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SUMMARY

Small cell lung cancer (SCLC) is a rapidly lethal
disease with few therapeutic options. We studied
metabolic heterogeneity in SCLC to identify
subtype-selective vulnerabilities. Metabolomics in
SCLC cell lines identified two groups correlating
with high or low expression of the Achaete-scute ho-
molog-1 (ASCL1) transcription factor (ASCL1High and
ASCL1Low), a lineage oncogene. Guanosine nucleo-
tides were elevated in ASCL1Low cells and tumors
from genetically engineered mice. ASCL1Low tumors
abundantly express the guanosine biosynthetic en-
zymes inosine monophosphate dehydrogenase-1
and -2 (IMPDH1 and IMPDH2). These enzymes are
transcriptional targets of MYC, which is selectively
overexpressed in ASCL1Low SCLC. IMPDH inhibition
reduced RNA polymerase I-dependent expression
of pre-ribosomal RNA and potently suppressed
ASCL1Low cell growth in culture, selectively reduced
growth of ASCL1Low xenografts, and combined with
chemotherapy to improve survival in genetic mouse
models of ASCL1Low/MYCHigh SCLC. The data define
an SCLC subtype-selective vulnerability related
to dependence on de novo guanosine nucleotide
synthesis.

INTRODUCTION

Neuroendocrine tumors account for about 20% of lung cancers,

and most of these are small cell lung cancer (SCLC) (Govindan

et al., 2006). Most SCLC patients have hematogenous metasta-

ses at the time of diagnosis and only a few (2%–5%) are candi-

dates for surgery (Yu et al., 2010). Chemotherapy can palliate
Cell Me
symptoms and prolong survival, but resistance emerges rapidly

and long-term survival is rare (Demedts et al., 2010). Other than

recent advances in immunotherapy, medical management of

SCLC has changed little over several decades (Antonia et al.,

2016). The National Cancer Institute Report to the United States

Congress labeled SCLC as a ‘‘recalcitrant disease,’’ and its

dismal prognosis underscores the need for better understanding

and advanced therapies (Minna and Rudin, 2014).

Most SCLCs express neuroendocrine markers including chro-

mogranin A, neuron-specific enolase, neural cell adhesion mole-

cule, and synaptophysin (Travis, 2010). These tumors are thought

to arise from pulmonary neuroendocrine cells (Sutherland et al.,

2011). ASCL1 is a critical transcription factor for neuroendocrine

lineage development (a ‘‘lineage oncogene’’) and is required for

tumor formation in some SCLC mouse models (Augustyn et al.,

2014; Borromeo et al., 2016). High ASCL1 expression defines a

major subset of human SCLC (ASCL1High) with distinct gene

expression and DNA methylation signatures (Borromeo et al.,

2016; Poirier et al., 2015). A variant SCLC subset with low expres-

sion of neuroendocrine markers, including ASCL1, also exists in

humans (George et al., 2015; Mollaoglu et al., 2017; Rekhtman,

2010). The lineage status of these ASCL1Low tumors is unclear,

but they often express the lineage factor NEUROD1 and exhibit

sensitivity to oncolytic picornavirus (Poirier et al., 2013). MYC

has been identified as a key driver of the ASCL1Low SCLC sub-

group with high NEUROD1 expression (Mollaoglu et al., 2017).

Over 90% of SCLCs, including both the ASCL1High and

ASCL1Low subsets, contain mutations in TP53 and RB1. Other

frequent events include amplification of NFIB, SOX2, and genes

encoding MYC family members (George et al., 2015; Peifer

et al., 2012; Rudin et al., 2012). Genetically engineered mouse

models (GEMMs) of SCLC are based on simultaneous deletion

of Tp53 andRb1 in the lung. This combination ofmutations gener-

ates tumors with high penetrance but a long latency. Deletion of

Rbl2 or Pten, or overexpression of Myc together with deletion of

Tp53 and Rb1, accelerates SCLC tumorigenesis in mice (McFad-

denetal., 2014;Schafferetal., 2010).Histological characterization
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of SCLC GEMMs reveals that the Rb1fl/fl; p53fl/fl; Rbl2fl/fl (RPR2)

and Rb1fl/fl; p53fl/fl;Ptenfl/fl (RPP) tumors have neuroendocrine

features and high ASCL1 expression, whereas Rb1fl/fl; p53fl/fl;

MycT58ALSL/LSL (RPM) tumors have variant SCLC histology and

lowASCL1expression (Gazdar et al., 2015;Mollaoglu et al., 2017).

Because cancer cells rely on reprogrammed metabolism to

support their survival and proliferation, characterization of re-

programmed activities might provide opportunities to inhibit tu-

mor progression (Vander Heiden and DeBerardinis, 2017). Spe-

cific oncogenotypes produce distinct metabolic liabilities in

some types of cancer (Boroughs and DeBerardinis, 2015; Hu

et al., 2013; Li et al., 2014). Although non-small-cell lung cancer

(NSCLC) is reported to have extensive metabolic heterogeneity

in culture and in vivo (Hensley et al., 2016; Kim et al., 2017), little

is known about metabolism in SCLC, including whether the mo-

lecular subsets have distinct metabolic preferences. We inte-

grated data from metabolomic and transcriptomic profiling of

SCLC cell lines and primary tumors from humans and mice to

define a novel liability in ASCL1Low tumors that can be targeted

using clinically available inhibitors.

RESULTS AND DISCUSSION

Distinct Metabolomic Subsets of Human ASCL1High

and ASCL1Low SCLC Cell Lines
We first assessed heterogeneity in SCLC by performing metab-

olomic and gene expression profiling in human SCLC cell lines.

Non-negative matrix factorization clustering of gene expression

in 29 cell lines revealed two major clusters, with ASCL1 as the

top differential gene (Figures 1A and 1B). We designated these

subtypes ASCL1High and ASCL1Low.Metabolomics in 26 of these

cell lines revealed that the ASCL1High and ASCL1Low subtypes

were fairly distinct on unsupervised clustering, although three

groups were identified with a clade that is a mixture of high

and low ASCL1 cells (Figures S1, S2A, and S2B). Supervised

partial least-squares discriminant analysis and variable impor-

tance in the projection analysis revealed a set of metabolites

that discriminated between the ASCL1High and ASCL1Low sub-

types (Figure 1C). These included metabolites from pathways

involving nucleotide biosynthesis, amino acid metabolism, and

the tricarboxylic acid cycle. The ASCL1Low group accumulated

several purine nucleotides (Figure 1D). Purines provide essential

intermediates for RNA and DNA synthesis, signaling, and ener-

getics. The bases are synthesized de novo on 5-phosphoribosyl

pyrophosphate or regenerated via base salvage from nucleotide

degradation. Purine nucleotides detected in our metabolomic

analysis, including inosine 50-monophosphate (IMP), guano-

sine 50-monophosphate (GMP), xanthosine 50-monophosphate

(XMP), and adenosine 50-monophosphate (AMP), were signifi-

cantly elevated in the ASCL1Low group (Figure 1D). In contrast,

pyrimidine metabolites were not consistently altered between

the groups (Figure S2C). Metabolites from the methionine cycle

were enriched in the ASCL1High group (Figure 1D).

