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Abstract

Introduction: The transcription factor MYC is overexpressed in 30% of small cell lung cancer (SCLC) tumors and is
known to modulate the balance between two major pathways of metabolism: glycolysis and mitochondrial
respiration. This duality of MYC underscores the importance of further investigation into its role in SCLC metabolism
and could lead to insights into metabolic targeting approaches.

Methods: We investigated differences in metabolic pathways in transcriptional and metabolomics datasets based
on cMYC expression in patient and cell line samples. Metabolic pathway utilization was evaluated by flow
cytometry and Seahorse extracellular flux methodology. Glycolysis inhibition was evaluated in vitro and in vivo using
PFK158, a small molecular inhibitor of PFKFB3.

Results: MYC-overexpressing SCLC patient samples and cell lines exhibited increased glycolysis gene expression
directly mediated by MYC. Further, MYC-overexpressing cell lines displayed enhanced glycolysis consistent with the
Warburg effect, while cell lines with low MYC expression appeared more reliant on oxidative metabolism. Inhibition
of glycolysis with PFK158 preferentially attenuated glucose uptake, ATP production, and lactate in MYC-
overexpressing cell lines. Treatment with PFK158 in xenografts delayed tumor growth and decreased glycolysis
gene expression.

Conclusions: Our study highlights an in-depth characterization of SCLC metabolic programming and presents
glycolysis as a targetable mechanism downstream of MYC that could offer therapeutic benefit in a subset of SCLC
patients.
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Background
Small cell lung cancer (SCLC) is an aggressive neuroen-
docrine tumor that constitutes approximately 14% of
lung cancer diagnoses [1, 2]. Current SCLC treatment
options have remained largely unchanged over the past
few decades. Despite recent advances, including the
addition of immunotherapy in conjunction with frontline

platinum-based chemotherapy for extensive stage dis-
ease, most patients still exhibit rapid relapse [3]. Thus,
the 5-year survival remains low at merely 6% [2]. As
such, the National Cancer Institute has designated SCLC
as one of two “recalcitrant” cancers requiring advance-
ment of treatment options [4].
SCLC characteristically exhibits loss of the tumor sup-

pressor genes RB1 and TP53 [5–9]. Approximately 30%
of SCLC tumors harbor amplification or overexpression
of the transcription factor cMYC (MYC), which has been
associated with more aggressive behavior and
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therapeutic resistance in some investigations [10–12].
Although MYC is associated with resistance, it has also
been identified as a biomarker for therapeutic sensitivity
to certain classes of inhibitors, including aurora kinase
inhibitors [10, 13]. Even with the identification of MYC
as a biomarker, presently, there are no therapeutic treat-
ments that directly attenuate its expression [14–17].
Therefore, interventions that target pathways down-
stream of MYC may prove beneficial in patients with
MYC-overexpressing SCLC.
One such mechanism regulated by MYC that is under-

studied, particularly in SCLC, is its modulation of energy
metabolism. MYC plays a pivotal role in central carbon
metabolism including the promotion of glycolysis and
oxidative phosphorylation by supporting the balance of
glucose, glutamine, and fatty acids [18]. In particular, a
hallmark of cancer is an increase of aerobic glycolysis
(the Warburg Effect), which enhances the uptake of glu-
cose to produce lactate as a mechanism to generate
rapid energy, nucleotides, and reducing equivalents [18–
21]. This increase in glycolysis is mediated by an upregu-
lation of genes controlling glucose transport, rate-
limiting enzymes, and lactate synthesis [22], all of which
can be modulated by MYC [17, 18, 23]. Although these
mechanisms are beneficial for rapid growth and metasta-
sis, some tumors are considered oxidative and utilize
MYC-driven mitochondrial respiration through upregu-
lation of genes controlling mitochondrial biogenesis, glu-
tamine uptake, and fatty acid transport [24–26]. With
the duality of MYC’s ability to control metabolic repro-
gramming, profiling of the energy program utilized by
tumors is essential for identifying targetable mechanisms
of cellular metabolism. However, to date, studies in lung
cancer metabolism have primarily focused on non-small
cell lung cancer (NSCLC), which constitutes roughly
85% of diagnoses [27–29], while SCLC has been left rela-
tively unexplored. However, studies have shown that
MYC-expressing SCLC is metabolically distinct and par-
ticularly vulnerable to IMPDH inhibition and arginine
deprivation in preclinical settings [30, 31]. Thus, further
investigation into MYC’s role in SCLC metabolism could
lead to new disease insights.
Herein, we report an interrogation into the role of

MYC as a driver of aerobic glycolysis in a subset of
SCLC. Bimodal stratification of cell lines based on MYC
protein expression support robust alterations in gene ex-
pression with approximately 40% of upregulated genes
in MYC-expressing tumors and cell lines mapping to a
metabolic process. Deeper investigation of the dysregu-
lated pathways revealed an increased conversion of glu-
cose to lactate with reduced mitochondrial oxygen
utilization that can be attenuated by glycolysis inhibition
in MYC-expressing cells. Further, analysis revealed that
glycolysis inhibition delayed tumor growth in a MYC-

expressing xenografts. Together, these data substantiate
a proposal that MYC enhances glycolysis expression and
stabilizes glycolytic enzymes in order to promote tumor
growth. Our study highlights an in-depth
characterization of SCLC metabolic programming and
presents glycolysis as a targetable mechanism down-
stream of MYC that could offer therapeutic benefit in a
subset of SCLC patients.

Methods
Experimental cell culture
Human SCLC cell lines H446, DMS79, H524, H526,
H82, H847, H841, H196, H211, H146, SHP77, H345,
H2196, H1436, H865, H1522, H1341, H1105, H1048,
H1092, H1876, H69, DMS53, and H2029 were obtained
from ATCC (Manassas, VA, USA) or Sigma-Aldrich (St.
Louis, MO, USA). The human patient-derived xenograft
(PDX) cell line NJH29 was generously provided by Dr.
Julien Sage (Stanford University, Stanford, CA, USA).
For experimentation, cell lines were cultured in RPMI-
1640 supplemented with 10% FBS, 100 IU/mL penicillin,
and 100 μg/mL streptomycin. Cells were maintained in a
37 °C humidified chamber with 5% CO2. All cell lines
used were passaged for less than 6 months and regularly
tested for Mycoplasma contamination using a MycoAlert
Plus Kit (Lonza).

