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Abstract

Purpose: Small-cell lung cancer (SCLC) has been treated
clinically as a homogeneous disease, but recent discoveries
suggest that SCLC is heterogeneous. Whether metabolic dif-
ferences exist among SCLC subtypes is largely unexplored. In
this study, we aimed to determine whether metabolic vulner-
abilities exist between SCLC subtypes that can be therapeuti-
cally exploited.

Experimental Design: We performed steady state metabo-
lomics on tumors isolated from distinct genetically engineered
mouse models (GEMM) representing the MYC- and MYCL-
driven subtypes of SCLC. Using genetic and pharmacologic
approaches, we validated our findings in chemo-na€�ve and
-resistant humanSCLCcell lines,multipleGEMMs, fourhuman
cell line xenografts, and four newly derived PDX models.

Results: We discover that SCLC subtypes driven by dif-
ferent MYC family members have distinct metabolic pro-

files. MYC-driven SCLC preferentially depends on arginine-
regulated pathways including polyamine biosynthesis and
mTOR pathway activation. Chemo-resistant SCLC cells
exhibit increased MYC expression and similar metabolic
liabilities as chemo-na€�ve MYC-driven cells. Arginine deple-
tion with pegylated arginine deiminase (ADI-PEG 20) dra-
matically suppresses tumor growth and promotes survival
of mice specifically with MYC-driven tumors, including in
GEMMs, human cell line xenografts, and a patient-derived
xenograft from a relapsed patient. Finally, ADI-PEG 20
is significantly more effective than the standard-of-care
chemotherapy.

Conclusions: These data identify metabolic heterogene-
ity within SCLC and suggest arginine deprivation as a
subtype-specific therapeutic vulnerability for MYC-driven
SCLC.

Introduction
Small-cell lung cancer (SCLC) is amajor subtype of lung cancer

accounting for approximately 15% of all lung cancer cases with a

5-year survival rate of less than 6% (1). Surgery for SCLC is rare
due to highly metastatic disease. The standard treatment regimen
is platinum-based chemotherapy usually combined with the
topoisomerase II inhibitor etoposide (2). First-line treatment in
SCLC elicits responses in 60%–80% of patients, but almost all
patients relapse within 6–12 months and second-line therapy
provides minimal survival benefit (2). This treatment approach
has remained largely unchanged for approximately 40 years. New
approaches are urgently needed to identify more effective thera-
peutic strategies in chemo-na€�ve and -resistant SCLC.

It has become increasingly appreciated that SCLC is a hetero-
geneous disease exhibiting intratumoral and intertumoral
heterogeneity (3–9). Nearly all SCLCs have loss-of-function
alterations in RB1 and TP53 (10–12).MYC family (MYC, MYCL,
and MYCN) amplifications and overexpression however, are
mutually exclusive (10, 11). Human SCLC cell lines have been
categorized as classic or variant based on their morphology,
neuroendocrine gene expression pattern, and status ofMYC family
member expression (13–15). Specifically, MYCL and ASCL1
expression are associated with classic SCLC, whereas MYC and
NEUROD1 expression are associated with variant SCLC. Previous
studies identifiedMycl and Ascl1 as key drivers of tumorigenesis in
classic SCLC that are required for tumor growth (3, 16, 17). The
variant morphology was not observed in genetically engineered
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mouse models (GEMM) until recently when our group showed
that MycT58A overexpression in Rb1fl/fl;Trp53fl/fl mice promotes
SCLC that recapitulates variant characteristics (5, 13–15, 18).
Importantly, these molecular subtypes are therapeutically relevant
as MYC-driven SCLC is particularly sensitive to inhibition of
Aurora A/B kinases or CHK1 (4, 5, 19, 20). Indeed, a recent clinical
trial with Aurora A inhibitor, alisertib, in relapsed SCLC appeared
to be a failure until patient samples were stratified on the basis of
MYC status (6). Together these studies suggest that SCLC can be
defined on the basis of MYC family member expression with
unique therapeutic vulnerabilities.

Metabolic changes accompanying cell transformation are nec-
essary to meet the metabolic demands of malignant cells, which
include changes in energy formation, biosynthesis, and redox
homeostasis (21). MYC is one of the most frequently deregulated
oncogenes in cancer and is a master regulator of glycolysis,
glutamine metabolism, nucleotide biosynthesis, and other met-
abolic processes (22). mTOR is a serine/threonine kinase that
regulates cell growth, protein translation, and a network of
metabolic changes including lipid and nucleotide biosynthe-
sis (23). mTOR is stimulated by growth factors via the PI3K/AKT
pathway and/or amino acids including arginine, leucine, or
glutamine via the Ragulator complex (24). mTOR inhibitors in
combination with either BCL2 inhibitors, BH3 mimetics, or
chemotherapy have shown efficacy in SCLC cell lines and xeno-
grafts, although these studies did not evaluate MYC status or the
chemo-resistant setting (25–27). In SCLC clinical trials, mTOR
inhibitors did not demonstrate a significant improvement in
outcome either in the first-line setting combined with chemo-
therapy or in the second-line setting as a monotherapy (28–30).
However, these studies did not determine whether MYC status
could stratify patient response.

In addition to promoting mTOR activity, arginine regulates
nitric oxide (NO) generation via nitric oxide synthase (NOS) and
polyamine biosynthesis via ornithine decarboxylase 1 (ODC1;
ref. 31). NO can exhibit both anti- and protumor effects, and has
been shown to regulate angiogenesis, apoptosis, cell cycle, inva-
sion, andmetastasis (32). Polyamines are highly regulated organ-
ic cations that are elevated in proliferating tissues including

various cancers (31). While high polyamine levels are associated
with increased cancer cell proliferation, reduced apoptosis, and
increased expression of metastasis genes, the mechanisms under-
lying these effects have not been well-defined (31). Previous work
demonstrated that a single-variant SCLC cell line was dependent
on polyamine biosynthesis, but it is not clear whether classic
SCLC cells are also dependent (33, 34). Because arginine is the
precursor for NO generation, polyamine biosynthesis, andmTOR
pathway activation, depleting arginine in tumors has been pro-
posed as a therapeutic strategy for cancer. ADI-PEG 20 is a
pegylated version of arginine deiminase (ADI) that depletes
peripheral blood arginine levels and is currently in clinical trials
for multiple cancers including SCLC (35). Argininosuccinate
synthase 1 (ASS1) catalyzes the generation of argininosuccinate,
a precursor in arginine biosynthesis. While ASS1 is a relatively
ubiquitous enzyme, loss of ASS1 causes tumors to be highly
auxotrophic for arginine, and this is correlated with chemoresis-
tance and poor clinical outcomes (36). Accordingly, tumors and
cell lines that lack ASS1 have been shown to be more sensitive to
ADI-PEG 20 (36). In a recent clinical trial of ADI-PEG 20 in
patients with relapsed sensitive or refractory SCLC, most SCLCs
did not demonstrate tumor regression, but 18%(4/22) of patients
exhibited stable disease (NCT01266018). This study did not
evaluate MYC status so it is currently unknown whether SCLC
subtypes have differential responses to arginine depletion.

Here, we used an unbiased metabolomic approach with
mouse and human model systems to define novel metabolic
liabilities that can be therapeutically exploited in MYC-driven
SCLC.

Materials and Methods
Mice

Rb1fl/fl;p53fl/fl;MycT58ALSL/LSL (RPM; JAX stock no. 029971),
Rb1fl/fl;p53fl/fl;Rbl2fl/fl (RPR2), Rb1fl/fl;p53fl/fl;Ptenfl/fl (RPP), and
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG; JAX stock no. 005557)
mice were housed in an environmentally controlled room and
experiments were performed in accordance with University of
Utah's Institutional Animal Care and Use Committee (IACUC).
RPM mice were generated as described previously (5). RPP and
RPR2 mice were provided by D. MacPherson (Fred Hutchinson
Cancer Research Center, Seattle, WA, USA) and J. Johnson (UT
Southwestern, Dallas, TX,USA), respectively (3, 37). At 6–8weeks
of age, anesthetized mice were infected with 108 plaque-forming
units of Ad5-Cgrp-Cre (RPM and RPP) or Ad5-CMV-Cre (RPR2)
viruses (University of Iowa, Iowa City, IA) by intratracheal instil-
lation as described elsewhere (38). Viruses were administered in
a Biosafety Level 2þ room according to Institutional Biosafety
Committee guidelines.

