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ABSTRACT OF THE DISSERTATION 
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Professor Caius Gabriel Radu, Chair 

Cancer, or the rewiring of biological cells for unabated proliferation, is a disease comprising of 

dysregulated, complex macromolecular networks. To better understand the heterogeneity of 

cancer and the spectrum of response to drug therapies, multiple quantitative “omics” datasets, 

or multi-omics, are generated and analyzed. This dissertation chronicles the development of our 

multi-omics platform from simple in vitro tissue culture to more complex in vivo subcutaneous 

tumors. In each chapter, we utilize a global bottom-up proteomics and phosphoproteomics 

approach to explain metabolic and phenotypic changes highlighting critical mediators of 

sensitivity or resistance to the studied perturbations. This approach reveals rationally-designed 

combination therapies which produce synthetic lethality that are translated to in vivo tumor 

models. Also discussed is the current state and future of our multi-omics platform. This platform 

generates multi-omic datasets from single tumor homogenates with automated sample workup. 

Our future goal is for a comprehensive, site-specific analysis of multiple post-translational 

modifications including phosphorylation, intact glycosylation, reversibly-oxidized cysteines, and 

nitrotyrosines using novel cysteine- and amine-reactive probes functionalized with phosphonic 

acid for selective enrichment via immobilized metal affinity chromatography. 
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GENERAL INTRODUCTION 

Understanding the complexity of cancer biology and how tumor cells respond to drug therapies 

requires an approach beyond sequencing the genomic mutational landscape of cancer. Cancer 

biologists are currently in a post-genomic era, where multiple forms of biomass, or multi-omics, 

are analyzed to gain mechanistic insight into the spectrum of differential response to drug 

therapies. The driving force behind the transcendence of multi-omics to the forefront of cancer 

biology has been through the development of high resolution, high mass accuracy mass 

spectrometers (HRMS). As with most areas in science and technology, HRMS has progressed 

leaps and bounds over the past decade. Both Orbitrap-technology and time-of-flight mass 

spectrometers have increased by orders of magnitude the sensitivity, dynamic range, and scan 

repetition rates from where they were 10 years prior. These characteristics have propelled 

proteomics, metabolomics, and lipidomics into robust, comprehensive areas of research. 

From when I first joined the Radu lab, it was critically important to establish a multi-omics 

platform for which to study the mechanisms that conferred tumor cell sensitivity or resistance to 

various drug therapies. I was tasked with establishing the non-targeted, quantitative proteomics 

and metabolomics platforms. As with any area of research, trial-and-error is a necessary 

component to the development and optimization of a scientific assay.  This dissertation consists 

of four chapters which chronicle the development of our multi-omics platform and how we 

envision the platform in the near future. 

SUMMARY OF DISSERTATION 

In chapter 1, we studied how inhibiting the replication stress response master regulator, ATR, 

impacted the converging de novo and salvage nucleotide biosynthetic pathways. Following ATR 

inhibition, metabolites in both de novo and salvage pathways were significantly reduced. We 

explained this mechanism by observing changes to both protein expression and 

phosphorylation levels of the rate limiting enzymes of the de novo and salvage pathways 

ribonucleotide reductase and deoxycytodine kinase, respectively.  
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At the time of this study, we were constrained to acquiring our proteomics data on a Thermo 

Orbitrap XL, first introduced in 2008. This instrument is able to perform a high-resolution full 

scan in the Orbitrap at 1 Hz and low-resolution MS/MS fragmentation scans in the linear ion trap 

at 4 Hz. We took advantage of the high-resolution MS1 scan by incorporating triplex stable 

isotope reductive amination for peptide quantitation. This did, however, hinder the total unique 

protein and phosphopeptide identifications by increasing the complexity of MS1 multiply-

charged ions three-fold. To produce the phosphoproteomics dataset, 15 mg of total protein was 

trypsin-digested, fractionated on HPLC using a large-bore hydrophilic interaction column (4.6 

mm internal diameter), and each fraction enriched using Phos-Select from Sigma. This 

approach was labor-intensive and did not produce a high enrichment efficiency of 

phosphopeptides with ~35% enrichment. The total unique proteins and phosphopeptides 

identified in this study were 4,434 and 7,165, respectively. 

In chapter 2, we systematically profiled the impact of type I interferon signaling in pancreatic 

ductal adenocarcinoma (PDAC) using a multi-omics approach. PDAC cells treated with type I 

interferon displayed a shift in nucleotide metabolism from a biosynthetic to a catabolic 

phenotype coinciding with induction of the DNA replication stress response pathway and 

sensitization to clinically viable inhibitors of protein kinases within this pathway. We attributed 

the catabolic phenotype in nucleotide metabolism to significantly increased protein expressions 

of SAMHD1, NT5C3A, and TYMP. We distilled our phosphoproteomics dataset using kinase-

substrate enrichment analysis (KSEA), which assigns phosphopeptides to a particular kinase 

and calculates normalized Z scores for kinase activity. Intersecting the KSEA analysis with a 

chemical genomics high-throughput synthetic lethality screen revealed a requirement for the 

replication stress response kinase ATR triggered by type I interferon.  

The proteomics data for the type I interferon experiment was acquired on a Thermo QExactive 

Plus capable of high-resolution scans for both MS1 and MS/MS fragmentation at 17 Hz which 

dramatically improved the protein and phosphopeptide coverage compared to the Thermo 

Orbitrap XL at 1 and 4 Hz, respectively. Granted that MS/MS fragmentation scans are acquired 
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at high-resolution, 10-plex Tandem Mass Tag (TMT) isobaric labeling was employed. TMT 

dramatically increases sample throughput on the MS as well as improves unique protein and 

phosphopeptide coverage by concentrating unique peptide ion signals from all 10 samples into 

a single MS1 ion peak. A µHPLC unit was secured for peptide fractionation using microbore 

chromatography (0.3 mm internal diameter) affording microgram amounts of peptides injected 

with minimal sample loss. We fractionated our proteomics samples using basic pH reverse-

phase chromatography with 1.7 µm particle size, which concentrated most peptides to single 

fractions out of a total of 96 collected that were eventually concatenated to 24 for MS analysis. 

This provided orthogonal chromatography to the acidic pH reverse-phase used online with the 

mass spectrometer and dramatically improved total unique proteins identified to 8,082.  

For phosphopeptide enrichment, 2 mg of 10-plex TMT-labeled tryptic peptides were enriched on 

titanium dioxide beads using lactic acid as an enhancer to limit non-specific binding to peptides 

with acidic amino acids affording 75% enrichment efficiency. The eluted phosphopeptides were 

fractionated into 12 fractions with a microbore hydrophilic interaction column with 5 µm particle 

size. The large particle size produced poor peak resolution where most phosphopeptides would 

span multiple fractions and the hydrophilic interaction chromatography did not produce as much 

orthogonality to the online chromatography as basic pH reverse-phase did. The total unique 

phosphopeptides identified in this study was 12,178. 

In chapter 3, we studied the effects of prostate specific membrane antigen radioligand therapy 

(PSMA-RLT) in mice bearing C4-2 prostate cancer subcutaneous tumors. PSMA-RLT is a 

bifunctional molecule containing a PSMA-targeting ligand and a radioisotope chelator. PSMA is 

heavily expressed on the surface of prostate cancer allowing for targeted ionizing radiation by 

PSMA-RLT. We analyzed in vivo tumors treated with PSMA-617 containing either Lutetium-177, 

a beta-particle emitter, or Actinium-225, an alpha-particle emitter, for global proteomics and 

phosphoproteomics analysis. Proteomic analysis revealed activation of genotoxic stress 

response pathways and TP53-dependent cell cycle checkpoints confirming the efficacy of 

treatment. KSEA of the phosphoproteomics data identified ATM and ATR as two of the most 
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activated kinases, whereas CDK1/2 as the most inactivated kinase following 48 hr treatment. 

This study helped uncover actionable molecular targets for combination therapies with PSMA-

RLT. 

The PSMA-RLT experiments were the first in vivo samples taken through the proteomics 

platform. The proteomics workflow for both 177Lu- and 225Ac-PSMA-RLT experiments remained 

the same as was developed for the type I interferon experiment. The total unique proteins 

identified were 8,568 and 8,812 for 177Lu- and 225Ac-PSMA-RLT, respectively, which was on par 

with the interferon experiment. For the phosphoproteomics data, 177Lu- and 225Ac-PSMA-RLT 

treated samples were processed through a new phosphopeptide enrichment consisting of iron 

immobilized metal affinity chromatography (Fe-IMAC) followed by µHPLC fractionation using 

basic pH reverse-phase chromatography. The Fe-IMAC procedure eliminated the use of a high 

concentration organic acid enhancer and dramatically improved the total unique 

phosphopeptides. The 177Lu-PSMA-RLT treated samples produced nearly double the amount of 

unique phosphopeptides compared to the IFN data with 21,536 phosphopeptides at 70% 

enrichment. For the 225Ac-PSMA-RLT treated samples, the total unique phosphopeptides 

identified were 15,876 at 62% enrichment. The large discrepancy between these two 

phosphoproteome datasets for RLT treated samples can be attributed to the iron(III) chloride 

solution used to chelate to NTA-agarose. A freshly prepared iron(III) chloride solution is typically 

a faint yellow color, which was used for the 177Lu-PSMA-RLT samples. The same iron(III) 

chloride solution was used for the 225Ac-PSMA-RLT treated samples which were processed over 

1 year later. The iron(III) chloride solution turned a golden brown color, presumably through iron 

oxidation, reducing the total amount of unique phosphopeptides captured in this experiment.  

Chapter 4 discusses the current state and future of our multi-omics platform. I have completely 

automated the sample processing following tumor homogenization on a Hamilton Vantage liquid 

handler. Embedded in the workflow is chloroform-methanol precipitation which provides an 

efficient fractionation of biomass. We are able to homogenize tumors in a single lysis buffer and 

process for multi-omics analysis, including whole genome sequencing, transcriptomics, 
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metabolomics, lipidomics, and proteomics. Finally, I discuss the future of the proteomics 

workflow to expand the amount of post-translational modifications that are enriched using Fe-

IMAC, including phosphopeptides, intact glycopeptides, oxidized cysteines, and nitrotyrosines, 

using novel cysteine- and amine-reactive probes functionalized with a phosphonic acid. 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CHAPTER 1 

ATR inhibition facilitates targeting of leukemia dependence on convergent nucleotide 

biosynthetic pathways 

Thuc M. Le, Soumya Poddar, Joseph R. Capri, Evan R. Abt, Woosuk Kim, Liu Wei, Nhu T. 

Uong, Chloe M. Cheng, Daniel Braas, Mina Nikanjam, Peter Rix, Daria Merkurjev, Jesse 

Zaretsky, Harley I Kornblum, Antoni Ribas, Harvey R. Herschman, Julian Whitelegge, Kym F. 

Faull, Timothy R. Donahue, Johannes Czernin, Caius G. Radu 

Abstract 

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

dNTPs for DNA replication. Here, using metabolomic, proteomic, and phosphoproteomic 

approaches, we show that inhibition of the replication stress sensing kinase ataxia 

telangiectasia and Rad3-related protein (ATR) reduces 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 reveals 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 

triggers lethal replication stress in vitro and long-term disease-free survival in mice with B-ALL, 

without detectable toxicity. Thus the functional interplay between alternative nucleotide 

biosynthetic routes and ATR provides 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, might increase the 

dependency of certain tumors on salvage pathways for nucleotide production. Consistently, we 

previously showed 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 
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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 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 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 of its downstream effector kinases CHEK1 

and WEE1, reduces dNTP levels in 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 transition26,27. 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 nucleotide biosynthetic plasticity are yet to 

be defined.  
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Here, we examine 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. Our targeted multiplexed mass spectrometric (MS) assay measures the differential 

contributions of the de novo and salvage pathways both to nucleotide pools and newly 

replicated DNA. This assay is 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 compare 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 identify 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. 

Results 

ATR and dCK co-inhibition impairs G1/S transition  

Human T-ALL cells CCRF-CEM (CEM) express dCK and exhibit constitutive phosphorylation of 

the ATR effector kinase CHEK1 on Serine 345 (pS345, Figure 1-S1a), a marker of replication 

stress34. CHEK1 pS345 levels are reduced following exposure to VE-822, a specific ATR 

inhibitor35 (Figure 1-S1a). 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 into media containing VE-822 and/or 

DI-82, a high affinity 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 
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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 1-1a). 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 1-1b) 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 1-S1b). Co-

inhibition of ATR and dCK decreased the percentage of cells that reached S2 by five-fold 

relative to untreated cells (Figure 1-1b). The effects of ATR inhibition on cell cycle kinetics were 

partially rescued by nucleotide supplementation, in a dCK-dependent manner (Figures 1-S1c, 

1-S1d).  

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 

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 1-S2), it significantly decreased glucose utilization for 29 

other metabolites (Figure 1-1c and Supplementary Data 1-1). These metabolites included 

intermediates such as rUTP, rCTP, and rCDP in the de novo dCTP biosynthesis (Figure 1-1d). 

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 

MS assay was developed (Figures 1-1e, 1-S3). In this assay, samples containing either 

extracted dNTPs or hydrolyzed DNA from labeled cells are separated by liquid chromatography 
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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 1-1e). 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 protonated cytosine in Q2, 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 1-1e) are used to determine the relative contributions of the de novo and 

salvage routes both to dCTP pools and to DNA-incorporated dCTP.  

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

assay was 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 (Figures 1-S4, 1-S5). Since 

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 1-1f). 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.  
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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 1-1g and Table 1-1). 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 1-1g and 

Table 1-1). This reduction is consistent with data in the literature showing replication fork 

collapse and delays in restarting DNA replication following ATR inhibition40–43. dCK inhibition 

abolished the incorporation of salvage produced dCTP into 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 1-1g and Table 1-1).  

Effects of ATR inhibition on RRM2 and dCK  

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 MS (nLC-MS/MS) (Figure 1-2a). 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 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 1-2b and Supplementary Data 1-2). 

Protein levels of both RNR subunits, RRM1 and RRM2, as well as thymidylate synthase (TYMS) 

decreased by more than 20% following ATR inhibition (Figure 1-2c). Changes in the expression 
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of de novo enzymes observed in synchronous cells also occurred with ATR inhibition in 

asynchronous CEM cells (Figure 1-2d, Supplementary Data 1-3), thereby arguing against the 

possibility of experimental artifacts introduced by Palbociclib-mediated cell cycle 

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

an ~50% decrease in the phosphorylation of RRM2 on threonine 33 (pT33) (Figure 1-2e), a 

phosphosite previously linked to the RRM2 stability44.  

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 1-S6a). RRM2 levels in the CEM shRNARRM2 cells were reduced by 35–

50%, as determined by quantitative nLC-MS/MS and intracellular flow cytometry analyses 

(Figures 1-S6a, 1-S6b). CEM shRNARRM2 cells exhibited approximately 30% lower 

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

(Figure 1-S6c); a response comparable with the effects of pharmacological ATR inhibition 

(Figure 1-1g). 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 1-2c, 1-2d), 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 1-2c, 1-2d). 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 
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[13C9,15N3]dC to intracellular dCMP, by ~90% (Figure 1-2f, left panel). ATR inhibition in CEM 

cells reduced the dCK-labeled [13C9,15N3]dCMP pool by ~33% compared to untreated cells 

(Figure 1-2f, left panel). The reduction in dCMP biosynthesis following ATR inhibition correlated 

with a ~36% decrease in dCK pS74 levels (Figure 1-2f, right panel). Collectively, these data 

(summarized in Figure 1-2g) 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 (Figure 1-3a). Amongst these, 3-AP was the most 

potent, as indicated by induction of S-phase arrest at concentrations as low as 0.5 µM (Figures 

1-3b, 1-S7). 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 1-3c), 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 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 

1-3c). 

Triple combination induces lethal replication stress in vitro  
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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 1-4a and Supplementary Data 

1-4). ATR inhibition decreased the [13C6]glucose labeling of the rCDP pool by 40% (Figure 1-4a, 

rCDP panel), an effect similar to that observed in the synchronous model (Figure 1-1d). In 

contrast, RNR inhibition increased the size of the rCDP pool (Figure 1-4a, 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 ~2-fold, 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 (Figure 1-4a, 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 

breaks (DSBs)51. To investigate these events 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 1-4b). 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 

(Figure 1-4b). Along with these changes, RNR inhibition triggered rapid induction of CHEK1 

pS345, a direct downstream target of ATR (Figure 1-4c). 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 
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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, Figure 1-4c); 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 (Figure 1-4b) and with cleavage of the apoptotic 

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

(Figure 1-4c). 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 1-S8a). 

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 (Figure 1-S8b). 

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 (Figure 1-5a). 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 (Figure 1-5b–d). We then 

investigated whether targeting the activities of de novo and salvage pathways can improve the 
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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 1-5e) and complete inhibition of cell growth (Figure 1-S9a, 1-

S9b).  

Triple combination eradicates B-ALL in vivo  

To translate the above cell culture findings into an in vivo setting, we 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 1-6a). Based on plasma 

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

administered once/day (Figure 1-6b). 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 1-6c, 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 (Figures 1-6c, 1-6d). All treated mice remained 

disease-free for 442 days after treatment withdrawal on day 42 (Figure 1-6e). The combination 

therapy was well-tolerated, as indicated by maintenance of body weight during treatment 

(Figure 1-6f) 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 1-S10). 

Importantly, removing the dCKi from the combination therapy significantly reduced the 

therapeutic efficacy in vivo (Figure 1-S11), a result consistent with cell culture findings (Figures 

1-4, 1-5e, 1-S8, 1-S9).  
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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”) 

mutation32,56. 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 leukemia bearing 

mice to dasatinib and harvesting drug-resistant cells from bone marrow (Figures 1-S12a–c). 

Mice were inoculated with the T315I-positive cells and treated with the combination therapy 

(Figures 1-S12d–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 1-S12). 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 

1-S13). 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. 

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 permit disease-

induced lethality in a systemic mouse model of pre-B-ALL. Combining ATR inhibition with 

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 
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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. According to this model, 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 

(Figures 1-5e, 1-S8, 1-S9, 1-S13) and in vivo (Figures 1-6c–f, 1-S10–S12).  