Experimental mouse model
Six-week female athymic nude mice were used for gen-
eration of DMS79 and H446 xenograft SCLC tumor
models and obtained from Envigo. One million cells
were prepared in a 0.2 mL 1:1 mixture of culture media
and matrigel for subcutaneous injection into the left
flank of each animal then monitored daily for appear-
ance of tumors. Two weeks following injection, animals
were randomized into dosing groups when tumors
reached 50 mm3. Animals received either vehicle or 25
mg/kg PFK158 (Selleck Chemicals) constituted in 5%
DMSO, 30% PEG, 10% Tween, and 55% H2O by intra-
peritoneal (IP) injection. Animals received dosing every
2 days for a total of six treatments. Tumor volume and
body weights were measured in all mice twice weekly
and calculated (width2 × length × 0.4). A Student’s t test
was used to determine statistical significance between
vehicle- and PFK158-treated groups. All animals were
maintained in accordance with the University of Texas
MD Anderson Cancer Center Institutional Animal Care
and Use Committee and the NIH Guide for the Care
and Use of Laboratory Animals.

Genetically engineered mouse models (GEMMs)
Rb1fl/fl;Trp53fl/fl;MycT58ALSL/LSL (RPM, JAX #029971)
mice were previously described [32]. Metabolomics on
mouse tumors were performed as described [31]. RPM
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mouse lung tumor ChIP-seq data is previously described
and published [31, 33]. RP cells derived from Rb1fl/fl;
Trp53fl/fl (RP) mice [34] were a generous gift from Dr.
Julien Sage (Stanford University, Stanford, CA, USA).
RPM-derived cells and RP-derived cells were cultured in
RPMI-1640 supplemented with 10% FBS, 100 IU/mL
penicillin, and 100 μg/mL streptomycin.

Flow cytometry
One million cells were seeded in 10-cm dishes for 72 h
then harvested and prepared as a single cell suspension
for staining. For cells receiving treatment, 2.5 μM of
PFK158 or 50 μM YN1 was applied 24 post-plating and
cultured for 72 h. For surface staining, antibody was di-
luted in 2% FBS in PBS and incubated at 4 °C for 25
min. For intracellular staining, cells were fixed with 2%
PFA at room temperature for 20 min then subjected to
permeabilization (BioLegend) and staining with antibody
diluted in permeabilization buffer (BioLegend) at room
temperature for 20 min. For staining with metabolic
dyes, the appropriate amount of dye was added to 1 mL
of cell suspension and incubated at 37 °C for 10–30 min
depending on the dye (see Supplementary Table 1). Cells
were analyzed using either a BD LSRFortessa Flow Cyt-
ometer (BD Biosciences) or BD Accuri C6 Plus Flow
Cytometer (BS Biosciences). Data analysis was done
using FlowJo 10.7.1. Graphs were generated in GraphPad
Prism 8, and significance was determined by a 2-way
ANOVA followed by Tukey’s multiple comparisons test.

Immunoblotting
One million cells were seeded in 10-cm dishes for 72 h
then harvested and lysed with RPPA lysis buffer supple-
mented with protease and phosphatase inhibitor cock-
tail. Tumor samples were likewise prepared in RPPA
lysis buffer and homogenized to lysate preparation. Ly-
sates were centrifuged at 14,000 rpm for 10 min to re-
move cell debris. Total protein concentrations were
measured using a DC Protein Assay Reagent (Bio-Rad).
Fifty micrograms of cell lysates were boiled for 10 min
at 100 °C with 2× Laemmli buffer was resolved on a 10%
polyacrylamide gel and electroblotted on a nitrocellulose
membrane. Membranes were blocked in 1× Caesin
blocking solution (Bio-Rad) at room temperature for 1 h
then incubated overnight at 4 °C with primary antibody
(1:1000; see Supplementary Table 1). Membranes were
washed with TBS with 0.1% Tween-20 and incubated
with appropriate horseradish peroxidase-linked second-
ary antibodies at room temperature for 1 h. Immuno-
blots were visualized using the Super Signal West Pico
Chemiluminescence Substrate (Thermo Fisher Scientific)
on a Bio-Rad ChemiDox Touch Imaging System. Immu-
noblots were quantified using ImageJ and normalized to
Vinculin. Where applicable, graphs were generated in

GraphPad Prism 8, and significance was determined by
Student’s t test.

Single-agent ATP assays
SCLC cell lines were seeded at 2000 cells/well in 96-well
white-bottom microtiter plates. After overnight incuba-
tion, cells were treated with PFK158 (10–0.625 μM; Sell-
eck Chemicals) or YN1 (200–6.25 μM; Sigma-Aldrich)
in one-half dilutions in triplicate for 72 h. ATP was mea-
sured by using Cell Titre Glo (Promega) and lumines-
cence was read on a Synergy HT Microplate Reader
(BioTek). IC50 drug concentration was estimated by
modeling using R package nonlinear curve fitting as pre-
viously published (Drexplorer) [35].

Reverse-phase proteomic array
Reverse-phase proteomic array (RPPA) was performed
as previously described [36]. Antibodies against HK2,
PFKFB3, and LDHA (see Supplementary Table 1) were
validated using established immunoblotting approaches
prior to RPPA staining.

Apoptosis, cell viability, and proliferation analysis
Cells were seeded at one million cells/well and incubated
overnight prior to treatment with 2.5 μM PFK158 for 72
h. Apoptosis was determined using FITC Annexin V
Apoptosis Detection Kit with PI (BD Pharmingen) and
analyzed on a BD Accuri C6 Plus. Data was generated
using FlowJo 10.7.1. Cellular viability and relative prolif-
eration after treatment with PFK158 (1.25, 2.5, or 5 μM),
glucose-free media (Sigma-Aldrich), or YN1 (50 μM)
were determined by 72-h treatment and trypan blue ex-
clusion cell counting using an Invitrogen Countess Au-
tomated Cell Counter (Invitrogen) or by Live/Dead
staining analyzed on a BD LSRFortessa Flow Cytometer
(BD Biosciences). Graphs were generated in GraphPad
Prism 8, and significance was determined by a two-way
ANOVA followed by Tukey’s multiple comparisons test.