For drug treatment studies, mice were given freshly prepared
cisplatin (5 mg/kg, Sigma catalog no. P4394) in PBS on day 1,
etoposide [8 mg/kg (RPP) or 10 mg/kg (RPM), Sigma catalog no.
E1383] in 70%PEG inwater on day 2 by intraperitoneal injection
and repeated on a weekly basis until sacrifice. Control mice
received PBS with equivalent volumes based on body weight.
From the 5th round of chemotherapy onwards, mice were treated
with etoposide only for toxicity reasons. For RPP treatments, mice
received a 1 week break following two rounds of treatment and
were treated on alternate weeks following the 5th round of
treatment to ameliorate toxicity. Freshly prepared AZD2014
(20 mg/kg, AstraZeneca) in 1% Tween 80 in deionized water was

Translational Relevance

Small-cell lung cancer (SCLC) is a highly aggressive form of
lung cancer with poor overall survival. The standard of care
consisting of combination platinum-based chemotherapy has
remained similar for approximately 40 years. Recent work
suggests that SCLC is a heterogeneous disease comprised of
distinct molecular subtypes. Using a metabolomic approach,
we discovered that the MYC-driven subset of SCLC is highly
dependent on arginine biosynthetic pathways. This metabolic
dependency can be exploited using a clinically relevant
agent to deplete arginine (ADI-PEG 20). In genetically engi-
neered mouse models, the efficacy of ADI-PEG 20 substan-
tially exceeds that of combination chemotherapy specifically
in MYC-driven SCLC. ADI-PEG 20 is also effective in a
MYC-high patient-derived xenograft from a relapsed patient
and in human MYC-high cell line xenografts. These results
suggest arginine depletion as a potential therapeutic strategy
for MYC-high SCLC.
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administered orally on a 2 day on/5 day off regimen from day 1
until sacrifice. ADI-PEG 20 (5 IU, Polaris) was administered via
intraperitoneal injections once aweek. Because of their differences
in tumor growth rate, RPM mice were imaged twice a week,
whereas RPP mice were imaged once weekly during the course
of treatment. For survival studies, endpoints include but are not
limited to: difficulty breathing, eating ormoving, obvious signs of
pain, orweight loss>20%of initial bodyweight. For the xenograft
experiments, 3–5 � 106 cells were suspended in a 1:1 mixture of
Matrigel (BD Bioscience catalog no. 356237) and RPMI, and then
implanted into the flanks of NSG mice. Treatment was initiated
once tumor volume reached 100–200 mm3 with an identical
treatment regimen to the RPMmice. Mice were sacrificed once the
tumor volume reached 2,000 mm3 or when mice exhibited any
sign of distress.

Patient-derived xenograft derivation
All patients were consented for the collection of human speci-

mens, and approved by the University of Utah Institutional
Review Board (IRB_00010924 or IRB_00089989) in accordance
with the U.S. Common Rule. Patient-derived xenograft (PDX)
implantation was conducted under a protocol approved by the
University of Utah's IACUC. PDXCTC (HCISCLC002, 003, 008,
009, 010, 011, and 015): circulating tumor cells (CTC) were
enriched from 10–30 mL of whole blood collected in EDTA
Vacutainers (BD Biosciences catalog no. 366643). White blood
cells and red blood cells (RBC)were cross-linked using RosetteSep
Cocktail (StemCell Technologies, catalog no. 15127) and CTCs
were separated by density gradient centrifugation using Lympho-
prep (StemCell Technologies, catalog no. 7801). The enriched
CTCs were resuspended in 100 mL of Matrigel (Corning, catalog
no. 47743-715) and injected subcutaneously into NSG mice.
PDXEBUS (HCISCLC004): endobronchial ultrasound-guided
transbronchial needle aspirate (EBUS-TBNA) specimens were
obtained according to standard clinical protocols. The EBUS-
TBNA specimen was processed by adding ice-cold, sterile PBS to
a total volume of 500 mL, centrifuged, and resuspended in 5mL of
PBS supplemented with 2% FBS and placed on ice. To remove
RBCs, the specimen was incubated with 25 mL of 1� ACK
(Ammonium-Chloride-Potassium) lysing buffer for 5 minutes at
room temperature, centrifuged, and washed with 5 mL of PBS
with 2% FBS. Subsequently, the specimen was centrifuged, PBS
was removed, and tissue was combined with 100 mL volume of
ice-coldMatrigel and allowed to solidify for 5minutes at 37�C. To
generate the PDX, EBUS-TBNA–derived tissue embedded in
Matrigel was implanted subcutaneously into the flank of NSG
mice. PDXSURGERY (HCISCLC0012): tumor tissue was harvested
into serum-free DMEM and kept at 4�C. The tumors were cut into
3� 3mmfragments and implanted subcutaneously into theflank
of NSG mice. Successfully engrafted PDX tumors were further
passaged into NSG mice for expansion and analysis. Confirma-
tion that PDX tumors are of human origin was verified with
human-specific antimitochondrial IHC (Abcam, catalog no.
ab92824). Xenograft-associated lymphoproliferative disorders
were ruled out with human-specific CD45 IHC (Santa Cruz
Biotechnology, catalog no. sc-18901). SCLC histopathology was
confirmed by pathologists. For drug studies involving PDX,
treatment was initiated once the tumor volume reached 100–
200 mm3 with an identical treatment regimen to the RPM mice.
Mice were sacrificed once the tumor volume reached 2,000 mm3

or when mice exhibited any signs of distress.

Cell lines
Cell lines were cultured in RPMI or HITES supplemented with

10% FBS and 1% penicillin/streptomycin. GLC1, GLC8, NCI-
H1092, NCI-H2141, and SBC4 were kindly provided by M. Sos
(Cologne). NCI-H82, NCI-H524, NCI-H446, NCI-H889, and
NCI-H69 were obtained from ATCC. NCI-H1963 was kindly
provided by R. Govindan (Washington University, St. Louis,
MO, USA) and H1048 and DMS53 were kindly provided by
D. MacPherson. Cell lines were tested for Mycoplasma contami-
nation using e-Myco PCR Detection Kit (Bulldog Bio: 25233) in
March, 2019. GLC1, GLC8, H69, H82, H446, H524, H1092,
H2141, and SBC4 were authenticated by short tandem repeat
(STR) profiling in June, 2017. DMS53, H1048, H889, and H1963
were validated by STR profiling in February, 2018. Multiple vials
of cell lines were cryopreserved upon acquisition and the cells
were passaged for no more than 6 months in culture.

Nutrient deprivation assays
For amino acid withdrawal assays, 2.5–5 � 103 cells were

seeded in aflat-bottom96-well plate overnightwith 5–6 technical
replicates. The following day, the culture medium was changed
either to complete RPMI or arginine-, leucine-, or glutamine-
depleted RPMI. Cell viability was measured using CellTiter-Glo
(CTG; Promega) 72 hours postdepletion. For chemo-resistant cell
lines, 10–15� 104 cells were seeded in 6-well plates and counted
at 0 and 72 hours using Countess II (AMQAX1000) and results
depicted as relative viability. Arginine- or leucine-depleted RPMI
was prepared by using RPMI-1640 medium without L-arginine,
L-leucine, and L-lysine powder, supplemented with additional
nutrients to obtain complete RPMI media or arginine/leucine-
depleted RPMI (US Biologicals R8999-03A). Glutamine-depleted
RPMI was prepared using RPMI-1640 medium without L-gluta-
mine powder (Corning 90-022), supplemented with or without
glutamine to obtain complete RPMI or glutamine-depleted
RPMI, respectively. L-arginine (BP-370), L-leucine (BP-385), and
L-lysine hydrochloride (BP-386) were acquired from Thermo
Fisher Scientific, L-glutamine (25030-81) from Invitrogen, and
putrescine dihydrochloride (P-5780) and L-citrulline (C7629)
from Sigma-Aldrich.

