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MYCN-amplified neuroblastoma is a lethal subset of pediatric can-
cer. MYCN drives numerous effects in the cell, including metabolic
changes that are critical for oncogenesis. The understanding that
both compensatory pathways and intrinsic redundancy in cell sys-
tems exists implies that the use of combination therapies for ef-
fective and durable responses is necessary. Additionally, the most
effective targeted therapies exploit an “Achilles’ heel” and are
tailored to the genetics of the cancer under study. We performed
an unbiased screen on select metabolic targeted therapy combina-
tions and correlated sensitivity with over 20 subsets of cancer. We
found that MYCN-amplified neuroblastoma is hypersensitive to
the combination of an inhibitor of the lactate transporter MCT1,
AZD3965, and complex | of the mitochondrion, phenformin. Our
data demonstrate that MCT4 is highly correlated with resistance to
the combination in the screen and lowly expressed in MYCN-
amplified neuroblastoma. Low MCT4 combines with high expres-
sion of the MCT2 and MCT1 chaperone CD147 in MYCN-amplified
neuroblastoma, altogether conferring sensitivity to the AZD3965
and phenformin combination. The result is simultaneous disruption
of glycolysis and oxidative phosphorylation, resulting in dramatic
disruption of adenosine triphosphate (ATP) production, endoplasmic
reticulum stress, and cell death. In mouse models of MYCN-
amplified neuroblastoma, the combination was tolerable at concen-
trations where it shrank tumors and did not increase white-blood-
cell toxicity compared to single drugs. Therefore, we demonstrate
that a metabolic combination screen can identify vulnerabilities in
subsets of cancer and put forth a metabolic combination therapy
tailored for MYCN-amplified neuroblastoma that demonstrates ef-
ficacy and tolerability in vivo.
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espite their relative rarity compared to blood cancers, solid-

tumor pediatric cancers are now the leading cause of pe-
diatric cancer-related deaths. Among the most deadly is high-risk
neuroblastoma (NB): amplification of MYCN confers high risk
and is the clear driver of NB in these cancers (1). As such, MYCN
remains the most important drug target in NB and one of the most
important in pediatric cancer. Unfortunately, direct chemical
targeting of MYCN has not yet been successful, and despite ad-
vancements in anti-GD2 immunotherapy (2), alternate ways of
targeting MYCN-amplified NB may be needed to successfully treat
this cancer.

One approach is to find tumor-specific vulnerabilities, which
are exploitable pharmacologically. Many efforts, including ours
(3), have exhaustively looked for kinase inhibitors with particular
efficacy in MYCN-amplified NBs. However, the emerging picture
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is a lack of kinase inhibitor efficacy in MYCN-amplified NB.
Other vulnerabilities may be classified under the broad category
of drugs targeting epigenetic modifiers. For example, using a
CRISPR/Cas9 screen, Stegmaier and colleagues demonstrated
that MYCN-amplified NB may be susceptible to targeting the
H3K27me methylase EZH2 (4); in a different study, they dem-
onstrated the susceptibility of MYCN-amplified NB to the com-
bination of BRD4 inhibitors with CDK?7 inhibitors (5). In addition,
Thiele and colleagues (6) demonstrated high-risk NBs were sus-
ceptible to inhibition of the lysine methyltransferase SETDS. As
promising as these data are, it remains unknown whether tolera-
bility and/or clinical activity in MYCN-amplified NB will occur and
SETDS8, BRD4, and CDK?7 inhibitors so far are not in the pediatric
clinic. Cell death inducers constitute a third category. To this point,
we recently uncovered a susceptibility of MYCN-amplified NB to
the BCL-2 inhibitor venetoclax (3), confirmed by others (7). There,
MYCN-driven NOXA expression sensitizes cells to venetoclax (3).

Significance

High-risk neuroblastoma accounts for nearly 15% of all pedi-
atric cancer-related deaths. MYCN is an oncogene amplified in
roughly half of high-risk neuroblastoma cases and finding new
therapies to neutralize MYCN is a high priority for pediatric
cancer. Here we demonstrate that MYCN-amplified neuro-
blastomas are sensitive to the combined inhibition of MCT1
and complex | of the mitochondrion. Sensitivity is due to low
expression of MCT4 and high expression of MCT1 and the MCT1
chaperone CD147. Pharmacologic inhibition with AZD3965 and
phenformin leads to complementary inhibition of metabolic
processes that ultimately leads to cell death.
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Venetoclax is now in early phase trials in pediatric patients including
those with NB (NCT03236857). It remains to be seen whether or
not it will elicit responses in NB patients as a single agent.

A fourth distinct category of therapeutic strategies to indi-
rectly target oncogenes is through metabolism targeting, involv-
ing the growing coterie of drugs targeting the pathways fulfilling
the high-energy demands of cancer cells. A major energy cur-
rency in cells is adenosine triphosphate (ATP). The Warburg
effect describes the propensity of cancer cells (and highly pro-
liferating normal cells) to produce ATP in the presence of oxygen
with the less efficient, extramitochondrial glycolysis, as opposed to
the more efficient mitochondria-based oxidative phosphorylation
occurring in most noncancerous cells (8). The mechanistic expla-
nation of the Warburg effect and how it might benefit cancer cells
has been revised dramatically over the years. It was originally
proposed that mitochondria from cancer cells were defective and
lacked oxidative phosphorylation capabilities (9); on the contrary,
emerging data show that many cancers rely on oxidative phos-
phorylation to facilitate the generation of ATP (8, 10). Interest-
ingly, while amplified MYCN directly regulates the expression of
many of the key glycolytic enzymes and as such contributes to the
Warburg effect (11, 12), a study utilizing a Seahorse respirator
demonstrated that a MYCN-amplified NB cell line favored oxi-
dative phosphorylation over glycolysis for the metabolic needs,
while the reverse was true for a MYCN wild-type NB cell line (13).
In an independent study, MYCN was associated with higher gly-
colytic flux and oxidative phosphorylation and conferred sensitivity
to fatty acid oxidation disruption (12). Overall, since c-MYC,
which shares ~40% binding homology to DNA-binding sites
throughout the genome with MYCN, has been extensively char-
acterized as a metabolic master regulator (14, 15), it is likely there
are other MYCN-driven metabolic processes that may represent
significant drug targets.