Real-time Seahorse extracellular flux
Seahorse XFe96 FluxPak (Agilent) was hydrated over-
night at 37 °C in a non-CO2 incubator. Seahorse XF96
cell culture microplate (Agilent) was pre-coated with 3.5
μg/cm2 of Cell-Tak cell and tissue adhesive for 20 min
(Corning) according to manufacturer’s protocol. Lung
cancer cell lines or tumor-derived cell suspension from
H446 and DMS79 models in culture medium were
treated with vehicle (DMSO) or PFK158 (2.5 μM) for 4
h before metabolic analysis assay. Then, 5 × 104 pre-
treated cells were seeded in Cell-Tak pre-coated micro-
plates and equilibrated for 45 min at 37 °C in assay
media. For mitochondrial stress tests, XF RPMI pH 7.4
media (Agilent) was supplemented with 10 mM XF glu-
cose (Agilent), 1 mM XF pyruvate (Agilent) and 2 mM
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XF glutamine (Agilent), and for glycolysis stress tests,
XF RPMI pH 7.4 media was supplemented with 2 mM
XF glutamine prior to measuring the oxygen consump-
tion rate (OCR) and extracellular acidification rate
(ECAR). Next, media were replaced with fresh assay
media containing DMSO or PFK158 (2.5 μM). Seahorse
XF Cell Mito Stress Test (Agilent; see Supplementary
Table 3) or Seahorse XF Glycolysis Stress Test (Agilent;
see Supplementary Table 3) was performed using Sea-
horse XFe96 Analyzer (Agilent). For Cell Mito Stress
Test, after instrument calibration, OCR was measured
followed by sequential injections of 1.0 μM oligomycin,
1.0 μM FCCP, and 0.5 μM rotenone and 0.5 μM antimy-
cin A. For Cell Glycolysis Stress Test, after instrument
calibration, ECAR was measured followed by sequential
injections of 10 mM glucose, 1.0 μM oligomycin and 50
mM 2-DG. Data was analyzed using Seahorse Wave
software 2.6. Graphs were generated in GraphPad Prism
8, and significance was determined by a one-way
ANOVA followed by Sidak’s multiple comparisons test.

Extracellular and intracellular lactate measurements
For extracellular lactate determination, cells were seeded
at 5 × 104 cells/well in 24-well cell culture plates and in-
cubated overnight for attachment prior to treatment
with 2.5 μM PFK158 or 50 μM YN1 for 72 h. Media su-
pernatants were harvested and analyzed using a Lactate
Plus Meter (Nova Biomedical) and Lactate Plus Meter
Test Strips (Nova Biomedical). Graphs were generated in
GraphPad Prism 8, and significance was determined by a
two-way ANOVA followed by Tukey’s multiple compari-
sons test. For intracellular lactate determination, cells
were seeded in triplicate at 2 × 104 cells/well in a 96-
well cell culture plate and incubated overnight prior to
treatment with 2.5 μM PFK158 for 72 h. Cell lysates
were prepared with 0.6 N HCL followed by 1 M Tris
Base. Lactate concentration was determined using the
Lactate-Glo Assay (Promega) by luminescence with gain
adjustment normalized to a 5000 RLU maximum using a
Synergy HT Microplate Reader. Using R, RLUs were
converted to the log scale and correlated to LDHA gene
expression using SCLC cell line transcriptional data [37].

Tissue collection and histological assessment
Tumors were collected, fixed in 4% paraformaldehyde
overnight, and processed in paraffin. Samples were sec-
tioned at 4 μm and subjected to hematoxylin and eosin
staining. Tissue sections were imaged using an Olympus
DP80 microscope and cellSens standard software.

Silencing RNA
Silencing RNA (siRNA) against MYC and PFKFB3 (see
Supplementary Table 2) were reconstituted and diluted
to 10 μM in nuclease-free water. For transfection, H446,

H524, and H82 cell lines were seeded at 4 × 105 in 6-
well cell culture plates. Lipofectamine 2000 Reagent
(Invitrogen) and siRNA were diluted in Opti-MEM
media (ThermoFisher Scientific) for a final concentra-
tion of 25 pmol siRNA per well. Cells were incubated
for 72 h at 37 °C. ) Viability was determined by 72-h in-
cubation and trypan blue exclusion cell counting using
an Invitrogen Countess Automated Cell Counter (Invi-
trogen). Proliferation was determined by cell counting
using an Invitrogen Countess Automated Cell Counter
(Invitrogen). Glucose uptake and lactate secretion were
determined as previously detailed.

RNA sequencing of H446 tumors
Sequencing reads were aligned to human reference gen-
ome (hg38) TOPHAT2. The gene expression levels were
measured by counting the mapped reads using HTSEQ.
The differentially expressed genes were identified using
EdgeR package. Data were transformed to log2 counts-
per-million (CPM). Weakly expressed genes, whose
CPM values were less than 0.5 in at least 2 samples,
were filtered out. Differentially expressed genes were
identified using linear model likelihood ratio and
ANOVA-like tests implemented in the edgeR package. P
values obtained from multiple binomial tests were ad-
justed using the false discovery rate (Benjamini–Hoch-
berg). Significant genes were defined by a Benjamini–
Hochberg–corrected P value cutoff of 0.05.

Metabolite analysis
Glucose and lactate metabolites were measured in tumor
tissue collected from H446 and DMS79 tumors after 28
days using Glucose-Glo and Lactate-Glo assay kits (Pro-
mega). In brief, 3 mg of flash frozen tissue was homoge-
nized in 50 mM Tris buffer containing 8:1 0.6N HCl.
After homogenization, 8:1 1M Tris buffer was added to
the tissue homogenates. Samples were assayed per man-
ufacturer’s instruction and normalized to protein expres-
sion determined by DC Protein Assay Reagent (Bio-
Rad).

Transcriptional and metabolomics datasets and statistical
analyses
Transcriptional and metabolomics data from experimen-
tal datasets were publicly available [11, 37–39]. All stat-
istic and bioinformatics analyses were performed using
R unless otherwise stated. Two-sample t tests were used
for two group comparisons. One-way ANOVA with
Tukey’s multiple comparisons was used for more than
two group comparison. Two-way ANOVA with Sidak’s
multiple comparison was used for two group compari-
sons with two treatment subgroups. Spearman correla-
tions were used for correlating genomic and proteomic
measurements, as well as correlating drug screening
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data. In all the analyses, P < 0.05 was considered statisti-
cally significant.

Results
MYC enhances glycolytic gene expression in SCLC
To uncover metabolic differences promoted by MYC, we
applied a bimodal index to both patient [11, 38] and cell
line [37] SCLC transcriptome datasets to establish de-
fined MYC subsets termed MYCLow and MYCHigh (Fig.
1a–c). Commonalities between the three datasets re-
vealed that 266 genes were upregulated in MYCHigh