Immunoblot antibodies
Primary antibodies for immunoblot include: MYC (Cell Sig-

naling Technology, catalog no.13987, 1:1,000), MYCN (Santa
Cruz Biotechnology sc-791, 1:200), ODC1 (EMD Millipore,
MABS36, 1:100), ASCL1 (BD Bioscience, BDB556604, 1:300),
phospho-4EBP1 (Cell Signaling Technology, catalog no.2855,
1:1,000), 4EBP1 (Cell Signaling Technology, catalog no.9644,
1:2,000), phospho-S6 (Cell Signaling Technology, catalog
no.2211, 1:1,000), S6 (Cell Signaling Technology, catalog
no.2217, 1:1,000), phospho-H2AX (Cell Signaling Technology,
catalog no.9718, 1:1000), PARP (Cell Signaling Technology,
catalog no.9532, 1:1,000), ASL (Abcam, catalog no. 201026),
ASS1 for mouse tumors (Abcam, catalog no.170952, 1:1,000),
ASS1 for human PDX and cell lines (Polaris Pharmaceuticals,
1:1,000), and HSP90 (Cell Signaling Technology, catalog no.
4877, 1:1,000).

Cell viability assays
A total of 2.5–5� 103 cells were seeded per well in triplicate in

white, flat-bottom 96-well plates. The next day, cells were treated
to generate 8-point dose–response curves with increasing doses of
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L-NG-nitroarginine methyl ester (L-NAME; Sigma catalog no.
N5751), DFMO (Santa Cruz Biotechnology catalog no.
252762), AZD8055 (Selleckchem catalog no. S1555), or
AZD2014. After 96hours of treatment, cell viabilitywasmeasured
using CTG reagent on a luminometer. For assays involving che-
motherapy, the cells were treated with cisplatin or etoposide.
AZD2014, cisplatin, and etoposide used for in vitro studies were
identical to those used for in vivo studies. After 48 hours of
treatment, cell viability was measured using CTG reagent on a
luminometer. Normalized, transformed dose–response curves
were generated and analyzed using GraphPad Prism (GraphPad)
to determine EC50 for each compound. Nontargeting siRNAs
(D-001810) or those targeting ODC1 (L-006668-00) or MYC
(L-003282-02) were acquired from Dharmacon. X-treme gene
siRNA transfection reagent (4476093001) was acquired from
Sigma-Aldrich. siRNAs were used at 100 nmol/L concentration
and cells were transfected following the manufacturer's
guidelines.

Statistical analysis
GraphPad Prism was used to perform statistical analyses.

Survival studies were analyzed using log-rank (Mantel–Cox) test.
Error bars represent mean � SD unless otherwise indicated. For
the statistical analysis of the in vitro drug treatments or tumor
burden, column analysis was performed using Student unpaired
t test with P < 0.05 considered statistically significant. For tumor
growth in vivo over time, two-way ANOVA was performed with
Greenhouse–Geisser correction with or without Sidak multiple
comparison test as indicated in figure legends.

Other methods
The details of other methods including metabolomics, immu-

noblot, ChIP-seq, RNA-seq, IHC, drug screen bioinformatic data,
plasmids, and microCT imaging are given in the Supplementary
Materials and Methods.

Results
MYC-driven SCLC is metabolically distinct from MYCL-driven
SCLC with enrichment of arginine biosynthetic pathways

Our laboratory recently developed a MYC-driven GEMM of
SCLC that is molecularly distinct from MYCL-associated
GEMMs (5). We sought to determine whether these distinct
subtypes of SCLC have unique metabolic profiles that could
imply new therapeutic vulnerabilities. To test this, we analyzed
the abundance of approximately 120 metabolites by steady state
metabolomics comparing MYC-driven tumors from Rb1fl/fl;
p53fl/fl;MycT58ALSL/LSL (RPM) mice to MYCL-driven tumors from
Rb1fl/fl;p53fl/fl;Ptenfl/fl (RPP) mice (16, 5, 37). We previously
showed that RPM tumors express higher levels of MYC and
NEUROD1 and exhibit variantmorphology, whereas RPP tumors
express higher levels of Mycl and ASCL1 and exhibit classic
morphology (5). Because RPP mice also develop non–small cell
lung cancer (18), we restricted our analysis to tumors with SCLC
histology verified by hematoxylin and eosin sections from the
corresponding tumor. Principal Component Analysis (PCA)
revealed that RPM tumors are metabolically distinct from RPP
tumors (n¼9 tumors per genotype in technical triplicate; Fig. 1A).
Supervised analysis identified significantly altered metabolites
[variable importance in projection (VIP) score > 1] in each
subtype (Fig. 1B). Approximately the samenumber ofmetabolites

were relatively accumulated versus depleted in the RPM tumors,
indicating complex metabolic changes between the genotypes.
We further identified metabolites significantly upregulated in
RPM tumors compared with RPP tumors and these included
multiple components of arginine biosynthesis and nucleotide
metabolism pathways (Supplementary Fig. S1A). Metabolite set
enrichment analysis (MSEA) of this dataset identified "nucleotide
metabolism", "arginine and proline metabolism", and "urea
cycle" as some of the top potentially altered pathways in RPM
tumors (Fig. 1C).We recently showed that nucleotidemetabolism
is differentially altered in MYC-driven SCLC (39), and thus focus
on arginine metabolism here. Next, we explored whether these
patterns were reflected at the gene expression level. Using publicly
available datasets (5), we performed gene set enrichment analysis
(GSEA) comparing RPM tumorswithRb1fl/fl;p53fl/fl;Rbl2fl/fl (RPR2)
tumors, a secondMYCL-drivenmodel of SCLC that also expresses
highMycl and ASCL1 (40). According to GSEA, genes involved in
"arginine andprolinemetabolism"were significantly upregulated
in RPM compared with RPR2 tumors (Supplementary Fig. S1B).
Together these data demonstrate that SCLC subtypes driven by
different MYC family members have distinct metabolic profiles
with altered arginine biosynthetic pathways.

On the basis of the metabolite and gene expression data, we
tested whether human cell lines representing MYC- (n ¼ 4),
MYCL- (n ¼ 3–4), or MYCN- (n ¼ 2) driven subsets of SCLC
(Supplementary Fig. S1C) exhibit differential responses to argi-
nine withdrawal in vitro. Human SCLC cells were grown in
complete media overnight. The following day, cells were changed
to either complete media or amino acid–depleted media and
assessed for proliferation after 72 hours. Interestingly, MYC-
driven cell lines were much more sensitive to arginine depletion
than MYCL- or MYCN-driven cell lines (Fig. 1D). To determine
whether this dependency was specific to arginine, we depleted
cells of either glutamine or leucine. While glutamine and leucine
depletion both caused a reduction in cell growth in MYC-driven
cells compared with MYCL-driven cells, the magnitude of this
effect was minimal compared with arginine (Fig. 1E and F).