Monocarboxylate transporters (MCTs) consist of four mem-
bers (MCT1-4) in mammalian cells. Among their most critical
substrates are lactate and pyruvate; MCT1 and MCT4 are re-
sponsible for lactate export across the plasma membrane to the

extracellular space (16). AZD3965 (17) (AstraZeneca) is the
first in-class—specific MCT1/2 dual inhibitor and is currently in
early phase trials for diverse cancers; however, other inhibitors
from different companies have recently been developed as well
(18). Of note, AZD3965 has demonstrated good tolerability in
diverse patients (clinical trial number NCT01791595). Although
rare (65 cases/100,000 person-years), lactic acidosis led to the
market retrieval of phenformin in America (19), yet phenformin
remains in use as a type II antidiabetic drug in Europe, func-
tioning centrally as a mitochondrial complex I electron transport
chain (ETC) inhibitor. Phenformin reduces both glycolytic in-
termediates and pyruvate, increases shunting of glucose-derived
carbon (increasing total lactate production), and markedly re-
duces tricarboxylic acid cycle intermediates (20). Indeed, there
has been a recent resurgence in interest in the use of phenformin
to treat cancer. For example, in BRAF mutant melanoma,
phenformin sensitized cells to BRAF inhibitor through cooper-
ative suppression of the metabolic sensor pathway mTORC1 (21).
These preclinical data have led to a clinical trial of phenformin in
combination with BRAF inhibitor in BRAF mutant melanoma
(NCT03026517). Overall, while targeting individual metabolic
pathways has demonstrated some preclinical success in different
cancer models, it is limited with significant redundancy in path-
ways to generate ATP and regenerate NAD+ (22). We therefore
assessed potential combination therapies involving metabolic tar-
geting drugs to identify a strategy for MYCN-amplified NB.

Results

High-Throughput Screening Reveals Sensitivity of AZD3965/Phenformin
in MYCN-Amplified Neuroblastoma. The Genomics of Drug Sensi-
tivity of Cancer (GDSC) is a comprehensive drug-screening
platform aimed at discovering new drug sensitivities for geneti-
cally distinct subsets of cancer (23, 24). We have used this plat-
form to generate targeted therapy strategies that are in the process
of clinical trial testing (3, 25, 26), as well as epigenetic targeted
therapy strategies (27). Here, we redesigned the platform to
screen and capture sensitivities of metabolic-targeting drugs in
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MYCN-amplified neuroblastoma demonstrates sensitivity to AZD3965/phenformin. (A) Distribution of sensitivity across tissue of origin to the

combination of AZD3965 and phenformin: AZD3965 (fixed dose of 128 nM) and phenformin (variable dose 2 uM to 7.8 nM). Area under the dose-response
curve (AUCQ) is used as the metric for drug response. (B) Cumulative distribution of AUC values for MYCN-amplified versus MYCN wild-type cell lines from
cancer subtypes listed in A. The values in A and B are from the GDSC drug-screening platform using resazurin to measure cell viability. (C) Long-term pro-
liferation as measured by crystal violet assays over 5- to 7-d treatments with 1 pM AZD3965, 10 pM phenformin, or the combination in MYCN-amplified cell
lines and MYCN wild-type cell lines. The SMS-SAN cells were treated with no drug, 1 pM AZD3965, 10 uM phenformin, or the combination of both drugs (n =5
for all groups) for 48 h. Metabolic analysis was used to measure the level of (D) lactate and (E) GSH/GSSG ratio.
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combinations of two. We here report the hypersensitivity of NB,
and in particular of MYCN-amplified NB, to the combination of
the MCT-1/2 inhibitor AZD3965 and the biguanide phenformin
(Fig. 1 A and B, SI Appendix, Table S1, and Datasets S1 and S2).
Confirming the robustness of the findings, the reverse combina-
tion using a fixed dose of phenformin added to a variable dose to
AZD3965 yielded highly consistent results (SI Appendix, Figs. S1
and S2). Response to phenformin alone was not linked to MYCN
status, while response to the MCT1 inhibitor alone was modestly
linked to MYCN status compared to the strong association seen
with the combination (SI Appendix, Figs. S1 and S2). Sensitivity to
the combination of AZD3965 and phenformin was reproduced
with AZD3965 and a chemically distinct complex I inhibitor,
TACS-010759 (SI Appendix, Fig. S34). To ensure that AZD3965
was on target, we silenced MCT1 with small interfering RNA
(siRNA). Again, the combination of MCT1 siRNA and phenfor-
min approximated the sensitivity seen with AZD3965 and phen-
formin (S Appendix, Fig. S3 B-G). Similarly, the combination of
MCT1 siRNA and IACS-010759 approximated AZD3965 and
TIACS-010759 (SI Appendix, Fig. S3 B-G). Altogether, these data
demonstrate cotargeting of MCT1 and that complex I is effective
in MYCN-amplified NB.

