-AP+V+D at day 19. Mice from control 

group were sacrificed before day 19 due to high leukemic burden.  

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
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Supplementary Figure 11 | Optimal therapeutic efficacy against p185BCR-ABLArf –/– pre-B-ALL cells in vivo requires combined 
inhibition of ATR, RNR and dCK (companion for Fig. 6). (a) Schematic representation of the therapeutic regimen; (b) 
bioluminescence images (c), and quantification of whole-body radiance of leukemia bearing mice treated with 15 mg/kg 3-AP + 40 
mg/kg VE-822 (3-AP+V, n = 8), 15 mg/kg 3-AP + 40 mg/kg VE-822 + 50 mg/kg dCKi (3-AP+V+D, n = 8), and vehicle (control, n = 4). 
Drugs were formulated in PEG-200, Transcutol, Labrasol, and Tween-80 blended in a ratio of 5:3:1:1 and were administered orally. 
One-way ANOVA, Bonferroni corrected for the BLI comparisons among three groups at day 16 and unpaired two-tailed Student’s t-
test for the BLI comparison of 3-AP+V and 3-AP+V+D at day 19. Mice from control group were sacrificed before day 19 due to high 
leukemic burden.  
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure S2.12ㅣThe combination therapy is efficacious against a dasatinib-resistant pre-B-

ALL mouse model. (A) Generation of dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells. 

Leukemia bearing C57BL/6 mice, were treated with 10 mg/kg dasatinib q.d. (once/day) for 20 

days. Upon presentation of resistance, leukemia cells were harvested from the bone marrow. 

(B) Sequencing of ABL kinase domain of dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells 

showed the T315I gate-keeper mutation. (C) Apoptosis induction in p185BCR-ABLArf–/– pre-B-ALL 

parental and resistant cells treated as indicated (dasatinib, 1 nM) for 24 h using flow cytometry 

for Annexin V and PI staining. (D) Doses and schedule of the combination treatment (3-AP, dCKi 

and VE-822) against dasatinib-resistant leukemia bearing mice. (E and F) Bioluminescence 
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Supplementary Figure 12 | The combination therapy is efficacious against a dasatinib-resistant pre-B-ALL mouse model. (a) Generation 
of dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells. Leukemia bearing C57BL/6 mice, were treated with 10 mg/kg dasatinib q.d. (once/day) for 
20 days. Upon presentation of resistance, leukemia cells were harvested from the bone marrow. (b) Sequencing of ABL kinase domain of 
dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells showed the T315I gate-keeper mutation. (c) Apoptosis induction in p185BCR-ABLArf–/– pre-B-
ALL parental and resistant cells treated as indicated (dasatinib, 1 nM) for 24 h using flow cytometry for Annexin V and PI staining. (d) Doses and 
schedule of the combination treatment (3-AP, dCKi and VE-822) against dasatinib-resistant leukemia bearing mice. (e and f) Bioluminescence 
images (e) and quantification of whole body radiance (f) of dasatinib-resistant leukemia bearing mice treated with the combination therapy 
(treated, n = 20) or vehicle (control, n = 5) at indicated days after tumor inoculation. 10 representative mice are shown for the treated group. (g) 
Kaplan-Meier survival analysis of dasatinib-resistant leukemia bearing mice treated with the combination therapy (treated, n = 20) or vehicle 
(control, n = 5). Median survival for the control group is 14 days after treatment initiation, whereas median survival for the treated group remains 
undefined (Mantel-Cox test). 
**** P < 0.0001.
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images (E) and quantification of whole body radiance (F) of dasatinib-resistant leukemia bearing 

mice treated with the combination therapy (treated, n = 20) or vehicle (control, n = 5) at 

indicated days after tumor inoculation. 10 representative mice are shown for the treated group. 

(G) Kaplan-Meier survival analysis of dasatinib-resistant leukemia bearing mice treated with the 

combination therapy (treated, n = 20) or vehicle (control, n = 5). Median survival for the control 

group is 14 days after treatment initiation, whereas median survival for the treated group 

remains undefined (Mantel-Cox test). 

**** P < 0.0001. 
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Figure S2.13ㅣDasatinib resistant pre-B-ALL cells recovered from a leukemic mouse 

which was treated with the triple combination therapy and eventually succumbed to 

disease retain sensitivity to the triple combination therapy. (A) Apoptosis induction of 

dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells, prior to inoculation in mice, treated as 

indicated (350 nM 3-AP, 100 nM VE-822, and 1 µM dCKi) for 72 h using flow cytometry for 

Annexin V and PI staining. (B) Apoptosis induction of dasatinib-resistant p185BCR-ABLArf–/– pre-B-
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Supplementary Figure 13 | Dasatinib resistant pre-B-ALL cells recovered from a leukemic mouse which was treated with the 
triple combination therapy and eventually succumbed to disease retain sensitivity to the triple combination therapy. (a) 
Apoptosis induction of dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells, prior to inoculation in mice, treated as indicated (350 nM 
3-AP, 100 nM VE-822, and 1 µM dCKi) for 72 h using flow cytometry for Annexin V and PI staining. (b) Apoptosis induction of 
dasatinib-resistant p185BCR-ABLArf–/– pre-B-ALL cells, harvested from bone marrow of a leukemic mouse treated with the triple 
combination therapy and eventually succumbed to disease from Supplementary Fig. 13, treated as indicated (350 nM 3-AP, 100 nM 
VE-822, and 1 µM dCKi) for 72 h using flow cytometry for Annexin V and PI staining. (c) Bar graph summarizes the percentage of 
Annexin V+ cell population from (a) and (b) (mean ± s.d., n = 2, one-way ANOVA, Bonferroni corrected). 
ns not significant.
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ALL cells, harvested from bone marrow of a leukemic mouse treated with the triple combination 

therapy and eventually succumbed to disease from Figure 2.13, treated as indicated (350 nM 3-

AP, 100 nM VE-822, and 1 µM dCKi) for 72 h using flow cytometry for Annexin V and PI 

staining. (C) Bar graph summarizes the percentage of Annexin V+ cell population from (A) and 

(B) (mean ± SD, n = 2, one-way ANOVA, Bonferroni corrected). 

ns not significant. 
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Figure S2.14ㅣNucleotide biosynthetic diversity in patient-derived samples. (A) Profiling 

the differential contributions of the de novo and salvage pathways to newly replicated DNA in 

patient-derived primary glioblastoma (HK374) and melanoma (M299 and M417) cells (mean ± 

SD, n = 3). Cells were incubated in culture media containing 11 mM [13C6]glucose and 5 µM 

each of the following labeled nucleosides: [13C9,15N3]dC, [13C10,15N2]dT, [13C10,15N5]dA, [15N5]dG. 

(B) [15N2]orotate enrichment in dCTP incorporated into newly replicated DNA in M299 and M417 

cells at 18 h (mean ± SD, n = 3). Cells were incubated in culture media containing 11 mM 
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Supplementary Figure 14 | Nucleotide biosynthetic diversity in patient-derived samples. (a) Profiling the differential 
contributions of the de novo and salvage pathways to newly replicated DNA in patient-derived primary glioblastoma (HK374) and 
melanoma (M299 and M417) cells (mean ± s.d., n = 3). Cells were incubated in culture media containing 11 mM [13C6]glucose and 5 
µM each of the following labeled nucleosides: [13C9,15N3]dC, [13C10,15N2]dT, [13C10,15N5]dA, [15N5]dG. (b) [15N2]orotate enrichment in 
dCTP incorporated into newly replicated DNA in M299 and M417 cells at 18 h (mean ± s.d., n = 3). Cells were incubated in culture 
media containing 11 mM [13C6]glucose with indicated varying concentration of [15N2]orotate. (c) Schematic representation of the de 
novo and salvage nucleotide pathway involving CAD, DHODH, and UMPS to newly replicated DNA. (d) IGV plot from exome 
sequencing of M417 showing homozygous CAD mutation (Q140*), present in 104 out of 108 reads. Results for M299 shown as 
negative reference. (e) Growth curves for M299 and M417 treated with vehicle or 1 µM dCKi (mean ± s.d., n = 2). 
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
CAD carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; DHODH dihydroorotate dehydrogenase; 
UMPS uridine monophosphate synthase; PRPP 5’-phosphoribosyl pyrophosphate; UMP uridine monophosphate. 
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[13C6]glucose with indicated varying concentration of [15N2]orotate. (C) Schematic representation 

of the de novo and salvage nucleotide pathway involving CAD, DHODH, and UMPS to newly 

replicated DNA. (D) IGV plot from exome sequencing of M417 showing homozygous CAD 

mutation (Q140*), present in 104 out of 108 reads. Results for M299 shown as negative 

reference. (E) Growth curves for M299 and M417 treated with vehicle or 1 µM dCKi (mean ± 

SD, n = 2). 

* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 

CAD: carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; 

DHODH: dihydroorotate dehydrogenase; UMPS: uridine monophosphate synthase; PRPP: 5’-

phosphoribosyl pyrophosphate; UMP: uridine monophosphate.  
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DISCUSSION 

Here we show that ATR inhibition in leukemia cells reduces the output of both de novo and 

salvage pathways. However, significant remaining activities of both pathways were sufficient to 

prevent ATR inhibition-induced DNA replication shutdown in cell culture, and were sufficient to 

permit disease-induced lethality in a systemic mouse model of pre-B-ALL. Combining ATR 

inhibition with specific inhibitors of de novo (RNR) and salvage (dCK) rate-limiting enzymes led 

to rapid accumulation of ssDNA, a hallmark of replication stress22, followed by extensive DNA 

damage, caspase-8 and PARP cleavage, and apoptosis. This synthetically lethal combination 

therapy was well-tolerated in vivo and promoted long-term disease free survival in mice with 

systemic p185BCR-ABLArf–/– pre-B-ALL, as well as in a mouse model of targeted-therapy 

(dasatinib) pre-B-ALL resistance. Collectively our results quantify the control exerted by ATR on 

convergent nucleotide biosynthetic routes, and provide the rationale to co-target both signaling 

(ATR) and metabolic (RNR and dCK) mechanisms in acute leukemia for optimal therapeutic 

efficacy. 

In mammalian cells dCTP and other dNTPs are present in low concentrations (1-50 pmol of 

dCTP/106 cells); amounts far below those required to complete one round of genome 

duplication (~1089 pmol of dCTP/106 cells)14,57. This apparent discrepancy between dNTP 

supply and demand can be explained by a model in which dNTP production is tightly coupled 

with utilization for DNA synthesis – an “on demand” model. A key prediction of this model is that 

even small disruptions of dNTP production could significantly impact DNA integrity, unless the 

demand for dNTPs is reduced by preventing new origin firing, a process regulated by ATR and 

its effector kinases43. This prediction is supported by the synthetic lethality observed with ATR 

inhibition and pharmacological targeting of the de novo and salvage pathways observed in cell 

culture and in vivo. These findings also suggest that more accurate estimates of the nucleotide 

biosynthetic capacity of cancer cells should account both for alternative free nucleotide pools 

and for their potential differential accessibility for substrates that are incorporated into replicated 

DNA.  
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To what extent are our findings of differential utilization of de novo and salvage pathways in 

leukemia applicable to solid tumors? An examination of three patient-derived primary cells point 

to significant nucleotide biosynthetic diversity in solid tumors (Figure S2.15A). HK-374 

glioblastoma multiforme (GBM) cells58 preferentially use the de novo pathways to generate most 

of their dATP, dGTP, and dCTP pools, with only the dTTP pool displaying a significant salvage 

component. A distinct nucleotide biosynthetic profile is present in two melanoma patient-derived 

primary cells, M299 and M417 (Figure S2.15A). In M299 cells, the salvage contribution to all 

four dNTPs exceeds 50%. Except for dATP, a similarly increased reliance on salvage 

biosynthesis was evident in M417 cells (Figure S2.15A). In contrast, de novo pyrimidine 

biosynthesis is almost completely absent in M417 cells, with greater than 98% of the dTTP and 

dCTP pools originating from salvage pathways. Stable isotope labeling studies using 

[15N2]orotate show that both M417 and M229 patient-derived primary cells efficiently used this 

substrate to produce dCTP, thereby suggesting a block in de novo pyrimidine biosynthesis in 

M417 cells either at the level of carbamoylphosphate synthetase II (CAD) or at the level of 

dihydroorotate dehydrogenase. Indeed, M417 cells were subsequently found to harbor a 

homozygous nonsense mutation (Q140*) in CAD (Figure S2.15D). Predictably, the defect in de 

novo pyrimidine biosynthesis rendered M417 cells hypersensitive to dCK inhibition (Figure 

S2.15E). Confirmation of these findings in larger panels of cell lines and patient derived primary 

samples would provide the rationale for developing new metabolically targeted therapies and 

clinically applicable biomarkers to define specific nucleotide biosynthetic subtypes (e.g. 

predominant de novo, predominant salvage, and both de novo and salvage) in solid tumors. 

Such biomarkers could be provided by Positron Emission Tomography (PET) imaging using new 

probes for nucleotide metabolism developed by us59,60 as well as by others61.  

Post-translational regulation and modifications (PTMs) can have profound and dynamic effects 

on the activity of metabolic networks62. Both dCK30 and RRM244,63 contain multiple PTMs. 

Among the four phosphorylation sites reported for dCK30, phosphorylation on serine 74 (pS74) 

is an important determinant of dCK substrate specificity and catalytic activity29. Both ATR and 
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ATM have been reported to phosphorylate dCK on S74 in response to replication stress and 

DNA damage respectively28,64. Our data show that the ATR inhibitor VE-822 reduces dCK 

activity by ~33%, an effect likely attributed to a two-fold decrease in dCK pS74 (Figure 2.2F). 

However, it remains unknown what kinases are responsible for the remaining dCK pS74 present 

in VE-822 treated leukemia cells. ATM is a potential candidate, given that phosphorylation of 

CHEK2 on T68 is detected in ATR inhibited cells (Figure 2.4C). Further studies are needed to 

confirm this hypothesis. In this context, it may also be informative to analyze the activity of dCK 

following ATR inhibition in tumors harboring inactivating mutations in ATM65–67. Concerning RNR 

regulation, the observed consequences of ATR inhibition in T-ALL cells include the following: a 

decrease in RRM2 protein levels (Figures 2.2C, 2.2D), reduced RRM1 protein levels (Figures 

2.2C, 2.2D), and a significant reduction in RRM2 pT33 (Figure 2.2E), a CDK-mediated 

phosphorylation event which promotes RRM2 proteasomal degradation via interactions with the 

SCFCyclin F ubiquitin ligase complex44. It is currently unknown whether the reduction in RRM2 

levels by ATR inhibition in leukemia cells occurs via a post-translational mechanism concerning 

protein stability and/or by a transcriptional mechanism downstream of E2F family members68,69. 

Moreover, further studies are needed to determine the significance of the observed reductions in 

RRM1 protein levels following ATR inhibition (Figures 2.2C, 2.2D) and to identify the 

mechanism responsible for this effect. 

Our results provide quantitative insights into alterations of nucleotide biosynthetic pathways 

induced in leukemia cells by inhibiting ATR and rate-limiting de novo (RNR) and salvage (dCK) 

enzymes. These findings support a new therapeutic strategy that uses existing inhibitors to 

exploit the dependency of leukemia cells on intact de novo and salvage biosynthetic pathways 

and replication stress response mechanisms. This strategy fits within the concept of targeting 

non-oncogene addiction proposed by Elledge and colleagues13. Further refinements in this 

strategy and expanding its applicability beyond leukemia may come from follow-up studies to 

define clinically applicable companion biomarkers capable of delineating nucleotide biosynthetic 

and replication stress subtypes that are predictive of responses in human tumors. 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METHODS 

Cell culture and culture conditions. Leukemia cell lines: CCRF-CEM, EL4, Jurkat, Molt-4, 

CEM-R, THP-1, HL-60, TF-1, MV-4-11, HH, HuT 78, K-562; ovarian cancer cell lines: Hey-T30, 

PA-1, Caov-3, OVCAR-5, IGROV-1, A2780; hepatocellular carcinoma (HCC) cell lines: 

SNU-475, PRC/PRF/5, SNU-449, Hep 3B, Hep G2, SK-HEP-1; and pancreatic adenocarcinoma 

(PDAC) cell lines: L3.BP1, KPC, BxPC-3, MIA PaCa-2, Hs 766T, AsPC-1, PANC-1 were 

obtained from American Type Culture Collection (ATCC). Nalm-6 and p185BCR-ABLArf–/– pre-B 

cells were gifts from M. Teitell (UCLA) and N. Boulos (CERN Foundation), respectively. Patient-

derived primary cells of leukemia COG332 was gift from Yong-Mi Kim (USC). Patient-derived 

primary cells of glioblastoma (HK-374) and melanoma (M299 and M417) were derived in the 

labs of Drs. Kornblum (UCLA) and Ribas, respectively. With a few exceptions, cell lines were 

cultured in RPMI-1640 (Corning) containing 10% fetal bovine serum (FBS, Omega Scientific) 

and were grown at 37 ºC, 20% O2 and 5% CO2. p185BCR-ABLArf–/– pre-B cells were cultured in 

RPMI-1640 containing 10% FBS and 0.1% β-mercaptoethanol. HK374 was cultured in DMEM-

F12 (Invitrogen) containing B27 supplement (Life Technologies), 20 ng/mL basic fibroblast 

growth factor (bFGF; Peprotech), 50 ng/mL epidermal growth factor (EGF; Life Technologies), 

penicillin/streptomycin (Invitrogen), Glutamax (Invitrogen), and 5 µg/mL heparin (Sigma-Aldrich). 

All cultured cells, except HK374, were incubated in antibiotic free media and were regularly 

tested for mycoplasma contamination using MycoAlert kit (Lonza) following the manufacturer’s 

instructions, except that the reagents were diluted 1:4 from their recommended amount. 

Cell cycle synchronization. Cells were treated with a CDK4/6 inhibitor, Pablociclib or 

PD-0332991 (Selleckchem, S1116) for 18 h to synchronize them in the G1 phase. 

Subsequently, cells were washed twice with PBS containing 2% FBS (Omega Scientific) and 

released into fresh media.  
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Proliferation assays. Cells were plated in 384-well plates (1,000 cells/well for suspension cell 

lines and 500 cells/well for adherent cell lines in 30 µL volume). For suspension cells, the plates 

were incubated at 37 ºC for 1 h to allow settling. For adherent cell lines, the plates were 

incubated at 37 ºC overnight to allow the cells to seed. Drugs were serially diluted to the desired 

concentration and an equivalent amount of DMSO was used in vehicle control. After pre-

incubation, 10 µL of the diluted drugs were added to each well. Following a 72 h incubation, Cell 

Titer Glo reagent was added to each well according to manufacturer’s instructions (Promega, 

Cell Titer Glo Luminescent Cell Viability Assay). The plates were shaken for 2 min, incubated in 

the dark for 8 min, and then analyzed by SpectraMax luminometer (Molecular Devices). 

Isotopic labeling in cell culture. Cells were transferred into RPMI-1640 without glucose and 

supplemented with 10% dialyzed FBS (Gibco) containing the following labeled substrates: 

precursors for de novo [U-13C6]glucose (Sigma-Aldrich, 389374) at 11 mM; precursors for purine 

salvage [U-13C10,15N5]dA (Cambridge Isotopes, CIL 3896), [15N5]dA (Cambridge Isotopes, 

NLM-3895), and [15N5]dG (Cambridge Isotopes, NLM-3899) at 5 µM or as indicated; and 

precursors for pyrimidine salvage: [U-13C9,15N3]dC (Silantes, 124603602) and [U-13C10,15N2]dT 

(Cambridge Isotopes, CNLM-3902) at 5 µM and [15N2]orotate (Cambridge Isotopes, NLM-1048) 

at indicated concentrations. The cells were incubated for 12 h or as indicated before sample 

collection and processing.  

Western blot. Cells were lysed using RIPA buffer supplemented with protease (ThermoFisher, 

78430) and phosphatase (ThermoFisher, 78420) inhibitors, scraped, sonicated, and centrifuged 

(20,000 x g at 4 ºC). Protein concentrations in the supernatant were determined using the Micro 

BCA Protein Assay kit (Thermo), and equal amounts of protein were resolved on pre-made Bis-

Tris polyacrylamide gels (Life Technologies). Primary antibodies: pS345 CHEK1 (Cell signaling, 

#2341), pT68 CHEK2 (Cell signaling, #2197), pS139 H2A.X (Millipore, 05-636), clvd. Casp8 

(Cell signaling, #8592), clvd. Casp9 (Cell signaling, #9502), clvd. Casp3 (Cell signaling, #9662), 

clvd. PARP (Cell signaling, #5625), and anti-actin (Cell Signaling Technology, 9470, 1:10,000). 

Primary antibodies were stored in 5% BSA (Sigma-Aldrich) and 0.1% NaN3 in TBST solution. 
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Anti-rabbit IgG HRP-linked (Cell Signaling Technology, 7074) and anti-mouse IgG HRP-linked 

(Cell Signaling Technology, 7076) were used as secondary antibodies. Chemiluminescent 

substrates (ThermoFisher Scientific, 34077 and 34095) and autoradiography film (Denville) 

were used for detection. 

Drugs. The following drugs were used: Pablociclib (Selleckchem, S1116, 1 µM), VE-822 

(ApeXBio, B1381, 1 µM or as indicated), DI-82 (dCKi2, 1 µM), thymidine (Sigma-Aldrich, T1895, 

as indicated), hydroxyurea (Sigma-Aldrich, H8627, as indicated), gallium maltolate (Nanoman 

Industries, CN-GAM-02-1G00-A00, as indicated), 3-AP (ApeXBio, custom, 500 nM or as 

indicated), Pentostatin (Santa Cruz Biotechnology, sc-204177, 10 µM), forodesine or BCX-1777 

(Chemscene, CS-3781, 100 nM), and dasatinib (LC Laboratories, D-3307, 1 nM). 

Sequencing of dasatinib-resistant clones. Bone marrow cells were harvested from dasatinib 

treated mice with disease relapse during sacrifice and cultured in standard culture conditions. 

Genomic DNA was collected from resistant cell populations and a 2-step nested PCR strategy 

was utilized to amplify the human ABL kinase domain. PCR products were sequenced and 

assessed for the presence of T315I mutation. 

Melanoma mutation assessment. Exome sequencing for M417 and M299 was performed at 

the UCLA Clinical Microarray Core on an Illumina HiSeq3000 using the SeqCap EZ Exome 

Enrichment Kit v3.0 (Roche). Reads were mapped to UCSC hg19 (bwa-mem), deduplicaed 

(PicardTools), and subjected to base quality score recalibration and realignment around known 

indels according to the Broad Institute Genome Analysis Toolkit (GATK) Best Practices v3.0. 

Variants in genes associated with nucleotide biosynthesis were identified using the GATK 

HaplotypeCaller, and annotated with Oncotator (http://portals.broadinstitute.org/oncotator/). 
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Mass spectrometry analyses 

dNTP sample processing. 0.5 – 1 x 106 cells were collected into 1.5 mL microcentrifuge tubes 

and centrifuged (450 x g, 4 min, 4 ºC). The supernatant was carefully aspirated and the cells 

were washed twice with 1 mL of cold PBS, followed each time by centrifugation (450 x g, 4 min 

4 ºC). The PBS were aspirated. Thereafter, the pellets were treated with 10 µL of 10% 

trifluoroacetic acid with internal standards (1 µM [15N3]dCMP and [15N3]dCTP, Silantes # 

122303802 and # 120303802, respectively) vigorously vortexed for 30 s, and incubated on ice 

for 10 min. 40 µL of 500 mM ammonium acetate, pH = 9.3, with the same internal standard (1 

µM [15N3]dCMP and [15N3]dCTP) was then added and the samples were vigorously vortexed 

again for 30 s. The samples were centrifuged (14,000 x g, 10 min, 4 ºC) to remove cell debris. 

The supernatants (~ 40 µL) were transferred into HPLC injector vials. Stock solutions (10 mM) 

of rCTP, rCDP, dCMP, dCDP, and dCTP (Sigma Aldrich) were prepared individually in water, and 

stored at –20 ºC before use to generate calibration standards. Calibration standards were 

prepared and mixed together in water with internal standards (1 µM [15N3]dCMP and 

[15N3]dCTP) to make working stock concentrations in 100 nM – 100 µM range. Calibration 

standards were diluted 10-fold into the same nucleotide extraction solution of 10% TFA/500 mM 

ammonium acetate (1:4, v/v) with internal standards (1 µM [15N3]dCMP and [15N3]dCTP) to give 

a final concentration in 10 nM – 10 µM. Nucleotide and calibration samples were processed 

together to minimize variation. 

DNA sample processing. Genomic DNA from 0.5 – 1 x 104 cells was extracted using the 

Quick-gDNA MiniPrep kit (Zymo Research, D3021) and hydrolyzed to nucleosides using the 

DNA Degradase Plus kit (Zymo Research, E2021), following manufacturer-supplied instructions. 

In the final step of DNA extraction, 50 µL of water was used to elute the DNA into 1.5 mL 

microcentrifuge tubes. A nuclease solution (5 µL; 10X buffer/DNA Degradase Plus™/water, 

2.5/1/1.5, v/v/v) was added to 20 µL of the eluted genomic DNA in an HPLC injector vial. The 

samples were incubated overnight at 37 ºC. 
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Media samples processing. Culture media (20 µL) was collected at the indicated time points. 

Stock solutions (10 mM) of [U-13C10,15N5]dA, and [15N3]dC (Cambridge Isotope Laboratories) 

were prepared individually in dimethyl sulfoxide (DMSO), and stored at – 20 ºC before use as 

internal standards. The solutions were diluted to 20 nM in methanol to generate working 

solutions. Calibration standards were prepared by spiking working stock solutions of 

[U-13C10,15N5]dA and [U-13C9,15N3]dC with blank media to give concentrations in the 10 nM - 10 

µM range. Each 20 µL calibration standard sample was mixed with 60 µL of internal standard 

solution, mixed for 30 s and centrifuged (15,000 x g, 10 min, 4ºC). After centrifugation, 60 µL of 

the supernatant was transferred into an HPLC injector vial for LC-MS/MS-MRM analysis. Media 

samples were processed similarly and in parallel to the calibration standard samples to 

minimize the experimental variability. 

Targeted LC-MS/MS-MRM assays. For genomic DNA and media analysis, an aliquot of the 

hydrolyzed DNA or media samples (20 µL) were injected onto a porous graphitic carbon column 

(Thermo Fisher Scientific Hypercarb, 100 x 2.1 mm, 5 µm particle size) equilibrated in solvent A 

(water 0.1% formic acid, v/v ) and eluted (200 µL/min) with an increasing concentration of 

solvent B (acetonitrile 0.1% formic acid, v/v) using min/%B/flow rates (µL/min) as follows: 

0/0/200, 5/0/200, 10/15/200, 20/15/200, 21/40/200, 25/50/200, 26/100/700, 30/100/700, 

31/0/700, 34/0/700, 35/0/200. For free nucleotide analysis, a modified version of the same 

previously reported method1 was used in which each dNTP lysate sample (20 µL) was injected 

directly onto the Hypercarb column equilibrated in solvent C (5 mM hexylamine and 0.5% 

diethylamine, v/v, pH 10.0) and eluted (200 µL/min) with an increasing concentration of solvent 

D (acetonitrile/water, 50/50, v/v) at the following min/%D/flow rates (µL/min): 0/0/200, 5/0/200, 

10/15/200, 20/15/200, 21/40/200, 25/50/200, 26/100/700, 30/100/700, 31/0/700, 34/0/700, 

35/0/200. The effluent from the column was directed to the Agilent Jet Stream ion source 

connected to the triple quadrupole mass spectrometer (Agilent 6460) operating in the multiple 

reaction monitoring (MRM) mode using previously optimized settings. The peak areas for each 

nucleosides and nucleotides (precursor→fragment ion transitions) at predetermined retention 
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times were recorded using the software supplied by the instrument manufacturer (Agilent 

MassHunter). 

Quantification. The area for nucleotides measurements were obtained from extracted ion 

chromatograms of MRM ion transitions. These measurements were normalized from the spiked 

internal standards ([15N3]dCMP and [15N3]dCTP). A calibration curve was prepared to convert 

the normalized areas of nucleotides to absolute quantitation, pmol/106 cells. For DNA, the area 

for the hydrolyzed labeled nucleosides were obtained from extracted ion chromatograms of 

MRM ion transitions. These measurements were normalized to the total ion current at that 

retention time. To calculate the DNA labeled pmol/106 cells, the peak area ratio for a given 

biosynthetic pathway was multiplied by 1089.3, the dCTP pmol amount needed to replicate the 

entire genomic DNA from 106 cells (assuming the size of the genomic DNA per cell to be 3.2 

billion base pair with 41% GC content). 

Non-targeted LC-MS metabolic assays. 1 x 106 cells were washed with ice-cold 150 mM 

ammonium acetate twice before adding 1 mL of ice-cold 80% methanol with 10 nM norvaline as 

an internal standard. After vigorous vortexing, samples were centrifuged at maximum speed, the 

aqueous layer was transferred to a glass vial and the metabolites were dried under vacuum. 

Metabolites were resuspended in 50 μL 70% acetonitrile (ACN) and 5 μL of this solution used for 

the mass spectrometer-based analysis. The analysis was performed on a Q Exactive (Thermo 

Scientific) in polarity-switching mode with positive voltage 4.0 kV and negative voltage 4.0 kV. 

The mass spectrometer was coupled to an UltiMate 3000RSLC (Thermo Scientific) UHPLC 

system. Mobile phase A was 5 mM ammonium acetate (NH4AcO), pH 9.9, B was acetonitrile 

and the separation achieved on a Luna 3 mm NH2 100 A column (150 × 2.0 mm, Phenomenex). 

The flow was 200 μL/min, and the gradient ran from 15% A to 95% A in 18 min, followed by an 

isocratic step for 9 min and re-equilibration for 7 min. Metabolites were detected and quantified 

as area under the curve based on retention time and accurate mass (≤ 3 p.p.m.) using the 

TraceFinder 3.1 (Thermo Scientific). Relative amounts of metabolites between various 
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conditions, as well as percentage of [13C6]glucose labelling, were calculated and corrected for 

naturally occurring 13C abundance. 

Proteomic analyzes. CCRF-CEM cells were treated ± with a CDK4/6 inhibitor, PD-0332991 

(Selleckchem) for 18 h to arrest at G1 phase. Cells were then washed twice with PBS and 

released in fresh media with treatment at a density of 1 x 106 cells/mL. Cells were collected at 

12 h, washed twice with ice-cold PBS, and lysed by trituration using 1 mL per 5 x 107 cells of 

0.5% sodium deoxycholate, 12 mM sodium lauryl sarcosine, and 50 mM triethylammonium 

bicarbonate, pH 8.0. Lysates were heated at 95 ºC for 5 min and water bath sonicated at room 

temperature (RT) for 5 min. Bicinchoninic acid protein assay (Pierce) was performed to 

determine protein concentration. Disulfide bridges were reduced with 5 mM tris(2-

carboxyethyl)phosphine (final concentration) at RT for 30 min with subsequent treatment with 10 

mM iodoacetamide (final concentration) at RT in the dark for 30 min. Solutions were diluted 1:5 

(v:v) with 50 mM triethylammonium bicarbonate. Proteins were cleaved with sequencing grade 

trypsin (Promega) at 1:100 (enzyme:protein) for 4 h at 37 ºC followed by a second aliquot of 

trypsin 1:100 (enzyme:protein) overnight at 37 ºC. Samples were acidified with 0.5% 

trifluoroacetic acid (final concentration), vortexed rapidly for 5 min, and centrifuged (16,000 x g 

for 5 min, RT) to pellet sodium deoxycholate. Supernatants were transferred to new 

microcentrifuge tubes and 20 µg of total peptide were desalted using C18 StageTips as 

previously described3. On-column dimethyl labeling using C18 StageTips was performed as 

previously described4. Briefly, StageTips were equilibrated with 20 μL of 250 mM 2-(N-

morpholino)ethanesulfonic acid (MES) pH 5.5. Tryptic peptides were dimethyl labeled using 60 

mM sodium cyanoborohydride, 0.4% formaldehyde, and 250 mM MES pH 5.5 for 10 min. 

Dimethyl labeled peptides were eluted from StageTips using 20 μL of 80% acetonitrile with 0.1% 

trifluoroacetic acid and lyophilized to dryness. Labeled peptides were reconstituted with 2% 

acetonitrile and 0.1% formic acid (loading buffer). The light, medium, and heavy labeled 

peptides were mixed 1:1:1 (light:medium:heavy), diluted with loading buffer to a final peptide 

concentration of 0.2 µg/µL and 1 µg total peptide was analyzed using 180 min data-dependent 
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nLC-MS/MS on Thermo Orbitrap XL as later discussed. Light, medium, and heavy labeled 

samples were mixed using the protein median ratios as normalization from the “trial” analysis. 

48 µg of mixed light, medium, and heavy labeled peptides were sub-fractionated using strong 

cation exchange (SCX) StageTips as previously described3. Briefly, 8 fractions were made using 

25, 35, 50, 70, 90, 150, 350, and 750 mM ammonium acetate in 30% acetonitrile and 0.5% 

acetic acid. Each SCX fraction was desalted using C18 StageTips, vacuum concentrated to 1 

µL, and resuspended with 10 µL of loading buffer. 5 µL of each fraction was analyzed using 180 

min data-dependent reverse-phase nLC-MS/MS on Thermo Orbitrap XL and Thermo QExactive 

Plus for synchronous and asynchronous cells, respectively, equipped with Eksigent Spark 

autosampler, Eksigent 2D nanoLC, and Phoenix ST Nimbus dual column source. Briefly, 

samples were loaded onto laser-pulled reverse-phase nanocapillary (150 µm I.D., 360 µm O.D. 

x 25 cm length) with C18 (300 Å, 3 µm particle size) (AcuTech Scientific) for 30 min with mobile 

phase A (2% acetonitrile and 0.1% formic acid) at 500 nL/min. Peptides were analyzed over 180 

min linear gradient of 0-40% mobile phase B (98% acetonitrile and 0.1% formic acid) at 300 nL/

min. Electrospray ionization and source parameters for Orbitrap XL were as follows: spray 

voltage of 2.2 kV, capillary temperature of 200oC, capillary voltage at 35 V, and tube lens at 90 

V. Data-dependent MS/MS for Orbitrap XL was operated using the following parameters: full MS 

from 400-1700 m/z with 60,000 resolution at 400 m/z and target ion count of 3 x 105 or fill time 

of 700 ms, and twelve MS/MS with charge-state screening excluding +1 and unassigned charge 

states, isolation width of 2.0 m/z, target ion count of 5,000 or fill time of 50 ms, CID collision 

energy of 35, and dynamic exclusion of 30 sec. For QExactive Plus, the electrospray ionization 

and source parameters were as follows: spray voltage of 1.6 kV, capillary temperature of 200oC, 

and S-lens RF level of 50. Data-dependent MS/MS for QExactive Plus was operated using the 

following parameters: full MS from 400-1700 m/z with 70,000 resolution at 400 m/z and target 

ion count of 3 x 106 or fill time of 100 ms, and twenty MS/MS with charge-state screening 

excluding +1 and unassigned charge states, 17,500 resolution at 400 m/z, isolation width of 2.0 

m/z, target ion count of 50,000 or fill time of 50 ms, HCD collision energy of 27, and dynamic 
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exclusion of 30 sec. Raw data was searched against Uniprot human database using MaxQuant 

1.5.3.30 with standard preset search parameters. Briefly, the search parameters were as 

follows: 3-plex dimethyl labeling to lysine and peptide N-terminus, trypsin cleavage allowing up 

to 2 missed cleavages, fixed modification of carbamidomethyl to cysteines, variable 

modifications of acetylation to protein N-terminus and methionine oxidation, 10 ppm mass error 

for full MS, 0.5 Da and 20 mmu mass errors for MS/MS for Orbitrap XL and QExactive Plus, 

respectively, score of 40 or greater for modified peptides, 1% false-discovery rate on peptide 

and protein identifications, and peptide match between run feature with 1.5 min time window. 