MYC-driven SCLC cells are sensitive to inhibition of polyamine
biosynthesis and the mTOR pathway

Because MYC-driven SCLC cells exhibited a strong dependency
on arginine, we sought to determine the function of arginine that
cells may be reliant upon. Arginine regulates NO synthesis
through NOS, polyamine biosynthesis through ODC1 (31), and
mTOR pathway activation through the Ragulator complex
(ref. 41; Fig. 2A). In an attempt to separate these functions of
arginine, we treated cells of each SCLC subtype with established
inhibitors against NOS, ODC1, or the mTOR pathway (Fig. 2A).
MYC-driven cell lines were technically more sensitive than
MYCL- and MYCN-driven cells to NOS inhibition with L-NAME
(Fig. 2B). However, this required extremely high doses of
L-NAME (>4,000 mmol/L) that are not physiologically relevant.
Similarly, MYC-driven cell lines were more sensitive to ODC1
inhibition by D, L-alpha-difluoromethylornithine (DFMO) than
MYCL- or MYCN-driven cell lines, although these doses were also
relatively high (100–600 mmol/L; Fig. 2C). ODC1 appears to be
the major target of DFMO as cell viability upon DFMO treatment
is rescued by addition of putrescine (Fig. 2D). To further test the
role of ODC1 in MYC-driven SCLC, we knocked down ODC1
using pooled siRNAs. Upon treatment with ODC1 siRNAs, MYC-
driven cell lines exhibited reducedproliferation at 48and72hours
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posttreatment, whereas there was no effect on aMYCL-driven cell
line (Fig. 2E and F), suggesting that MYC-driven cells are prefer-
entially dependent on polyamine biosynthesis.

To test the cells reliance on the mTOR pathway, we used the
mTORC1/2 ATP-competitive inhibitors AZD8055 and AZD2014,

which are close analogues of each other. MYC- andMYCN-driven
cell lines displayed a striking sensitivity to mTOR pathway inhi-
bition with low nanomolar EC50s (50–750 nmol/L) compared
withmicromolar EC50s inMYCL-driven cell lines (Fig. 2G andH).
We did not observe any subtype-specific differences in mTOR

Figure 1.

MYC-driven SCLC is metabolically distinct fromMYCL-driven SCLC with enrichment of arginine biosynthetic pathways. A, PCA of the metabolic signatures from
RPM and RPPmurine lung tumors. Nine individual tumors of each genotype were divided into three samples for technical replicates. B, Significantly altered
metabolites between RPM and RPP tumors from Awith VIP score (VIP > 1). Metabolites involved in arginine biosynthesis are marked in red. Relative metabolite
abundance is indicated in the bar, with red representing relative accumulation and green representing relative depletion. C,MSEA of metabolites significantly
upregulated in RPM compared with RPP tumors derived from B. Relative cell viability measured by CTG assay in response to depletion of arginine (D), glutamine
(E), or leucine (F) in human SCLC cell lines (individual cell lines and grouped by genotype) measured in 4–6 replicates, 72 hours post amino acid withdrawal.
Mean� SD of n¼ 2–5 experiments. Two-tailed unpaired t test; ns¼ not significant (� , P¼ 0.013; �� , P¼ 0.0045; ��� , P� 0.0004; ���� , P < 0.0001).
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pathway activation as assessed by immunoblot for p4EBP1 and
pS6 (Supplementary Fig. S2A), suggesting that the basal state of
the pathway does not explain this result. To test whether arginine
directly regulates the mTOR pathway in these cells, we analyzed
cells at multiple timepoints following arginine depletion. While
arginine depletion strikingly reduced mTOR pathway levels in

MYC-driven cell lines, the effects were not as pronounced in
MYCL- and MYCN-driven cell lines (Supplementary Fig. S2B).
In addition, we also observed an increase in DNA damage and
apoptosismarkers inMYC-driven cells comparedwithMYCL- and
MYCN-driven cells following arginine depletion (Supplementary
Fig. S2B). We further validated the specificity of our findings by

Figure 2.

MYC-driven SCLC cells are sensitive to inhibition of polyamine biosynthesis and the mTOR pathway. A, Schematic of arginine biosynthetic pathways with
indicated pharmacologic inhibitors used near red bars. EC50 values of SCLC cell lines (individual and grouped by genotype) treated with L-NAME (B) or DFMO
(C) in triplicate for 96 hours. Mean� SD for n¼ 2–6 experiments. D, Relative cell viability in response to 1 mmol/L DFMOwith or without 1 mmol/L putrescine in
MYC-driven H82 (left) and H446 (right) cells seeded in triplicate for 96 hours. Mean� SD, n¼ 2 experiments. E, Relative cell viability following treatment with
nontargeting (CTRL) orODC1 siRNAs at indicated timepoints. Mean� SD, n¼ 2 experiments. F,ODC1 protein levels following treatment with nontargeting CTRL
(�) orODC1 siRNAs (þ) at 72 hours assessed by immunoblot. HSP90 serves as loading control. EC50 values of SCLC cell lines (individual and grouped by
genotype) treated with AZD8055 (G) or AZD2014 (H) in triplicate for 96 hours. Mean� SD for n¼ 2–6 experiments. #, verifiedmutation in the PI3K/AKT
pathway in the indicated cell lines. H446 cells harbor loss of PTEN andmTORmutation (missense), whereas H69 cells have an activating PIK3CAmutation.
Two-tailed unpaired t test; ns, not significant (� , P¼ 0.0182; �� , P < 0.0013; ���� , P < 0.0001).
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withdrawing leucine from ourmedia and testing its role inmTOR
pathway regulation. We observed that, unlike arginine depletion,
leucine depletion did not exhibit a striking reduction in mTOR
pathway levels in MYC-driven cells (Supplementary Fig. S2C).

A recent NCI drug screen profiled the effects of 526 small-
molecule inhibitors on the proliferation of 65 SCLC cell lineswith
associated gene expression data (42). To confirm our findings in
an independent dataset, we classified these cell lines based on
high or low MYC expression and analyzed drug responses. We
found that human cell lines with high MYC expression demon-
strated an increased sensitivity to multiple mTORC1/2 and dual
PI3K/mTOR inhibitors including AZD8055 and AZD2014 (Sup-
plementary Fig. S2D). We did not find known NOS or ODC1
inhibitors included in this drug screen. Together, these results
indicate that MYC-driven SCLC cells have increased dependency
on arginine and its regulated pathways including polyamine
biosynthesis and mTOR.

To determine whether these vulnerabilities were simply asso-
ciated with proliferation rates, we measured cell doubling times
by manually counting the cells at multiple timepoints. While
MYC-driven cells had significantly increased proliferation rates in
general (Supplementary Fig. S2E),MYC-highH524 cells exhibited
drug sensitivity despite relatively slowproliferation. Furthermore,
when cells were treated with a different metabolic inhibitor,
2-deoxy-D-glucose, we did not observe genotype-specific sensitiv-
ity (Supplementary Fig. S2F). Together, this suggests that MYC
status, not necessarily proliferation rate per se, correlates with
sensitivity to arginine withdrawal, polyamine biosynthesis, and
mTOR pathway inhibition.

Chemo-resistant SCLC cells are metabolically distinct from
chemo-na€�ve cells and depend on arginine, polyamine
biosynthesis, and the mTOR pathway

Chemoresistance is one of themajor barriers to SCLC treatment
in the clinic. To determine whether metabolic changes occur
during chemoresistance, we established two matched pairs of
human chemo-resistant cell lines: DMS53 and H1048 (43).
DMS53 is considered to be a MYCþ/ASCL1-high cell line that
clusters with classic SCLC cell lines exhibiting neuroendocrine
features (5) consistent with our immunoblot results (Fig. 3A).
While a published report suggests that H1048 is a MYC-low cell
line (44), RNA-seq from another published report describes
H1048 as having similar MYC expression as DMS53 (42). More
recent reports suggest that H1048 expresses the POU2F3 tran-
scription factor and is negative for ASCL1 and NEUROD1, repre-
senting a variant form of SCLC associated with the tuft cell
lineage (45). Both cell lines were treated with effective concentra-
tions at 20% viability doses of cisplatin, etoposide, or both (the
standard of care in SCLC) repeatedly until they acquired stable
resistance. While H1048 acquired stable resistance against cis-
platin and etoposide, DMS53 failed to acquire stable resistance to
etoposide even after 16 doses, consistent with the notion that
these cells are inherently etoposide resistant (46). In general, once
the cell lines became resistant to one agent, they exhibited cross-
resistance to the other chemotherapy—mimicking trends seen in
the human disease (Supplementary Fig. S3A). To analyze meta-
bolic differences between chemo-na€�ve and chemo-resistant cell
lines, we performed unbiasedmetabolite profiling as in Fig. 1.We
used etoposide/cisplatin-resistant cells (ECR) for H1048, and the
cisplatin-resistant cells (CR) for DMS53 because we could not
generate ECR for this line. PCA revealed that resistant cells are

metabolically distinct fromparental cells (Fig. 3B; Supplementary
Fig. S3B and S3C). MSEA using significantly upregulated meta-
bolites (VIP score>1) revealed that someof the potentially altered
pathways in chemo-resistant cells are protein and amino acid
biosynthesis pathways including "arginine and proline metabo-
lism" and "urea cycle" (Fig. 3C and D). Together this suggests that
chemo-resistant SCLC cells are metabolically distinct from che-
mo-na€�ve cells.