samples, and 364 genes were downregulated (FDR =
0.05; Fig. 1d; Supplementary Figure 1a) among all three
datasets. Next, we performed gene ontology biological
pathway analysis (http://pantherdb.org/) using the 266
significantly upregulated genes and found that 36.9%
could be linked to a metabolic process (Fig. 1e) com-
pared with only 19.7% of the significantly downregulated
genes (Supplementary Figure 1b). Functional enrichment
analysis using DAVID (https://david.ncifcrf.gov/) gener-
ated a list of KEGG pathway gene ontology (GO) terms
from the significantly upregulated and downregulated
genes. Five of the top GO terms for the upregulated
gene list corresponded to metabolism (Fig. 1f) including
metabolic pathways (34 genes), carbon metabolism (6
genes), purine metabolism (9 genes), pyruvate metabol-
ism (5 genes), and glycolysis/gluconeogenesis (9 genes).
Of the top five downregulated genes, only a single GO
term (Alanine, aspartate, glutamate metabolism; 3 genes)
was related to metabolism (Supplementary Figure 1c).
Since many of the GO terms from the upregulated genes
implicated central carbon metabolism including glycoly-
sis, we further investigated key genes in this pathway. In
both patient samples and human cell lines, the first rate-
limiting gene HK2, the major rate-limiting gene PFKFB3,
and the aerobic glycolysis gene LDHA among other
glycolysis-linked genes were all significantly upregulated
in MYCHigh samples (Fig. 1g, h; Supplementary Figure
1d). Similarly, we validated the upregulation of HK2,
PFKFB3, and LDHA protein expression in cell lines
using reverse-phase proteomic array (RPPA), which was
consistent with enhanced gene expression in the
MYCHigh subset in human-derived SCLC cell lines (Fig.
1i). Notably, these glycolysis genes were also identified
as MYC target genes by chromatin immunoprecipitation
sequencing (ChIP-seq) in tumors derived from the
MYC-driven genetically engineered mouse model
(GEMM) termed RPM (Rb1fl/fl;p53fl/fl;MycT58ALSL/LSL;
Fig. 1j) [32]. Similarly to previous studies [31, 40], these
data support that MYC mediates an increase in aerobic
glycolysis by direct binding of MYC to the promoter re-
gion of regulatory glycolysis genes.
We then assessed the correlation between MYC ex-

pression and 225 metabolites in SCLC using data

generated by the Cancer Cell Line Encyclopedia (CCLE)
[39]. This analysis revealed a strong positive correlation
with the amino acid proline and a negative correlation
with arachidonyl carnitine (Supplementary Figure 1e-f).
Notably, proline synthesis produces NAD+ and NADP+

required for glycolysis and the parallel pentose phos-
phate pathway [41]. Alternatively, arachidonyl carnitine
is required for transport of long-chain fatty acids across
the mitochondrial membrane during fatty acid oxidation
[42], a process that facilities oxidative phosphorylation
mechanisms. These observations of metabolite expres-
sion were expanded to RPM tumors where 125 metabo-
lites were compared to corresponding normal mouse
lung tissue. This data showed that metabolites involved
in glycolysis including lactate and proline were signifi-
cantly upregulated in RPM tumors, while metabolites in-
volved in oxidative metabolism such as pyruvate and
carnitine were downregulated (Supplementary Figure
1g-k).
Inhibition of PFKFB3 suppresses ATP production and

proliferation and increases apoptosis in the MYCHigh sub-
set of SCLC
Given our observation of increased glycolysis in

MYCHigh samples, we confirmed MYC expression and
the upregulation of the glycolysis proteins HK2, PFKFB3,
and LDHA (Fig. 2a) in a panel of MYCHigh (H446, H82,
H524) human SCLC cell lines in comparison to MYCLow

(H1522, H1092, DMS79) cell lines (Fig. 2b). Further,
previous investigations have suggested that in addition
to MYC, MYCL and MYCN may play a role in mediat-
ing metabolism [31]. Therefore we confirmed that en-
hanced aerobic glycolysis was due to MYC expression by
showing an increase in LDHA only in MYCHigh cell lines
and not cell lines classified as MYCL or MYCN (Supple-
mentary Figure 2a).
Next, we evaluated the efficacy of the potent glycolysis

inhibitor, PFK158, which is a competitive inhibitor of
the regulatory glycolysis rate-limiting enzyme, PFKFB3
[43–45]. PFK158 has been investigated in a Phase I clin-
ical trial and has demonstrated tolerability in patients
[43]. We performed a dosage titration of PFK158 ran-
ging from 0.625 to 10 μM and evaluated the IC50 after
72 h of treatment in six representative MYCLow and 10
representative MYCHigh cell lines (Fig. 2c). MYCHigh cell
lines were more susceptible to inhibition (MYCLow IC50

= 1.2 μM; MYCHigh IC50 = 0.7 μM; P = 0.009; Fig. 2c).
Based on the calculated IC50 values, we implemented
downstream biomarker analysis by correlating IC50 to
RPPA expression levels of 210 proteins and found that
11 proteins were significantly correlated to IC50, with
cMYC being the most significant protein as a marker of
sensitivity to PFK158 (Fig. 2d). Moreover, cMYC expres-
sion was negatively correlated with IC50 value such that
a lower IC50 is associated with higher cMYC (Fig. 2e).
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Fig. 1 MYC directly upregulates glycolysis expression. A–C Bimodal MYC gene stratification of SCLC samples in the George et al., Gay et al., and
Sato et al. datasets [11, 37, 38]. D Venn diagram showing the 266 upregulated gene commonalities among the three datasets. E Of the 266
upregulated genes, 36.9% can be linked to a metabolic process through Panther Gene Ontology Biological Pathway Analysis. F Similarly, several
of the top GO terms generated by David Functional Enrichment Analysis are involved in central carbon and glucose metabolism. G and H
Glycolysis genes HK2, PFKFB3, and LDHA exhibit increased expression in the MYCHigh subset of patient tumors [11] and cell lines [37], respectively.
I HK2, PFKFB3, and LDHA protein expression by RPPA is also increased in MYCHigh cell lines. J ChIP-seq analysis of MYC (red) and H3K27Ac (blue)
genomic binding at indicated gene loci from N = 4 RPM tumor samples. Arrows indicate directionality of the gene
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Since IC50 values were determined based on ATP gener-
ation and PFK158 selectively inhibits ATP-producing
pathways, we also evaluated cellular viability using
Annexin V/PI. Apoptotic assessment with Annexin V/PI
confirmed increased cell death after treatment for 72 h
with 2.5 μM and 5 μM PFK158 in six representative
MYCHigh cell lines, while the six representative MYCLow

cell lines showed significantly higher levels of apoptosis
only after 5 μM PFK158 (Fig. 2f; Supplementary Figure
2b). PFK158-induced cell death at higher concentrations
in both MYCLow and MYCHigh cell lines is not entirely un-
surprising since it is not specific for aerobic glycolysis and
will inhibit both the fermentation and oxidation of

glucose; however, our data indicate that its effects are
greater in MYC-expressing cells that are dependent on
glucose. We also evaluated apoptosis in MYC non-
expressing GEMM (Rb1fl/fl; p53fl/fl termed RP) and RPM-
derived cell lines and found that treatment with PFK158
lead to similar levels of apoptosis in both models at 2.5
μM; however, at 5 μM RP, cells exhibited an average of
40% apoptosis, while RPM cells averaged 80% apoptosis
(Supplementary Figure 2c). These data indicate that the
calculated IC50 is not solely indicative of cell death, and
instead ATP reduction is an output of decreased meta-
bolic function. Therefore, based on these data, we used 2.5
μM PFK158 for all downstream analysis.