Phosphoproteomic analyses. CCRF-CEM cells were prepared same as the asynchronous 

CEM cells total protein digests above, except that a total of 7.5 mg total protein from 1 x 108 

cells was collected per treatment condition for phosphoproteomic analysis. tC18 Sep-Pak 

cartridges (Waters) were used for peptide desalting and Pierce Quantitative Colorimetric 

Peptide Assay was performed prior to phosphopeptide enrichment. Hydrophilic interaction 

chromatography (HILIC) and immobilized metal affinity chromatography (IMAC) were performed 

same as previously described5. Data dependent nLC-MS/MS was performed on Thermo 

QExactive Plus same as above. Raw data was searched against Uniprot human database using 

MaxQuant 1.5.3.30 with the following search parameters: trypsin cleavage allowing up to 2 

missed cleavages, fixed modification of carbamidomethyl to cysteines, variable modifications of 

acetylation to protein N-terminus, methionine oxidation, and phosphorylation to serine, 

threonine, and tyrosine, 10 ppm and 20 mmu mass errors for full MS and MS/MS, respectively, 

score of 40 or greater for modified peptides, and 1% false-discovery rate on peptide and protein 

identifications. Identified phosphopeptides were manually quantified by area-based extracted 

ion chromatograms of the monoisotopic peak. 

Plasma collection and pharmacokinetic assays. Blood was collected in heparin-EDTA tubes 

by retro-orbital technique at time points 0.25, 1, 6, and 24 h time points from the first set of mice 

and 0.5, 4, and 12 h from the second set of mice. Blood samples were spun at 2000 x g for 15 

min and the plasma supernatants were collected. All plasma samples were frozen at –20 ºC 
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before sample processing. The stock solutions of 3-AP, VE-822, DI-82, 3-AP analog (NSC 

266749), VE-821 (Selleckchem), DI-39 were prepared individually by dissolving the appropriate 

amount of each drug in a known volume of dimethyl sulfoxide (DMSO) to a 10 mM 

concentration and were stored at –20ºC before use. The 3-AP analog, VE-821 and DI-39 

(internal standards) were diluted to 200 nM in methanol to make the internal solution. The 

calibration standards were prepared by spiking working stock solutions of 3-AP, VE-822 and 

DI-82 in plasma from untreated mice to give 0.01-10 pmol/µL range. Each 20 µL calibration 

standard sample was mixed with 60 µL of internal solution (methanol with 200 nM internal 

standards) and vortexed for 30 s. Following centrifugation at 15,000 x g for 10 min, 

approximately 60 µL of sample was carefully transferred into HPLC injector vials for LC-MS/MS-

MRM analysis. Plasma samples were processed the same way as the calibration standard 

samples. 20 μL samples were injected onto a reverse phase column, (Thermo Scientific 

Hypersil GOLD column 3.0 µm; 2.1 x 100 mm) equilibrated in water/formic acid, 100/0.1, and 

eluted (200 μL/min) with an increasing concentration of solvent B (acetonitrile/formic acid, 

100/0.1, v/v: min/% acetonitrile; 0/0, 5/0, 15/60, 16/100, 19/100, 20/0, and 25/0). The effluent 

from the column was directed to the Agilent Jet Stream ion source connected to the triple 

quadrupole mass spectrometer (Agilent 6460) operating in the multiple reaction monitoring 

(MRM) mode using previously optimized settings. The following drug precursor→fragment ion 

transitions were used: 3-AP (196→179), DI-82 (511→369), VE-822 (464→533), VE-821 

(369→276), 3AP-analog (199→182), DI-39 (525→383). The peak areas for each drug 

(precursor→fragment ion transitions) at predetermined retention times were recorded using the 

software supplied by the instrument manufacturer (Agilent MassHunter). 

Flow cytometry analyses 

Cell cycle histograms (measurements of DNA content). Cells were plated at a density of 0.5 

x 106 cells/mL in respective media or drug treated media. Following 24 h incubation, cells were 

harvested and washed twice with PBS twice before staining with 0.5 ml of propidium iodide 
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(Calbiochem, #P3566, 1 µg/mL) solution containing Ribonuclease A and 0.3% Triton-X 100. The 

samples were protected from light before acquisition by flow cytometry.  

Cell cycle kinetics (pulse chase analysis) and cell cycle progression (synchronous chase 

pulse analysis) by intracellular detection of DNA-incorporated 5-ethynyl-2-deoxyuridine 

(EdU). CEM T-ALL cells were plated at a density of 0.5 x 106 cells/mL. Cells were pulsed with 

10 µM EdU (Invitrogen) for 1 h, washed twice with PBS, and released in fresh media containing 

5 µM deoxyribonucleosides, with and without drugs. Cells were collected at different time points 

following release in fresh media, and then fixed with 4% paraformaldehyde and permeabilized 

using saponin perm/wash reagent (Invitrogen). Cells were then stained with azide-Alexa Fluor 

647 by Click reaction according to manufacturer’s protocol (Invitrogen; Click-iT EdU Flow 

cytometry kit, #C10634). The total DNA content was assessed by staining the samples with 

FxCycle-Violet (Invitrogen, #F10347) at 1 µg/mL final concentration in PBS containing 2% FBS. 

To measure the cell cycle progression of a synchronous population of cells, cells were first 

arrested in the G1 phase following treatment with 1 µM Palbociclib for 18 h, then washed and 

released in fresh media supplemented with drugs. Before collecting and fixing the cells at 

different time points, the cells were pulse-labeled with 10 µM EdU for 1 h, and then labeled with 

azide-Alexa Fluor 647 (Invitrogen; Click-iT EdU Flow cytometry kit). Total DNA content was 

assessed by staining with FxCycle-Violet (Invitrogen) at 1 µg/mL final concentration in PBS 

containing 2% FBS. 

pH2A.X staining. Cells were harvested, fixed and permeabilized with cytofix/cytoperm (BD 

biosciences, #554722) for 15 min on ice protected from light. Cells were washed, then 

resuspended in 100 µL 1X Perm/wash buffer (BD Sciences) and incubated for 15 min on ice. 

The cells were washed, then resuspended in 50 µL with phospho-Histone H2A.X (Ser139) 

antibody conjugated to fluorochrome FITC (EMD Millipore, #05-636, 1:800 dilutions in perm/

wash) for 20 min in the dark at RT. Subsequently, cells were washed and stained with 0.5 mL of 

DAPI (Invitrogen, #D1306) for DNA content (1 µg/mL in 2% FBS in PBS) before data 

acquisition.  
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Measurement of single stranded DNA (ssDNA) levels using the F7-26 monoclonal 

antibody. Cells were harvested and fixed with ice-cold methanol:PBS (6:1 v/v) for 24h. Staining 

with F7-26 monoclonal mouse antibody was performed according to manufacturer’s instructions 

(EMD Millipore, #MAB3299). Fixed cells were resuspended in 250 µL of formamide and heated 

in a water bath at 75 ºC for 10 min. Cells were then allowed to equilibrate to room temperature 

and then washed with 2 mL of 1% non-fat dry milk in PBS for 15 min. Subsequently, cells were 

resuspended in 100 µL of anti-ssDNA Mab F7-26 (EMD Millipore, 1:10 in 5% FBS in PBS) and 

incubated for 45 min at room temperature. Cells were washed with PBS and stained with 100 µL 

of fluorescence-conjugated goat anti-mouse IgM antibody (Santa Cruz Biotechnology, #sc-3768, 

1:50) for 45 min at room temperature. Cells were then washed with PBS, stained with 0.5 mL of 

DAPI for DNA content (1 µg/mL in 2% FBS in PBS) before data acquisition.  

Phospho-histone 3 staining. Cells were treated with drug combinations of three drugs. 24 h 

following treatment, cells were fixed and permeabilized with 1% PFA and 1X Perm/wash 

solution respectively. Following fixation and permeabilization, cells were stained intracellularly 

with pH3 Ser10 antibody conjugated to AF647 (Cell signaling, #12230). Cells were then washed 

with PBS, stained with 0.5 mL of DAPI for DNA content (1 µg/mL in 2% FBS in PBS) before data 

acquisition.  

Annexin V staining. Cells were treated with the indicated treatments for 24 or 72 h, then 

collected and washed twice with 1 mL of FACS buffer (2% FBS in PBS). Induction of apoptosis 

and cell death were assayed by staining the cells with Annexin V-FITC and PI according to 

manufacturer’s instructions (FITC Annexin V Apoptosis Detection Kit, BD Sciences, #556570). 

FACS analysis. All flow cytometry data were acquired on five-laser LSRII cytometers (BD) for 

analysis, and analyzed using FlowJo software (Tree Star). The cell cycle durations were 

calculated using equations for multiple time-point measurements according to previously 

published methods (Terry and White, 2006). 
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Animal studies. Mice were housed under specific pathogen-free conditions and were treated in 

accordance with UCLA Animal Research protocol guidelines. All C57BL/6 female mice were 

purchased from the UCLA Radiation Oncology breeding colony. VE-822 (ApeXBio, 40 mg/kg), 

3-AP (ApeXBio, dosage as indicated) and DI-82 (dCKi, Sundia Pharmaceuticals, 50 mg/kg) 

were administered by intraperitoneal (i.p.) injections or oral gavage to recipient animals. For oral 

administration, single agent or combination of drugs were solubilized in a formulation consisting 

of the following: PEG-200: Transcutol: Labrasol: Tween-80 mixed in 5:3:1:1 ratio. For i.p. 

administration, the drugs were solubilized in PEG-400 and 1 mM Tris-HCl in a 1:1 (v:v) ratio. 

Dasatinib (LC Laboratories) was solubilized in 80 mM citric acid (pH 3.1) and was administered 

at a dose of 10 mg/kg by oral gavage. 2 x 105 luciferase expressing p185BCR-ABLArf–/– pre-B-ALL 

cells were injected intravenously into C57BL/6 female mice for leukemia induction. The 

treatment was started 6 or 7 days after the intravenous inoculation of leukemia initiating cells, 

when animals had developed a significant leukemic burden as monitored by bioluminescence 

imaging (IVIS Bioluminescence Imaging scanner). The dosing schedules are indicated in the 

text and figure legends. The mice were observed daily and those that became moribund during 

the trials, (paralysis of hind limbs, significant body weight loss) were sacrificed immediately. 

Kaplan-Meier curves and bioluminescence quantifications were generated using Prism 6.0h 

(Graphpad Software).  

Bioluminescence imaging (BLI). Mice were anesthetized with 2% isoflurane followed by 

intraperitoneal injection of 50 μL (50 mg/mL) substrate D-luciferin (Sigma, #L9504). The mice 

were imaged with the IVIS 100 Bioluminescence Imaging scanner 10 minutes after luciferin 

administration. All mice were imaged in groups of five with 1-minute exposure time, and the 

images were acquired at low binning. 

Statistical Analyses. Data are presented as means ± SD with indicated biological replicates. 

Comparisons of two groups were calculated using indicated unpaired or paired two-tailed 

Student’s t-test and P values less than 0.05 were considered significant. For some experiments, 
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generated mean normalized values (ratios from two groups, treated to untreated) were 

compared to the hypothetical value 1 (indicating equal values between treated and untreated), 

calculated using one-sample t-test, and P values less than 0.05 were considered significant. 

Comparisons of more than two groups were calculated using one-way ANOVA followed by 

Bonferroni’s multiple comparison tests, and P values less than 0.05/m, where m is the total 

number of possible comparisons, were considered significant. The Benjamini–Hochberg false 

discovery rate (FDR) method was used to adjust the P values for multiple testing in 

metabolomic and proteomic studies. An FDR q value ≤ 0.2 was used as a threshold for 

significance. All statistical analysis and generated graphs were performed either in R or 

Graphpad Prism 6.0h. 
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Resulting from Interferon Induced  

Nucleotide Metabolism Reprogramming  
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ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC) is a devastating disease for which new, rationally 

designed therapies are urgently needed. In addition to activating KRAS mutations, a dense 

stromal compartment and an inflammatory, cytokine rich microenvironment are defining 

characteristics of PDAC tumors. Among cytokines in the PDAC tumor environment, interferons 

are particularly important as they regulate the expression of hundreds of genes, many of which 

have established pro- or anti-tumor functions. We determined that a transcriptional type I 

interferon (IFN) response signature is enriched in TCGA PDAC specimens with a range of 

expression observed among individual samples. Consistently, we found that IFN signaling is 

detectable in a subset of PDAC patient-derived and cell line xenografts. In these models, we 

defined a requirement for PDAC cell cGAS/STING pathway activity for tumor IFN signaling. 

Despite the marked enrichment of IFN signaling in PDAC tumors its impact on tumor cell 

signaling, metabolism and response to therapy is poorly defined. 

In contrast to our in vivo observations, we found that IFN signaling biomarkers are absent in 

traditional PDAC cell culture models. Using nLC-MS/MS phosphoproteomics we determined 

that IFN treatment triggers activation of the replication stress response signaling cascade 

mediated by the kinase ataxia telangiectasia and Rad3-related protein (ATR). This signaling 

network allows cells to sense and respond to any obstacle to DNA replication in S-phase, one 

such cause is an insufficient supply of the deoxyribonucleotide triphosphate (dNTP) substrates 

for DNA replication. Using a targeted LC-MS/MS approach we found that IFN signaling induces 

a decrease in the abundance of dNTPs in PDAC cells. To systematically investigate the cause 

of this metabolic reprogramming we evaluated IFN-induced alterations in the expression of 

nucleotide-metabolism genes using nLC-MS/MS proteomics. We found that IFN signaling 

induces a subset of metabolic genes which function in nucleotide and nucleoside catabolism, 

including: sterile alpha-motif and histidine-aspartate domain-containing protein 1 (SAMHD1) and 

thymidine phosphorylase (TYMP). We confirmed a role for SAMHD1 in IFN-induced dNTP 

restriction using CRISPR/Cas9 knockout isogenic cells. Furthermore, we found that dNTP 
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phosphohydrolysis is counteracted by deoxycytidine kinase (dCK) which recycles SAMHD1-

produced deoxyribonucleosides. Collectively, these findings suggest that IFN triggers a shift in 

tumor cell nucleotide metabolism from a biosynthetic to a predominantly catabolic phenotype. 

To model IFN-high and -low conditions in PDAC xenograft tumors in vivo we engineered a cell 

line to express a constitutively active mutant STING (STINGR248M) conditionally in the presence 

of doxycycline. By performing performing immunoblot and immunohistochemical analysis of 

tumor explants we confirmed that this model recapitulates our observations of IFN biomarker 

enrichment in PDAC patient samples. We investigated the impact of IFN signaling on tumor 

metabolism in vivo by evaluating accumulation of [18F]FLT, which is sensitive to TYMP 

expression, in STINGR248M isogenic tumors using position emission tomography (PET). These 

studies indicated that IFN signaling reprograms nucleotide metabolism both in vitro and in vivo. 

To identify vulnerabilities elicited by IFN signaling we applied a 430 compound in vitro chemical 

genomics high-throughput synthetic lethality screen. We found enrichment of inhibitors of 

replication stress response kinase, ATR and CHEK1, inhibitors among compounds exhibiting 

synergy with IFN. Co-treatment of PDAC cells with IFN and an ATR inhibitor triggers S-phase 

arrest, DNA damage and apoptosis. ATR inhibitors potentiate the IFN-induced dNTP restriction 

and down-regulate the expression of genes related to dNTP biosynthesis and salvage. We 

found that the synergy between IFN signaling and ATR inhibitors was restricted to a subset of 

PDAC cell lines in which IFN induces replication stress.. Collectively, this work furthers our 

understanding of the crosstalk between cytokine signaling, nucleotide metabolism and DNA 

replication stress response networks in PDAC and provides the rationale for new therapeutic 

approaches for the treatment of a precisely defined patient population. 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INTRODUCTION 

The median overall survival of patients diagnosed with pancreatic ductal adenocarcinoma 

(PDAC) is less than one year and PDAC is expected to become the second most common 

cause of cancer related death in the United States by 20201,2. Contributing to this poor 

prognosis is the near universal resistance of PDAC tumors to current pharmacological and 

immunotherapy treatment regimens and it is clear that a better understanding of fundamental 

biology is required for the development of new therapies for this disease3. Accordingly, 

substantial efforts have been dedicated towards defining genomic and transcriptional PDAC 

subtypes to ultimately guide precision medicine treatment approaches4,5. In PDAC, BRCA1/2 

mutations are detected in 4-7% of patients and are associated with response to PARP 

inhibitors6. Additionally, two transcriptional subtypes have been recurrently identified in PDAC 

patient samples and include the basal-like/mesenchymal/squamous and classical/epithelial/

progenitor7. However, the distinct biological behavior and targetable vulnerabilities of these 

subtypes are not well defined. 

In addition to a near universal penetrance of KRAS mutations and a dense stromal component, 

PDAC is defined by a pro-inflammatory, cytokine-rich tumor microenvironment. Among 

cytokines present in PDAC tumors interferons (IFNs), are particularly important and influence 

cancer development, progression, and response to DNA damaging therapy8. Type I IFNs (IFNɑ, 

IFNβ and IFNλ) are constitutively produced in the PDAC tumor microenvironment by stromal, 

immune, and potentially tumor cells (Figure 3.1). One signaling network regulating the 

production of type I IFNs is the cyclic guanosine monophosphate-adenosine monophosphate 

synthase (cGAS) / stimulator of IFN genes (STING) pathway which is induced by cytoplasmic 

single-stranded and double-stranded DNA (ssDNA, dsDNA)9. Type I IFNs function by binding to 

specialized receptors, IFNAR1 and IFNAR2, and inducing a JAK1/TYK2-mediated signaling 

cascade which results in transcriptional activation of hundreds of IFN-stimulated genes including 

STAT1 and MX1, canonical surrogate markers of type I IFN signaling. Paradoxically, IFNs exert 

both pro- and anti-tumor effects: IFNs impair cancer cell proliferation in vitro but chronic 
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exposure has been linked with resistance to radiation, chemotherapy and immune checkpoint 

blockade10–12. Additionally, it remains to be determined if IFN signaling in tumors can be 

leveraged therapeutically. 

The roles of type I IFNs in modulating immunity and eliciting anti-pathogen responses are well-

characterized, but only recently has emphasis been placed on their metabolic effects. PDAC 

tumors undergo extensive metabolic reprogramming that enables them to adapt to chronic 

nutrient deprivation and also functions as a form of immunosuppressive microenvironmental 

conditioning13. Drivers of metabolic reprogramming in PDAC include oncogenes (KRAS)14, 

physiologic factors (hypoxia)15, and heterotypic cellular interactions with stromal cells and 

immune cells16,17. Type I IFNs have been linked to the regulation of lipid and energy metabolism 

in immune and epithelial cells, however, whether and how type I IFN signaling reprograms 

PDAC metabolism remains to be determined18. 

Amongst metabolites critical for cancer cell proliferation, nucleotides are particularly important 

as they are required for a variety of biological processes including nucleic acid (RNA and DNA) 

biosynthesis. A balanced and sufficient supply of deoxyribonucleotide (dNTP) pools is essential 

to sustain PDAC cell proliferation and is maintained by the coordinated activity of de novo 

biosynthetic and salvage pathways. The KRAS oncogene is an established positive regulator of 

de novo nucleotide biosynthesis and pharmacological inhibition of pyrimidine biosynthesis using 

DHODH inhibitors has been proposed as a treatment strategy for PDAC19. Additionally, 

inhibition of lysosome function has been shown to restrict dNTP pools in PDAC cells by limiting 

aspartate availability, which is critically required for the de novo synthesis of both pyrimidine and 

purine nucleotides20. To resolve the DNA replication stress that results from dNTP insufficiency, 

cancer cells rely on the replication stress response signaling pathway21. The proximal mediator 

of this response, ataxia telangiectasia and Rad3-related protein (ATR) initiates a signaling 

cascade which slows DNA replication by suppressing origin firing, promotes replication fork 

stabilization and activates the G2/M checkpoint22. Importantly, ATR has been shown to promote 
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nucleotide biosynthesis and salvage via activation of rate-limiting enzymes in these pathways: 

ribonucleotide reductase (RNR) and deoxycytidine kinase (dCK)23. ATR is recruited and 

activated by replication protein A (RPA)-bound single stranded DNA, which can arise at stalled 

replication forks and also occurs following DNA end resection during the early stages of 

homologous recombination for DNA double strand break repair. CHEK1, an established 

substrate of ATR, serves to inhibit cyclin-dependent kinase (CDK) activity through the inhibition 

of the phosphatase CDC25A. ATR inhibitors M6620 (EMD Serano; also known as VE-822) and 

AZD6738 (AstraZeneca) are currently being evaluated in clinical trials in combination with 

chemotherapy, DNA damaging therapy (PARP inhibitors) or immunotherapy (immune 

checkpoint blockade) for multiple cancer types including PDAC22. Additionally, ATR inhibitors 

may be particularly effective for the treatment of tumor cells with oncogenic signaling driven by 

activation KRAS mutations and mutant TP53. ATR has been shown to mitigate DNA damage 

triggered by mutant RAS activation in tumor cells24,25. Mutant TP53 has been implicated in 

similar phenotypes26. The links between other hallmarks of PDAC, including cytokine signaling, 

and the replication stress response pathway remain unexplored. 

In this study, we determined that PDAC primary patient-, patient-derived xenograft- and cell line 

xenograft- tumors exhibit a type I IFN response signature (Figure 3.2). We found that 

constitutive type I IFN signaling in xenograft tumors was dependent on PDAC cell cGAS/STING 

pathway functionality. In vitro, IFN signaling triggers replication stress and alters nucleotide 

metabolism in PDAC cells. Using a chemical genomics high-throughput screening approach we 

determined that type I IFN signaling renders PDAC cells addicted to replication stress response 

signaling. We found that inhibiting this pathway at the level of ATR induces catastrophic DNA 

damage and cell death in cells exposed to IFN. PARP inhibitors further sensitize PDAC cells to 

ATR inhibition together with type I IFN signaling. Collectively, this work begins to define the 

crosstalk between cytokine signaling, stress response networks and metabolism in PDAC and 

identifies a targetable, tumor cell collateral dependency resulting from STING-driven IFN 

signaling. 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RESULTS 

IFN signaling is constitutive in a subset of PDAC tumors 

Type I IFNs are produced by epithelial and immune cells and have been linked to the regulation 

of cancer cell proliferation, apoptosis and immune-recognition via the transcriptional regulation 

of effector IFN-stimulated genes8. According to the TCGA dataset, pancreatic adenocarcinoma 

ranks among cancers exhibiting the greatest increase in transcript enrichment of a previously 

defined IFN response signature relative to organ specific normal tissue controls (normalized for 

CD4-positive cell infiltration as previously described; Figures S3.1A, S3.1B)27,28. Furthermore, a 

subset of PDAC tumors in the TCGA collection exhibit a particularly high enrichment of genes 

contained within this signature with a correlation observed amongst these genes (Figure 3.3A). 

In contrast, no such correlation was observed in the PDAC CCLE cell line RNAseq dataset 

derived from in vitro samples (Figure S3.1C). Consistent with TCGA mRNA expression data, a 

subset of surgical PDAC specimens exhibit high levels of STAT1 protein notably localized to the 

tumor cell compartment (Figure 3.3B). To model these findings, we established subcutaneous 

xenografts of 33 primary patient-derived PDAC samples and 17 established PDAC cell lines in 

NSG mice. A subset of primary patient-derived and cell line-derived PDAC xenograft tumors 

were found to express high levels of IFN-stimulated genes STAT1 and MX1 while a minority 

scored as negative (Figures S3.2A, S3.2B, S3.2C). Because of the lack of IFN species cross 

reactivity these data suggest that IFN-stimulated gene expression in xenograft tumors is driven 

by a tumor cell autonomous mechanism. One explanation for the lack of IFN-stimulated gene 

expression in a subset of xenograft tumors is low expression or impaired activity of IFN 

receptors or downstream kinases, a characteristic of some tumor cells and an established 

mechanism of acquired resistance to immune checkpoint blockade29,30. To investigate this 

possibility this we treated a panel of PDAC cell lines with type I IFN (IFNβ) in vitro and all 

models responded to IFNβ by upregulating STAT1 expression, including those scoring as STAT/

MX1 low when grown as xenograft tumors (Figure S3.3A). Using immunoblot analysis we found 

that MX1, and STAT1 were expressed at high levels in lysates prepared from DANG xenograft 
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tumors compared to cell culture samples and supplementing these cultures with recombinant 

IFNβ restored STAT1 and MX1 to levels observed in tumor samples (Figure 3.3C). Collectively, 

these results indicate that IFN signaling is constitutive in PDAC tumors and is driven by a tumor 

cell-autonomous mechanism. 

Type I IFN signaling activates the replication stress response pathway in PDAC cells 

Because IFNs impair cancer cell proliferation in vitro, we hypothesized that IFN exposure 

triggers adaptive signaling alterations in PDAC cells that can be exploited for the treatment of 

IFN-signaling high tumors8. To systematically profile such mechanisms we applied an nLC-MS/

MS phospho-proteomics analysis of SUIT2 PDAC cells 24 h following IFNβ treatment (Figure 

3.3D). We identified 1,077 significantly altered proteins (among 9,350 detected, 1% FDR), many 

if which were enriched in pathways related to established IFN functions which validated our 

approach (Figure S3.3B), and 911 significantly altered phosphopeptides (among 17,368 

detected, 0.1% FDR). Kinase substrate enrichment analysis (KSEA) of the significantly altered 

phosphopeptides identified enriched phosphorylation of ATM/ATR, HIPK2, and MAPK1/3 

(ERK1/2) substrates following treatment (Figure 3.3D)31. While activation of the MAPK pathway 

by type I IFN has been reported, little is known about the connection between IFN signaling and 

the replication stress response pathway mediated by ATR32,33. We detected increased 

phosphorylation of CHEK1S317, an established substrate of ATR, in our phospho-proteomics 

dataset and we confirmed this finding using immunoblot analysis in which pCHEK1S345 was 

observed 12 h after the addition of IFNβ to PDAC cell culture (Figures 3.3E, 3.3F). 

ATR activation is a compensatory response to replication stress, caused by any obstacle to 

DNA replication, and results in decreased proliferation and cell cycle arrest in S-phase21. 

Consistently, we found that IFN treatment resulted in both impaired proliferation (Figure 3.3F) 

and induced S-phase arrest in SUIT2 cells (Figure 3.3G). We expanded this analysis to a panel 

of PDAC cell lines and observed varying degrees of IFN-induced pCHEK1S345 (Figure 3.3I). A 
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similar pattern of heterogeneity was observed in the induction of S-phase accumulation (Figure 

3.3J). pCHEK1 induction appears to predict IFN-induced S-phase arrest in this panel. The co-

existence of pCHEK1S345 and IFN markers was validated in subsets of surgical PDAC 

specimens and we observed several cases in which high levels of both markers were apparent 

in serial sections of a single specimen (Figures 3.3K, S3.3C, S3.3D). Taken together, our 

results indicate that type I IFN signaling induces replication stress in PDAC cells, suggesting a 

potential vulnerability of PDAC tumor exhibiting constitutive type I IFN signaling. 

IFN signaling restricts nucleotide pools 

An established cause of replication stress an insufficient or imbalanced supply of the substrates 

for DNA replication (dNTPs)21. We applied a targeted LC-MS/MS approach to: (i) evaluate IFNβ-

induced alterations in total dNTP abundance and (ii) evaluate the contribution of stable isotope 

[13C6]glucose to dNTP pools, an indicator of de novo synthesis (Figure 3.4A). We found that 

IFN treatment triggers in a decrease in dCTP, dTTP, dATP and dTTP pools in both SUIT2 and 

YAPC cells (Figures 3.4B, 3.4C). To systematically investigate the cause of this metabolic 

reprogramming we evaluated IFN-induced alterations in the expression of nucleotide-

metabolism genes in the nLC-MS/MS proteomics dataset obtained for Figure 3.3D. Notably, the 

expression of proteins that catabolize nucleotides and nucleosides, including sterile alpha-motif 

and histidine-aspartate domain-containing protein 1 (SAMHD1), thymidine phosphorylase 

(TYMP), and cytosolic 5’-nucleotidase 3A (NT5C3A), exhibited significant upregulation in IFNβ-

treated cells (Figures 3.4E, S3.5A). Additionally, we observed a signification down-regulation of 

dihydrofolate reductase (DHFR) and thymidylate synthase (TYMS) which are required for de 

novo dNTP biosynthesis. Taken together, these observations suggest a model in which type I 

IFNs restrict dNTP pools via the combination of impaired biosynthesis and enhanced catabolism 

(Figure 3.4F). 
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SAMHD1 emerged as a potential mediator of IFN-induced replication stress as it has been 

previous linked to the regulation of cell cycle progression and functions as a central mediator of 

dNTP homeostasis by catalyzing the phosphohydrolysis of dNTP to deoxyribonucleosides (dN) 

which are effluxed into the environment34,35. Recently, SAMHD1 has been shown to possess a 

novel moonlighting function which is to promote DNA repair by acting as a molecular scaffold for 

CtIP at replication forks35. Interestingly, this secondary function of SAMHD1 negatively regulates 

cytosolic DNA sensing pathways and autocrine IFN signaling explaining the observation that 

mutational inactivation of SAMHD1 is associated with development of the autoimmune 

interferonopathy Aicardi-Goutieres Syndrome36.  

To investigate the role of SAMHD1 in IFN-induced nucleotide pool restriction, we generated 

SUIT2 SAMHD1 knockout cells using CRISPR/Cas9 (Figure S3.4B). dNs produced by 

phosphohydrolysis are either effluxed from cells, re-enter metabolism via the actions of 

nucleoside kinases dCK and TK1 or catabolized via deaminases (CDA and ADA) or 

phosphorylases (PNP and TYMP). We reasoned that upregulation of SAMHD1 expression 

would result in increased dNTP phosphohydrolysis and nucleoside efflux in PDAC cells. To test 

this we utilized a previously described LC-MS/MS assay to evaluate the contribution of 

[13C6]glucose to dNTP pools, extracellular dNs and newly replicated DNA in SUIT2 parental and 

SAMHD1 knockout cells (Figure S3.5C)23. In parental cells IFN treatment resulted in a 2-fold 

decrease in dCTP pools and a 3-fold increase in dC efflux (Figure S3.5D). At baseline, 

SAMHD1 knockout cells had a nearly 3-fold greater labeled dCTP pool than parental cells and 

in this model IFN failed to induce dCTP pool decreases or enhance dC efflux. We found a 

similar pattern in our evaluation of the dATP pool but determined that IFN was still capable of 

decreasing this pool in SAMHD1 knockout cells, albeit by a small degree. Interestingly, we did 

not detect efflux of the purine nucleoside deoxyadenosine (dA) in this model. We then 

hypothesized that the nucleoside kinase dCK could maintain dCTP pools in the presence of IFN 

by recycling SAMHD1-produced nucleosides thereby preventing dC efflux. To test this 

hypothesis we expanded our analysis to include an evaluation of SUIT2 dCK knockout cells 
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alongside parental and SAMHD1 knockout cells (Figure S3.5C). We found that dCK knockout 

decreased dCTP pools and increased dC efflux at baseline and amplified IFN-induced dCTP 

pool depletion and dC efflux. Expectedly, dCK knockout did not influence dATP pool alterations 

induced by IFN.  

We found that IFN impaired the contribution of [13C6]glucose to the dC and dA compartment of 

DNA in each of the isogenic lines indicating that while SAMHD1 is a critical mediator of IFN-

induced intracellular dNTP pool alterations and dN efflux it is not solely responsible for impaired 

DNA replication in this model (Figure S3.5E). SAMHD1 induction and dNTP pool reduction 

were not a transient response to acute IFN exposure and were sustained and detectable 

following 21 days of chronic exposure (Figures S3.5F, S3.5G). Collectively these results 

demonstrate that SAMHD1 is a critical mediator of IFN-induced alterations in dNTP abundance 

and dN efflux but that is not solely responsible for IFN-induced replication defects. 

The purine nucleosides dA and dG produced by SAMHD1-mediated dNTP phosphohydrolysis 

can either be recycled by dCK or catabolized by the combined actions of ADA and PNP. We 

reasoned that our inability to detect dA nucleoside efflux in SUIT2 cells is because of its rapid 

catabolism by these enzymes (Figure S3.4A). We found that [13C6]glucose-derived dG was only 

detectable in cells co-treated with the PNP inhibitor BCX-1777 and was enhanced by IFNβ 

(Figure S3.4B). Additionally ,we determined that SAMHD1 expression was required for dG 

efflux in SUIT2 cells (Figure S3.4B).  