To test whether chemo-resistant cells are also dependent on
exogenous arginine, we depleted arginine from parental and
chemo-resistant cell lines. As observed in MYC-driven cells, che-
mo-resistant SCLC cells were much more sensitive to arginine
withdrawal compared with chemo-na€�ve cells (Fig. 3E). Chemo-
resistant cells also exhibited preferential sensitivity to glutamine
and leucine withdrawal but not to the same extent as arginine
(Fig. 3F and G). The differences in amino acid responses observed
with H1048 and DMS53 parental cells compared with cells used
in Fig. 1 might be attributed to the different molecular subtypes
of the cell lines used (9). Overall, these data indicate that
chemo-resistant cells demonstrate an altered metabolic profile
and increased arginine dependency similar to chemo-na€�ve
MYC-driven cells.

Because chemo-resistant cells displayed an increased depen-
dency on arginine, we sought to explore the role of arginine using
inhibitors to NO generation, polyamine biosynthesis, and the
mTOR pathway. Chemo-resistant cells were not more sensitive
than parental cells to NOS inhibition with L-NAME, suggesting
that NOS is not involved in chemoresistance (Supplementary
Fig. S3D). In contrast, ODC1 inhibition by DFMO significantly
inhibited growth of chemo-resistant cells (Fig. 3H), indicating
that chemo-resistant cells are dependent on polyamine biosyn-
thesis similar to chemo-na€�veMYC-driven SCLC cells. We did not
observe differences in ODC1 levels across parental and chemo-
resistant lines, indicating that the need for polyamines rather than
ODC1 levels may dictate DFMO sensitivity in chemo-resistant
cells in culture (Supplementary Fig. S3E).

Next, we tested whether chemo-resistant cells demonstrate
preferential sensitivity to mTOR pathway inhibition using
AZD8055 and AZD2014. Compared with the chemo-na€�ve
MYC-driven SCLC cells, mTOR inhibitors exhibited a relatively
modest inhibition of cell growth in chemo-resistant cells (Sup-
plementary Fig. S3F). Parental H1048 cells harbor an activating
PIK3CA mutation that may explain their lack of increased sensi-
tivity to mTOR inhibitors upon chemoresistance (47). We
hypothesized that mTOR activation may be particularly impor-
tant during the stress response of chemotherapy. To test this, we
treated parental and chemo-resistant cells with mTOR inhibitors
combined with cisplatin or etoposide. Combining mTOR path-
way inhibition with either cisplatin or etoposide dramatically
sensitized chemo-resistant cells to chemotherapy, often to levels
comparable with the chemo-na€�ve cells (Fig. 3I–L). mTOR path-
way activity was upregulated in both sets of chemo-resistant cells
as indicated byphosphorylated 4EBP1,whereas pS6 levels did not
change (Supplementary Fig. S3G). These results suggest that
mTOR pathway activity protects chemo-resistant cells from che-
motherapy. Given that the chemo-resistant cells demonstrated
similar metabolic liabilities as the MYC-driven cell lines, we
analyzed chemo-na€�ve and -resistant cells for MYC protein levels.
Immunoblotting revealed that the chemo-resistant cells had
acquired increased levels ofMYC (Fig. 3A). Together, this suggests
that MYC expression and its associated metabolic vulnerabilities
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Figure 3.

Chemo-resistant SCLC is metabolically distinct from chemo-na€�ve SCLC and exhibits dependency on arginine, polyamine biosynthesis, and the mTOR pathway.
A,MYC and ASCL1 protein levels in H1048 parental (P) and ECR H1048 and DMS53 CR cell lines as assessed by immunoblot. MYC protein levels in chemo-
resistant cell lines relative to HSP90 are normalized to parental cells and indicated under the blots. B, PCA of the metabolic signatures from H1048 parental
versus H1048 ECR (left) and DMS53 versus DMS53 CR (right) cell lines. n¼ 3 biological replicates per cell line. MSEA of metabolites significantly upregulated in
H1048 ECR (C) or DMS53 CR (D) compared with chemo-na€�ve cells (P) of each line. Relative cell viability in response to depletion of arginine (E), glutamine (F), or
leucine (G) in H1048 parental versus ECR (left) and DMS53 parental versus CR (right) measured in duplicate, 72 hours post amino acid withdrawal. Mean� SD for
n¼ 2–4 experiments. H, EC50 values for H1048 parental versus ECR and DMS53 parental versus CR cell lines treated with DFMO. Mean� SD for n¼ 2
experiments. EC50 values for cisplatin and etoposide in combination with AZD8055 or AZD2014. H1048 parental versus H1048 ECR (I and K) and DMS53 versus
DMS53 CR (J and L) in triplicate treated for 48 hours. Mean� SD for n¼ 2 experiments. Two-tailed unpaired t test; ns, not significant (� , P < 0.02; �� , P < 0.002;
��� , P < 0.0008; ���� , P < 0.0001).
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may be enriched during chemotherapy resistance, although we
did not determine that the metabolic vulnerabilities depend on
MYC alone.

MYCdirectly regulates themetabolic dependencies observed in
MYC-driven SCLC cells

Because MYC-driven SCLC cells exhibited a strong dependency
on arginine, polyamine biosynthesis, and mTOR pathway, we
decided to investigatewhetherMYChad a causal role in regulating
these dependencies. We used doxycycline-inducible short hairpin
RNA (shRNA) to silence MYC gene expression. In MYC-driven
H82 andH446 cells, we observed thatMYC shRNA led to a partial
reduction in MYC protein levels in a time-dependent manner
(Fig. 4A). MYC knockdown reversed the metabolic dependency
on arginine similar to levels seen in MYCL-driven lines (Fig. 4B).
The observed effects were specific to MYC as we did not observe
reduction in MYC protein levels or a reversal in arginine depen-
dency upon knockdown with a nontargeting RENILLA shRNA
(Fig. 4C and D). Next, we assessed whether MYC knockdown
altered the sensitivity of cells to DFMO or mTOR inhibitor
treatment. MYC knockdown led to a partial reversal in DFMO
sensitivity in both H82 and H446 cells (Fig. 4E and F). MYC
knockdown led to amodest but significant increase in EC50 values
for mTOR inhibitors in H82 but not H446 cells (PTEN loss,
missense mutation in mTOR; Fig. 4G–J). Together, these results
suggest that MYC at least partially regulates the metabolic depen-
dencies observed in MYC-driven SCLC cells.

To better understand the mechanism of these therapeutic
liabilities, we assessed levels of the key proteins involved in each
pathway including ASS1, ODC1, and markers of mTOR pathway
activation. BothASS1 andODC1have previously been implicated
as MYC targets (48, 49). Given the dependency of MYC-driven
cells on exogenous arginine, we reasoned that they may have low
levels of ASS1 and thereby be unable to generate sufficient
arginine in its absence. In contrast to our expectations, MYC-
driven cell lines expressed ASS1, whereas MYCL-driven cells had
substantially less ASS1 (Supplementary Fig. S4A). Arginine-
deprived cells were partially or fully rescued upon citrulline
addition consistent with ASS1's ability to convert citrulline back
to arginine (Supplementary Fig. S4B). We were surprised that
MYCL-driven cells were notmore sensitive to argininewithdrawal
given their low ASS1 levels, so we questioned whether MYCL-
driven cells could induce ASS1 in culture. To test this, we depleted
arginine in MYCL-driven H1963 cells and assessed ASS1 at
multiple timepoints. Arginine depletion significantly induced
ASS1 as early as 8 hours and this continued to increase over
48 hours (Supplementary Fig. S4C). These results demonstrate
that arginine availability can regulate ASS1 levels, and that basal
ASS1 expression in cell culture may not be sufficient to predict
arginine dependency.