For the metabolic combinations in the GDSC screen, we uti-
lized resazurin, which measures viability through several enzy-
matic activities in viable cells rather than ATP content (28). We
corroborated the screen data of combination efficacy in the
MYCN-amplified NB group using crystal violet assays, which
intercalates with intact DNA and protein and is a reliable stain to
quantify adherent cells independently of their metabolic status
(29) (Fig. 1C). On the other hand, MYCN wild-type NBs were
substantially less sensitive to the combination therapy (Fig. 1C).
As different media formulas affect sensitivity to biguanides (30,
31), sensitivity to the combination therapy was tested using me-
dia containing either 1 mM pyruvate (Dulbecco’s Modified Ea-
gle Media [DMEM]/F12) or no pyruvate (RPMI). We found that
the sensitivity patterns were consistent irrespective of the media
used (SI Appendix, Fig. S4).

Intracellular lactic acid accumulation through disruption of
MCT1 can be enhanced by biguanides (32, 33). We next utilized
mass-spectrometry—-based metabolite measurements in the MYCN-
amplified SMS-SAN NB cells treated with single agents and the

combination of AZD3965 and phenformin (Fig. 1 D and E and SI
Appendix, Fig. S5). This experiment measured 655 metabolites
following treatment with AZD3965, phenformin, or the com-
bination, compared to untreated cells (n = 5 biological replicates
for each condition; Dataset S3). In line with other studies, the
combined blocking of MCT1 and mitochondrial complex I caused
enhanced lactate accumulation (32, 33) in the SMS-SAN cells
(Fig. 1D), leading to a high cellular level of oxidative stress,
demonstrated through the ratio of reduced glutathione (GSH) to
oxidized glutathione (GSSG) (Fig. 1E). Of note, we did not detect an
increase in pyurvate (SI Appendix, Fig. S5), which in some instances
may be elevated following MCT1/phenformin treatment (34).

The Presence of Amplified MYCN Sensitizes to AZD3965/Phenformin.
Sensitivity correlated with MYCN amplification in the high-
throughput screening (HTS) (Fig. 1B), which suggested that MYCN
overexpression may mechanistically sensitize NBs to the combination
of MCT1 and complex I inhibition. Our data demonstrated a highly
stressed cell state (Fig. 1E) following lactate accumulation (Fig. 1D);
this suggested a reduction in ATP, potentially through “feedback”
shutdown of glycolysis caused by lactate accumulation, with the ad-
ditional decrease of ATP caused by direct shutdown of oxidative
phosphorylation by phenformin (16, 20, 32, 35). We therefore assayed
a panel of MYCN-amplified NB cells to determine whether ATP was
depleted following treatment. Indeed, the combination synergistically
depleted ATP in the MYCN-amplified NB cell lines (Fig. 24). To
more directly assess the role of MYCN in this process, we employed
syngenic cell-line pairs that expressed exogenous MYCN or expressed
exogenous GFP as a control (3, 36). For these assays, cellular content
in ATP was measured using CellTiter- Glo, which also is a quanti-
tative assay for cellular viability within the proper cell concentrations
(37). We found striking differences in the depletion of ATP by
AZD3965 plus phenformin in RPE.1 cells, CHLA20 NB cells, and
CHLA172 NB cells expressing MYCN compared to their GFP-
expressing counterparts (Fig. 2B). When tested at a shorter time
point (16 h), the combination therapy consistently decreased ATP
levels (ST Appendix, Fig. S64), demonstrating that depletion of ATP is
an early event that precedes cell death (Fig. 34). Massive ATP de-
pletion at 16 h was demonstrated selectively in the cells with exoge-
nous expression of MYCN and not GFP (SI Appendix, Fig. S6B), and,
conversely, silencing of MYCN led to mitigation of ATP loss (S7
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Fig. 2. AZD3965/phenformin synergizes in MYCN-amplified neuroblastoma. ATP/viability assay (CellTiter-Glo) was performed after a 72-h treatment of AZD3965
(1, 3, or 10 pM), phenformin (10, 30, or 100 pM), or the combination of both at the indicated concentrations for (A) MYCN-amplified cell lines analyzed by the Bliss
synergy score (red indicates synergy, blue indicates antagonism) and (B) syngeneic cell-line pairs expressing exogenous MYCN or exogenous GFP as a control.
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Fig. 3. AZD3965/phenformin affects metabolic function and induces apoptosis in MYCN-amplified neuroblastoma. (A) Western blotting measuring the
levels of indicated proteins in the IMR5 cells treated with 1 pM AZD3965, 10 pM phenformin, or the combination of both for 16 h. The IMR5 cells were treated
with 1 pM AZD3965, 10 uM phenformin, or the combination of both for 16 h, and their metabolic status was analyzed with the Seahorse XFp to measure (B)
ECAR and (C) OCR. (D) The IMRS5 cells were injected with 1 uM AZD3965, 10 pM phenformin, or the combination of both with (D) ECAR and (E) OCR measured
immediately after injection with the Seahorse XFp. (F) The IMR5 and (G) SK-N-BE (2) cells were treated with 1 uM AZD3965, 10 uM phenformin, or the
combination of both for 16 h, and glucose uptake was measured with Glucose Uptake-Glo assay. (H) Western blotting was used to detect the levels of the
indicated antibodies in the IMR5 cells treated with 1 uM AZD3965, 10 uM phenformin, or the combination of both for 24 h. (/) Crystal violet assay of MYCN-
amplified cell lines reverse-transfected with small interfering (si)-scramble or ATF4 siRNA treated for 5 to 7 d with 1 pM AZD3965 and 10 pM phenformin. (J)
Western blot of MYCN-amplified cell lines reverse-transfected with si-scramble or ATF4 siRNA treated with 1 pM AZD3965 and 10 uM phenformin for 24 h
and probed with the indicated antibodies.