While dCK can accept dC, dA and dG, salvage of thymidine (dT) requires the nucleoside kinase 

thymidine kinase 1 (TK1). dCK and TK1 are well studied for their role in nucleoside salvage (i.e. 

the scavenging and trapping of environmental nucleosides) but their cell autonomous role in 

preventing efflux is unexplored37. Utilizing a combination of a small molecule dCK inhibitor 

developed by our group (DI-82) and CRISPR/Cas9 knockout of TK1 we found that both 

pyrimidine deoxyribonucleoside kinases prevent efflux of [13C6]glucose labeled pyrimidine 

nucleosides at baseline as efflux was elevated in knockout cells (Figures S3.4D, S3.4E, S3.4F, 
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S3.4G)23. Interestingly, we found that while IFN triggered an increase in dC efflux, dT efflux was 

decreased. We hypothesize that this decrease reflects enhanced dT catabolism by TYMP which 

is induced by IFN. These results indicate that IFN triggers a metabolic shift in PDAC cells from 

an anabolic to a catabolic phenotype mediated by SAMHD1 and that nucleoside kinases 

counteract SAMHD1, and potentially TYMP activities. Interestingly, these findings suggest that a 

substrate cycle exists between SAMHD1 and dCK/TK1 which could serve to fine-tune dNTP 

pool sizes or to promote a futile cycle of ATP consumption. 

The cGAS/STING pathway drives autocrine type I IFN signaling in PDAC tumors 

Our observation that patient-derived and cell xenograft PDAC tumors exhibit IFN signaling 

biomarker enrichment suggested that tumor cells produce IFN as IFN is species-restricted. In 

epithelial cells, type I IFN production can be initiated downstream of cytosolic nucleic acid 

sensor activation triggered by pathogen or mis-localized self DNA (Figure 3.1). One such sensor 

is cyclic GMP-AMP synthase (cGAS) which binds ssDNA and dsDNA and in turn activates 

stimulator of interferon genes (STING) via production of the cyclic dinucleotide 2’-3’-cGAMP. In 

contrast to other cancers in which cGAS and STING are suppressed by mutational inactivation 

or epigenetic silencing, cGAS and STING promoters are generally hypo-methylated in PDAC 

and STING is transcriptionally up-regulated in PDAC tumors compared to normal 

pancreas(Figure S3.6A)38. Moreover, IHC staining of our PDAC tissue microarray revealed 

detectable STING expression in tumor cells at varying levels in >90% of samples, a finding 

consistent with a previous report (Figure S3.6B)39. To evaluate the functionality of the cGAS/

STING pathway in tumor cells we transfected a panel of PDAC cell lines with IFN stimulatory 

DNA (ISD, a cGAS ligand) and measured induction of the IFNβ transcript using RT-PCR. We 

determined that ISD triggered an increase in the IFNβ transcript only in a subset of lines (Figure 

S3.6C). We reasoned that cell lines not responsive to ISD are defective in either cGAS or 

STING expression. However, we determined that there is no correlation between cGAS or 
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STING protein levels and ISD response in this panel and identified several cell lines, including 

SUIT2, which are ISD non-responders but express both cGAS and STING at levels comparable 

to ISD-responsive cells (Figure S3.6D). In SUIT2 cells, we found that despite their lack of 

response to ISD, direct activation of STING via transfection with a bisphosphorothioate 2’-3’-

cGAMP analog (cGAMP) trigged an increase in IFNβ transcript levels (Figure S3.6E). This 

finding suggests that in SUIT2 cells cGAS is mis-localized or inhibited by a post-translational 

mechanism of which several have been described40. Expectedly, cGAMP transfection triggered 

rapid phosphorylation of IRF3S139, which is mediated by TBK1 downstream of STING-dependent 

cGAMP sensing, and phosphorylation of STAT1 which was temporally followed by induction of 

STAT1 and MX1 protein expression (Figures S3.6F, S3.6G). Additionally, cGAMP transfection 

triggered secretion of IFNβ protein into culture supernatants in STING-proficient DANG cells 

(S3.6H). Inhibition of JAK1 using ruxolitinib (RUX) abrogated cGAMP induced STAT1 

phosphorylation and interferon stimulated gene induction further indicating that interferon 

stimulated gene expression initiated by STING functions via an autocrine/paracrine mechanism 

(Figures S3.6F, S3.6G). Consistent with our in vitro observation, STAT1 and MX1 proteins were 

highly expressed in untreated xenograft tumors derived from the STING pathway-active DANG 

cells. STAT1 and MX1 protein levels in DANG tumors were comparable to their levels observed 

in cell culture following 24 h treatment with IFN, a finding which indicates that cell culture can 

mask a constitutive endogenous IFN response (Figure 3.1C). Furthermore, MX1 and STAT1 

were expressed at low levels in xenograft tumors derived from STING pathway-inactive SUIT2 

cells (Figure S3.7A). Collectively, these results indicated that the cGAS/STING pathway drives 

constitutive IFN signaling in xenograft tumors and that profiling of cGAS and STING expression 

is not sufficient to predict pathway functionality in PDAC cells. 

IFN signaling modulates PDAC cell proliferation and nucleotide metabolism in vivo 

To model the IFN-high and -low conditions observed in PDAC patient specimens in an isogenic 

system we engineered SUIT2 cells to express a previously described constitutively active 

STING mutant (STINGR248M) or a GFP control conditionally in the presence of doxycycline 
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(Figures 3.5A, S3.7B)41. Activation of STINGR248M resulted in impaired cell proliferation in 3D 

cultures, similar to our findings with recombinant IFN (Figure 3.5B). We confirmed that this 

model recapitulates IFN exposure by performing immunoblot analysis of IFN stimulated in gene 

expression following doxycycline treatment which was comparable to treatment with 

recombinant IFN (Figure 3.5C). Pharmacological inhibition of JAK abrogated IFN stimulated 

gene induction mediated by the STINGR248M transgene.  

To determine if these phenotypes occur in vivo we implanted SUIT2-STINGR248M cells 

subcutaneously in NCG mice and provided doxycycline-supplemented diet. We found that 

STINGR248M induction significantly impaired xenograft tumor growth. We performed immunoblot 

analysis of explanted tumors and determined that doxycycline treatment induced STING, IFN 

stimulated gene expression and phosphorylation of CHEK1.  

To compliment these findings and to determine if endogenously produced IFN, mediated by 

STING, impairs tumor growth in vivo we knocked out STING using CRISPR/Cas9 in DANG cells 

which exhibit constitutive IFN signaling when grown as xenograft tumors (Figures 3.3C; S3.7C). 

In this loss-of-function model, STING knockout abrogated xenograft tumor expression of MX1 

and STAT1 as determined by IHC staining (Figure S3.7D). We found that STING knockout 

promoted DANG tumor growth, completely blocked expression of MX1 and resulted in 

decreased CHEK1 phosphorylation in tumors (Figures 3.5F, 3.5G). Collectively, these findings 

provide a link between STING activity, PDAC cell IFN signaling, tumor growth and replication 

stress in vitro and in vivo. 

To validate this findings we generated a second STING knockout isogenic cell line system in 

HS766T which stably express a firefly luciferase (fLUC)-linked IFN stimulated response element 

(ISRE) reporter to non-invasively track type I IFN signaling activity in xenograft PDAC tumors. 

Under cell culture conditions only STING-proficient HS766T cells exhibit reporter ISRE promoter 

activation following 2’-3’-cGAMP transfection while both isogenic lines were responsive to IFNβ 

(Figure S3.7E). Consistently, STING proficient HS766T ISRE-fLUC tumors exhibited a higher 
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luminescence intensity when compared to STING knockout isogenic tumors (Figure S3.7F) and 

substantially decreased levels of pSTAT1Y701, STAT1, and MX1 (Figure S3.7G). 

We further investigated the proliferation of STING isogenic models using an orthotopic system 

in which PDAC cells are injected into the pancreata of immunodeficient mice. For this model we 

engineered our SUIT2-STINGR248M cells to constitutively express a fLUC reporter that allows for 

non-invasive monitoring of tumor burden using bioluminescence imaging. We found that 

activation of STING using doxycycline results in impaired growth of orthotopic PDAC tumors 

(Figure 3.5H). We performed immunoblot analysis of orthotopic tumor explants and found 

enrichment of IFN stimulated gene expression in STINGR248M active tumors (Figure 3.5I). We 

also observed down-regulation of the nucleotide biosynthetic genes DHFR and TYMS in 

STINGR248M tumors, consistent with our in vitro observations (Figure 3.4D). Collectively, these 

results demonstrate that the cGAS/STING signaling pathway is intact in a subset of PDAC 

models and that its activity in tumor cells is a non-redundant contributor to cell type I IFN 

signaling in PDAC xenograft tumors. 

We next asked if IFN signaling mediated by STING triggers metabolic alterations in vivo. We 

hypothesized that we could leverage the induction of TYMP by IFN for the detection of STING-

active tumors using positron emission tomography (PET) as environmental thymidine levels 

have been shown to influence [18F]fluorothymidine ([18F]FLT) PET probe accumulation in 

tumors42,43. TYMP is a key metabolic enzyme which degrades dT into thymine and 2-deoxy-

alpha-D-ribose 1-phosphate and depletes free dT pools (Figure S3.8A). Additionally, TYMP has 

also been identified as a positive regulator of angiogenesis by promoting the growth and 

proliferation of endothelial cells44. Both thymidine and [18F]FLT require phosphorylation by 

thymidine kinase 1 (TK1) for their intracellular accumulation, however, the affinity of dT for TK1 

greatly exceeds that of [18F]FLT43. [18F]FLT is not a substrate for TYMP but its accumulation is 

surrogate marker of its activity: [18F]FLT accumulation is a function of both TK1 expression and 

dT levels (which are mediated by TYMP). In this model, IFN-dependent depletion of dT will 

result in increased accumulation of the [18F]FLT PET probe in tumors. To test this hypothesis we 
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evaluated the impact of IFN treatment on [18F]FLT uptake under varying dT concentrations 

(Figure S3.8B). We found that dT competitively inhibited [18F]FLT uptake but treatment with IFN 

prevented this effect. To confirm a role for TYMP in this phenotype we generated TYMP 

knockdown cells using shRNA in SUIT2 cells (Figure S3.8C). We found that both knockdown of 

TYMP and treatment with a JAK inhibitor impaired IFN-induced [18F]FLT uptake in SUIT2 cells in 

the presence of dT (Figure S3.8D). We determined that type II IFN (IFNγ) elicited similar 

induction of TYMP in SUIT2 cells and that YAPC cells are deficient for TYMP at baseline and in 

the presence of either IFNβ or IFNγ (Figure S3.8E). We found that IFNs induced [18F]FLT 

uptake in a TYMP-dependent manner (Figure S3.8F) and that IFN did not enhance [18F]FLT 

uptake in TYMP-deficient YAPC cells (Figure S3.8G).  

Using PET imaging of tumor bearing mice we determined that [18F]FLT accumulation is 

significantly increased after doxycycline treatment in STINGR248M tumors compared to GFP 

expressing isogenic controls (Figure 3.5J). We confirmed that this alteration was specific to 

[18F]FLT and not the consequence of global metabolic reprogramming as [18F]FDG uptake in the 

same animal model was unaffected by IFN signaling (Figure 3.5K). Additionally, we performed 

[18F]FLT and [18F]FDG imaging of NCG mice bearing bilateral SUIT2-GFP and -STINGR248M 

tumors and found that [18F]FLT accumulation was significantly enriched in STING tumors 

whereas no impact on [18F]FDG accumulation was observed, indicating that STING induced 

metabolic reprogramming is locally confined (Figure S3.8H). Consistently, we found that 

STINGR248M induction does not alter nucleotide metabolism systemically as we did not observe 

significant differences in plasma dT levels in mice bearing either SUIT2-GFP or -STINGR248M 

tumors treated with doxycycline (Figure S3.8I). In summary, we confirmed that IFN signaling 

driven by STING reprograms tumor cell metabolism both in vitro and in vivo. 
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The replication stress response pathway is a collateral dependency triggered by IFN 

signaling in a subset of PDAC cells 

To compliment our phosphoproteomic profiling and with the goal of systematically identifying 

signaling pathway co-dependencies triggered by IFN in tumor cells we applied a high-

throughput 430 compound chemical genomics screen using SUIT2 cells treated ± IFN (Figure 

3.6A). Inhibitors of key replication stress response effectors, including ATR (AZD6738) and 

CHEK1 (LY2603618, PF-477736 and AZD-7762), scored among top hits and exhibited 

significantly increased activity in SUIT2 cells treated with IFNβ. Expectedly, JAK kinase 

inhibitors (LY278544, tofacitinib and ruxolitinib) which block type I IFN signaling abrogated the 

anti-proliferative effects of IFNβ in our screen. These hits are are consistent with our 

phosphoproteomics results and identified the replication stress response pathway as an IFNβ-

induced co-dependency in PDAC cells.  

The replication stress response pathway is initiated by ATR which phosphorylates and activates 

downstream effectors CHEK1 and WEE1 in response to any obstacle to DNA replication. Small 

molecule inhibitors of these kinases have entered clinical trials in various cancers combined 

with genotoxic chemotherapy, PARP inhibitors or immunotherapy (Figure S3.9A)22. To validate 

our screen we evaluated the interaction between IFNβ and VE-822 (also known as M6620, 

currently being evaluated in clinical trials) in an anchorage independent growth assay and found 

that while single agents had a cytostatic effect only the combination completely prevented 

PDAC cell proliferation (Figure 3.6B). Using Cell Titer Glo we found synergy between IFNβ and 

inhibitors of each of the replication stress response pathway kinases ATR, CHEK1 and WEE1 

(Figure S3.9B). We found a synergistic increase in cleaved PARP and cleaved caspase 3 in 

cells co-treated with IFN and either of two ATR inhibitors VE-822 or AZD6738 (Figure S3.9C). 

Collectively, these results confirm that the replication stress response pathway, and not ATR or 

CHEK1 alone, is an IFN-induced co-dependency in PDAC cells 
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We next directly measured ssDNA abundance an established consequence of replication fork 

stalling and replication stress, by evaluating F7.26 ssDNA-specific antibody cross-reactivity23. 

Both IFN and ATRi triggered ssDNA accumulation alone and combination treatment resulted in 

the greatest degree of induction (Figures 3.6C, S3.10A). We performed flow cytometry analysis 

of pH2A.XS139 to determine if combination treatment induces DNA damage (Figure 3.6D). While 

only inducing a 3% increase alone, IFNβ increased the percentage of pH2A.XS139 positive cells 

from 33% to 72% when VE-822 was present. Interestingly, we found that while the percentage 

of pH2A.XS139 positive cells was synergistically increased in the combination group the overall 

pH2A.XS139 intensity decreased compared to VE-822 treatment alone. This observation is 

reminiscent of previous findings that pan-nuclear pH2AX, as opposed to foci accumulation, is a 

marker for replication catastrophe (Figure S3.10B)45. In addition, apoptosis was synergistically 

induced by IFNβ and VE-822 as determined by AnnexinV/PI flow cytometry (Figures 3.6E, 

S3.10C). To determine if mitotic entry is required for the lethal effects of IFNβ+VE-822 we 

simultaneously treated cells with a CDK4/6 inhibitor (CDK4/6i) which expectedly arrested SUIT2 

cells in G1 (Figure S3.10D). We found that CDK4/6i treatment did not alter IFN stimulated gene 

expression but completely prevented IFNβ+VE822-induced H2AXS139 phosphorylation and 

cleaved PARP accumulation (Figure S3.10D). Taken together, these data indicate that mitotic 

entry is required for synergy between IFNβ and ATRi. 

We expanded our findings to a panel of PDAC cell lines and found a heterogenous degree of 

sensitivity to IFN, VE-822 and the combination using live-cell imaging (Figure 3.6F). Models 

with the highest degree of synergy exhibited highest pCHEK1S345 induction by IFNβ (Figure 

3.3J). Furthermore, IFN and VE-822 synergistically induced S-phase accumulation selectively in 

lines in which an anti-proliferative synergy was observed (Figure 3.6G). We identified a 

synergistic interaction between IFNβ and VE-822 on proliferation inhibition and S-phase 

accumulation in A13A primary PDAC cultures (Figures S3.10E, S3.10F) whereas no significant 

anti-proliferative effect nor S-phase arrest was observed in the non-transformed human 

pancreatic ductal epithelial cells (HPDE; Figures S3.10G, S3.10H).  
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Type I IFN and ATR signaling collaboratively control PDAC cell nucleotide metabolism. 

As ATR has been shown to regulate both de novo and scavenging nucleotide biosynthesis by 

transcriptional and post-translational mechanisms we reasoned that VE-822 could enhance 

dNTP restriction triggered by IFN23. Consistent with our previous work in leukemia we found that 

VE-822 treatment down-regulated the expression of nucleotide biosynthetic genes, TYMS, 

RRM1 and RRM2, and the nucleoside kinase TK1 in a dose dependent manner in the presence 

of IFN (Figure S3.11C)23. We expanded this analysis to a panel of PDAC cell lines 

representative of the heterogeneity in synergy between IFN and VE-822. We determined the 

VE-822 alone only triggered down-regulation of RRM1, RRM2, TK1 and TYMS in cell lines in 

which synergy between IFN and VE-822 was observed (Figure 3.7A). Furthermore, we found 

that IFN potentiated the down-regulation of these genes selectively in “sensitive” models. To 

investigate the mechanism of down-regulation we performed RT-PCR analysis of nucleotide 

metabolism gene expression following treatment with IFN ± VE-822 (Figure S3.11B). We 

determined that IFN alone decreased the levels of TYMS transcript, consistent with our findings 

in Figure 3.4, and induced upregulation of RRM2 and TK1 transcripts which is likely the 

consequence of S-phase arrest as the expression of these genes is restricted to S-phase. 

VE-822 treatment resulted in decreased levels of TYMS, TK1, RRM1 and RRM2 transcripts. 

This down-regulation is likely not an artifact of cell cycle alterations as treated cells significantly 

accumulated in S-phase (Figure S3.6G). ATR has been previously associated with the 

transcriptional control of these genes via stabilization of their transcription factor, E2F146. 

Intriguingly, the anti-proliferative effects of IFN have also been linked to their ability to down-

regulate E2F activity47. In addition to regulating transcription, ATR has been demonstrated to 

promote RRM2 protein stability by preventing its phosphorylation on T33 by CDK1 which 

positively regulates its degradation mediated by the SCFCyclin F ubiquitin ligase complex48. We 

found that supplementation with aproteasome inhibitor partially rescued ATRi-mediated down 

regulation of TYMS, TK1, RRM1 and RRM2 both alone and in the presence of IFN (Figure 
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S3.11C). These results indicate that ATR coordinates nucleotide metabolism by both promoting 

of gene transcription and preventing protein degradation.  

Using LC-MS/MS analysis we found that both IFN and VE-822 decreased dCTP pool 

abundance with the lowest levels observed in the combination treatment group (Figure 3.7B). 

To evaluate the impact of IFN and VE-822 on replication dynamics we adapted an LC-MS/MS 

assay previously used by our group to track the incorporation of glucose-derived or nucleoside-

derived nucleotides using stable isotope tracers23. We found that both IFN and VE-822 

decreased the total degree of deoxycytidine labeling in DNA (DNA-C) mediated by the de novo 

pathway ([13C6]glucose-derived nucleosides; Figure 3.7C). Furthermore, the greatest degree of 

inhibition was observed in cells treated with both IFN and VE-822. Collectively, these results 

indicate that IFNβ primarily restricts dNTP abundance by initiating nucleotide and nucleoside 

catabolism whereas ATR inhibition limits dNTP biosynthesis via down-regulation of the 

expression of anabolic genes, including both de novo pathway genes and nucleoside salvage 

kinases. This down-regulation is likely mediated by ATRi-mediated impairment of E2F1 

transcription factor activity. 

STING activation triggers a collateral dependency on ATR 

To determine if tumor cell-autonomous IFN signaling drives a collateral dependency on ATR we 

evaluated the sensitivity of our SUIT2-STINGR248M cells to VE-822 using live cell imaging of 3D 

cultures. We found that both DOX treatment (STING activation) and VE-822 impaired sphere 

growth the combination completely prevented proliferation (Figures 3.8A, 3.8B). We generated 

a second conditional STINGR248M model using YAPC cells to expand these findings and 

confirmed doxycycline treatment induces STING and interferon stimulated gene expression that 

is dependent on JAK activity (Figure S3.12A). We observed similar synergy between STING 

activation and VE-822 in this model using 2D cultures (Figure S3.12B). Signaling through JAK 

is essential for this synergy as supplementation with ruxolitinib restored the proliferation of 
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combination treated cells (Figure S3.12C). To test this model in vivo we engineered SUIT2 TetR 

fLuc cells with either the STINGR248M transgene an ATR targeting shRNA or the combination. 

These cells were injected into the pancreas of NCG mice and tumor burden was monitored 

using bioluminescence imaging following doxycycline treatment. Knockdown of ATR using 

shRNA impaired the proliferation of SUIT2-STINGR248M cells in vivo while ATR knockdown had 

no effect on tumor growth alone (Figures 3.8C, 3.8D, 3.8E). Collectively, these results indicate 

that STING-driven IFN signaling triggers a collateral dependency on ATR in vitro and in vivo and 

suggest that ATR inhibitors may exhibit increased activity against tumors exhibiting constitutive 

IFN signaling.  

PARP inhibitors synergize with IFN and ATRi 

ATR inhibitors have progressed into phase I and phase II clinical trials in combination with 

chemotherapy, radiation or PARP inhibitors. DNA repair by homologous recombination (HR) is 

required for resolution of PARP inhibitor-induced DNA damage and thus PARP inhibitors have 

been shown to be particularly effective against HR-deficient tumors such as BRCA1/2-deficient 

breast and pancreatic cancer6. Additionally, mediators of HR, including BRCA1 and CtIP are 

known targets of E2F1 and down-regulated by ATRi in PDAC cells (Figure S3.13A). We 

reasoned that IFN/ATRi treatment would induce a HR-deficient like cellular state and serve as 

an effective approach to sensitive PDAC cells to PARP inhibitors. We found that ATR inhibition 

sensitizes PDAC cells to olaparib, a response which is amplified by IFN supplementation 

(Figure S3.13B). We used pH2AXS139 flow cytometry to evaluate the extent of DNA damage in 

treated cells and we observed the highest levels in SUIT2 cells treated with VE-822 and 

olaparib in the presence of IFNβ (Figure S3.13C). Annexin V/PI analysis revealed that type I 

IFN signaling increases apoptosis-induction by the VE-822/olaparib combination in SUIT2 cells 

(Figure S3.13D). To expand these findings we evaluated the effects of the VE-822/olaparib 

combination SUIT2, DANG, and in the primary PDAC culture model A13A and we found that 
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VE-822 and olaparib synergize to impair proliferation in the presence of IFNβ across all models 

tested (S3.13C). Using Annexin V/PI flow cytometry we observed a synergistic induction of 

apoptosis by the combination of IFN, VE-822 and olaparib in the primary A13A model. 

Collectively, these results suggest that constitutive IFN signaling driven by STING in 

combination with a ATR inhibitor may trigger an HR deficiency-like phenotype that may render 

tumor cells particularly vulnerable to PARP inhibitor combinations. 

IFNs reprogram nucleotide metabolism in PDAC cancer-associated fibroblasts 

In addition to constitutive inflammatory cytokine signaling, a heterotypic cellular 

microenvironment is a hallmark of PDAC. Among the cell types present in the PDAC 

microenvironment cancer associated fibroblasts (CAFs) are particularly important and as they 

constitute the bulk of the majority of tumors and influence response to therapy49. Recently, CAF 

and macrophage-derived nucleosides have been shown to influence the activity of anti-

metabolite chemotherapy gemcitabine by competing with dCK for phosphorylation50. 

Having observed that IFNs promote dC efflux in tumor cells we asked whether a similar 

phenotype can be observed in CAF cultures (Figure S3.14A). We treated an immortalized 

human PDAC CAF culture with IFNβ and observed robust up-regulation of pSTAT1Y701 and 

SAMHD1 (Figure S3.14B). We found that CAF cells overproduce dC and efflux de novo 

produced dC into the media. [13C6]glucose labeled-derived dC levels were nearly 3-fold higher 

when CAFs were exposed to IFNβ (Figure S3.14C). These results indicate that PDAC CAFs, 

like tumor cells, phosphohydrolyze dNTPs via a mechanism presumably mediated by SAMHD1. 

While some nucleoside-analog chemotherapies, including cytarabine, have been shown to be 

inactivated by SAMHD1 directly by phosphohydrolysis of their triphosphate forms, gemcitabine-

triphosphate (dFdCTP) is resistant to this mechanism51. We propose that SAMHD1 can promote 

gemcitabine resistance indirectly by increasing dC levels in the microenvironment thereby 

increasing competition for phosphorylation by dCK. Thus, we hypothesize that PDAC tumors 
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exhibiting high IFN signaling are poorly responsive to gemcitabine because of increased levels 

of microenvironmental SAMHD1-derived nucleosides. In addition to preventing antimetabolite 

activity CAF-derived nucleosides can be potentially utilized as a nutrient source in PDAC cells. 

The metabolic significance of CAF-derived nucleosides in tumors remains to be determined. 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Figure 3.1ㅣ Interferons (IFNs) are pleiotropic cytokines that modulate multiple aspects of 

cancer cell biology. Summary of causes and consequences of IFN signaling. cGAS: cyclic 

GMP-AMP synthase; STING: stimulator of interferon genes; ISRE: interferon-sensitive response 

element; IFNAR: interferon-alpha/beta receptor; IFNGR: interferon-gamma receptor; STAT1: 

signal transducer and activator of transcription 1. 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Figure 3.1ㅣ Interferons (IFNs) are pleiotropic cytokines that modulate multiple aspects of cancer cell 

biology. Measured intracellular dNTPs vs. estimated dNTPs required for DNA replication in mammalian cells. cGAS: 

cyclic GMP-AMP synthase; STING: stimulator of interferon genes; ISRE: interferon-sensitive response element; 

IFNAR: interferon-alpha/beta receptor; IFNGR: interferon-gamma receptor; STAT1: signal transducer and activator of 

transcription 1.
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Figure 3.2ㅣ IFN signaling biomarkers are enriched in PDAC tumors. Representative 

immunohistochemistry (IHC) images of primary PDAC samples probed for the interferon 

regulated gene MX1 obtained at 20x magnification. 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Figure 3.3 | IFN signaling biomarkers are enriched in PDAC and IFN activates the 

replication stress response pathway. (A) Analysis of IFN response metagene signature in the 

TCGA PDAC dataset. (B) Representative immunohistochemistry (IHC) images of primary PDAC 

samples probed for total STAT1 and plot histoscores from 26 PDAC tumors. Histoscores were 

calculated as a sum of the intensity of staining (0, negative; 1, weak; 2, median; or 3, strong) 

multiplied by the percentage of tumor cells at that intensity (0-300 range). (C) Immunoblot 

analysis of DANG cells treated ± 100 U/mL IFNβ for the indicated timepoints in vitro and lysates 

prepared from SUIT2 cells grown as subcutaneous tumors in NSG mice. Immunoblot analysis of 
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Figure 3.3 | IFN signaling biomarkers are enriched in PDAC and IFN activates the replication stress response pathway. (A) 
Analysis of IFN response metagene signature in the TCGA PDAC dataset. (B) Representative immunohistochemistry (IHC) images of 
primary PDAC samples probed for total STAT1 and plot histoscores from 26 PDAC tumors. Histoscores were calculated as a sum of 
the intensity of staining (0, negative; 1, weak; 2, median; or 3, strong) multiplied by the percentage of tumor cells at that intensity 
(0-300 range). (C) Immunoblot analysis of DANG cells treated ± 100 U/mL IFNβ for the indicated timepoints in vitro and lysates 
prepared from SUIT2 cells grown as subcutaneous tumors in NSG mice. Immunoblot analysis of DANG PDAC cells. (D) nLC-MS/MS 
proteomics/phosphoproteomics analysis of SUIT2 cels treated ± 100 U/mL IFNβ for 24 h. An FDR of 1% was used to identify 
significantly altered proteins. n FDR of 0.1% was used to identify significantly altered proteins. KSEA analysis was used to identify 
significantly-altered phosphoproteins. (E) ATR substrates identified by KSEA as being significantly altered by IFNβ from experiment in 
panel D. (F) Immunoblot analysis of SUIT2 cells treated with 100 U/mL IFNβ for indicated time-points. (G) IncuCyte live-cell imaging 
analysis of SUIT2 cells treated 100 U/mL IFNβ (mean±SD, n=6, student’s t-test, **** P<0.0001). (H) EdU-pulse flow cytometry analysis 
of SUIT2 cells. Cells were treated for 24 h ± 100 U/mL IFNβ and subsequently pulsed with 10 µM EdU for 2 h (mean±SD; n=2). (I) 
Immunoblot analysis of a panel of PDAC cell lines treated ± 100 U/mL IFNβ for 24 h. (J) Fold change in the percentages of S-phase 
cells following treatment ± 100 U/mL IFNβ for 24 h in a panel of 13 PDAC cell lines (mean±SD, n=2, one-way ANOVA: P< 0.0001). (K) 
Representative STAT1 and phospho-CHEK1S345 IHC analysis of serial sections of PDAC patient tumor samples. 
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DANG PDAC cells. (D) nLC-MS/MS proteomics/phosphoproteomics analysis of SUIT2 cels 

treated ± 100 U/mL IFNβ for 24 h. An FDR of 1% was used to identify significantly altered 

proteins. n FDR of 0.1% was used to identify significantly altered proteins. KSEA analysis was 

used to identify significantly-altered phosphoproteins. (E) ATR substrates identified by KSEA as 

being significantly altered by IFNβ from experiment in panel D. (F) Immunoblot analysis of 

SUIT2 cells treated with 100 U/mL IFNβ for indicated time-points. (G) IncuCyte live-cell imaging 

analysis of SUIT2 cells treated 100 U/mL IFNβ (mean±SD, n=6, student’s t-test, **** P<0.0001). 

(H) EdU-pulse flow cytometry analysis of SUIT2 cells. Cells were treated for 24 h ± 100 U/mL 

IFNβ and subsequently pulsed with 10 µM EdU for 2 h (mean±SD; n=2). (I) Immunoblot analysis 

of a panel of PDAC cell lines treated ± 100 U/mL IFNβ for 24 h. (J) Fold change in the 

percentages of S-phase cells following treatment ± 100 U/mL IFNβ for 24 h in a panel of 13 

PDAC cell lines (mean±SD, n=2, one-way ANOVA: P< 0.0001). (K) Representative STAT1 and 

phospho-CHEK1S345 IHC analysis of serial sections of PDAC patient tumor samples.  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Figure 3.4 | Type I IFN signaling restricts dNTP pools. (A) Experimental approach to 

investigate the effects of IFN signaling on nucleotide metabolism in PDAC cells. (B,C) LC-MS/

MS analysis of dNTP pools in SUIT2 (B) and YAPC (C) cells treated for 24 h ± 100 U/mL IFNβ 

in media containing 1 g/L [13C6]glucose (mean±SD; n=3). (D) Summary of nucleotide 

metabolism genes significantly altered by IFNβ treatment as determined by nLC-MS/MS in 

Figure 1D. (E) Immunoblot analysis of SUIT2 and YAPC cells treated ± 100 U/mL IFNβ or ± 10 

ng/mL IFNγ for 24 h. (F) Working model summarizing the interactions between IFN and 

nucleotide metabolism. 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Figure 3.4 | Type I IFN signaling down-regulates nucleotide biosynthesis. (A) Experimental approach to investigate the effects of 
IFN signaling on nucleotide metabolism in PDAC cells. (B,C) LC-MS/MS analysis of dNTP pools in SUIT2 (B) and YAPC (C) cells 
treated for 24 h ± 100 U/mL IFNβ in media containing 1 g/L [13C6]glucose (mean±SD; n=3). (D) Summary of nucleotide metabolism 
genes significantly altered by IFNβ treatment as determined by nLC-MS/MS in Figure 1D. (E) Immunoblot analysis of SUIT2 and 
YAPC cells treated ± 100 U/mL IFNβ or ± 10 ng/mL IFNγ for 24 h. (F) Working model summarizing the interactions between IFN and 
nucleotide metabolism.
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Figure 3.5 | STING controls IFN signaling and nucleotide metabolism in xenograft tumors. 

