Cell Reports

Dynamic Imaging of LDH Inhibition in Tumors
Reveals Rapid In Vivo Metabolic Rewiring and
Vulnerability to Combination Therapy

Graphical Abstract

Developing LDH Inhibitor
(specific for LDH-A/B, in vivo activity )

S

Cancer cell

Authors

Nobu Oshima, Ryo Ishida,
Shun Kishimoto, ...,

Lo @) vcioos @ Al @ = Glycolytic Victor M. Darley-Usmar, Murali C. Krishna,
[ — Leonard M. Neckers
Mitochondrial Complex-1 Inhibitor In vitro
\ IACS-010759
ucti @ o, Correspondence
Quiescent neckersl@mail.nih.gov
1) J
s .
5 In Brief
Tumor metabolic plasticity is targetable in vivo . .
p —r—— \ s Oshlma. et al. use hyperpolarized
Visualizing pyruvate flux in real time Pyruvate Pyruvate magnetlc resonance spectroscopy to
Pymnl . Tasitis Rediect q & dynamically monitor tumor glycolysis and
X‘ oxidative phosphorylation. LDH inhibition
— Lactate [ ‘ slows tumor growth but rapidly redirects
Co, . .
b - : pyruvate to support mitochondrial
metabolism. Inhibiting both
=8 P . .
‘n E "ﬂ‘ivi’:eRe st @)‘2’,“:‘8 - mitochondrial complex 1 and LDH
LDHi + ®X \ X suppresses metabolic plasticity of
\ glycolytic tumors in vivo, significantly
MIA PaCa-2 xenograt <ol | co. Lactae § J| prolonging tumor growth inhibition.
Highlights

e Specific LDH inhibition in vivo reduces growth rate of

glycolytic tumors

e Depth and duration of tumor LDH inhibition can be monitored
in real time by HP-MRSI

e LDH inhibition in vivo redirects pyruvate to support oxidative
phosphorylation

e Inhibiting mitochondrial complex 1 and LDH enhances
durability of anti-tumor response

Oshima et al., 2020, Cell Reports 30, 1798-1810
February 11, 2020
https://doi.org/10.1016/j.celrep.2020.01.039

Cell


mailto:neckersl@mail.nih.gov
https://doi.org/10.1016/j.celrep.2020.01.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.01.039&domain=pdf

Cell Reports

Dynamic Imaging of LDH Inhibition in Tumors
Reveals Rapid In Vivo Metabolic Rewiring
and Vulnerability to Combination Therapy

Nobu Oshima,-2 Ryo Ishida,’ Shun Kishimoto,? Kristin Beebe,' Jeffrey R. Brender,? Kazutoshi Yamamoto,?

Daniel Urban,® Ganesha Rai,® Michelle S. Johnson,* Gloria Benavides,* Giuseppe L. Squadrito,* Dan Crooks,’

Joseph Jackson,’ Abhinav Joshi,> Bryan T. Mott,3'3 Jonathan H. Shrimp,3 Michael A. Moses,! Min-Jung Lee,®

Akira Yuno,® Tobie D. Lee,® Xin Hu,® Tamara Anderson,” Donna Kusewitt,” Helen H. Hathaway,” Ajit Jadhav,®

Didier Picard,® Jane B. Trepel,® James B. Mitchell,> Gordon M. Stott,® William Moore,® Anton Simeonov, Larry A. Sklar,”
Jeffrey P. Norenberg,” W. Marston Linehan,’ David J. Maloney,3'4 Chi V. Dang,®'° Alex G. Waterson,'' Matthew Hall,?
Victor M. Darley-Usmar,* Murali C. Krishna,? and Leonard M. Neckers'15*

1Urologic Oncology Branch, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, MD 20892, USA

2Radiation Biology Branch, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, MD 20892, USA

3Chemical Genomics Center, National Center for Advancing Translational Sciences, National Institutes of Health, Rockville, MD 20850, USA
4Mitochondrial Medicine Laboratory, Department of Pathology, University of Alabama at Birmingham, Birmingham, AL 35294, USA
5Department of Cell Biology, University of Geneva, 1211 Geneva 4, Switzerland

6Developmental Therapeutics Branch, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, MD 20892, USA

7University of New Mexico Health Sciences Center, Albuquerque, NM 87131, USA

8| eidos Biomedical, Frederick National Laboratory for Cancer Research, Frederick, MD 24060, USA

9Ludwig Institute for Cancer Research, New York, NY 10017, USA
10The Wistar Institute, Philadelphia, PA 19104, USA

1Department of Chemistry, Vanderbilt University, Nashville, TN 37240, USA

12Present address: Kyoto University Hospital, Department of Gastrointestinal Surgery, Kyoto, 606-8507 Japan
13Present address: University of Alabama at Birmingham School of Medicine, Birmingham, AL 35294, USA
14Present address: Veralox Therapeutics Inc., Frederick, MD 21704, USA