Purine De Novo Synthesis Genes Are Upregulated in
ASCL1Low SCLC
To obtain insights into the mechanism of purine accumulation in

ASCL1Low cells, we analyzed gene expression data from SCLC

cell lines. Gene set enrichment analysis from two independent
370 Cell Metabolism 28, 369–382, September 4, 2018
microarray datasets (Barretina et al., 2012; Byers et al., 2013) re-

vealed significant enrichment of gene sets related to purine

metabolism in ASCL1Low SCLC cell lines (Figures S3A and

S3B). Specifically, multiple genes involved in de novo purine

synthesis had elevated expression in the ASCL1Low group

(Figure 2A).

IMP is an important intermediate in de novo purine biosyn-

thesis because it can be converted to either GMP or AMP

through two parallel pathways. Enzymes in the GMP pathway

include IMPDH and GMP synthase (GMPS), and enzymes in

the AMP pathway include adenylosuccinate synthase (ADSS)

and adenylosuccinate lyase (ADSL).Whole-transcriptome corre-

lation analysis using data from 51 SCLC cell lines in the Cancer

Cell Line Encyclopedia (CCLE) identified genes for both IMPDH

isoforms (IMPDH1 and IMPDH2), plus GMPS and ADSL as

among the most inversely correlated with ASCL1 (Figure S3C).

IMPDH catalyzes the conversion of IMP to XMP, the rate-limiting

step of GMP synthesis. In our cell line panel, ASCL1Low cells ex-

pressed high levels of IMPDH1 and IMPDH2 mRNA and protein

(Figure 2B).

We next used a dataset of SCLC tumors from 81 patients

(George et al., 2015) to ask whether ASCL1 correlates with

expression of purine metabolic genes in primary human SCLC.

Although primary tumors have more molecular heterogeneity

than cell lines, non-negative matrix factorization clustering iden-

tified a distinct ASCL1Low group accounting for about 20% of tu-

mors in this cohort (cluster 4 in Figures 2C and 2D). Gene set

enrichment analysis identified a purine metabolism signature in

the ASCL1Low cluster compared with all others (Figure 2E). As

with ASCL1Low cell lines, ASCL1Low tumors overexpressed

several purine synthesis genes, including IMPDH1 and IMPDH2

(Figure 2F). Purine salvage genes, in contrast, were not differen-

tially expressed (Figure S3D).

ASCL1Low SCLC Cell Lines Have High Rates of De Novo

Purine Biosynthesis
Neither changes in metabolic gene expression nor changes in

intracellular metabolites are sufficient to indicate changes in

metabolic rates (Buescher et al., 2015). We therefore evaluated

purine biosynthesis rates in SCLC cell lines by measuring incor-

poration of 15N originating on [amide-15N]glutamine into purine

nucleotides as described by Ben-Sahra et al. (2016). In addition

to the nitrogen contained in phosphoribosylamine, glutamine do-

nates one additional amide nitrogen to IMP and two additional

amide nitrogens to GMP (Figure 3A). As expected, IMP m+2,

AMP m+2, and GMP m+3 were the dominant labeled forms of

purines after culture with [amide-15N]glutamine, and enrichment

increased over time (Figure 3B). After 6 hr, ASCL1Low cells

showed higher fractions of IMP m+2, AMP m+2, and GMP

m+3 than ASCL1High cells (Figure 3C). Overall, ASCL1Low cell

lines tended to have somewhat higher rates of proliferation

than ASCL1High cell lines (Figure 3D), possibly contributing to

the higher rates of purine synthesis. We also evaluated purine

biosynthesis rates by measuring incorporation of 13C arising on

[U-13C]glucose into purine nucleotides. ASCL1Low cells had

higher fractions of the m+5 and m+6 forms of GMP, AMP, and

IMP at multiple time points compared with ASCL1High cells (Fig-

ures 4A and 4B). Note that this analysis does not consider the

higher purine abundance in ASCL1Low cells, meaning that the
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Figure 1. Distinct Metabolomic Subsets of Human SCLC Cell Lines

(A) Non-negative matrix factorization clustering of microarray gene expression shows twomajor clusters, designated as ASCL1High and ASCL1Low (ASCL1-H and

ASCL1-L), in 29 SCLC lines. The ordered linkage tree demonstrates the relationship of gene expression patterns among these lines.

(B) ASCL1 abundance in 28 of the cell lines analyzed in (A).

(C)Metabolites discriminating between 13 ASCL1High and 13 ASCL1Low cell lines subjected tometabolomic profiling. Thesemetabolites have variable importance

in the projection (VIP) scores of 1.0 or higher. The bar on the right indicates whether each metabolite is enhanced (red) or depleted (green) in each class.

(D) Relative abundance of intermediates from purine and methionine metabolism in ASCL1High and ASCL1Low cell lines. Individual data points are shown along

with mean abundance values and SD for three independent cultures of each line. ***p < 0.001, ****p < 0.0001.
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Figure 2. Enhanced Expression of Enzymes Involved in Purine Biosynthesis in ASCL1Low SCLC

(A) Relative mRNA abundance of genes involved in purine metabolism. ASCL1High and ASCL1Low SCLC cell lines from Figure 1A were used in the analysis. **p <

0.01; ***p < 0.001.

(B) Relative mRNA and protein abundance of IMPDH1 and IMPDH2 in seven ASCL1High and seven ASCL1Low cell lines. Individual data points are shown together

with mean and SD for three independent cultures of each line. *p < 0.05; **p < 0.01.

(C and D) Heatmap and non-negative matrix factorization clustering of RNA-seq gene expression data from 81 SCLC primary tumors. Cluster 4 corresponds to

the ASCL1Low subset. The heatmap highlights representative transcripts including MYC and several purine metabolic genes (in red).

(E) Gene set enrichment analysis reveals enrichment of the ‘‘REACTOME_purine metabolism’’ gene set in cluster 4 compared with the other three clusters in (D).

(F) Relative mRNA abundance of IMPDH1 and IMPDH2 in clusters 1–3 versus cluster 4 tumors. Individual data points are shown together with means and SD for

each sample. *p < 0.05; ****p <0.0001.
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Figure 3. ASCL1Low SCLC Cell Lines Have High Rates of De Novo Purine Biosynthesis

(A) Schematic of de novo purine synthesis, illustrating labeling from [amide-15N]glutamine.

(B) Fractional labeling of IMP, GMP, and AMP in H82 cells (ASCL1Low) and H2029 cells (ASCL1High) with [amide-15N]glutamine for 6 or 12 hr. ‘‘No tracer’’ indicates

the mass distribution of cells cultured with unlabeled glutamine. Data are the average and SD of three cultures.

(legend continued on next page)
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true flux is likely underestimated. Taken together, these data

show that de novo purine synthesis is enhanced in ASCL1Low

SCLC cells.
MYC Regulates De Novo Purine Nucleotide Synthesis in
ASCL1Low SCLC Lines
To define the mechanism for enhanced purine synthesis in

ASCL1Low SCLC, we again analyzed mRNA expression from

the cohort of 81 SCLC primary tumors. Whole-transcriptome

correlation analysis ranked MYC as one of the most inversely

correlated genes with ASCL1; only 69 of 28,660 transcripts

had lower correlation coefficients (Figure S4A), consistent

with the finding that overexpression of Myc induces formation

of ASCL1Low SCLC in mice (Mollaoglu et al., 2017). MYC

mRNA and protein levels were also enhanced in ASCL1Low

SCLC cell lines (Figures 5A and 5B). In other forms of cancer,

MYC regulates purine biosynthesis in part through transcrip-

tional activation of IMPDH1 and IMPDH2 (Liu et al., 2008;