(A) Schematic of the regulation of autocrine/paracrine IFNβ production by the cGAS/STING 

signaling pathway. (B) IncuCyte live-cell imaging analysis of SUIT2 TetR; STINGR248M cells 

treated + 50 ng/mL DOX in anchorage-independent culture (mean±SD; n=6; student’s t-test, **** 

P<0.0001). (C) Immunoblot analysis of SUIT2 TetR; STINGR248M cells treated ± 50 ng/mL 

doxycycline (DOX) ± 1 µM ruxolintinib (JAKi) ± 100 U/mL IFNβ for the indicated timepoints 

(mean±SD, n=6, student’s t-test, **** P<0.0001). (D) Growth curves of SUIT2 TetR; STINGR248M 
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Figure 3.5 | STING controls IFN signaling and nucleotide metabolism in xenograft tumors. (A) Schematic of the regulation of 
autocrine/paracrine IFNβ production by the cGAS/STING signaling pathway. (B) IncuCyte live-cell imaging analysis of SUIT2 TetR; 
STINGR248M cells treated + 50 ng/mL DOX in anchorage-independent culture (mean±SD; n=6; student’s t-test, **** P<0.0001). (C) 
Immunoblot analysis of SUIT2 TetR; STINGR248M cells treated ± 50 ng/mL doxycycline (DOX) ± 1 µM ruxolintinib (JAKi) ± 100 U/mL 
IFNβ for the indicated timepoints (mean±SD, n=6, student’s t-test, **** P<0.0001). (D) Growth curves of SUIT2 TetR; STINGR248M 

subcutaneous tumors in NSG mice treated ± DOX measured using CT imaging (mean±SEM, n=6, student’s t-test, *** P<0.001). (E) 
Immunoblot analysis of STINGR248M subcutaneous tumors at the endpoint of experiment in D. (F) Growth curves of DANG STING WT 
and STING KO subcutaneous tumors in NCG mice measured using caliper measurements (mean±SEM, n=6, student’s t-test, *** 
P<0.001). (G) Immunoblot analysis of DANG STING WT and STING KO tumors at the endpoint of experiment in F. (H) Growth curves 
of SUIT2 TetR; STINGR248M; LUC orthotopic tumors in NCG mice treated ± DOX measured using bioluminescence (BLI) imaging 
(mean±SD, n=6, student’s t-test, * P<0.05). (I) Immunoblot analysis of SUIT2 TetR; STINGR248M; LUC orthotopic tumors at the endpoint 
of experiment in H. (D) [18F]FLT PET analysis of SUIT2 TetR; STINGR248M subcutaneous tumors. (K) [18F]FDG PET analysis of SUIT2 
TetR; STINGR248M subcutaneous tumors.
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subcutaneous tumors in NSG mice treated ± DOX measured using CT imaging (mean±SEM, 

n=6, student’s t-test, *** P<0.001). (E) Immunoblot analysis of STINGR248M subcutaneous tumors 

at the endpoint of experiment in D. (F) Growth curves of DANG STING WT and STING KO 

subcutaneous tumors in NCG mice measured using caliper measurements (mean±SEM, n=6, 

student’s t-test, *** P<0.001). (G) Immunoblot analysis of DANG STING WT and STING KO 

tumors at the endpoint of experiment in F. (H) Growth curves of SUIT2 TetR; STINGR248M; LUC 

orthotopic tumors in NCG mice treated ± DOX measured using bioluminescence (BLI) imaging 

(mean±SD, n=6, student’s t-test, * P<0.05). (I) Immunoblot analysis of SUIT2 TetR; STINGR248M; 

LUC orthotopic tumors at the endpoint of experiment in H. (J) [18F]FLT PET analysis of SUIT2 

TetR; STINGR248M subcutaneous tumors. (K) [18F]FDG PET analysis of SUIT2 TetR; STINGR248M 

subcutaneous tumors. 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Figure 3.6 | ATR inhibitors synergize with IFN. (A) High-throughput phenotypic screen 

evaluating the anti-proliferative effects of 430 protein kinase inhibitors, tested at 7-point dose 

response, against SUIT2 cells treated ± 100 U/mL IFNβ for 72 h (DDR: DNA damage response; 

RSR: replication stress response). (B) Cell Titer Glo analysis of SUIT2 cells treated ±100 U/mL 

IFNβ ± 500 nM ATRi in anchorage-independent culture conditions (mean±SD; n=4; one-way 

ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (C) 

Immunofluorescence microscopy analysis of ssDNA in SUIT2 cells treated ± 100 U/mL IFNβ ± 

500 nM ATRi for 24 h (mean±SD; n=10; one-way ANOVA corrected for multiple comparisons by 

Bonferroni adjustment, **** P<0.0001). (D) Flow cytometry analysis of pH2A.XS139 levels in 

SUIT2 cells treated ± 100 U/mL ± 500 nM ATRi for 48 h (mean±SD; n=2; one-way ANOVA 

corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (E) AnnexinV/PI 

flow cytometry analysis of SUIT2 cells treated for 72 h ± 100 U/mL IFNβ ± 500 nM ATRi 

(mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 
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Figure 3.6 | ATR inhibitors synergize with IFN. (A) High-throughput phenotypic screen evaluating the anti-proliferative effects of 430 
protein kinase inhibitors, tested at 7-point dose response, against SUIT2 cells treated ± 100 U/mL IFNβ for 72 h. (B) Cell Titer Glo 
analysis of SUIT2 cells treated ±100 U/mL IFNβ ± 500 nM ATRi in anchorage-independent culture conditions (mean±SD; n=4; one-way 
ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (C) Immunofluorescence microscopy analysis of 
ssDNA in SUIT2 cells treated ± 100 U/mL IFNβ ± 500 nM ATRi for 24 h (mean±SD; n=10; one-way ANOVA corrected for multiple 
comparisons by Bonferroni adjustment, **** P<0.0001). (D) Flow cytometry analysis of pH2A.XS139 levels in SUIT2 cells treated ± 100 
U/mL ± 500 nM ATRi for 48 h (mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** 
P<0.0001). (E) AnnexinV/PI flow cytometry analysis of SUIT2 cells treated for 72 h ± 100 U/mL IFNβ ± 500 nM ATRi (mean±SD; n=2; 
one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (F) IncuCyte live cell imaging analysis 
of a panel of PDAC cell lines in 2D culture treated ± 100 U/mL ± 250 nM ATRi (mean±SD, n=6). (G) Propidium iodide (PI) cell cycle 
analysis of a panel of PDAC cell lines treated ± 100 U/mL ± 250 nM ATRi for 48 h.
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**** P<0.0001). (F) Incucyte live cell imaging analysis of a panel of PDAC cell lines in 2D culture 

treated ± 100 U/mL ± 250 nM ATRi (mean±SD, n=6). (G) Propidium iodide (PI) cell cycle 

analysis of a panel of PDAC cell lines treated ± 100 U/mL ± 250 nM ATRi for 48 h. 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Figure 3.7 | ATR inhibitors and IFN synergistically impair de novo nucleotide 

biosynthesis by down-regulating E2F target genes. (A) Immunoblot analysis of PDAC cell 

lines characterized as sensitive (red) or insensitive (black) to the combination of IFNβ and 

VE-822 (ATRi). Cells were treated for 48 h ± 100 U/mL IFNβ ± 250 nM ATRi. (B) LC-MS/MS 

analysis of dCTP pools in SUIT2 cells treated for 24 h ± 100 U/mL IFNβ ± 500 nM ATRi 

(mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

*** P<0.001; **** P<0.0001). (C) LC-MS/MS analysis of the contribution of [13C6]glucose to 

newly replicated DNA in SUIT2 cells treated for 24 h ± 100 U/mL IFNβ ± 500 nM ATRi 

(mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

**** P<0.0001).  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Figure 3.7 | ATR inhibitors and IFN synergistically impair de novo nucleotide biosynthesis by down-regulation of E2F target 
genes. (A) Immunoblot analysis of PDAC cell lines characterized as sensitive (red) or insensitive (black) to the combination of IFNβ 
and VE-822 (ATRi). Cells were treated for 48 h ± 100 U/mL IFNβ ± 250 nM ATRi. (B) LC-MS/MS analysis of dCTP pools in SUIT2 cells 
treated for 24 h ± 100 U/mL IFNβ ± 500 nM ATRi (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni 
adjustment, *** P<0.001; **** P<0.0001).  (C) LC-MS/MS analysis of the contribution of [13C6]glucose to newly replicated DNA in SUIT2 
cells treated for 24 h ± 100 U/mL IFNβ ± 500 nM ATRi (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by 
Bonferroni adjustment, **** P<0.0001). 
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Figure 3.8 | ATR inhibition impairs the growth of PDAC cells with high interferon 

signaling. (A) IncuCyte live-cell imaging analysis of SUIT2 TetR STINGR248M cells treated + 50 

ng/mL DOX ± 500 nM ATRi in anchorage-independent culture (mean±SD; n=6; one-way ANOVA 

corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (B) 

Representative images from the endpoint of experiment in A. (C) Approach to test the 

interaction between STING activation and ATR inhibition in vivo. SUIT2 TetR fLuc cells were 

engineered with a STINGR248M or shATR transgene and implanted into the pancreas of NCG 

mice. (D) Representative BLI images of tumor bearing mice 21 days following initiation of 

doxycycline treatment. (E) Fold change in BLI signal on day 21 compared to baseline signal.  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Fig. 3.8 | ATR inhibition impairs the growth of PDAC tumors with high interferon signaling (A) IncuCyte live-cell imaging analysis 
of SUIT2 TetR STINGR248M cells treated + 50 ng/mL DOX ± 500 nM ATRi in anchorage-independent culture (mean±SD; n=6; one-way 
ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (B) Representative images from the endpoint of 
experiment in A.
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Figure S3.1 | Analysis of IFN signature enrichment in TCGA, GTEX and CCLE datasets. 

(A) Analysis of the IFN response metagene signature across TCGA and GTEX datasets ordered 

by fold change in median tissue-matched TCGA/GTEX values (PAAD: pancreatic 

adenocarcinoma). (B) Extended analysis of data in panel A. (C) Analysis of the IFN response 

metagene signature in the CCLE pancreatic cancer cell line dataset. Columns represent 

individual pancreas cancer cell lines. 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dataset ID n median 
BLCA Bladder urothelial carcinoma 426 0.41
GTEX-bladder 9 0.18
CESC Cervical squamous cell carcinoma 309 0.34
GTEX-cervix 10 0.21
COAD Colon adenocarcinoma 331 0.20
GTEX-colon 308 0.18
ESCA Esophageal carcinoma 195 0.29
GTEX-esophagus 273 0.13
GBM Glioblastoma multiforme 171 0.19
GTEX-brain 850 0.14
HNSC Head and Neck squamous cell carcinoma 564 0.27
GTEX-salivary 55 0.13
KIRC Kidney renal clear cell carcinoma 603 0.33
GTEX-kidney 28 0.20
LIHC Liver hepatocellular carcinoma 421 0.14
GTEX-liver 110 0.12
LUAD Lung adenocarcinoma 574 0.24
GTEX-lung 288 0.24
LUSC Lung squamous cell carcinoma 548 0.23
GTEX-lung 288 0.24
OV Ovarian serous cystadenocarcinoma 427 0.16
GTEX-ovary 88 0.19
PAAD Pancreatic adenocarcinoma 183 0.19
GTEX-pancreas 167 0.06
SKCM Skin cutaneous melanoma 470 0.22
GTEX-skin 557 0.16
STAD Stomach adenocarcinoma 450 0.44
STEC-stomach 175 0.09
THCA Thyroid carcinoma 571 0.16
GTEX-thyroid 279 0.17

Supplementary Figure 1 
Supporting data for Figure 1
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Figure S1 | Analysis of the IFN signature in TCGA, GTEX and CCLE datasets. (A) Analysis of the IFN response metagene 
signature across TCGA and GTEX datasets ordered by fold change in median tissue-matched TCGA/GTEX values (PAAD: 
pancreatic adenocarcinoma). (B) Extended analysis of data in panel A. (C) Analysis of the IFN response metagene signature in the 
CCLE pancreatic cancer cell line dataset. Columns represent individual pancreas cancer cell lines.
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Figure S3.2 | Immunohistochemistry analysis of IFN signaling biomarkers in primary 

patients specimens. (A) Summary of STAT1 and MX1 immunohistochemistry (IHC) analysis of 

PDAC patient derived (n=33) and cell line (n=17) xenograft tumors. Histoscores were calculated 

as a sum of the intensity of staining (0, negative; 1, weak; 2, median; or 3, strong) multiplied by 

the percentage of tumor cells at that intensity (0-300 range). (B) Representative STAT1 and 

MX1 IHC analysis of PDAC cell line xenograft tumors. (C) Representative STAT1 and MX1 IHC 

analysis of PDAC patient derived xenograft tumors.  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Figure S3.3 | Extended analysis of IFN signaling in PDAC cells and patient samples. (A) 

Immunoblot analysis of a panel of PDAC cell lines treated ± 100 U/mL IFNβ for 24 h. (B) 

Reactome gene ontology analysis significantly altered proteins following treatment with IFN for 

24 h from Figure 3.3D. (C) Representative pCHEK1S345 IHC analysis of primary PDAC 

samples. Histoscores are indicated. (D) Correlation between STAT1 and pCHEK1S345 IHC 

histoscores across panel of PDAC patient samples (n=23). 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Figure S3 | Extended analysis of IFN signaling in PDAC cells and patient samples. (A) Immunoblot analysis of a panel of PDAC 
cell lines treated ± 100 U/mL IFNβ for 24 h. (B) Reactome gene ontology analysis significantly altered proteins following treatment with 
IFN for 24 h from Figure 1D. (C) Representative pCHEK1S345 IHC analysis of primary PDAC samples. Histoscores are indicated. (D) 
Correlation between STAT1 and pCHEK1S345 IHC histoscores across panel of PDAC patient samples (n=23).
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Figure S3.4 | Type I IFN signaling up-regulates SAMHD1 mediated nucleotide pool 

phosphohydrolysis and restricts DNA synthesis. (A) Summary of genes related to 

nucleotide catabolism significantly altered by IFNβ in SUIT2 cells. (B) Immunoblot validation of 

SUIT2 SAMHD1 CRISPR/Cas9 knockout (KO) and dCK KO isogenic cells. (C) Experimental 

design. (D) Total [13C6]glucose labeled intracellular metabolite and extracellular media 

metabolite levels of SUIT2 WT, SAMHD1 KO and dCK KO cells using LC-MS/MS (mean±SD; 

n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, ** P<0.01; 

**** P<0.0001). (E) Contribution of [13C6]glucose to newly replicated DNA in SUIT2 WT, 

SAMHD1 KO and dCK KO cells treated for 24 h ± 100 U/mL IFNβ for 24 h using LC-MS/MS 

(mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

**** P<0.0001). (F) Time-course immunoblot analysis of IFNβ treated SUIT2 cells. For extended 

treatment studies cells were passaged and media was refreshed every 72 h. (G) LC-MS/MS 
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Figure S5 | Type I IFN signaling up-regulates SAMHD1 mediated nucleotide pool phosphohydrolysis and restricts DNA 
synthesis. (A) Summary of genes related to nucleotide catabolism significantly altered by IFNβ in SUIT2 cells. (B) Immunoblot 
validation of SUIT2 SAMHD1 CRISPR/Cas9 knockout (KO) and dCK KO isogenic cells. (C) Experimental design. (D) Total 
[13C6]glucose labeled intracellular metabolite and extracellular media metabolite levels of SUIT2 WT, SAMHD1 KO and dCK KO cells 
using LC-MS/MS (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, ** P<0.01; **** 
P<0.0001). (E) Contribution of [13C6]glucose to newly replicated DNA in SUIT2 WT, SAMHD1 KO and dCK KO cells treated for 24 h ± 
100 U/mL IFNβ for 24 h using LC-MS/MS (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni 
adjustment, **** P<0.0001). (F) Time-course immunoblot of IFNβ treated SUIT2 cells. For extended treatment studies cells were 
passaged and media was refreshed every 72 h. (G) LC-MS/MS analysis of dNTP pools in SUIT2 cells treated for 24 h or 21 d 
(mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, * P<0.05; ** P<0.01; *** P<0.001).
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analysis of dNTP pools in SUIT2 cells treated for 24 h or 21 d (mean±SD; n=3; one-way ANOVA 

corrected for multiple comparisons by Bonferroni adjustment, * P<0.05; ** P<0.01; *** P<0.001). 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Figure S3.5 | Nucleoside phosphorylases and kinases mediate nucleoside efflux. (A) 

Schematic overview of dGTP biosynthesis, catabolism and recycling. (B) LC-MS/MS analysis of 

glucose labeled media dG and dC in SUIT2 cells treated for 24 h ± 100 U/mL IFNβ ± 1 µM 

BCX-1777 (PNPi) in media containing 1 g/L [13C6]glucose (mean±SD; n=3). For calculation of 

normalized MS response glucose labeled (n+5) dG or dC counts were normalized to internal 

standard counts. (C) Schematic representation of the roles of SAMHD1 and nucleoside kinases 

deoxycytidine kinase (dCK) and thymidine kinase 1 (TK1) in regulating dN efflux in IFN-treated 

cells. (D) Immunoblot validation of TK1 KO SUIT2 cells treated with 100 U/mL IFNβ for 24 h. (E) 

LC-MS/MS analysis of dT and dC efflux following 24 h treatment of SUIT2 parental and TK1 KO 

cells with 100 U/mL IFNβ in media containing 1 g/L [13C6]glucose. TK1 cells were maintained in 

the presence of 1 µM DI-82 (dCKi) (mean±SD; n=3; one-way ANOVA corrected for multiple 

comparisons by Bonferroni adjustment, * P<0.05; ** P<0.01). (F) Calculation of normalized dC 

and dT efflux rates from experiment in E (mean±SD; n=3). dR1P: deoxyribose-1-phosphate; 

PNP: purine nucleoside phosphorylase. 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Figure S3.5 | Nucleoside phosphorylase and kinases mediate nucleoside efflux. (A) Schematic overview of dGTP biosynthesis, 
catabolism and recycling. (B) LC-MS/MS analysis of glucose labeled media dG and dC in SUIT2 cells treated for 24 h ± 100 U/mL 
IFNβ ± 1 µM BCX-1777 (PNPi) in media containing 1 g/L [13C6]glucose (mean±SD; n=3). For calculation of normalized MS response 
glucose labeled (n+5) dG or dC counts were normalized to internal standard counts. (C) Schematic representation of the roles of 
SAMHD1 and nucleoside kinases deoxycytidine kinase (dCK) and thymidine kinase 1 (TK1) in regulating dN efflux in IFN-treated cells. 
(D) Immunoblot validation of TK1 KO SUIT2 cells treated with 100 U/mL IFNβ for 24 h. (E) LC-MS/MS analysis of dT and dC efflux 
following 24 h treatment of SUIT2 parental and TK1 KO cells with 100 U/mL IFNβ in media containing 1 g/L [13C6]glucose. TK1 cells 
were maintained in the presence of 1 µM DI-82 (dCKi) (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by 
Bonferroni adjustment, * P<0.05; ** P<0.01). (F) Calculation of normalized dC and dT efflux rates from experiment in F (mean±SD; 
n=3).
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Figure S3.6 | The cGAS/STING pathway is active in a subset of PDAC cell lines. (A) 

Analysis of STING (TMEM173) transcript levels across TCGA tumor datasets relative to normal 

tissue (PAAD: pancreatic adenocarcinoma). (B) IHC analysis of STING expression in PDAC 

tumors (n=145). (C) RT-PCR analysis of IFNβ transcript levels in a panel of PDAC cell lines 6 h 

subsequent to transfection with 25 µg/mL interferon stimulatory DNA (ISD; n.d.: not detected, 

mean±SD, n=2, student’s t-test, n.s.: not significant; ** P<0.01; ** P<0.001; **** P<0.0001). (E) 

RT-PCR analysis of IFNβ transcript levels in a panel of PDAC cell lines 6 h subsequent to 

transfection with 10 µg/ml of a non-hydrolyzable bisphosphorothioate 2’-3’-cGAMP analog 

(cGAMP; mean±SD, n=2, student’s t-test, ** P<0.01; **** P<0.0001). (F) Immunoblot analysis of 

DANG cells following transfection with 10 µg/mL 2’-3’-cGAMP ± 1 µM ruxolitinib (JAKi). (G) 

Immunoblot analysis of DANG cells following transfection with 10 µg/mL cGAMP ± 1 µM JAKi. 

(H) ELISA analysis of IFNβ levels in DANG cell supernatant 6 or 24 following transfection with 

10 µg/ml cGAMP for (veh: vehicle, 24 h lipofectamine alone, mean±SD, n=3). 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Figure S6 | The cGAS/STING pathway is active in a subset of PDAC cell lines. (A) Analysis of STING (TMEM173) transcript levels 
across TCGA tumor datasets relative to normal tissue (PAAD: pancreatic adenocarcinoma). (B) IHC analysis of STING expression in 
PDAC tumors (n=145). (C) RT-PCR analysis of IFNβ transcript levels in a panel of PDAC cell lines 6 h subsequent to transfection with 
25 µg/mL interferon stimulatory DNA (ISD; n.d.: not detected, mean±SD, n=2, student’s t-test, n.s.: not significant; ** P<0.01; ** 
P<0.001; **** P<0.0001). (E) RT-PCR analysis of IFNβ transcript levels in a panel of PDAC cell lines 6 h subsequent to transfection 
with 10 µg/ml of a non-hydrolyzable bisphosphorothioate 2’-3’-cGAMP analog (cGAMP; mean±SD, n=2, student’s t-test, ** P<0.01; **** 
P<0.0001). (F) Immunoblot analysis of DANG cells following transfection with 10 µg/mL 2’-3’-cGAMP ± 1 µM ruxolitinib (JAKi). (G) 
Immunoblot analysis of DANG cells following transfection with 10 µg/mL cGAMP ± 1 µM JAKi. (H) ELISA analysis of IFNβ levels in 
DANG cell supernatant 6 or 24 following transfection with 10 µg/ml cGAMP for (veh: vehicle, 24 h lipofectamine alone, mean±SD, n=3)
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Figure S3.7ㅣTumor cell STING mediates constitutive IFN signaling in PDAC tumors. (A) 

Immunoblot analysis of SUIT2 cells treated ± 100 U/mL IFNβ for the indicated timepoints in vitro 

and lysates prepared from SUIT2 cells grown as subcutaneous tumors in NSG mice. (B) 

Immunoblot analysis of SUIT2 TetR-GFP or TetR-STINGR248M cells treated ± 50 ng/mL DOX for 

72 h. (C) Immunoblot validation of DANG parental and STING CRISPR/Cas9 knockout (KO) 

cells. (D) IHC analysis of subcutaneous DANG WT and STING KO xenograft tumors from 

Figure 3.3I. (E) Analysis of ISRE-luciferase reporter activity in HS766T WT ISRE-fLUC and 

STING KO ISRE-fLUC cells in vitro following 6 h transfection with cGAMP or treatment with 100 

U/mL IFNβ (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni 

adjustment, **** P<0.0001). (F) Analysis of ISRE-fLUC reporter activity in HS766T WT and 

STING KO ISRE-fLUC subcutaneous xenograft tumors in vivo using bioluminescence imaging 

(mean±SEM, n=4, student’s t-test). (G) Immunoblot analysis of protein lysates prepared from 

HS766T WT and STING KO subcutaneous xenograft tumors. 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Figure S7ㅣTumor cell STING mediates constitutive IFN signaling in PDAC tumors. (A) Immunoblot analysis of SUIT2 cells 
treated ± 100 U/mL IFNβ for the indicated timepoints in vitro and lysates prepared from SUIT2 cells grown as subcutaneous tumors in 
NSG mice. (B) Immunoblot analysis of SUIT2 TetR-GFP or TetR-STINGR248M cells treated ± 50 ng/mL DOX for 72 h. (C) Immunoblot 
validation of DANG parental and STING CRISPR/Cas9 knockout (KO) cells. (D) IHC analysis of subcutaneous DANG WT and STING 
KO xenograft tumors from Figure 3I. (E) Analysis of ISRE-luciferase reporter activity in HS766T WT ISRE-fLUC and STING KO ISRE-
fLUC cells in vitro following 6 h transfection with cGAMP or treatment with 100 U/mL IFNβ (mean±SD; n=3; one-way ANOVA corrected 
for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (F) Analysis of ISRE-fLUC reporter activity in HS766T WT and 
STING KO ISRE-fLUC subcutaneous xenograft tumors in vivo using bioluminescence imaging (mean±SEM, n=4, student’s t-test). (G) 
Immunoblot analysis of protein lysates prepared from HS766T WT and STING KO subcutaneous xenograft tumors.
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Figure S3.8 | IFN signaling increases tumor cell [18F]FLT accumulation in vitro and in 

vivo. (A) Schematic of the regulation of FLT accumulation by competition with the endogenous 

substrate for TK1, thymidine (dT). (B) [18F]FLT uptake assay in SUIT2 cells treated ± 100 U/mL 

IFNβ for 24 h and subsequently pulsed with 18.5 kBq [18F]FLT ± indicated amount of dT for 2 h 

(mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

**** P<0.0001). Insert indicated dT concentration required to inhibit [18F]FLT accumulation by 

50% (IC-50). (C) Immunoblot analysis of SUIT2 shC and shTYMP cells treated ± 100 U/mL 

IFNβ for 24 h. (D) [18F]FLT uptake assay in SUIT2 cells treated with 100 U/mL IFNβ ± 1 µM 

ruxolitinib (JAKi) for 24 h and subsequently pulsed with 18.5 µCi [18F]FLT + 1 µM dT for 2 h 

(mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

**** P<0.0001). (E) Immunoblot analysis of SUIT2 and YAPC cells treated with either 100 U/mL 

IFNβ or 10 ng/mL IFNγ for 24 h. (F) [18F]FLT uptake assay in SUIT2 shC and shTYMP cells 

treated ± 100 U/mL IFNβ or ± 10 ng/mL IFNγ for 24 h and subsequently pulsed with 18.5 µCi 
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Figure S3.8 | IFN signaling increases [18F]FLT accumulation in vitro and in vivo. (A) Schematic of the regulation of FLT 
accumulation by competition with the endogenous substrate for TK1, thymidine (dT). (B) [18F]FLT uptake assay in SUIT2 cells treated ± 
100 U/mL IFNβ for 24 h and subsequently pulsed with 18.5 kBq [18F]FLT ± indicated amount of dT for 2 h (mean±SD; n=3; one-way 
ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). Insert indicated dT concentration required to 
inhibit [18F]FLT accumulation by 50% (IC-50). (C) Immunoblot analysis of SUIT2 shC and shTYMP cells treated ± 100 U/mL IFNβ for 24 
h.(D) [18F]FLT uptake assay in SUIT2 cells treated  with 100 U/mL IFNβ ± 1 µM ruxolitinib (JAKi) for 24 h and subsequently pulsed with 
X µCi 18F-FLT + 1 µM dT for 2 h (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** 
P<0.0001). (E) Immunoblot analysis of SUIT2 and YAPC cells treated with either 100 U/mL IFNβ or 10 ng/mL IFNγ for 24 h. (F) 
[18F]FLT uptake assay in SUIT2 shC and shTYMP cells treated ± 100 U/mL IFNβ or ± 10 ng/mL IFNγ for 24 h and subsequently pulsed 
with X µCi 18F-FLT ± 1 µM dT for 2 h (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 
**** P<0.0001). (G) [18F]FLT uptake assay in YAPC cells treated  with 100 U/mL IFNβ for 24 h and subsequently pulsed with 18.5 mBq 
18F-FLT + 1 µM dT for 2 h (mean±SD, n=3, student’s t-test, n.s.: non significant). (H) [18F]FLT and [18F]FDT analysis bilateral SUIT2 
TetR; STINGR248M and SUIT2 TetR; STINGR248M tumor-bearing mice treated with DOX. (I) LC-MS/MS analysis of plasma dT levels in 
SUIT2 TetR-STINGR248M tumor bearing mice treated ± DOX from Figures 3E and 3F (mean±SD, n=3, student’s t-test, n.s.: non 
significant).
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[18F]FLT ± 1 µM dT for 2 h (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons 

by Bonferroni adjustment, **** P<0.0001). (G) [18F]FLT uptake assay in YAPC cells treated with 

100 U/mL IFNβ for 24 h and subsequently pulsed with 18.5 mBq [18F]FLT + 1 µM dT for 2 h 

(mean±SD, n=3, student’s t-test, n.s.: non significant). (H) [18F]FLT and [18F]FDG analysis 

bilateral SUIT2 TetR; STINGR248M and SUIT2 TetR; STINGR248M tumor-bearing mice treated with 

DOX. (I) LC-MS/MS analysis of plasma dT levels in SUIT2 TetR-STINGR248M tumor bearing mice 

treated ± DOX from Figures 3.5E and 3.5F (mean±SD, n=3, student’s t-test, n.s.: not 

significant). 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Figure S3.9ㅣReplication stress response inhibitors and IFNβ exhibit synergy in PDAC 

cells. (A) Schematic of the replication stress response pathway pathway and related small 

molecule inhibitors. (B) Cell Titer Glo analysis of replication stress response inhibitor IC-50 in 

SUIT2 cells treated ± 100 U/mL IFNβ for 72 h (mean±SD, n=4). (C) Immunoblot analysis of 

SUIT2 cells treated with 100 U/mL IFN ± 500 nM VE-822 or 1 µM AZD-6738. 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Figure S9ㅣReplication stress response inhibitors and IFNβ exhibit synergy in PDAC cells. (A) Schematic of the replication 
stress response pathway pathway and related small molecule inhibitors. (B) Cell Titer Glo analysis of replication stress response 
inhibitor IC-50 in SUIT2 cells treated ± 100 U/mL IFNβ for 72 h (mean±SD, n=4). (C) Immunoblot analysis of SUIT2 cells treated with 
100 U/mL IFN ± 500 nM VE-822 or 1 µM AZD-6738.
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Figure S3.10ㅣIFN and ATR inhibitors synergistically induce DNA damage and apoptosis. 

(A) Representative ssDNA immuno-fluorescence microscopy images from experiment in Figure 

3.4C. (B) Representative inflow cytometry plots from experiment in Figure 3.4D. (C) 

Representative inflow cytometry plots from experiment in Figure 3.4E. (D) Cell cycle and 

immunoblot analysis analysis of SUIT2 cells treated with 100 U/mL IFNβ + 500 nM VE-822 

(ATRi) ± 5 µM palbociclib (CDK4/6i) as indicated. (E) Cell cycle analysis of A13A primary PDAC 

cells treated ± 100 U/mL IFNβ + 500 nM ATRi for 24 h. (F) Cell Titer Glo analysis of A13A cells 

treated ± 100 U/mL IFNβ + 500 nM ATRi for 72 h (mean±SD; n=4; one-way ANOVA, * P<0.05; ** 

P<0.01; **** P<0.0001). (G) Flow cytometry cell cycle analysis of human pancreatic ductal 

epithelial (HPDE) cell treated ± 100 U/mL IFNβ + 500 nM ATRi for 24 h. (H) Cell Titer Glo 

analysis of HPDE cells treated ± 100 U/mL IFNβ + 500 nM ATRi for 72 h (mean±SD; n=4). 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Figure S10ㅣIFN and ATR inhibitors synergistically induce DNA damage and apoptosis. (A) Representative ssDNA immuno-
fluorescence microscopy images from experiment in Figure 4C. (B) Representative inflow cytometry plots from experiment in Figure 
4D. (C) Representative inflow cytometry plots from experiment in Figure 4E. (D) Flow cytometry cell cycle and immunoblot analysis 
analysis of SUIT2 cells treated with 100 U/mL IFNβ + 500 nM VE-822 (ATRi)  ± 5 µM palbociclib (CDK4/6i) as indicated. (E) Flow 
cytometry cell cycle analysis of A13A primary PDAC cells treated ± 100 U/mL IFNβ + 500 nM ATRi for 24 h. (F) Cell Titer Glo analysis 
of A13A cells treated ± 100 U/mL IFNβ + 500 nM ATRi for 72 h (mean±SD; n=4; one-way ANOVA corrected for multiple comparisons by 
Bonferroni adjustment, * P<0.05; ** P<0.01; **** P<0.0001). (E) Flow cytometry cell cycle analysis of human pancreatic ductal 
epithelial (HPDE) cell treated ± 100 U/mL IFNβ + 500 nM ATRi for 24 h. (F) Cell Titer Glo analysis of HPDE cells treated ± 100 U/mL 
IFNβ + 500 nM ATRi for 72 h (mean±SD; n=4; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, *** 
P<0.001).
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Figure S3.11ㅣATR inhibition down-regulates nucleotide metabolism related protein 

expression in IFN-exposed PDAC cells. (A) Immunoblot analysis of SUIT2 cells treated for 48 

h with a titration of VE-822 (ATRi) in the presence of 100 U/mL IFNβ. (B) RT-PCR analysis of 

SUIT2 cells treated for 24 h with 100 U/mL IFNβ ± 250 nM ATRi (mean±SD; n=6; one-way 

ANOVA corrected for multiple comparisons by Bonferroni adjustment, * P<0.05; ** P<0.01; **** 

P<0.0001). (C) Immunoblot analysis of SUIT2 cells treated as indicated in the presence of the 

proteasome inhibitor MG132. 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Figure S3.11ㅣATR inhibition down-regulates nucleotide metabolism related protein expression in IFN-exposed PDAC cells. 
(A) Immunoblot analysis of SUIT2 cells treated for 48 h with a titration of VE-822 (ATRi) in the presence of 100 U/mL IFNβ. (B) RT-
PCR analysis of SUIT2 cells treated for 24 h with 100 U/mL IFNβ ± 250 nM ATRi (mean±SD; n=6; one-way ANOVA corrected for 
multiple comparisons by Bonferroni adjustment, * P<0.05; ** P<0.01; **** P<0.0001). (C) Immunoblot analysis of SUIT2 cells treated as 
indicated in the presence of the proteasome inhibitor MG132.
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Figure S3.12ㅣSTING activation sensitizes PDAC cells to ATR inhibition. (A) Immunoblot 

analysis of YAPC STINGR248M cells treated ± 50 ng/mL doxycycline (DOX) ± 1 µM ruxolintinib 

(JAKi) ± 100 U/mL IFNβ for the indicated timepoints. (B) IncuCyte live-cell imaging analysis of 

YAPC TetR STINGR248M cells treated ± 50 ng/mL DOX ± 500 nM ATRi in anchorage-dependent 

culture (mean±SD; n=6; one-way ANOVA corrected for multiple comparisons by Bonferroni 

adjustment, *** P<0.001; **** P<0.0001). (C) IncuCyte live-cell imaging analysis of SUIT2 TetR 

STINGR248M cells treated + 50 ng/mL DOX ± 500 nM ATRi ± 1 µM JAKi in anchorage-

independent culture (mean±SD; n=6; one-way ANOVA corrected for multiple comparisons by 

Bonferroni adjustment, **** P<0.0001). 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Figure S12ㅣSTING activation sensitizes PDAC cells to ATRi. (A) Immunoblot analysis of YAPC STINGR248M cells treated ± 50 ng/
mL doxycycline (DOX) ± 1 µM ruxolintinib (JAKi) ± 100 U/mL IFNβ for the indicated timepoints. (B) IncuCyte live-cell imaging analysis 
of YAPC TetR STINGR248M cells treated ± 50 ng/mL DOX ± 500 nM ATRi in anchorage-dependent culture (mean±SD; n=6; one-way 
ANOVA corrected for multiple comparisons by Bonferroni adjustment, *** P<0.001; **** P<0.0001). (C) IncuCyte live-cell imaging 
analysis of SUIT2 TetR STINGR248M cells treated + 50 ng/mL DOX ± 500 nM ATRi ± 1 µM JAKi in anchorage-independent culture 
(mean±SD; n=6; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001).
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Figure S3.13 | IFNβ and ATR inhibitors synergistically enhance sensitivity to olaparib in 

PDAC cells. (A) Immunoblot analysis of SUIT2 and DANG PDAC cell lines treated for 24 h ± 

100 U/mL IFNβ ± 250 nM ATRi. (B) Crystal violet proliferation analysis of SUIT2 cells treated 

with 100 U/mL IFNβ ± 100 nM ATRi ± 4 µM olaparib for 7 d. (C) Flow cytometry analysis of 

pH2A.XS139 levels in SUIT2 cells treated with 100 U/mL ± 200 nM ATRi ± 4 µM olaparib for 48 h 

(mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

**** P<0.0001). (D) Annexin V/PI flow cytometry analysis of SUIT2 cells treated for 72 h with 
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Figure S13 | IFNβ and ATRi synergistically enhance sensitivity to olaparib in PDAC cells. (A) Immunoblot analysis of SUIT2 and 
DANG PDAC cell lines treated for 24 h ± 100 U/mL IFNβ ± 250 nM ATRi. (B) Crystal violet proliferation analysis of SUIT2 cells treated 
with 100 U/mL IFNβ ± 100 nM ATRi ± 4 µM olaparib for 7 d. (C) Flow cytometry analysis of pH2A.XS139 levels in SUIT2 cells treated 
with 100 U/mL ± 200 nM ATRi ± 4 µM olaparib for 48 h (mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by 
Bonferroni adjustment, **** P<0.0001). (D) Annexin V/PI flow cytometry analysis of SUIT2 cells treated for 72 h with 100 U/mL IFNβ ± 
200 nM ATRi ± 4 µM olaparib (mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, ** 
P<0.01). (E) Cell Titer-Glo analysis of SUIT2, DANG and A13A cells treated for 72 h with olaparib ± ATRi in the presence of 100 U/mL 
IFNβ (mean, n=4). (F) AnnexinV/PI flow cytometry analysis of A13A primary culture treated for 72 h with 100 U/mL IFNβ ± 200 nM ATRi 
± 4 µM olaparib (mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, *** P<0.001).
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100 U/mL IFNβ ± 200 nM ATRi ± 4 µM olaparib (mean±SD; n=2; one-way ANOVA corrected for 

multiple comparisons by Bonferroni adjustment, ** P<0.01). (E) Cell Titer Glo analysis of SUIT2, 

DANG and A13A cells treated for 72 h with olaparib ± ATRi in the presence of 100 U/mL IFNβ 

(mean, n=4). (F) AnnexinV/PI flow cytometry analysis of A13A primary culture treated for 72 h 

with 100 U/mL IFNβ ± 200 nM ATRi ± 4 µM olaparib (mean±SD; n=2; one-way ANOVA corrected 

for multiple comparisons by Bonferroni adjustment, *** P<0.001). 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Figure S3.14ㅣSAMHD1 is induced by IFNβ in cancer-associated fibroblasts. (A) 

Schematic representation of potential metabolic crosstalk between PDAC cancer cells and 

PDAC cancer associated fibroblasts (CAFs). (B) Immunoblot of human pancreatic CAFs treated 

with 100 U/mL IFNβ for 24 h. (C) [13C6]glucose-labeled deoxycytidine efflux measured in the 

culture media levels of CAFs cultured in [13C6]glucose and treated ± 100 U/mL IFNβ for 24h 

measured using LC-MS/MS. MS counts were normalized to extracted protein (mean±SD, n=3, 

student’s t-test, *** P<0.001). 
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Figure S14ㅣSAMHD1 is induced by IFNβ in cancer-associated fibroblasts. (A) Schematic represenation of potential metabolic 
crosstalk between PDAC cancer cells and PDAC cancer associated fibroblasts (CAFs). (B) Immunoblot of human pancreatic CAFs 
treated with 100 U/mL IFNβ for 24 h. (C) [13C6]glucose-labeled deoxycytidine efflux measured in the culture media levels of CAFs 
cultured in [13C6]glucose and treated ± 100 U/mL IFNβ for 24h measured using LC-MS/MS. MS counts were normalized to extracted 
protein (mean±SD, n=3, student’s t-test, *** P<0.001).
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DISCUSSION 

This work begins to define the causes and consequences of IFN signaling in PDAC tumors. We 

found that the cGAS/STING pathway is active in a subset of PDAC cells and is required for 

constitutive type I IFN signaling in PDAC tumors. Using orthogonal phospho-proteomics and 

chemical genomics approaches we implicated the replication stress response pathway as a 

IFN-induced collateral dependency in PDAC cells. Pharmacological inhibition of replication 

stress response kinases ATR, CHEK1 or WEE1 induce replication catastrophe in IFNβ-treated 

PDAC cell lines and primary cells but not in non-transformed cells. ATR inhibition impairs 

nucleotide metabolism by restricting the expression of rate limiting nucleotide biosynthetic 

enzymes. Finally, we determined that IFNβ signaling sensitizes PDAC cells to the clinically 

viable combination of small molecule ATR and PARP inhibitors. 