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 1-S14a). 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 1-S14a). 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 1-S14a). 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 
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[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 (Figures 1-S14b-c). Indeed, M417 cells were subsequently 

found to harbor a homozygous nonsense mutation (Q140*) in CAD (Figure 1-S14d). 

Predictably, the defect in de novo pyrimidine biosynthesis rendered M417 cells hypersensitive to 

dCK inhibition (Figure 1-S14e). 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 

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 1-2f). 

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 1-4c). 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 
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decrease in RRM2 protein levels (Figures 1-2c-d), reduced RRM1 protein levels (Figures 1-2c-

d), and a significant reduction in RRM2 pT33 (Figure 1-2e), 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 1-2c-d) and to identify the mechanism(s) 

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. 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. 

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). Drugs were serially diluted to the desired 

concentrations and an equivalent volume of DMSO was added to vehicle control. 10 µL of the 

4X diluted drugs were added to each well. Following 72 h incubation, ATP content was 

measured using CellTiter-Glo reagent according to manufacturer’s instructions (Promega, 
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CellTiter-Glo® Luminescent Cell Viability Assay), and analyzed by SpectraMax luminometer 

(Molecular Devices). IC50 values, concentrations required to inhibit proliferation by 50% 

compared to DMSO treated cells, were calculated using Prism 6.0h (Graphpad Software). 

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, 

#2348L, 1:1000), pT68 CHEK2 (Cell signaling, #2197S, 1:1000), pS139 H2A.X (Millipore, 

05-636, 1:1000), clvd. Casp8 (Cell signaling, #8592, 1:1000), clvd. Casp9 (Cell signaling, 

#9502, 1:1000), clvd. Casp3 (Cell signaling, #9662, 1:1000), clvd. PARP (Cell signaling, 

#5625P, 1:1000), 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. Anti-rabbit IgG HRP-

linked (Cell Signaling Technology, 7074, 1:2500) and anti-mouse IgG HRP-linked (Cell Signaling 

Technology, 7076, 1:2500) were used as secondary antibodies. Chemiluminescent substrates 

(ThermoFisher Scientific, 34077 and 34095) and autoradiography film (Denville) were used for 

detection. 
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Drugs  

The following drugs were used: Pablociclib (Selleckchem, S1116, 1 µM), VE-822 (ApeXBio, 

B1381, 1 µM or as indicated), DI-82 (dCKi38, 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). 

Cell cycle kinetics  

CEM T-ALL cells were synchronized in G1 phase, and then treated as indicated. Cells were 

pulsed with EdU 1 h before collection at different time points. Cells were fixed 4% 

paraformaldehyde, permeabilized with perm/wash reagent (Invitrogen), stained with Azide-

AF647 (using click-chemistry, Invitrogen; Click-iT EdU Flow cytometry kit, #C10634) and 

FxCycle-Violet (Invitrogen), and then analyzed flow cytometry (a detailed description is available 

in the Supplementary Information). 

Metabolite profiling  

See Supplementary Information for details on sample preparation, data collection, and analysis. 

Global proteomic and phosphoproteomic analyses 

See Supplementary Information for details on sample preparation, data collection, and analysis. 

ssDNA and pH2A.X measurements  

Treated CEM T-ALL cells were fixed with ice-cold methanol:PBS (6:1 v/v). Staining with F7-26 

ssDNA monoclonal antibody (mouse) was performed according to manufacturer’s instructions 

(EMD Millipore, #MAB3299) followed by secondary antibody IgM-PE. Subsequently, cells were 

stained with the phospho-Histone H2A.X (pS139 H2A.X) specific antibody conjugated to FITC 

(EMD Millipore, #05-636) and DAPI, and then analyzed by flow cytometry (a detailed description 

is available in the Supplementary Information).  
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Western blots 

See Supplementary Information for details on sample preparation and antibody information. 

Images have been cropped for presentation. Full-size images are presented in Supplementary 

Fig. 15. 

Apoptosis assay 

Apoptosis and cell death were assayed using Annexin V-FITC and PI according to 

manufacturer’s instructions (FITC Annexin V Apoptosis Detection Kit, BD Sciences, #556570). 

In vivo leukemia models and treatment regimes  

All animal studies were approved by the UCLA Animal research committee (ARC). For 

development of systemic leukemia model, C57Bl/6 female mice were injected intravenously with 

50,000 firefly luciferase expressing p185BCR-ABLArf–/– pre-B-ALL cells12,31. The leukemic burden 

was monitored using bioluminescence imaging. All drug treatments were performed in an oral 

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

5:3:1:1. The oral gavage volume was 50 µL per dose (a detailed description is available in the 

Supplementary Information). 

Pharmacokinetic measurements  

3-AP, dCKi, VE-822 plasma concentrations were assessed at 0.5, 1, 2, 4, 6, 12, and 24 h 

following oral administration. Blood samples were collected in heparin-EDTA tubes by the retro-

orbital technique and spun down to collect the supernatants. Four parts of methanol were added 

to plasma samples to precipitate proteins, and the supernatant was collected. 20 µL samples 

were injected onto a reverse phase column equilibrated in water 0.1% formic acid for LC-MS/

MS-MRM analysis in positive ion mode. Plasma concentrations were determined by comparison 

to previously generated standard curves. A population pharmacokinetic modeling (NONMEM v. 

7.2) with first order conditional estimation (FOCE) was used to characterize the Cmax, half-life, 

and area under the curve (AUC) for 3-AP, dCKi, and VE-822. 3-AP and VE-822 were best 

described with a one compartment model while dCKi was best described by a two-compartment 
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model. All three drugs were well described with first order absorption and a proportional error 

model. Clearance and volume were scaled by weight. 

FACS analyses  

All flow cytometry data were acquired on a five-laser LSRII cytometer (BD), and analyzed using 

the FlowJo software (Tree Star). See Supplementary Information for details on propidium iodide, 

cell cycle by EdU, pH2A.X, ssDNA, phospho-histone 3, and Annexin V staining. 

Animal studies  

Mice were housed under specific pathogen-free conditions and were treated in accordance with 

UCLA Animal Research Committee protocol guidelines. All C57BL/6 female mice were 

purchased from the UCLA Radiation Oncology breeding colony. VE-822 (ApeXBio, 40 mg kg–1), 

3-AP (ApeXBio, dosage as indicated) and DI-82 (dCKi, Sundia Pharmaceuticals, 50 mg kg–1) 

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–1 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)  
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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 ± s.d. 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, 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. All statistical analysis and generated graphs were 

performed either in R or Graphpad Prism 6.0h. 

The rates of dCTP incorporation into the DNA were determined using linear regression with 

procedure GLM in SAS (v. 9.4). DNA % label was transformed using a shifted log addition of 1 

due to the presence of zeros in the data set. Rates were calculated using the slope of the 

regression line for the log transformed data and are presented in the table with the associated 

standard errors, along with the ratio between the rate of incorporation into DNA by the de novo 

and salvage pathways (Table 1). 

Data availability  

The proteomic and phosphoproteomic data have been deposited in the Proteome Xchange 

database under accession code PXD006702. The authors declare that all other data supporting 
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the findings of this study are available within the article and its Supplementary Information Files 

or from the corresponding author upon request.  
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Figures 

Figure 1-1 | Effects 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 ± SD, 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 (FDR) ≤ 20% are indicated. (d) Percent glucose labeling of 
ribonucleotides intermediates in the de novo dCTP biosynthesis (mean ± SD, 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 Supplementary Fig. 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 ± SD, 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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Table 1-1. Rates of de novo and salvage produced dCTP 
incorporation into newly replicated DNA

Treatment De novo* Salvage* Ratio (salvage/de novo)

Not treated 0.20 ± 0.01 0.17 ± 0.01 0.83

VE-822 0.17 ± 0.01 0.14 ± 0.01 0.85

dCKi 0.23 ± 0.01 0.019 ± 0.004 0.082

VE-822 + dCKi 0.19 ± 0.01 0.022 ± 0.002 0.12

*Slope ± standard error of regression line in arbitrary unit.
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Figure 1-2 | 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 (FDR) ≤ 20% are indicated. (c) Protein levels 
of nucleotide biosynthetic enzymes (mean ± SD, n = 3, one-way ANOVA, Bonferroni corrected). 
(d) Protein levels in asynchronous CEM cells treated with VE-822 (1 µM) for 12 h (mean ± SD, 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 ± SD, 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 ± SD, n = 3, one-way 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 ± SD, 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 1-3 | 3-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 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 1-S8 for quantification. (c) LC-MS/MS-MRM analysis of dCTP biosynthesis in CEM cells 
treated with 500 nM 3-AP for 12 h (mean ± SD, n = 3).  
NT: not treated. 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Figure 1-4 | Synthetic 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 ± SD, 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 ± SD, n = 2, one-way ANOVA, 
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. 
ssDNA single-stranded DNA; DSB double-stranded breaks; PARP Poly (ADP-ribose) 
polymerase. 
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Figure 1-5 | ATR 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 (CellTiter-Glo assay at 72 h, mean ± SD, 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). 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 ± SD, 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 1-6 | The 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 ± SD, 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 Supplementary Fig. 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 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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Supplementary Figures 

Figure 1-S1 | dCK expression in different types of cancer. (a) Comparison of dCK gene 
expression between cancer cell lines (CCLE) and corresponding normal tissues (GTEx). (b) P 
values were calculated using a random selection of 10 equal-size sets from each cancer and 
tissue comparison (unpaired two-tailed Student’s t-test). Results are presented as mean ± SD 
from 10 iterations. The dash gray line indicates Bonferroni corrected P values = 0.05 for 12 
comparisons (0.0042). (c) Comparison of dCK expression in patient-matched tumor and normal 
tissues from the TCGA database (paired two-tailed Student’s t-test, Bonferroni corrected). 
* P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 
ALL acute lymphocytic leukemia; AML acute myeloid leukemia; CML chronic myeloid leukemia; 
TPM transcripts per million. 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Figure 1-S2 | 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 ± SD, 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 ± SD, n = 2, one-way 
ANOVA, Bonferroni corrected). 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Figure 1-S3 | ATR inhibition minimally impacts glucose labeling in the glycolysis of CEM 
T-ALL cells. Percent glucose labeling of glycolytic metabolites (mean ± SD, 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. 
 

Figure 1-S4 | Workflow for the targeted mass spectrometric analysis used in Fig. 2 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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Figure 1-S5 | 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 ± SD, 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 ± 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 S (left 
panel) and G2/M (right panel) after the indicated treatments for 24 h (mean ± SD, 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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Figure 1-S6 | dCK-dependent production from dG requires PNP inhibition (companion for Fig. 1-1). (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 ± SD, 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 ± 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 1-S7 | 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) 
Relative protein levels in CEM with RRM2 knockdown using shRNA (mean ± SD, n = 3, one-
sample t-test to assess if the mean of the normalized measurements is equal to one). (b) RRM2 
expression of CEM cells treated with VE-822 or RRM2 knockdown CEM cells. (c) Relative 
mean fluorescence intensity (MFI) of RRM2 levels in S-phase of parental CEM cells treated with 
VE-822 and CEM shRRM2 cells (mean ± SD, n = 2, one-way ANOVA, Bonferroni corrected). (d) 
Contributions of the de novo and salvage pathways to dCTP incorporated into newly replicated 
DNA in parental CEM and shRRM2 CEM cells (mean ± SD, n = 3, two-way ANOVA, Bonferroni 
corrected, comparing de novo contribution between parental CEM to the two RRM2 knockdown 
CEMs).  
* 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. 

 

Figure 1-S8 | 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 ± SD, 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 ± SD, n = 2, one-way ANOVA, P < 0.0001).  
dT thymidine; HU hydroxyurea; GaM gallium maltolate. 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Figure 1-S9 | 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 ± 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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Figure 1-S10 | 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 ± 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. 

Figure 1-S11 | 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. 1-6b (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. 1-6c, 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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Figure 1-S12 | 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 1-S13 | 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. 

45



Figure 1-S14 | 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 ± SD, n = 2, one-way ANOVA, Bonferroni corrected). 
ns not significant. 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Figure 1-S15 | 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 ± 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 [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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Supplementary Methods 

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. 

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/). 

dNTP sample processing  

0.5 – 1 x 106 cells were collected into 1.5 mL microcentrifuge tubes and centrifuged (450 x g, 4 

min, 4ºC). 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 4ºC). 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) 
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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, 4ºC) 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 –20ºC 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 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 37ºC. 

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 – 20ºC 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 
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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/%B/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 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 
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([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 conditions, as well as percentage of [13C6]glucose labelling, 

were calculated and corrected for naturally occurring 13C abundance. 

Proteomic analyses  
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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 95ºC 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 37ºC followed by a second aliquot of trypsin 1:100 (enzyme:protein) 

overnight at 37ºC. 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 described2. On-column dimethyl 

labeling using C18 StageTips was performed as previously described3. 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. Due to 

the nature of comparing 4 sample groups and being limited to 3 channels for stable isotope 

reductive amination labeling, two independent multiplexed experiments were run with each 

independent experiment including the non-treated sample group as the bridge sample, in order 

to compare treated samples across the experiments. Therefore, one multiplexed experiment 

contained non-treated, VE- 822 treated, and VE-822 + dCKi treated sample groups and the 

other multiplexed experiment contained non- treated and dCKi treated sample groups. Each 
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multiplexed experiment was performed in triplicate. 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 

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 described2. 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 non-linear gradient of 0-40% mobile phase B (98% acetonitrile and 0.1% formic acid) at 500 

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 
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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 

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, peptide match between run feature 

with 1.5 min time window, and 1% false-discovery rate (FDR) on peptide and protein 

identifications. To calculate the FDR for the proteomics data, the MS/MS spectra were searched 

against both the Uniprot human FASTA database and a decoy database of the Uniprot human 

database which read from C-terminus to N-terminus; Percolator was used to filter the data at 

1% FDR at both the peptide and protein level. 

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 described4. 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, 
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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 down at –20ºC 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 
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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). 

Cell cycle histograms  

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 (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 and cell cycle progression 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. 
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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. 

Measurement of 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. 
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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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CHAPTER 2 

STING-driven interferon signaling reprograms nucleotide metabolism and triggers replication 

stress in pancreatic cancer 

Evan R. Abt, Amanda M. Dann, Thuc M. Le, Joseph R. Capri, Arthur Cho, Soumya Poddar, 

Nanping Wu, Luyi Li, Lei Zhou, Shili Xu, Woosuk Kim, Vincent Lok, Jing Cui, Alice Yu, Alexandra 

Moore, Liu Wei, Roger Slavik, TIng-Ting Wu, Johannes Czernin, Robert Damoiseaux, David W. 

Dawson, Timothy R. Donahue, and Caius G. Radu 

Abstract 

An inflammatory, cytokine-rich microenvironment is a defining feature of pancreatic ductal 

adenocarcinoma (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 PDAC TCGA specimens and that IFN 

signaling biomarkers are detectable in a subset of PDAC patient-derived and cell line xenograft 

tumors. Using both gain-of-function and loss-of-function models, we defined a role for PDAC cell 

cGAS/STING pathway activity in tumor IFN signaling. In vitro, we found that IFN reprograms 

cancer cell nucleotide metabolism, and induces a nucleotide and nucleoside catabolism 

“metabolic program” mediated by SAMHD1, NT5C3A and TYMP. By intersecting nLC-MS/MS 

phosphoproteomics analyses and a 430 compound chemical genomics high-throughput 

synthetic lethality screen we determined that IFN triggers the activation of and a requirement for 

the replication stress response signaling cascade mediated by the kinase ataxia telangiectasia 

and Rad3-related protein (ATR). Co-treatment of PDAC cells with IFNβ and an ATR inhibitor 

triggers S-phase arrest, DNA damage and apoptosis. Mechanistically, ATR inhibitors amplify 

IFN-induced nucleotide restriction by down-regulating ribonucleotide reductase which is 

required for their de novo biosynthesis. Collectively, this work furthers our understanding of the 

crosstalk between cytokine signaling, nucleotide metabolism and DNA replication stress 
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response networks and provides the rationale for the exploration of targeted therapeutic 

interventions that leverage the unique microenvironment of PDAC tumors. 

Significance 

Interferon signaling biomarkers are detectable in a subset of PDAC patient and xenograft tumor 

samples and are regulated by tumor cell cGAS/STING pathway activity. Interferon signaling 

reprograms nucleotide metabolism and sensitizes PDAC cells to replication stress response 

inhibitors. 

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. Contributing to this dismal 

prognosis is the resistance of PDAC tumors to current chemo- or immuno-therapy regimens, 

clearly indicating that a better understanding of fundamental PDAC tumor biology is required for 

the development of effective therapies for this disease2. Accordingly, substantial efforts have 

been directed towards defining genomic and transcriptional PDAC subtypes to ultimately guide 

precision medicine treatment approaches3, 4. Two transcriptional subtypes have been recurrently 

identified in PDAC patient samples, the basal-like/mesenchymal/squamous and classical/

epithelial/progenitor, however, the distinct biological behavior and targetable vulnerabilities of 

these subtypes are not well defined5. 

PDAC tumors exhibit a near universal penetrance of activating KRAS mutations, contain a 

dense stromal component and possess a pro-inflammatory, cytokine-rich microenvironment. 

Among cytokines present in PDAC tumors interferons (IFNs) are particularly important as they 

have been shown to influence cancer development and progression6, 7. In immune and epithelial 

cells intracellular signaling cascades, such as the endosomal TLR, or cytosolic MDA5/MAVS, 

RIG-I and cGAS/STING networks, initiate type I IFN (IFNɑ and IFNβ) production in response to 
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defined pathogen-associated stimuli8. Type I IFNs function by binding to specialized receptors 

and activating a JAK1/TYK2-mediated signaling cascade which triggers the expression 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: IFN exposure 

impairs cancer cell proliferation in vitro but chronic exposure has been linked with resistance to 

radiation, chemotherapy and immune checkpoint blockade9, 10. It remains to be determined if 

IFN signaling in tumors can be leveraged therapeutically. 

PDAC tumors undergo extensive metabolic reprogramming that enables them to adapt to 

chronic nutrient deprivation11. Drivers of metabolic reprogramming in PDAC include oncogenes 

(mutant KRAS)12, physiologic factors (hypoxia)13, and heterotypic cellular interactions with 

stromal cells and immune cells14. 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 impact on cellular metabolism. 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 influences cancer cell metabolism is insufficiently understood15. 