Fig. 2 PFK158 reduces ATP production and induces apoptosis. A The glycolysis pathway can be inhibited at the major rate-limiting step by
targeting PFKFB3 with PFK158. B Validation of MYC, HK2, PFKFB3, and LDHA protein expression in a panel of MYCLow (H1522, H1092, DMS79) and
MYCHigh (H446, H82, H524) cell lines. C Calculated IC50 based on ATP luminescence in MYCLow and MYCHigh cell lines. D 11 out of 210 proteins
are significantly associated with PFK158 IC50. E cMYC is more highly expressed in cell lines with lower IC50 values. F Annexin V/PI staining in
MYCLow cell lines (DMS79, H526, H196, H345, H2196, H1436) and MYCHigh cell lines (H211, H847, H1930, H446, H82, H841) shows percent of
apoptotic cells. G Immunoblots of H446 cell line transfected with SCR siRNA, MYC siRNA, and PFKFB3 siRNA showing lower MYC, HK2, PFKFB3,
and LDHA protein expression with vinculin loading control. H The percent of viable cells among siRNA-treated H446 cells is not significantly
altered. I The percent proliferation cells among siRNA-treated H446 cells is not significantly altered. J ATP luminescence of siRNA knockdown
H446 cells after 24 h of 2.5 μM PFK158 treatment. (*P < 0.05; **P < 0.01; ***P < 0.005)
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Next, to determine the effect of glycolysis inhibition
on proliferation, we stained both human SCLC cell lines
and RP/RPM GEMM cell lines with violet proliferation
dye then treated with PFK158 for 72 h and found signifi-
cantly reduced proliferation exclusively in MYCHigh cells
treated with PFK158 (Supplementary Figure 2d-e). Fur-
ther, MYCHigh cells cultured in glucose-free media for
72 h also showed a significant reduction in both viability
and proliferation (Supplementary Figure 2f-g). Collect-
ively, these data indicate that PFK158 may selectively in-
duce cell death in the MYCHigh subset by decreasing the
available ATP, nucleotides, and amino acids required for
proliferation and cellular survival.
Next, we addressed whether knockdown of MYC and

PFKFB3 resulted in lower glycolysis protein expression
or altered viability and proliferation using siRNA. In-
deed, we revealed marked decreases in MYC, HK2,
PFKFB3, and LDHA in H446 cells treated with siRNA
against both MYC and PFKFB3 for 72 h (Fig. 2g). Al-
though surprising, PFKFB3 knockdown also lead to re-
duced MYC expression, which we hypothesized is due to
a negative feedback mechanism previously described by
Berg et al. [46]. We did not observe any significant dif-
ferences in cellular viability or proliferation after knock-
down (Fig. 2h–i; Supplementary Figure 2g). Lastly, after
72-h treatment with siRNA, H446 cells were subjected
to 24-h treatment with 2.5 μM PFK158 then analyzed
for ATP content. Significant decreases in ATP was ob-
served between control siRNA (SCR) treated with ve-
hicle and PFK158 as well as in one PFKFB3 siRNA
treated with vehicle and PFK158 (Fig. 2j). Similar results
were obtained with H524 and H82 cell lines (Supple-
mentary Figure 2h-m). Importantly, these data indicate
that both MYC and PFKFB3 are necessary for glycolysis
protein expression, and without their expression, cells
are less susceptible to PFK158.

MYC enhances glycolysis while suppressing mitochondrial
function, which can be modulated by PFK158 in SCLC
It is well established that MYC controls many metabolic
pathways that become dysregulated in cancer including
glycolysis and lactate production [18]. Since PFK158
leads to reduced ATP generation in MYCHigh cell lines,
we anticipated that glucose uptake and lactate secretion
would be decreased in the presence of drug. Indeed, a
panel of four MYCHigh cell lines and RPM cells treated
with 2.5 μM PFK158 for 4 h then incubated with the
fluorescent glucose analogue 2-NBDG exhibited a sig-
nificant decrease in glucose uptake (Fig. 3a, b). Con-
versely, a panel of three MYCLow cell lines and RP cells
initially took in significantly less glucose, which was not
reduced in the presence of PFK158 (Fig. 3a, b). Similarly,
lactate excreted into culture medium was significantly
higher in eight MYCHigh and RPM cells compared with

six MYCLow and RP cell lines, which was greatly reduced
after 72-h treatment with PFK158 (Fig. 3c, d). In
addition to extracellular lactate, we also measured intra-
cellular lactate in MYCLow and MYCHigh cell lines. There
were no differences in intracellular lactate between four
MYCLow cell lines at baseline and PFK158 treatment;
however, there is a downward trend between six
MYCHigh cell lines at baseline PFK158 treatment (Fig.
3e). The insignificant difference in intracellular lactate
levels between MYCLow and MYCHigh cells is likely due
to the reuptake of lactate, enhanced lactate shuttling, or
interconversion between pyruvate/lactate for utilization
of an alternative carbon source in mitochondrial metab-
olism, as often seen in predominantly oxidative cancers
such as NSCLC [47–49]. Although intracellular lactate
levels were not significantly altered, there was direct cor-
relation between intracellular lactate and LDHA gene ex-
pression (Fig. 3e). Additionally, we validated these data
using siRNA against MYC and PFKFB3, which we
showed exhibited downregulation of glycolysis proteins
in H446, H524, and H82 cell lines (Fig. 2g). Glucose up-
take and extracellular lactate were both significantly de-
creased among MYC and PFKFB3 siRNAs compared
with the SCR control (Fig. 3f, g; Supplementary Figure
3b-e). Using an additional glycolysis inhibitor (YN1), we
also evaluated IC50 values (MYCLow IC50 = 12.4 μM;
MYCHigh IC50 = 6.8 μM; Supplementary Figure 3f), glu-
cose uptake, and lactate secretion. Although there was
no significant difference in glucose uptake, lactate levels
were significantly reduced after treatment in MYCHigh

cell lines (Supplementary Figure 3g-h). These data sup-
port that MYC influences the rate of aerobic glycolysis
through mediation of pathway-specific regulatory
enzymes.
Next, we tested whether the glycolytic rate in MYCHigh