15 ead Contact
*Correspondence: neckersl@mail.nih.gov
https://doi.org/10.1016/j.celrep.2020.01.039

SUMMARY

The reliance of many cancers on aerobic glycolysis
has stimulated efforts to develop lactate dehydro-
genase (LDH) inhibitors. However, despite signifi-
cant efforts, LDH inhibitors (LDHi) with sufficient
specificity and in vivo activity to determine whether
LDH is a feasible drug target are lacking. We
describe an LDHi with potent, on-target, in vivo ac-
tivity. Using hyperpolarized magnetic resonance
spectroscopic imaging (HP-MRSI), we demonstrate
in vivo LDH inhibition in two glycolytic cancer
models, MIA PaCa-2 and HT29, and we correlate
depth and duration of LDH inhibition with direct
anti-tumor activity. HP-MRSI also reveals a meta-
bolic rewiring that occurs in vivo within 30 min of
LDH inhibition, wherein pyruvate in a tumor is redir-
ected toward mitochondrial metabolism. Using
HP-MRSI, we show that inhibition of mitochondrial
complex 1 rapidly redirects tumor pyruvate toward
lactate. Inhibition of both mitochondrial complex 1
and LDH suppresses metabolic plasticity, causing
metabolic quiescence in vitro and tumor growth in-
hibition in vivo.
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INTRODUCTION

Cancer metabolism has been an area of active interest ever since
Warburg and Negelein (1924) proposed that cancer cells prefer
glycolysis to oxidative phosphorylation, even when oxygen
levels are not limiting (Warburg, 1956). In succeeding years,
this perspective has evolved when it became clear that meta-
bolic plasticity in cancer cells is an important contributor to
tumorigenesis in vivo. Cancer cell metabolism is diverse, with
varying reliance on glycolysis and mitochondrial oxidative phos-
phorylation working in concert to serve metabolic needs and to
maintain redox homeostasis. Recent advances in metabolo-
mics, medicinal chemistry, and imaging techniques now make
it possible to test the hypothesis that glycolysis and oxidative
phosphorylation are functionally integrated in vivo and that
both are essential to maintaining metabolic plasticity and tumor
growth (DeBerardinis and Chandel, 2016; Jia et al., 2019; Mor-
eno-Sanchez et al., 2007; Porporato et al., 2018; Smolkova
et al.,, 2011; Weinberg et al., 2010; Weinberg and Chandel,
2015; Zu and Guppy, 2004). In the present study, we test that hy-
pothesis using a specific in vivo-active LDH inhibitor (NCI-006),
the specific mitochondrial complex 1 inhibitor IACS-010759
(Molina et al., 2018), and metabolic imaging techniques.
Lactate dehydrogenase (LDH) is the terminal enzyme in the
glycolytic pathway and is responsible for conversion of pyruvate
to lactate with concomitant regeneration of NAD* from NADH.
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Studies demonstrating the negative effect of genetic ablation of
lactate dehydrogenase A (LDHA, the predominately expressed
isoform of LDH in most cancer cells) on tumor cell growth have
provided support for the concept that glycolytic cancers may
be effectively targeted at the molecular level by inhibitors of
this key enzyme (Fantin et al., 2006; Le et al., 2010; Vander Hei-
den et al., 2009; Xie et al., 2014). Although this hypothesis has
provided a valuable heuristic framework, specific and effective
in vivo-active LDH inhibitors have not been available. Although
the past 10 years have seen a significant effort by academic lab-
oratories and biotechnology and pharmaceutical companies to
develop LDHA inhibitors with cellular and in vivo activity (Billiard
etal., 2013; Boudreau et al., 2016; Le et al., 2010), no highly spe-
cific inhibitors with durable in vivo activity have been reported.
Importantly, although the natural product FX11 does display
in vivo activity, it also has significant off-target effects and is
not specific for LDH (Billiard et al., 2013; Fantin et al., 2006; Gran-
chietal.,, 2013; Le et al., 2010; Ward et al., 2012; Xie et al., 2014).
Thus, the impact of a specific LDH inhibitor on tumor metabolism
in vivo is, in fact, unknown.

An additional limitation with previous efforts has been a focus
on only the LDHA isoform. A recent report demonstrated
convincingly that double genetic disruption of both LDHA and
LDHB may be necessary to fully suppress glycolysis in cancer
cells (Zdralevi¢ et al., 2018), and LDHB has been shown to be
an essential gene in triple-negative breast cancer (McCleland
et al., 2012). In addition, LDHB is reported to regulate lysosome
activity and autophagy in cancer (Brisson et al., 2016) and is
essential for oncogenic transformation by mutant p53 and
mutant Ras (Smith et al., 2016).

