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Abstract

Small cell lung cancer (SCLC) is an aggressive lung cancer subtype with extremely poor 

prognosis. No targetable genetic driver events have been identified, and the treatment landscape 

for this disease has remained nearly unchanged for over thirty years. Here, we have taken a 

CRISPR-based screening approach to identify genetic vulnerabilities in SCLC that may serve as 

potential therapeutic targets. We used an sgRNA library targeting ~5,000 genes deemed to encode 

“druggable” proteins to perform loss-of-function genetic screens in a panel of cell lines derived 

from autochthonous genetically engineered mouse models (GEMMs) of SCLC, lung 

adenocarcinoma (LUAD), and pancreatic ductal adenocarcinoma (PDAC). Cross-cancer analyses 

allowed us to identify SCLC-selective vulnerabilities. In particular, we observed enhanced 

sensitivity of SCLC cells towards disruption of the pyrimidine biosynthesis pathway. 

Pharmacological inhibition of dihydroorotate dehydrogenase (DHODH), a key enzyme in this 

pathway, reduced the viability of SCLC cells in vitro and strongly suppressed SCLC tumor growth 

in human patient-derived xenograft (PDX) models and in an autochthonous mouse model. These 

results indicate that DHODH inhibition may be an approach to treat SCLC.

One Sentence Summary:

Small cell lung cancer tumors are sensitive to DHODH inhibition, highlighting a potential 

treatment strategy for this disease.

INTRODUCTION

Small cell lung cancer (SCLC) is an aggressive cancer that is among the deadliest of all solid 

tumor malignancies. It is characterized by rapid tumor growth and early, widespread 

metastasis (1), which results in very poor outcomes. Despite decades of research, the 

combination of platinum and etoposide remains the backbone of SCLC therapy (2). 

Although initial response rates are high, patients almost invariably relapse. In contrast to the 

growing number of options for treating non-small cell lung cancer (NSCLC), no new 

therapies have demonstrated efficacy in SCLC patients (3), highlighting a great need for 

additional treatments.

Genetic screens have been used to identify and characterize cancer type-specific and 

genotype-specific vulnerabilities in cancer cells (4). This has provided a useful 

complementary approach to large-scale cancer genome sequencing studies for identifying 

new targets for therapy, especially when combined with subsequent functional validation in 

relevant preclinical models. In this study, we used a focused sgRNA library targeting 

potentially druggable genes to perform genetic screens in a panel of tumor cell lines derived 

from autochthonous mouse models of SCLC (5), lung adenocarcinoma (LUAD) (6), and 

pancreatic ductal adenocarcinoma (PDAC) (7). Through cross-cancer analyses, we identified 

the de novo pyrimidine biosynthesis pathway as a key vulnerability in SCLC cells. We 

demonstrate that pharmacological inhibition of DHODH, an enzyme in this pathway, 

suppresses tumor growth in multiple in vivo models of SCLC, pointing to a potential 

approach for treating the disease.
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RESULTS

SCLC cells are sensitive to disruption of genes involved in de novo pyrimidine synthesis

To identify therapeutically relevant genetic vulnerabilities, we designed an sgRNA library 

targeting components of the druggable genome (8–10). These include known targets of 

existing drug compounds (“drugged” genes) as well as genes that belong to gene categories 

predicted to be druggable (“druggable” genes; Fig. 1, A and B). The library contains 20,160 

sgRNAs that target 4,915 mouse genes corresponding to 5,347 human orthologs (Fig. 1C). 

Cas9-expressing cells were infected with the sgRNA library (fig. S1A) and passaged for 12–

15 population doublings (PDs). In this “dropout screen” (11), we focused on genes whose 

loss was deleterious to cells – cells harboring sgRNAs targeting such genes would be 

negatively selected and depleted from the final (PD 12–15) cell population compared with 

the initial (PD 0) cell population.

We reasoned that differences in genotype and cell of origin would likely confer different 

vulnerabilities to different cancer types. Therefore, we performed parallel screens in a panel 

of cell lines derived from genetically engineered mouse models (GEMMs) of three cancers: 

SCLC (Trp53−/−; Rb1−/−) (5), LUAD (KrasG12D/+; Trp53−/−) (6), and PDAC (KrasG12D/+; 
Trp53R172H/−) (7). These models are initiated by well-defined genetic mutations frequently 

observed in their human counterparts. Notably, loss-of-function mutations in RB1 and TP53 
are observed in over 90% of human SCLC tumors (12). To focus on SCLC-specific genetic 

vulnerabilities, we performed cross-cancer analyses to identify genes whose sgRNAs were 

preferentially depleted in SCLC cells compared with LUAD and PDAC cells (data file S1). 