cells was higher than in MYCLow cells. We selected
DMS79 as a representative MYCLow SCLC cell line and
H446 as a representative MYCHigh SCLC cell line. To
explore glycolysis, we performed a glycolysis stress test
using Seahorse extracellular flux analysis to measure the
extracellular acidification rate (ECAR), which is an indi-
cator of a glucose to lactate glycolytic conversion. This
assay is done in the presence of a series of substrates
and inhibitors including glucose (glycolysis substrate),
oligomycin (ATP synthase inhibitor), and 2-DG (glycoly-
sis inhibitor) (Supplementary Table 3). As anticipated,
glycolysis was highest in H446 cells without PFK158 in-
hibitor, but significantly decreased when glycolysis was
inhibited (Fig. 3h). DMS79 cells displayed low levels of
glycolysis regardless of inhibition but had a high rate of
non-glycolytic acidification (Fig. 3h, i). Interestingly,
DMS79 cells with and without inhibitor were able to
transition to glycolysis utilization after administration of
oligomycin, a potent mitochondrial inhibitor (Fig. 3j).
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Conversely, H446 cells treated with PFK158 were unable
to efficiently utilize glycolysis even when ATP synthase
was inhibited (Fig. 3j), indicating that PFK158 substan-
tially inhibits glycolysis in MYCHigh cells and their ability
to metabolically reprogram to glucose-independent
pathways as a mechanism to evade cell death.
To determine whether the effects of PFK158 disrupt

mitochondrial function, we also performed robust mito-
chondrial assessment. In addition to extracellular acidifi-
cation, Seahorse XFe96 analyzers monitor the oxygen
consumption rate (OCR) through a mitochondrial stress
test which administers the substrates oligomycin, FCCP
(mitochondrial membrane uncoupler), and rotenone/

antimycin A (electron transport chain complex I/III in-
hibitors) (Supplementary Table 3). DMS79 cells were
unaffected by PFK158 treatment with respect to OCR
(Fig. 4a, b); however, vehicle-treated DMS79 cells had
significantly higher basal OCR, maximal respiration,
ATP, and coupling efficiency compared to H446 vehicle-
treated cells (Fig. 4b–d, f). As for PFK158-treated H446
cells, treatment resulted in significantly reduced basal
OCR, maximal respiration, ATP, proton leakage, coup-
ling efficiency, and spare respiratory capacity (Fig. 4b–g).
Since these mitochondrial output assays are lower in
MYC-expressing cells at baseline and further repressed
after PFK158 treatment; these data indicate that glucose

Fig. 3 MYCHigh cells are more glycolytic and sensitive to glycolysis inhibition. A Glucose uptake is higher in MYCHigh (H82, H446, H1048, H847) cell
lines compared with MYCLow (DMS79, H345, H196, cell lines and is significantly decreased with PFK158 treatment. B RPM cells have higher
glucose uptake compared with RP cells and is reduced with PFK158 treatment. C Similarly, extracellular lactate is higher in MYCHigh (H1930, H847,
H524, H841, H446, H146, NJH29, H1048) cell lines compared with MYCLow (DMS79, H196, H526, H345, H2196, H1105) cell lines and reduced with
PFK158 treatment. D Extracellular lactate is higher in RPM cell lines and reduced with PFK158 treatment. E Intracellular lactate significantly and
positively correlates with LDHA expression (cell lines: NJH29, H1092, H446, H1436, H82, H1930, DMS79, H1048, H841, H526). F Glucose uptake in
significantly lower in H446 cells treated with siRNA against MYC and PFKFB3 compared with a SCR negative control. G Extracellular lactate is
significantly reduced in H446 cells treated with siRNA against MYC and PFKFB3 compared with a SCR negative control. H Based on the ECAR,
glycolysis is significantly higher in the representative MYCHigh cell line H446 as compared with the representative MYCLow cell line DMS79. There
were no changes in glycolysis in DMS79 cell treated with PFK158; however, glycolysis was significantly decreased in H446 cells treated with
PFK158. I Acid produced by non-glycolytic pathways was significantly higher in DMS79 cells regardless of treatment. J The level of oligomycin-
stimulated glycolysis indicative of forced glycolytic utilization is significantly lower in PFK158-treated H446 cells (*P < 0.05; **P < 0.01; ***P < 0.005;
****P < 0.001)
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is the primary carbon source utilized by MYCHigh SCLC.
However, the continued pattern of reduced oxygen con-
sumption suggests that these cells cannot metabolically
reprogram towards an oxidative phenotype in order to
continue supporting cellular proliferation.
In line with this data, we next investigated mitochon-

drial health and density using flow cytometry. Cells were
treated with PFK158 for 72 h prior to incubation with
MitoSox (reactive oxygen species indicator), TMRE
(mitochondrial membrane potential indicator), or Mito-
Tracker (mitochondrial content dye). ROS are small-

molecule free radicals that are often upregulated during
periods of cellular stress [50, 51]. Treatment with
PFK158 significantly increased the levels of ROS pro-
duced by six MYCHigh cell lines (Fig. 4h); however, there
was no significant difference in ROS production between
four MYCLow- and six MYCHigh-treated cell lines (P =
0.46; Fig. 4h). Although elevated ROS levels can serve as
signaling molecules to promote cellular proliferation and
cancer metastasis, an overabundance will trigger cell
death mechanisms including apoptosis [51], which oc-
curs after treatment with PFK158 in MYCHigh cell lines

Fig. 4 PFK158-treated MYCHigh cells do not increase oxidative respiration mechanisms. A Seahorse extracellular flux mito stress test
monitored the oxygen consumption rate after the administration of oligomycin, FCCP, and rotenone and antimycin A. B Basal oxygen
consumption is significantly reduced in H446 cells compared with DMS79. In H446 cells treated with PFK158, basal oxygen consumption is also
significantly reduced compared with untreated cells. C Maximal oxygen consumption is significantly reduced in H446 cells compared with
DMS79. In H446 cells treated with PFK158, maximal oxygen consumption is also significantly reduced compared with untreated cells. D
Mitochondria-generated ATP is significantly reduced in H446 cells compared with DMS79. In H446 cells treated with PFK158, ATP is also
significantly reduced based on untreated cells. E Proton leak is unchanged between DMS79 and H446 cells, but significantly reduced in H446
cells treated with PFK158. F Coupling efficiency is significantly reduced in H446 cells compared with DMS79. In H446 cells treated with PFK158,
coupling efficiency is also significantly reduced compared with untreated cells. G Spare respiratory capacity is unchanged between DMS79 and
H446 cells, but significantly reduced in H446 cells treated with PFK158. H Reactive oxygen species (ROS) generation is significantly increased in
MYCHigh (H446, H524, H146, H211, H1048, H841) cells treated with PFK158 compared with MYCLow (DMS79, H196, H526, H345) cells. I The
mitochondrial membrane potential is significantly reduced in MYCHigh (H446, H524, H146, H211) cells treated with PFK158 compared with MYCLow

(DMS79, H196, H526, H345) cells. J There are no differences in mitochondrial content regardless of MYC status or treatment; MYCLow cell lines:
DMS79, H196, H526; MYCHigh cell lines: H446, H524, H146, H211, H1048, H841, H82, H865 (*P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001)
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due to insufficient ATP generation and reduced flux
through oxidative respiration pathways. Another meas-
urement of mitochondrial health is the membrane po-
tential where a lower membrane potential often
correlates with higher levels of ROS [52]. Indeed, mito-
chondrial membrane potential measured by TMRE was
significantly lower in four MYCHigh cell lines treated
with PFK158 (Fig. 4i). Lastly, we determined the density
of mitochondria across three MYCLow- and eight
MYCHigh-treated and -untreated cell lines, and no sig-
nificant differences were noted regardless of treatment
status (Fig. 4j). Collectively, our data demonstrate that
cells expressing MYC preferentially utilize aerobic gly-
colysis, while those that do not efficiently rely on oxida-
tive respiration. Moreover, PFK158 treatment is highly
effective at inhibiting aerobic glycolysis and renders cells
that are dependent on this pathway incapable of generat-
ing sufficient energy.