In addition to mutations in KRAS and TP53, chronic inflammation is a hallmark feature of PDAC 

tumors. This low grade inflammatory response observed has been termed “para-inflammation” 

and is a defined transcriptional signature resembling a type I IFN response28. Intriguingly, 

among TCGA datasets PDAC ranks highest in terms of para-inflammation signature enrichment 

which is a negative prognostic factor in this disease 28. Type I IFN production is induced by the 

activation of cytosolic or endosomal pathogen sensing pathways including the cGAS-STING 

pathway which initiates type I IFN production in epithelial, stromal, endothelial and immune cells 

in response to accumulation of cytosolic ssDNA and dsDNA. The cGAS-STING pathway is 

tightly regulated by transcriptional and post-translational mechanisms and indirectly by proteins 

which control the levels of cytosolic ssDNA and dsDNA, including SAMHD1, TREX1, and RPA/

RAD5152. Importantly, mutational inactivation of several of these proteins results in Aicardi-

Goutieres Syndrome (AGS), an early onset inflammatory disorder characterized and aberrantly 

high systemic levels of type I IFNs. Additionally, germ-line STING gain of function mutations 

have been associated with a lupus-like autoimmune disease in humans53. 
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STING agonists are currently being evaluated as immune stimulating anti-cancer vaccines and 

analogs of the endogenous STING ligand 2’-3’-cGAMP which overcome its susceptibility to 

hydrolysis by ENPP1 are in development54,55. Interestingly, covalent STING inhibitors have also 

been recently described and may be useful tools to reprogram cytokine signaling in inflamed 

PDAC tumors56.  

cGAS and/or STING are down-regulated in various cancers, including colorectal cancer and 

melanoma, and thus this pathway has been classified as tumor suppressive57,58. cGAS and 

STING down-regulation appears to be primarily mediated by epigenetic mechanisms and 

treatment with DNA de-methylating agents can restore pathway functionality in some cases. 

PDAC is an exception as cGAS and STING exhibit decreased promoter methylation in patient 

samples38. Consistently, STING expression in PDAC appears to be elevated compared to 

normal pancreas and STING has previously been shown to be expressed extensively in both 

the cancer cell and stromal compartments of tumors, a finding we confirmed in this study39. It 

has been proposed that tumors exhibiting low cGAS-STING expression may be especially 

vulnerable to oncolytic virus therapy. Consistently, we observe a high degree of concordance 

between the PDAC cell lines we identified as ISD responders/non-responders and those 

previously reported to be resistant/sensitive to oncolytic virus therapy59. Regarding the 

discrepancy between basal interferon-stimulated gene expression in cGAS/STING proficient 

cells in vitro and in vivo it is possible that these lines constitutively secrete minimal amounts of 

IFN that is diluted in culture media and removed with passaging. A second explanation is that 

the cGAS ligand responsible for constructive activation is absent in vitro and only produced 

when PDAC cells are grown in vivo. In addition to the cGAS/STING pathway, other stimuli and 

pathways, such as TLR agonists and the NF-kB pathway, also activate type I IFN production 

and their contributions to type I IFN production in PDAC remains unclear60. Further, more 

detailed studies are required to interrogate these possibilities. As STING activation has been 
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shown mediate to inflammation-induced carcinogenesis it is intriguing to speculate that STING 

activation may play a role in the development or progression of a subset of PDAC tumors.

Paradoxically, IFNs have been shown to exert both pro- and anti-tumor functions. in vitro, IFNs 

are well studied for their ability to restrict cancer cell proliferation, however, IFN regulated genes 

also have been investigated in the context of a DNA damage resistance gene expression 

signature (IRDS) which is associated with resistance to chemotherapy and radiation10. 

Additionally, chronic IFN pathway agonism has been associated with resistance to immune 

checkpoint blockade61. It is intriguing to speculate that constitutive STING-driven IFN signaling 

is a mechanism by which PDAC cells condition a immunosuppressive microenvironment. In this 

model, tumor cells in the PDAC microenvironment may hijack the pro-tumor functions of IFNs 

and mitigate their anti-tumor effects by activating compensatory signaling and metabolic 

pathways (i.e. ATR and dCK).

Tumor cell vulnerabilities elicited by IFN signaling have not been systematically evaluated. 

However, IFN treatment has been shown to amplify the cytotoxic effects of MEK inhibitors in a 

subset of melanoma cell lines exhibiting low basal IFN signaling pathway activity62. In addition, 

multiple groups have independently demonstrated that IFN signaling induces a collateral 

dependency on ADAR to prevent dsRNA-mediated proliferation inhibition driven by PKR activity, 

a finding that is limited by the current lack of clinically viable ADAR inhibitors63,64. Here we 

identify an additional dependency driven by IFN signaling that is immediately actionable. 

We have observed three major consequences of type I IFN signaling in PDAC cells: induction of 

nucleotide catabolism, cell cycle delay in S-phase and activation of the replication stress 

response. Multiple IFN-stimulated genes have been annotated in each are of these processes, 

rendering the identification of a single mediator of these phenotypes a significant challenge. 

Moreover, several of IFN-relegated metabolic genes have moonlighting functions; SAMHD1 
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possesses both metabolic (dNTP hydrolase) and DNA repair (CtIP scaffold) functions35,65. 

SAMHD1 induction by type I IFN signaling could reduce dNTP abundance and simultaneously 

facilitate DNA repair. The K312 residue in SAMHD1 is essential for its dNTPase function, 

whereas T592, which is phosphorylated by cyclin-dependent kinases (CDKs), is critical for its 

role in end resection35. Future studies incorporating the investigation of SAMHD1 mutants 

(K312A or T592A) will further define the specific function of SAMHD1 in the IFN signaling impact 

on PDAC cells.  

IFN signaling has been reported to regulate metabolism in macrophages and dendritic cells 

however, the impact of IFNs on tumor cell metabolism has not yet been systematically 

evaluated18,66,67. Early work on IFNs demonstrated that they influence nucleotide metabolism 

nucleic acid biosynthesis in tumor cells and here we build on this foundation and characterize 

molecular mediators of this phenotype68. Our findings demonstrate that IFN signaling in cell 

culture and in vivo PDAC models triggers a shift in nucleotide metabolism toward a 

predominately catabolic phenotype. Interestingly, dT catabolism has been identified as a stress 

response to starvation in cancer cells which provides carbon for glycolysis via the actions of 

TYMP and DR5P aldolase (DERA)69. IFN may promote this process and catabolized 

nucleotides and nucleosides serve as a carbon source for other biochemical processes to fuel 

PDAC cell progression. Additionally, the restriction of thymidine pools resulting from IFN-

induced up-regulation of TYMP can be leveraged using [18F]FLT PET/CT. We anticipate that 

[18F]FLT PET will have utility as a pharmacodynamic biomarker for STING agonists as well as 

other IFN-stimulating immunotherapies such as immune checkpoint blockade.

In addition to the cell autonomous effects, IFNs may also play an important role in regulating the 

landscape and composition of the metabolic synapse between tumor cells and immune cells16. 

Evidence for the competition between cancer cells and immune cells for nucleosides in tumor 

microenvironment is provided by the observation that nucleoside kinases and transporters, such 
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as dCK, uridine-cytidine kinase 2 (UCK2) and SLC29A1are up-regulated in T-cells following 

activation70–72. Additionally, purine efflux triggered by IFN signaling may have local 

immunosuppressive effects73. These observations justify the investigation of nucleotide 

metabolism-related IFN regulated genes in the context of immunotherapy in PDAC as well as 

other cancers with constitutive type I IFN signaling.

In our study, a range of response to the IFNβ/ATRi combination was observed in our human 

PDAC models. This variation may be reflective of the well-documented genomic, transcriptional 

and metabolic heterogeneity of PDAC cells4,7,74. Genomic alterations previously linked to ATR 

inhibitor sensitivity in PDAC, such as mutations of KRAS, TP53, ATM or ARID1A, may also 

influence response to endogenous IFNβ and ATRi therapy75. Similar heterogeneity has been 

documented in melanoma cell lines where type I IFN treatment enhanced the cytotoxic 

response of MEK inhibition only in a subset of cell lines62. Potentially related is the observation 

that hyper-activating JAK2V617F mutations have been linked to replication stress in 

myeloproliferative neoplasms76.

Our findings are have high translational significance as ATR inhibitors and IFN-inducing 

therapies (such as immune checkpoint blockade and TLR agonists) are currently being 

evaluated in the clinic. Interestingly, ATR inhibition has been shown to enhance the efficacy of 

immune checkpoint blockade in pre-clinical models77. Collectively, our work begins to define the 

intersection between cytokine signaling, nucleotide metabolism and replication stress in PDAC 

and rationalizes the use of an IFN-related transcriptional signature to stratify patients for the 

ATR inhibitor / PARP inhibitor combinations currently being evaluated for the treatment of solid 

tumors. 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METHODS 

Experimental Model and Subject Details 

Cell culture 

All cell cultures were maintained in antibiotic free DMEM +10% FBS at 37ºC in 5% CO2. 

Mycoplasma contamination was monitored using the PCR-based Venor Mycoplasma kit. PDAC 

cell lines were acquired either from commercial vendors or from collaborators. Cell line identity 

was independently authenticated by PCR. For anchorage-independent culture PDAC cells were 

grown on tissue-culture plates treated with poly(2-hydroxyethyl methacrylate (poly-HEMA)78. 

Briefly, Poly-HEMA was dissolved at 20 mg/mL concentration in 95% Ethanol and then added to 

the plate to fully cover growth area and dried overnight. Plates were sterilized by UV irradiation. 

Drugs 

Stocks were prepared in DMSO or H2O and diluted fresh in cell culture media for treatments. 

The nonhydrolyzable bisphosphorothioate 2’-3’-cGAMP analog (2’-3’-cGAMP) and ISD were 

complexed with Lipofectamine 3000 before treatment. 

In vivo mouse studies 

All animal studies were approved by the UCLA Animal Research Committee (ARC). 4-6 week-

old female NCG (CRL572; Charles River Laboratories) mice were injected subcutaneously on 

the flanks with 0.5x106 cells resuspended 1:1 in PBS:matrigel. For orthotopic studies 3x104 cells 

were resuspended 1:1 in PBS:matrigel and injected into the pancreata of NCG mice. 

Patient samples 

PDAC samples were collected during surgical tumor resection at UCLA. 
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Method Details 

Live cell imaging 

For live cell imaging cells were plated at 2x103 cells / well in either ultra-low attachment or 

treated flat-bottom clear 96-well plates. After 24-72 h treatments were added and cell 

proliferation was tracked using the IncuCyte Zoom live-cell imaging system. Images were 

acquired at 3 h intervals over the indicated time periods. 

LC-MS/MS DNA measurements 

Cells were transferred into DMEM without glucose and supplemented with 10% dialyzed FBS 

containing the following labeled substrates: precursors for de novo [13C6]glucose at 11 mM and 

[13C10,15N2]dT at 5 µM. Genomic DNA was extracted using the Quick-gDNA MiniPrep kit and 

hydrolyzed to nucleosides using the DNA Degradase Plus kit following manufacturer-supplied 

instructions. In the final step of DNA extraction, 50 µL of water was used to elute the DNA into 

1.5 mL microcentrifuge tubes. A nuclease solution (5 µL; 10X buffer/DNA Degradase PlusTM/

water, 2.5/1/1.5, v/v/v) was added to 20 µL of the eluted genomic DNA in an HPLC injector vial. 

The samples were incubated overnight at 37 oC. For genomic DNA and media analysis, an 

aliquot of the hydrolyzed DNA or media samples (20 µL) were injected onto a porous graphitic 

carbon column (Thermo Fisher Scientific Hypercarb, 100 x 2.1 mm, 5 µm particle size) 

equilibrated in solvent A (water 0.1% formic acid, v/v ) and eluted (200 µL/min) with an 

increasing concentration of solvent B (acetonitrile 0.1% formic acid, v/v) using min/%B/flow 

rates (µL/min) as follows: 0/0/200, 5/0/200, 10/15/200, 20/15/200, 21/40/200, 25/50/200, 

26/100/700, 30/100/700, 31/0/700, 34/0/700, 35/0/200. The effluent from the column was 

directed to the Agilent Jet Stream ion source connected to the triple quadrupole mass 

spectrometer (Agilent 6460) operating in the multiple reaction monitoring (MRM) mode using 

previously optimized settings. The peak areas for each nucleosides and nucleotides 
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(precursor→fragment ion transitions) at predetermined retention times were recorded using the 

software supplied by the instrument manufacturer (Agilent MassHunter).  

RT-PCR 

Total RNA was isolated from cells using the Zymo Quick-RNA MiniPrep kit. Reverse 

transcription was performed using the High Capacity cDNA Reverse Transcription kit. 

Quantitative PCR was performed using EvaGreen qPCR Master Mix. RNA expression values 

were normalized and calculated relative to control. 

Immunohistochemistry (IHC) 

Formalin-fixed, paraffin-embedded tumor samples were incubated at 60°C for 1h, deparaffinized 

in xylene, and rehydrated with graded alcohol washes. Slides were then boiled in 0.01 M 

sodium citrate buffer for 15 m followed by quenching of endogenous peroxidase with 3% 

hydrogen peroxide for antigen retrieval. After 1 h of blocking with 5% donkey serum at room 

temperature, primary antibodies were added and incubated overnight at 4°C. Biotin-conjugated 

anti-rabbit secondary antibody (1:500 Jackson Labs) was added and developed using Elite 

Vectastain ABC kit. 

Immunoblot analysis 

PBS-washed cell pellets were resuspended in cold RIPA buffer supplemented with protease and 

phosphatase inhibitors. Protein lysates were normalized using BCA assay, diluted using RIPA 

and 4x laemmli loading dye, resolved on 4-12% Bis-Tris gels and electro-transferred to 

nitrocellulose membranes. After blocking with 5% nonfat milk in TBS + 0.1% Tween-20 (TBS-T), 

membranes were incubated overnight in primary antibodies diluted (per manufactures 

instructions) in 5% BSA in TBS-T. Membranes were washed with TBST-T and incubated with 

HRP-linked secondary antibodies prepared at a 1:2500 dilution in 5% nonfat dry milk in TBS-T. 

HRP was activated by incubating membranes by incubating membranes with mixture of 
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SuperSignal Pico and SuperSignal Femto ECL reagents (100:1 ratio). Exposure of 

autoradiography film was used for detection. 

Tumor tissue homogenization 

Snap-frozen tumor tissue was transferred to Omni Hard Tissue homogenization vials. 750 µl of 

tissue Lysis buffer spiked with 1x protease and phosphatase inhibitor cocktails were added to 

each vial. Vials were homogenized using an Omni Bead Ruptor Elite (8 cycles of 15 s on, 30 s 

off, speed 8) chilled to 4C. Tissue homogenates were cleared by centrifugation at 12,000xg for 

10 m at 4C. Cleared lysates were normalized using the BCA method and prepared for 

immunoblot analysis as described for cell culture samples. 

Immuno-fluorescence microscopy 

Cells cultured on coverslips were fixed with 4% (w/v) paraformaldehyde in PBS for 15 min, 

permeabilized with 0.2% (v/v) Triton X-100, blocked with 3% (w/v) BSA in PBS for 30 min, and 

then incubated with primary antibodies containing 1% (w/v) BSA and 0.1% (w/v) saponin in 

PBS for overnight, washed with PBS then incubated with fluorescence secondary antibodies 

for 1 hr. Following washing, cells were stained with DAPI, washed with PBS, and mounted onto 

microscope slides and imaged using a NIKON fluorescence microscope.


Clonogenic survival and viability analysis 

For crystal violet staining, PDAC cells were plated in 6-well plates at 1x104 cells/well and treated 

as described. Following treatment cells were fixed by incubating in 4% PFA in PBS for 15 m at 

room temperature. Plates were subsequently washed with PBS and stained with 0.1% crystal 

violet in H2O for 15 m at room temperature.  

For anchorage-dependent Cell Titer Glo analysis cells were plated at 1x103 cells / well in at 50 

µl / well in white opaque 384-well plates and treated as described. Following incubation 50 µl of 

Cell Titer Glo reagent (Diluted 1:5 in dH2O) was added to each well, plates incubated at room 
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temperature for 5 m and luminescence was measured using a BioTek microplate luminescence 

reader. 

For anchorage-independent culture Cell Titer Glo analysis cells were plated at 5x103 cells / well 

in at 100 µl /well poly-HEMA treated 96-well plates and treated as described. Following 

incubation 100 µl of 3D Cell Titer Glo reagent (Diluted 1:5 in dH2O) was added to each well, 

plates incubated at room temperature for 5 m and luminescence was measured. 

Flow cytometry 

All flow cytometry data were acquired on five-laser BD LSRII, and analyzed using FlowJo 

software. 

AnnexinV/PI: Treated PDAC cells were washed with PBS and incubated with AnnexinV and 

propidium iodide diluted in 1x Annexin binding buffer. 

Propidium iodide cell cycle analysis: Treated PDAC cells were washed with PBS and 

suspended in cell cycle staining solution (100 µg/ml propidium iodide; 20 µg/ml Ribonuclease A; 

1 mg/ml sodium citrate; 0.3% Triton-X 100 prepared in dH2O). 

EdU: PDAC cells were pulsed with 10 µM EdU for 2 h, washed twice with PBS, and released in 

fresh media containing 5 µM deoxyribonucleosides. Cells were collected 4 h following release in 

fresh media, fixed with 4% paraformaldehyde and permeabilized using saponin perm/wash 

reagent (Invitrogen), and then stained with azide-AlexaFluor 647 by Click reaction. The total 

DNA content was assessed by staining with FxCycle-Violet at 1 µg/mL final concentration. The 

cell cycle durations were calculated using equations for multiple time-point measurements 

according to previously published methods (CITE). 

pH2A.XS139: Cells were harvested, fixed, permeabilized with cytofix/cytoperm for 15 m on ice, 

prior to staining with a phospho-Histone H2A.XS139 antibody conjugated to FITC (1:800 dilutions 
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in perm/wash) for 20 m at room temperature shielded from light. Subsequently, cells were 

washed and stained with 0.5 mL of DAPI for DNA content before analysis. 

Protein kinase inhibitor phenotypic screen 

A library of 430 protein kinase inhibitors (SelleckChem Cat. L1200) was arrayed in 

polypropylene 384-well plates at 200x concentrations covering a 7-point concentration range 

(corresponding to 1x concentrations: 5µM, 1.65µM, 550nM, 185nM, 61.5nM, 20.6nM, 6.85nM). 

25µl per well of growth media with or without 200 U/mL IFNβ supplementation (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 m. 25 µL of a 40,000 cells/mL SUIT2 suspension (for 1000 cells / well) was 

subsequently added to each well. After 72 h, 50 µL of Cell Titer Glo reagent diluted 1:4 in dH2O 

was added to each well and luminescence was measured using a Wallac plate reader (Perkin 

Elmer). Each condition was assayed in duplicate (n=2) and % proliferation values were 

calculated by normalizing experimental wells to plate negative controls and averaging replicate 

values. Composite IFNβ synergy scores for each test compound were defined as the sum of the 

Synergy Score (% proliferation inhibition observed - % proliferation inhibition expected) between 

IFNβ and individual protein kinase inhibitor concentrations across the 7-point concentration 

range. 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. 

CRISPR/Cas9 knockout cell line generation 

All gRNA sequences were cloned into LentiCrisprV2. Lipofectamine 3000 was used to transfect 

PDAC cells with 1 µg/ml gRNA-specific LentiCrisprV2 vectors. Following puromycin selection 

cells were singly cloned. 
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shRNA knockdown cell line generation 

For generation of stable knockdown cell lines PDAC cells were transduced with lentivirus 

harvested from HEK293FT cells in the presence of polybrene. Following transduction cells 

underwent antibiotic selection and knockdown efficiency was confirmed using immunoblot 

analysis. For virus production lentivirval vectors and packaging plasmids (psPAX2, pMD2G) at a 

2:1:1 ratio were transfected into FT293 cells using polyethylenimine. Lentivirus-containing 

supernatants were filtered using a 0.45 µm filter prior to use. 

Bioluminescence imaging 

Mice were anesthetized with 2% isoflurane prior to intraperitoneal injection of 100 µl (50 mg/mL) 

D-luciferin. Images were acquired on an IVIS 100 Bioluminescence Imaging scanner 10 m after 

D-luciferin administration. 

IFNβ ELISA 

Cells were plated at 250k cells/well in treated 24-well tissue culture plates and allowed to seed 

overnight. 2’-3’-cGAMP was completed with Lipofectamine 3000 in OptiMEM at a 1:1:2 

cGAMP:lipofectamine 3000:OptiMEM ratio. Before transfection cells were washed with PBS, 

400 µL of culture media was added to each well and 100 µL of complexed 2’-3’cGAMP was 

added drop-wise for a final concentration of 25 µg/mL. Media was collected, centrifuged for 4 m 

at 450xg at 4C at indicated timepoints. ELISA analysis was performed per manufacturers 

instructions. 

Statistical analyses 

Data are presented as mean ± SD with number of biological replicates indicated. Comparisons 

of two groups were calculated using indicated unpaired or paired two-tailed Student’s t-test and 

P values less than 0.05 were considered significant. For some experiments, generated mean 

normalized values (ratios from two groups, treated to untreated) were compared to the 
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hypothetical value 1 (indicating equal values between treated and untreated), calculated using 

one-sample t-test, and P values less than 0.05 were considered significant. Comparisons of 

more than two groups were calculated using one-way ANOVA followed by Bonferroni’s multiple 

comparison tests, and P values less than 0.05/m, where m is the total number of possible 

comparisons, were considered significant. 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CHAPTER 3 Key Resource Table 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Reagents Source Identifier
DMEM Corning 10-107-CV

Fetal Bovine Serum Omega Scientific FB-11 
Lipofectamine 3000 ThermoFisher Scientific L3000001
polyethyleneimine Polysciences 23966-1

poly-HEMA Sigma-Aldrich P3932
VitaminE-TPGS Sigma-Aldrich 57668

Matrigel ThermoFisher Scientific CB-40234
D-Luciferin Sigma-Aldrich L9504

Human IFNβ PBL Assay Science 11415-1
Tetrahydrouridine (CDAi) Cayman Chemicals 16402

Pemetrexed SelleckChem S1135
Olaparib SelleckChem S1060
M6620 Cayman Chemicals 24198

AZD6738 Cayman Chemicals 21035
LY2603618 Cayman Chemicals 20351
AZD1775 Cayman Chemicals 21266

ISD Invivogen tlrl-isdn
2’3’-cGAM(PS)2 (Rp/Sp) Invivogen tlrl-nacga2srs

Ruxolintinib Cayman Chemicals 11609
BCA Assay ThermoFisher Scientific 23225

RIPA protein lysis buffer Boston BioProducts BP-115
Laemmli Loading Dye Boston BioProducts BP-110R
4-12% Bis-Tris Gels ThermoFisher Scientific NP0336

Nitrocellulose Membrane ThermoFisher Scientific 88018
Nonfat Dry Milk ThermoFisher Scientific M-0841

Tris-Buffered Saline ThermoFisher Scientific 50-751-7046
Tween-20 Sigma-Aldrich P9416

SuperSignal West Pico ThermoFisher Scientific 34580
SuperSignal West Femto ThermoFisher Scientific 34095

Autoradiography Film Denville E3012
Crystal violet Sigma-Aldrich C0775

FX Cycle Violet Invitrogen F10347
DAPI Invitrogen D1306

CytoFIX/CytoPERM BD Biosciences 554722
[13C6]glucose Sigma-Aldrich 389374

DNA degrease PLUS Zymo E2021
Hard Tissue Homogenizing Mix Omni International 19-628
Halt Protease Inhibitor Cocktail ThermoFisher Scientific PI78430

Halt Phosphatase Inhibitor 
Cocktail

ThermoFisher Scientific PI78428

Critical Commercial Assays Source Identifier
AnnexinV-FITC Apoptosis Detection Kit BD Biosciences 556547

Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit ThermoFisher Scientific C10634
CellTiter-Glo Promega G7572

3D CellTiter-Glo Promega G9683
MycoPlasma Detection Kit Sigma-Aldrich MP0025
Quick gDNA Miniprep Kit Zymo D3021

Key Resource Table



 

!158

Oligonucleotides Sequence Vector
SAMHD1 gRNA GTCATCGCAACGGGGACGCT LENTICRISPR V2 (addgene #52961)

TK1 gRNA GCTGCTGTAGCGAGTGTCTT LENTICRISPR V2 (addgene #52961)
dCK gRNA AAGGTAAAAGACCATCGTTC LENTICRISPR V2 (addgene #52961)

STING (TMEM173) gRNA AGAGCACACTCTCCGGTACC LENTICRISPR V2 (addgene #52961)
TYMP shRNA GCCTCCATTCTCAGTAAGAAA pLKO.1 (addgene #10878)

Antibodies Source Identifier
TOTAL STAT1 Cell Signaling Technology 14994

PHOSPHO STAT1 Y701 Cell Signaling Technology 9167
MX1 Cell Signaling Technology 37849

ACTIN Cell Signaling Technology 3700
SAMHD1 Cell Signaling Technology 12361

TOTAL CHEK1 Cell Signaling Technology 2360
PHOSPHO CHEK1 S345 Cell Signaling Technology 2348
PHOSPHO H2AX S139 Cell Signaling Technology 9718

dCK Owen Witte Lab (UCLA) Clone #9D4
TK1 Cell Signaling Technology 8960

TYMS Cell Signaling Technology 9045
CLEAVED PARP Cell Signaling Technology 5625

CLEAVED CASPASE 3 Cell Signaling Technology 9662
RRM1 Cell Signaling Technology 8637
RRM2 Santa Cruz Biotechnology SC-10846

STING (TMEM173) Cell Signaling Technology 13647
PHOSPHO IRF3 S396 Cell Signaling Technology 37829

ANTI-RABBIT IgG, HRP-LINKED Cell Signaling Technology 7074
ANTI-MOUSE IgG, HRP-LINKED Cell Signaling Technology 7076

pH2AX S139 - FITC Millipore 05-636
F7.26 ssDNA Millipore MAB3299

Vector Source Identifier
pMD2G Addgene 12259
psPAX2 Addgene 12260

Lenticrispr V2 Addgene 52961

Instrument Manufacturer Assay
LSRII BD Flow Cytometry

Q-Exactive Mass Spectrometer Thermo Proteomics/Phosphoproteomics
LTQ OrbitrapXL Mass Spectrometer Thermo Non-targeted metabolomics

QQQ Mass Specgtrometer Agilent Targeted DNA/dNTP metabolites
Microplate reader BioTek Luminesence Cell Viabilioty Assays
BeadRuptor Elite OMNI International Tissue Homogenization
ECLIPSE Ci-S Nikon Fluorescence Microscopy

Software Source Identifier
Prism 6 GraphPad Software N/A

Flowjo 7.6 TreeStar N/A
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CHAPTER 4 

Defective Nucleotide Catabolism Defines a 

Subset of Cancers Sensitive to Purine 

Nucleoside Phosphorylase Inhibition  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ABSTRACT 

Small molecule inhibitors of purine nucleoside phosphorylase (PNP) have been developed and 

applied as a treatment for leukemia and lymphoma, however, the determinants of response to 

this class of drugs are incompletely understood. PNP inhibitors impair cell proliferation by 

preventing catabolism of the nucleoside deoxyguanosine (dG) which induces toxic imbalances 

in intracellular deoxyribonucleotide triphosphate (dNTP) pools following its phosphorylation and 

trapping by nucleoside kinases. We hypothesized that differential nucleoside uptake or 

catabolism defines cancer cell lines as either sensitive or resistant to PNP inhibition. Among 

cancer cell lines we found that T-cell acute lymphoblastic leukemia (T-ALL) cells are uniquely 

and acutely sensitive to PNP inhibition whereas the B-cell leukemia and solid tumor models are 

completely resistant. We determined that although the nucleoside scavenging kinase 

deoxycytidine kinase (dCK) was active in all cells tested, PNP inhibitors only induced dGTP pool 

increases in sensitive models. By evaluating the expression of key genes involved in nucleotide 

scavenging, biosynthesis, and phosphohydrolysis in a panel of sensitive and resistant cell lines 

we found that the dNTP phosphohydrolase sterile alpha-motif and histidine-aspartate domain-

containing protein 1 (SAMHD1) was exclusively expressed in resistant cells. 

Using CRISPR/Cas9 SAMHD1 knockout cell lines, we verified that PNP inhibitor sensitivity is a 

function of SAMHD1 expression and determined that the pharmacological inhibition of dCK or 

genetic restoration of SAMHD1 conferred resistance to PNP inhibition. Importantly, we 

determined that low expression of SAMHD1 is not limited to T-ALL as subset of established and 

primary solid tumors models are SAMHD1-deficient. These solid tumor models were 

consistently acutely sensitive to PNP inhibitors which indicates that the utility of PNP inhibitors 

extends beyond hematological malignancies. Additionally, we found that deoxycytidine (dC) can 

limit the anti-proliferative effects of PNP inhibitors by competing with dG for phosphorylation by 

dCK but this effect can be overcome by expression of dC-catabolizing gene cytidine deaminase 

(CDA). Collectively, these results indicate that SAMHD1, dCK and CDA are critical biomarkers 

that must be used to stratify patients in clinical trials evaluating pharmacological PNP inhibition. 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INTRODUCTION 

A sufficient supply of deoxyribonucleotide triphosphates (dNTPs) is essential for cell growth, 

survival and proliferation1,2. Thus, the metabolic network that is responsible for the synthesis of 

dNTPs is tightly regulated by transcriptional, post-translational and allosteric control 

mechanisms3,4. Actively proliferating cancer cells are particularly reliant on dNTP biosynthesis 

and this non-oncogene addiction has been leveraged clinically by the use of small molecule 

inhibitors of rate-limiting metabolic enzymes including dihydroorotate dehydrogenase (DHODH), 

ribonucleotide reductase (RNR), dihydrofolate reductase (DHFR) and thymidylate synthase 

(TYMS)5. These drugs restrict the ability of cancer cells to synthesize dNTPs and trigger cell 

cycle arrest: effectively preventing cell proliferation.  

Beyond insufficiency, imbalance among dNTP pools results in mutagenesis, altered cell cycle 

progression or death in specific cell types and has been linked to defects in development. 

Examples include development of mitochondrial neurogastrointestinal encephalopathy 

syndrome (MNGIE) as a consequence of down-regulation of the thymidine catabolizing gene 

thymidine phosphorylase (TYMP) and impaired T-cell development in deoxycytidine kinase 

(dCK) knockout mice resulting from unchecked expansion of dTTP pools in developing 

hematopoietic cells6,7. Intriguingly, the cell type specific lethality resulting from dNTP imbalance 

has also been linked to the pathology of severe-combined immuno-deficiency (SCID) a 

hereditary genetic disorder in humans that is characterized by compromised immune function 

and premature death. Giblett and colleagues were among the first to identify that inherited 

inactivating mutations in the nucleotide catabolic enzymes adenosine deaminase (ADA) and 

purine nucleoside phosphorylase (PNP) drive the development of SCID8,9. ADA and PNP 

function sequentially in the catabolism of purine deoxyribonucleosides dA and dG and counter 

their intracellular accumulation mediated by deoxycytidine kinase dCK4. For reasons not well 

understood defective dG catabolism results in remarkably selective T-cell defects, and 

otherwise normal cellular development, in individuals with PNP-linked SCID (Figure 4.1)10. 
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 The T-cell specific phenotype associated with PNP-SCID is thought to be related to the 

expression pattern of the nucleoside kinases dCK and preferential dG uptake in these tissues11.  