The top candidate gene identified was Dhodh, which encodes dihydroorotate dehydrogenase, 

an enzyme in the de novo pyrimidine synthesis pathway (Fig. 1D and fig. S1, B and C). In 

addition, we also observed preferential depletion of sgRNAs targeting Umps and Cad (Fig. 

1D), both of which encode multifunctional enzymes catalyzing other steps in de novo 
pyrimidine synthesis (Fig. 1E). The de novo pyrimidine synthesis pathway generates uridine 

monophosphate (UMP), which serves as the building block of all pyrimidine ribonucleotides 

and deoxyribonucleotides required for RNA and DNA synthesis, respectively. UMP is also a 

precursor for components required for the assembly of various cellular macromolecules, 

including phospholipids, glycogen, hyaluronic acid, and proteoglycans, as well as for certain 

post-translational protein modifications (13).

SCLC cells exhibit increased sensitivity to pharmacological inhibition of DHODH

We first sought to validate our finding by pharmacological inhibition of DHODH. Notably, 

in addition to the de novo pyrimidine synthesis pathway, UMP can also be synthesized by 

cells through salvage pathways, including phosphorylation of uridine taken up from the 

environment (Fig. 1E). Standard cell culture medium supplemented with non-dialyzed fetal 

bovine serum (FBS), which was used in our initial screens, contains variable concentrations 

of uridine, in some cases approaching the micromolar range (14). Therefore, we performed 

subsequent experiments in medium supplemented with dialyzed FBS to enable control of 

uridine concentrations and prevent variable amounts of uridine from confounding 

interpretation of the results. Using two different inhibitors of DHODH, brequinar (15) and 

leflunomide (16), we observed that SCLC cell lines displayed higher sensitivity to DHODH 
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inhibition compared with LUAD and PDAC cell lines (Fig. 1F and fig. S1D). The effect of 

DHODH inhibition was rescued by supplementing the cell culture medium with high 

concentrations of exogenous uridine (500 μM; Fig. 1G and fig. S1E), arguing that the 

observed suppression of proliferation results from disruption of the de novo pyrimidine 

synthesis pathway. Similar results were also observed in a panel of human SCLC cell lines 

(Fig. 1H).

SCLC cells exhibit lower flux through the de novo pyrimidine synthesis pathway compared 
with LUAD/PDAC cells

Next, we sought to investigate potential mechanisms underlying SCLC sensitivity towards 

inhibition of the de novo pyrimidine synthesis pathway. Oncogenic activation of the Rb-E2F 

pathway has been shown to decrease the concentrations of all rNTPs and dNTPs in cells 

(17). Consistent with this, we observed smaller UMP pools in the Rb1-null SCLC cells 

compared with the Rb1-wildtype LUAD/PDAC cells (Fig. 2A). Because increased DHODH 

activity has been observed in various cancer types (18–22) in which DHODH inhibition by 

brequinar or leflunomide has demonstrated efficacy, we also assessed the baseline 

pyrimidine synthesis rate in these cells under regular cell culture conditions using 15N-

labeled glutamine tracing. During de novo pyrimidine synthesis, the 15N-amide from 15N-

glutamine is incorporated into the pyrimidine ring, so that each molecule of 15N-glutamine 

gives rise to one molecule of labeled (M+1) UMP. We observed a greater increase in 

concentrations of newly synthesized (M+1) UMP over time in LUAD/PDAC lines compared 

with SCLC lines (Fig. 2B), suggesting that SCLC cells exhibit lower flux through the de 
novo pyrimidine synthesis pathway compared with LUAD/PDAC cells. Collectively, these 

two factors might explain the increased susceptibility of SCLC cells towards perturbation of 

the de novo pyrimidine synthesis pathway.

We further examined the effects of brequinar treatment on the different cancer cell lines. 