Appendix, Fig. S7 A and B). Along with ATP levels, the ratio of ATP/  combination therapy reduced glucose uptake (Fig. 3 F and G).
ADP consistently decreased with the combination treatment of These data are consistent with the markedly increased loss of ATP
AZD3965 and phenformin only in the presence of MYCN (SI Ap- by both drugs upon overexpression of MYCN (Fig. 2B and SI
pendix, Fig. S84). As opposed to the low levels of sodium pyruvate (1 ~ Appendix, Fig. S6B). Loss of ATP is often counteracted by cells
mM) in DMEM/F12 media, catastrophic loss of ATP could be par-  through increased AMPK activity to blunt the mTORCI pathway.
tially restored with high levels (10 mM) of sodium pyruvate (SI Ap- Indeed, we found active AMPK and deactivated mTORCI1
pendix, Fig. S8B), which corresponded to a concomitant partial rescue  (Fig. 3H and SI Appendix, Fig. S94). In addition, in line with ATP
of toxicity (SI Appendix, Fig. S8 C and D). All these data are con-  catastrophic loss, we noted that cell death was most evident in the
sistent with our hypothesis that sensitivity of the combination of ~AZD3965 and phenformin combination treated cells based on
AZD3965 plus phenformin is causatively linked to MYCN amplifi-  cleaved PARP (Fig. 3H and SI Appendix, Fig. S9B). We also found
cation status and occurs through a catastrophic loss of ATP. increased presence of endoplasmic reticulum (ER) stress markers
ATP is primarily generated by glycolysis and oxidative phos-  (Fig. 3H and SI Appendix, Fig. S94) that mitigated loss of cell vi-
phorylation. We next evaluated the state of glycolysis and oxida-  ability from the combination treatment when silenced (Fig. 3
tive phosphorylation following drug exposures. For these studies,  and J).
we evaluated oxidative phosphorylation through oxygen consump-
tion rate (OCR) and glycolysis through extracellular acidification =~ Amplified MYCN Modulates the Mitochondria in Neuroblastoma. We
rate (ECAR) on a Seahorse metabolic analyzer (32). We utilized  recently found that MYCN sensitizes cells to a BCL-2 inhibitor
the MYCN-amplified IMR5 cells instead of the SMS-SAN cells  through transcriptional activation of the BH3-only protein
since these cells are fully adherent and more ideal for this assay. We ~ NOXA (3). We reasoned that amplified MYCN was likely to
found that AZD3965 was sufficient to decrease the extracellular  cause hypersensitivity to AZD3965/phenformin through tran-
acidification rate, which may be due to a decrease in glycolysis, scriptional changes. Recently, Brady et al. (38) have demonstrated
while phenformin did not have any effect. As would be expected, that MYCN regulates mitochondrial genes in NB. We therefore
the two combined to have a greater impact on glycolysis reduction ~ examined RNA sequencing (RNA-seq) data (Gene Expression
than single agents (Fig. 3B). Impressively, while phenformin alone ~ Omnibus [GEO] accession no. GSE80153) from a recent study (5)
was sufficient to reduce oxidative phosphorylation, the two drugs  to analyze differences between MYCN high (mimicking MYCN
combined to have a marked effect on oxidative phosphorylation — amplification) and MYCN low NB. We used the DAVID tool (39)
(Fig. 3C). These metabolic effects, much like loss of ATP (SI Ap-  to analyze pathway differences from RNA-seq data between tet-
pendix, Fig. S6 A and B), were independent of cell death, which was ~ off MYCN SHEP2IN cells in the presence (tet-off/MYCN-on)
yet not occurring at 16 h (Fig. 34). Short-term analysis showed that, and absence (tet-on/MYCN-off) of doxycycline. This unbiased
immediately upon injection, the combination of AZD3965 and analysis revealed mitochondrial-associated genes as the most up-
phenformin reduced ECAR (Fig. 3D) and OCR (Fig. 3E) levels.  regulated pathway in high MYCN (Fig. 44). Further analyses of
Furthermore, consistent with decreased glycolytic flux, the these genes demonstrated that complex I genes were the most
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Fig. 4. The mitochondria is modified by amplified MYCN in neuroblastoma. (A) Gene expression data revealing differences in gene expression between the MYCN
expressing and non-MYCN expressing SHEP21N cells. (B and C) The complex | gene expression fold change from the GFP-expressing RPE.1 and CHLA20 cells and the
MYCN-expressing RPE.1 and CHLA20 cells. (D) The RPE.1 GFP- and MYCN-expressing cells were analyzed with a Seahorse XFp mitochondrial stress test to measure OCR.

broadly affected (~40% of complex I-related genes up-regulated
in the tet-off MYCN-on cells). These data show strong metabolic
perturbation upon MYCN overexpression, particularly affecting
mitochondrial complex I. To further examine the connection be-
tween MYCN and mitochondrial complex I, we evaluated the
expression of complex I genes in the RPE.1 and CHLA20 cells
with exogenous expression of GFP or MYCN. Here, we found
that expression of MYCN caused an increase in the expression of
various complex I genes (Fig. 4 B and C).