Stine et al., 2015). In the CCLE gene expression database,

MYC correlates highly with expression of IMPDH1, IMPDH2,

and GMPS in SCLC cell lines (Figure S4B). Furthermore, pub-

lished chromatin immunoprecipitation followed by sequencing

(ChIP-seq) data (GEO: GSM894102) (Lin et al., 2012) of the

IMPDH1 and IMPDH2 loci in H2171 (ASCL1Low) cells revealed

MYC binding at the promoter regions of both genes (Fig-

ure S4C). ChIP-seq experiments did not localize ASCL1

to the promoters of MYC, IMPDH1, or IMPDH2 in H2107

(ASCL1High) cells (Figure S4E). Forced ASCL1 overexpression

did not markedly change the expression of MYC or IMPDH2,

although IMPDH1 expression decreased somewhat (Fig-

ure S4F). Although ChIP-seq data in H2171 cells showed

MYC binding at the ASCL1 promoter region (Figure S4E),

forced MYC overexpression did not change the expression

of ASCL1, and CRISPR/Cas9-mediated MYC knockout in

H82 (ASCL1Low) cells did not induce ASCL1 expression (Fig-

ure S4F). We scanned the promoter region of IMPDH2 using

the JASPAR database and identified three typical E boxes

overlapping with the ChIP-seq binding area of MYC (Fig-

ure S4G). Luciferase reporter assays revealed that the wild-

type IMPDH2 promoter generated substantial luciferase activ-

ity while deletion of the three E boxes markedly attenuated

luciferase activity (Figure S4G).

MYC knockout in H82 (ASCL1Low) cells nearly eliminated

expression of both IMPDH1 and IMPDH2 mRNA and protein

(Figure 5C). MYC deficiency also reduced the flow of 15N from

[amide-15N]glutamine into GMP m+3 and AMP m+2, although

these cells were still capable of producing IMP m+2 upstream

of IMPDH (Figure 5D). Taken together, these data demonstrate

that MYC enhances de novo purine nucleotide synthesis

through transcriptional regulation of biosynthetic genes in

ASCL1Low cells.
(C) Fractional labeling of IMP, GMP, and AMP in four ASCL1High and four ASCL1L

the average and SD of three cultures. ***p < 0.001, ****p < 0.0001.

(D) Doubling time of five ASCL1High and five ASCL1Low lines, including all eight sub

doubling time. Individual data points are shown together with the mean and SD.

Ribose-5-P, ribose 5-phosphate; 5-PRPP, 5-phosphoribosyl pyrophosphate; PRA

inosine 50-monophosphate; XMP, xanthosine 50-monophosphate; GMP, guanos

phosphate; Gln, glutamine; Glu, glutamate; Asp, aspartate.
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Enhanced Expression of the GMP Synthesis Pathway in
a Mouse Model of ASCL1Low SCLC
Transgenic MycT58A expression drives a variant subset of

ASCL1Low SCLC with low neuroendocrine features in tumors

that also harbor deletions of Rb1 and Tp53 (RPM mice) (Mollao-

glu et al., 2017). To investigate de novo purine synthesis in

GEMMs of SCLC, we compared primary tumors from RPM

(ASCL1Low) mice with RPP and RPR2 (ASCL1High) mice.

IMPDH1, IMPDH2, and GMPSweremore abundantly expressed

at the mRNA (Figure 5E) and protein (Figure 5F) levels in RPM tu-

mors than in the other genotypes. XMP and GMP were also

elevated in RPM tumors (Figure 5G). ChIP-seq data of the

Impdh1 and Impdh2 loci in RPM tumors indicated MYC binding

at both promoters, further validating the regulation of GMP syn-

thesis by MYC in ASCL1Low SCLC (Figure S4D).
IMPDH Is a Druggable Target and Selectively Inhibits
ASCL1Low SCLC Cell and Tumor Growth
To investigate the requirement for de novo GMP biosynthesis in

ASCL1Low SCLC, we determined IC50 values for the IMPDH in-

hibitor mycophenolic acid (MPA) in a panel of SCLC cell lines.

MPA more potently suppressed growth of ASCL1Low than

ASCL1High cells (Figure 6A). This was not due to an overall

enhanced sensitivity of ASCL1Low cells to metabolic inhibitors,

as ASCL1High cell lines were more sensitive to cycloleucine, an

inhibitor of methyladenosine transferase (MAT) in the methionine

cycle, and the thymidylate synthase inhibitor 5-fluorouracil had

similar efficacy between the two classes (Figure 6A). CRISPR/

Cas9-mediated IMPDH1 knockout also reduced the viability of

ASCL1Low cells, but not ASCL1High cells, while MAT2A knockout

was selectively toxic to ASCL1High cells (Figures 6B and S5A).

MPA’s toxicity was reversed by supplementing the cells with

guanosine, indicating that the mechanism of action was through

depletion of guanosine (Figure 6C). Moreover, metabolomics

revealed that MPA resulted in accumulation of IMP and AICAR

(5-aminoimidazole-4-carboxamide ribonucleotide), depletion of

XMP and GMP, and no changes in AMP, all consistent with the

intended inhibition of IMPDH (Figure 6D). These perturbations

were more prominent in ASCL1Low cells than ASCL1High cells,

consistent with the elevated IMPDH activity in the former (Fig-

ure S5B). Longer-term treatment of ASCL1Low cells with MPA

essentially eliminated colony formation in soft agar (Figure S5C).

MYC regulates ribosome biogenesis in many cancer cells

(Devlin et al., 2016; Koh et al., 2011; Pozzo et al., 2017; Sabo

et al., 2014), and we observed mRNAs involved in this pathway

to be enriched in ASCL1Low SCLC lines and RPM tumors (Fig-

ures S5D and S5E). Transcription of ribosomal RNAs by RNA po-

lymerase I (Pol I) is the rate-limiting step in ribosome biogenesis,

raising the possibility that production of these RNAs might be

specifically suppressed after purine synthesis inhibition in

ASCL1Low SCLC cells with high MYC expression. Examining
ow lines cultured in medium containing [amide-15N]glutamine for 6 hr. Data are

jected to isotope labeling. Each cell line was cultured in triplicate to determine

**p < 0.01.

, 5-phosphoribosylamine; FGAM, 50-phosphoribosylformylglycinamidine; IMP,

ine 50-monophosphate; sAMP, adenylosuccinate; AMP, adenosine 50-mono-
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Figure 4. ASCL1Low SCLC Cell Lines Have High Rates of De Novo Purine Biosynthesis

(A) Schematic of de novo purine synthesis, illustrating labeling from [U-13C]glucose.

(B) Fractional labeling of IMP, GMP, and AMP in four ASCL1High and four ASCL1Low lines cultured in medium containing [U-13C]glucose for 1, 3, 6, 24, and 48 hr.

Data are the average and SDof three cultures. Them+5 andm+6 isotopologs were the twomost prominent labeled forms of these purines. **p < 0.01; ***p < 0.001;

****p < 0.0001.
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Figure 5. MYC Regulates De Novo Purine Nucleotide Synthesis in ASCL1Low SCLC

(A and B) Relative abundance of ASCL1 and MYC mRNA and protein in seven ASCL1High and seven ASCL1Low cell lines. Individual data points are shown along

with mean abundance values and SD for two independent cultures of each line. ***p < 0.001.

(C) Relative abundance of IMPDH1 and IMPDH2 mRNA and protein in ASCL1Low H82 cells after CRISPR/Cas9-mediated MYC knockout (MYC KO). Data are

represented as averages and SD. ***p < 0.001.