After brequinar treatment, metabolite analysis revealed accumulation of dihydroorotate and 

carbamoyl aspartate, two metabolites upstream of DHODH in the pyrimidine synthesis 

pathway (Fig. 1E), across all three cancer types (Fig. 2, C and D), confirming on-target 

inhibition of DHODH by brequinar in both sensitive and insensitive cells. Notably, we 

observed that the concentrations of both metabolites increased to a greater extent upon 

brequinar treatment in SCLC cells compared with LUAD and PDAC cells (Fig. 2, C and D), 

which may suggest more effective inhibition of DHODH by brequinar in SCLC cells 

compared with LUAD/PDAC cells. In addition, 15N-glutamine tracing in brequinar-treated 

cells also revealed a greater increase in the fraction of newly synthesized, labeled (M+1) 

UTP over time in LUAD/PDAC cells compared with SCLC cells (Fig. 2E). Collectively, 

these data indicate that SCLC cells exhibit lower flux through the de novo pyrimidine 

synthesis pathway compared with LUAD/PDAC cells, resulting in greater vulnerability of 

SCLC cells to inhibition of DHODH compared with LUAD/PDAC cells.

LUAD/PDAC cells use alternative pathways to replenish cellular pyrimidine pools

To further validate the greater dependence of SCLC cells on DHODH expression, we 

performed in vitro competition assays (23) in a subset of the SCLC, LUAD, and PDAC cell 

lines used in our screen. Cas9-expressing cells were transduced with lentiviral vectors 
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expressing a target sgRNA together with the green fluorescent protein mNeonGreen (fig. 

S2A), and the percentage of mNeonGreen-positive cells in a mixed population of transduced 

and untransduced cells was measured over time. In this assay, cells that express sgRNAs 

targeting genes that are important for cell growth or survival should be rapidly depleted from 

the mixed population, resulting in a decrease in proportion of mNeonGreen-positive cells 

over time. We included an sgRNA targeting an intergenic region on chromosome 4 

(sgChr4.1) as a negative (neutral) control, and an sgRNA targeting an essential gene, Rpa3 
(encoding replication protein A3) (23), as a positive control.

We performed the competition assays in parallel with both dialyzed FBS and regular, non-

dialyzed FBS; the latter allowed us to recapitulate the initial screen conditions, as well as to 

evaluate the effect of more physiological concentrations of uridine on the growth of Dhodh-

null cells. All three cell types grew poorly upon Dhodh deletion when cultured in medium 

with dialyzed FBS (Fig. 3A). Conversely, with regular FBS, Dhodh loss was rapidly selected 

against in SCLC cell lines, but not in LUAD and PDAC cell lines (fig. S2B), consistent with 

the results from our initial screens. These results suggest that, while complete inhibition of 

the de novo pyrimidine synthesis pathway can be deleterious in many proliferating cells, 

SCLC cells exhibit higher dependence on external salvage of pyrimidines to rescue the 

effects of DHODH loss compared with LUAD and PDAC cells. This observation led us to 

investigate whether higher activity of internal pyrimidine nucleotide salvage in LUAD and 

PDAC cells could explain their lower sensitivity to de novo pyrimidine synthesis pathway 

inhibition compared with SCLC cells.

It has been shown in certain cell types and organisms that an internal salvage pathway serves 

to replenish intracellular nucleosides and plays a key role in regulating cell growth and 

proliferation (24, 25). Furthermore, activation of autophagy has been shown to confer 

resistance to treatment with nucleoside analogues in various cancer types (26–30). 

Interestingly, in the 15N-glutamine tracing experiments performed with dialyzed FBS and in 

the absence of brequinar (Fig. 2B), we observed the continued presence of unlabeled 

UMP/UDP/UTP in LUAD and PDAC cells even after steady state labeling was achieved in 

these cell lines between 4 and 8 hours after the start of 15N-glutamine labeling (fig. S2C). In 

addition, after acute brequinar treatment, we observed a transient increase in UMP pools in 

LUAD and PDAC cell lines (fig. S2D), even though UMP concentrations would be expected 

to decrease upon inhibition of de novo pyrimidine synthesis. Similar increases were also 

observed for UDP, CDP, ADP, and GDP in LUAD and PDAC cell lines (fig. S2E), all of 

which are substrates of ribonucleotide reductase (RNR) for deoxynucleotide synthesis (fig. 

S2F). Collectively, these results suggest that LUAD and PDAC cells may be more effective 

at using the internal salvage route as a source of pyrimidine nucleotides, making them less 

reliant on de novo pyrimidine synthesis.

DCTD expression in cells correlates with sensitivity to DHODH inhibition

In contrast to other dNDPs, dTDP cannot be synthesized directly via RNR, but requires 

conversion from dUMP through thymidylate synthetase (TYMS) and dTMP kinase (Fig. 