While MYCN leads to up-regulation of glycolytic genes (11), a
study utilizing a Seahorse metabolic analyzer demonstrated that
a MYCN-amplified NB cell line favored oxidative phosphoryla-
tion (OCR) over glycolysis (ECAR) for their metabolic needs,
while the reverse was true for a MYCN wild-type NB cell line
(13). More recently, Oliynik et al. (12) demonstrated both en-
hanced ECAR and OCR in NB with amplified MYCN compared
to NB without amplified MYCN. To better characterize MYCN
in these two metabolic processes, we utilized the isogenic RPE.1
GFP and RPE.1 MYCN cells. We found that baseline ECAR
and OCR measurements were not consistently higher in the RPE.1
MYCN cells (Fig. 4D and SI Appendix, Fig. S10). We next con-
ducted a mitochondrial function test in which a series of compounds
with specific effects on the mitochondrial ETC are used (40). We
found a reproducibly marked difference in maximum oxidation rate
(respiration) measured following addition of the mitochondrial un-
coupler carbonyl cyanide-p-triflouromethoxyphenylhydrazon (40)
(Fig. 4D), with a significantly increased reserve capacity (differ-
ence between baseline OCR levels and maximal OCR levels) in
the RPE.1 MYCN cells compared to the GFP cells. Interestingly,
the addition of the complex I inhibitor rotenone and complex
IIT inhibitor antimycin led to a sharp decrease in oxidative
consumption in the RPE.1 MYCN cells, which brought oxidative
consumption rates back to those of the RPE.1 GFP cells. These
data demonstrate that the presence of amplified MYCN increases
the maximum capacity of mitochondrial respiration, which would
be expected to give the cells a distinct survival advantage in
cellular-stressed conditions (40). However, importantly, this ad-
vantage is lost following complex I/III inhibition, providing a clue
that inhibiting complex I following cellular stress may be an im-
portant strategy to treat MYCN-amplified NB.
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AZD3965/Phenformin Induce ER Stress in MYCN-Amplified NB. Met-
abolic pressure, for example, induced by glutamine deprivation,
can induce ER stress, as evidenced by the activation of the un-
folded protein response in MYCN-amplified NB (41). Our data
demonstrate that the combination of AZD3965 and phenformin
leads to a greatly oxidized cell state (Fig. 1E) in parallel with
massive ATP loss (Fig. 2), likely a result of dual blockage of
glycolysis and oxidative phosphorylation caused by lactate ac-
cumulation. We also saw increases in IRE1-a and ATF4 (Fig. 3H
and SI Appendix, Fig. S94), consistent with the stressed state
caused by the combination (Fig. 1D). Importantly, knockdown of
ATF4 was sufficient to mitigate drug efficacy (Fig. 3 I and J),
underlying the role of ER stress to link ATP loss with toxicity.

MCT1 inhibition, however, based on our HTS of 1,000 cancer
cell lines with the single-agent AZD3965, is not effective in most
cancers (SI Appendix, Fig. S1). It is well known that the two
primary lactate exporters are MCT1 (encoded by SLC16A41) and
MCT4 (encoded by SLC16A43) and that MCT4 can rescue toxic
effects of inhibiting MCT1 by maintaining lactate export (10, 18, 35).
Indeed, it has been suggested previously that concomitant inhibition
of MCT1 and MCT4 might be necessary for broad anticancer ac-
tivity (35) but would also be likely accompanied by intolerable
toxicities based on the ubiquitous role of these transporters.

We performed a multivariate regression analysis (elastic nets)
(24) using genomic data available for the GDSC cell lines in-
cluding gene expression data (42). This modeling showed that,
across genes associated with sensitivity or resistance to the
AZD3965/phenformin combination, expression of MCT4 was by
far the strongest predictor of resistance to the combination
(Fig. 54 and Datasets S4 and S5, MCT4 higher expression in
less-sensitive cell lines). Interestingly, the weight associated with
MCT4 expression in the linear regression model was even larger
in the combination regression-based model than in that obtained
for the single-agent AZD3965 MCTT1 inhibitor, indicating that
MCT4 expression explains even more the resistance to the com-
bination than to the single-agent MCT1 inhibitor (Dataset S4). In
aggregate, the results point to the key role of MCT4 expression in
mediating resistance to the combination and thus to the impor-
tance of understanding the relationship between high MYCN
expression and MCT4 expression.
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Fig. 5. MCT4 is heavily methylated in MYCN-amplified neuroblastoma. (A) Elastic net regression identifies genes associated with response to the MCT1
inhibitor plus phenformin combination. The genes with highest absolute effect are shown; the effect size corresponds to the importance of a given gene
expression in the linear regression. MCT4 (SLC16A3) has the most weight in the model. The heatmap shows the relative expression of the corresponding genes
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indicated color scale. See Datasets S3 and S4 for the complete dataset. (B) MCT4 expression throughout cancer cell lines from CCLE. (C) MCT4 expression in
MYCN-amplified neuroblastoma tumors (n = 92) compared to MYCN wild-type neuroblastoma tumors (n = 401) from the SEQC database and MYCN-amplified
neuroblastoma tumors (n = 93) compared to MYCN wild-type neuroblastoma tumors (n = 550) from the Kocak database. (D) Analysis of MCT4 promoters in
105 neuroblastoma tumors. The orange rectangle highlights heavily methylated site in MYCN-amplified neuroblastoma tumors (cp08296680). (E) The CpG
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Fig. 6. MCT4 is related to a methylated phenotype and lowly expressed in MYCN-amplified neuroblastoma. The fold change of MCT4 gene expression from
control in the MYCN-amplified (A) SIMA and (B) IMR5 cells treated with 1 pM decitabine for 72 h and RNA processed for qRT-PCR. (C) The fold change of MCT4
gene expression from the GFP-expressing RPE.1 cells and the MYCN-expressing RPE.1 cells. (D) Western blot of the GFP-expressing RPE.1 cells and the MYCN-
expressing RPE.1 cells probed with the indicated antibodies. (E) The percentage of expression of 5-methylcytosine in the GFP-expressing RPE.1 cells compared to
the MYCN-expressing RPE.1 cells. Transduction with pLenti control or pLenti MCT4 lentivirus in the MYCN-amplified cell lines KELLY and SK-N-BE (2) was
performed and cells were assayed for (F) ATPNiability (CellTiter-Glo) following 16 h of treatment with AZD3965 (1, 3, or 10 uM), phenformin (10, 30, or 100 uM), or
the combination at the indicated concentrations. (G) The fold-change of gene expression of MCT4 as determined by gRT-PCR and (H) a crystal violet assay fol-
lowing 5 to 7 d of treatment with the combination of 1 pM AZD3965 and 10 uM phenformin.