Among metabolites essential for cancer cell proliferation, nucleotides are particularly important 

as they are required for a variety of biological processes, particularly nucleic acid (RNA and 

DNA) biosynthesis. A balanced and sufficient supply of deoxyribonucleotide triphosphate 

(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 inhibition of lysosome 

function has been shown to restrict PDAC cell growth by limiting aspartate which is critically 

required for the de novo synthesis of both pyrimidine and purine nucleotides16. To resolve the 

DNA replication stress that results from dNTP insufficiency, cancer cells rely on the replication 

stress response signaling pathway17. The proximal mediator of this response, ataxia 

telangiectasia and Rad3-related protein (ATR) initiates a signaling cascade which: slows DNA 
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replication by suppressing origin firing; promotes replication fork stabilization and activates the 

G2/M checkpoint18. Importantly, ATR has been shown to promote nucleotide biosynthesis and 

salvage via activation of rate-limiting enzymes in these pathways: ribonucleotide reductase 

(RNR) and deoxycytidine kinase (dCK), respectively19. ATR inhibitors M6620 (EMD Serano; also 

known as VE-822) and AZD6738 (AstraZeneca) are currently being combined with 

chemotherapy, DNA damaging therapy (PARP inhibitors) or immunotherapy (immune 

checkpoint blockade) in clinical trials for multiple cancer types including PDAC18. ATR inhibitors 

may be particularly effective for the treatment of tumor cells exhibiting high levels of replication 

stress driven by endogenous (i.e. mutant KRAS) or exogenous factors20, 21. 

In this study, we determined that PDAC patient-, patient-derived xenograft- and cell line 

xenograft- tumors exhibit markers of a type I IFN response and found that constitutive type I IFN 

signaling in xenograft tumors is dependent on PDAC cell cGAS/STING pathway functionality. In 

vitro, IFN signaling shifts nucleotide metabolism from a biosynthetic to a predominantly catabolic 

phenotype which is the consequence of transcriptional up-regulation of SAMHD1, NT5C3A and 

TYMP. Using a chemical genomics high-throughput screening approach we determined that 

type I IFN signaling renders PDAC cells addicted to replication stress response signaling and 

inhibiting this pathway at the level of ATR induces catastrophic DNA damage and cell death in 

cells exposed to IFN. In combination, IFN and ATRi inhibitors restrict dNTPs for DNA replication 

by promoting their breakdown and impairing their biosynthesis, respectively. Collectively, this 

work begins to define the crosstalk between cytokine signaling, stress response networks and 

metabolism in PDAC and identifies a targetable, IFN-driven tumor cell collateral dependency.  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Results 

IFN signaling is constitutive in a subset of PDAC tumors 

The majority of PDAC specimens in the TCGA collection exhibit a particularly high enrichment of 

a defined IFN-response gene expression signature (Figure 2-1A)22, 23. Consistently, a subset of 

primary PDAC specimens derived from patients at our institution exhibited high STAT1 and MX1 

protein levels notably localized to the tumor cell compartment (Figures 2-1B, 2-1C). To model 

these findings, we established subcutaneous xenografts of 33 primary patient-derived PDAC 

samples and 17 established PDAC cell lines in immunodeficient mice and identified that the 

majority exhibited high levels of STAT1 and MX1 immuno-reactivity while a minority scored as 

negative (Figures 2-1D, 2-1E, 2-S1A, 2-S1B). Because IFN is species restricted these data 

suggest that IFN-stimulated gene expression in xenograft tumors is driven by a tumor cell 

autonomous mechanism. An explanation for the lack of IFN-stimulated gene expression in a 

subset of models 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 blockade24, 25. However, treatment of PDAC cell lines with type I IFN (IFNβ) 

in vitro triggered STAT1 expression in all cell lines tested, including those scoring as STAT/MX1-

low when grown as xenograft tumors (Figure 2-S2A). Additionally, IFNβ exposure resulted in 

impaired PDAC cell proliferation in vitro, consistent with a previous report (Figure 2-S2B)26. 

The cGAS/STING pathway drives type I IFN signaling in PDAC tumors 

Our observation that the majority of patient-derived and cell line xenograft PDAC tumors exhibit 

IFN signaling biomarker enrichment suggested that tumor cells produce IFN. In epithelial cells, 

type I IFN production can be initiated downstream of cytosolic nucleic acid sensors, which are 

triggered by pathogen or mis-localized self DNA. One such sensor is cGAS which binds 

cytosolic single-stranded (ss)DNA and double-stranded (ds)DNA and in turn activates STING 

via production of the second messenger cyclic dinucleotide 2’-3’-cGAMP. In contrast to most 

cancers in which cGAS and STING are suppressed by mutational inactivation or epigenetic 

silencing, the cGAS and STING promoters are generally hypo-methylated in PDAC and STING 
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is transcriptionally up-regulated in PDAC tumor specimens compared to normal pancreas tissue 

(Figure 2-S2C)27. Moreover, IHC analyses of a 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 2-S2D)28. To evaluate cGAS/STING pathway functionality 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. ISD triggered an increase in the 

IFNβ transcript only in a subset of lines (Figure 2-2A). We reasoned that cell lines unresponsive 

to ISD are defective in either cGAS or STING expression, and consistently we found that STING 

expression was required for ISD response. However, we identified several cell lines, including 

SUIT2, which do not respond to ISD but express both cGAS and STING at levels comparable to 

ISD-responsive cells (Figure 2-2B). Despite a lack of response to ISD, direct activation of 

STING in SUIT2 cells via transfection with a bisphosphorothioate cGAMP analog (cGAMP) 

resulted in an increase in IFNβ transcript (Figure 2-2C). We determined that cGAS was not 

mutated in SUIT2 which suggests that in SUIT2 it is mis-localized or inhibited by a post-

translational mechanism, of which several have been described29. Expectedly, cGAMP 

transfection triggered rapid phosphorylation of IRF3S139, which is mediated by TBK1 

downstream of STING-dependent cGAMP sensing, and phosphorylation of STAT1 

(pSTAT1Y701), temporally followed by induction of STAT1 and MX1 protein expression in STING-

expressing SUIT2 and DANG cells (Figures 2-2D, 2-2E). Inhibition of JAK using ruxolitinib 

abrogated cGAMP induced STAT1 phosphorylation and interferon stimulated gene induction 

(Figures 2-2D, 2-2E). Additionally, IFNβ protein accumulation in culture supernatants was 

observed following cGAMP transfection (Figure 2-2F). 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 whereas they were expressed at low levels in xenograft 

tumors derived from STING pathway-inactive SUIT2 cells (Figures 2-2G, 2-2H). Collectively, 

these results suggest that the cGAS/STING pathway drives constitutive IFN signaling in 
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xenograft tumors and demonstrate that cGAS and STING expression per se is insufficient to 

predict pathway functionality in PDAC cells. 

STING modulates PDAC cell proliferation and interferon-stimulated gene expression in 

vivo 

To compliment these findings and to determine if cancer cell STING activity modulates 

interferon-stimulated gene expression and tumor growth in vivo we knocked out STING using 

CRISPR/Cas9 in cGAS/STING-proficient DANG cells. STING knockout (KO) enhanced DANG 

tumor growth and completely blocked expression of MX1 in tumors (Figures 2-2I, 2-2J, 2-S2E). 

Importantly, DANG STING KO cells retained sensitivity to recombinant IFNβ in vitro (Figure 2-

S2F). We generated a second STING knockout isogenic system in HS766T cells which we 

engineered to stably express a firefly luciferase (FLUC)-linked IFN stimulated response element 

(ISRE) reporter to non-invasively track type I IFN signaling activity in xenograft tumors using 

bioluminescence imaging. Under cell culture conditions only STING-proficient HS766T cells 

exhibit reporter ISRE promoter activation following cGAMP transfection (Figure 2-S2G). 

Consistently, STING proficient HS766T ISRE-fLUC tumors exhibited a higher luminescence 

intensity when compared to STING knockout isogenic tumors (Figure 2-S2H) and substantially 

decreased levels of pSTAT1Y701, STAT1, and MX1 (Figure 2-S2I). 

To further investigate the role of STING in regulating IFN signaling and tumor growth we 

engineered SUIT2 cells to express a previously described constitutively active STING mutant 

(STINGR248M) conditionally in the presence of doxycycline (Figure 2-2K)30. Activation of 

STINGR248M resulted in impaired cell proliferation in 3D culture and triggered IFN stimulated 

gene expression in vitro which was abrogated by pharmacological inhibition of JAK (Figure 

2-2L, 2-S3A).  

To determine if these phenotypes occur in vivo we investigated the growth 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 
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constitutively express a fLUC reporter which allows for non-invasive monitoring of tumor burden. 

Activation of STINGR248M resulted in impaired growth of orthotopic tumors (Figures 2-2M, 2-

S3B). Immunoblot analysis of resected tumors revealed enrichment of IFN stimulated gene 

expression in STINGR248M-active orthotopic tumors (Figure 2-2N). These results demonstrate 

that the cGAS/STING signaling pathway is intact in a subset of PDAC models and that its 

activity contributes to cell type I IFN signaling in PDAC xenograft tumors. 

IFN signaling reprograms nucleotide metabolism in vitro 

To investigate the consequences of IFN signaling in PDAC we first evaluated alterations in 

intracellular metabolites triggered by IFNβ in SUIT2 cells in vitro using a combined non-targeted 

liquid chromatography and mass spectrometry (LC-MS) assay. A comparison of the relative 

abundance of the 132 metabolites detected by this assay revealed that all metabolites 

decreasing in abundance >2-fold in IFNβ-treated cells were nucleotides: either dNTPs (dCTP, 

dATP) or nicotinamide adenine dinucleotides (NAD+, NADH and NADP+)(Figure 2-3A). The 

impact of IFN signaling on NAD metabolites in cancer has been previously documented, thus 

we further investigated the impact of IFN on dNTP pools31. Decreases in dNTP abundance 

could be the consequence of either impaired biosynthesis, increased consumption or enhanced 

phosphohydrolysis. To validate the findings from our LC-MS study and to investigate the cause 

of dNTP pool restriction triggered by IFNβ treatment we adapted a targeted LC-MS/MS 

approach previously reported by our group to evaluate alterations in the abundance of and the 

contribution of stable isotope [13C6]glucose to (i) rNTP/dNTP pools, (ii) extracellular nucleosides 

(the products of rNTP/dNTP hydrolysis) and (iii) dNTP consumption for DNA replication (Figure 

2-3B)19. In our targeted assay, IFNβ treatment triggers in a decrease in dCTP, dTTP, dATP and 

dTTP pools in both SUIT2 (Figure 2-3C). Additionally, IFNβ treatment triggered efflux of 

[13C6]glucose-derived dC and dU and impaired the incorporation of [13C6]glucose to nucleosides 

in DNA (Figures 2-3C). The observed low levels of purine nucleosides in culture media likely 

reflects the activity of the catabolic proteins adenosine deaminase (ADA) and purine nucleoside 

phosphorylase (PNP). Similar patterns were observed in YAPC cells (Figure 2-S4A). 
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Collectively, these results suggest that dNTP pool restriction induced by IFN treatment is the 

consequence of enhanced dNTP catabolism. 

To systematically investigate the cause of this metabolic reprogramming we performed RNAseq 

analysis of SUIT2 cells treated with IFNβ for 6 h. Notably, the expression of genes encoding 

enzymes 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), was significantly up-regulated in IFNβ-treated cells 

(Figures 2-3D). We confirmed these findings in two models using immunoblot analysis and 

found that SAMHD1, TYMP and NT5C3A were induced by IFNβ (Figures 2-3E). SAMHD1 

induction and dNTP pool reduction were not a transient response to acute treatment and were 

sustained and detectable following 21 days of chronic exposure (Figures 2-S4B, 2-S4C). 

SAMHD1 emerged as a potential mediator of IFN-induced metabolic alterations 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 can be effluxed into the environment (Figure 2-3F)32, 33. To investigate the role of 

SAMHD1 in IFN-induced nucleotide pool restriction in PDAC cells we generated SUIT2 

SAMHD1 KO cells using CRISPR/Cas9 (Figure 2-S4D). We applied our 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 KO cells (Figure 2-S4E). In parental cells, IFNβ treatment 

resulted in a 2-fold decrease in dCTP pools and a 3-fold increase in dC efflux (Figure 2-S4F). At 

baseline, SAMHD1 KO cells had a nearly 3-fold greater labeled dCTP pool than parental cells 

and in this model IFN did not induce dCTP pool decreases or enhance dC efflux. IFN treatment 

resulted in a decrease in the contribution of [13C6]glucose to the dC compartment of DNA in both 

parental and SAMHD1 KO cells, albeit to a lesser degree in knockout cells, This indicates, 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 which is likely 
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reflected combined induction of a “metabolic program” that results in enhanced nucleotide and 

nucleoside catabolism and is mediated by SAMHD1, NT5C3A and TYMP (Figure 2-3F).  

IFN-induced metabolic alterations can be detected in vivo by positron emission 

tomography (PET) imaging 

We next asked if IFN signaling mediated by STING triggers metabolic alterations in vivo. We 

reasoned that we could leverage the induction of TYMP by IFN for the detection of STING-

active tumors using [18F]fluorothymidine ([18F]FLT) positron emission tomography (PET)34, 35. 

Like thymidine, FLT is phosphorylated, and thereby trapped intracellularly, by thymidine kinase 1 

(TK1), but the affinity of dT for TK1 greatly exceeds that of FLT and is thus a competitive 

inhibitor of FLT accumulation in cells35. TYMP degrades dT (but not FLT) into thymine and 2-

deoxy-alpha-D-ribose 1-phosphate and depletes dT pools (Figure 2-4A). Therefore, FLT 

accumulation is a surrogate marker for both TK1 expression and dT levels which, in turn, are 

regulated by TYMP. In this model, IFN-dependent depletion of dT would result in increased 

accumulation of [18F]FLT PET in tumors. To test this hypothesis we evaluated the impact of IFNβ 

treatment on [18F]FLT uptake under varying dT concentrations and found that dT competitively 

inhibited [18F]FLT uptake but IFNβ treatment mitigated this effect (Figure 2-4B). To confirm a 

role for TYMP in this phenotype we generated TYMP knockdown cells using shRNA in SUIT2 

cells (Figure 2-4C). Both TYMP knockdown and treatment with a JAK inhibitor impaired IFNβ-

induced [18F]FLT uptake in SUIT2 cells (Figures 2-5D, 2-S5A).  

We next evaluated if these findings could be extended to STINGR248M xenograft tumors. 

Consistent with our in vitro findings, STINGR248M induction significantly impaired subcutaneous 

xenograft tumor growth and induced IFN-stimulated gene, including TYMP, expression in tumors 

(Figures 2-4E, 2-4F). Using PET imaging of tumor bearing mice we determined that [18F]FLT 

accumulation is significantly increased after doxycycline treatment in STINGR248M tumors 

compared to isogenic control cells which conditionally express GFP (Figure 2-5G). STINGR248M 

induction did not alter nucleoside levels systemically as we did not observe significant 
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differences in plasma dT levels in mice bearing either SUIT2-GFP or -STINGR248M tumors 

(Figure 2-S5B). We confirmed that this alteration was specific to [18F]FLT and not the 

consequence of global metabolic reprogramming as [18F]fluorodeoxyglucose ([18F]FDG) uptake 

in the same animal model was unaffected by IFN signaling (Figure 2-5C). Additionally, [18F]FLT 

and [18F]FDG imaging of 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 confined to tumors with active STING signaling in this model (Figures 2-S5D, 2-S5E). S In 

summary, we confirmed that IFN signaling driven by STING reprograms tumor cell metabolism 

both in vitro and in vivo. 

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

signaling in PDAC cells 

We hypothesized that IFN exposure triggers tumor-promoting adaptive signaling alterations in 

PDAC cells6. To systematically profile such mechanisms we applied an nLC-MS/MS phospho-

proteomic analysis of SUIT2 PDAC cells 24 h following IFNβ treatment (Figure 2-5A). We 

identified 1,077 significantly altered proteins (among 9,350 detected, 1% FDR) 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 2-5A)36. 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 ATR37. With the goal of systematically identifying signaling pathway co-

dependencies triggered by IFN in tumor cells, and to compliment our phosphoproteomic 

profiling, we applied a high-throughput 430 compound chemical genomics screen using SUIT2 

cells treated ± IFNβ (Figure 2-5B). Small molecule inhibitors of key replication stress response 

effectors, including ATR (AZD6738) its and its downstream effector CHEK1 (LY2603618, 

PF-477736 and AZD-7762), scored among the top hits and exhibited significantly increased 
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activity in SUIT2 cells treated with IFNβ. Expectedly, JAK inhibitors (LY278544, tofacitinib and 

ruxolitinib) which block type I IFN signaling abrogated the anti-proliferative effects of IFNβ in our 

screen. Collectively, by integrating nLC-MS/MS phosphoproteomics and a high throughput 

phenotypic screen we determined that IFN signaling induces activation of the replication stress 

response kinase ATR and sensitizes PDAC cells to ATR inhibitors. 

The protein kinase ATR is a master regulator of the replication stress response signaling 

pathway. Activation of this pathway 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-

phase17. We confirmed IFNβ-induced activation of the replication stress response by 

immunoblot analysis in which pCHEK1S345 was observed 12 h after the addition of IFNβ to 

PDAC cell culture (Figure 2-6A). We expanded this analysis to a panel of PDAC cell lines and 

observed varying degrees of IFNβ-induced pCHEK1S345 (Figure 2-6B). To validate our screen 

we evaluated the interaction between IFNβ and the ATR inhibitor VE-822 (ATRi) and found that 

while single agents slowed PDAC cell proliferation only the combination had a completely 

cytostatic effect (Figure 2-6C). Using Cell Titer Glo we found that IFNβ sensitizes PDAC cells to 

inhibitors of each of the replication stress response pathway kinases ATR, CHEK1 and WEE1 

(Figure 2-S6A, 2-S6B). 

To determine if tumor cell-autonomous IFN signaling drives ATR inhibitor sensitivity we 

evaluated the anti proliferative effects of SUIT2-STINGR248M cells treated with VE-822 using live 

cell imaging of 3D cultures. Both doxycycline treatment (STING activation) and VE-822 impaired 

sphere growth and the combination completely prevented proliferation (Figures 2-6D, 2-6E). 