(D) Fractional labeling of GMP and IMP in empty vector control (EV) andMYC KOH82 cells after 4 hr of labeling in medium containing [amide-15N]glutamine. Data

are the average and SD of three cultures. ***p < 0.001.

(E) Relative mRNA abundance of Ascl1, Impdh1, Impdh2, and Gmps in RPR2 and RPM tumors. Individual data points are shown together with the mean and SD

for each sample. Gene expression data from GEO: GSE89660. **p < 0.01; ***p < 0.001.

(F) Protein abundance of MYC, ASCL1, IMPDH1, IMPDH2, and GMPS in RPP and RPM tumors.

(G) Relative abundance of purine intermediates in RPP and RPM tumors. Individual data points are shown together with means and SD for three independent

tumor fragments from nine mice in each group. ***p < 0.001.
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Figure 6. IMPDH Is Required for ASCL1Low SCLC Cell Growth

(A) IC50 of IMPDH inhibitor MPA, MAT inhibitor cycloleucine, and 5-fluorouracil in ASCL1High and ASCL1Low cells. Individual data points are shown together with

mean and SD of 14 lines for MPA and 10 lines for cycloleucine. Sensitivity of 60 cell lines to 5-fluorouracil is from the Genomics of Drug Sensitivity in Cancer

database. ***p < 0.001.

(B) Relative growth of H345 (ASCL1High) and H526 (ASCL1Low) cells upon CRISPR/Cas9-mediated IMPDH1 knockout. Data are represented as averages and SD.

***p < 0.001.

(C) Relative growth of H526 (ASCL1Low) cells treated with 1 mMMPA with or without 50 mM guanosine for 72 hr. Data are represented as averages and SD. **p <

0.01; ***p < 0.001.

(legend continued on next page)
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the abundance of selected transcripts from Pol I, II, and III re-

vealed selective reduction of Pol I transcripts after 12 hr of treat-

ment with MPA, and this suppression was completely reversed

by guanosine (Figures 6E and S6A). These findings indicate

that IMPDH enzymes are required tomaintain levels of ribosomal

RNAs in ASCL1Low SCLC cells. Over the same period, effects on

cell-cycle distribution and DNA content were marginal, arguing

against DNA synthesis as a major factor in at least the early

phase of MPA sensitivity (Figure S6B). MPA induced apoptosis

after 48 hr, and this effect was also reversed by guanosine (Fig-

ures S6C and S6D). MPA did not induce senescence under these

conditions (Figure S6E).

Becausemammalian target of rapamycin complex 1 (mTORC1)

signaling can enhance sensitivity to IMPDH inhibition (Valvezan

et al., 2017), we examined the contribution of this pathway to

MPA sensitivity in ASCL1Low SCLC cells. Reverse-phase prote-

omics array data from 24 SCLC cell lines showed no significant

difference in indicators of mTORC1 activity between ASCL1High

and ASCL1Low cells (Figure S7A). We also validated by western

blot that the abundance of p-4EBP1 (T37/46), p-p70S6K (T389),

and p-S6 (S235/236), all of which reflect mTORC1 activity, did

not systematically differ between ASCL1High and ASCL1Low cells

(Figure S7B). Furthermore, inhibiting mTORC1 with Torin-1 did

not alter the abundance of IMPDH1 or IMPDH2 or sensitivity to

MPA (Figures S7C and S7D). These data suggest that in SCLC

cells, MYC rather than mTORC1 is the key factor determining

the need for guanosine synthesis. In further support of this model,

ectopicMYC expression in ASCL1High cells enhancesMPA sensi-

tivity (Figures S7E and S7F), indicating that MYC is sufficient to

addict cells to IMPDH.

To test the in vivo efficacy of IMPDH inhibition, we injected

non-obese diabetic/severe combined immunodeficient inter-

leukin-2 receptor-g chain null (NSG) mice subcutaneously with

two ASCL1High and two ASCL1Low lines and treated with the

IMPDH inhibitor mizoribine when palpable tumors were present.

These experiments used mizoribine rather than MPA because of

mizoribine’s superior biodistribution in vivo (Koehl et al., 2007).

Mizoribine is phosphorylated in vivo to the active drug mizori-

bine-5-monophosphate, which inhibits IMPDH activity with a Ki

of 10�8 M (Ishikawa, 1999). Mizoribine was administered intra-

peritoneally (100 mg/kg) every other day for 2–3 weeks.

Compared with vehicle control, mizoribine attenuated growth

of both ASCL1Low tumor lines, but neither of the ASCL1High tu-

mor lines (Figure 7A). Metabolite analysis of H524 (ASCL1Low) tu-

mors harvested after 2 weeks of mizoribine treatment revealed

depletion of XMP and accumulation of IMP, consistent with

in vivo IMPDH inhibition (Figure 7B).

Finally, to assess mizoribine’s efficacy in GEMMswith autoch-

thonous SCLC and an intact immune system, we used RPM

mice. In thismodel of aggressive SCLC, cytotoxic chemotherapy

combines with targeted agents to prolong survival (Mollaoglu

et al., 2017). IMPDH inhibition rapidly depletes rRNA, suggesting

that it may provide additive or synergistic effects when com-

binedwith drugs targeting DNA replication or damage.Wedeter-
(D) Purine metabolite abundance in H524 (ASCL1Low) cells treated with 1 mM MP

***p < 0.001.

(E) qPCR for transcripts of pre-rRNA, ATF4, E2F4, SDHB, IMPDH2,MYC, and 5S

12 hr. ****p < 0.0001. Data are represented as averages and SEM.
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mined that the combination indices of IMPDH inhibition with

either cisplatin or etoposide were approximately 1.0 in culture,

indicating an additive effect (Figure S7G). We established a

cohort of RPM mice to determine mizoribine’s efficacy as a

single agent or in combination with cisplatin and etoposide.

When tumor burden reached 10%–12% of the total pulmonary

volume, mice were randomized to treatment with vehicle, mizor-

ibine alone (100 mg/kg every other day), chemotherapy alone

(5 mg/kg cisplatin and 10mg/kg etoposide once a week), or miz-

oribine plus chemotherapy. Mice were euthanized when they

developed labored respiration due to pulmonary tumor burden.

Mizoribine monotherapy enhanced survival over vehicle by

about 3 days, less than the effect of chemotherapy alone (Fig-

ure 7C). However, combining mizoribine and chemotherapy pro-

vided by far the most significant benefit in both survival and

reduced tumor burden (Figures 7C and 7D).

Perspective
Metabolic phenotyping can uncover genotype-specific liabilities

in NSCLC (Kim et al., 2013, 2017; Liu et al., 2013), but little is

known about metabolic heterogeneity in SCLC and its relation-

ship to molecular subclasses or therapeutic vulnerabilities.

Although we observed that each SCLC cell line in our study

has a unique metabolomic fingerprint, clustering of metabolic

phenotypes revealed two major classes that largely correlated

with the molecular subgroups defined by ASCL1. Metabolites

from multiple pathways were among those that discriminate be-

tween the families, with metabolites from purine metabolism (up

in ASCL1Low) and methylation-related pathways (down in

ASCL1Low) being prominently featured. Because all cell lines

were cultivated under identical conditions, these differences

reflect cell-intrinsic metabolic preferences. It is intriguing to

speculate that these preferences are related to the distinct

developmental lineages observed in ASCL1Low and ASCL1High

SCLC. ASCL1High SCLCs express typical markers of the neuro-

endocrine lineage, whereas ASCL1Low SCLCs are less differen-

tiated, have less clear lineage, and tend to be aggressive with a

high risk of metastasis in humans and mice (Gazdar et al., 1985;

Johnson et al., 1992; Mollaoglu et al., 2017). The intense growth

of these tumors in vivo may underlie their need for high rates

of de novo guanosine nucleotide synthesis and ribosomal

biogenesis.