Next, we assessed ODC1 levels across the panel of human cell
lines. We did not observe subtype-specific differences in ODC1
levels as assessed by immunoblot, indicating that the need for
polyamines rather than ODC1 levels may dictate DFMO sensi-
tivity in MYC-driven cell lines in culture (Fig. 4K). To assess this
further in tumors, we analyzed chromatin immunoprecipitation–
sequencing data from MYC-driven SCLC mouse tumors. As
expected from published studies (48), MYC bound the promoter
region ofOdc1 in vivo (Supplementary Fig. S4D). Consistent with
Odc1 being a transcriptional target of MYC, Odc1 expression was
significantly higher in RPM tumors compared with RPR2 tumors

(Supplementary Fig. S4E). Furthermore, gene expression data
from human SCLC tumors revealed that MYC and ODC1 levels
are positively correlated (Supplementary Fig. S4F). In contrast,
markers of mTOR pathway activity did not differ according to
MYC status in human cell lines (Supplementary Fig. S2A). MYC
knockdown led to a subtle reduction in ODC1 levels in H82 cells,
but notH446 cells, in a time-dependentmanner, but hadno effect
on mTOR pathway levels as measured by phospho-S6 and phos-
pho-4EBP1 in either cell line (Supplementary Fig. S4G and S4H).
Thus, it is possible that increased polyamine biosynthesis through
ODC1 levels and/or activity in MYC-driven tumors may explain
the increased dependency on polyamines. This is further sup-
ported by the observation that cell viability upon ODC1 inhibi-
tion with DFMO is rescued by addition of putrescine (Fig. 2D). In
addition, supplementation of putrescine reversed mTOR inhib-
itor sensitivity inMYC-driven cell lines indicated by the increase in
EC50 values (Supplementary Fig. S4I), suggesting a possible role
of the mTOR pathway in regulating polyamine biosynthesis in
SCLC. Together this suggests that MYC promotes metabolic
dependencies in SCLC and this is at least partially through its
regulation of polyamine biosynthesis genes such as ODC1.

Finally, we investigated whether MYC had a causal role in
regulating the metabolic dependencies observed upon chemore-
sistance. We used pooled siRNAs to knockdown MYC in our
chemo-resistant cell lines because these cells were difficult to
infect. Upon treatment with MYC siRNAs, we observed a partial
reduction in MYC protein levels over time (Fig. 4L). MYC knock-
down in chemo-resistant cells led to a partial but statistically
significant reversal in their arginine dependency (Fig. 4M). Alto-
gether, these results suggest at least a partial role for MYC in
regulating arginine dependency in relapsed SCLC.

MYC-driven mouse tumors are highly sensitive to arginine
depletion in vivo

We next sought to determine whether our in vitro findings
could be recapitulated in the preclinical RPM (MYC-driven)
and RPP (MYCL-driven) mouse models of SCLC. We decided to
test the mTOR inhibitor, AZD2014, as it is currently undergoing
phase I and II clinical trials for SCLC (NCT03106155 and
NCT03366103). To determine the efficacy of AZD2014 in vivo,
RPM and RPP mice were infected with Ad5-Cgrp-Cre to initiate
tumors in neuroendocrine cells, and then monitored for tumor
development by microCT imaging. Consistent with published
studies, RPM mice developed tumors approximately 6 weeks
postinfection, whereas RPPmice developed tumors approximate-
ly 4–5 months postinfection. Upon tumor detection, mice were
randomly assigned tooneof four treatment groups: control (PBS),
chemotherapy (5 mg/kg cisplatin and 8–10 mg/kg etoposide, i.
p.), AZD2014 (20 mg/kg, p.o), or AZD2014 plus chemotherapy.
Etoposide at 10mg/kg in combination with 5mg/kg cisplatin led
to toxicity in RPP mice, and was adjusted to 8 mg/kg etoposide.
Etoposide at 8 mg/kg with 5 mg/kg cisplatin lacked efficacy in
RPMmice (Supplementary Fig. S5A), so etoposidewas adjusted to
10mg/kg in RPMmice. In RPPmice, combination chemotherapy
significantly prolonged survival as expected (Supplementary Fig.
S5B). AZD2014 monotherapy, however, did not improve overall
survival of RPPmice compared with PBS control (Supplementary
Fig. S5B). RPPmice treatedwithAZD2014plus chemotherapy did
not demonstrate an improvement in overall survival when com-
pared with mice treated with chemotherapy alone (Supplemen-
tary Fig. S5B), suggesting that mTOR inhibition is ineffective in
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Figure 4.

The metabolic vulnerabilities observed in MYC-driven SCLC cells depend on MYC. A, Immunoblot of MYC levels following doxycycline (doxy)-inducibleMYC
shRNA knockdown in H82 (left) and H446 (right) cells at indicated timepoints compared with doxycycline-treated uninfected cells. B, Relative cell viability in
response to arginine depletion in uninfected (doxycycline-treated) or H82-shMYC cells (left) and H446-shMYC cells (right) measured in 4–6 replicates, 72 hours
postwithdrawal, compared with H1092 (MYCL-associated) cells at the indicated timepoints of doxycycline treatment. Mean� SD, n¼ 2–3 experiments. C,
Immunoblot of MYC levels following doxycycline-inducible RENILLA shRNA knockdown in H82 (left) and H446 (right) cells at indicated timepoints. D, Relative
cell viability in response to arginine depletion in H82-shRENILLA cells (left) and H446-shRENILLA cells (right) measured in 4–6 replicates, 72 hours
postwithdrawal as in B. Mean� SD, n¼ 2–3 experiments. EC50 values or relative cell viability of H82-shMYC (top) and H446-shMYC (bottom) cells treated with
DFMO (E and F), AZD8055 (G and H), or AZD2014 (I and J) in triplicate for 96 hours. Mean� SD, n¼ 2–3 experiments. K,MYC and ODC1 protein levels by
immunoblot in human cells grouped by MYC status. L,MYC protein levels following treatment with nontargeting CTRL (�) orMYC (þ) siRNAs at indicated
timepoints assessed by immunoblot. H1048 ECR (left) and DMS53 CR (right).M, Relative cell viability in response to arginine depletion following treatment with
nontargeting CTRL (�) orMYC (þ) siRNAs, measured in 2–5 replicates, 72 hours postwithdrawal. Mean� SD, n¼ 3 experiments. H1048 ECR (left) and DMS53 CR
(right). A–J, H82, H446, and MYCL (H1092) cells were treated with doxycycline corresponding to the longest timepoint in the assay. HSP90 serves as loading
control for all immunoblots. Two-tailed unpaired t tests (� , P¼ 0.0248; �� , P < 0.0045; ��� , P < 0.0001; ���� , P < 0.0001).
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RPP mice. In RPM mice, chemotherapy significantly improved
overall survival similar to and consistentwith our previous studies
(Supplementary Fig. S5C). Unlike in RPP mice, AZD2014 mono-
therapy caused a subtle but significant improvement in median
survival of RPM mice compared with controls (Supplementary
Fig. S5C). Furthermore, the combination of AZD2014 and che-
motherapy modestly but significantly improved the overall sur-
vival of RPM mice beyond that of chemotherapy alone (Supple-
mentary Fig. S5C). Asmeasured bymicroCT imaging, control and
AZD2014-treated mice exhibited a rapid increase in lung tumor
volume following tumor detection (Supplementary Fig. S5D and
S5E). Mice receiving AZD2014 plus chemotherapy demonstrated
statistically significant tumor stasis compared with chemothera-
py-treated mice (Supplementary Fig. S5D). Over the course of
19 days of treatment, AZD2014 alone did not reduce tumor
growth compared with control, but approximately 50% of the
AZD2014 plus chemotherapy-treated mice exhibited stable dis-
ease comparedwith only approximately 12%ofmice treatedwith
chemotherapy alone (Supplementary Fig. S5F). Following day 19,
even tumors treated with combination chemotherapy and
AZD2014 had rapidly rebounded.