Here, we report a specific small-molecule LDHA/B (herein
referred to as LDH) inhibitor with potent, on-target cellular and
in vivo activity, derived by further structural refinement of a
recently described series of LDH inhibitors (Rai et al., 2017;
Yeung et al., 2019). This molecule provides a means for dynamic,
noninvasive analysis of tumor pyruvate flux in a living subject and
also displays both single-agent, in vivo activity and cooperativity
with the specific mitochondrial complex 1 inhibitor IACS-
010759. Of critical importance, we determined tumor pharmaco-

dynamic response to these metabolic inhibitors using real-time,
in vivo imaging of hyperpolarized ['*C]pyruvate flux.

RESULTS

In Vitro and In Vivo Evaluation of On-Target Effects of the
LDH Inhibitor NCI-006

To evaluate the in vitro activity of NCI-006 (Figure 1A), we exam-
ined in-gel redox activity of human LDH (hLDH) isozymes 2, 3, 4,
and 5 obtained from normal kidney and the HEK293T kidney
epithelial cell line, and five different LDH isozymes found in the
mouse heart. The activities of hLDH (Figures 1B, left panel, and
S1A, left panel) and mouse isozymes (Figure 1B, right panel)
were dose-dependently inhibited by NCI-006, consistent with
the similar biochemically determined potency of NCI-006 for
LDHA and LDHB proteins (LDHA ICs5o = 0.06 uM; LDHB IC5g =
0.03 uM). These data are in general agreement with results of a
previous report that examined other members of this chemical
series (Rai et al., 2017). In contrast to its effect on LDH, NCI-
006 did not inhibit the activity of two unrelated mitochondrial
dehydrogenases, malate dehydrogenase (MDH) and succinate
dehydrogenase (SDH), isolated from human kidney (Figure S1A,
right top and bottom panels). The cellular half-maximal response
(ECsp) of NCI-006, as determined by an in vitro lactate secretion
assay using both mouse and human red blood cells (RBCs), was
1.6 and 2.1 uM, respectively (Figure 1C).

A key role of LDH is to regenerate NAD* from the NADH, which
is generated during glycolysis. Accordingly, LDH inhibition
should be associated with a decrease in the NAD*/NADH ratio
(Chiarugi et al., 2012). This ratio was measured in MIA PaCa-2
and HT29 cells in vitro in the presence or absence of the LDH in-
hibitor (Figure 1D) and, as expected, was significantly decreased
in both cell lines after 2 h of exposure to NCI-006. These data
indicate that failure to regenerate the NAD* pool is a major meta-
bolic consequence of LDH inhibition.

Lactate secretion from MIA PaCa-2 and HT29 cells was simi-
larly affected by LDH inhibitor (ECso = 0.37 and 0.53 uM, respec-
tively) (Figure 1E). Assessment of glycolytic flux in MIA PaCa-2
cells using a mitochondrial stress test showed that, after

Figure 1. On-Target Inhibition of LDH In Vitro
(A) Chemical structure of the LDH inhibitor NCI-006.

(B) Native gel assay demonstrating potency of LDHi toward all human (h, HEK293-T) and mouse (m, mouse heart) LDH isoforms. The bands indicate redox
reactions mediated by active LDH in the gels. LDHi suppressed redox activity of all LDH isoforms in a dose-dependent manner. In contrast, the LDH inhibitor did
not inhibit either human malate dehydrogenase (MDH) or succinate dehydrogenase (SDH) (see Figure S1A; proteins were obtained from normal human kidney);
10 pg of protein was applied in each lane. Superfluous lanes on either side of these bands were digitally eliminated, as indicated by the rectangular outlines.
(C) In vitro lactate secretion assay comparing sensitivity of mouse (m) and human (h) red blood cells (RBCs) to LDH inhibition. ECs is 2.073 x 10~® M and 1.628 x
107® M in hRBCs and mRBCs, respectively.

(D) The NAD/NADH ratio is affected by LDH inhibition in MIA PaCa-2 and HT29 cells. The NAD/NADH ratio was significantly decreased after 2 h exposure of cells
to NCI-006 at the concentrations shown. The data are represented as means + SEM (n = 4 in MIA PaCa-2 and n = 3 in HT29; **p < 0.01, t test).

(E) Effect of NCI-006 on LDH activity (as measured by lactate secretion) in MIA PaCa-2 and HT29 cells after 1 h of drug treatment (MIA PaCa-2 EC5o = 3.736 X
1077 M; HT29 ECs = 5.346 x 1077 M).

(F) NCI-006 rapidly decreased glycolytic flux in MIA PaCa-2 cells. Extracellular acidification rate (ECAR) was monitored over time using the Seahorse bioanalyzer.
After a stable baseline was established, LDHi was introduced to the medium, bathing the cells as shown. Oligomycin (O; 1 pg/mL), FCCP (F; 1 uM), and antimycin
A + 2-deoxyglucose (AA+2-DG; 10 uM/50 mM) were sequentially introduced to the medium, bathing the cells as shown.