The phenotype of enhanced purine metabolism in ASCL1Low

SCLC is related to the high levels of MYC expression in most

cells/tumors from this molecular class. MYC regulates purine

biosynthesis in part by activating transcription of IMPDH1 and

IMPDH2, as previously reported in other cell lines (Koh et al.,

2011; Mannava et al., 2008; Pozzo et al., 2017; Sabo et al.,

2014). MYC is exquisitely anti-correlated with ASCL1 expression

in human SCLC, and we find that MYC correlates with the

expression of IMPDH1 and IMPDH2 in SCLC tumors and cells

derived from both humans and mice. We also find that flux

through the IMPDH1/2-dependent pathway of guanosine nucle-

otide synthesis is MYC dependent in ASCL1Low SCLC cells.
A for 12 hr. Data are represented as averages and SD. *p < 0.05; **p < 0.01;

rRNA in H524 cells treated with 1 mMMPA with or without 50 mM guanosine for



Figure 7. IMPDH Is a Druggable Target Required for ASCL1Low SCLC Growth

(A) Growth of subcutaneous xenografts inNSGmice derived from twoASCL1High and twoASCL1Low cell lines treatedwith the IMPDH inhibitor mizoribine (100mg/

kg every other day). Mean tumor volume and SEM are shown for each group (n = 5 mice). The arrow indicates initiation of mizoribine dosing. ****p < 0.0001.

(B) Effect of mizoribine on XMP and IMP abundance in H524 xenografts. Individual data points are shown together with mean and SD for three independent tumor

fragments from five mice in each group. **p < 0.01.

(C) Kaplan-Meier survival analysis of RPM mice treated with chemotherapy (cisplatin and etoposide) in combination with mizoribine. Cisplatin, 5 mg/kg once a

week; etoposide, 10 mg/kg once a week; mizoribine, 100 mg/kg every other day. Dashed lines indicate chemotherapy treatment. From the fifth round of

chemotherapy onward, mice were treated with etoposide, but not cisplatin. *p < 0.05; **p <0.01; ****p < 0.0001.

(D) Representative microCT images from RPM mice pseudo-colored to differentiate tumors (yellow) from normal tissues/airway (purple).
Transcriptional control of purine biosynthesis has also been re-

ported for the mTORC1 signaling pathway, perhaps the most

central regulator of anabolic metabolism in mammals (Ben-

Sahra et al., 2016). Together these data place de novo purine

nucleotide synthesis, particularly guanine nucleotide synthesis,

as a key effector of multiple growth signals.

At least for the first several hours of IMPDH inhibition, themost

impressive consequence of IMPDH inhibition in ASCL1Low SCLC
cells is the suppression of Pol I activity rather than the activity of

Pol II, Pol III, or DNA synthesis. It is likely that sustained IMPDH

inhibition and guanosine nucleotide depletion would more

broadly perturb transcription and DNA synthesis. However, the

acute effect on Pol I may be sufficient to explain the potent

effect of IMPDH inhibitors on ASCL1Low SCLC cell growth. Ribo-

some biogenesis is a major component of MYC-regulated

anabolism (Grandori et al., 2005; Kim et al., 2000), and inhibition
Cell Metabolism 28, 369–382, September 4, 2018 379



of Pol I-mediated ribosomal DNA transcription extends survival

of mice with MYC-driven B cell lymphoma (Dang, 2013; Devlin

et al., 2016). Although the guanosine nucleotide guanosine

triphosphate (GTP) has many functions in nucleic acid synthesis,

signal transduction, and energy currency, its role in Pol I tran-

scription is particularly relevant to ASCL1Low SCLC with high

levels of MYC. Recruitment of Pol I to the ribosomal DNA re-

quires GTP binding to transcription initiation factor I (TIF-IA),

and depleting GTP with MPA impairs Pol I’s association with

TIF-IA to suppress rRNA synthesis (Nguyen le et al., 2015). Over-

all, the importance of guanosine in ribosome biogenesis may

explain why levels of purines, but not pyrimidines, distinguish

ASCL1Low from ASCL1High SCLC lines.

Pharmacological inhibition of purine synthesis as a means to

treat cancer has been investigated for many years, with IMPDH

considered as a possible target (Christopherson et al., 2002;

Hedstrom and Gan, 2006). Both MPA and mizoribine are already

used in humans as immunosuppressants in organ transplanta-

tion and autoimmune diseases, with mizoribine in particular

being well tolerated (Akiyama et al., 2005; Bergan et al., 2016;

Kawasaki, 2009). However, evidence supporting the utility of

IMPDH inhibitors in cancer is lacking, perhaps because depen-

dence on IMPDH is determined at least in part by incompletely

defined, cell-intrinsic factors (Lin et al., 2011). Our finding that

ASCL1Low SCLCs with high levels of MYC are sensitive to

IMPDH inhibition in vivo suggests both enrollment biomarkers

(NEUROD1 and high levels of MYC expression) and a new target

for therapy in this intractable form of cancer.

Limitations of Study
We demonstrated a subtype-selective vulnerability defined by

cell-autonomous factors, but how the tumor microenvironment

modifies IMPDH dependence is still largely unknown. We have

not yet defined metabolic phenotypes of primary human

SCLC, and addressing this limitation is an important step in

translating the findings. We have also not yet assessed mizori-

bine’s efficacy in models of chemotherapeutic resistance. This

is important because resistance to cytotoxic chemotherapy

rapidly emerges in most human SCLCs. It will be interesting to

test whether mizoribine retains its efficacy in tumors first sub-

jected to cisplatin and/or etoposide.
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Experimental Models: Cell Lines
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Oligonucleotides

gRNAs for CRISPR/Cas9-mediated knockout, see Table S1 IDT DNA N/A

Primers for qPCR, see Table S1 IDT DNA N/A

Primers for MYC overexpression, see Table S1 IDT DNA N/A

Software and Algorithms

MultiQuant version 2.1 Applied Biosystems SCIEX N/A

SIMCA-P Umetrics N/A

Metaboanalyst 3.0 Xia and Wishart, 2016 http://www.metaboanalyst.ca/

Other

e-Myco mycoplasma PCR detection kit Bulldog Bio Cat# 2523348

Matrigel BD Biosciences Cat# 356237

RPMI-1640 Sigma Cat# R8758

Fetal bovine serum Gemini Bio-Products Cat# 100-106

Dialyzed fetal bovine serum Gemini Bio-Products Cat# 100-108

TRIzol Thermo Fisher Cat# 15596018

iScript cDNA synthesis kit BioRad Cat# 1708891

SYBR Green PCR system Invitrogen Cat# 4364344

ECL Western Blotting Substrate Thermo Fisher Cat# 32106

lentiCRISPR v2 Addgene Cat# 52961

MGC Human MYC Sequence-Verified cDNA Dharmacon Cat# MHS6278-202755482

pLVX-TRE3G-IRES expression system Clonetech Cat# 631362

pGL4.11[luc2P] Promega Cat# E6651

FuGENE 6 transfection reagent Promega Cat# E2691

Dual-Luciferase reporter assay system Promega Cat# E1910
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ralph J.