3B). We reasoned that this requirement may render dTTP (and hence DNA) synthesis 

particularly sensitive to decreased pyrimidine production resulting from inhibition of de 
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novo pyrimidine synthesis. Therefore, we focused on deoxycytidylate deaminase (DCTD), 

an enzyme that supplies the vast majority of dUMP in cells via conversion of dCMP to 

dUMP (31) (Fig. 3B).

When we queried the Cancer Cell Line Encyclopedia (CCLE) database (32) for the gene 

expression of several key enzymes involved in de novo pyrimidine deoxynucleotide 

biogenesis, including CAD, DHODH, UMPS, subunits of RNR (RRM1, RRM2, RRM2B), 
TYMS, and DCTD, only DCTD exhibited a pattern of gene expression that was consistent 

with the results from our experiments in murine cell lines (high expression in hLUAD/

hPDAC cell lines, low expression in hSCLC cell lines) (fig. S3). In addition, we examined 

three cell lines derived from prostate cancer GEMMs (PROS) (33), a cancer type that 

exhibits comparable DCTD expression to SCLC based on the CCLE database (fig. S3B). In 

these models, Pten loss alone in prostate epithelial cells results in the development of 

prostate adenocarcinoma (Pten−/− single knockout, or SKO), whereas Pten loss combined 

with Rb1 loss, with or without Trp53 loss, gives rise to prostate neuroendocrine tumors 

(Pten−/−; Rb1−/− double knockout, or DKO; Pten−/−; Rb1−/−; Trp53−/− triple knockout, or 

TKO) (33). Consistent with a potential role of DCTD in determining brequinar sensitivity, 

all three PROS cell lines expressed low amounts of Dctd (Fig. 3C) and were about as 

sensitive to brequinar treatment as SCLC cells (Fig. 3D). Interestingly, RB1 mutation status 

did not affect the sensitivity of the cell lines to brequinar treatment, consistent with what we 

observed in a panel of RB1-wildtype and RB1-knockout retinal pigment epithelial cells (fig. 

S4).

To functionally evaluate whether DCTD expression affects sensitivity to de novo pyrimidine 

synthesis pathway inhibition, we performed competition assays in two LUAD and PDAC 

cell lines to assess the effect of Dctd loss on cellular fitness, both with and without brequinar 

treatment. Because brequinar treatment decreased the rate of cell proliferation even in cells 

transduced with the control sgRNA (fig. S5), we compared the results of the competition 

assay at different time points for brequinar-treated cells (day 4) versus control cells (day 3). 

At these respective time points, cells transduced with positive and negative control sgRNAs 

exhibited comparable percentages of mNeonGreen-positive cells both with or without 

brequinar treatment (Fig. 3E). Conversely, cells transduced with sgRNAs targeting Dctd did 

not exhibit any depletion in the absence of brequinar but were depleted from the population 

in the presence of brequinar (Fig. 3E). Therefore, loss of DCTD appears to sensitize cells to 

inhibition of the de novo pyrimidine synthesis pathway.

To evaluate DCTD expression across different SCLC tumors, we performed 

immunohistochemical staining of a human SCLC tissue array (fig. S6A). In contrast to 

DHODH, which demonstrated a narrow range of expression across different SCLC tumors 

(fig. S6B), DCTD expression was much more variable across the different tumors (fig. S6C), 

pointing to the potential for using DCTD expression as a biomarker to identify SCLC tumors 

that are particularly sensitive to DHODH inhibition.

DHODH inhibition suppresses SCLC tumor progression and extends survival in vivo

DHODH inhibitors are approved for use as immunosuppressive drugs in humans, and these 

drugs are well-tolerated and have been shown to be effective in some preclinical cancer 
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models, such as acute myeloid leukemia (AML) (34). As shown previously, physiological 

concentrations of uridine in the serum may limit the effect of DHODH inhibition on cells. 

Therefore, we assessed the cytotoxic effects of brequinar treatment in medium supplemented 

with concentrations of uridine spanning the physiological range (35). Consistent with 

previous experiments, SCLC cells exhibited higher sensitivity to brequinar treatment 

compared with LUAD and PDAC cells under all conditions tested (fig. S7A).

We next performed preclinical trials of brequinar in an intrasplenic transplant model of 

SCLC, which causes tumor growth in the liver, a frequent site of metastasis in SCLC 

patients (fig. S7B). Animals treated with brequinar showed attenuated liver tumor growth 

(Fig. 4, A to D) and extended survival (Fig. 4E) compared with vehicle-treated animals. To 

evaluate the potential benefit of combining brequinar treatment with the standard of care for 

SCLC, we treated animals with a combination of cisplatin and etoposide (fig. S7C). Whereas 

cisplatin/etoposide alone had little effect on median survival, the combination of brequinar 

and cisplatin/etoposide further improved survival in these animals compared with brequinar 

treatment alone (Fig. 4E).