We generated a second conditional STINGR248M model using YAPC cells and confirmed 

doxycycline treatment induces STING and interferon stimulated gene expression that is 

dependent on JAK activity (Figure 2-S7A). Similar to SUIT2 cells, STING activation and VE-822 

exhibited synergy in this model (Figure 2-S7B). Signaling through JAK is essential for this 

synergy as supplementation with ruxolitinib restored the proliferation of combination treated 

cells (Figure 2-S7C). 
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Next, directly measured ssDNA abundance, an established consequence of replication fork 

stalling and replication stress, by evaluating F7.26 ssDNA-specific antibody cross-reactivity19. 

Both IFNβ and ATRi triggered ssDNA accumulation alone and combination treatment resulted in 

the greatest degree of induction (Figures 2-6F, 2-S8A). We performed flow cytometry analysis 

of pH2A.XS139 to determine if combination treatment induces DNA damage (Figure 2-6G). 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, 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 2-S8B)38. In addition, apoptosis was synergistically induced by 

IFNβ and VE-822 as determined by AnnexinV/PI flow cytometry (Figures 2-6H, 2-S8C). 

Consistently, 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 was observed (Figure 2-S8D).  

IFN and ATRi cooperatively restrict dNTP pools and impair proliferation in a subset of 

PDAC models 

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 IFNβ19. Using LC-MS/MS analysis we determined that both IFN 

and VE-822 decreased dCTP pool abundance with the lowest levels observed in the 

combination treatment group (Figure 2-7A). To evaluate the impact of IFN and VE-822 on 

nucleotide replication dynamics we tracked dNTP pool abundance and the incorporation of 

[13C6]glucose to newly replicated DNA using LC-MS/MS. Both IFNβ and VE-822 decreased the 

abundance of dCTP and total degree of deoxycytidine labeling in DNA (DNA-C) mediated by the 

de novo pathway ([13C6]glucose-derived nucleosides; Figure 2-7B). Furthermore, the greatest 

degree of inhibition was observed in cells treated with both IFN and VE-822. VE-822 treatment 

down-regulated the expression of the nucleotide biosynthetic gene ribonucleotide reductase 
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regulatory subunit M2 (RRM2) alone and in the presence of IFN (Figures 2-7C, 2-S10A). ATR 

has been previously shown to regulate RRM2 via stabilization of its transcription factor, E2F1, 

and 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 complex39. In 

SUIT2 cells ATRi treatment resulted in decreased levels of RRM2 transcript and 

supplementation with a proteasome inhibitor partially rescued ATRi-mediated down regulation of 

RRM2 both alone and in the presence of IFN (Figure 2-S10B, 2-S10C). These results indicate 

that ATR coordinates de novo dNTP biosynthesis by both promoting of gene transcription and 

preventing protein degradation. Consistently, the combination of IFN and ATRi synergistically 

triggered S-phase accumulation, a phenotype associated with dNTP insufficiency, in SUIT2 cells 

(Figure 2-7D). 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 genes required for de novo dNTP 

biosynthesis. 

We expanded our findings to a panel of PDAC cell lines and found a heterogenous degree of 

sensitivity to IFNβ, ATRi and the combination using Cell Titer Glo (Figure 2-S10A). This 

heterogeneity in response was confirmed using live-cell imaging and cell cycle analysis (Figure 

2-7E). Consistently, ATR inhibitors only triggered RRM2 down-regulation in cell lines in which a 

IFN potentiated the anti-proliferative effects of ATR inhibitors (Figure 2-7F). In expanding our 

analyses we identified a synergistic interaction between IFNβ and ATRi on proliferation 

inhibition, S-phase accumulation and apoptosis in A13A primary PDAC cultures (Figures 2-

S10C, 2-S10D, 2-S10E) whereas no significant anti-proliferative effect nor S-phase arrest was 

observed in the non-transformed human pancreatic ductal epithelial cells (HPDE; Figures 2-

S10F, 2-S10G).  
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Discussion 

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 poor clinical responses to chemotherapy and 

radiation9. 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 xenograft tumors. We determined that IFN 

signaling initiates a transcriptional program of nucleotide and nucleoside catabolism and limits 

the abundance of the dNTP precursors for DNA replication. 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 cancer cell lines and primary cells but not in non-transformed cells. 

Mechanistically, ATR inhibition impairs nucleotide metabolism by restricting the expression of 

rate limiting nucleotide biosynthetic enzymes and enhances IFN-induced restriction of 

nucleotide pools (Figure 2-7G).  

1) Causes of IFN signaling in PDAC xenograft tumors  

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 response23. Among TCGA 

datasets, PDAC ranks highest in terms of para-inflammation signature enrichment which is a 

negative prognostic factor in this disease23. cGAS and/or STING are down-regulated in various 

cancers, including colorectal cancer and melanoma, and thus this pathway has been classified 

as tumor suppressive40. This 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 
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methylation in patient samples27. 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 study28. It remains to be determined whether constitutive IFN signaling in other cancers 

requires tumor cell cGAS/STING signaling. It has been proposed that tumors exhibiting low 

cGAS-STING expression may be especially vulnerable to oncolytic virus therapy, in support of 

this 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 this 

therapy41. 

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. The contribution of other type I IFN-

triggering stimuli and signaling networks, such as TLR agonists and the NF-κB pathway remains 

unclear and additional studies are required to interrogate their role in this context42. As STING 

activation has been shown to mediate inflammation-induced carcinogenesis it is intriguing to 

speculate that STING activation may play a role in promoting the development or progression of 

a subset of PDAC tumors.

2) IFN regulates a transcriptional metabolic program and triggers nucleotide catabolism

Early work on IFNs demonstrated that they influence nucleotide metabolism in tumor cells43. 

Here we build on this foundation, identify molecular mediators of this phenotype and confirm 

that IFN signaling in cell culture and in vivo PDAC models triggers a shift in nucleotide 

metabolism toward a catabolic phenotype. Furthermore, it has been demonstrated that 
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environmental dC, produced by pancreatic stellate cells and macrophages, limits the efficacy of 

dCK-dependent nucleoside analog prodrugs, including gemcitabine44, 45. Our findings indicate 

that cancer cells may be an additional source of environmental dC in PDAC tumors and suggest 

that IFN and SAMHD1 are critical factors regulating dC abundance and potentially gemcitabine 

response. Additionally, we show 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. Furthermore, we speculate 

that IFN signaling may increase the sensitivity of PDAC cells to 5-FU, a component of the 

chemotherapy regimen FOLFIRINOX, via upregulation of TYMP.

We identified multiple IFN-stimulated genes in nucleotide metabolism which renders the 

identification of a single mediator of these phenotypes a significant challenge. Moreover, several 

IFN-relegated metabolic genes have moonlighting functions; SAMHD1 possesses both 

metabolic (dNTP hydrolase) and DNA repair (CtIP scaffold) functions. 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 resection33. 

Future studies incorporating the investigation of SAMHD1 mutants (K312A or T592A) will further 

define the specific function of IFN-induced SAMHD1 in PDAC cells.  

IFN appears to regulate a transcriptional “metabolic program” that regulates the abundance of 

intracellular nucleotide pools by triggering their catabolism. The genes in this program include 

SAMHD1, NT5C3A and TYMP which function in concert to restrict nucleotide pools. It is likely 

the nucleoside kinases, including dCK, TK1 and UCK counteract this process and thus may 

represent an additionaly vulnerability of IFN signaling high tumors. 

3) IFN sensitizes PDAC cells to ATR inhibitors
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In our study, we observed a range of response to the IFNβ/ATRi combination across our PDAC 

models which is likely reflective of the well-documented genomic, transcriptional and metabolic 

heterogeneity of the disease3, 5, 46. Genomic alterations previously linked to ATR inhibitor 

sensitivity in PDAC, such as KRAS, TP53, ATM or ARID1A mutations, may also influence 

response to endogenous IFN signaling and pharmacological ATR inhibition47. ATR inhibitors 

restrict nucleotide biosynthesis by down-regulating the expression of the catalytic subunit of the 

rate-limiting de novo pathway gene RRM2 by both transcriptional and post-translational 

mechanisms. In our model impairment of de novo nucleotide biosynthesis by ATR inhibitors 

synergizes with IFN-induced catabolism to trigger a catastrophic depletion of the dNTP 

substrates for DNA replication and repair. Importantly, we have found that ATR-inhibitor 

mediated down-regulation of de novo nucleotide biosynthesis genes occurred exclusively in cell 

lines which were sensitive to the IFN/ATRi combination suggesting that the ability of ATR 

inhibitors to impair tumor cell nucleotide biosynthesis may be a critical prerequisite for response 

to this class of drugs. 

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 of 

melanoma cell lines48. 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 inhibitors49, 50. 

While we focused our investigation on PDAC, enrichment of IFN stimulated genes has been 

implicated in other cancers such as inflammatory breast and bladder cancers23, 51. Whether 

tumor-cell autonomous STING signaling drives this enrichment and if ATR inhibitors are 

potentiated by IFN in this setting remains to be determined.
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Our findings 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 models52. Collectively, our work begins to define the 

intersection between cytokine signaling, nucleotide metabolism and replication stress in PDAC 

and rationalizes the further investigation of utilizing an IFN-related transcriptional signature to 

stratify patients for the ATR inhibitor combinations which are 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 ATCC 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 for 

treatments. The nonhydrolyzable bisphosphorothioate 2’-3’-cGAMP analog (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). For 

subcutaneous tumor studies 6-8 week-old male NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl 

coisogenic immunodeficient (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 tumor studies 3x104 cells were resuspended 1:1 in PBS:matrigel and injected into the 

pancreata of NCG mice. Tumor volumes were calculated from either caliper or microCT 

measurements for subcutaneous models and by bioluminescence imaging (BLI) for orthotopic 

models. All measurements and calculations were performed by trained technicians blinded to 

the experimental conditions. 

PDAC patient samples 

All patient samples were obtained under IRB approved protocols. 

Method Details 

Immunohistochemistry (IHC) 
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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) was added and developed using Elite Vectastain ABC kit. 

IHC scoring was performed by a blinded pathologist with expertise in pancreatic cancer. 

IHC analysis of PDAC patient samples and tissue microarray (TMA) 

All work was performed with appropriate institutional review board approvals. The UCLA PDAC 

TMA has been previously described and was generated from surgical resections performed on 

treatment naïve, AJCC stage I/II PDAC at UCLA (N=138). STING (TMEM173) expression was 

quantified across three representative 1.0 mm cores for each tumor using a semiquantitative 

histoscore (0-300), which was the product of staining (0= negative, 1= weak, 2= moderate, 3= 

strong) and percentage (0-100) of tumor cells staining at that intensity. IHC scoring was 

performed by a blinded pathologist. 

Bioluminescence imaging (BLI) 

Mice were anesthetized with 2% isoflurane followed by intraperitoneal injection of 100 µL (50 

mg/mL) substrate D-luciferin. The mice were imaged with IVIS 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. 

Positron Emission Tomography (PET) imaging  

MicroPET/CT experiments were conducted as previously described (Shu et al., 2010). Briefly, 

prewarmed andanesthetized NSG mice were injected with [18F]FLT, and PET and CT images 

were acquired on a G8 PET/CT scanner (Sofie Biosciences) 3 h after the injection of 740 kBq of 

[18F]FLT. 

Radiochemical Synthesis of [18F]-Labeled Probes 
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The syntheses of [18F]FLT was performed as previously described (X et al., XXXX). 

[18F]-labeled metabolite uptake assays 

Radioactive probe uptake assays were conducted as previously described (Campbell et al., 

2011). Briefly, cells were pretreated with IFN or dT for 24 or 1 h, respectively, before incubation 

with 18.5 kBq of [18F]-labeled probe for 2 h. Following incubation, cells were washed with PBS 

and lysed. Cell lysate radioactivity was measured using a gamma-counter (Perkin-Elmer). 

Plasma collection 

Blood was collected in heparin-EDTA tubes by retro-orbital technique. The blood samples were 

centrifuged at 2000 x g for 15 min and the supernatant was collected for LC-MS/MS metabolite 

analysis. 

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. 

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. 
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HRP was activated by incubating membranes with mixture of SuperSignal Pico and SuperSignal 

Femto ECL reagents (100:1 ratio). Exposure of autoradiography film was used for detection. 

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 using the delta-delta Ct method and displayed as relative 

expression to control. Primers used are reported in Resource Table.  

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 Lipofectamine3000 in OptiMEM at a 1:1:2 

cGAMP:lipofectamine3000:OptiMEM ratio. Prior to 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. 

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.


Cell proliferation analysis 

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 
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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 using a BioTek microplate 

luminescence reader. 

For live cell imaging cells were plated at 2x103 cells / well in either ultra-low attachment 

(anchorange-independent) or tissue culture treated flat-bottom clear 96-well plates (anchorage-

dependent). After 24-72 h treatments were added and cell proliferation/growth was tracked 

using the IncuCyte Zoom live-cell imaging system. Images were acquired at 3 h intervals over 

the indicated time periods. Readouts were either sphere area (anchorange-independent) or % 

of well confluencey (anchorange-dependent). 

Flow cytometry 

All flow cytometry data were acquired on five-laser BD LSRII, and analyzed using FlowJo 

software (Tree Star). 

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). 

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 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 
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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 CellTiter-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-encoding oligonucleotides 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. 

Gene knockdown using shRNA 

For generation of stable knockdown cell lines PDAC cells were transduced with lentivirus 

harvested from FT293 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 
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2:1:1 ratio were transfected into FT293 cells using polyethylenimine. Lentivirus-containing 

supernatants were filtered through a 0.45 µm filter prior to use. 

Generation of doxycycline-inducible STINGR248M models 

A STINGR248M encoding gene fragment was ligated into the pENTR-D/TOPO entry vector. 

Resulting constructs were recombined into pLenti-CMV/TO-GFP/PURO using Gateway LR 

Clonase II. For virus production lentivirval vectors and packaging plasmids (psPAX2, pMD2G) at 

a 2:1:1 ratio were transfected into FT293 cells using polyethylenimine.. Cells were selected in 

puromycin for 1 week. Gene expression was regulated by the doxycycline responsive Tet 

repressor (TetR) protein expressed from the pLenti0.3/EF/GW/IVS-Kozak-TetR-P2A-Bsd vector.  

RNAseq 

SUIT2 PDAC cells were plated in 6-well plates and treated with IFN for 6 h. Following treatment, 

mRNA was extracted and processed for analysis. The analysis workflow consisted of mRNA 

capture, cDNA generation, and end repair to generate blunt ends, A-tailing, adaptor ligation and 

PCR amplification. The data was sequenced on Illumina HiSeq 3000 for a single-read 50 bp 

run. An FDR of <0.05% was applied to filter significantly altered transcripts. 

Mass Spectrometry 

LC-MS metabolomics 

SUIT2 cells were plated on 6-well plates and treated as described in media containing 

[13C6]glucose . 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 cell scaling 

and collection, 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 

88



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). 

Media extraction for LC-MS/MS analysis 

Culture media (20 µL) was collected from the indicated conditions. 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 – 20C 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. 

DNA extraction for LC-MS/MS analysis 

Cells were cultured DMEM without glucose and supplemented with 10% dialyzed FBS 

containing 1/g/L [13C6]glucose. Cells were harvested by trypsinization, 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 37ºC.  

Media and DNA LC-MS/MS analysis 
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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 

(precursor→fragment ion transitions) at predetermined retention times were recorded using the 

software supplied by the instrument manufacturer (Agilent MassHunter).  

dNTP sample processing. 0.5 – 1 x 106 cells were collected into 1.5 mL microcentrifuge tubes 

and centrifuged (450 x g, 4 min, 4ºC). 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 

4ºC). 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, 4ºC) 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 –20ºC 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 
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a final concentration in 10 nM – 10 µM. Nucleotide and calibration samples were processed 

together to minimize variation. 

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 

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.  

nLC-MS/MS proteomic and phosphoproteomic measurements and data analyses 

This procedure is described in following six sections (A - F). 

A. Protein extraction, digestion, labeling and pooling 

Anchorage-independent PDAC cells were washed twice with 10 ml ice cold PBS and lysed in 

fresh lysis buffer (50 mM triethylammonium bicarbonate, pH 8.5, 0.5% sodium deoxycholate, 12 

mM sodium lauroyl sarcosine, protease inhibitor cocktail (Sigma) and phosphatase inhibitor 

cocktail containing 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium 

orthovanadate, and 50 mM beta-glycerophosphate). Protein lysates were sonicated for 10 min, 

30 s on 30 s off, at 4ºC using Bioruptor Pico (Diagenode) followed by heating at 95ºC for 5 min. 

The protein concentration of lysates were quantified by the BCA protein assay (Thermo Fisher 

Scientific) and 1 mg total protein from each sample was carried through the rest of the sample 

preparation. Protein disulfides were reduced with 5 mM dithiolthreitol (final concentration) for 30 

min at 37ºC followed by alkylation with 10 mM chloroacetamide (final concentration) for 30 min 

at room temperature in the dark. Excess alkylating agent was quenched by adding the same 

91



amount of dithioltheritol as the previous step and incubating for 5 min at room temperature. 

Each sample was then diluted 1:5 using 50 mM triethylammonium bicarbonate, pH 8.5, 

containing 10 µg trypsin (Promega) and digested at 37ºC for 4 h. A second aliquot of 10 µg 

trypsin (Promega) was spiked into the samples and digested overnight at 37ºC. The reaction 

was quenched and detergents extracted with 1:1 (v:v) ethyl acetate containing 1% trifluoroacetic 

acid. The samples were vortexed vigorously and centrifuged at 16,000xg for 5 min. The lower 

aqueous phase was transferred to new microcentrifuge tubes and dried by speedvac. The 

samples were reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid, desalted on Oasis 

HLB 10 mg cartridges (Waters), and dried by speedvac. Samples were resuspended in 200 mM 

EPPS, pH 8.5, and peptide concentration was obtained using Pierce Quantitative Colorimetric 

Peptide Assay. 400 µg of peptides were labeled with 11-plex TMT reagents at 1:2 

reagent:peptide concentration following the manufacturer’s instruction, and dried by speedvac. 