MCT4 Is Heavily Methylated in the MYCN-Amplified NB Subset. MCT4
is located on chromosome 17 and is involved in the most common
alteration in NB, partial 17q amplification (43); interestingly, it
has long been known that 17q gain and MYCN amplification tend
to co-occur (44). These data seem conflicting with MCT4 serving
as the primary resistant mechanism for the combination and en-
hanced sensitivity among MYCN-amplified NB. To begin to
evaluate this discrepancy, we determined MCT4 expression
throughout cancer cell lines in an independent expression dataset,
the Cancer Cell Line Encyclopedia (CCLE) dataset (45). In
contrast to what was expected based on the amplification status
but consistent with MYCN-amplified NB high sensitivity to MCT1
inhibition and combination of MCT1 inhibition and phenformin,
we found that MCT4 expression was significantly lower in MYCN-
amplified NB compared to all other cell lines, including MYCN
wild-type NB (Fig. 5B). Analyses of NB tumors in two large public
datasets confirmed the relationship between amplified MYCN and
suppressed MCT4 in NB tumors (Fig. 5C).

One possible explanation for the discrepancy between gene
copy and expression of MCT4 is that amplified MYCN either
directly or indirectly suppresses MCT4 expression. Interestingly,
analyses of the MCT4 promoter in 105 annotated NB tumors
demonstrated markedly altered methylation patterns in MYCN-
amplified versus MYCN wild-type NB tumors (Fig. 5D). Upon
further analyses, we found one such heavily methylated site in a
large subset of MYCN-amplified NB tumors (cp08296680)
(Fig. 5 E and F), supporting a role of methylation differences at
the MCT4 promoter and gene in MYCN-amplified NB.

To analyze this further, we treated the MYCN-amplified NB
cell lines SIMA and IMRS with the DNA methyltransferase 1
(DNMT1) inhibitor decitabine (5'-Axa-2’deoxycytidine). MCT4
transcript levels increased, consistent with a methylated pheno-
type in MYCN-amplified NB (Fig. 6 4 and B). MYCN has a
predilection to bind to heavily methylated DNA (46) and cor-
relates with methylation of different promoters in NB (47). In-
deed, exogenous expression of MYCN in the RPE.1 model led to
a sharp loss of MCT4 RNA and protein (Fig. 6 C and D),
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demonstrating a role of MYCN in decreased MCT4 expression.
Consistently, methylation levels of RPE.1 were increased in the
presence of MYCN (Fig. 6E). Altogether, these data demonstrate
low MCT4 expression marked by differential methylation in
MYCN-amplified NB tumors, which is at least in part regulated by
MYCN. Consistently, overexpression of MCT4 with lentivirus-
containing plasmids in the MYCN-amplified cell lines KELLY
and SK-N-BE (2) led to marked mitigation of ATP loss and toxicity
to the combination of AZD3965 and phenformin (Fig. 6 F-H).

MYCN-Amplified Neuroblastomas Have High Expression of CD147 and
MCT1. CD147 (basigin/emmprin) is a transmembrane glycopro-
tein that can bind diverse proteins and facilitate membrane de-
livery of specific proteins (48). CD147 acts as such a chaperone
for MCT1 and regulates its expression at the protein level
(49-51); knockout of CD147 was reported to result in a 10-fold
loss of MCT1 activity (32), and the anticancer effects of inhib-
iting CD147 are largely attributed to its ability to enhance lactate
accumulation (10). We therefore evaluated CD147 levels in NB.
We found higher expression of CD147 in MYCN-amplified NB
compared to NB without MYCN amplification across several data-
sets (Fig. 7A4). Levels of MYCN and CD147 were correlated (52),
and patients with high levels of CD147 had worse outcomes
(Fig. 7B), and CD147 was increased in more advanced NB (Fig. 7C).

Similar to the data that we uncovered with CD147, MCT1
levels have recently been demonstrated to correlate with MYCN
and to portend poor outcomes (53, 54). We found not only that
MCTT1 levels correlate with poor outcomes in NB (Fig. 7D), but
also that high expression was sufficient to decrease survival
probability in MYCN wild-type NB (Fig. 7E). Analyses of NB
tumors in two large public datasets confirmed the correlation
between CD147 and MCT1 (Fig. 7F).

MYCN Binds to the MCT1 Promoter to Up-Regulate It. We also found
that MCT1 was higher, similar to CD147, in MYCN-amplified
NB tumors (Fig. 84). In the syngeneic lines, exogenous MYCN
was sufficient to increase MCT1 expression (Fig. 8B) (52).
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compared to MYCN wild-type neuroblastoma tumors (n = 16) from the Versteeg database, MYCN-amplified neuroblastoma tumors (n = 31) compared to
MYCN wild-type neuroblastoma tumors (n = 220) from the Oberthuer database, and MYCN-amplified neuroblastoma tumors (n = 93) compared to MYCN
wild-type neuroblastoma tumors (n = 550) from the Kocak database. (B) The Kaplan curves for survival outcomes with high levels (n = 236) compared to low
levels (n = 235) of CD147 from the Kocak database and survival outcomes with high levels (n = 249) compared to low levels (n = 249) of CD147 from the SEQC
database. (C) The CD147 expression in neuroblastoma tumors separated by stage from the Kocak database. (D) The Kaplan curves for survival outcomes of all
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outcomes of MYCN wild-type neuroblastomas with high levels (n = 60) compared to low levels (n = 345) of MCT1 from the Kocak database. (F) The correlation
of CD147 and MCT1 expression from the SEQC and Kocak databases as determined by linear regression analysis.