DeBerardinis (ralph.deberardinis@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
All cell lines were obtained from the Hamon Cancer Center Collection (University of Texas Southwestern Medical Center). Cells were

cultured as small spheres in RPMI 1640 medium (Sigma #R8758) supplemented with 10% fetal bovine serum (Gemini Bio-Products

#100-106) and penicillin/streptomycin, at 37�C in a humidified atmosphere containing 5% CO2. All cell lines were DNA-fingerprinted

as described by PowerPlex system (Augustyn et al., 2014) and verified as mycoplasma free with e-Myco kit (Bulldog Bio #2523348).

Mouse Studies
Xenograft procedures were performed with the approval of the University of Texas Southwestern Medical Center IACUC. SCLC cells

were suspended in a 1:1 mixture of Matrigel (BD Bioscience #356237) and RPMI 1640 mixture, then 0.5-2 x 106 cells were implanted

subcutaneously into 6-8-week-old NSG mice (Jackson Laboratory #005557). Mice were randomized after tumor cell injection.

100mg/kg mizoribine (Sigma #M3047) in saline or saline was injected intraperitoneally every other day when tumors were palpable.

Tumor size was measured using calipers and calculated by short (a) and long (b) diameters (volume=a2b/2).

RPM mouse generation, microCT imaging and survival studies were performed as described previously (Mollaoglu et al., 2017).

RPP mice were kindly provided by David MacPherson. RPM and RPP mice were housed in an environmentally controlled room

and all experiments were performed in accordance with University of Utah’s Institutional Animal Care and Use Committee. When

tumor burden reached 10-12% of the total pulmonary volume by microCT imaging, chemotherapy was initiated. Once a week,

mice were given freshly prepared cisplatin (Sigma, PHR1624) in PBS on Day 1 and etoposide (Sigma, E1383) in 70% PEG in water

on Day 2. Both drugs were administered by intraperitoneal injection. From the 5th week onwards, mice were given etoposide but not

cisplatin. Freshly prepared mizoribine (Sigma #M3047) in saline was given at 100 mg/kg every other day by intraperitoneal injection

from Day 1 of therapy until the end of the experiment.
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METHOD DETAILS

Metabolomics
Cells were incubated in freshRPMI 1640media for 2 hours, washedwith ice-cold saline, quenchedwith 80%methanol and subjected

to three rapid freeze-thaw cycles. The debris was pelleted by centrifugation at 4�C and the supernatant containing aqueous metab-

olites was collected and evaporated to dryness using a SpeedVac concentrator. Metabolites were reconstituted in 100 ml of 0.03%

formic acid in analytical-grade water, vortexed and centrifuged to remove insolublematerial. The supernatant was collected and sub-

jected to targeted metabolomics analysis as described on an AB SCIEX QTRAP 5500 liquid chromatography/triple quadrupole mass

spectrometer (Applied Biosystems SCIEX) (Kim et al., 2017). The injection volume was 20 ml. Chromatogram review and peak area

integration were performed using MultiQuant (version 2.1, Applied Biosystems SCIEX). The peak area for each detected metabolite

was normalized against the total ion count of that sample.

Normalized peak areas were used as variables for multivariate and univariate statistical data analyses. Preprocessed data sets

weremean-centered and unit-variance scaled, then evaluated by principal component analysis to visualize clustering and detect out-

liers using SIMCA-P (version 13.0.1, Umetrics). Hierarchical clustering and partial least squares discriminant analysis and variable

importance in projection analysis were done using Metaboanalyst 3.0 (Xia and Wishart, 2016).

15N-glutamine and 13C-glucose Labeling
Cells were incubated in RPMI 1640 media supplemented with dialyzed fetal bovine serum (Gemini Bio-Products #100-108) contain-

ing 0.3 mg/ml [amide-15N]glutamine or 2 mg/ml [U-13C]glucose for the indicated duration, washed with ice-cold saline, quenched

with 80%methanol and subjected to three freeze-thaw cycles. The debris was pelleted by centrifugation at 4�C and the supernatant

was collected and evaporated to dryness using a SpeedVac concentrator. Metabolites were reconstituted in 50 ml of 0.03% formic

acid in analytical-grade water, vortexed and centrifuged to remove insoluble material. The supernatant was collected and analyzed

as described previously with modifications using an AB QTRAP 5500 liquid chromatography/triple quadrupole mass spectrometer

(Applied Biosystems SCIEX) (Kim et al., 2017). Themodifications were as follows. Gradient program: 0-1min, 1%B; 1-4min, 1-100%

B; 4-7.5min, 100%B; 7.5-7.6min, 100-1%B; 7.6-10min, 1%B. Injection volume: 5 ml. Dwelling time for each transition: 20ms.MRM

data were acquired using Analyst software (version 1.6.1, Applied Biosystems SCIEX).

qRT-PCR
Total RNA from cells was extracted and isolated with TRIzol (Thermo Fisher #15596018). cDNA was generated with the iScript cDNA

synthesis kit (BioRad #1708891). Relative cDNA abundance was measured with the CYBRGreen PCR system (Invitrogen #4364344)

and data were normalized by beta-actin. Primers used for qPCR reactions were shown in Key Resources Table.

Western Blot
Protein lysates from SCLC lines and murine tumors were prepared in RIPA buffer, supplemented with PhosSTOP phosphatase and

cOmplete protease inhibitor cocktail (Roche #11873580001, #04906845001). Protein samples were quantified with the BCA assay.

Samples were separated on 4-20% SDS-PAGE gels, transferred to PVDF membranes, and probed with antibodies against ASCL1

(BD Bioscience #556604); ACTB (Sigma #A3854); IMPDH1 (Sigma #SAB2101156); IMPDH2 (Abcam #ab131158); MAT2A (Abcam

#ab77471); MYC (Cell Signaling #5605); GMPS (Cell Signaling #14602); Cleaved Caspase-3 (Cell Signaling #9664); mTOR (Cell

Signaling #9862); Phospho-mTOR S2448 (Cell Signaling #9862); Phospho-4EBP1 T37/46 (Cell Signaling #9862); Phospho-p70 S6

Kinase T389 (Cell Signaling #9234); Phospho-S6 S235/236 (Cell Signaling #4858). Bands were detected with the ECL blotting system

(Pierce #32106).

CRISPR/Cas9-Mediated Editing and MYC Overexpression
IMPDH1, IMPDH2,MAT2A andMYC knockout cells were generated using the lentiCRISPRv2 system (Addgene #52961). SCLC cells

grow in spheroids rather than single clones, so pools of cells infected with the empty vector or vectors with gene-targeting guide

RNAs (gRNAs) were selected in puromycin (Sigma #P8833). gRNAs used to generate functional knockouts are in the Key Resources

Table. For ectopic expression of MYC, the protein coding region ofMYC (Dharmacon #MHS6278-202755482) was cloned and intro-

duced into cells following the protocol by pLVX-TRE3G-IRES doxycycline inducible overexpression system (Clonetech #631362).

ChIP-Seq
Individual lung tumors from RPMmice were collected upon dissection, flash frozen and stored at -80�C until chromatin immunopre-

cipitation (ChIP). Tumors were prepared for ChIP by pulverizing frozen tissue into a fine powder. Samples were resuspended in 10 ml

PBS and DNA was crosslinked in 1% formaldehyde. Fixation was terminated by adding glycine to a final concentration of 0.125 M.