Samples were reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid and 1 µg of total 

peptides from each sample were pooled and desalted using SDB StageTips as previously 

described (Rappsilber et al., 2007). 1 µg of total peptide from this pooled test sample was 

acquired via nanoLC-MS/MS on a QExactive Plus (Thermo) using a 3h gradient as later 

discussed. The raw data was processed using Proteome Discoverer v2.2 (Thermo) as later 

discussed. Each sample was normalized to the protein median fold change compared to the 

126 m/z TMT channel and ~300 µg of each sample was pooled accordingly. The pooled peptide 

sample was desalted on an Oasis HLB 200 mg cartridge (Waters) and dried by speedvac. 

B. Phosphopeptide enrichment by immobilized metal affinity chromatography 

Phosphopeptide enrichment was performed using Fe-IMAC as previously described (Swaney 

and Villen, 2016). Briefly, 3.3 mg of dried peptides were solubilized in 900 µl of phosphopeptide 

binding solution (80% acetonitrile and 0.1% TFA). 150 µL peptide aliquots were mixed with 165 

µL of Fe-IMAC and incubated at room temperature for 30 min with shaking. The supernatant 

and all washes were collected, dried by speedvac, and desalted on an Oasis HLB 200 mg 

cartridge (Waters) to be later used for peptide fractionation and total protein quantification via 
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nanoLC-MS/MS. The phosphopeptides were quickly eluted from beads with 100 µL of 

phosphopeptide elution solution (70% acetonitrile and 1% ammonium hydroxide), passed 

through C8 StageTip and acidified with 30 µL of 10% formic acid. The phosphopeptide eluents 

were dried by speedvac and desalted using SDB StageTips. 

C. Offline basic pH reverse phase liquid chromatography 

The total phosphopeptide-enriched sample and 70 µg of the non-phosphopeptide sample were 

each solubilized in 3 µL of buffer A (10 mM ammonium bicarbonate, pH 10, and 2% acetonitrile) 

and separated on a Zorbax 300Extend-C18 column (3.5 µm particle size, 0.3 mm × 150 mm, 

Agilent) using an Agilent 1260 capillary pump and µWPS autosampler equipped with an 8 µL 

sample loop. 96 fractions were collected with a 60 min gradient from 5% to 60% buffer B (90% 

acetonitrile, 10 mM ammonium bicarbonate, pH 10, flow rate of 6 µl/min) into pre-deposited 20 

µL of 5% formic acid. The samples were concatenated with an interval of 24 to form 24 final 

fractions (e.g. fractions 1, 25, 49, and 73 combined, fractions 2, 26, 50 and 74 combined, and so 

on). The concatenated fractions were desalted using SDB StageTips and dried by speedvac. 

D. Acidic pH reverse phase liquid chromatography coupled with tandem MS 

The dried peptide fractions for whole proteome analysis were reconstituted in 11 µL of 2% 

acetonitrile and 0.15% formic acid. For phosphopeptide analysis, the dried peptide fractions 

were reconstituted in 6 uL of 2% acetonitrile and 0.15% formic acid. 5 µL of sample was loaded 

on a laser-pulled reverse phase column (150 µm × 20 cm, 1.8 µm C18 resin with 0.5 cm of 5 µm 

C4 resin at the laser-pulled end (Acutech Scientific (San Diego, CA))) interfaced with an 

Eksigent 2D nanoLC, Phoenix S&T dual column source, and QExactive Plus MS (Thermo). 

Peptides were eluted using 5-40% buffer B gradient in 3h (buffer A: 2% acetonitrile, 0.15% 

formic acid; buffer B: 98% acetonitrile, 0.15% formic acid, flow rate of 0.5 µl/min). The column 

was heated at 60°C by a butterfly portfolio heater (Phoenix S&T) to reduce backpressure. The 

mass spectrometer was operated in data-dependent mode with a survey scan from 350-1500 

m/z (70,000 resolution, 3 × 10 6 AGC target and 100 ms maximal ion time) and 10 MS/MS 
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scans with starting fixed m/z of 100 (35,000 resolution, 2 × 10 5 AGC target, 120 ms maximal 

ion time, 32 normalized collision energy, 1.2 m/z isolation window, and 30 s dynamic exclusion). 

E. Identification and quantitation of peptides using Proteome Discoverer v 2.2 

The acquired MS/MS raw files were searched by the Sequest algorithm against a forward and 

reverse target/decoy database to estimate FDR. The target protein database was downloaded 

from the Uniprot human database (reference and additional sequences, 93,320 protein entries; 

downloaded in March 2018) and the decoy protein database was generated by reversing all 

target protein sequences. A contaminate protein database was included in the searches (244 

protein entries; downloaded from MaxQuant 1.6.0.16). Spectra were searched with ± 10 ppm for 

precursor ion and ± 0.02 Da product ion mass tolerance, fully tryptic restriction, static mass shift 

for TMT-tagged N-terminus and lysine (+229.16293), carbamidomethylation to cysteine 

(+57.021), dynamic mass shift for oxidation of methionine (+15.995), deamidation of asparagine 

and glutamine (+0.984), acetylation of protein N-terminus (+42.011), phosphorylation of serine, 

threonine and tyrosine (+79.96633, only for phosphopeptide-enriched fractions), two maximal 

missed cleavages, three maximal modification sites, and the assignment of b and y ions. 

Putative peptide spectra matches were filtered by Percolator using 1% FDR. Post-translational 

modifications were site localized using ptmRS. TMT reporter ions were quantified using the 

most confident centroid with reporter ion mass tolerance at 20 ppm. 

F. Differential expression analysis of proteome and phosphoproteome 

Differential expression events were defined by identifying proteins/phosphopeptides with 

between-treatment variance significantly larger than within-replicate variance using one-way 

ANOVA (analysis of variance). Significantly altered proteins/phosphopeptides were filtered using 

Benjamini-Hochberg (BH) procedure at 1% FDR. All statistical analysis, principle component 

analysis, and unsupervised hierarchical clustering was performed using Python. Kinase 

substrate enrichment analysis (KSEA) was performed using the web tool (https:// 

casecpb.shinyapps.io/ksea/). Briefly, the significantly-altered phosphopeptides were submitted 
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and respective kinases were assigned using the PhosphositePlus database and NetworKin. 

Kinases were filtered with 5% FDR. 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Figures and Supplemental Figures

Figure 2-1 | IFN signaling is enriched in a subset of PDAC tumors. (A) Analysis of IFN 
response metagene signature expression in the TCGA PDAC dataset. (B, C) Histoscores and 
representative immunohistochemistry (IHC) images of primary PDAC specimens probed for 
total STAT1 (B) or MX1 (C; n=26). Histoscores were calculated as a sum of the intensity of 
staining (0, negative; 1, weak; 2, moderate; or 3, strong) multiplied by the percentage of tumor 
cells at that intensity (0-300 range). Histoscores for representative images are included as 
inserts. (D) Representative STAT1 and MX1 IHC images and histoscores of PDAC patient 
derived (n=33) and cell line (n=17) xenograft tumors. 
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Figure 2-S1 | Immunohistochemistry analysis of IFN signaling biomarkers in PDAC 
xenograft tumors. Related to Figure 2-1. (A,B) Summary of STAT1 and MX1 
immunohistochemistry (IHC) analysis of PDAC patient derived (A) and cell line (B) xenograft 
tumors. 
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Figure 2-2 | Tumor cell cGAS/STING activity mediates constitutive IFN signaling in PDAC tumors. (A) 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, unpaired t-test, n.s.: not significant; ** P<0.01; ** P<0.001; 
**** P<0.0001). (B) Immunoblot analysis of the panel of PDAC cells from A. (C) 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, unpaired t-test, ** P<0.01; **** P<0.0001). (D) 
Immunoblot analysis of DANG cells following transfection with 10 µg/mL cGAMP ± 1 µM ruxolitinib (JAKi; veh: 
vehicle, lipofectamine alone). (E) Immunoblot analysis of DANG cells treated as in D. (F) ELISA analysis of IFNβ 
levels in DANG cell supernatant 6 or 24 following transfection with 10 µg/ml cGAMP (veh: vehicle, 24 h lipofectamine 
alone, mean±SD, n=3). (G) Immunoblot analysis of DANG cells treated ± 100 U/mL IFNβ for the indicated timepoints 
in vitro and lysates prepared from cells grown as subcutaneous tumors in NCG mice. (H) Immunoblot analysis of 
SUIT2 cells treated ± 100 U/mL IFNβ for the indicated timepoints in vitro and lysates prepared from cells grown as 
subcutaneous tumors in NCG mice. (I) Growth curves of DANG STING WT and STING knockout (KO) subcutaneous 
tumors in NCG mice measured by caliper (mean±SEM, n=6, unpaired t-test, *** P<0.001). (J) IHC analysis of 
subcutaneous DANG STING WT and STING KO xenograft tumors from I. (K) Schematic autocrine/ paracrine IFNβ 
production and regulation by the cGAS/STING signaling pathway. (L) IncuCyte live-cell imaging analysis of SUIT2 
TetR; STINGR248M cells treated + 50 ng/mL doxycycline (DOX) in anchorage-independent culture (mean±SD; n=6; 
unpaired t-test, **** P<0.0001). (M) Growth curves of SUIT2 TetR; STINGR248M; fLUC orthotopic tumors in NCG 
mice treated ± DOX measured using bioluminescence (BLI) imaging. DOX treatment was initiated 7 days following 
tumor cell implantation (mean±SD, n=10, unpaired t-test, * P<0.05). (N) Immunoblot analysis of SUIT2 TetR; 
STINGR248M; fLUC orthotopic tumors at the endpoint of experiment in M.  
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Figure 2-S2dIFN signaling in PDAC cell lines and tumors. Related to Figure 2-2. (A) 
Immunoblot analysis of a panel of PDAC cell lines treated ± 100 U/mL IFNβ for 24 h. (B) 
IncuCyte live cell imaging analysis of MIAPACA2 PDAC cells treated ± 100 U/mL IFNβ 
(mean±SD, n=6). (C) Analysis of STING (TMEM173) transcript levels across TCGA tumor 
datasets relative to normal tissue (PAAD: pancreatic adenocarcinoma). (D) IHC analysis of 
STING expression in PDAC tissue microarray (n=145). Insert indicates histoscores. (E) 
Immunoblot analysis of DANG STING WT and STING CRISPR/Cas9 knockout (KO) xenograft 
tumors at the endpoint of experiment in Figure 2I. (F) Immunoblot analysis of DANG STING WT 
and STING KO cells treated for 24 h ± 100 U/mL IFNβ in vitro. (G) Analysis of ISRE-luciferase 
reporter activity in HS766T WT ISRE-fLUC and STING KO ISRE-fLUC cells in vitro 6 h following 
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). (H) 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, unpaired t-test). (I) 
Immunoblot analysis of protein lysates prepared from HS766T WT and STING KO 
subcutaneous xenograft tumors.  
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Figure 2-S3 | Validation of the SUIT2-STINGR248M model. Related to Figure 2-2. (A) 
Immunoblot analysis of SUIT2 TetR; STINGR248M cells treated ± 50 ng/mL DOX ± 1 µM 
ruxolintinib (JAKi) for the indicated time or ± 100 U/mL IFNβ for 24 h. (B) Bioluminesence 
imaging (BLI) images of STINGR248M; fLUC orthotopic tumors in NCG mice treated ± DOX 
from experiment in Figure 2M. 
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Figure 2-3 | IFN restricts dNTP pools and enhances nucleoside efflux in PDAC cell lines. 
(A) Non-targeted LC-MS metabolomics analysis of SUIT2 cells treated with 100 U/mL IFNβ for 
24 h (n=3). (B) Experimental approach to investigate the effects of IFN signaling on nucleotide 
metabolism in PDAC cells. (C) LC-MS/MS analysis of dNTP pools, DNA and extracellular dN in 
SUIT2 cells treated for 24 h ± 100 U/mL IFNβ in media containing 1 g/L [13C6]glucose. Grey 
bars indicate unlabeled fraction. Red bars indicate [13C6]glucose- labeled fraction. Intracellular 
nucleotide measurements were normalized to total extracted protein (mean±SD; n=6; students 
t-test, ** P<0.05; ** P<0.01; **** P<0.0001; statistical analysis was performed on [13C6]glucose-
labeled fractions). (D) Summary of nucleotide metabolism genes significantly altered by IFNβ 
treatment as determined by RNAseq analysis following 6 h of treatment ± 100 U/mL IFNβ in 
SUIT2 cells (n=3). An FDR of <0.5% was used to filter significantly altered transcripts. (E) 
Immunoblot analysis of SUIT2 cells treated ± 100 U/mL IFNβ or ± 10 ng/mL IFNγ for 24 h. (F) 
Model summarizing metabolic pathways impacted by IFN. | dR1P: deoxyribose-1-phosphate. 
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Figure 2-S4 | SAMHD1 mediates IFN-induced alterations in nucleotide metabolism. 
Related to Figure 2-3. (A) LC-MS/MS analysis of [13C6]glucose-labeled and unlabeled dNTP 
pools, DNA and extracellular dN in YAPC cells treated for 24 h ± 100 U/mL IFNβ cultured in 
media containing 1 g/L [13C6]glucose (mean±SD; n=6). (B) Time-course immunoblot of IFNβ 
treated SUIT2 cells. For extended treatment, cells were passaged and media was refreshed 
every 72 h. (C) 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). (D) Immunoblot validation of SUIT2 SAMHD1 CRISPR/Cas9 
knockout (KO) isogenic cells. (E) Experimental design. (F) Total [13C6]glucose labeled 
intracellular metabolite and extracellular media metabolite levels and contribution of 
[13C6]glucose to newly replicated DNA in SUIT2 WT and SAMHD1 KO measured using LC-MS/
MS (mean±SD; n=3; one-way ANOVA corrected for multiple comparisons by Bonferroni 
adjustment, ** P<0.01; **** P<0.0001). 
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Figure 2-4 | IFN signaling increases PDAC 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 µCi [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 indicates dT concentration required to inhibit [18F]FLT accumulation by 
50% (IC50). (C) Immunoblot analysis of SUIT2 shCONTROL (shC) and shTYMP cells treated ± 
100 U/ mL IFNβ for 24 h. (D) [18F]FLT uptake assay in SUIT2 shC and shTYMP cells treated ± 
100 U/mL IFNβ 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) Growth curves of SUIT2 TetR; STINGR248M subcutaneous tumors in NCG 
mice treated ± DOX measured using CT imaging (mean±SEM, n=6, unpaired t-test, *** 
P<0.001). (F) Immunoblot analysis of STINGR248M subcutaneous tumors at the endpoint of 
experiment in E. (G) [18F]FLT PET analysis of SUIT2 TetR; STINGR248M subcutaneous tumors 
(mean±SD, n=5, unpaired t-test, **** P<0.0001). 
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Figure 2-S5 | IFN signaling increases [18F]FLT accumulation in vitro and in vivo. Related 
to Figure 2-4. (A) [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). (B) LC-MS/MS analysis of plasma dT levels in SUIT2 TetR-STINGR248M tumor 
bearing mice treated ± DOX from Figure 4G (mean±SD, n=3, unpaired t-test, n.s.: not 
significant). (C) [18F]FDG PET analysis of SUIT2 TetR; STINGR248M subcutaneous tumors 
from experiment in Figure 5G (mean±SD, n=5, unpaired t-test, n.s.).. (D) Immunoblot valdiation 
of SUIT2 TetR-GFP or TetR-STINGR248M cells treated ± 50 ng/mL DOX for 72 h. (E) [18F]FLT 
and [18F]FDG analysis of bilateral SUIT2 TetR; STINGR248M and SUIT2 TetR; STINGR248M 
tumor-bearing mice treated with DOX.  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Figure 2-5 | IFN triggers ATR activation and sensitizes PDAC cells to ATR 
inhibitors. (A) nLC-MS/MS proteomics/ phosphoproteomics analysis of SUIT2 cells 
treated ± 100 U/mL IFNβ for 24 h. An FDR of 1% was used to identify significantly 
altered proteins. An FDR of 0.1% was used to identify significantly altered 
phosphopeptides. KSEA analysis was applied to identify significantly-altered kinase 
activity. (B) High-throughput phenotypic screen evaluating the anti-proliferative effects of 
430 protein kinase inhibitors using Cell Titer Glo. Compounds were tested at 7-point 
dose response, against SUIT2 cells treated ± 100 U/mL IFNβ for 72 h. 
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Figure 2-6 | IFN and ATRi induce DNA damage and trigger apoptosis. (A) Immunoblot 
analysis of SUIT2 cells treated with 100 U/mL IFNβ for indicated time-points. (B) Immunoblot 
analysis of PDAC cell lines treated ± 100 U/mL IFNβ for 24 h. (C) IncuCyte live cell imaging 
analysis of SUIT2 cells treated ± 100 U/mL ± 250 nM VE-822 (ATRi; mean±SD, n=6). (D) 
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). (E) Representative images from experiment 
the endpoint of experiment in D. (F) 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). (G) 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). 
(H) AnnexinV/PI flow cytometry analysis of SUIT2 cells treated for 72 h ± 100 U/mL IFNβ ± 500 
nM ATRi. | *** P<0.001; **** P<0.0001). 
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Figure 2-S6dReplication stress response inhibitors and IFNβ exhibit synergy in PDAC 
cells. Related to Figure 2-6. (A) Schematic of the replication stress response pathway pathway 
and related small molecule inhibitors. (B) Cell Titer Glo analysis of replication stress response 
inhibitor IC50 in SUIT2 cells treated ± 100 U/mL IFNβ for 72 h (mean±SD, n=4).  