Next, we tested the efficacy of brequinar treatment in an autochthonous GEMM of SCLC, in 

which tumors are initiated by conditional deletion of Trp53, Rb1, and p130 in the lung 

epithelium (36). Assessment of tumor burden in these animals by magnetic resonance 

imaging (MRI) after treatment initiation revealed attenuated primary tumor progression as 

well as delayed development of detectable liver metastases in brequinar-treated animals 

compared with control animals (Fig. 4, F to H). This resulted in an extension of median 

survival in brequinar-treated animals (115 days) compared with control animals (75 days; 

Fig. 4I).

Finally, we evaluated the efficacy of brequinar treatment in four human patient-derived 

xenograft (PDX) models of SCLC, for which responses to chemotherapy (cisplatin/

etoposide) have been extensively characterized (37) (Fig. 5A). These four PDX models 

differed in their expression of DHODH and DCTD (Fig. 5B). Brequinar treatment induced 

tumor regression and extended time to progression in two of the four models (Fig. 5, C to E). 

Notably, treatment efficacy in these models appeared to correlate with DCTD expression 

rather than DHODH expression (Fig. 5B). In addition, the sensitivity of these models to 

brequinar treatment did not correlate with either chemosensitivity (Fig. 5, C to E; cisplatin/

etoposide data were obtained from ref. 37) or the clinical history of chemotherapy exposure 

(Fig. 5A), suggesting distinct and independent mechanisms of response to brequinar 

compared with existing SCLC therapies.

DISCUSSION

In the past thirty years, the prognosis for NSCLC patients has greatly improved, largely due 

to the success of various therapies targeting oncogenic mutations present in NSCLC tumors, 

such as those in EGFR, ALK, and ROS1 (38). In contrast, SCLC tumors are characterized 

by inactivating mutations in the tumor suppressor genes TP53 and RB1 (12) and harbor few, 

if any, actionable oncogenic mutations, thus limiting therapeutic options (39). Although the 

addition of atezolizumab to carboplatin/etoposide improves overall survival (40), outcomes 
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remain poor, with median overall survival of just over one year, and improved therapeutic 

strategies for this disease remain a critical need. Here, we applied an unbiased genetic 

screening approach to identify therapeutic targets for SCLC, uncovering a link between 

SCLC and pyrimidine metabolism. None of the top candidates identified in our screen 

exhibited mutation or copy number variation at appreciable frequencies in human SCLC 

tumors (12), nor were they markedly over- or under-expressed in SCLC compared with other 

cancer types (32). This highlights the utility of genetic screens for uncovering functional 

targets that would otherwise not have been identified by genomic or transcriptomic analyses 

alone.

DCTD-null cells are viable and proliferative in the absence of external salvage (41), 

suggesting that DCTD is not essential for cell survival. On the other hand, both DCTD 

enzyme activity (42) and RNA stability (43) increase in rapidly proliferating tissues, 

including tumors. Our data further suggest that cells with high expression of DCTD are 

better able to maintain dUMP pools when the de novo pyrimidine synthesis pathway is 

inhibited (fig. S8). Together with our data demonstrating variability of DCTD expression 

across different cancer types and different SCLC tumors, these observations collectively 

point towards the potential utility of DCTD as a biomarker for sensitivity to DHODH 

inhibition, although this will require future investigation.

RB1 knockout has been shown to decrease nucleotide pool sizes in cells (17). However, we 

did not observe differences in sensitivity to brequinar treatment as a result of differential 

RB1 mutation status, whether in a non-cancer cell line (retinal pigment epithelial cells), or in 

a panel of prostate cancer cell lines (SKO: Rb1-wildtype; DKO, TKO: Rb1-null) (33). 

Likewise, brequinar sensitivity did not appear to correlate with neuroendocrine 

differentiation status in the same panel of prostate cancer cell lines (SKO: prostate 

adenocarcinoma; DKO, TKO: prostate neuroendocrine tumor). These data argue that neither 

RB1 mutation nor neuroendocrine differentiation status is likely to be the key determinant of 

brequinar sensitivity.

DHODH inhibition by brequinar or leflunomide has previously demonstrated efficacy in a 

number of different cancers, either as a monotherapy or in combination with other therapies. 