PFK158 delays tumor growth in MYC-expressing
xenografts
To investigate the effects of glycolysis inhibition on
in vivo tumor growth, we derived xenograft models from
the MYCLow human cell line DMS79 (N = 19) and the
MYCHigh human cell line H446 (N = 19). Once tumors
were visible, mice were randomized into either vehicle
(N = 10) or PFK158 (25 mg/kg; N = 9) treatment groups.
Treatments were given every other day for the duration
of 10 days then monitored for tumor growth until day
28 or upon a tumor volume of 2000 mm3 (Fig. 5a).
PFK158 significantly delayed tumor growth even after
cessation of treatment on day 10 in H446 tumors (Fig.
5b). In line with these observed growth differences,
hematoxylin & eosin (H&E) staining of tumors treated
with PFK158 exhibited reduced necrosis; likely due to
the slower rate of growth compared with vehicle-treated
tumors, which rapidly progressed (Fig. 5c, d). A signifi-
cant tumor growth difference was not observed in
DMS79 tumors nor were there notable histological dif-
ferences (Supplementary Figure 4a-c). Consistent with
previous reports, no toxicity was observed due to
PFK158 treatment (Supplementary Figure 4a; Supple-
mentary Figure 4f).
Next, we evaluated protein expression by immunoblot-

ting against MYC and PFKFB3 (Fig. 5e). PFK158 signifi-
cantly decreased PFKFB3 expression (Fig. 5f) consistent
with previous reports [44]. While there was no statisti-
cally significant decrease in MYC expression in H446 tu-
mors treated with PFK158 when evaluated by
immunoblotting and flow cytometry (Fig. 5g, h), there is
a noticeable reduction that is similar to that seen in our
in vitro work (Fig. 2g; Supplementary Figure 2h&k). We
also performed RNA-sequencing on vehicle and
PFK158-treated tumors and identified more than 2000

significantly altered genes (Fig. 5i). We performed bio-
logical pathway analysis on the significantly dysregulated
genes, 17.9% of which were linked to a metabolic
process (Supplementary Figure 4f). Moreover, several of
the top dysregulated KEGG pathways implicated GO
terms that are directly related to metabolism, cellular
proliferation, cell cycle, and cell death among others
(Supplementary Figure 4g). Interestingly, glycolysis genes
that code for enzymes early in the glycolysis pathway
(SLC2A1, HK2, PFKFB3) are not significantly altered
(Fig. 5j–l), which is consistent with a higher trending
glucose-to-lactate ratio in H446 PFK158-treated tumors
(P = 0.09; Supplementary Figure 4h-i). Genes that are in-
volved after PFKFB3 (ALDOA, ENO1, LDHA) are sig-
nificantly downregulated (Fig. 5m–o). Lastly, we
performed Seahorse extracellular flux analysis on H446
tumors treated with vehicle or PFK158 and found that
the tumors treated with PFK158 have a reduced basal
and maximal oxygen consumption (OCR) and lower
baseline rate of glycolysis (ECAR; Supplementary Figure
4J-K). Although Seahorse extracellular flux was per-
formed on a single tumor analyzed in six technical repli-
cates, these data further suggest that PFK158 decreases
aerobic glycolysis in vivo.

Discussion
It is widely accepted that a subset of SCLC frequently
exhibits MYC amplification or overexpression [32, 53,
54]. Although the role of MYC in driving glycolysis and
cancer progression is well documented [18, 31, 40, 55],
it has yet to be successfully targeted for therapeutic
benefit [16]. Our previous studies show that MYC de-
fines a subset of SCLC that is comprised largely of the
SCLC-N, SCLC-P, and SCLC-I subtypes, while SCLC-A
remains predominantly low in MYC expression [10, 32,
33, 37]. While it is plausible that the mechanisms driving
a particular metabolic phenotype may also be regulated
by the subtype-specific transcription factors (ASLC1,
NEUROD1, POU2F3), teasing out the nuances of these
pathways beyond glycolysis and oxidative respiration
may be challenging. Notably, however, the present study
is the first to define the metabolic program utilized in
the broader MYC-expressing subset and provide direct
evidence to support the use of metabolic modulators for
treatment in SCLC. In particular, MYCHigh cell lines and
tumors proved vulnerable to glycolysis inhibition, while
MYCLow remained largely unresponsive. These findings
indicate that MYC contributes to the use of aerobic gly-
colysis and acts as a driver of high aggressive clinical
SCLC. Moreover, the absence of MYC promotes oxida-
tive mechanisms. These data illustrate that MYC defines
the predominant metabolic pathway utilized by tumors
such that MYC-expressing tumors exhibit a classic War-
burg effect phenotype, while MYC non-expressing
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tumors have a strong reliance on mitochondrial
respiration.
Although MYC promotes rapid cellular growth leading

to tumor metastasis, the interaction between the tumor
and its microenvironment often contributes to drug

resistance and subsequent relapse. Our study reveals that
glucose is the major substrate for MYC-expressing SCLC
cell lines. As such, increased influx of glucose contrib-
utes to higher rates of lactate secreted and recycled by
adjacent tumor cells. Of note, T-cells require nutrients