Figure 2-S7dSTING activation sensitizes PDAC cells to ATR inhibition. Related to Figure 
2-6. (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 2-S8 | ATR inhibitors trigger DNA damage and apoptosis in IFN-exposed PDAC 
cells. Related to Figure 2-6. (A) Representative ssDNA immuno-fluorescence microscopy 
images from experiment in Figure 6F. (B) Representative flow cytometry plots from experiment 
in Figure 6G. (E) Representative flow cytometry plots from experiment in Figure 6H. (C) 
Immunoblot analysis of SUIT2 cells treated with 100 U/mL IFNβ ± 500 nM VE-822 or 1 µM 
AZD-6738. 
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Figure 2-7 | IFN and ATRi cooperatively restrict dNTP pools and impair proliferation in a 
subset of PDAC models. (A) 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). (B) 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). (C) Immunoblot analysis of SUIT2 cells treated for 48 h ± 100 U/ mL 
IFNβ ± 250 nM ATRi. (D) Propidium iodide (PI) flow cytometry cell cycle analysis of SUIT2 cells 
treated ± 100 U/mL ± 250 nM VE-822 (ATRi) for 48 h. (E) IncuCyte live cell imaging analysis of 
DANG and PANC1 PDAC cell lines in anchorage-dependent culture treated ± 100 U/mL ± 250 
nM ATRi (mean±SD, n=6). (F) Immunoblot analysis of DANG and PANC1 cell lines treated ± 
100 U/mL ± 250 nM ATRi for 48 h. (G) Working model. 
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Figure 2-S9dATR inhibition down-regulates RRM2 expression in IFN-exposed PDAC 
cells. Related to Figure 2-7. (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<0.0001). (C) Immunoblot 
analysis of SUIT2 cells treated as indicated in the presence of the proteasome inhibitor MG132.  
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Figure 2-S10dIFN and ATR inhibitors synergistically impair PDAC cell proliferation. Related to 
Figure 2-7. 
(A) Cell Titer Glo analysis of VE-822 response in a panel of PDAC cell lines treated ± 100 U/mL IFNβ for 
72 h (mean±SD; n=4). (B) Propidium iodide (PI) flow cytometry cell cycle analysis of DANG and PANC1 
PDAC cell lines treated ± 100 U/mL ± 250 nM ATRi for 48 h. (C) PI flow cytometry cell cycle analysis of 
A13A primary PDAC cells treated ± 100 U/mL IFNβ + 500 nM ATRi for 24 h. (D) 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) AnnexinV/PI 
flow cytometry analysis of A13A primary culture treated for 72 h with 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) Flow cytometry cell cycle analysis of human pancreatic ductal epithelial (HPDE) cell 
treated ± 100 U/mL IFNβ + 500 nM ATRi for 24 h. (G) 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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CHAPTER 3 

 Comparative survival benefits and radio-resistance mechanism analysis of 225Ac- vs. 177Lu-

PSMA-617 in a prostate cancer mouse model 

Andreea D. Stuparu, Joseph R. Capri, Catherine A.L. Meyer, Susan L. Evans-Axelsson, Thuc 

M. Le, Katharina Lückerath, Mark Lennox, Liu H. Wei, Christine E. Mona, Wolfgang P. Fendler, 

Jeremie Calais, Matthias Eiber, Mark D. Girgis, Magnus Dahlbom, Johannes Czernin, Caius G. 

Radu, and Roger Slavik 

Abstract 

PSMA-targeted radioligand therapy (RLT) with 177Lu- and 225Ac-PSMA-617 has shown 

promising responses against metastatic castration resistant prostate cancer (mCRPC). 

However, the mechanisms of efficacy and resistance to RLT are currently poorly understood. In 

this study, we: (i) evaluated the efficacy of 225Ac- and 177Lu-PSMA-617 treatment in a mouse 

model of mCRPC; (ii) investigated the RLT-induced global proteomic and phosphoproteomic 

mass spectrometry (MS) changes; and (iii) identified potential targets for combination therapies. 

NSG mice bearing C4-2 subcutaneous tumors were treated with varying activities of 

either 177Lu- or 225Ac-PSMA-617. Tumors were excised from a subset of mice for MS analysis. 

The remaining mice were used to evaluate treatment response. RLT significantly reduced tumor 

burden and prolonged median survival in all treatment groups. MS analysis revealed activation 

of genotoxic stress response pathways and TP53-dependent cell cycle checkpoints. Kinase-

substrate enrichment analysis identified ATM and ATR as having increased activity and CDK1/2 

with decreased activity. No significant molecular response differences between 177Lu and 225Ac 

treatment could be detected. Treated tumors exhibited significant changes useful for the 

identification of actionable targets for the treatment of PCa. This study reveals comparable 

actionable molecular targets for combination therapies for both beta- and alpha-targeted RLT.  
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Introduction 

Prostate specific membrane antigen (PSMA), a membrane protein overexpressed in prostate 

cancer, has emerged as a valuable target for diagnosis and therapy of prostate cancer (PCa) 

using systemic radiological methods such as positron emission tomography (PET) and 

radioligand therapy (RLT). Beta-particle RLT (177Lu-PSMA-617) treatment response, defined as 

a >50% reduction in prostate specific antigen (PSA) serum levels is observed in roughly a third 

of patients; however, remissions are short-lived (1-13). A majority of patients experiences mild 

xerostomia (grades 1-2) that does not require therapeutic interventions (4, 10, 14).  

Alpha-particle RLT with actinium-225 (225Ac) has emerged as an alternative to 177Lu beta-

therapy due to its higher energy radiation delivery to tumor lesions per injected activity (15-21). 

225Ac-PSMA-617 RLT can induce responses in both heavily pretreated and chemotherapy naïve 

mCRPC patients (21). A >50% PSA decrease in 63-76% of patients and median survival of 9 

months have been reported in preliminary studies (19, 21). However, 225Ac PSMA RLT is not 

curative and a significant number of patients still do not respond. Furthermore, irreversible 

xerostomia is more severe and prevalent for 225Ac-PSMA-617 RLT than with 177Lu. Clinical and 

preclinical data to date suggest that 225Ac- and 177Lu-PSMA-targeted RLT in mCRPC are 

promising, but not curative as single agents. Likely, successful RLT will require the development 

of rationally designed combination therapies to improve treatment response and delay, or ideally 

impede recurrence.  

Both beta- and alpha-particle RLT deliver radiation to tumor cells which induces DNA damage, 

including double strand breaks (DSBs) and accumulation of single-stranded DNA (ssDNA). This 

in turn, engages the DNA damage response (DDR) signaling cascades that initiate DNA repair 

or trigger cell death (22-24). The DDR pathway is a critical compensatory mechanism to 

cytotoxic stress in tumor cells (25). This pathway consists of an extensive signaling cascade 

coordinated by the serine threonine kinases Ataxia Telangiectasia-Mutated (ATM) and Ataxia 

Telangiectasia -and-Rad3-related protein (ATR), and their downstream effectors checkpoint 
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kinases CHEK2 and CHEK1 (26, 27). While it has been postulated that RLT cytotoxicity is a 

consequence of DNA DSBs induced by beta- or alpha-particles, a systematic evaluation of the 

effect of RLT on DDR pathway activity is lacking (28, 29). Furthermore, resistance mechanisms 

to RLT remain poorly understood. One early clinical study associated poor response to 225Ac-

PSMA RLT with innate and acquired resistance mechanisms, including germ line and somatic 

mutations and upregulated DNA damage response and repair pathways (30).  

To study the biological responses to alpha- and beta-PSMA RLT, we first conducted activity 

escalation studies in a mouse model of prostate cancer (31). We then profiled the RLT-induced 

proteomic and phosphoproteomic changes in PCa tumors to elucidate tumor cell stress 

responses with the goal to identify potential targets for RLT combination therapies.  

Methods 

Cell culture 

C4-2 cells were kindly provided by Dr. George Thalmann (Department of Urology, Inselspital 

Bern) and were maintained in Rosewell Park Memorial Institute 1640 (RPMI 1640) medium 

supplemented with 10% fetal bovine serum (Omega Scientific) at 37°C and 5% CO2. Cells were 

monitored on a regular basis for mycoplasma contamination using the Venor GeM mycoplasma 

detection kit (Sigma Aldrich) and authenticated by short tandem repeat sequencing (August 

2019; Laragen).  

Animal Studies 

All animal studies were approved by the UCLA Animal Research Committee (# 2005-090). Male, 

6-8 weeks old NSG mice were obtained from the UCLA Radiation Oncology Animal Core. Mice 

were housed under pathogen-free conditions with food and water ad libitum, and a 12-12 hour 

light-dark cycle. Veterinarian staff and investigators observed the mice daily to ensure animal 

welfare and determine if humane endpoints (e.g., hunched and ruffled appearance, apathy, 

ulceration, severe weight loss, tumor burden impeding with normal movement) were reached.  

120



Beta particle treatment 

For the 177Lu-PSMA-617 activity escalation experiment, mice were inoculated with 5 million 

C4-2 cells in 100% matrigel bilaterally. Three weeks after inoculation, the mice were treated with 

either 30 MBq or 120 MBq 177Lu-PSMA-617, or no treatment (n=12 mice/group). Three mice per 

group were sacrificed at 4 and 48 h post treatment for ex-vivo tumor tissue gamma-counting, 

MS analysis (for untreated and 120 MBq groups), and phospho-gamma-H2A.X 

immunohistochemistry (IHC) staining. The remaining six mice per group were kept for tumor 

growth monitoring by caliper and survival analysis. 

Alpha particle treatment 

For the 225Ac-PSMA-617 activity escalation study, the mice were inoculated with 5 million C4-2 

cells in 100% matrigel in the left shoulder and tumor growth was measured by computed 

tomography (CT). The mice were treated at 3 weeks after inoculation with injected activities of 

either 20 kBq, 40 kBq, or 100 kBq 225Ac-PSMA-617, or no treatment (n=8 mice/group). At 

sacrifice, organs were inspected for signs of toxicity (size and color of spleen, liver, kidney, 

intestines) and paraffin-embedded for IHC staining. In a separate experiment, tumors from 

untreated mice and mice treated with 40 kBq 225Ac-PSMA-617 (n=5 mice/group) were collected 

and snap frozen 48 h post treatment for MS analysis.  

CT 

The CT scans were acquired using the pre-clinical Genisys 8 PET/CT scanner (Sofie 

Biosciences). Attenuation corrected images were reconstructed using maximum-likelihood 

expectation maximization with 60 iterations. The following parameters were applied for CT 

imaging: 40 kVp, 190 mA, 720 projections, and 55 ms exposure time per projection. Tumor 

volume was analysed on CT images by delineating the tumor on axial slices of the CT and using 

VivoQuant Imaging Software (Invicro).  

Radiochemical Synthesis 
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PSMA-617 precursor was obtained from ABX GmbH. The precursor was stored in aliquots (1 

mg/mL) in 0.1% aqueous trifluoroacetic acid until use. No-carrier-added 177LuCl3 was obtained 

from Spectron MRC. Actinium-225 was supplied by the Isotope Program within the Office of 

Nuclear Physics in the Department of Energy’s Office of Science. Radiolabeling was performed 

at the UCLA Biomedical Cyclotron Facility as previously described, resulting in molar activities 

of 84 GBq/µmol and 130 MBq/µmol for 177Lu-PSMA-617 and 225Ac-PSMA-617, respectively (32, 

33).  

Mass spectrometry 

Detailed methods are described in Supplementary Methods. 

Statistics  

Statistical analysis of therapeutic efficacy data was performed using GraphPad Prism 8. The 

Log-rank (Mantel-Cox) test was used for survival analysis and the Mann-Whitney test was used 

for tumor size analysis. For analysis of mass spectrometry data, differential expression events 

were defined by identifying proteins/phosphopeptides with between-treatment variance 

significantly larger than within-replicate variance using one-way ANOVA. Significantly altered 

proteins/phosphopeptides were filtered using Benjamini-Hochberg (BH) procedure at 1% FDR. 

All statistical analyses of MS data, including principle component analysis and unsupervised 

hierarchical clustering were performed using Python.  

Results 

RLT Reduces Tumor Size and Prolongs Survival in a Mouse Model of Prostate Cancer  

As a prerequisite for therapeutic efficacy studies, PSMA expression was confirmed before and 

after treatment by 68Ga-PSMA-11 PET imaging (Figure 3-S1). Tumor uptake was confirmed by 

ex-vivo gamma-counting (Figure 3-S2) and induction of DNA damage was confirmed by 

gamma-H2A.X (phospho Ser139) IHC (Figure 3-S3).  

177Lu-PSMA-617 
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Both 177Lu-PSMA-617 treatment groups showed considerable tumor shrinkage (p=0.0002 for 

non-treated [NT] vs. 30 MBq, and p<0.0001 for NT vs. 120 MBq and 120 MBq vs. 30 MBq, 

respectively) and increased survival (NT vs. either treated group, p=0.0008; 30 MBq vs. 120 

MBq, p=0.001) as compared to untreated controls (Figure 3-1). Median survival was 4.8 weeks 

for untreated mice, 15 weeks for mice treated with 30 MBq, and undefined for the 120 MBq 

group that was terminated at the end of study (Figure 3-1C). No severe weight loss was 

observed in any of the treated mice compared to untreated controls (Figure 3-S4), similar to 

previously published results (34).  

225Ac-PSMA-617 

All treated mice 225Ac-PSMA-617 exhibited significant tumor growth retardation compared to 

untreated controls (Figure 3-2) (p=0.022 for NT vs. 20 kBq, and p<0.0001 for NT vs. 40 kBq, NT 

vs. 100 kBq, and 40 kBq vs. 100 kBq, respectively). 225Ac-PSMA-617 significantly prolonged 

median survival (Figure 3-2C) as compared to untreated controls (p=0.0002 for NT vs. 20 kBq, 

p<0.0001 for NT vs. 40 kBq, and p=0.0023 for NT vs. 100 kBq). Median survival was 4.5 weeks 

(untreated), 16 weeks (20 kBq), 30 weeks (40 kBq), and 19 weeks (100kBq). While 100 kBq 

225Ac achieved greatest control of tumor size, mice experienced toxicity as evidenced by 

irremediable weight loss and had a lesser survival benefit despite the higher activity (Figure 3-

S5). Comparing beta vs. alpha PSMA RLT, 225Ac improved progression-free survival from 

roughly 5 weeks to regrowth for 30 MBq 177Lu to about 8 weeks for 40 kBq 225Ac.  

Alpha- and Beta- RLT Induce Similar Proteomic Alterations Consistent with Cell Cycle 

Arrest, DNA Damage Response, and TP53 Signaling 

Profiling responses to RLT at a system-wide level, more than 8,000 proteins and 20,000 

phosphopeptides were quantified in tumors resected 48 h after 177Lu- and 225Ac-PSMA-617 RLT. 

About 2-5% of the total identified proteome exhibited significant differences between the 

untreated and treated groups (Figure 3-3B). Common activated pathways identified between 

177Lu- and 225Ac-RLT include activation of DNA damage signaling via ATM (22), ATR (27), and 

TP53, with concomitant cell cycle arrest (Figure 3-3C). Notably, proteomic changes included 
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upregulation of p21 and ribonucleotide reductase regulatory p53-inducible subunit M2B 

(RRM2B), the ribonucleotide reductase (RNR) subunit required for DNA repair in non-

proliferating cells. In contrast, the ribonucleotide reductase subunit M2 (RRM2) is 

downregulated following RLT. Taken together with the reduction in TK1 levels suggests 

alterations in nucleotide metabolism pathways.  

Transcription factor (TF) enrichment analysis (TFEA) (35) revealed almost identical top 

downregulated TFs between the 177Lu- and 225Ac-RLT samples to be E2F family members, 

BRCA1, and Myc (Figure 3-3D). Additionally, the activities of TFs involved in the response to 

genotoxic stress, such as TP53 and GATA1 (36-38), histone deacetylation (RCOR1) (39), and 

cell cycle progression (E2Fs) (40, 41) were differentially modulated.  

Alpha- and Beta- RLT Induce Phosphoproteomic Alterations Consistent with DDR/

replication stress response (RSR) Signaling and Cell Cycle Arrest 

Analyzing RLT induced changes in the phosphoproteome revealed more than 2,000 

differentially expressed (DE) phosphopeptides. Phosphopeptide analysis revealed an increase 

of known ATM substrates, including BRCA1, and a decrease in CDK substrates, including 

RRM2 in the 177Lu-PSMA-617 treated tumors and androgen receptor (AR) in the 225Ac-

PSMA-617 treated tumors (42-44) (Figure 3-4A). Kinase-substrate enrichment analysis (KSEA) 

(45) identified 3 corresponding kinases with significantly increased activity following RLT (ATM, 

ATR, casein kinase 2A.1 [CSNK2A1]) and 2 kinases with significantly reduced activity (CDK 1, 

CDK2) (Figure 3-4B). In addition, several HSP90AB CSNK2A substrates were increased 

following 225Ac-PSMA-617 treatment. These data are consistent with the proteome analysis, and 

DDR/RSR signaling with concomitant cell cycle arrest and survival (46). 

Discussion 

There is an unmet clinical need to identify RLT resistance mechanisms given that only a subset 

of mCRPC patients with documented tumor PSMA expression responds to single agent 177Lu- 

or 225Ac-PSMA-targeted RLT. Therefore, to achieve rationally designed RLT combination 
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therapies, we investigated treatment efficacy and tumor biology in response to RLT in a PCa 

mouse model with an MS approach to identify possible targets for combination therapies.   

RLT Treatment Efficacy in a subcutaneous mouse model of mCRPC 

In our subcutaneous C4-2 xenograft model, 225Ac RLT outperforms 177Lu in terms of tumor size 

control and longer progression-free survival. 40 kBq of 225Ac-PSMA-617 improved disease/

tumor control compared to 30 MBq 177Lu-PSMA-617 (the activity most comparable across 

isotopes in terms of energy deposition based on our unpublished observations). Similar to 

current clinical data, the mice treated with 225Ac experienced greater toxicity than those treated 

with 177Lu as evidenced by weight loss in the highest activity group tested (100 kBq 225Ac). 

However, mice treated with 40kBq of 225Ac-PSMA-617 exhibited only transient weight loss, 

whereas mice treated with 20 kBq or left untreated did not exhibit significant weight loss. Based 

on the activity escalation study, 40 kBq 225Ac-PSMA-617 was considered suitable for 

subsequent studies.  

Proteomic and Phosphoproteomic Tumor Analyses  

Our global proteomic and phosphoproteomic analyses of RLT-treated tumor samples enabled 

us to systematically interrogate the tumor biology response to RLT. Notably, the MS analysis 

identified key kinases and TFs involved in DDR and replication stress response pathways, but 

also nucleotide metabolism pathways which can potentially become novel targets for 

combination therapy development. 