These cancer types include AML (34), melanoma (44), triple-negative breast cancer (22), 

skin tumors (18), mutant KRAS-driven tumors (20), as well as PTEN-deficient breast 

cancer, glioblastoma, and prostate cancer (21). Our findings demonstrate that SCLC tumors 

are also selectively sensitive to DHODH inhibition, albeit as a result of unexpected 

mechanisms, including decreased activity of both the pyrimidine de novo synthesis pathway 

and the internal salvage route in these tumors, as well as their smaller cellular UMP pools. 

This provides justification for extending efforts to develop DHODH inhibitors for this 

indication.

A recent independent study demonstrated selective sensitivity to inhibition of the de novo 
purine synthesis pathway in the variant subtype of SCLC, which is characterized by low 

expression of the neuroendocrine transcription factor ASCL1, when compared with the 

classic ASCL1-high subtype of SCLC investigated in this study (45). It is possible that 

differential activity of nucleotide synthesis and salvage pathways contributes to the response 
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to purine synthesis inhibitors as well. Whether the variant subtype of SCLC also exhibits 

sensitivity towards DHODH inhibition, and how differences in molecular subtypes of SCLC 

may affect their sensitivity to inhibition of different nucleotide synthesis pathways, remain 

to be further elucidated.

The study presented here uses the DHODH inhibitor brequinar in various in vivo models of 

SCLC, including an autochthonous mouse model and four PDX models. The 40-day survival 

benefit conferred by brequinar treatment in the autochthonous SCLC model used here is 

longer than others reported in such murine SCLC models (46–48). Likewise, we observed 

that brequinar, as a single agent, matched or outperformed cisplatin and etoposide in two of 

the four SCLC PDX models tested, even inducing durable tumor regression in a PDX model 

that is refractory to the current standard of care chemotherapy. Furthermore, the responses of 

these models to brequinar treatment do not appear to correlate with sensitivity to currently 

used chemotherapy or a clinical history of chemotherapy exposure. This raises the prospect 

of using brequinar or other DHODH inhibitors (20, 49, 50) in human SCLC clinical trials, 

either as a single agent or in combination with standard of care.

We would like to note certain limitations to our study. First, we performed brequinar 

treatment on a limited set (four) of human PDX models, with brequinar being administered 

in a first-line, single-agent setting using a previously published dosing schedule optimized 

for AML (34). Moreover, we have only tested the efficacy of brequinar in the classic subtype 

of SCLC; whether the variant subtype is sensitive to DHODH inhibition has not been 

assessed. Therefore, it would be of interest in the future to expand the treatment cohort to a 

larger panel of human PDX models, including both classic and variant subtypes of SCLC, as 

well as samples with a wide spectrum of DCTD expression. In addition, it will be important 

to rigorously examine the efficacy of brequinar or other DHODH inhibitors using different 

dosing schedules, as well as in combination with the current standard of care, in various 

preclinical models.

MATERIALS AND METHODS

Study design

The main objective of this study was to identify genetic vulnerabilities in SCLC tumors. We 

used an sgRNA library to perform genetic screens in four murine SCLC cell lines, two 

murine LUAD cell lines, and four murine PDAC cell lines. All cell lines were derived from 

independent tumors from different animals and are therefore biological replicates. 

Subsequent in vitro validation experiments were also performed in these cell lines, with at 

least three technical replicates per cell line.

For in vivo validation experiments, sample sizes were determined based on the observed 

variation in tumor progression from previous studies (36, 37). 4–5 animals per group were 

used for intrasplenic transplant experiments; at least 10 animals per group were used for 

experiments involving the autochthonous SCLC model; and 2–4 animals per group were 

used for experiments involving PDX models. For all experiments, animals were allocated 

randomly across different treatment groups. For experiments involving the autochthonous 

SCLC model, this included approximately even distribution based on sex and age. No data 
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were excluded from analyses. For tumor burden quantification by MRI, all image analyses 

were performed in a blinded fashion, in which the investigator was unaware of the 

experimental condition while analyzing images for each animal.

Statistical analysis

All statistical analyses were performed using Prism software version 7.02 (GraphPad). P-

values for comparisons between two groups were determined by the two-tailed Student’s t-
test. P-values for comparisons between multiple groups were determined by 2-way ANOVA 

with Sidak’s multiple comparison test. P-values for survival analyses were determined by 

the log-rank (Mantel-Cox) test. For all statistical tests, a p-value of < 0.05 was used to 

denote statistical significance. All error bars denote the standard error of the mean (SEM), 

unless otherwise noted in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SCLC cells are sensitive to disruption of the de novo pyrimidine synthesis pathway.
(A) Number of genes in each category in the druggable genome library.