Chromatin was sheared using a Diagenode Bioruptor for 6 min on high power with 30 sec on-off cycles. 100 mg mouse tumor chro-

matin was immunoprecipitated with 5 mg rabbit anti-MYC (Cell Signaling #13987), 5 mg rabbit anti-H3K27Ac (Active-Motif #39133),

5 mgmouse anti-ASCL1 antibody (BDBiosciences #556604), 5 mg goat anti-NEUROD1 (Santa Cruz #sc-1084) followed by either anti-

rabbit Dynabeads, anti-mouse DynaBeads or Protein G Dynabeads. The immunoprecipitated chromatin was purified with the Zymo

ChIP DNA Clean and Concentrator kit. Mouse ChIP-Seq libraries were prepared using the NEBNext ChIP-Seq Library kit. Libraries

were sequenced on an IlluminaHiSeq 2500 as single-end 50 bp reads to aminimumdepth of 35million reads per sample. Readswere
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aligned to themm10 build of themouse genomewith bowtie using the following parameters: -m 1 -t –best -q -S -l 32 -e 80 -n 2. Peaks

were called with MACS2 using a p value cutoff of 1e10 and the mfold parameter bounded between 15 and 100. For visualization,

MACS2 produced bedgraphs with the –B and –SPMR options.

Cell Growth, Viability, Death and Senescence Assays
To evaluate cell proliferation in culture, 1-5 x 105 cells were seeded in 6-well plates and cultured as spheroids for 3 days, then di-

gested with Accutase (Stem Cell Technologies #A1110501) into single cell suspensions and counted with a hemocytometer. To

examine cell viability after drug treatment or genetic manipulation, cells were seeded in 24-well plates as spheroids and cultured

for 3 days, then live cell content was measured with the CellTiter-Glo luminescent cell viability kit (Promega #7573). After treatment

with the indicated drugs, cell death and senescence were evaluated following manufacturer-supplied protocols for the Annexin

V-FITC/Propidium iodide kit (Thermo Fisher #BDB556420) and the Senescence b-Galactosidase staining kit (Cell Signaling #9860).

Soft-Agar Colony-Formation Assay
2-3 x 104 cells were suspended in 0.375% agar pre-equilibrated with RPMI 1640 supplemented with 10% fetal bovine serum, over a

0.75% bottom agar layer in a 6-well plate. Colonies were monitored for two weeks with intermittent medium supplementation with or

without MPA. Images were acquired with G box-Syngene and colonies were detected with GeneTools software.

Promoter Luciferase Assay
The genomic regions containing wild-type or mutant alleles of the IMPDH2 promoter were cloned into the firefly luciferase reporter

construct pGL4.11[luc2P] (Promega #E6651). One mg of each reporter construct was cotransfected with 50 ng pRL-SV40-Renilla

luciferase into H82 cells using FuGENE 6 transfection reagent (Promega #E2691). Cells were harvested after 48 hours and luciferase

activity was measured using the Dual-Luciferase Assay system (Promega #1910) according to the manufacturer’s protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

No methods were used to predetermine sample size. Metabolomics of cells and tumors were performed once with multiple repli-

cates. Mizoribine and chemotherapy treatment of RPM mice was performed once. Data in the remaining figure panels reflect 2-3

independent experiments. Samples for metabolomics and isotope tracing were randomized before LC–MS/MS analysis. For tumor

growth experiments, mice were randomized before being allocated to cages for treatment. All other experiments were nonrandom-

ized and did not involve blinding of the investigators. In tumor growth experiments, variation is indicated using standard error of the

mean; in cell culture experiments, variation is indicated using standard deviation. To assess statistical significance between two

groups, a two-tailed Welch’s unequal variances t-test was used. Where data showed a skewed distribution, a Wilcoxon signed-

rank test was performed. To examine significance in xenograft between two groups, a two-way ANOVA followed by Tukey’s multiple

comparisons test was performed. Before applying an ANOVA, we first tested whether there was homogeneity of variation among the

groups using the Brown-Forsythe test. RPM mice survival data were analyzed using log-rank (Mantel-Cox) test. In all figures, the p

values were shown as: *, p<0.05; **, p<0.01; ***, p<0.001, ****, p<0.0001.
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Supplementary Figure 1. Related to Figure 1. 
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Supplementary Figure 2. Related to Figure 1. 
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Supplementary Figure 3. Related to Figure 2. 
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Supplementary Figure 4. Related to Figure 5. 
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Supplementary Figure 5. Related to Figure 6. 
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Supplementary Figure 6. Related to Figure 6. 
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Supplementary Figure 7. Related to Figure 6. 
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Supplementary Table 1. Oligonucleotides Sequences. Related to Key Resources Table. 
 

Name Sequences (5’-3’) 

gRNA_MYC_forward CACCGCTTCGGGGAGACAACGACGG 

gRNA_MYC_reverse AAACCCGTCGTTGTCTCCCCGAAGC 

gRNA_IMPDH1_forward CACCGGACGCCAAGGATTGAACTGG 

gRNA_IMPDH1_reverse AAACCCAGTTCAATCCTTGGCGTCC 

gRNA_IMPDH2_forward CACCGTGTGCTGTGAGTCCGTCGTC 

gRNA_IMPDH2_reverse AAACGACGACGGACTCACAGCACAC 

gRNA_MAT2A_forward CACCGCTTCCACGAGGCGTTCATCG 

gRNA_MAT2A_reverse AAACCGATGAACGCCTCGTGGAAGC 

qPCR_ASCL1_forward CCTGGTGCGAATGGACTT 

qPCR_ASCL1_reverse CAACGCCACTGACAAGAAAG 

qPCR_MYC_forward CTCGGATTCTCTGCTCTCCT 

qPCR_MYC_reverse TCTTGTTCCTCCTCAGAGTCG 

qPCR_IMPDH1_forward CAGCAGGTGTGACGTTGAAAG 

qPCR_IMPDH1_reverse AGCTCATCGCAATCATTGACG 

qPCR_IMPDH2_forward CTCCCTGGGTACATCGACTT 

qPCR_IMPDH2_reverse GCCTCTGTGACTGTGTCCAT 

qPCR_ACTB_forward AGAGCTACGAGCTGCCTGAC 

qPCR_ACTB_reverse AGCACTGTGTTGGCGTACAG 

qPCR_pre-rRNA_forward GCTCTACCTTACCTACCTGG 

qPCR_pre-rRNA_reverse TGAGCCATTCGCAGTTTCAC 

qPCR_ATF4_forward ATGACCGAAATGAGCTTCCTG 

qPCR_ATF4_reverse GCTGGAGAACCCATGAGGT 

qPCR_E2F4_forward CACCACCAAGTTCGTGTCCC 

qPCR_E2F4_reverse GCGTACAGCTAGGGTGTCA 

qPCR_SDHB_forward ACAGCTCCCCGTATCAAGAAA 

qPCR_SDHB_reverse GCATGATCTTCGGAAGGTCAA 

qPCR_5S rRNA_forward GGCCATACCACCCTGAACGC 
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qPCR_5S rRNA_reverse CAGCACCCGGTATTCCCAGG 

PCR_MYC-OE_forward TTGGATCCATGCTGGATTTTTTTCGGGTAGTGG 

PCR_MYC-OE_reverse CCGCGGCCGCTTACGCACAAGAGTTCCGTAGCTGT 
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SUPPLEMENTARY FIGURE TITLES AND LEGENDS 

Supplementary Figure 1. Related to Figure 1. Metabolomic profiling of SCLC cell lines. The heatmap shows 

relative abundance of metabolites in 26 SCLC lines. The names of the cell lines at the top are coded according to 

ASCL1 status (blue, ASCL1High; red, ASCL1Low). Peak areas of each metabolite were normalized by total ion count. All 

replicates (3 independent cultures for each cell line) are included on the heatmap. Coloring on the heatmap 

reflects a log2 scale. 