ATM and ATR emerged as promising targets for combination therapies given their increased 

activity in RLT treated samples. Inhibitors of ATM and ATR have been shown to have radio-

sensitizing properties in pre-clinical models (25, 47, 48). Several inhibitors are currently being 

investigated in clinical trials either as single agents or in combinations with radiotherapy or other 

small molecule drug inhibitors. Table 3-1 presents a summary of potential targets, including 

currently available clinical-stage inhibitors and corresponding clinical trials. 
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Kinases such as RAC-alpha serine/threonine-protein kinase (AKT1) might represent novel 

targets that have been associated with radio-resistance and TP53-signaling (49-53). The 

activation of the PI3K/AKT pathway has been associated with aggressive PCa phenotypes (54). 

Interestingly, up-regulation of the androgen receptor by AKT1 (55-59) has been reported. 

However, its importance in the context of RLT has not been investigated yet.  

Consistent with reduced CDK1 activity due to G1 cell cycle arrest, we observe downregulation 

of the AR S310 and RRM2 T33 phosphosites. RRM2 T33 phosphorylation has been linked to 

targeting RRM2 for degradation during G2 by SCFCyclinF ubiquitin ligase (60). AR S310 

phosphorylation has been shown to regulate AR localization during mitosis, repress AR 

transcriptional activity, and may play a role in cell cycle arrest (61, 62). The downregulation of 

the S310 phosphosite may imply that the transcriptional activity of AR is increased following 

RLT. In our data, we do observe upregulation of AR activity in the 225Ac-PSMA-617 TFEA 

analysis, but it narrowly misses significance with a p-value of 0.08.  

Interestingly, several phosphosites of HSP90AB1, a molecular chaperone for many proteins 

including AKT and AR, were upregulated in the 225Ac-RLT phosphoproteome. These 

phosphosites include the CSN2KA1 substrates S226 and S255 which have been shown to 

induce the activity and regulate the molecular associations of HSP90AB1 (63, 64). HSP90 is an 

emerging target in prostate cancer and is currently being explored in both preclinical and clinical 

settings(65-68). In a preclinical model of neuroendocrine tumors, the HSP90 inhibitor Onalespib 

has been shown to synergize with 177Lu-DOTATATE (66). 

Nucleotide Metabolism Is Downregulated following RLT 

Synthesis of deoxyribonucleotide triphosphates (dNTPs) following DNA damage is essential for 

DNA repair. Ribonucleotide reductase regulatory subunit M2 (RRM2), thymidine kinase 1 (TK1), 

and CHEK1 are among the downregulated proteins following RLT (Figure 3-3B). DNA damage-

dependent upregulation of the salvage pathway enzyme, TK1, in p53-deficient cells has been 

previously reported (69, 70). However, in p53-proficient cells, TK1 upregulation was diminished 
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due to p21-mediated G1 cell cycle arrest. The decrease observed in our p53-proficient tumors is 

most likely due to the prolonged G1/S cell cycle arrest following RLT treatments.  

Consistent with a downregulation of the RRM2 protein levels, whose expression is rate limiting 

for RNR activity (71), we observe a decrease in nucleotide levels in the 225Ac-RLT treated 

samples (Figure 3-S7). The RSR pathway including ATR have been linked to nucleotide 

metabolism alterations by regulating two of the main enzymes required for dNTP synthesis, 

RNR in the de novo pathway and deoxycytidine kinase (dCK) in the salvage pathway (72).  

Inhibition of ATR, or of its downstream effector kinases CHEK1 and WEE1, reduces dNTP levels 

in cancer cell lines. This effect was proposed to involve the downregulation of the small RNR 

subunit RRM2, particularly at the G1/S transition (73). 

Complementary to the proteomic changes in the RNR subunits, we also observe 

downregulation of the CDK1 substrate, RRM2 T33. This modification has been linked to 

targeting RRM2 for degradation during G2 by SCFCyclinF ubiquitin ligase (60). In addition to the 

RRM2 T33 downregulated phosphosite in the 177Lu-PSMA-617 samples, we observe 

downregulation of the following nucleotide metabolism phosphosites in the 225Ac-PSMA-617 

samples such as DNMT1 S154 (74), CAD S1859 (75), and PAICS S27 (76, 77). These data 

suggest the alteration of both purine and pyrimidine nucleotide synthesis by RLT. The 

downregulation of RRM2 T33 combined with the increased expression of RRM2B, could be a 

potential mechanism of resistance to RLT to counteract the decrease in RRM2 protein levels 

induced by RLT. 

Transcription Factor Enrichment Analysis Reveals Actionable Targets 

Targeting the cell stress pathways identified by TF enrichment analysis could help overcome 

resistance and enhance treatment efficacy in PCa. TP53 is among the most commonly mutated 

proteins in mCRPC (~50%) and both loss and gain of function mutations have been linked to 

radio-resistance (78, 79). MYC is an amplified driver in up to a third of mCRPC cases (80) and it 

has been associated with numerous pro-tumorigenic signaling and metabolic alterations in PCa 
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resulting in e.g., (androgen-independent) proliferation, metastasis, genomic instability, and, 

importantly, transition to neuroendocrine PCa (81-83). Compounds modulating MYC expression 

or activity (Table 3-1) have shown promise for the treatment of mCPRC (84, 85). 

One of the top downregulated TFs in both 177Lu- and 225Ac-RLT tumor samples is BRCA1. 

BRCA1 has been shown to form a dynamic co-regulatory complex with E2F transcription factor 

1 (E2F1) and retinoblastoma protein (Rb) which can be disrupted by genotoxic stress (86). It 

has been previously reported that BRCA1 expression levels are decreased for several hours 

following DNA damage through TP53-mediated feedback. BRCA1 in turn can stabilize TP53 

expression during persistent DNA damage. Therefore, BRCA1 can act cooperatively with TP53 

to activate transcription of TP53-responsive genes involved in cell cycle arrest and DNA 

damage repair (87). Consistent with these reports, our proteomic analysis shows a decrease in 

the BRCA1 protein levels in the RLT treated samples, with this decrease being statistically 

significant only in the 225Ac-PSMA-617 samples (88-91). Mutations in both BRCA1 and BRCA2 

have been associated to more aggressive PCa phenotypes (92). PARP inhibitors are currently 

being investigated for the treatment of BRCA mutant PCa (93). Rucaparib has been recently 

approved for the treatment BRCA-mutant mCRPC patients who have been previously treated 

with androgen receptor and taxane-based therapies.   

The identification of several E2F transcription factors together with Myc/MAX in our TFEA 

analysis is consistent with previous phosphoproteomic reports identifying these pathways as 

being over-represented in mCRPC (94). Furthermore, among the commonly upregulated TFs, 

GATA1 has been reported as enriched following low-dose irradiation (38), and GATA2 and 

RCOR1 are established regulators of AR activity (95). RCOR1 can form a complex with Lysine-

Specific Demethylase 1 (LSD1) and FOXA1 that can act as a coactivator of AR (96). While 

LSD1 was not identified in our dataset, FOXA1 was upregulated in our 177Lu RLT samples.  

Conclusion 
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Our results from proteomic and phosphoproteomic analyses suggest that both beta- and alpha-

PSMA RLT induce similar molecular changes. Thereby, we deduce no preferential combination 

therapies for beta- vs. alpha- PSMA RLT; but rather, that they share similar targetable pathways. 

The RLT therapeutic isotope should be selected based on disease burden, spread, location, and 

toxicity considerations. The identification of actionable targets in mCRPC using mass 

spectrometry coupled with the availability of clinical inhibitors can be used to aid in the selection 

and prioritization of combination therapies. Further work is needed to investigate which 

combination therapies hold the most promise for clinical development. 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Figures 

Figure 3-1. 177Lu-PSMA-617 RLT suppresses C4-2 tumor growth in subcutaneous 

xenograft mouse model. (A) Experimental design. (B) Individual C4-2 tumor growth curves 

following a single cycle of either 30 or 120 MBq 177Lu-PSMA-617 RLT as a function of time (n = 

12 tumors per mouse group). (C) Survival plot (n = 6 mice/treatment group). 

Figure 3-2. 225Ac-PSMA-617 RLT suppresses C4-2 tumor growth in subcutaneous 

xenograft mouse model. (A) Experimental design. (B) Individual C4-2 tumor growth curves 

following one cycle of either 20, 40, or 100 kBq 225Ac-PSMA-617 RLT as a function of time (n=8 

mice per group). (C) Survival plot (n=8 mice/treatment group).  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Fig. 1ㅣ 177Lu-PSMA617 RLT suppresses C4-2 tumor growth in subcutaneous xenograft mouse model. (a) 
Experimental design. (b) Individual C4-2 tumor growth curves following one cycle of either 30 or 120 MBq 177Lu-
PSMA617 RLT as a function of time (n = 12 tumors per mouse group). (c) Survival plot (n = 6 mice/treatment group).
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Figure 2 | 225Ac-PSMA617 sup-presses C4-2 tumor growth in s.c. PC models. (A) Experimental design. (B) 
Individual tumor growth curves following one cycle of either 20, 40 or 100 kBq 225Ac-PSMA617 as a function of time 
(n=8 mice/group). (C) Survival plot (n=8 mice/group). Median survival was 32.5 days (NT), 112 days (20 kBq), 213 
days (40 kBq), and 133 days (100kBq), respectively (NT vs. treated, p≤0.002; 20 vs. 40 kBq, p=0.014; 20 vs. 100 
kBq, p=0.620; 40 vs. 100 kBq, p=0.078). NT - not treated
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Figure 3-3.  Mass spectrometry (MS) proteomic analysis of prostate cancer xenografts 

reveals 177Lu- and 225Ac-PSMA-617 RLT-induced alterations in protein levels. (A) 

Schematic depiction of the experimental workflow for quantitative MS proteomics and 

phosphoproteomics analysis of C4-2 tumors from NSG mice tumor response to 120 MBq 177Lu-

PSMA-617 and 40 kBq of 225Ac-PSMA-617, respectively. (B) Volcano plots highlighting the 

changes in protein levels relative to the untreated groups. Key upregulated and down regulated 

proteins are highlighted. (C) Gene ontology analysis of the two data sets reveals commonly 

activated pathways. (D) Transcription factor enrichment analysis on the differentially expressed 

(DE) proteins. Identified TFs have at least 4 associated targets. 

131



Figure 3-4.  RLT phosphoproteomic analyses. (A) Volcano plots of the identified 

phosphopeptides highlighting several key upregulated and down regulated phosphorylation 

sites relative to untreated tumor. (B) Kinase substrate enrichment analysis. Identified kinases 

have at least 5 substrates. 

132



Table 3-1. Table of Select Prostate Cancer Clinical Trials including inhibitors of targets identified 

in this work 
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Target Clinical	inhibitor Clinical	Trial
ATR M6620	(VX-970)

AZD6738

BAY1895344

NCT03517969
NCT03787680

NCT03188965

ATM - -

AKT1 AZD5363
Celecoxib

NCT03310541
NCT02208583

HSP90 AT13387	(Onalespib)
STA-9090	(Ganetespib)

NCT01685268
NCT01270880

MYC AZD5153	 (BET	bromodomain)
MK8628	(BET	bromodomain)

ZEN003694	(BET	bromodomain)

ABBV-075 (BET	bromodomain)
INCB057643	(BET	bromodomain)

NCT03205176
NCT02259114

NCT02705469

NCT02391480
NCT02431260



Supplementary Methods 

Mass Spectrometry 

A. Protein extraction, digestion, labeling and pooling 

Tumors were resected 48 hours after treatment and snap-frozen in liquid nitrogen and 

homogenized using a bead mill (Omni Bead Ruptor 24) with 10 cycles of 30 s on 30 s off power 

level 8 and chilled to 4 ºC with liquid nitrogen. 1 mL of ice-cold, fresh lysis buffer (50 mM 

triethylammonium bicarbonate, pH 8.5, 0.5% deoxycholate, 12 mM sodium lauroyl sarcosine, 

protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail containing 10 mM sodium 

pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, and 50 mM beta-

glycerophosphate) was used for tumor homogenization. Tumor homogenates were centrifuged 

at 450 xg for 5 min at 4 ºC and supernatants were sonicated for 10 min, 30 s on 30 s off, at 4 ºC 

using Bioruptor Pico (Diagenode) followed by heating at 95 ºC for 5 min. Protein concentrations 

of lysates were quantified by the BCA protein assay (Thermo Fisher Scientific) and 1 mg total 

protein from each sample was carried through the rest of the sample preparation. Protein 

disulfides were reduced with 5 mM dithiolthreitol (final concentration) for 30 min at 37 ºC 

followed by alkylation with 10 mM chloroacetamide (final concentration) for 30 min at room 

temperature in the dark. Excess alkylating agent was quenched by adding the same amount of 

dithioltheritol as the previous step and incubating for 5 min at room temperature. Each sample 

was then diluted 1:5 using 50 mM triethylammonium bicarbonate, pH 8.5, containing 10 µg 

trypsin (Promega) and digested at 37 ºC for 4 h. A second aliquot of 10 µg trypsin (Promega) 

was spiked into the samples and digested overnight at 37 ºC. The reaction was quenched and 

detergents extracted with 1:1 (v:v) ethyl acetate containing 1% trifluoroacetic acid. The samples 

were vortexed vigorously and centrifuged at 16,000xg for 5 min. The lower aqueous phase was 

transferred to new microcentrifuge tubes and dried by speedvac. The samples were 

reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid, desalted on Oasis HLB 10 mg 

cartridges (Waters), and dried by speedvac. Samples were resuspended in 200 mM EPPS, pH 

8.5, and peptide concentration was obtained using Pierce Quantitative Colorimetric Peptide 
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Assay. 400 µg of peptides were labeled with 10-plex TMT reagents at 1:2 reagent:peptide 

concentration following the manufacturer’s instruction, and dried by speedvac. Samples were 

reconstituted in 2% acetonitrile with 0.1% trifluoroacetic acid and 1 µg of total peptides from 

each sample were pooled and desalted using SDB StageTips as previously described (97). One 

µg of total peptide from this pooled test sample was acquired via nanoLC-MS/MS on a 

QExactive Plus (Thermo) using a 3h gradient as later discussed. The raw data was processed 

using Proteome Discoverer v2.2 (Thermo) as later discussed. Each sample was normalized to 

the protein median fold change compared to the 126 m/z TMT channel and ~300 µg of each 

sample was pooled accordingly. The pooled peptide sample was desalted on an Oasis HLB 200 

mg cartridge (Waters) and dried by speedvac. 

B. Phosphopeptide enrichment by immobilized metal affinity chromatography 

Phosphopeptide enrichment was performed using Fe-IMAC as previously described (98). 

Briefly, 3 mg of dried peptides were solubilized in 900 µL of phosphopeptide binding solution 

(80% acetonitrile and 0.1% TFA). 150 µL peptide aliquots were mixed with 165 µL of Fe-IMAC 

and incubated at room temperature for 30 min with shaking. The supernatant and all washes 

were collected, dried by speedvac, and desalted on an Oasis HLB 200 mg cartridge (Waters) to 

later be used for peptide fractionation and total protein quantification via nanoLC-MS/MS. The 

phosphopeptides were quickly eluted from beads with 100 µL of phosphopeptide elution solution 

(70% acetonitrile and 1% ammonium hydroxide), passed through C8 StageTip and acidified with 

30 µL of 10% formic acid. The phosphopeptide eluents were dried by speedvac and desalted 

using SDB StageTips. 

C. Offline basic pH reverse phase liquid chromatography 

The total phosphopeptide-enriched sample and 70 µg of the non-phosphopeptide sample were 

each solubilized in 3 µL of buffer A (10 mM ammonium bicarbonate, pH 10, and 2% acetonitrile) 

and separated on a Zorbax 300Extend-C18 column (3.5 µm particle size, 0.3 mm × 150 mm, 

Agilent) using an Agilent 1260 capillary pump and µWPS autosampler equipped with an 8 µL 

sample loop. 96 fractions were collected with a 60 min gradient from 5% to 60% buffer B (90% 
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acetonitrile, 10 mM ammonium bicarbonate, pH 10, flow rate of 6 µL/min) into pre-deposited 20 

µL of 5% formic acid. The samples were concatenated with an interval of 24 to form 24 final 

fractions (e.g. fractions 1, 25, 49, and 73 combined, fractions 2, 26, 50 and 74 combined, and so 

on). The concatenated fractions were desalted using SDB StageTips and dried by speedvac. 

D. Acidic pH reverse phase liquid chromatography coupled with tandem MS 

The dried peptide fractions for whole proteome analysis were reconstituted in 11 µL of 2% 

acetonitrile and 0.15% formic acid. For phosphopeptide analysis, the dried peptide fractions 

were reconstituted in 6 uL of 2% acetonitrile and 0.15% formic acid. 5 µL of sample was loaded 

on a laser-pulled reverse phase column (150 µm × 20 cm, 1.8 µm C18 resin with 0.5 cm of 5 µm 

C4 resin at the laser-pulled end, Acutech Scientific, San Diego, CA) interfaced with an Eksigent 

2D nanoLC, Phoenix S&T dual column source, and QExactive Plus MS (Thermo). Peptides 

were eluted using 5-40% buffer B gradient in 3h (buffer A: 2% acetonitrile, 0.15% formic acid; 

buffer B: 98% acetonitrile, 0.15% formic acid, flow rate of 0.5 µl/min). The column was heated at 

60°C by a butterfly portfolio heater (Phoenix S&T) to reduce backpressure. The mass 

spectrometer was operated in data-dependent mode with a survey scan from 350-1500 m/z 

(70,000 resolution, 3 × 106 AGC target and 100 ms maximal ion time) and 10 MS/MS scans with 

starting fixed m/z of 100 (35,000 resolution, 2 × 105 AGC target, 120 ms maximal ion time, 32 

normalized collision energy, 1.2 m/z isolation window, and 30 s dynamic exclusion). 

E. Identification and quantitation of peptides using Proteome Discoverer v 2.2 

The acquired MS/MS raw files were searched by the Sequest algorithm against a forward and 

reverse target/decoy database to estimate FDR. The target protein database was downloaded 

from the Uniprot human database (reference and additional sequences, 93,320 protein entries; 

downloaded in March 2018) and the decoy protein database was generated by reversing all 

target protein sequences. A contaminate protein database was included in the searches (244 

protein entries; downloaded from MaxQuant 1.6.0.16). Spectra were searched with ± 10 ppm for 

precursor ion and ± 0.02 Da product ion mass tolerance, fully tryptic restriction, static mass shift 

for TMT-tagged N-terminus and lysine (+229.16293), carbamidomethylation tºCysteine 
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(+57.021), dynamic mass shift for oxidation of methionine (+15.995), deamidation of asparagine 

and glutamine (+0.984), acetylation of protein N-terminus (+42.011), phosphorylation of serine, 

threonine and tyrosine (+79.96633, only for phosphopeptide-enriched fractions), two maximal 

missed cleavages, three maximal modification sites, and the assignment of b and y ions. 