Decades later, the observations made by Giblett and colleagues were leveraged for the 

treatment of cancer with the rationale that pharmacological inhibition of ADA or PNP could be an 

effective strategy for patients affected by T- and B- cell leukemias and lymphomas12. In the 

1990s, Schramm and colleagues spearheaded the effort to develop small molecule PNP 

inhibitors using their knowledge of the transition state substrate-enzyme structure to rationally 

design drugs with exceptionally high potency and selectivity (Figure 4.2)13,14. PNP inhibitors 

prevent the catabolism of deoxyguanosine (dG) to guanine and deoxyribose-1-phosphate 

thereby allowing the intracellular conversion of dG to dGTP which can prevent de novo 

biosynthesis of pyrimidine dNTPs via allosteric inhibition of RNR15,16. Pharmacological PNP 

inhibition was found to selectively eradicate T-cell leukemias in vitro thus mimicking the 

phenotype of SCID14. With these encouraging results, the PNP inhibitor Forodesine (also known 

as BCX-1777 or Immucillin H) progressed to clinical trials for the treatment of relapsed/refectory 

T- and B-cell leukemias and lymphomas and received approval for the treatment of peripheral T-

cell lymphoma in Japan in 201717,18. Despite excellent tolerability and pharmacodynamic 

properties in humans (evidenced by plasma accumulation of the PNP substrate dG and 

depletion in the product of dG catabolism, uric acid) efficacy was observed only in a small 

subset of patients. 

It remains an open challenge to identify biomarkers predictive of PNP inhibitor response in 

cancer. Multiple markers such as ATM, p53, ZAP-70, HGPRT and various nucleoside 

transporters have been studied in this context but alone do not predict sensitivity19,20. With the 

goal of identifying metabolic determinants of PNP inhibitor response, we focused our 

investigation on heterogeneity in nucleoside uptake, accumulation and catabolism across 

panels of cancer cell lines (Figure 4.3A). We found that the dNTP phosphohydrolase sterile 

alpha-motif and histidine-aspartate domain-containing protein 1 (SAMHD1), which catabolizes 

dGTP into dG and triphosphate, is exclusively expressed in resistant cell lines (Figure 4.3B). 
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We confirmed a role for SAMHD1 in the activity of PNP inhibitors using both loss-of-function and 

gain-of-function genetic models. Additionally, we identified several solid tumor cell lines, 

including lung cancer and melanoma, which are SAMHD1-deficient and confirmed that these 

models were sensitive to PNP inhibition. Collectively these results demonstrate that SAMHD1 

activity and not disease type per se defines PNP inhibitor sensitivity. 
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RESULTS 

SAMHD1 mediates response to PNP inhibition in leukemia cell lines  

To identify cell line models sensitive and resistant to PNP inhibition, we evaluated the anti-

proliferative effects of dG, Forodesine (PNPi), and the combination across a panel of T- and B-

acute lymphoblastic leukemia (ALL) cell lines using Cell Titer Glo. Importantly, PNP deficiency 

alone does not impair cell proliferation or survival in vitro and endogenously generated 

concentrations of its substrate dG must be supplemented to recapitulate the PNP-loss of 

function phenotype observed in vivo. We found that the T-ALL cell lines CCRF-CEM, JURKAT 

and MOLT4 were eradicated by the combination whereas the B-ALL models NALM6 and RS411 

were unaffected (Figure 4.4A). We confirmed these findings using flow cytometry cell cycle 

analysis in which we observed an increase in the percentage of sub-G1 cells, a maker for cell 

death, following PNP inhibition only in T-ALL models (Figure 4.4B). Using immunoblot analysis, 

we found that PNP inhibitor treatment only induced DNA damage (evidenced by H2AXS139 

phosphorylation) and apoptosis (evidenced by cleaved caspase 3 accumulation) in CCRF-CEM 

and not in NALM6 cells (Figure 4.4C).  

We reasoned that heterogeneity in the sensitivity to PNP inhibition could arise from the 

differential expression of key metabolic genes essential for the synthesis and accumulation of 

dGTP. These genes include PNP itself, dCK, essential and non-redundant for its ability to 

phosphorylate dG to dGMP, and SAMHD1, a dNTP phosphohydrolase that catabolizes dGTP to 

dG (Figure 4.4D). By probing the Cancer Cell Line Encyclopedia (CCLE) gene expression 

database, we found that dCK and PNP were expressed at similar levels across T- and B-ALL 

cell line models21. In contrast, SAMHD1 was found to be expressed at high levels exclusively in 

B-ALL cell lines and undetectable in a subset of T-ALL cell lines (Figure 4.4E). Using 

immunoblot analysis, we confirmed at the protein level that dCK is expressed at similar levels 

across T- and B-ALL models but SAMHD1 is only detected in B-ALL cell lines (Figure 4.4F). To 

functionally validate the role of SAMHD1 in the response to PNP inhibition we engineered a 
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CCRF-CEM genetic variant that constitutively expresses human SAMHD1 (Figure 4.4G). We 

found that expression of SAMHD1 rendered CCRF-CEM cells completely resistant to the anti-

proliferative (Figure 4.4H) and cytotoxic effects of PNP (Figure 4.4I).  

SAMHD1-deficient solid tumor models are sensitive to PNP inhibitors. 

To evaluate the spectrum of SAMHD1 expression across cancers and to determine if low 

SAMHD1 expression was unique to T-ALL, we extended our analysis to the complete CCLE 

gene expression dataset (Figure 4.5A). We identified several additional cell lines exhibiting low 

expression of SAMHD1, including melanoma, lung adenocarcinoma and acute myeloid 

leukemia cell lines. We hypothesized that low SAMHD1 expression, and not disease type per 

se, predicts response to PNP inhibitors across cancer cell line models. To test this we evaluated 

the activity of PNPi in the EGFR-mutant, SAMHD1-deficient lung adenocarcinoma cell line 

HCC827 and found that the combination of dG and PNPi induced cell cycle arrest in this model 

(Figure 4.5B). We determined that this associated with proliferation inhibition by performing 

crystal violet analysis of HCC827 cell cultured treated for 7 days (Figure 4.5C). 

To functionally validate the role of SAMHD1 in the response of solid tumor cell line models to 

PNP inhibition, knocked out SAMHD1 in the pancreatic cancer cell line SUIT2 using CRISPR/

Cas9. We found that while parental cells were completely resistant to PNPi, SAMHD1 knockout 

cells exhibited DNA damage in response to PNPi. While dCK is the only cytosolic nucleoside 

kinase capable of phosphorylating dG, dG is also a substrate for the mitochondria-localized 

deoxyguanosine kinase (dGK) and SAMHD1 has been shown to generate substrates for dGK in 

the mitochondria22. Furthermore, dCK inactivation has also been associated with resistance to 

dG-mediated toxicity in PNP-deficient T-lymphoma cells15. We found that the lethality of PNP 

inhibitors be completely prevented by supplementing with a small molecule dCK inhibitor 

indicating that phosphorylation of dG by dGK does not contribute to the observed lethality at 

these timepoints (Figure 4.5D)4. Additionally, using crystal violet analysis we found that the 
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proliferation of only SAMHD1 knockout cells could be prevented by PNP inhibitors and that this 

anti-proliferative effect could be completely blocked by a dCK inhibitor (Figure 4.5E). 

Collectively, these results demonstrate that SAMHD1 expression predicts sensitivity to PNP 

inhibitors across leukemia and solid tumor cell line models.  

A subset of primary melanoma cell line models are deficient in SAMHD1 expression and 

are sensitive to PNP inhibitors 

To investigate the extent of SAMHD1-deficiency across solid tumor models we profiled the 

expression of SAMHD1 in a panel of 51 primary melanoma cell lines derived at UCLA (Figure 

4.6A). We found that among these models, 2 exhibited undetectable levels of the SAMHD1 

transcript (M230, M418) and we confirmed these findings using immunoblot analysis (Figure 

4.6B). SAMHD1 function is tightly regulated by transcriptional, post-transcriptional and allosteric 

control mechanisms and SAMHD1 has been identified as an interferon (IFN)-stimulated gene 

23,24. To determine if SAMHD1 expression can be induced in M230 and M418 cells by IFN, we 

exposed a panel of melanoma cell lines to either type I (IFNβ) or type II (IFNγ) IFN for 24 h and 

measured SAMHD1 expression using immunoblot analysis (Figure 4.6B). We found that all 

models tested responded to both type I and type II interferon by increasing the expression of a 

canonical interferon stimulated gene STAT1, however, SAMHD1 expression was only induced 

by IFN in cell line models in which SAMHD1 is detectable at baseline. Impaired SAMHD1 

expression in M418 and M230 cells could result from mutational inactivation, which has been 

described in the contested of chronic lymphocytic leukemia, or aberrant promoter methylation 

which as been described in the context of lung cancer25,26.  

We confirmed that PNP inhibition selectively inhibited proliferation in SAMHD1-deficient primary 

melanoma models using crystal violet analysis (Figure 4.6C). Similarly, we observed that PNPi 

only induced cell cycle arrest in SAMHD1-deficient models (Figure 4.6D). 
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dC mitigates the anti-proliferative effects of PNP inhibitors 

An additional factor influencing the cytotoxicity of PNP inhibitors is the competition between dG 

and other deoxyribonucleosides, for dCK (Figure 4.7B). dCK can accept dC, dG and dA as 

substrates but exhibits an 15-fold higher affinity for dC over the other purine 

deoxyribonucleosides (BRENDA:EC2.7.1.74). Furthermore, phosphorylation of dCK by ATR 

further increases its ability to phosphorylate dC while not impacting dA, or dG 

phosphorylation27,28. In this model, the dC catabolizing enzyme cytidine deaminase (CDA) can 

promote the activity of PNP inhibitors by eliminating dC and decreasing competition with dG for 

dCK. To test this model, we evaluated the ability of dC to prevent the anti-proliferative effect of 

PNP Inhibition in CCEF-CEM YFP control cells and CDA over-expressing cells (Figure 4.7B). In 

CCRF-CEM YFP cells, PNP inhibition decreased proliferation to 1% of control and 

supplementation 1 µM dC was sufficient to counteract the effects of PNPi and restored 

proliferation to 60% of control. Overexpression of CDA prevented this rescue. We have 

previously reported that plasma dC various greatly across species with levels ranging from 10 

nM in human plasma and non-human primates to > 1 µM in rodents (Figure 4.7C; figure 

adapted from Kim et al. PNAS. 2016). It is conceivable that plasma deoxycytidine can prevent 

the activity of PNPi and can confound the study of PNP inhibitors in mice. Thus, high-CDA 

expression should be considered a requisite biomarker for PNP inhibitor sensitivity alongside 

low-SAMHD1 expression. 

SAMHD1 prevents the anti proliferative effects of thymidine 

Having observed that SAMHD1 can protect cancer cells from dGTP pool imbalance resulting 

from PNP inhibition we investigated whether SAMHD1 can prevent the anti-proliferative effects 

of imbalances in other dNTP pools. Elevations in dTTP, dATP or dGTP, but not dCTP, have been 

linked to impaired cell proliferation which results from allosteric inhibition of RNR4. 

Supplementation of cell cultures with high levels of the pyrimidine nucleoside thymidine is a well 
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established approach to inhibit cell proliferation and synchronize cells in S-phase29. Thymidine 

induced cell cycle arrest is the result of unchecked dTTP pool expansion and allosteric inhibition 

of CDP reduction by RNR. This “thymidine block” can be completely reversed by 

supplementation with dC in a dCK-dependent manner. This phenotype extends in vivo and is 

the cause of impaired T-cell development observed in dCK knockout mice30. We found that 

SAMHD1 KO cells exhibited a 200-fold lower thymidine IC50 than SAMHD1 WT controls (Figure 

4.8A). This selectivity was unique to thymidine and did not extend to other RNR inhibitors, 

including 3-AP, which function by preventing RNR tyrosyl radical regeneration4. Similar 

selectivity was observed using crystal violet proliferation analysis (Figure 4.8B). Additionally, we 

found that the induction of pCHEK1S345 and pH2A.XS139 by dT treatment was enhanced in the 

SAMHD1 KO cells. Collectively these results indicate that SAMHD1 protects cancer cells from 

toxic imbalances in both purine and pyrimidine dNTP pools. 

Ulodesine and forodesine exhibit comparable potency and selectivity 

In addition to forodesine an additional small molecule inhibitor of PNP, Ulodesine (also known 

as BCX-4208) has been developed and evaluated in humans for the treatment of gout31. To 

determine if ulodesine exhibits similar potency and selectivity towards SAMHD1-deficient cancer 

cells we evaluated inhibition of cell proliferation using Cell Titer Glo (Figure 4.9). We found that 

both forodesine and ulodesine impaired HCC827 proliferation selectively in the presence of dG 

with IC50 values of 71 and 21 nM respectively. We expanded this analysis to a panel of cancer 

cells and found that ulodesine selectively impaired the proliferation of SAMHD1 deficient cancer 

cell lines JURKAT, CCRF-CEM, and HCC827 while exhibiting negligible activity against 

SAMHD1-proficient SUIT2 and NALM6 cells (Figure 4.10A). We confirmed a role for SAMHD1 

by demonstrating that overexpression of SAMHD1 in CCRF-CEM resulted in resistance and 

CRISPR/Cas9 knockout of SAMHD1 in SUIT2 cells rendered them sensitive to ulodesine 

(Figure 4.10B). 
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CDA overexpression mitigates competition between dC and dG in HCC827 cells 

To determine if CDA can prevent the competition between dC and dG in HCC827 cells we 

generated CDA over-expressing HCC827 cells using retroviral transduction. We found that 

HCC827 cells express CDA endogenously which was enhanced with overexpression (Figure 

4.11A). We found that dC could prevent the lethality of the dG/ulodesine combination with an 

EC50 of 1.9 µM in control cells. The dC EC50 was increased over 11-fold to 21 µM in the CDA 

over-expressing isogenic cells (Figures 4.11B, 4.11C). 

!176



Figure 4.1 | Impaired purine nucleoside phosphorylase activity results in toxic dGTP 

accumulation in T-cells. RNR: ribonucleotide reductase; dCK: deoxycytidine kinase; PNP: 

purine nucleoside phosphorylase; ENT: equilibrative nucleoside transporter.  
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RNR: ribonucleotide reductase; dCK: deoxycytidine kinase; PNP: purine nucleoside phosphorylase; ENT: 

equilibrative nucleoside transporter. 
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4.2 | Potent, selective inhibitors of PNP have been developed and applied in the treatment 

of cancer. (A) Summary of small molecule PNP inhibitors. (B) Timeline of the development and 

translation of PNP inhibitors for the treatment of cancer. 
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Figure 4.3 | Metabolic determinants of PNP inhibitor sensitivity. (A) Lack of response to 

PNP inhibition can be explained by insufficient dG phosphorylation (dCK activity) or enhanced 

catabolism. (B) SAMHD1 is a dNTP triphosphohydrolase. Summary of nucleotide binding to 

allosteric regulation sites. 
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Figure 4.3 | Metabolic determinants of PNP inhibitor sensitivity. (A) Lack of response to PNP inhibition can be 

explained by insufficient dG phosphorylation (dCK activity) or enhanced catabolism. (B) SAMHD1 is a dNTP 

triphosphohydrolase.
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Figure 4.4ㅣPurine nucleoside phosphorylase (PNP) inhibition is selectively lethal in a 

subset of acute lymphoblastic leukemia cell lines. (A) Cell Titer Glo analysis of acute 

lymphoblastic leukemia cell line panel treated with 5 µM dG ±1 µM BCX-1777 for 72 h (PNPi, 

n=4). (B) Propidium iodide (PI) cell cycle analysis of acute lymphoblastic leukemia cell lines 

treated with 5 µM dG ± 1 µM BCX-1777 for 24 h. Insert indicate percentage of Sub-G1 

population. (C) Immunoblot analysis of NALM6 or CCRF-CEM cells treated with 5 µM dG ± 1 

µM BCX-1777 for 24 h. (D) Model summarizing metabolic defects potentially explaining 

sensitivity to PNP inhibitors. (E) Expression of dCK, PNP and SAMHD1 across T-ALL cell lines 

in the Cancer Cell Line Encyclopedia (CCLE) RNAseq dataset. (F) Immunoblot analysis of dCK 
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Figure 4.4ㅣ Purine nucleoside phosphorylase (PNP) inhibition is selectively lethal in a subset of acute 

lymphoblastic leukemia cell lines. (A) Cell Titer Glo analysis of acute lymphoblastic leukemia cell line panel 

treated with 5 µM dG ±1 µM BCX-1777 for 72 h (PNPi, n=4). (B) Propidium iodide (PI) cell cycle analysis of acute 

lymphoblastic leukemia cell lines treated with 5 µM dG ± 1 µM BCX-1777 for 24 h. Insert indicate percentage of 

Sub-G1 population. (C) Immunoblot analysis of NALM6 or CCRF-CEM cells treated with 5 µM dG ± 1 µM BCX-1777 

for 24 h. (D) Model summarizing metabolic defects potentially explaining sensitivity to PNP inhibitors. (E) Expression 

of dCK, PNP and SAMHD1 across T-ALL cell lines in the Cancer Cell Line Encyclopedia (CCLE) RNAseq dataset.  

(F) Immunoblot analysis of dCK and SAMHD1 expression in T- and B- ALL cell lines. (G) Immunoblot validation of 

SAMHD1 overexpression in CCRF-CEM T-ALL cells. (H) Cell Titer Glo analysis of CCRF-CEM YFP control and 

SAMHD1-over-expressing isogenic cells treated with 5 µM dG ± 1 µM BCX-1777 for 72 h (PNPi, n=4). (I) PI cell 

cycle analysis of CCRF-CEM YFP control and SAMHD1-over-expressing isogenic cells treated with 5 µM dG ± 1 µM 

BCX-1777 for 24 h. Insert indicate percentage of Sub-G1 population. 
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and SAMHD1 expression in T- and B- ALL cell lines. (G) Immunoblot validation of SAMHD1 

overexpression in CCRF-CEM T-ALL cells. (H) Cell Titer Glo analysis of CCRF-CEM YFP 

control and SAMHD1-over-expressing isogenic cells treated with 5 µM dG ± 1 µM BCX-1777 for 

72 h (PNPi, n=4). (I) PI cell cycle analysis of CCRF-CEM YFP control and SAMHD1-over-

expressing isogenic cells treated with 5 µM dG ± 1 µM BCX-1777 for 24 h. Insert indicates 

percentage of sub-G1 population.  
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Figure 4.5ㅣSAMHD1 protects solid tumor-derived cell lines from PNP inhibition. (A) 

SAMHD1 expression in the cancer cell line encyclopedia (CCLE) RNAseq dataset. (B) PI cell 

cycle analysis of the HCC827 non-small cell lung cancer cell line treated with 5 µM dG ± 1 µM 

BCX-1777 (PNPi) for 24 h. (C) Crystal violet analysis of HCC827 cells treated for 7 d with 5 µM 

dG ± 1 µM PNPi for 7 d. Media was refreshed every 72 h. (D) Immunoblot analysis of SUIT2 

wild-type (WT) and SAMHD1 knockout (KO) cells treated for 24 h + 5 µM dG ± 1 µM forodesine 

± 1 µM (R)-DI-82 (dCKi). (E) Crystal violet analysis of SUIT2 WT and SAMHD1 KO cells treated 

for 7 d with 5 µM dG ± 1 µM PNPi ± 1 µM dCKi for 7 d. Media was refreshed every 72 h. 
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DI-82 (dCKi). (E) Crystal violet analysis of SUIT2 WT and SAMHD1 KO cells treated for 7 d with 5 µM dG ± 1 µM 

PNPi ± 1 µM dCKi for 7 d. Media was refreshed every 72 h.
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Figure 4.6 | SAMHD1 expression is heterogeneous in primary melanoma cell lines and 

SAMHD1 deficient cells are sensitive to PNP inhibition. (A) RNAseq analysis of SAMHD1 

transcript levels in a panel of 51 primary melanoma cell lines. (B) Immunoblot analysis of 

representative melanoma cell lines following 24 h treatment with 100 U/mL IFNβ or 1 ng/mL 

IFNγ. (C) Crystal violet staining following 7 d treatment with 1 µM PNPi (BCX-1777) in the 

presence of 10 µM dG. (D) PI cell cycle analysis following 24 h treatment with 1 µM PNPi in the 

presence of 10 µM dG. 

!183

M418
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cells are sensitive to PNP inhibition. (A) RNAseq analysis of SAMHD1 transcript levels in a panel of 51 primary 
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Figure 4.7 | Deoxycytidine (dC) competes with dG for phosphorylation by dCK. (A) 

Schematic overview of the competition between dC and dG for dCK. Cytidine deaminase (CDA) 

breaks down dC and prevents competition with dG. ENT: equilibrate nucleoside transporter. (B) 

Cell Titer Glo analysis of CCRF-CEM YFP and CCRF-CEM CDA over expressing cell lines 

treated +10 µM dG +1 µM BCX-1777 ± a titration of dC for 72 h.(C) Plasma dC in human, non-

human primate (NHP), C57BL/6 and rats (figure adapted from Kim et al. PNAS. 2016). 
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Figure 4.7 | Deoxycytidine competes with dG for phosphorylation by dCK. (A) Schematic overview of the 

competition between dC and dG for dCK. Cytidine deaminase (CDA) breaks down dC and prevents competition with 

dG. ENT: equilibrate nucleoside transporter. (B) Cell Titer Glo analysis of CCRF-CEM YFP and CCRF-CEM CDA 

over expressing cell lines treated +10 µM dG +1 µM BCX-1777 ± a titration of dC for 72 h.(C) Plasma dC in human, 

non-human primate (NHP), C57BL/6 and rats.
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Figure 4.8 | SAMHD1 prevents the toxicity of thymidine. (A) Cell Titer Glo analysis of SUIT2 

WT and SAMHD1 KO cells treated with a titration of dT or 3-AP for 72 h (mean±SD; n=4). (B) 

Crystal violet analysis of SUIT2 WT and SAMHD1 KO cells treated for 7 d ±100 µM dT. Media 

was refreshed every 72 h. (C) Immunoblot analysis of SUIT2 WT and SAMHD1 KO cells treated 

for 24 h ±100 µM dT. 
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Figure 4.9 | Ulodesine exhibits potency and selectivity similar to forodesine. Cell Titer Glo 

analysis of HCC827 cells treated with a titration of forodesine (BCX-1777) or ulodesine for 72 h 

±10 µM dG (mean±SD; n=4). 
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Figure 4.9 | Ulodesine exhibits potency and selectivity similar to forodesine. (A) Cell Titer Glo analysis of 

HCC827 cells treated with a titration of forodesine (BCX-1777) or ulodesine for 72 h ±10 µM dG (mean±SD; n=4).
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Figure 4.10 | Ulodesine exhibits selective activity in SAMHD1-deficient cancer cell lines. 

(A) Cell Titer Glo analysis of hematopoietic cancer cell lines JURKAT, NALM6, CCRF-CEM and 

CCRF-CEM SAMHD1 over-expressing cells treated with a titration of ulodesine for 72 h ±1 µM 

dG (mean±SD; n=4). (B) Cell Titer Glo analysis of solid cancer cell lines SUIT2, HCC827 and 

SUIT2 SAMHD1 CRISPR/Cas9 KO cells treated with a titration of ulodesine for 72 h ±5 µM dG 

(mean±SD; n=4). 
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Figure 4.10 | Ulodesine exhibits selective activity in SAMHD1-deficient cancer cell lines. (A) Cell Titer Glo 

analysis of hematopoietic cancer cell lines JURKAT, NALM6, CCRF-CEM and CCRF-CEM SAMHD1 over-

expressing cells treated with a titration of ulodesine for 72 h ±1 µM dG (mean±SD; n=4). (B) Cell Titer Glo analysis of 

solid cancer cell lines SUIT2, HCC827 and SUIT2 SAMHD1 CRISPR/Cas9 KO over-expressing cells treated with a 

titration of ulodesine for 72 h ±5 µM dG (mean±SD; n=4).
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Figure 4.11 | CDA overexpression mitigates competition between dC and dG, enhancing

ulodesine activity. (A) Immunoblot analysis of HCC827-YFP and -CDA over-expressing 

isogenic cells. (B) Cell Titer Glo analysis of solid cancer cell lines HCC827 isogenic cells treated 

with 5 µM dG ±1 µM ulodesine ±dC for 72 h (mean±SD; n=4). (C) EC50 values for dC from 

experiment in C. 
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(mean±SD; n=4). (C) EC50 values for dC from experiment in C.



DISCUSSION 

Synthetic lethality refers to the scenario where impaired function of either of two genes alone is 

tolerated where simultaneous loss results in cell death32. This concept has been explored 

extensively in the context of anti-cancer therapy with the goal of identifying synthetic lethal 

partners with cancer-associated genomic alterations. Perhaps the most well-studied example is 

the acute sensitivity of BRCA1/2-deficient cancer cells to PARP inhibitors33. Here we add to the 

library of synthetic lethal interactions in cancer and identify PNP activity as a targetable co-

dependency of cells for deficient for SAMHD1. 

Mutational inactivation of PNP has been linked linked to a remarkably selective T-cell deficiency 

phenotype in humans. We propose that the lack of SAMHD1 expression in developing 

thymocytes, and not dCK expression alone, underlies this selectivity. Interestingly, similar tissue 

selective-developmental defects were observed in dCK knockout mice and has been linked to 

an imbalanced dTTP pool, and observation which suggests that SAMHD1 may play a role in this 

phenotype30. SAMHD1 has been shown to be expressed in mature T-cells but the reasons for 

its inactivation in developing hematopoietic tissues are unclear34. This altered expression may 

be linked to the high-rate of proliferation, and high dNTP demand, of these developing cells and 

is likely that ALL cells are progeny of this SAMHD1-deficient immature T-cell population. An 

important corollary of our work is the finding that pharmacological dCK inhibition mitigates the 

phenotypes associated with PNP inactivation which suggests that dCK inhibitors could have 

utility in the treatment of PNP or ADA-linked SCID. 

Interestingly, dGTP functions not only as a substrate by also as an allosteric activator of 

SAMHD1 which possesses two nucleotide-binding allosteric regulatory sites that effectively tune 

its function. Allosteric site 1 binds either GTP or dGTP and allosteric site 2 binds either dGTP, 

dATP, dCTP or dTTP. While the species of allosteric site-bound nucleotides influences the Km of 

SAMHD1 for its substrate, the Km for dGTP is lowest regardless of the combination of bound 

!189



regulatory nucleotides24. Taken together, these findings suggest that a primary function of 

SAMHD1 is to sense and restrict any increases in dGTP pool size. 

We found that PNP inhibition triggers replication stress, DNA damage and apoptosis in 

SAMHD1-deficient cells. However, the mechanistic link between dGTP pool expansion and 

induction of these phenotypes remains incompletely defined. The lethal effects of dGTP pool 

imbalance could reflect dNTP insufficiency resulting from allosteric inhibition of pyrimidine 

nucleotide reduction by RNR15. Small molecule inhibitors of ATR, including VE-822 and 

AZD6738, are currently being investigated in phase I/II trials against solid tumors and may 

represent rational companions for PNP inhibitors35. Furthermore, as SAMHD1-deficiency is a 

requirement for PNP activity in cancer cells the development of SAMHD1 inhibitors would 

broaden the patient population that could be treated with forodesine or ulodesine. However, 

systemic non-specific toxicity is a potential limitation of this approach and it remains to be 

determined whether a sufficient therapeutic window exists for combinations of PNP and 

SAMHD1 inhibitors. 

Several nucleoside analog PET probes have been developed and are routinely used in the clinic 

in the oncology setting. The purine nucleoside analog [18F]CFA may be particularly useful in 

identifying tumors most likely to accumulate dGTP following PNP Inhibition as it is sensitive to 

alterations in the expression of both CDA and dCK36.  

SAMHD1 has been implicated as a regulator of multiple biological processes, including: 

retrovirus (HIV) restriction, cGAS/STING activation and therapeutic efficacy of nucleoside-

analog chemotherapies in acute myeloid leukemia37–39. Here, we expand the understanding of 

SAMHD1 function by demonstrating that it also prevents lethal imbalances among natural dNTP 

pools and we identify SAMHD1 expression as a biomarker for PNP inhibitor activity.  

As PNP inhibitors have demonstrated excellent bioavailability in humans our work strongly 

strongly supports reigniting their evaluation in biomarker driven clinical trials for the treatment of 

cancer. Collectively, our results indicate that SAMHD1, CDA and dCK expression are requisite 
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biomarkers that must be taken into consideration in any future clinical trials evaluating PNP 

inhibitors. Additionally, our findings challenge the dogma that disease type (i.e. T-cell leukemia/

lymphoma) predicts PNP inhibitor activity and provides evidence that PNP inhibitors may have 

utility in the treatment of a precisely defined subset of both hematological cancers and solid 

tumors. 
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METHODS 

Experimental Model and Subject Details 

Cell culture 

All cell cultures were between passages 3 and 20 and maintained in antibiotic free DMEM or 

RPMI +10% dialyzed FBS, at 37ºC in 5% CO2. We 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. 

Drugs 

Drug stocks were prepared in DMSO or H2O and diluted fresh in cell culture media prior to 

treatment. 

Method Details 

Propidium iodide cell cycle analysis 

Treated cells were washed with PBS and suspended in propidium iodide cell cycle staining 

solution (100 µg/ml propidium iodide; 20 µg/ml Ribonuclease A). 10,000 events were collected 

per sample. All flow cytometry data were acquired on five-laser BD LSRII, and analyzed using 

FlowJo software (Tree Star). 

Viability analysis 

For Cell Titer Glo analysis cells were plated at 1x103 cells / well in 50 µl / well in white opaque 

384-well plates and treated as described. Following incubation 50 µl of Cell Titer Glo reagent 

(Diluted 1:5 in dH2O) was added to each well, plates incubated at room temperature for 5 m and 

luminescence was measured using a BioTek microplate luminescence reader. Proliferation rate 

normalized growth inhibition was calculated using the previously described GR metric. 
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For crystal violet staining, cells were plated in 6-well cell culture plates at 1x104 cells/well and 

treated as described. Following treatment cells were fixed by incubating in 4% PFA in PBS for 

15 m at room temperature. Plates were subsequently washed with PBS and stained with 0.1% 

crystal violet in H2O for 15 m at room temperature. 

Immunoblot analysis 

PBS-washed cell pellets were resuspended in cold RIPA buffer supplemented with protease and 

phosphatase inhibitors. Protein lysates were normalized using BCA assay, diluted using RIPA 

and 4x laemmli loading dye, resolved on 4-12% Bis-Tris gels and electro-transferred to 

nitrocellulose membranes. After blocking with 5% nonfat milk in TBS + 0.1% Tween-20 (TBS-T), 

membranes were incubated overnight in primary antibodies diluted (per manufacturers 

instructions) in 5% BSA in TBS-T. Membranes were washed with TBST-T and incubated with 

HRP-linked secondary antibodies prepared at a 1:2500 dilution in 5% nonfat dry milk in TBS-T. 

HRP was activated by incubating membranes with a mixture of SuperSignal Pico and 

SuperSignal Femto ECL reagents (100:1 ratio). Exposure of autoradiography film was used for 

detection. 

Retroviral transduction and stable cell line generation 

The pMSCV-hCDA-IRES-EYFP plasmid was described previously40. Amphotropic retroviruses 

were generated by transient co-transfection of the MSCV retroviral plasmid and pCL-10A1 

packaging plasmid into Phoenix-Ampho packaging cells. 

Generation of SAMHD1 knockout cells using CRISPR/Cas9 

A SAMHD1-targeting gRNA was cloned into the lentiCRISPRv2 backbone and used for 

transfection of SUIT2 cells using Lipofectamine3000. Following transfection, SUIT2 cells were 

selected with 5 µg/mL puromycin for 72 h and singly cloned in 96-well plates. Knockout clones 

were validated using immunoblot analysis. 
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CHAPTER 4 Key Resource Table 
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Reagents Source Identifier
DMEM Corning 10-107-CV

Fetal Bovine Serum Omega Scientific FB-11 
Forodesine MedChem Express HY-16209
BCA Assay ThermoFisher Scientific 23225

RIPA protein lysis buffer Boston BioProducts BP-115
Laemmli Loading Dye Boston BioProducts BP-110R
4-12% Bis-Tris Gels ThermoFisher Scientific NP0336

Nitrocellulose Membrane ThermoFisher Scientific 88018
Nonfat Dry Milk ThermoFisher Scientific M-0841

Tris-Buffered Saline ThermoFisher Scientific 50-751-7046
Tween-20 Sigma-Aldrich P9416

SuperSignal West Pico ThermoFisher Scientific 34580
SuperSignal West Femto ThermoFisher Scientific 34095

Autoradiography Film Denville E3012
Crystal Violet Sigma-Aldrich C0775

Critical Commercial Assays Source Identifier
CellTiter-Glo Promega G7572

MycoPlasma Detection Kit Sigma-Aldrich MP0025

Key Resource Table

Antibodies Source Identifier
TOTAL STAT1 Cell Signaling Technology 14994

ACTIN Cell Signaling Technology 3700
SAMHD1 Cell Signaling Technology 12361

TOTAL CHEK1 Cell Signaling Technology 2360
PHOSPHO CHEK1 S345 Cell Signaling Technology 2348
PHOSPHO H2AX S139 Cell Signaling Technology 9718

dCK Owen Witte Lab (UCLA) Clone #9D4
ANTI-RABBIT IgG, HRP-LINKED Cell Signaling Technology 7074
ANTI-MOUSE IgG, HRP-LINKED Cell Signaling Technology 7076

Oligonucleotides Sequence Vector
SAMHD1 gRNA GTCATCGCAACGGGGACGCT LENTICRISPR V2 (addgene #52961)

Vector Source Identifier
Lenticrispr V2 Addgene 52961

Software Source Identifier
Prism 6 GraphPad Software N/A

Flowjo 7.6 TreeStar N/A
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CHAPTER 5 

A Metabolic Modifier Screen Reveals Secondary 

Targets of Protein Kinase Inhibitors Within 

Nucleotide Metabolism 

!199



ABSTRACT 

Biosynthesis of the pyrimidine nucleotide uridine monophosphate (UMP) is essential for cell 

proliferation and is achieved by the activity of convergent de novo and salvage metabolic 

pathways. Here, we report the development and application of a cell-based metabolic modifier 

screening platform that leverages the redundancy in pyrimidine metabolism for the discovery of 

selective UMP biosynthesis modulators. In evaluating a library of protein kinase inhibitors we 

identified multiple compounds with previously uncharacterized nucleotide metabolism-modifying 

activity. The JNK inhibitor JNK-IN-8 was found to potently inhibit nucleoside transport,. The 

PDK1 inhibitor OSU-03012 (also known as AR-12) and the RAF inhibitor TAK-632 were shown 

to inhibit the therapeutically-relevant enzyme dihydroorotate dehydrogenase (DHODH) and their 

affinities were unambiguously confirmed through in vitro assays and co-crystallization with 

human DHODH.  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INTRODUCTION 

The redundant and plastic nature of metabolic networks represents a significant obstacle in the 

targeting of cancer metabolism. This redundancy manifests in two ways; the first is the 

expression of multiple enzymes that perform identical biochemical reactions, such as the 

hexokinase isozymes which each phosphorylate glucose1; the second is the existence of 

convergent metabolic pathways that produce a common metabolite from unique precursors. 