Supplementary Figure 2. Related to Figure 1. ASCL1High and ASCL1Low SCLC lines are metabolically distinct. a, 

Principal component analysis (unsupervised) and partial least squares discriminant analysis (supervised) of 

metabolomic signatures from 26 SCLC lines. The data used in this analysis are from the metabolomic analysis in 

Supplementary Figure 1. b, ASCL1 protein abundance in SCLC lines from panel a. c, Relative abundance of 

intermediates from pyrimidine metabolism in ASCL1High and ASCL1Low cell lines. Individual data points are shown 

along with mean abundance values and SD for three independent cultures of each line. 

Supplementary Figure 3. Related to Figure 2. Genes involved in de novo purine biosynthesis are enriched in 

ASCL1Low SCLC. a, Gene set enrichment analysis reveals enrichment of the “Purine metabolism” gene set in ASCL1Low 

cell lines from the Cancer Cell Line Encyclopedia (CCLE) database (n=51 SCLC lines). The top row indicates abundance 

of ASCL1 mRNA. b, Gene set enrichment analysis reveals enrichment of the “Metabolism of nucleotides” gene set in 

ASCL1Low cell lines from GSE32036 (n=29 SCLC lines). c, Pearson’s correlation coefficients between abundance of 

ASCL1 mRNA and all other transcripts from 51 SCLC lines in the CCLE database. Dashed lines demarcate p=0.05. d, 

Relative mRNA abundance of genes encoding the salvage enzymes APRT and HGPRT in clusters 1-3 versus cluster 4 

in primary human tumors in Figure 2 c,d. Individual data points are shown along with mean and SD for each sample. 

NS, not significant. 

Supplementary Figure 4. Related to Figure 5. MYC regulates de novo purine nucleotide synthesis in ASCL1Low SCLC. 

a, Spearman’s correlation coefficients between abundance of ASCL1 mRNA and all other transcripts in the 81 human 

SCLC tumors in Figure 2d. Dashed lines demarcate p=0.05. b, Spearman’s correlation coefficients between 

abundance of MYC mRNA and all other transcripts in the 51 SCLC lines in Supplementary Figure 3a. Dashed lines 
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demarcate p=0.05. c, Chromatin signatures at the IMPDH1 and IMPDH2 loci in H2171 cells (ASCL1Low). Chip-seq tracks 

of MYC, H3K27Ac, BRD4 and POLR2A are displayed. d, ChIP-Seq analysis of genomic binding at the Impdh1 and 

Impdh2 loci in RPM tumors for the indicated antibodies to MYC, NEUROD1, ASCL1 and H3K27ac. e, Top, ChIP-Seq of 

genomic ASCL1 binding at the MYC, IMPDH1 and IMPDH2 loci in H2107 (ASCL1High). Bottom, ChIP-Seq of genomic 

MYC binding at the ASCL1 locus in H2171 (ASCL1Low). f, Left, Abundance of MYC, ASCL1, IMPDH1 and IMPDH2 in H82 

(ASCL1Low) with ASCL1 overexpression or vector control. Middle, Abundance of MYC and ASCL1 in H82 (ASCL1Low) 

with MYC knockout or vector control. Right, Abundance of MYC and ASCL1 in H889 (ASCL1High) with doxycycline 

inducible MYC overexpression or vehicle. g, Luciferase assay with wild type (IMPDH2_wt) and E-box mutated 

(IMPDH2_mut) promoters of IMPDH2 in H82 cells (ASCL1Low). Data are represented as average and SD. ***p <0.001. 

Supplementary Figure 5. Related to Figure 6. IMPDH is required for ASCL1Low SCLC cell growth. a, Relative growth 

of several SCLC cell lines after CRISPR-Cas9-mediated knockout of IMPDH2 or MAT2A. Data are represented as 

average and SD. ***p <0.001. Western blots are shown to verify loss of protein expression. b, Purine metabolite 

abundance in ASCL1High (H345, H889) and ASCL1Low (H524, H526, H82) cells treated with 1 μM MPA for 12 hours. 

Data are represented as average. *p < 0.05. c, Soft agar colony formation in H524 cells treated with vehicle or 1 μM 

MPA for two weeks. Data are represented as average and SD. ****p <0.0001. d, e, Gene set enrichment analysis 

reveals enhanced expression of genes involved in ribosome biogenesis in ASCL1Low vs. ASCL1High SCLC lines 

(GSE32036), and in RPM vs. RPR2 tumors (GSE89660). 

Supplementary Figure 6. Related to Figure 6. IMPDH inhibition reduces ribosomal RNA transcription and induces 

apoptosis. a, qPCR for transcripts of pre-rRNA in H524 cells treated with vehicle or 1 μM MPA, with or without 50 

μM guanosine for 4, 8 or 12 hours (left); and in three independent ASCL1Low SCLC lines for 12 hours (right). Data are 

represented as average and SEM. ***p <0.001; ****p <0.0001. b, Propidium iodide staining of H524 cells treated 

with vehicle or 1 μM MPA for 4, 8, 12 hours. Data are represented as average and SD. **p <0.01. c, d, 

AnnexinV/Propidium iodide and trypan blue staining in H524 cells treated with vehicle or 1 μM MPA for 24, 48 and 

72 hours. Data are represented as average and SD. *p < 0.05; **p <0.01. Abundance of cleaved Caspase-3 in H524 

cells treated with vehicle or 1 μM MPA, with or without 50 μM guanosine for 48 hours. e, -Gal staining in H82 cells 
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treated with vehicle, 5 μM Etoposide for 24 hours, or 1 μM MPA for 72 hours, and in MCF7 cells treated with 10 μM 

Etoposide for 24 hours. Scale bar, 100 µm. 

Supplementary Figure 7. Related to Figure 6. IMPDH dependence in SCLC cells is dictated by MYC. a, Heatmap of 

protein abundance in 24 SCLC cell lines. Relevant proteins and phosphoproteins, including several from the mTORC1 

pathway, are displayed. b, Abundance of ASCL1, p-4EBP1 (T37/46), p-p70S6K (T389) and p-S6 (S235/236) in 14 SCLC 

cell lines. c, Abundance of p-mTOR (S2448), p-4EBP1 (T37/46), p-p70S6K (T389), IMPDH1, IMPDH2 in H524 cells 

treated with vehicle or 1, 5, 25 nM Torin-1 for 24 hours. d, Dose response of H524 cells treated with MPA for 72 

hours, and pretreated with vehicle or 1, 5, 25 nM Torin-1 for 24 hours. Data are represented as average and SD. e, 

Left, Abundance of MYC in H510 (ASCL1High) with doxycycline inducible MYC overexpression or vehicle, with or 

without 1 or 2 μg/ml doxycycline treatment for 72 hours. Right, Abundance of IMPDH1 and IMPDH2 in H510 cells 

with doxycycline inducible MYC overexpression or vehicle. f, Dose response of H510 cells with doxycycline-inducible 

MYC overexpression or vehicle treated with MPA for 72 hours. MYC overexpression was induced by pre-treating 

with 1 μg/ml doxycycline for 72 hours. Data are represented as average and SD. g, Combination index in H524 cells 

treated with MPA plus cisplatin or etoposide for 72 hours. Data are represented as average and SD. 
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