(B) Composition of genes in the druggable genome library by gene category.

(C) Breakdown of the total number of sgRNAs in the druggable genome library.

(D) Gene scores (log2 fold change) for the indicated genes for SCLC (n = 4 biological 

replicates), LUAD (n = 2 biological replicates), and PDAC (n = 4 biological replicates). Data 

are presented as median gene scores, with boxes denoting the interquartile range and bars 

denoting the range.

(E) The pyrimidine nucleotide synthesis pathway.
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(F) Dose response curves for brequinar in murine SCLC, LUAD, and PDAC cell lines (n = 4 

technical replicates for each sample). Results for each cell line are normalized to control 

untreated samples. Data are presented as means ± SEM.

(G) Quantification of cell viability in murine SCLC cell lines after treatment with 1 μM 

brequinar ± 500 μM uridine (n = 4 technical replicates). Data are presented as means ± 

SEM.

(H) Quantification of cell viability in human SCLC cell lines after treatment with 1 μM 

brequinar ± 500 μM uridine (n = 4 technical replicates). Data are presented as means ± 

SEM.
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Fig. 2. SCLC cells exhibit lower flux through the de novo pyrimidine synthesis pathway 
compared with LUAD/PDAC cells.
(A) Baseline uridine monophosphate (UMP) concentrations in untreated SCLC, LUAD, and 

PDAC cell lines, as measured by liquid chromatography-mass spectrometry (LC/MS). Data 

are shown as relative amounts normalized to cell number, after absolute quantification using 

external UMP standards (n = 3 technical replicates per cell line).

(B) Concentrations of newly synthesized UMP (M+1) in untreated SCLC, LUAD, and 

PDAC cell lines at the indicated time points after the start of 15N-glutamine labeling. Data 

are shown as relative amounts normalized to pool size/cell (n = 3 technical replicates per 

condition).

(C, D) Dihydroorotate (C) and N-carbamoyl-aspartate (D) concentrations in SCLC, LUAD, 

and PDAC cell lines 6 hours after treatment with 1 μM brequinar. Data are normalized to 

untreated controls and adjusted for cell number (n = 3 technical replicates per cell line).

(E) Fractions of newly synthesized (M+1) and pre-existing (M+0) uridine triphosphate 

(UTP) in SCLC, LUAD, and PDAC cell lines treated with 1 μM brequinar, at the indicated 

time points after the start of 15N-glutamine labeling. Data are normalized to total UTP 

concentrations in each cell line (n = 3 technical replicates per condition).

All data are presented as means ± SEM.
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Fig. 3. LUAD/PDAC cells use alternative pathways to replenish cellular pyrimidine pools.
(A) In vitro competition assays for SCLC, LUAD, and PDAC cell lines transduced with 

sgDhodh, grown in cell culture medium supplemented with either regular (non-dialyzed) 

serum or dialyzed serum. Data are normalized to the transduction efficiency at day 0 (n = 3 

technical replicates for each sample). Data are presented as means ± SEM. **** p<0.0001, 

2-way ANOVA with Sidak’s multiple comparison test.

(B) The pyrimidine nucleotide synthesis pathway. RNR: ribonucleotide reductase; TYMS: 

thymidylate synthetase; NDPK: nucleoside-diphosphate kinase.

(C) RNA expression of Dhodh (left panel) and Dctd (right panel) in SCLC, LUAD/PDAC, 

and prostate cancer (PROS) cell lines, as assessed by quantitative PCR. Each point 

represents the mean of 3 technical replicates for one cell line. n = 5 cell lines for SCLC, n = 
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4 cell lines for LUAD/PDAC (2 each), n = 3 cell lines for PROS. Data are presented as 

means ± SEM. * p<0.05, ** p<0.01, Mann-Whitney test.

(D) Quantification of population doubling rates for SCLC, LUAD/PDAC, and PROS cell 

lines treated with the indicated concentrations of brequinar (n = 3 technical replicates per 

condition). For PROS cell lines, SKO: Pten−/− single knockout prostate adenocarcinoma, 

DKO: Pten−/−; Rb1−/− double knockout prostate neuroendocrine tumor, TKO: Pten−/−; 

Rb1−/−; Trp53−/− triple knockout prostate neuroendocrine tumor. Data are presented as 

means ± SEM.