Such convergent metabolic nodes have been noted in nucleotide2, lipid (cholesterol)3 and amino 

acid (aspartate) metabolism4. 

Despite these difficulties, the development of metabolism modifiers remains a robust area of 

research. One such therapeutically relevant target is pyrimidine nucleotide biosynthesis which 

consists of nucleoside salvage (NSP) and de novo (DNP) pathways which converge to generate 

uridine monophosphate (UMP), the common precursor for all pyrimidine nucleotides5. The NSP 

salvages uridine from the extracellular environment, shuttling it into the cell via nucleoside 

transporters where they are phosphorylated by uridine-cytidine kinases (UCKs) to produce 

UMP. UCK2 is thought to be the primary NSP kinase, given its 20-fold higher catalytic efficiency 

compared to UCK16. The DNP is a six-step process that utilizes glutamine, aspartate, 

bicarbonate and glucose to produce UMP through the action of 3 enzymes: trifunctional CAD, 

electron transport chain-linked dihydroorotate dehydrogenase (DHODH), and bifunctional UMP 

synthase (UMPS). Among DNP enzymes, DHODH in particular has emerged as a therapeutic 

target in multiple cancers including pancreatic ductal adenocarcinoma (PDAC)7–9. Additionally, 

over 90 patent applications involving DHODH inhibition have been filed in the last decade10. 

In this study, we show that the pyrimidine NSP and DNP are interchangeable in their ability to 

sustain cancer cell proliferation and that a synthetic lethal phenotype can be achieved through 

their simultaneous inhibition. We leverage this observation to construct a metabolic modifier 

screen that allows for the identification of selective modulators of NSP and DNP pathways. In 

screening a library of protein kinase inhibitors, we found that the c-Jun N-terminal kinase (JNK) 
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inhibitor JNK-IN-8 is a potent inhibitor of uridine transport which is vital for NSP function, and 

that the 3-phosphoinositide-dependent protein kinase 1 (PDK1) inhibitor OSU-03012 (also 

known as AR-12) and the pan-RAF inhibitor TAK-632 both bind and inhibit the pyrimidine DNP 

enzyme DHODH. 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RESULTS 

Design of a differential metabolic modifier screen for identification of novel modulators 

of pyrimidine nucleotide metabolism 

While the UMP-DNP and -NSP are interchangeable in their ability to sustain cell proliferation, 

their relative activity at baseline (when both pathways are functional) is poorly defined. De novo 

pyrimidine biosynthesis is allosterically inactivated by its end product, UTP, which is also 

produced by the uridine (rU) NSP. This allosteric control functions at the level of the CPSase 

activity of the tri-functional metabolic enzyme CAD, which performs the first committed step in 

de novo pyrimidine biosynthesis (Figure S5.1A)12. To quantitatively evaluate the discrete 

activities of the pyrimidine de novo and salvage pathways, we modified and applied a LC-MS/

MS assay previously used by our group to track the contribution of stable isotope-labeled 

glucose and deoxycytidine to newly replicated DNA2. In this assay, cells are cultured in the 

presence of [13C6]glucose (to track DNP activity) and 10 µM [13C9; 15N2]rU (to track NSP 

activity). Their DNA is then extracted and hydrolyzed and the abundance of stable isotope-

labeled nucleosides is evaluated using LC-MS/MS in the multiple reaction monitoring (MRM) 

mode (Figure S5.1B). We applied this assay to a panel of cancer cell lines and observed a 

heterogenous degree of total labeling ([13C6]glucose + [13C9; 15N2]rU) in the deoxycytidine 

compartment of DNA (DNA-C) after 24 h (Figure S5.1C). Consistent with the aforementioned 

model in which UTP produced by uridine savage allosterically impairs de novo biosynthesis, we 

found that the fractional contribution of [13C9; 15N2]rU exceeded that of [13C6]glucose in all 

models tested (Figure S5.1D). Interestingly, we found heterogeneity in the relative contribution 

of [13C6]glucose and [13C9; 15N2]rU to DNA-C across the cell line panel, which likely reflects 

differential expression or regulation of the various transporters, kinases, nucleotidases, and 

phosphorylases involved in rU salvage. Importantly, we confirmed that the contribution of 

[13C6]glucose to DNA-C could be blocked by NITD-982, an established DHODH inhibitor, and 

likewise the contribution of [13C9; 15N2]rU could be prevented by the FDA-approved nucleoside 

transport inhibitor dipyridamole (DPA; Figure S5.1E)35. Collectively, these results indicate that, 
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under the conditions tested, both the UMP-DNP and -NSP pathways are simultaneously, but not 

equally, active. 

While redundant routes for UMP biosynthesis can complicate targeting, impaired proliferation 

resulting from simultaneous restriction of both de novo (DNP) and salvage (NSP) pathways can 

be used to identify selective modifiers of either NSP or DNP pathway activity (Figure S5.1F). A 

metabolic modifier screen was developed for the discovery of small molecule modulators of 

UMP production by leveraging this biosynthetic redundancy. This cell-based screening platform 

concurrently tests the effects of small molecule compounds on the proliferation of cells in 

baseline (both NSP and DNP active), NSP-only, and DNP-only conditions (Figure 5.1A). 

Molecules which inhibit proliferation in baseline conditions are classified as non-specific 

inhibitors. Those which inhibit proliferation in NSP-only conditions are NSP inhibitors, while 

those that inhibit growth in DNP-only conditions are DNP inhibitors. The screen design was 

validated using the known DHODH inhibitor NITD-982 and the FDA-approved nucleoside 

transport inhibitor dipyridamole (DPA), using Cell Titer Glo (CTG) to evaluate proliferation 

impairment (Figure S5.1G)11. 

Cancer cell lines exhibited varying degrees of sensitivity to DHODH inhibition (as determined by 

doubling-time-normalized proliferation inhibition) and were all rescued by rU supplementation 

(Figure S5.2)13. MIAPACA2 PDAC cells were utilized in the screen due to their ability to 

maintain baseline proliferation levels in NSP-only or DNP-only conditions, while also exhibiting a 

significant decrease in proliferation upon simultaneous NSP and DNP inhibition (Figure S5.3A). 

A library of 430 protein kinase inhibitors was chosen for evaluation, the rationale being twofold. 

First, we hypothesized that our synthetic lethality screen may identify compounds that indirectly 

target pyrimidine metabolism through regulatory signal transduction pathway inhibition. Second, 

because a substantial fraction of kinase inhibitors are ATP-mimetics, thus resembling 

nucleotides, we predicted that protein kinase inhibitors may posses secondary, non-canonical 

targets within nucleotide metabolism. Consistently, several protein kinase inhibitors, specifically 
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those exhibiting similarities with the phenylamino pyrimidine (PAP) imatinib scaffold, and a 

subset of p38 MAPK inhibitors, exhibit activity against nucleoside transporters14,15. This kinase 

inhibitor library was screened at 7-point dose response in duplicate. Composite NSP and DNP 

pathway selectivity scores were calculated for each compound as the sum of condition-specific 

anti-proliferative effects across the dose range (Figure S5.3B). Phenotypic screen quality was 

monitored using the Z-factor metric (Figure S5.3C)16. 

The JNK inhibitor JNK-IN-8, the BTK inhibitor CNX-774, and the VEGFR inhibitor AMG-706 

were active in the NSP-only condition, exhibiting positive NSP-selectivity scores (Figure 5.1B). 

The selectivity of these hits for the NSP was unique among inhibitors of JNK (Figure 5.1C), 

BTK, and VEGFR (Figures S5.3D, S5.3F), indicating this phenotype likely did not result from 

on-target effects. The PDK1 inhibitor OSU-03012 (also known as AR-12) and the pan-RAF 

inhibitor TAK-632 elicited potent and selective inhibition of proliferation in the DNP-only 

condition (Figure 5.1D)17,18. Among the four PDK1 inhibitors and 14 RAF inhibitors tested, 

OSU-03012 and TAK-632 were unique in their ability to selectively inhibit the DNP, suggesting 

that their ability to inhibit the pyrimidine DNP was not the consequence of on-target effects 

(Figures 5.1E, 5.1F). 

Microplate immunofluorescence microscopy nuclei scoring analysis of MIAPACA2 cells stained 

with Hoechst 33342 was performed as an orthogonal approach to validate the screen hits. 

These studies confirmed the culture-condition selectivity of our hits and validated the results of 

the CTG-based screen (Figures S5.3G, 5.H). Additionally, we performed trypan-blue exclusion 

cell scoring in a second cancer cell line, JURKAT, to confirm hit selectivity (Figure 5.3J).  

In addition to its non-redundant role in de novo pyrimidine nucleotide biosynthesis, DHODH 

functions as an electron donor in the mitochondrial electron transport chain19. To exclude the 

possibility that the selective activity of JNK-IN-8 reflects an interaction with NITD-982 at the level 

of electron transport chain modulation, we synthesized and evaluated N-phosphonacetyl-L-

aspartate (PALA), an inhibitor of CAD which functions upstream of DHODH20,21. We determined 
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that JNK-IN-8 inhibits JURKAT cell proliferation when both PALA and rU are present in the 

culture media, supporting that its selective activity results from the inhibition of uridine salvage 

(Figure S5.4A). 

We next applied our LC-MS/MS stable isotope tracking approach to evaluate the impact of JNK-

IN-8, OSU-03012, and TAK-632 on the incorporation of [13C6]glucose and [13C9; 15N2]rU into 

newly replicated DNA (Figure 5.1I). In MIAPACA2 cells, we found that JNK-IN-8 blocked the 

NSP contribution while triggering a compensatory upregulation of the DNP. Conversely, 

OSU-03012 and TAK-632 selectively impaired DNP contribution(Figure 5.1J). Similar selectivity 

was observed in JURKAT cells, where both OSU-03012 and TAK-632 blocked the DNP while 

inducing compensatory up-regulation of NSP activity (Figure 5.1K). 

JNK-IN-8 inhibits nucleoside uptake 

While three protein kinase inhibitors were identified as selective inhibitors of the pyrimidine NSP, 

JNK-IN-8 was exceptionally potent with IC50 values in the low nanomolar range. We reasoned 

that the activity of JNK-IN-8 could arise from the inhibition of nucleoside shuttling across the 

plasma membrane, which is achieved by concentrative (CNT) or equilibrative (ENT) nucleoside 

transporters, or the inhibition of pyrimidine nucleoside phosphorylation by UCKs. To determine 

the level at which JNK-IN-8 is active, we determined the effects of JNK-IN-8 on the uptake of a 

panel of 3H-labeled purine (dA, dG) and pyrimidine nucleosides (rU, dC) in MIAPACA2 cells. 

These nucleosides rely upon the same equilibrative transporters (ENT1/2) to enter the cell but 

require different kinases (UCKs in the case of rU and deoxycytidine kinase in the case of dC, dA 

and dG) for conversion into their respective monophosphate forms and resultant intracellular 

accumulation (Figure 5.2A)2. We found that JNK-IN-8 prevented the uptake of all nucleosides 

tested, but exhibited greater potency toward rU and dC. Importantly, JNK-IN-8 exhibits a 

selectivity pattern similar to the established ENT1 inhibitor DPA (Figures 5.2B, S5.4B). We 

confirmed JNK-IN-8 inhibited the uptake of both rU and dC with similar potency (33 nM and 31 
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nM, respectively), further suggesting that the compound inhibits nucleoside transport (Figure 

S5.4C). Additionally, JNK-IN-8 treatment prevented the anti-proliferative effects of gemcitabine, 

a dCK-dependent nucleoside analog prodrug which relies upon transporters to enter the cell, 

with an EC50 of 15.2 nM (Figure S5.4D). A similar pattern of dA, dG, rU and dC uptake inhibition 

was observed in a second cell line the murine pancreatic cancer model KP4662(Figures S5.4E, 

S5.4F)22. 

7 nucleoside transporters have been described and categorized into 2 families. Concentrative 

nucleoside transporters (CNT1-3; SLC28A1-3) are unidirectional inward transporters which co-

transport Na+. Equilibrative nucleoside transporters (ENT1-4; SLC29A1-4) are bidirectional, 

energy-independent, and accept a broad range of purine and pyrimidine nucleosides. We 

evaluated the expression of these transporters in MIAPACA2 and JURKAT cells and found that 

ENT1 (SLC29A1) is the predominantly expressed transporter in both models (Figure S5.4G)23. 

ENT1 is an established transporter of a variety of nucleosides including natural purine and 

pyrimidine nucleosides as well as therapeutic analogs such as gemcitabine. We next utilized the 

cellular thermal shift assay (CETSA), an approach that leverages the altered thermostability of 

proteins following ligand binding, to confirm ENT1 engagement by JNK-IN-8 (Figure S5.4H)24. 

Collectively, these results indicate the JNK-IN-8 inhibits UMP-NSP activity by interfering with the 

transport of rU. 

OSU-03012 and TAK-632 target de novo UMP biosynthesis and activate the DNA 

replication stress response pathway 

Two kinase inhibitors, TAK-632 and OSU-03012, were identified as potent and selective 

inhibitors of MIAPACA2 proliferation cultured in the DNP-only condition (Figure S5.4J). We 

reasoned that these compounds could inhibit de novo pyrimidine biosynthesis by targeting 

either CAD, DHODH, or UMPS (Figure 5.3A). Both OSU-03012 and TAK-632 induced S-phase 

arrest in MIAPACA2 cells, a phenotype associated with insufficient dNTP biosynthesis to sustain 
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DNA replication and activation of intra-S phase signaling checkpoints. This effect was rescued 

by orotate (the product of DHODH) supplementation and could be completely reversed by rU 

supplementation (Figures 5.3B, 5.3C). DHODH inhibition emerged as a likely mechanism, as it 

catalyzes one of three committed steps within the DNP and is a druggable protein7. Additionally, 

both OSU-03012 and TAK-632 posses fluorine substituents which have been shown to stabilize 

bioactive conformations of DHODH inhibitors 26. In an in vitro colorimetric recombinant human 

DHODH activity assay, TAK-632 and OSU-03012 both inhibited DHODH activity in a dose-

dependent manner (Figure 5.3D). Importantly, the response to TAK-632 or OSU-03012 

correlated with the response to a known DHODH inhibitor in this cell line panel (Figure 5.3E). 

OSU-03012 was recently reported to synergize with replication stress response kinase inhibitors 

in RSK-subtype mutant KRAS cancer models27. However, after confirming that OSU-03012 

binds DHODH, we hypothesized that the observed synergy resulted from DHODH inhibition 

rather than PDK1 inhibition. Immunoblot analysis of S6K and S6 phosphorylation, PDK1 

downstream targets, confirmed that GSK-2334470, a known PDK1 inhibitor, potently blocked 

PDK1 while OSU-03012 triggered S345 CHEK1 phosphorylation, a replication stress biomarker, 

only in the absence of rU (Figure 5.3F). Similarly, TAK-632 only triggered CHEK1 

phosphorylation in the absence of rU whereas an established pan-RAF inhibitor, LY3009120 

which does not exhibit paradoxical activation, down-regulated ERK1/2 phosphorylation but had 

no impact on CHEK1 phosphorylation (Figure 5.3G)28. Consistently, we found that neither 

GSK-2334470 or LY3009120 induced S-phase arrest at doses where we observed down-

regulation of their target substrates whereas a known DHODH inhibitor induced potent S-phase 

accumulation that was completely reversed by rU (Figures 5.S4J, 5.S4K). To compliment our 

evaluation of replication stress response biomarker induction we performed an assessment 

DNA damage induced by OSU-03012, TAK-632 and the ATR inhibitor VE-822 as a positive 

control using γ-H2A.X flow cytometry. We found that while OSU-03012 and TAK-632 trigger 

activation of the replication stress response they do not significantly induce γ-H2A.X. We 

hypothesize that activation of the replication stress response pathway by OSU-03012 or 
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TAK-632 limits DNA double-strand breaks by preventing the collapse of stalled replication forks 

(Figure. S5.4L)29.  

To investigate the interaction between OSU-03012 and replication stress response inhibitors we 

treated MIAPACA2 cells VE-822, an inhibitor of the proximal replication stress response kinase 

ATR, and either OSU-03012 or GSK-2334470 for 72 h. A synergistic increase in cell death was 

observed when OSU-03012 and an ATR inhibitor were combined, whereas the combination of 

GSK-2334470 and VE-822 demonstrated only a nominal increase in cell death as determined 

by AnnexinV/PI flow cytometry (Figure 5.3H). Taken together, these data indicate that 

replication stress triggered by OSU-03012 is the consequence of DHODH inhibition rather than 

inhibition of its canonical target. 

Co-crystal structures of OSU-03012 and TAK-632 in complex with human DHODH 

To determine the molecular interactions between the protein and its putative inhibitors, complete 

DHODH co-crystallization data sets were obtained and processed to 1.4 Å and 2.7 Å for 

OSU-03012 and TAK-632, respectively (Figure 5.6). Both compounds bind in a hydrophobic 

channel composed by two N-domain α-helices through which ubiquinone travels, a mechanism 

consistent with previously identified DHODH inhibitors30. A long-range hydrogen bond between 

Arg 69 and OSU-03012 helps orient the molecule to the hydrophobic pocket where the 

phenanthrene moiety inserts, while the remainder of the molecule lies on the outer surface of 

DHODH, blocking the hydrophobic channel (Figures 5.4A, 5.S4A). Three hydrogen bonds 

stabilize TAK-632 in the same hydrophobic pocket: two with Tyr 37 and Leu 66 help stabilize the 

inhibitor at the opening of the channel, while a third with Gln 46 helps pull the inhibitor deep into 

the pocket (Figures 5.4B, 5.S4B). 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Figure 5.1 | Identification of UMP-NSP and -DNP modulators in a small molecule protein 

kinase inhibitor library. (A) Phenotypic screening strategy. The impact of 430 protein kinase 

inhibitors on cell proliferation was evaluated in MIAPACA2 cells plated in 3 distinct growth 

conditions; 1) NSP+DNP (media +10 µM uridine (rU)); 2) NSP only (media +10 µM rU +1 µM 

NITD-982); or 3) DNP only (media alone). % proliferation values were calculated using Cell Titer 

Glo (CTG) following 72 h treatment (7-point dose response; n=2). (B) Waterfall plot ranking 

library compounds based on NSP pathway selectivity score. (C) Summary of NSP and DNP 

selectivity scores across library compounds annotated as JNK inhibitors. (D) Structure of JNK-

IN-8. (E) Waterfall plot ranking library compounds based on DNP pathway selectivity score. 

(F,G) Summary of NSP and DNP selectivity scores across library compounds annotated as 

PDK1 (F) or RAF inhibitors (G). (H) Structures OSU-03012 and TAK-632. (I) Experimental 

design to track contribution of UMP-DNP and -NSP using newly replicated DNA using stable 

isotope labeled metabolite tracers. (J,K) LC-MS/MS analysis of [13C6]glucose (5.5 mM) and 
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Figure 1 | Identification of UMP-NSP and -DNP modulators in a small molecule protein kinase inhibitor library. (A) Phenotypic 
screening strategy. The impact of 430 protein kinase inhibitors on cell proliferation was evaluated in MIAPACA2 cells plated in 3 distinct 
growth conditions; 1) NSP+DNP (media +10 µM uridine (rU)); 2) NSP only (media +10 µM rU +1 µM NITD-982); or 3) DNP only (media 
alone). % proliferation values were calculated using CellTiter-Glo (CTG) following 72 h treatment (7-point dose response; n=2). (B) 
Waterfall plot ranking library compounds based on NSP pathway selectivity score. (C) Summary of NSP and DNP selectivity scores 
across library compounds annotated as JNK inhibitors. (D) Structure of JNK-IN-8. (E) Waterfall plot ranking library compounds based 
on DNP pathway selectivity score. (F,G) Summary of NSP and DNP selectivity scores across library compounds annotated as PDK1 
(F) or RAF inhibitors (G). (H) Structures OSU-03012 and TAK-632. (I) Experimental design to track contribution of UMP-DNP and -NSP 
using newly replicated DNA using stable isotope labeled metabolite tracers. (J,K) LC-MS/MS analysis of [13C6]glucose (5.5 mM) and 
[13C9; 15N2] rU (10 µM) utilization for DNA-C replication in MIAPACA2 (J) or JURKAT (K) cells treated +1 µM JNK-IN-8 +5 µM 
OSU-03012 or +5 µM TAK-632 for 24 h (mean±SD; n=3; unpaired T-test; ** P < 0.01, **** P < 0.0001).
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[13C9; 15N2] rU (10 µM) utilization for DNA-C replication in MIAPACA2 (J) or JURKAT (K) cells 

treated +1 µM JNK-IN-8 +5 µM OSU-03012 or +5 µM TAK-632 for 24 h (mean±SD; n=3; 

unpaired T-test; ** P < 0.01, **** P < 0.0001).  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Figure 5.2 | JNK-IN-8 inhibits nucleoside transport in vitro. (A) Nucleoside uptake can be 

prevented by inhibition of either nucleoside transporters or kinases. (B) Uptake of [3H]rU, 

[3H]dC, [3H]dA (+ 10 µM dCF), [3H]dG (+1 µM BCX-1777) in MIAPACA2 cells following 2 h 

incubation ± 1 µM JNK-IN-8 or 1 µM dipyridamole (DPA; 18.5 kBq; mean±SD; n=3; one-way 

ANOVA corrected for multiple comparisons by Bonferroni adjustment; ** P<0.01; *** P<0.001; 

**** P<0.0001). (C) Uptake of [18F]D-FAC, in CCRF-CEM cells following 2 h incubation ± 1 µM 

JNK-IN-8 or 1 µM DPA (18.5 kBq; mean±SD; n=3; one-way ANOVA corrected for multiple 

comparisons by Bonferroni adjustment; **** P<0.0001).  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Figure 2 | JNK-IN-8 inhibits nucleoside transport in vitro and in vivo. (A) Nucleoside uptake can be prevented by inhibition of 
either nucleoside transporters or kinases. (B) Uptake of [3H]rU, [3H]dC, [3H]dA (+ 10 µM dCF), [3H]dG (+1 µM BCX-1777) in MIAPACA2 
cells following 2 h incubation ± 1 µM JNK-IN-8 or 1 µM dipyridamole (DPA; 18.5 kBq; mean±SD; n=3; one-way ANOVA corrected for 
multiple comparisons by Bonferroni adjustment; ns: not significant; ** P<0.01; *** P<0.001; **** P<0.0001). (D) Representative PET/CT 
scans of X subcutaneous tumor bearing X mice imaged with [18F]D-FAC 4 h after treatment with vehicle or JNK-IN-8 (50 mg/kg) T, 
tumor (%ID/g: percentage injected dose per gram). (E) Quantification of [18F]D-FAC tumor uptake in D (n=5; mean±SD; Mann-Whitney 
U test; ** P<0.01). 
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Figure 5.3 | OSU-03012 and TAK-632 inhibit DHODH and activate the DNA replication 

stress response pathway. (A) UMP biosynthesis via the de novo and salvage pathways. (B) 

Propidium iodide cell cycle analysis of MIAPACA2 PDAC cells treated ±5 µM TAK-632 or ±5 µM 

OSU-03012 and supplemented with 50 µM orotate (OA) or 10 µM rU (N.S.: no supplement). 

Insert indicates % S-phase cells. (C) Summary of fold changes in S-phase cells from B 

(mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, 

ns: not significant; * P<0.05; ** P<0.01). (D) in vitro DHODH enzyme assay performed in the 

presence of OSU-03012 or TAK-632. (E) Correlation between DHODH inhibitor (1 µM 

NITD-982) and OSU-03012 (3.17 µM) or TAK-632 (3.17 µM) response across a panel of 25 

PDAC cell lines determined using CTG following 72 h treatment. Response calculated as 

doubling time normalized proliferation inhibition. Pearson correlation coefficient is indicated. (F) 

Immunoblot analysis of MIAPACA2 cells treated ±1 µM PDK1 inhibitor GSK-2334470 (GSK) ±1 
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Figure 3

Figure 3 | OSU-03012 and TAK-632 inhibit DHODH and activate the DNA replication stress response pathway. (A) UMP 
biosynthesis via the de novo and salvage pathways. (B) Propidium iodide cell cycle analysis of MIAPACA2 PDAC cells treated ±5 µM 
TAK-632 or ±5 µM OSU-03012 and supplemented with 50 µM orotate (OA) or 10 µM rU (N.S.: no supplement). Insert indicates % S-
phase cells. (C) Summary of fold changes in S-phase cells from B (mean±SD; n=2; one-way ANOVA corrected for multiple 
comparisons by Bonferroni adjustment, ns: not significant; * P<0.05; ** P<0.01). (D) in vitro DHODH enzyme assay performed in the 
presence of OSU-03012 or TAK-632. (E) Correlation between DHODH inhibitor (1 µM NITD-982) and OSU-03012 (3.17 µM) or 
TAK-632 (3.17 µM) response across a panel of 25 PDAC cell lines determined using CTG following 72 h treatment. Response 
calculated as doubling time normalized proliferation inhibition. Pearson correlation coefficient is indicated. (F) Immunoblot analysis of 
MIAPACA2 cells treated ±1 µM PDK1 inhibitor GSK-2334470 (GSK) ±1 µM OSU-03012 (OSU) ±10 µM rU for 24 h. (G) Immunoblot 
analysis of MIAPACA2 cells treated ±10 µM RAF inhibitor LY3009120 (LY) ±10 µM TAK-632 (TAK) ±10 µM rU for 24 h. (H) Annexin V/
PI flow cytometry analysis of MIAPACA2 PDAC cells treated ±1 µM OSU-03012 or 1 µM GSK-2334470 (GSK) ±500 nM VE-822 (ATRi) 
±25 µM rU for 72 h (mean±SD; n=2; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment; ns: not significant; 
** P<0.01; *** P<0.001).
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µM OSU-03012 (OSU) ±10 µM rU for 24 h. (G) Immunoblot analysis of MIAPACA2 cells treated 

±10 µM RAF inhibitor LY3009120 (LY) ±10 µM TAK-632 (TAK) ±10 µM rU for 24 h. (H) Annexin 

V/PI flow cytometry analysis of MIAPACA2 PDAC cells treated ±1 µM OSU-03012 or 1 µM 

GSK-2334470 (GSK) ±500 nM VE-822 (ATRi) ±25 µM rU for 72 h (mean±SD; n=2; one-way 

ANOVA corrected for multiple comparisons by Bonferroni adjustment; ns: not significant; ** 

P<0.01; *** P<0.001). 
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Figure 5.4 | OSU-03012 and TAK-632 bind DHODH. (A,B) Crystal Structure of DHODH with 

compounds OSU-03012 (A) or TAK-632 (B). 2mFo-DFc electron density for OSU-03012 

(carbons in yellow) or TAK-632 (carbons in green) contoured at 1 σ. Dashed black lines 

represent hydrogen bonds between the ligands and DHODH. Interacting residues as predicted 

by LigPlot+ are shown and labeled. 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Figure 4 | OSU-03012 and TAK-632 bind DHODH. (A,B) Crystal Structure of DHODH with compounds OSU-03012 (A) or TAK-632 
(B). 2mFo-DFc electron density for OSU-03012 (carbons in yellow) or TAK-632 (carbons in green) contoured at 1 σ. Dashed black 
lines represent hydrogen bonds between the ligands and DHODH. Interacting residues as predicted by LigPlot+ are shown and 
labeled.  
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Figure S5.1 | Validation of UMP as a critical, convergent metabolic node in cancer cells. 

(A) Schematic of CAD regulation by NSP produced UTP. (B) Schematic of the LC-MS/MS 

methodology used to determine the fractional contribution of UMP-DNP or -NSP specific stable 

isotope-labeled metabolite tracers to deoxycytidine (dC) in DNA (DNA-C). (C) Total % DNA-C 

labeling ([13C6]glucose + [13C9; 15N2]uridine (rU) contribution) across a panel of cancer cell lines 

cultured for 24 h determined by LC-MS/MS. (D) Relative contribution of DNP and NSP pathways 

to DNA biosynthesis as determined by LC-MS/MS following 24 h treatment (n=3). % contribution 

values are normalized to total % labeling in E. (E) LC-MS/MS analysis DNP([13C6]glucose) and 

NSP([13C9; 15N2]rU) contribution to DNA-C in JURKAT cells cultured for 24 h in media containing 
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Figure S1 | Validation of UMP as a critical, convergent metabolic node in cancer cells. Related to Figure 1. (A) Schematic of 
CAD regulation by NSP produced UTP. (B) Schematic of the LC-MS/MS methodology used to determine the fractional contribution of 
UMP-DNP or -NSP specific stable isotope-labeled metabolite tracers to deoxycytidine (dC) in DNA (DNA-C). (C) Total % DNA-C 
labeling ([13C6]glucose + [13C9; 15N2]uridine (rU) contribution) across a panel of cancer cell lines cultured for 24 h determined by LC-MS/
MS. (D) Relative contribution of DNP and NSP pathways to DNA biosynthesis as determined by LC-MS/MS following 24 h treatment 
(n=3). % contribution values are normalized to total % labeling in E. (E) LC-MS/MS analysis DNP([13C6]glucose) and NSP([13C9; 
15N2]rU) contribution to DNA-C in JURKAT cells cultured for 24 h in media containing 5.5 mM [13C6]glucose and 10 µM [13C9; 15N2]rU 
treated ±1 µM NITD-982 or ±1 µM dipyridamole (DPA; mean±SD; n=3). (F) UMP can be produced by a de novo pathway (DNP) from 
glucose, glutamine, bicarbonate and aspartate or from extracellular rU by a nucleoside transporter and kinase-dependent salvage 
pathway (NSP). (G) Dose response curves of DHODH inhibitor NITD-982 and nucleoside transport inhibitor (NTi) dipyridamole (DPA) 
in JURKAT cells cultured in NSP+DNP (media +10 µM rU), NSP only (media +10 µM rU +1 µM NITD-982), or DNP only (media alone) 
for 72 h as determined by Cell Titer Glo (mean±SD; n=4). 
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5.5 mM [13C6]glucose and 10 µM [13C9; 15N2]rU treated ±1 µM NITD-982 or ±1 µM dipyridamole 

(DPA; mean±SD; n=3). (F) UMP can be produced by a de novo pathway (DNP) from glucose, 

glutamine, bicarbonate and aspartate or from extracellular rU by a nucleoside transporter and 

kinase-dependent salvage pathway (NSP). (G) Dose response curves of DHODH inhibitor 

NITD-982 and nucleoside transport inhibitor (NTi) dipyridamole (DPA) in JURKAT cells cultured 

in NSP+DNP (media +10 µM rU), NSP only (media +10 µM rU +1 µM NITD-982), or DNP only 

(media alone) for 72 h as determined by Cell Titer Glo (mean±SD; n=4). 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Figure S5.2 | UMP-DNP and NSP are interchangeable in sustaining proliferation across a 

panel of cancer cell lines. Uridine titration in cancer cell lines cultured in media + 10% dFBS 

±1 µM NITD-982 (mean±SD; n=4). Relative proliferation rate (GR) was calculated by 

normalizing % proliferation values at 72 h to cell line proliferation rate. Proliferation rates were 

calculated utilizing CTG measurements at the time of treatment and vehicle-treated controls at 

72 h. 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Figure S2 | UMP-DNP and NSP are interchangeable in sustaining proliferation across a panel of cancer cell lines. Related to 
Figure 1. Uridine titration in cancer cell lines cultured in media + 10% dFBS ±1 µM NITD-982 (mean±SD; n=4). Relative proliferation 
rate (GR) was calculated by normalizing % proliferation values at 72 h to cell line proliferation rate. Proliferation rates were calculated 
utilizing CTG measurements at the time of treatment and vehicle-treated controls at 72 h.

rU titration alone 
NITD-982 + rU titration 



Figure S5.3 | Evaluation of UMP-NSP and -DNP inhibitor potency and selectivity. (A) Cell 

Titer Glo analysis of MIAPACA2 cells cultured in NSP+DNP (media +10 µM rU), DNP (media 

alone), NSP (media +10 µM rU +1 µM NITD-982) or starvation conditions (media + 1 µM 

NITD-982) for 72 h (mean±SD; n=4; one-way ANOVA corrected for multiple comparisons by 

Bonferroni adjustment, ** P < 0.01; *** P < 0.001) (B) Methodology applied to determine UMP-

DNP and -NSP selectivity scores (n=2). (C) Z’-scores calculated for individual assay plates from 

experiment in Figure 5.1. (D) Selectivity scores for BTK inhibitors included in the screen. (E) 

Selectivity scores for VEGFR inhibitors included in the screen. (F) Structures of hit compounds. 