While these studies demonstrate that AZD2014 with chemo-
therapy is more effective than chemotherapy in first-line treat-
ment of MYC-driven SCLC, it is not clear whether this strategy is
effective in relapsed disease. While tumors in RPM mice exhibit
resistance following chemotherapy (5), their extremely rapid
growth rate makes it difficult to address this question in this
model.

Because arginine is required for polyamine biosynthesis and
mTOR pathway activation, strategies to deplete arginine such as
ADI-PEG 20 could represent an effective therapy for MYC-driven
SCLC. To test this, MYC-driven RPM and MYCL-driven RPP and
RPR2 mice were randomly assigned to treatment groups upon
tumor detection. RPR2 and RPP mice were assigned to control
(PBS) or ADI-PEG 20 (5 IU, i.p.). RPM mice were assigned to
control, ADI-PEG 20, chemotherapy (5 mg/kg cisplatin and
10 mg/kg etoposide, i.p.), or ADI-PEG 20 plus chemotherapy.
ADI-PEG 20 monotherapy did not improve overall survival of
RPP or RPR2 mice compared with PBS control (Fig. 5A and B),
suggesting that arginine depletion is not effective inMYCL-driven
tumors. Remarkably, in RPMmice, ADI-PEG 20monotherapy led
to a dramatic improvement in overall survival beyond that of
combination chemotherapy (Fig. 5C). ADI-PEG 20 treatment led
to an additional 20 days of increased survival beyond that of
combination chemotherapy (42 days vs. 22.5 days) and as such,
almost doubled the median survival rate compared with the
current standard of care. As a result, ADI-PEG 20 is the most
effective therapy administered to RPMmice in our hands thus far,
surpassing alisertib (5), AZD2014 (Supplementary Fig. S5C),
mizoribine (39), and combination chemotherapy. Interestingly,
the addition of chemotherapy to ADI-PEG 20 treatment did not
increase the overall survival of mice beyond that of ADI-PEG 20
alone (44 days vs. 42 days; Fig. 5C), suggesting that the survival
benefit in the combination groupwas due entirely to ADI-PEG20.

As an additionalmeasure of therapeutic impact, tumor volume
in RPM mice was calculated by microCT imaging (5). Over a
course of 19 days of treatment,mice receiving ADI-PEG 20with or
without chemotherapy demonstrated statistically significant
tumor regression followed by tumor stasis when compared with
chemotherapy-treated mice (Fig. 5D and E). We also analyzed
the percent change in total tumor volume at day 19 (or time of

death if sooner) compared with day 0 in each treatment group by
waterfall plot. Remarkably, 20 of 22 mice treated with ADI-PEG
20 with or without chemotherapy exhibited stable disease or
regression, compared withmice treated with chemotherapy alone
where only 2 of 17 mice exhibited stable disease or regression
at this timepoint (Fig. 5F). In addition, 4 of 12 mice treated with
ADI-PEG 20, and 7 of 10 mice treated with the combination of
ADI-PEG 20 and chemotherapy, displayed tumor regression
compared with 1 of 17 mice treated with chemotherapy alone
(Fig. 5F). Altogether, this suggests MYC-driven SCLC is highly
sensitive to arginine depletion in vivo.

We examined the status of arginine biosynthetic enzymes
ASS1 and ASL in RPM, RPP, and RPR2 tumors by immunoblot.
While ASL was expressed across all subtypes, ASS1 levels were
undetectable in RPM tumors, whereas a majority of RPP and
RPR2 tumors expressed ASS1 (Fig. 5G), providing a potential
mechanistic explanation for their sensitivity to arginine depletion
in vivo. Whether the discrepancy with ASS1 levels in human cell
lines compared with mouse tumors reflects a mouse/human or
in vitro/in vivo-specific phenomenon is currently unclear.

MYC-driven human SCLC is preferentially sensitive to arginine
depletion in vivo

To determine the impact of arginine depletion in human
xenografts, we implanted NSG mice subcutaneously with two
variant (H82 and GLC1) or two classic (H1092 and H69) SCLC
cell lines. Compared with PBS control, ADI-PEG 20 significantly
impeded the growth of both MYC-high variant cell lines, but
neither of the MYCL/N-high classic cell lines (Fig. 6A–D). These
results further validate the efficacy of ADI-PEG 20 in MYC-high
SCLC.

To determine the efficacy of arginine deprivation in an uncul-
tured human tumor, we analyzed ASS1 andMYC status in a novel
cohort of nine SCLC PDX models that were generated from
circulating tumor cells and/or tumor tissue using previously
described methods (ref. 50; Supplementary Fig. S6A and S6B).
Patients #2 and #3 received radiotherapy prior to PDX generation.
In addition, patients #2, #3, and #11 were also treated with
carboplatin/etoposide prior to PDX generation. Immunoblotting
revealed that eight of nine tumors were ASCL1þ/MYC� (Fig. 6E).
Of these, seven of eight ASCL1þ/MYC� PDX were either lowly or
strongly positive for ASS1 either by immunoblotting or IHC with
intratumoral variability (Fig. 6E; Supplementary Fig. S6C). One
PDX (#2) was MYCþ/ASCL1�/ASS1� and derived from a patient
following relapse from chemotherapy. Consistently, treatment of
PDX #2 with combination chemotherapy (cisplatin and etopo-
side) led to modest inhibition of tumor growth (Fig. 6F). Treat-
ment of PDX #2 with ADI-PEG 20, however, significantly imped-
ed tumor growth beyond that of combination chemotherapy
(Fig. 6F). In contrast, MYC�/ASS1þ PDXs (#8, #9, and #10) were
resistant to arginine depletion, similar to our observations with
MYCL/N-high cell line xenografts and MYCL-driven GEMMs
(Fig. 6G; Supplementary Fig. S6D–S6F). Together, MYC-driven
human SCLC cell lines, xenografts, mouse tumors, and a human
PDX demonstrate enhanced dependency on arginine.

Discussion
Despite numerous clinical trials and years of research, thera-

peutic options for SCLC remain limited. However, recent studies
suggest that molecular subtypes of SCLC exist with distinct
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biology and therapeutic responses (3–7, 9). Here, we found that
MYC- and MYCL-driven SCLC tumors have distinct metabolic
profiles with a dependency on arginine in MYC-driven tumors
and cell lines. MYC-driven SCLC cells are highly dependent on
arginine-regulated pathways including polyamine biosynthesis
and mTOR pathway activation. Importantly, chemo-resistant
SCLC displayed increased MYC expression and increased depen-
dency on arginine, polyamine biosynthesis, and mTOR pathway
activity. Using GEMMs of distinct SCLC subtypes, we found that
arginine depletion using ADI-PEG 20 was highly effective as a
monotherapy inMYC-driven SCLC inmouse and human tumors,
surpassing the efficacy of the standard-of-care chemotherapy.

While MYC-driven SCLC was preferentially sensitive to
ODC1 inhibition, we did not test ODC1 inhibitors in vivo. There
is still an incomplete understanding of polyamine function, and
inhibitors have had modest efficacy as single agents in clinical
trials (31, 51).ODC1 is a knownMYC target, and we foundOdc1

is a consistently upregulated polyamine pathway enzyme in
MYC-driven SCLC, so further studies warrant determining wheth-
er ODC1 is the critical target promoting polyamine depen-
dency. Likewise, the mechanisms by which MYC may promote
mTOR dependency in SCLC are unknown. mTOR inhibition can
alter a vast array of metabolic networks and a recent report in
prostate cancer found that the mTOR pathway regulates poly-
amine biosynthesis (52) and can regulate ODC1 mRNA transla-
tion (53), so future studies warrant understanding the relation-
ship between these pathways. This is consistent with our data
where we observe rescue of mTOR inhibition with putrescine.
While our studies suggest that MYC-driven SCLC cell lines are
likely dependent on arginine for polyamine biosynthesis, further
studies are warranted to completely understand the function of
arginine in MYC-driven SCLC. Recent advances in isotope tracing
could help to shed light on the functions of arginine and poly-
amines in SCLC.