(E) In vitro competition assays for LUAD (left panel) and PDAC (right panel) cell lines 

transduced with the indicated sgRNAs, in the absence (green bars) and presence (brown 

bars) of brequinar (1 μM for KP1233; 2 μM for MDM1402). Data are normalized to the 

transduction efficiency at day 0 (n = 3 technical replicates for each sample). Control cells 

were analyzed at day 3, and brequinar-treated cells were analyzed at day 4. Different days 

were chosen due to the decrease in rate of cell proliferation resulting from brequinar 

treatment (see main text and fig. S5). Data are presented as means ± SEM. **** p<0.0001, 

2-way ANOVA with Sidak’s multiple comparison test.
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Fig. 4. DHODH inhibition suppresses tumor progression and extends survival in various in vivo 
models of SCLC.
(A) Representative images from in vivo bioluminescence imaging of tumor-bearing animals 

before the start of drug treatment (left) and after 8 days of treatment with brequinar or 

vehicle (right).

(B) Quantification of tumor burden (as measured by bioluminescence imaging) at different 

time points after intrasplenic transplantation of luciferase-expressing AD984LNnon cells (n 

= 5 for both vehicle-treated and brequinar-treated groups). Data are presented as means ± 

SEM. * p<0.05, ** p<0.01, two-tailed Student’s t-test.

(C) Representative images of livers harvested from animals 3 weeks after initiation of 

treatment with brequinar or vehicle. Livers are placed in petri dishes with a diameter of 100 

mm. Left: vehicle; right: brequinar.
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(D) Quantification of liver tumor burden in animals transplanted with AD984LNnon cells 

(left panel) or AF3062C cells (right panel) after the indicated treatments, as measured by 

liver weight at necropsy. For AD984LNnon, n = 5 for all groups. For AF3062C, n = 4 for 

baseline, n = 4 for vehicle, n = 5 for brequinar. Baseline data were obtained from a separate 

cohort of animals that was sacrificed 2 weeks after transplantation, before the start of 

treatment. Treated animals were sacrificed approximately 3 weeks after the start of 

treatment. Data are presented as means ± SEM. **** p<0.0001, n.s.: not significant, two-

tailed Student’s t-test.

(E) Survival analysis in animals transplanted intrasplenically with AD984LNnon cells (left 

panel) or AF3062C cells (right panel), with the indicated treatments. For AD984LNnon, n = 

5 for all treatment groups except for vehicle (n = 4). For AF3062C, n = 5 for all treatment 

groups. ** p<0.01, log-rank (Mantel-Cox) test.

(F) Representative magnetic resonance imaging (MRI) images of autochthonous PRp130 

SCLC animals with detectable tumor burden before treatment (top) and after 4 weeks of 

treatment (bottom) with vehicle or brequinar.

(G) Quantification of primary tumor burden (as measured by MRI) in autochthonous 

PRp130 SCLC animals before treatment and after 4 weeks of treatment with vehicle or 

brequinar (n = 17 for vehicle, n = 15 for brequinar).

(H) Quantification of primary tumor burden (left panel) and metastatic liver tumor burden 

(right panel) in autochthonous PRp130 SCLC animals throughout the duration of treatment 

with vehicle or brequinar, as measured by MRI. Each line represents a single animal (n = 17 

for vehicle, n = 15 for brequinar). The same cohort of animals was used for survival analysis 

in (I).

(I) Survival analysis in autochthonous PRp130 SCLC animals with the indicated treatments 

(n = 17 for vehicle, n = 15 for brequinar). ** p<0.01, log-rank (Mantel-Cox) test.
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Fig. 5. PDX models of SCLC are sensitive to brequinar treatment.
(A) Clinical time point and source of derivation for four SCLC PDX models treated with 

brequinar. Two models were derived from chemo-naïve patients and two were derived after 

≥1 line of therapy.

(B) RNA expression of DHODH (left panel) and DCTD (right panel) in the four PDX 

models, as assessed by quantitative PCR (n = 3 technical replicates per sample). Data are 

presented as means ± SEM.

(C) Spider plots of xenograft volume versus time after start of treatment with brequinar, 

cisplatin/etoposide, or vehicle. Each line represents a single animal. % ITV = % initial tumor 

volume. Cisplatin/etoposide treatment data were obtained from Drapkin et al., 2018 (37).

(D) Maximum xenograft regression for each model after day +7. Data are presented as 

means ± SEM.

(E) Time (days) from start of treatment to progression, which is defined as the point at 

which tumors reach twice of the initial tumor volume (2x ITV). Data are presented as means 

± SEM.
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