(G) Immuno-fluorescence microscopy nuclei counts of MIAPACA2 cells stained with Hoechst 

33342 cultured in NSP+DNP (media +10 µM rU), DNP only (media alone) or NSP only (media 
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Figure S3
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Figure S3 | Evaluation of UMP-NSP and -DNP inhibitor potency and selectivity. Related to Figures 1,2 and 3. (A) Cell Titer Glo 
analysis of MIAPACA2 cells cultured in NSP+DNP (media +10 µM rU), DNP (media alone), NSP (media +10 µM rU +1 µM NITD-982) 
or starvation conditions (media + 1 µM NITD-982) for 72 h (mean±SD; n=4; one-way ANOVA corrected for multiple comparisons by 
Bonferroni adjustment, ** P < 0.01; *** P < 0.001) (B) Methodology applied to determine UMP-DNP and -NSP selectivity scores (n=2). 
(C) Z’-scores calculated for individual assay plates from experiment in Figure 1. (D) Selectivity scores for BTK inhibitors included in the 
screen. (E) Selectivity scores for VEGFR inhibitors included in the screen. (F) Structures of hit compounds. (G) Immuno-fluorescence 
microscopy nuclei counts of MIAPACA2 cells stained with Hoechst 33342 cultured in NSP+DNP (media +10 µM rU), DNP only (media 
alone) or NSP only (media +10 µM rU +1 µM NITD-982) conditions for 72 h (mean±SD; n=4). (H) Calculation of IC50 values from 
experiment in G. (I) Calculation of JNK-IN-8, OSU-03012 and TAK-632 IC50 in JURKAT cells treated for 72 h determined using Cell 
Titer Glo. (J) JURKAT cell counts using trypan-blue exclusion following treatment ±100 nM JNK-IN-8 ±1 µM OSU-03012 ±1 µM 
TAK-632 for 72 h (mean±SD; n=4; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment,**** P < 0.0001).
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+10 µM rU +1 µM NITD-982) conditions for 72 h (mean±SD; n=4). (H) Calculation of IC50 values 

from experiment in G. (I) Calculation of JNK-IN-8, OSU-03012 and TAK-632 IC50 in JURKAT 

cells treated for 72 h determined using Cell Titer Glo. (J) JURKAT cell counts using trypan-blue 

exclusion following treatment ±100 nM JNK-IN-8 ±1 µM OSU-03012 ±1 µM TAK-632 for 72 h 

(mean±SD; n=4; one-way ANOVA corrected for multiple comparisons by Bonferroni 

adjustment,**** P < 0.0001). 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Figure S4.4 | Characterization of JNK-IN-8, OSU-03012 and TAK-632. (A) JURKAT cell 

counts using trypan-blue exclusion following treatment ±200 µM PALA ±10 µM rU ±100 nM JNK-

IN-8 for 72 h (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by 

Bonferroni adjustment, **** P<0.0001). (B) Uptake of [3H]labeled nucleosides in vehicle control 

condition from experiment in Figure 5.2B. Values represent % injected dose (%ID; n=3; 18.5 

kBq). (C) Uptake of [3H]rU or [3H]dC in CCRF-CEM cells following 2 h incubation ± JNK-IN-8 

(mean±SD; n=2; 18.5 kBq). IC50 values are indicated. (D) Cell Titer Glo analysis of JURKAT 

cells treated ±10 nM dFdC ± JNK-IN-8 for 72 h (mean±SD; n=4). (E) Uptake of [3H]rU, [3H]dC, 

[3H]dA (+10 µM dCF), [3H]dG (+1 µM BCX-1777) in MIAPACA2 cells following 2 h incubation ±1 

µM JNK-IN-8 or 1 µM dipyridamole (DPA; 18.5 kBq; mean±SD; n=3; one-way ANOVA corrected 
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Figure S4

Figure S4 | Characterization of JNK-IN-8, OSU-03012 and TAK-632. Related to Figures 2 and 3. (A) JURKAT cell counts using 
trypan-blue exclusion following treatment ±200 µM PALA ±10 µM rU ±100 nM JNK-IN-8 for 72 h (mean±SD; n=3; one-way ANOVA 
corrected for multiple comparisons by Bonferroni adjustment, **** P<0.0001). (B) Uptake of [3H]labeled nucleosides in vehicle control 
condition from experiment in Figure 2B. Values represent % injected dose (%ID; n=3; 18.5 kBq). (C) Cell Titer Glo analysis of JURKAT 
cells treated ±10 nM dFdC ± JNK-IN-8 for 72 h (mean±SD; n=4). (D) Uptake of [3H]rU or [3H]dC in CCRF-CEM cells following 2 h 
incubation ± JNK-IN-8 (mean±SD; n=2; 18.5 kBq). IC50 values are indicated. (E) Uptake of [3H]rU, [3H]dC, [3H]dA (+10 µM dCF), [3H]dG 
(+1 µM BCX-1777) in MIAPACA2 cells following 2 h incubation ±1 µM JNK-IN-8 or 1 µM dipyridamole (DPA; 18.5 kBq; mean±SD; n=3; 
one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment; ns: not significant; ** P<0.01; *** P<0.001; **** 
P<0.0001). (F) Uptake of [3H] labeled nucleosides in vehicle control condition from experiment in E. Values are expressed as % 
injected dose (%ID; n=3; 18.5 kBq). (G) Summary of nucleoside transporter expression (RNA-seq; oasis-genomics.org). (H) CETSA for 
ENT1 (SLC29A1) engagement in MIAPACA2 protein lysates. Lysates were incubated ±10 µM JNK-IN-8 or 10 µM DPA for 2 h, 
subsequently heat treated at the indicated temperatures and analyzed by immunoblot analysis. (I) Propidium iodide cell cycle analysis 
of MIAPACA2 PDAC cells treated ± 500 nM NITD-982 (NITD) ±5 µM GSK-2334470 (GSK) or ±10 µM LY3009120 (LY) supplement ±10 
µM rU (N.S.: no supplement). Insert indicates % S-phase cells. (J) Summary of fold changes in S-phase cells from I (mean±SD; n=2; 
one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, ns: not significant; **** P<0.0001). (K) pH2A.XS139 flow 
cytometry analysis of MIAPACA2 cells treated ±5 µM OSU-03012 ±5 µM TAK-632 ±500 nM VE-822 (ATRi) for 48 h (mean±SD; n=2; 
one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment, ns: not significant; **** P<0.0001).
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for multiple comparisons by Bonferroni adjustment; ns: not significant; ** P<0.01; *** P<0.001; 

**** P<0.0001). (F) Uptake of [3H] labeled nucleosides in vehicle control condition from 

experiment in E. Values are expressed as % injected dose (%ID; n=3; 18.5 kBq). (G) Summary 

of nucleoside transporter expression (RNA-seq; oasis-genomics.org). (H) CETSA for ENT1 

(SLC29A1) engagement in MIAPACA2 protein lysates. Lysates were incubated ±10 µM JNK-

IN-8 or 10 µM DPA for 2 h, subsequently heat treated at the indicated temperatures and 

analyzed by immunoblot analysis. (I) Propidium iodide cell cycle analysis of MIAPACA2 PDAC 

cells treated ± 500 nM NITD-982 (NITD) ±5 µM GSK-2334470 (GSK) or ±10 µM LY3009120 

(LY) supplement ±10 µM rU (N.S.: no supplement). Insert indicates % S-phase cells. (J) 

Summary of fold changes in S-phase cells from I (mean±SD; n=2; one-way ANOVA corrected 

for multiple comparisons by Bonferroni adjustment, ns: not significant; **** P<0.0001). (K) 

pH2A.XS139 flow cytometry analysis of MIAPACA2 cells treated ±5 µM OSU-03012 ±5 µM 

TAK-632 ±500 nM VE-822 (ATRi) for 48 h (mean±SD; n=2; one-way ANOVA corrected for 

multiple comparisons by Bonferroni adjustment, ns: not significant; **** P<0.0001). 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Figure S5.5 | Evaluation of DHODH and OSU-03012/TAK-632 molecular interactions. (A) 

Stereoscopic image of Figure 5.4A (OSU-03012). (B) Stereoscopic image of Figure 5.4B 

(TAK-632). 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Figure S5

B

A

Figure S5 | Evaluation of DHODH / inhibitor interactions. Related to Figure 4 (A) Stereoscopic image of Figure 4A (OSU-03012). 
(B) Stereoscopic image of Figure 4B (TAK-632).



Figure S5.6 | DHODH crystallographic data collection and refinement statistics. 
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Crystallographic	Data	Collection	and	Refinement	Statistics	

Structure DHODH + OSU-03012 DHODH + TAK-632 
PDB codes 6OC0 6OC1 
Data collection statistics 

X-ray source and detector LS-CAT 21-ID-D LS-CAT 21-ID-G 
Dectris Eiger x 9M MARCCD 300 

Wavelength (Å) 0.99987 0.97872 
Temperature (K) 100 100 
Resolutiona	(Å)	 1.40 (1.48-1.40) 2.7 (2.85-2.7) 
Number of Reflections 
 Observed 1,090,019 (113,565) 306,440 (48,502) 
 Unique 114,363 (17,418) 13,751 (2,169) 
Completeness (%) 99.0 (94.2) 99.9 (99.8) 
Rmeas (%) 7.0 (54.5) 17.0 (183.3) 
CC1/2 (%) 99.9 (87.8) 99.9 (71.1) 
Average I/σ(I) 19.2 (2.8) 21.6 (2.1) 
Space group P 32 2 1 P 21 3 
Unit cell: a, b, c (Å) 90.01, 90.01, 123.07 113.67, 113.67, 113.67 
Unit cell: α, β, γ (°) 90, 90, 120 90, 90, 90 
Wilson B-factors (Å2) 13.9 66.4 
Refinement statistics 
Refinement program REFMAC5 REFMAC5 
 Rwork (%) 15.7 23.4 
 Rfree (%) 19.1 29.1 
Resolution range (Å) 48.55-1.40 46.45-2.70 
Protein molecules per a.u. 1 1 
Number of atoms: 
 Protein 2845 2769 
 Water molecules 232 36 
 ORO + FMN 42 42 
 Inhibitor 34 39 
R.m.s. deviation from ideal: 
 Bond length (Å) 0.009 0.0021 
 Bond angles (°) 1.7114 1.264 
Average B-factors (Å2)     
 Protein 23.9 73.0 
 Water molecules 32.6 44.7 
 ORO + FMN 12.2 56.6 
 Inhibitor 29.3 73.0 
Ramachandran plot statistics (%) 
 Most favored regions 97 86 
 Additionally allowed regions 3 14 
 Outlier regions 0 1 

aHigh resolution shell in parenthesis; r.m.s., root-mean-square; a.u., asymmetric unit. 
aHigh resolution shell in parenthesis; r.m.s., root-mean-square; a.u., asymmetric unit 

Figure S5.8 | Crystallographic data collection and refinement statistics.



DISCUSSION 

Our screening strategy expands on the concept of previously described “nutrient-sensitized” 

genetic and small molecule cell-based screens that leveraged the production of a proliferation-

enabling metabolite by parallel and redundant metabolic networks to identify selective 

metabolism modifiers31,32. UMP biosynthesis (i.e. pyrimidine metabolism) proved to be 

compatible with this screening framework as UMP is produced by convergent (de novo and 

salvage) pathways, and UMP depletion triggers a quantifiable change in cellular proliferation. 

JNK-IN-8, developed as an irreversible inhibitor of c-Jun N-terminal kinases 1, 2, and 3 with low-

nanomolar affinity, was the most potent of three uridine salvage inhibitors identified33. Our data 

confirm that JNK-IN-8 also functions as a potent inhibitor of uridine and deoxycytidine transport 

both in vitro and in vivo. We conclude that JNK-IN-8 should not be used in conjunction with 

compounds which rely upon nucleoside transport, such as the anticancer agent gemcitabine, in 

research or therapy settings. 

In addition to their role in pyrimidine salvage, equilibrative nucleoside transporters are well 

studied for their ability to regulate levels of the immuno-modulatory metabolite adenosine. ENT1 

inhibitors increase extracellular adenosine levels which signal through the P1 purinergic 

receptor and are used clinically for the treatment of hypertension, among other disorders. Thus, 

the development of potent and selective inhibitors of ENT1 is an active area of investigation. 

The recently reported co-crystal structure of ENT1 in complex with two small molecule inhibitors 

(NBMPR and dilazep) provided new insight into the molecular mechanism of nucleoside 

transport and suggested that structurally diverse ENT1 inhibitors possess unique modes of 

inhibition. ENT1 contains 10 cysteine residues and ENT1-mediated uridine transport can be 

inhibited by covalent modification of Cys416 by N-ethylmaleimide. Intriguingly, the two highest 

scoring NSP inhibitors in our screen, JNK-IN-8 and the BTK inhibitor CNX-774, both contain a 

reactive acrylamide group and are cysteine-targeting drugs. Future work will explore the 
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mechanism of ENT1 inhibition by JNK-IN-8 with a specific focus on the contribution of covalent 

interactions. 

Positron emission tomography (PET) is a powerful approach to monitor cellular metabolism in 

vivo, and several nucleoside analog PET probes have been developed including both pyrimidine 

([18F]FAC, [18F]FLT) and purine analogs ([18F]CFA). Interestingly, ENT1 knockout mice exhibit 

significantly higher plasma thymidine but also paradoxically higher levels of thymidine analog 

[18F]FLT uptake in the spleen and bone marrow compared to wild type controls. Discrepancies 

between in vitro and in vivo findings could result from shifts in nucleoside gradients or 

differential expression of nucleoside transporters mediated by cytokine signaling. Future work 

will focus on exploring the utility of nucleoside analog PET as a pharmacodynamic biomarker for 

ENT inhibitor activity in vivo. 

The structurally and functionally unrelated OSU-03012 and TAK-632 were identified as inhibitors 

of the pyrimidine DNP. A recent report described the ability of OSU-03012 and analogs to inhibit 

virus propagation via pyrimidine nucleotide biosynthesis inhibition, specifically implicating 

modulation of DHODH activity34. Our work substantiates these findings, is the first to 

unambiguously confirm the affinity of OSU-03012 for DHODH through crystallography studies, 

and is the first to demonstrate the same for TAK-632. Notably, our studies show that 

OSU-03012 and TAK-632 bind in the same hydrophobic tunnel of DHODH as known inhibitors 

brequinar and teriflunomide (the active metabolite of leflunomide). This suggests that these two 

protein kinase inhibitors compete with ubiquinone, a redox partner of DHODH which traverses 

this hydrophobic tunnel to regenerate FMN from FMNH2. By competitively inhibiting the binding 

of ubiquinone, these compounds prevent DHODH from completing its redox cycle and 

effectively abrogate its activity.  

OSU-03012 has orphan drug designation in the European Union for treatment of tularaemia and 

cryptococcosis. We hypothesize that its effectiveness in these indications stems from its ability 

to inhibit DHODH, rather than from ‘on-target’ effects against PDK1. Indeed, DHODH inhibitors 
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have demonstrated efficacy against viruses such as dengue virus and respiratory syncytial 

virus11,34,35. In anticancer settings, OSU-03012 was recently demonstrated to synergize with 

CHK1 inhibitors in KRAS-mutant cancer27, which was initially attributed to its ability to inhibit 

PDK1. However, our data show that GSK-2334470, a PDK1 inhibitor more potent than 

OSU-03012, displayed little synergy with ATR inhibition. In light of our crystallographic data we 

conclude that the synergy observed between OSU-03012 and ATR inhibition is likely a result of 

the DHODH-inhibitory ability of the former. Taken together, our data suggest that DHODH 

inhibitors may have utility in oncology, particularly if used in conjunction with ATR inhibitors or 

other DNA-damage response/replication stress response pathway inhibitors2. 

In summary, we designed and applied a metabolic modifier screen which identified multiple 

protein kinase inhibitors as having non-canonical targets within pyrimidine metabolism. Similarly 

constructed phenotypic screens designed against other metabolic networks containing 

convergent nodes may find use in drug discovery campaigns or in repurposing screens using 

existing compounds. 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METHODS 

Data Availability 

The PDB accession numbers for the protein structure data reported in this chapter are 6OC0 

(OSU-03012:DHODH) and 6OC1 (TAK-632:DHODH). 

Experimental Model and Subject Details 

Cell culture 

All cell cultures were between passages 3 and 20 and maintained in antibiotic free DMEM or 

RPMI +10% dialyzed FBS, at 37ºC in 5% CO2. We 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 (KP4662 from Dr. 

Vonderheide, UPenn). Cell line identity was independently authenticated by PCR. 

Drugs 

Drug stocks were prepared in DMSO or H2O and diluted fresh in cell culture media for 

treatments. NITD-982 was synthesized as previously described35. N-phosphonacetyl-L-

aspartate (PALA) was synthesized as previously described36. 

Method Details 

Protein kinase inhibitor phenotypic screen 

A library of 430 protein kinase inhibitors was arrayed in polypropylene 384-well plates at 200x 

concentrations covering a 7-point concentration range (corresponding to 1x concentrations: 

5µM, 1.65µM, 550nM, 185nM, 61.5nM, 20.6nM, 6.85nM). 25µl per well of condition-specific 

growth media (DNP+NSP: media +10 µM rU; DNP: media alone; NSP: media +10 µM rU + 1 

µM NITD-982) 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-
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Coulter) and inhibitor/media mixtures were incubated at room temperature for 30 m. 25 µL of a 

40,000 cells/mL MIAPACA2 suspension (for 1000 cells / well) was subsequently added to each 

well. After 72 h, 50 µL of Cell Titer Glo reagent diluted 1:4 in dH2O was added to each well and 

luminescence was measured using a Wallac plate reader (Perkin Elmer). Each condition was 

assayed in duplicate (n=2) and % proliferation values were calculated by normalizing 

experimental wells to plate negative controls and averaging replicate values. Composite 

pathway selectivity synergy scores for each test compound were defined as the sum of the 

excess over additivity (% proliferation inhibition observed - % proliferation inhibition expected) 

between individual protein kinase inhibitor concentrations across the 7-point concentration 

range. Z factor scores for individual assay plates were calculated using eight positive and eight 

negative control wells on each plate as previously described16. All plates gave a Z factor > 0.5 

(Figure S5.3C). 

Cell Titer Glo viability analysis 

Cells were plated at 1x103 cells / well at 50 µl / well in white opaque 384-well plates and treated 

as described. Following incubation 50 µl of Cell Titer. Glo reagent (Diluted 1:5 in dH2O) was 

added to each well, plates incubated at room temperature for 5 m and luminescence was 

measured using a BioTek microplate luminescence reader. Proliferation rate normalized growth 

inhibition was calculated using the previously described GR metric13. 

Trypan blue exclusion cell viability 

Trypan blue exclusion cell viability analysis was performed using a ViCell analyzer following 72 

h of treatment. Trypan blue-negative population counts are reported. 

Microplate immunofluorescence microscopy cell scoring 

MIAPACA2 cells were plated at 1000 cells/well in black-walled clear-bottom 384 well plates in 

50 µL of media and treated as indicated with n=4 replicate wells per condition. After 72 h of drug 

exposure 50 µL of 10 µg/mL Hoechst 33342 dye diluted in culture media was added to 
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microplate wells. Following a 30 m incubation at 37C images were acquired using a 

ImageXpress Micro Confocal High-Content Imaging System at 10x magnification and 1 image/

well. Analysis was performed using the Cell Scoring Application Module in the MetaXpress 

analysis software. Nuclei counts for treatement groups were normalized to control wells. 

Mass spectrometry 

For analysis of stable isotope-labeled metabolite incorporation into newly replicated DNA, cells 

were cultured in glucose-free DMEM (for MIAPACA2 cells) or RPMI (for JURKAT cells) media 

supplemented with 10% dialyzed FBS, 4 mM glutamine, 1 g/L [13C6]glucose, 10 µM [13C9; 

15N2]rU and treated as indicated. 

Genomic DNA was extracted using the Quick-gDNA MiniPrep kit and hydrolyzed to nucleosides 

using the DNA Degradase Plus kit, following manufacturer-supplied instructions. In the final step 

of DNA extraction, 50 µL of water was used to elute the DNA into 1.5 mL microcentrifuge tubes. 

A nuclease solution (5 µL; 10X buffer/DNA Degradase PlusTM/water, 2.5/1/1.5, v/v/v) was 

added to 20 µL of the eluted genomic DNA in an HPLC injector vial. The samples were 

incubated overnight at 37 ºC. 

Hydrolyzed DNA was diluted 1/1 with solvent A (water/acetonitrile/formic acid, 95/5/0.1, v/v) 

aliquots of the solution (15 µL) were injected onto a porous graphitic carbon column (Thermo 

Hypercarb, 100 x 2.1 mm, 5 micron particle size) equilibrated in solvent A and eluted (300 µL/

min) with an increasing concentration of solvent B (acetonitrile/water/formic acid, 90/10/0.1). 

The HPLC timetable, in terms of min/%B, is the following: 0/0, 5/0, 12/20, 15/30, 17/50, 19/50, 

20/0, 24/0. The effluent from the column was directed to Agilent Jet Stream connected Agilent 

6460 QQQ operating in the positive ion MRM mode. After verification of retention times using 

authentic standards, the peak areas of the protonated nucleoside/protonated base fragment ion 

transitions for each of the nucleosides were recorded with instrument manufacturer-supplied 

software. 
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3H-labeled metabolite uptake assays 

Radioactive probe uptake assays were conducted as previously described37. Briefly, cells were 

pretreated with JNK-IN-8 or DPA for 2 h before incubation with 18.5 kBq of 3H-labeled probe for 

2 h. For purine uptake assays, cells were cultured in the presence of 10 µM dCF (for 3H-dA) or 1 

µM BCX-1777 (for 3H-dG) to prevent nucleoside catabolism. Following incubation, cells were 

washed with PBS and lysed. Cell lysate radioactivity was measured using a beta-counter 

(Perkin-Elmer). 

Flow cytometry 

All flow cytometry data were acquired on five-laser BD LSRII, and analyzed using FlowJo 

software. 

AnnexinV/PI: Treated PDAC cells were washed with PBS and incubated with AnnexinV and 

propidium iodide diluted in 1x Annexin binding buffer. 20,000 events were collected per sample. 

Propidium iodide cell cycle analysis: Treated PDAC cells were washed with PBS and 

suspended in propidium iodide cell cycle staining solution (100 µg/ml propidium iodide; 20 µg/ml 

Ribonuclease A). 10,000 events were collected per sample. 

pH2A.XS139 flow cytometry: Treated cells were collected by trypsinization, incubated with 

Cytofix/Cytoperm reagent for 15 m at 4C, washed with PBS and incubated in 100 µL PermWash 

buffer for 15 m at 4C. Cells were washed with 1 mL Perm/Wash buffer, resuspended in 50 µL of 

staining solution (1:800 dilution of FITC-conjugated pH2AXS139 antibody diluted in Perm/Wash 

buffer) and incubated for 20 m at 25C protected from light. Stained cells were washed and 

incubated in 500 µL of DAPI staining solution (1 µg/mL DAPI in PBS) before acquisition. 

Gene cloning, protein expression, and purification of DHODH in E.coli cells 

Primers were ordered to add NdeI 

(AGAGAACAGATTGGTGGTCATATGATGGCCACGGGAGATGAG) upstream of residue 29 
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(after the mitochondrial membrane associated loop) and BamHI 

(TCGGGCTTTGTTAGCAGCCGGATCCTTACCTCCGATGATCTGCTCC) after the stop codon to 

insert into N-terminal His-Sumo pET 14b vector. This clone, His-Sumo-DHODH 29-395 

(subsequently referred to as DHODH) was successfully inserted into the vector in XL1-blue cells 

for vector propagation. 

The vector was transformed into C41(DE3) cells for productions. Cells were grown at 37 °C in 

2xYT medium supplemented with 100 µg/mL ampicillin (Amp), treated with 0.1 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG) at an OD600 nm of 0.6-0.8, and then cultured for an 

additional 18h at 18 °C.  Cells were harvested by centrifugation, washed with 200 mM NaCl and 

25 mM Tris pH 7.5, and pelleted at 5000 rpm for 20 minutes before storage at -20°C. 6.7g/L of 

cell pellet was obtained. 

DHODH was purified according to known purification conditions30. The cell pellet was 

resuspended in lysis buffer (50 mM Tris pH 7.5; 600 mM NaCl; 0.33% w/v Thesit; 10% Glycerol; 

1 mM PMSF) and lysed by sonication on ice. Lysed cells were centrifuged at 58,500 RCF for 45 

minutes at 4°C, and the supernatant was filtered through a 0.45 µM filter and loaded onto a 5-

mL His-Trap column pre-equilibrated with buffer A (50 mM Tris pH 7.4; 600 mM NaCl; 0.05% w/v 

Thesit; 10% Glycerol). The column was washed with buffer A for 70 mL, buffer A with 25 mM 

imidazole for 50 mL, and buffer A with 50 mM imidazole for 50 mL. The protein was eluted with 

buffer A with 250 mM imidazole. The eluted fraction was diluted 1:1 with Buffer A. Sumo 

protease was added and the protein was dialyzed overnight at 4°C against 1L of Buffer A. The 

dialyzed protein was loaded back onto the His-Trap column equilibrated with buffer A. The cut-

DHODH was eluted with buffer A with 50 mM imidazole. The purified protein was concentrated 

to 5 mL and injected onto S-200 gel filtration column (GE Healthcare) equilibrated with: 50 mM 

HEPES pH 7.7, 400 mM NaCl, 10% Glycerol, 1mM EDTA, 0.05 % w/v Thesit. Eluted fractions 

consistent with monomer size were collected, concentrated, flash frozen, and stored at -80°C. 
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Recombinant DHODH enzyme assay 

Evaluation of DHODH inhibition was performed as previously described30. The standard assay 

mixture contained 50 µM decyclo-ubiquinone, 100 µM dihydroorotate, and 60 µM 2,6-

dichloroindophenol (DCIP). The amount of DHODH was 337.4 ng/mL. Measurements were 

conducted in 50 mM TrisHCl, 150 mM KCl, 0.1% Triton X-100, pH 8.0, at 30 °C in a final volume 

of 1 mL. The components were mixed, and the reaction was started by adding dihydroorotate. 

The reaction was followed spectrophotometrically by measuring the decrease in absorption at 

600 nm for 2.5 min at 30 second intervals. The assay was linear in time and enzyme 

concentration. Inhibitory studies were conducted in a standard assay with additional variable 

amounts of inhibitor. 

Crystallization of DHODH with OSU-03012 and TAK-632 compounds 

For co-crystallizaion of DHODH and OSU-03012, crystals were obtained using the same 

conditions reported in previously published DHODH structures30,39–48, namely 1.6 – 2.6 M 

ammonium sulfate and 5-30% glycerol in the well in pH 4.5, with 20 mg/mL DHODH with 2 mM 

dihydroorotate (DHO), 20.8 mM dodecyldimethyl-N-amineoxide (DDAO), and 400 µM inhibitor. 

Protein was mixed 1:1 with mother liquor and hanging drops were used at room temperature. 

Crystals appeared after 48 hours and reached maximal size within one week. Molecular 

replacement used 4OQV 49 as the starting model. Interestingly, DHODH-TAK-632 crystals 

grown in similar conditions to those used for the DHODH-OSU-03012 complex did not show 

TAK-632 density. As a result, novel DHODH crystallization conditions were identified using 

commercial screens. For co-crystallization of DHODH with TAK-632, crystals were obtained in 

conditions of 1.4-1.6 M sodium phosphate, pH 8.2. Protein solution (20 mg/mL DHODH with 2 

mM DHO, 20.8 mM DDAO, and 400 µM inhibitor) was mixed 1:1 with mother liquor and hanging 

drops were used at room temperature. Crystals appeared after 48 hours and reached maximal 

size within one week. The lack of density of the TAK-632 structure in the initial crystallography 

condition is most likely due to the difference in pH between the conditions, pH 4.5 and pH 8.2 
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for the OSU-03012 and the TAK-632 structure, respectively. There are multiple hydrogen bonds 

and potentially labile hydrogens on the TAK-632 structure that at low pH could be protonated 

and charged, potentially preventing their insertion into the hydrophobic tunnel. Ligplot+ 50,51 was 

used to determine hydrophilic and hydrophobic interactions between inhibitors and DHODH 

molecules. 

Immunoblot analysis 

PBS-washed cell pellets were resuspended in cold RIPA buffer supplemented with protease and 

phosphatase inhibitors. Protein lysates were normalized using BCA assay, diluted using RIPA 

and 4x laemmli loading dye, resolved on 4-12% Bis-Tris gels and electro-transferred to 

nitrocellulose membranes. After blocking with 5% nonfat milk in TBS + 0.1% Tween-20 (TBS-T), 

membranes were incubated overnight in primary antibodies diluted (per manufacturers 

instructions) in 5% BSA in TBS-T. Membranes were washed with TBST-T and incubated with 

HRP-linked secondary antibodies prepared at a 1:2500 dilution in 5% nonfat dry milk / TBS-T. 

HRP was activated by incubating membranes with a mixture of SuperSignal Pico and 

SuperSignal Femto ECL reagents (100:1 ratio). Exposure of autoradiography film was used for 

detection. 

Cellular thermal shift assay (CETSA) 

MIAPACA2 cells were cultured in 10 cm plates, washed with PBS, and harvested by cell 

scraping following addition of 4 mL of lysis buffer (100 mM ammonium sulfate, 400 mM NaCl, 

10% glycerol, 0.5% DDM and 1x protease inhibitor cocktail). The cell lysate was collected in a 

15 mL conical tube, incubated on ice for 20 m, centrifuged at 5,000xg for 20 m at 4C and protein 

content of the supernatant was measured. 30 µL of protein lysate was aliquoted into 1.5 mL 

Eppendorf tubes and treated with either DMSO, JNK-IN-8 or dipyridamole for 30 m on ice. 

Lysates were subsequently heated at the indicated temperatures using an Eppendorf 

Thermomixer for 6 m, cooled to room temperature for 3 m and transferred to ice. Heated lysates 
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were centrifuged at 12,000xg for 40 m to pellet the insoluble protein fraction. Supernatants were 

processed for immunoblot analysis. 

Statistical analyses 

Data are presented as mean ± SD with number of biological replicates indicated. Comparisons 

of two groups were calculated using indicated unpaired two-tailed Student’s t-test and P values 

less than 0.05 were considered significant. Comparisons of more than two groups were 

calculated using one-way ANOVA followed by Bonferroni’s multiple comparison tests, and P 

values less than 0.05/m, where m is the total number of possible comparisons, were considered 

significant. 
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Key Resource Table

Reagents Source Identifier
DMEM Corning 10-107-CV
RPMI Corning 10-040-CV

Glucose-Free DMEM Corning 17-207-CV
Glucose-Free RPMI Corning 10-043-CV

Dialyzed Fetal Bovine Serum Gibco 26-400-044
Kinase Inhibitor Library SelleckChem L1200

JNK-IN-8 SelleckChem S4901 
TAK-632 Cayman Chemicals 16285

OSU-03012 SelleckChem S1106
GSK2334470 Cayman Chemicals 18095

AMG-706 Cayman Chemicals 17671
CNX-774 Cayman Chemicals 21475
NITD-982 this study N/A

PALA this study N/A
Dipyridamole Sigma-Aldrich D9766
Gemcitabine SelleckChem S1714

dCF (ADA inhibitor) Sigma-Aldrich SML0508
BCX-1777 (PNP inhibitor) MedChemExpress HY-16209

Uridine Sigma-Aldrich U3003
[3H]dC Moravek MT673
[3H]rU PerkinElmer NET367250UC
[3H]dG Moravek MT507
[3H]dA Moravek MT641

[13C6]glucose Cambridge Isotope Laboratories CLM-1396-1
 [13C9; 15N2]rU Cambridge Isotope Laboratories CNLM-3809-PK

Orotate Sigma-Aldrich O2750
VE-822 SelleckChem S7102

Hoechst 33342 ThermoFisher Scientific 62249
BCA Assay ThermoFisher Scientific 23225

RIPA Protein Lysis Buffer Boston BioProducts BP-115
Laemmli Loading Dye Boston BioProducts BP-110R
4-12% Bis-Tris Gels ThermoFisher Scientific NP0336

Nitrocellulose Membrane ThermoFisher Scientific 88018
Nonfat Dry Milk ThermoFisher Scientific M-0841

Tris-Buffered Saline ThermoFisher Scientific 50-751-7046
Tween-20 Sigma-Aldrich P9416

SuperSignal West Pico ThermoFisher Scientific 34580
SuperSignal West Femto ThermoFisher Scientific 34095

Autoradiography Film Denville E3012
Halt Protease Inhibitor Cocktail ThermoFisher Scientific PI78430

Halt Phosphatase Inhibitor 
Cocktail

ThermoFisher Scientific PI78428
Matrigel ThermoFisher Scientific CB-40237

Cytofix/Cytoperm Buffer BD Biosciences 554722
Perm/Wash Buffer BD Biosciences 554723

White Opaque 384-well Plates VWR 781080
Black Clear Bottom 384-well 

Plates
VWR 781086

Zymo-Spin IC Columns Zymo Research C1004
DNA Degradase Plus Zymo Research E2021
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Antibody Source Identifier
ACTIN Cell Signaling Technology 3700

PHOSPHO CHEK1 S345 Cell Signaling Technology 2348
TOTAL CHEK1 Cell Signaling Technology 2360

PHOSPHO S6K T229 Novus Biologicals MAB2964-SP
TOTAL S6K Cell Signaling Technology 9202

PHOSPHO ERK1/2 T202/Y204 Cell Signaling Technology 9101
TOTAL ERK1/2 Cell Signaling Technology 9102

PHOSPHO H2A.X S139 - FITC MilliporeSigma 16-202A
VINCULIN Cell Signaling Technology 13901

ENT1 Novus Biologicals NBP1-50508
ANTI-RABBIT IgG, HRP-LINKED Cell Signaling Technology 7074
ANTI-MOUSE IgG, HRP-LINKED Cell Signaling Technology 7076

DHODH assay reagents Source Identifier
Recombinant DHODH protein this study N/A

Dihydroorotate Sigma-Aldrich D1728
Coenzyme Q10 Sigma-Aldrich C9538

4-TFMBAO Sigma-Aldrich 422231
K3[Fe(CN)6] Sigma-Aldrich 244023

K2CO3 Sigma-Aldrich P5833

Cell line Source Identifier
JURKAT ATCC TIB-152

MIAPACA2 ATCC CRL-1420
CCRF-CEM ATCC CCL-119

KP4662 Gift from Dr. Vonderheide (UPenn) N/A

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

FlowJo 7.6 TreeStar https://www.flowjo.com
OsiriX Pixmeo https://www.osirix-viewer.com/

MetaXpress Molecular Devices https://www.moleculardevices.com/products/cellular-imaging-systems/

Critical Commercial Assays Source Identifier
AnnexinV-FITC Apoptosis Detection Kit BD Biosciences 556547

CellTiter-Glo Promega G7572
MycoPlasma Detection Kit Sigma-Aldrich MP0025

Equipment Developer
ImageXpress Confocal Micro Molecular Devices
ViCell Cell Viability Analyzer Beckman Coulter

6460 Triple Quadruple Mass Spectrometer Agilent
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