We next took advantage of a recent study (55) that examined
MYCN binding throughout the genome in NB. We found from
our analyses of MYCN at the MCT1 promoter that, when MYCN
was expressed in the SHEP21N cells, there was strong binding of
MYCN to the MCTI promoter (Fig. 8C), which correlated with
higher expression of MCT1 in the MYCN-expressing SHEP cells
(Fig. 8D). We further corroborated these data in other MYCN-
amplified NB cell lines (Fig. 8C). Importantly, read count peaks in
the chromatin immunoprecipitation sequencing (ChIP-seq) data
(Fig. 8C) correspond to E-BOX sites in the MCT! promoter, and
sites were previously shown to be occupied by the related protein
¢-MYC in the P493-6 human B-cell lymphoma line (16). Consistent
with the studies in the modified cell lines, analyses of 39 NB cell lines
(56), which included most of the cell lines used in this study, cor-
roborated our hypothesis that MYCN-amplified NBs have higher
expression of MCT1 and lower expression of MCT4 (Fig. 8E). These
data altogether demonstrate that MYCN binds to the MCTI
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promoter in NB to directly activate it and further sheds light on the
relationship between MYCN and lactate handling in NB.

The Combination of AZD3965 and Phenformin Blocks Tumor Growth in
MYCN-Amplified NB Mouse Models. We next sought to determine
whether AZD3965/phenformin had in vivo activity. We first took
advantage of several patient-derived xenograft (PDX) ex vivo
models of MYCN-amplified NB (36, 56, 57) to more stringently
evaluate the efficacy of this combination. As with the traditional
MYCN-amplified cell lines, we uncovered robust synergistic ac-
tivity of AZD3965/phenformin (Fig. 94).

We therefore investigated the combination in mouse models.
To do so, we utilized the SMS-SAN MYCN-amplified NB xeno-
graft model (3) and the 561 PDX model (Fig. 94). The doses used
in this study were 100 mg/kg/qd/po AZD3965 and 100 mg/kg/qd/po
phenformin, based on past studies (17, 21). We demonstrated over
2 wk that there was almost no effect of AZD3965 or phenformin
alone on tumor growth in these models; however, the combination
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Fig. 8. High MCT1 expression in MYCN-amplified neuroblastoma. (A) The MCT1 expression in MYCN-amplified neuroblastoma tumors (n = 92) compared
to MYCN wild-type neuroblastoma tumors (n = 401) from the SEQC database, MYCN-amplified neuroblastoma tumors (n = 93) compared to MYCN wild-type
neuroblastoma tumors (n = 550) from the Kocak database and MYCN-amplified neuroblastoma tumors (n = 31) compared to MYCN wild-type neuroblastoma
tumors (n = 220) from the Oberthuer database. (B) The MCT1 RNA expression from the CHLA20 GFP- expressing cells compared to the CHLA20 MYCN-expressing
cells and the RPE.1 GFP-expressing cells compared to the RPE.1 MYCN-expressing cells as determined by qRT-PCR. (C) ChIP-seq of MYCN at the MCT1 promotor in
MYCN-amplified NB cell lines, where read count peaks correspond to E-BOX sites in the MCT1 promoter. (D) The MCT1 and MYCN expression in the MCYN-
expressing and non-MYCN-expressing SHEP21N cells. (E) Expression of MCT1 and MCT4 in MYCN-amplified and MCYN wild-type neuroblastoma. For MCT4, two

points outside this range are not shown for visual purposes.

blocked tumor growth in both models and shrank three of the six
tumors in the SMS-SAN model (Fig. 9 B-E). This activity was
obtained without obvious signs of toxicity (Fig. 9 F and G).

The Combination of AZD3965 and Phenformin Is Tolerable. Enhanced
lactate accumulation would be expected to be toxic to most cells,
likely at a unique threshold. While our mouse studies did not
reveal any overt toxicity, we wanted to more thoroughly evaluate
the effect of the combination at a dose sufficient to shrink MYCN-
amplified NB. We conducted further toxicity studies in different
blood populations to potentially uncover less overt toxicity (58).
At the doses we used for the in vivo study, treatment with
AZD3965, phenformin, or the combination of both did not lead to
significant loss in red blood cells, white blood cells, neutrophils,
reticulocytes, or platelets (Fig. 9H). Although the combination
induced some depletion of lymphocytes, their level recovered fully
after 24 h (Fig. 9H). These data imply a potential therapeutic
window for this combination at doses where there is efficacy
against NB; however, further evaluations such as in vivo metabolic
profiling and liver- and kidney-function tests would be valuable.

Discussion

Targeting transcription factor oncogenes requires creativity be-
yond direct inhibitors. PROTACS (proteolysis targeting chi-
meras) may be important therapies in the future, as these have
the ability to enrich degradation of transcription factors by the
cellular machinery (59). Otherwise, targeting important down-
stream pathways—usually in combinations—is seen as a front-
running strategy to incorporate small-molecule inhibitors.
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In this study, we used a HTS of metabolic combinations to
uncover a high sensitivity of MYCN-amplified NB to combined
MCT1 and complex I inhibition. Sensitivity is underlined by sev-
eral conspiring factors. First, MYCN directly up-regulates MCT1,
the primary lactate importer into the cell, and, simultaneously,
these cells have high expression of the MCT1 chaperone CD147.
Second, MYCN-amplified NBs have heavily methylated MCT4,
repressing its expression in NB and precluding functional redun-
dancy with MCT1 (35). Indeed, in our combination screen of the
MCT1 inhibitor AZD3965 and complex I inhibitor phenformin,
MCT4 was the top-scoring resistant gene (with higher expression
in resistant cell lines). Third, we found that MYCN greatly alters
the mitochondrion. Among these changes, we noted an enhanced
oxidative reservoir driven by MY CN; phenformin blocks this spare
respiratory capacity, leading to massive loss of ATP in the pres-
ence of AZID3965, which is not seen in the absence of MYCN.
Massive ATP loss leads to ER stress and death. These three
factors likely combine to yield a potent effect of the combination
in MYCN-amplified NB.