Figure 5.

MYC-driven mouse tumors are preferentially sensitive to arginine depletion in vivo. Kaplan–Meier survival curve of RPP mice (A), RPR2 (B), or RPM
(C) mice treated with indicated agents. ADI-PEG 20 treatments marked by vertical dashed lines. Chemotherapy treatments (weekly cisplatin and
etoposide) marked by ticks on the x axis in C. Log rank (Mantel–Cox) test. ns, not significant; ����, P < 0.0001. Number of mice per group indicated
in figure. D, Fold change in tumor burden (total tumor volume) in indicated treatment groups of RPM mice at indicated days posttreatment initiation.
Mean � SD. Two-way ANOVA with Greenhouse–Geisser correction; ��, P ¼ 0.0015; ��� , P ¼ 0002. E, Representative microCT images from RPM
mice pseudocolored with tumors (yellow) and normal tissue and airway (purple) at indicated timepoints posttreatment initiation. Two-tailed
unpaired t-test; ns, not significant (�� , P < 0.0072; ��� , P ¼ 0.0009). F, Total tumor volume change from day 0 to day 19 (or last scan before death)
by waterfall plot in individual RPM mice. Gray shading on x axis indicates partial responses or stable disease. Two-tailed unpaired t-test; ns, not
significant (�� , P < 0.0072; ��� , P ¼ 0.0009). G, Immunoblot for ASS1 and ASL protein levels in individual RPM, RPP, or RPR2 tumors. HSP90 serves
as loading control.
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It was recently shown that tumors with activated mTOR sig-
naling have increased dependency on the guanine nucleotide
biosynthesis enzyme, IMPDH. IMPDH inhibition in the context
of activatedmTOR signaling leads to nucleotide depletion and an
anabolic imbalance promoting cell death (54). We also observed
an enrichment of nucleotide biosynthesis pathways in MYC-
driven tumors (Fig. 1C), and MYC-driven tumors are also highly
sensitive to IMPDH inhibition (39). Both MYC and mTOR
regulate common targets such as ribosome biogenesis and nucle-
otide metabolism (22). Thus, it is possible that a similar anabolic
imbalance may explain why MYC-driven tumors are sensitive to
inhibition of both mTOR and polyamine biosynthesis.

While previous clinical trials with mTOR inhibitors in SCLC
have not shown favorable outcomes, patients in those studies
were not stratified on the basis of MYC status (28–30). On the
basis of our findings, it is possible that selecting patients based on
expressionofMYC familymembersmay improve outcomes in the
clinic. In addition, all of the previous clinical trials with mTOR
inhibitors used Rapalogs, which fail to inhibit mTORC2 in
contrast to the dual mTORC1/2 inhibitors used here. While
MYC-driven human cells demonstrated increased sensitivity to
mTOR inhibition compared withMYCL-driven cells, mTOR inhi-
bition alonewas not particularly effective in our aggressiveGEMM
of MYC-driven SCLC. mTOR inhibition in combination with
chemotherapy, however, significantly inhibited tumor growth
and prolonged survival of mice with MYC-driven, but not

MYCL-driven SCLC. Thus, we predict that clinical trials with dual
mTORC1/2 inhibitors combined with chemotherapy may be a
more effective therapeutic strategy for first-line or second-line
SCLC specifically for those with MYC-high tumors.

One of the major barriers to clinical progress in SCLC is the
rapid emergence of chemotherapy resistance. Using unbiased
metabolomic analyses, we found that chemo-resistant SCLC cells
are metabolically distinct from chemo-na€�ve SCLC. Our data
implicate arginine and polyamine biosynthesis as regulators of
chemoresistance, similar to our results in MYC-driven SCLC.
Interestingly, MYC expression was increased in two independent
human cell lines following chemotherapy resistance.MYCactivity
was also reportedly upregulated in chemo-resistant PDX models
and human SCLC tumors and cell lines (15, 55, 56). Pharmaco-
logic inhibition of the mTOR pathway in combination with
chemotherapy reversed chemoresistance in vitro, and chemo-
resistant cells were also dependent upon arginine. This suggests
mTOR inhibition with chemotherapy, or arginine deprivation,
as potential second-line strategies in patients with MYC-high
relapsed SCLC.

The striking sensitivity of murine MYC-driven SCLC to
ADI-PEG 20 monotherapy warrants further investigation of
ADI-PEG 20 as a first-line therapy for SCLC. In addition, our
results in MYC-high human cell line xenografts and a relapsed
PDX suggest that MYC-driven human SCLC is preferentially
sensitive to arginine withdrawal in vivo compared with

Figure 6.

MYC-driven human SCLC is preferentially sensitive to arginine depletion in vivo. Tumor volume of xenografts in NSG mice injected with GLC1 (A), H82
(B), H69 (C), or H1092 (D) and treated with PBS control or ADI-PEG 20. Weekly ADI-PEG 20 treatments marked by dashed lines. E, Immunoblot for
MYC, ASS1, and ASCL1 protein levels in individual PDX tumors. HSP90 serves as loading control. Tumor volume of xenografts in NSG mice injected
with PDX#2 (F), or PDX#8, #9, and #10 depicted together in one graph (G). See Supplementary Fig. S6D–S6F for individual PDX responses. Number
of mice treated indicated in figures. Mean � SD. Two-way ANOVA with Greenhouse–Geisser correction followed by Sidak multiple comparison test;
ns, not significant (� , P < 0.03; �� , P < 0.008; ��� , P < 0.0008; ���� , P < 0.0001).
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MYCL/N-driven SCLC. While a phase II clinical trial of pati-
ents with relapsed SCLC treated with ADI-PEG 20 did not
demonstrate significant tumor regression, 18% (4/22) of
patients exhibited stable disease (NCT01266018). Our data
suggest it will be important to determine whether the patients
with stable disease were enriched for MYC-high tumors. Other
arginine-modulating agents such as pegzilarginase are also in
clinical trials (NCT03371979), highlighting the need to assess
MYC status in these trials as well. Given that chemotherapy did
not improve the response to ADI-PEG 20 in our GEMMs, it raises
the possibility of identifying new combination strategies that
synergize with arginine depletion for greater efficacy.

It is not yet clear why human cell lines andmouse tumors differ
in their expression patterns of ASS1. It has been observed that
ASS1 is silenced inmultiple cancers tomeet their requirements for
purines and pyrimidines via aspartate, which otherwise could be
used for the synthesis of arginine through ASS1 (57, 58). We
speculate that MYC-driven mouse tumors silence ASS1 to divert
aspartate to meet the metabolic demand for nucleotides. In
contrast, cell lines are grown in nutritional excess and may not
need to silenceASS1 todivert aspartate tonucleotide biosynthesis.
We have observed an enrichment of nucleotide biosynthesis
pathways in MYC-driven tumors (Fig. 1C) and shown that
MYC-driven tumors exhibit an increased dependency on de novo
guanine nucleotide synthesis (39). Further study is warranted to
fully understand the regulation of ASS1 in SCLC.

In summary, SCLC subsets driven by different MYC family
members have distinct metabolic programs that can be exploited
to uncover subtype-specific therapies. Furthermore, chemo-
resistant SCLC also acquires metabolic changes leading to new
therapeutic vulnerabilities. Further studies into the unique met-
abolic liabilities among SCLC subtypes and their chemo-resistant
counterparts may ultimately lead to more personalized diagnosis
and treatment strategies for patients with SCLC.
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