Putative peptide spectra matches were filtered by Percolator using 1% FDR. Post-translational 

modifications were site localized using ptmRS. TMT reporter ions were quantified using the 

most confident centroid with reporter ion mass tolerance at 20 ppm. 

F. Differential expression analysis of proteome and phosphoproteome 

Differential expression events were defined by identifying proteins/phosphopeptides with 

between-treatment variance significantly larger than within-replicate variance using one-way 

ANOVA (analysis of variance). Significantly altered proteins/phosphopeptides were filtered using 

Benjamini-Hochberg (BH) procedure at 1% FDR. All statistical analysis, principle component 

analysis, and unsupervised hierarchical clustering was performed using Python. Kinase 

substrate enrichment analysis (KSEA) was performed using the web tool (https:// 

casecpb.shinyapps.io/ksea/). Briefly, the significantly-altered phosphopeptides were submitted 

and respective kinases were assigned using the PhosphositePlus database and NetworKin. 

Kinases were filtered with 5% FDR. 

68Ga-PSMA11 positron emission tomography (PET) and CT 

68Ga-PSMA-11 was synthesized by eluting Gallium-68 from a 68Ge/68Ga generator (Eckert & 

Ziegler) with 0.1 M hydrochloric acid, trapping 68Ga on a cationic exchange cartridge and elution 

with 5M sodium chloride solution. 5 µg PSMA-11 were labelled with 68Ga for 5 min at 95 °C. 

Radiochemical identity and purity were confirmed before application by radiographic thin-layer 

chromatography. For PET/CT, ~1.1 MBq 68Ga-PSMA-11 were injected into the tail vein and 

images were acquired 60 min later using the pre-clinical Genisys 8 PET/CT scanner (Sofie 

Biosciences). Attenuation corrected images were reconstructed using maximum-likelihood 

expectation maximization with 60 iterations.  
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Immunohistochemistry 

Sections (4 µm) of paraffin-embedded tumors were deparaffinized-rehydrated and endogenous 

peroxidase activity was blocked with 3% hydrogen peroxide/methanol for 10 min. Following 

antigen retrieval (0.01 M citrate buffer, pH 6.0, 95 °C for 25 min., Biocare decloaker (Biocare 

Medical)) samples were stained with a rabbit polyclonal anti-phospho gamma H2A.X antibody 

(ab11174, Abcam) at a 1:500 dilution in bovine serum albumin) overnight at 4 °C. Using the 

Dakocytomation Envision System, sections were stained with a horseradish peroxidase-labelled 

anti-rabbit (K4003, DakoCytomation) and visualized with the diaminobenzidine reaction 

(#BDB2004 L; Biocare Medical) according to the manufacturer’s instructions. All slides were 

counterstained with hematoxylin, mounted with Cytoseal (Fisher Scientific) and scanned digitally 

at 40X using ScanScope AT (Leica Biosystems, Vista). 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Supplementary Figures 

Figure 3-S1. 68Ga-PSMA PET/CT confirms PSMA expression (A) one day before and (B) eight 

days post treatment with 177Lu-PSMA 

Figure 3-S2. Tumor uptake is confirmed by ex-vivo gamma counting of tumor tissue. The 

results are shown as mean ± standard deviation (4 h: n=4 for 120 MBq and n=6 for untreated 

controls (NT) and 30 MBq, respectively; 48 h: n=3 for 120 MBq, n=4 for NT, and n=6 for 30 

MBq). 
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Figure 3-S3. 177Lu-PSMA-617 induces DNA damage in C4-2 tumors. Tumor samples stained for 

gamma-H2A.X showed DNA damage induction as early as 4 hours and is sustained for at least 

two days. The results are shown as mean ± standard deviation. Differences in percentages 

could be due to variation in sample number (4h: n=4 for 120 MBq and n=6 for untreated controls 

(NT) and 30 MBq, respectively; 48h: n=3 for 120 MBq, n=4 for NT, and n=6 for 30 MBq).  

Figure 3-S4. 177Lu-PSMA-617 treated mice did not exhibit significant weight loss when 

compared to untreated controls.  
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Figure 3-S5. Mice treated with 100 kBq of 225Ac-PSMA-617 exhibited severe weight loss. Mice 

treated with 40 kBq of 225Ac-PSMA-617 exhibited transient weight loss, whereas mice treated 

with 20 kBq or left untreated did not exhibit significant weight loss. 

Figure 3-S6. 68Ga-PSMA11 imaging 3 weeks post treatment with 225Ac-PSMA. 

Figure 3-S7. Nucleotide Levels Are Significantly Altered by 225Ac-RLT 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CHAPTER 4 

Current state and future of the  

Integrative and Quantitative Mass Spectrometry (IQ-MS) Platform 

Introduction 

Standard procedure for sample preparation of various classes of biomolecules exists to 

efficiently extract the molecules of interest ensuring the reproducibility of generated results. For 

example, samples prepared for metabolomics analysis are typically lysed in 80% ice-cold 

methanol to precipitate protein and extract all soluble metabolites. Bottom-up proteomic 

samples, however, are lysed in a buffered solution containing surfactants to denature and 

solubilize protein suitable for trypsin digest. In each of the last chapters, our multi-omics 

analysis abided to the same principles where samples were prepared separately with dedicated 

protocols for each particular analysis. We reason, however, that all classes of biomolecules, 

including lipids, metabolites, proteins, DNA, and RNA, are soluble in the proteomic lysis buffer 

due to the absence of any insoluble pellet following cell lysis from tissue culture. I describe, 

herein, a sample preparation workflow suitable for multi-omic analysis from in vivo tumors and 

give a future direction for expanding the types of post-translational modifications studied with 

our multi-omics platform. 

Current State of IQ-MS 

Over the past couple years, I have matured the proteomics workflow through three major 

revisions to settle upon a sample processing workflow consisting of TMT-multiplexing, a single 

Fe-IMAC enrichment, and offline fractionation of peptides and phosphopeptides with µHPLC 

basic reverse-phase chromatography. To obtain robust quantitative data from in vivo tumors, two 

instruments are critically important to ensure uniform tumor homogenates: 1) Omni Bead Ruptor 

bead-mill with cryo-cooling allowing 24 tumor samples to be homogenized at once with ceramic 

beads and 2) Diagenode Bioruptor Pico temperature-controlled water bath ultra-sonicator to 

shear DNA and RNA from up to 6 samples at once dramatically reducing the viscosity of tumor 
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homogenates. With both instruments, samples are maintained in individual tubes and 

temperature-controlled to prevent any cross-contamination and maintain sample integrity by the 

cold temperature.  

Although tumors are homogenized in equal part lysis buffer based on total tumor mass, we 

observe heterogeneity in the clarity of tumor homogenates following ultra-sonication. We found 

that after performing chloroform-methanol precipitation1 on the non-clarified tumor 

homogenates, we could fully solubilize the protein pellets in the same lysis buffer used for 

homogenizing the tumor samples by simply vortexing at room temperature in protein low-

binding tubes. This step produces an efficient fractionation of biomass, where water-soluble 

metabolites and polar lipids are contained in the water-methanol phase, non-polar lipids are in 

the chloroform phase, and protein, DNA, and RNA are in the insoluble pellet. 

We optimized the lysis buffer used for tumor homogenization to nearly eliminate all interfering 

compounds observed during global LC-MS metabolomics analysis of the water-methanol phase 

from chloroform-methanol precipitation. The lysis buffer consists of 50mM ammonium 

bicarbonate pH 8.0, 0.5% sodium deoxycholate (SDC), 200 uM EDTA, 10 mM NEM, and MS-

Safe protease and phosphatase inhibitor cocktail from Sigma. Ammonium bicarbonate is a 

volatile buffer salt used to make a slightly basic pH solution critical for solubilizing SDC. SDC 

precipitates at acidic pH, but is soluble in organic solvents. Masuda et al2 describes a method 

for trypsin digestion of protein samples using SDC with removal of the surfactant prior to MS 

analysis by organic phase-transfer with ethyl acetate and trifluoroacetic acid (TFA). Thus, 

following chloroform-methanol precipitation of our samples, the water-methanol phase is dried 

under vacuum eliminating the volatile ammonium bicarbonate salt, resuspended in water, and 

SDC removed with 1:1 volume of ethyl acetate containing 1% TFA. This step has eliminated 

nearly all interfering ions during LC-MS of our metabolomics samples and we observe similar 

metabolite coverage from in vivo tumors as the standard 80% methanol protein precipitation 

method used for in vitro tissue culture. 
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We include NEM and EDTA in the lysis buffer used for tumor homogenization to preserve the 

quantities of metabolites that contain free sulfhydryls, such as glutathione and cysteine. Sutton 

et al first described the use of NEM during cell lysis for metabolomics samples and showed 

highly reproducible quantitation of the redox metabolome3. EDTA is a metal-ion chelator that 

reduces the extent of auto-oxidation of free thiols in solution. We consider both of these 

compounds to be critical components of the lysis buffer to robustly quantitate the redox 

metabolome. 

Finally, the insoluble protein pellet from chloroform-methanol precipitation is processed for in-

solution trypsin digestion. The entire pellet is soluble in lysis buffer with simple vortexing in 

protein low-binding tubes. Following trypsin digestion, enzyme activity is quenched and SDC 

removed using the organic-phase transfer with ethyl acetate and 1% TFA. 

Integration of Robotics to IQ-MS 

Due to the very laborious task of two chloroform-methanol precipitations and two ethyl acetate 

SDC extractions per sample, we optimized the entire workflow on a Hamilton Vantage liquid 

handler. The liquid handler is equipped with 8 independent 1 mL channels, swing-bucket 

centrifuge, positive pressure device for solid-phase extraction (SPE), heater-shaker, and plate 

sealer. The automation first performs a protein BCA quantitation assay and normalizes all 

samples to equivalent protein concentration. Then, chloroform-methanol precipitation is 

performed to obtain fractionation of biomass. The plate containing soluble metabolites is taken 

offline for drying under vacuum, while the pellet is taken through the automated proteomic 

workflow including reduction and alkylation of disulfide bonds, a second chloroform-methanol 

precipitation, and overnight trypsin digestion.  

The following day both the trypsin-digest plate and the metabolomics plate are subject to 

organic phase-transfer of SDC into ethyl acetate. The lower aqueous phase containing either 

trypsin-digested peptides or metabolites are then transferred to new plates and taken offline to 

dry under vacuum. The metabolomics plate is resuspended in 60% acetonitrile and analyzed via 
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LC-MS on a Thermo Orbitrap XL with online hydrophilic interaction chromatography. The dried 

trypsin-digested peptide plate is placed back on the liquid handler and peptides resuspended in 

2% acetonitrile with 0.1% TFA followed by desalting with Waters HLB SPE cartridges on the 

positive pressure device. 

Following peptide desalting and vacuum drying, automation continues with resuspending the 

peptides in 200 mM EPPS buffer pH 8.5, quantitating and normalizing all samples using a 

peptide colorimetric assay, and labeling the samples with 10-plex TMT tags. A test sample of 

TMT-labeled peptides is produced on the liquid handler with equal mixing of 0.25% of each 

sample and desalted via StageTips using the integrated centrifuge. Following nanoLC-MS/MS of 

the test sample, a worklist of sample volumes for each TMT sample is input to the automation 

for proper mixing of all ten samples to achieve a median protein ratio of 1. A total of 4 mg of 

pooled TMT peptides is desalted with Waters HLB SPE. For global proteomics, an aliquot of 64 

ug is taken for fractionation using µHPLC basic reverse-phase chromatography. The rest of the 

pooled TMT peptides are resuspended in 80% acetonitrile with 0.1% TFA and phosphopeptides 

enriched via Fe-IMAC using automation. The enriched phosphopeptides are fractionated offline 

using µHPLC basic reverse-phase chromatography. All fractions produced for global proteomics 

and phosphoproteomics are desalted via StageTips on the liquid handler and analyzed by 

nanoLC-MS/MS on a Thermo QExactive Plus with online acidic reverse-phase chromatography. 

With automation, we can routinely process samples through this multi-day protocol and keep the 

mass spectrometers acquiring data with minimal downtime. Our comparisons to samples 

processed manually show no significant difference. Due to the focus, concentration, and time 

one needs to perform this protocol manually, we have transitioned all of the work to automation 

leading to more robust results without any error during sample workup. The ability to process a 

full plate of 96 samples is also completely unmatched to manual pipetting of the samples. 
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Future expansion of PTMs Quantified by IQ-MS 

We are currently expanding the amount of post-translational modifications (PTMs) analyzed 

from the proteomics workflow. It is well established that N-glycopeptides are enriched using 

metal oxide chromatography4. Using a freely available plugin for Proteome Discoverer, SugarQb 

deconvolutes MS/MS peptide fragmentation spectra, scores the spectra based on total signal 

from oxonium ions, and matches carbohydrate composition based on a database off all known 

and theoretical glycosylations to asparagine, serine, or threonine5. We are routinely identifying 

~5,000 unique intact glycopeptides from Fe-IMAC enrichment with over 60% containing sialic 

acid, a negatively charged carbohydrate typically found on mature, cell surface glycoproteins. In 

order to expand the coverage of intact glycopeptides, we propose using strong anion exchange 

chromatography on the peptide flow-through following Fe-IMAC enrichment to give a nearly 

complete global analysis of the glycoprotome6. 

Since the recovery of phosphopeptides and negatively-charged glycopeptides from Fe-IMAC is 

highly efficient, we propose multiplexing other PTMs to be enriched on the chromatography. 

Larsen et al first described a method for profiling the oxidation state of cysteine residues using 

an alkylating agent, iodoacetamide, linked with a phosphonic acid and enriching these PTMs 

together with the phosphoproteome on titanium dioxide7. Iodoacetamide, however, suffers from 

extreme reactivity leading to approximately 50% off-target alkylation events. This can be 

attributed to the indiscriminate reactivity of ⍺-carbonyl iodine leaving group, which is 

exacerbated by the basic pH required for the nucleophilic substitution. 

We are currently developing novel cysteine- and amine-reactive probes functionalized with a 

phosphonic acid moiety for selective enrichment via immobilized metal affinity chromatography 

(IMAC). Our cysteine-reactive probes will be utilized in two diagnostic assays: 1) target-

engagement studies to profile the selectivity of irreversible cysteine-reactive small molecule 

drugs and 2) biomarker and mechanism of action studies to explain how molecular 
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perturbations result in phenotypic changes. The amine-reactive probe will be used to unbiasedly 

characterize proteins with nitrated tyrosines, a biomarker for nitrative stress. 

A common cysteine-reactive probe, iodoacetamide alkyne, exists on the market to accomplish 

similar tasks. This reagent requires a two-step reaction, first to alkylate sulfhydryls and second 

to functionalize the alkyne using CuI-catalyzed azide-alkyne cycloaddition (CuAAC) to attach an 

affinity probe, typically in the form of biotin. Iodoacetamide suffers from extreme reactivity 

leading close to 50% off-target alkylation events due to the slightly basic pH required to 

complete the nucleophilic substitution. Proteomic applications using CuAAC experience two 

limitations: 1) aqueous solutions necessary to solubilize proteins/peptides lead to slow kinetics 

of the Cu-binding ligand and incomplete reactions and 2) the necessity for removal of relatively 

high concentrations of reactants, especially excess unreacted biotin azide, prior to enrichment 

of all derivatived peptides.  

Maleimides are substantially more specific to sulfhydryl Michael addition and maintain reactivity 

at acidic pH, which prevents off-target alkylations altogether. Maleimides, however, experience 

retro-Michael addition over time and in the presence of excess thiol. Retro-Michael addition can 

be prevented if hydrolysis of the maleimide ring occurs following thiol conjugation creating a 

permanent modification. All commercially available maleimides have very slow hydrolysis rates 

with half lives around 24 hours. Currently, there are no self-hydrolyzing maleimides on the 

market.  

Many amine-reactive probes are commercially available, albeit, none containing a phosphonic 

acid. By incorporating the phosphonate into our molecules, we are able to take advantage of a 

very efficient, cost effective capture-and-release strategy in Fe-IMAC. Our Fe-IMAC procedure 

has >90% enrichment for the target modified peptides. The mild reagents used for the capture-

and-release strategy are all MS-compatible, making facile introduction of enriched peptides to 

the MS. 
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We are currently synthesizing our lead maleimide-phosphonate probe using structural-activity 

relationship to achieve 3 primary goals: 1) maintain selectivity and reactivity for sulfhydryls at 

slightly acidic pH, 2) enhance hydrolysis of the maleimide ring with a half-life of ~5 min, and 3) 

ionize efficiently in the positive polarity to counteract the permanent negative charge from the 

phosphonate. Similar modifications to maintain reactivity and enhance ionization in the positive 

polarity are being observed for the amine trap. We plan to publish the series of compounds 

when we achieve our 3 primary goals. 

Conclusion 

Over the course of several years, I have modified and optimized our proteomics platform to 

achieve near-complete coverage of the proteome and phosphoproteome. We have settled on a 

procedure which includes in-solution trypsin digestion, TMT 10-plex labeling, single Fe-IMAC 

enrichment, and fractionation of global peptides and phosphopeptides with µHPLC basic 

reverse-phase chromatography. The lysis buffer used for tumor homogenization is optimized for 

global LC-MS metabolomics through the use of a volatile buffer salt and organic-phase transfer 

of the surfactant. The fractionation of biomass by chloroform-methanol precipitation allows for a 

single tumor sample to be processed for both metabolomics and proteomics studies, but also 

suitable for lipidomics, transcriptomics, and whole-genome sequencing. The multi-omics 

workflow is completely automated on a liquid handler removing any user error during sample 

workup. We are currently working on expanding the amount of PTMs enriched by Fe-IMAC to 

include reversibly-oxidized cysteines and nitrotyrosines, as well as generating complete 

coverage of the glycoproteome via strong anion exchange chromatography of the Fe-IMAC 

flow-through. 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