Fig. 5 PFK158 reduces tumor growth in a MYCHigh xenograft model. A H446 xenografts were given 25 mg/kg PFK158 by intraperitoneal injection
every other day for 10 days. B PFK158-treated animals exhibited a significant delay in tumor growth. C and D H&E staining showing that PFK158-
treated animals have less necrotic tissue. E Immunoblot against MYC and PFKFB3 with loading control Vinculin. F PFKFB3 expression was
significantly reduced in H446 tumors from animals treated with PFK158. G and H MYC expression was lower but not significantly so in tumors
regardless of PFK158 treatment when evaluated by immunoblotting or flow cytometry, respectively. I Heatmap showing transcriptional
expression changes between H446 tumors treated with vehicle or PFK158. J–L SLC2A1, HK2, and PFKFB3 gene expression are not significantly
altered following PFK158 treatment. M–O Downstream glycolysis enzyme genes ALDOA, ENO1, and LDHA are significantly lower following PFK158
treatment. (*P < 0.05; ***P < 0.005)
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including glucose for activation and effector function in
the tumor microenvironment (TME) [56]. Both glucose
uptake and lactate secretion by the tumor serve to in-
hibit immune cell function by (1) reducing the available
glucose supply contributing to T-cell dysfunction [57]
and (2) generating lactate leading to an acidic, immuno-
suppressive environment [58]. It is postulated, however,
that inhibition of glycolysis would be selective for the
cells that have the highest metabolic demand with lim-
ited effect on terminally differentiated cells [59, 60]. This
suggests that targeting glycolysis, which is preferentially
upregulated in MYC-expressing cells, can mitigate an
acidic TME while restoring nutrient balance. This would
facilitate immune infiltration, and further investigation is
needed to provide a basis for implementation of meta-
bolic inhibition in combination with immunotherapy for
SCLC treatment.
Despite recent advances in standard-of-care by com-

bining platinum-based chemotherapy with immunother-
apy, the 5-year survival rate of SCLC remains low [3,
61]. Further, interrogation into metabolic modulation for
the treatment of cancer is readily explored; however, our
understanding of the contribution of metabolic alter-
ations to SCLC is relatively understudied. Our investiga-
tion demonstrates a unique clinical opportunity for
targeting cellular metabolism in this subset of disease.
Although the present work identifies metabolism as a
promising area for clinical development, the future dir-
ection of this study requires additional in vivo
characterization and would benefit to utilize spontan-
eous SCLC models (including RP and RPM GEMMs) to
determine the efficacy of using MYC as a selective bio-
marker of metabolism and treatment response. Add-
itionally, it has been shown that cisplatin-based
chemotherapy resistance is associated with an oxidative
phenotype, while carboplatin-based chemotherapy resist-
ance selects for glycolytic cells [62–65]. While metabolic
selectivity of chemotherapy has been shown, there are
currently no metabolically-based treatments available to
SCLC patients. Future biomarker analysis for resistance
to chemotherapy may shed light on potential combina-
torial approaches to combat frontline resistance. While
there is limited data from clinical trials involving
PFK158 (NCT02044861), further investigations into the
metabolic profile of platinum-based chemotherapy re-
sistance are required in order for combinatorial ap-
proaches to be applied in SCLC.

Conclusion
In summary, these findings highlight an MYC-driven
SCLC subset with a unique vulnerability to glycolytic in-
hibition. The present study remains focused on the role
of glycolysis in promoting rapid cell growth leading to
aggressive metastasis in patients, however underscores

the importance of metabolic programming for both
glycolytic and oxidative pathways. Despite the aggression
of MYC-driven SCLC, this population only comprises
approximately 30% of all SCLC diagnoses. Therefore,
further interrogations into the use of oxidative phos-
phorylation inhibitors in tumors and cell lines that do
not express MYC are required to fully understand the
potential for metabolic intervention as a therapeutic
strategy among all SCLC subtypes.
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2.5μM PFK158. C) The percent of apoptotic RP and RPM cells increases
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cells is significantly decreased after 2.5μM PFK158 treatment. E) The per-
cent proliferation of MYCLow (H2029, DMS79, H526) and MYCHigh (H847,
H146, H82, H446) cells is significantly decreased after 2.5μM PFK158 treat-
ment. F-G) Glucose restriction reduces viability and proliferation in
MYCHigh (H146, H446, H847, H865) cell lines but not MYCLow (H526,
H2029, DMS79, H1836) cell lines. H) Immunoblots of H524 cell line trans-
fected with SCR siRNA, MYC siRNA, and PFKFB3 siRNA showing lower
MYC, HK2, PFKFB3, and LDHA protein expression with vinculin loading
control. I) The percent of viable cells among siRNA treated H524 cells is
not significantly altered. J) The percent proliferation cells among siRNA
treated H524 cells is not significantly altered. K) Immunoblots of H82 cell
line transfected with SCR siRNA, MYC siRNA, and PFKFB3 siRNA showing
lower MYC, HK2, PFKFB3, and LDHA protein expression with vinculin load-
ing control. L) The percent of viable cells among siRNA treated H82 cells
is not significantly altered. M) The percent proliferation cells among siRNA
treated H82 cells is not significantly altered. (*P<0.05; **P<0.01; ****P<
0.001). Supplementary Figure 3: Targeting glycolysis reduces ATP gen-
eration and lactate secretion. A) Intracellular lactate trends downward in
MYCHigh (NJH29, H446, H82, H1930, H1048, H841) and MYCLow (H1092,
H1436, DMS79, H526) cells treated with 2.5μM PFK158. B) Glucose uptake
in significantly lower in H524 cells treated with siRNA against MYC and
PFKFB3 compared to a SCR control. C) Extracellular lactate is significantly
reduced in H524 cells treated with siRNA against MYC and PFKFB3 com-
pared to a SCR control. D) Glucose uptake in significantly lower in H82
cells treated with siRNA against MYC and PFKFB3 compared to a SCR con-
trol. E) Extracellular lactate is significantly reduced in H82 cells treated
with siRNA against MYC and PFKFB3 compared to a SCR control. F) IC50
values of cell lines treated with the glycolysis inhibitor YN1. G) There are
no significant differences in glucose uptake after YN1 treatment; MYCLow

(H1436, DMS79, H1092, H526, H1522) cell lines; MYCHigh (H446, H82,
NJH29, H841, H524) cell lines. H) Extracellular lactate is significantly re-
duced after YN1 treatment in MYCHigh cell lines; MYCLow (H1436, DMS79,
H1092, H526, H1522) cell lines; MYCHigh (H446, H82, NJH29, H841, H524)
cell lines. (*P<0.05; **P<0.01; ***P<0.005; ****P<0.001). Supplementary
Figure 4: PFK158 treatment in H446 and DMS79 tumors. A) DMS79
tumor growth curve showing no statistical difference. B-C) H&E of DMS79
tumors showing similar pathology. D-E) Body weight curves of DMS79
and H446 xenografts with no statistical differences. F) 17.9% of genes that
are significantly altered between vehicle and PFK148-treated H446 xeno-
grafts are linked to a metabolic process. G) Several of the top GO terms
related to the significantly altered genes between the vehicle and
PFK158-treated H446 animals. H-I) The glucose-to-lactate metabolite ratio
in H446 and DMS79 tumors. J) Oxygen consumption rate of H446 xeno-
graft tumors (N=1) treated with vehicle or PFK158 analyzed in six tech-
nical replicates. K) Extracellular acidification rate of H446 xenograft tumors
(N=1) treated with vehicle or PFK158 analyzed in six technical replicates.
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