Numerous questions remain regarding the use of different
metabolic pathways in MYCN-amplified NB. Interestingly, MYC-
and MYCN-driven cancers, including NB, have a high rate of
glutaminolysis (12, 60-62), which results in a high level of
NADPH production (60) (and some ATP production as well), the
former in line with increased nucleotide and fatty acid metabolism
that has been reported for MYC-driven cancers (12, 63). Beyond a
propensity for glutamine use, MYCN-amplified NBs are also gly-
colytic (12, 64), but how much more reliant on glycolysis are these
tumors versus oxidative phosphorylation for their ATP needs
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Fig. 9. The combination of AZD3965 and phenformin slows tumor growth in MYCN-amplified neuroblastoma mouse models. (A) ATPNiability assays were
performed after 72 h of treatment with AZD3965 (1, 3, or 10 uM), phenformin (10, 30, 100 1M), or the combination at the indicated concentrations in PDX ex vivo
cell cultures. (B) The SMS-SAN mouse model was treated with AZD3965, phenformin, or the combination of both 5 d/iwk for 2 wk. (C) Volumetric change in in-
dividual tumor size from the start of treatment on day 12 for the SMS-SAN mouse model. (D) The COG-N-561 PDX mouse model was treated with AZD3965,
phenformin, or the combination of both 5 d/wk for 2 wk. (E) Volumetric change in individual tumor size from start of treatment on day 18 for the COG-N-561
mouse model. (F) Body weight for the SMS-SAN mice. (G) Body weight for the COG-N-561 mice. (H) Mice were treated with no drug, AZD3965, phenformin, or the
combination for 3 d before exsanguination, and the recovery (Rec) cohort was treated for 7 d and allowed 24 h of recovery from treatment before exsanguination.

remains unknown. While mitochondrial respiration activity has
been reported to be down-regulated in NB (65), a recent report
indicated they retain high oxidative phosphorylation activity (12).
This appears difficult to reconcile, because MYCN-amplified NBs
often have loss of the complex II subunit SDHB, mostly due to
frequent concomitant /p36 loss (66). However, it was reported
that, when stressed, MYCN-driven NBs were able to increase the
oxidative phosphorylation program in a way that was not seen
without MYCN (12). The ability to increase oxidative phosphor-
ylation under stress was also seen in our experiments where there
was an increased oxidative reserve capacity (Fig. 4B). Therefore, it
is likely that phenformin synergistically reduces ATP levels more
dramatically in MYCN-amplified NBs compared to those without
MYCN (Fig. 2), because it eliminates this protective stress re-
sponse, negating what is likely a prominent survival advantage
conferred by MYCN in NB. Further studies will be aimed at
identifying how significant this oxidative stress response capacity is
during the course of traditional therapies for neuroblastoma.
AZD3965 is currently in clinical trials for patients with diverse
cancers (e.g., NCT01791595). MCT1 inhibition has demonstrated
somewhat diverging results in different cancers and has the ability
to down-regulate key glycolytic enzymes and increase intracellular
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lactate concentrations. Christofk and colleagues (34) found that
MCT1 expression correlated with higher FDG avidity and a gly-
colytic phenotype, including up-regulation of MYC-driven glyco-
lytic enzymes. However, intracellular lactate concentrations were
not enhanced following MCT1 knockdown in breast cancer cells;
nor did these investigators find decreased glycolytic flux, however,
the investigators demonstrated increased oxidative consumption. In-
stead, anticancer effects were through blocking of pyruvate export.

We also found that MCT4 was heavily methylated in MYCN-
amplified NB and that treatment with a DNMT1 inhibitor was
sufficient to increase MCT4 expression. In addition, MYCN ex-
pression was sufficient to decrease MCT4 expression and increase
global DNA methylation. MYCN has been revealed as having a
repressive function for different genes including proapoptosis and
genes involved in differentiation (67). As MYCN is a transcriptional
amplifier and is not associated with de novo gene transcription (68),
it is likely that MYCN does not directly repress genes, but, instead,
increases the activation of epigenetic modifiers, for example, pos-
sibly DNMT1. Indeed, we are currently assessing the relationship
between MYCN and DNMT1. These data imply that there may be
a MYCN-driven epigenetic silencing of MCT4; however, more
work is necessary to better understand this relationship.
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Phenformin, despite being approved for use in humans in
Europe, is no longer Food and Drug Administration approved in
America. However, phenformin is being investigated in clinical
trials as an anticancer agent (e.g., NCT03026517), where the tox-
icity profile has different metrics than it would have for antidiabetic
medication. Lactic acidosis is the major concern for toxicity but ap-
pears mostly limited to diabetic patients with chronic renal failure (69).
However, we found that toxicity of the combination was tolerable in
our in vivo experiments; furthermore, we assayed blood populations at
doses where there was marked antineuroblastoma activity. Blood cells
were largely spared, and, importantly, toxicity was not exacerbated by
the combination when compared to single-agent treatments (Fig. 9H).
These metrics bode well for possible tolerance in human trials.

In conclusion, our data provide additional insights into how
MYCN alters the metabolome and provides therapeutic oppor-
tunities for intervention. Blocking oxidative phosphorylation
when MYCN-amplified NB tumors are stressed—with either
MCT1 inhibition or otherwise—is an effective therapeutic ap-
proach in these cancers. Furthermore, blocking both glycolysis
and oxidative phosphorylation simultaneously is particularly ef-
fective in cancer cells with amplified MYCN and can be achieved
by enhancing lactate accumulation with MCT1 inhibitors in
combination with mitochondrial targeting drugs like phenformin.

Materials and Methods

Cell Lines. The cell lines IMR5, SIMA, SMS-SAN, LAN5, NB1643, SK-N-BE(2), SK-
N-SH, and KELLY were from the Molecular Center Therapeutics Laboratory at
Massachusetts General Hospital, which performs routine testing of cell lines
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