(G) Impact of NCI-006 on the oxygen consumption rate (OCR) in MIA PaCa-2 cells. Measurements were made simultaneously with the ECAR determinations
described in (F).

(H) Increase in basal OCR after 1 uM LDHi. Data from (G) were extracted and plotted as mean basal OCR at 62 and 96 min after initiation of tracing (LDHi was
injected at 27 minutes). See also Figure S1B.

The data are displayed as means + SEM (n = 3-6/group; *p < 0.05).
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Figure 2. On-Target Inhibition of RBC LDH
Ex Vivo and Tumor LDH In Vivo
(A-C) Ex vivo lactate secretion assay using mouse

Dose (mglkg, IV)

(m) RBCs. Mice were dosed orally (PO) (A) or intra-
venously (IV) (B and C) with NCI-006. (B) includes
LDHi dosing between 1 and 50 uM; (C) includes
50 and 100 uM doses. At 2 h after LDH inhibitor
administration, blood was drawn, and ex vivo lactate
production in mMRBCs was determined (see Method
Details). Lactate production in RBCs obtained from
mice treated with 50-200 mg/kg NCI-006 in the
PO group and 10-50 mg/kg NCI-006 in the IV group
was significantly reduced compared with lactate
production in mice treated with PBS (n = 3 for each
I group, *p < 0.05, t test). By 24 h after LDH inhibitor
administration, lactate production returned to
normal levels, except in the PO group treated with
100 or 200 mg/kg NCI-006, and in the IV group
treated with 50 or 100 mg/kg NCI-006. The data are
displayed as means + SEM (n = 3 for each group;
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establishment of a stable baseline, addition of the LDH inhibitor
resulted in a time-dependent decrease in basal extracellular
acidification rate (ECAR) at a minimal concentration of 1 uM (Fig-
ure 1F). Injection of oligomycin, which inhibits mitochondrial ATP
synthesis, resulted in the expected compensatory increase in
glycolysis in vehicle-treated cells, which was also inhibited by
NCI-006 at a concentration >1 uM. The final injection of antimy-
cin and 2-deoxy-b-glucose resulted in a decreased ECAR, as ex-
pected. Oxygen consumption rate (OCR) was measured under
the same conditions and is shown in Figure 1G. Importantly,
we detected a stimulation of basal OCR upon injection of
NCI-006 (1 uM, the lowest concentration to significantly inhibit
ECAR under these conditions) (Figures 1H and S1B; also see Fig-
ure S4A). Although this may appear a small effect, it represents
an approximately 19% increase in mitochondrial respiration
dedicated to making ATP, which, in bioenergetic terms, is highly
significant. Taken together, these data demonstrate that LDH in-
hibition results in suppression of glycolytic flux in MIA PaCa-2
cells in vitro concomitant with a small but significant increase
in basal OCR, consistent with rapid metabolic rewiring upon
inhibition of LDH.

To investigate the in vivo activity of NCI-006, an ex vivo lactate
production assay was performed using mouse RBCs (mMRBCs)
prepared from blood sampled 2 and 24 h after drug administra-
tion (Figures 2A-2C). Mice were administered a single dose of
LDH inhibitor either orally (PO, 10-200 mg/kg; Figure 2A) or intra-

15 20 25
Time (h)

and tumor were measured.

venously (IV; 1 - 100 mg/kg; Figures 2B and 2C). LDH activity
decreased dose dependently at 2 h but, in most cases, returned
to baseline levels by 24 h. In mice dosed PO with 100 mg/kg
NCI-006 or by IV at 50 mg/kg NCI-006, LDH activity returned
to 75%-80% of baseline by 24 h. Recovery of LDH activity
was confirmed by examining several time points after PO admin-
istration of 50 mg/kg NCI-006 (Figure 2D). LDH activity remained
maximally inhibited at 8 h but recovered steadily thereafter,
reaching pretreatment levels by 20 h.

Next, we examined how intratumoral NCI-006 drug levels
affected LDH activity in MIA PaCa-2 xenografts. Tumors were
excised between 1 and 25 h after either PO or IV administration
of 50 mg/kg NCI-006 (Figures 2E and 2F). PO administration re-
sulted in maximal LDH inhibition of 20%-40%, measured by
biochemical assay, between 3 and 6 h after dosing, returning
to baseline by 24 h (Figure 2E). Peak plasma drug concentration
(between 1 and 6 h) was 3-4 uM, whereas peak intratumoral drug
concentration (reached at 6 h) was between 2 and 3 uM. In
contrast, IV administration of an equal dose of LDH inhibitor re-
sulted in a peak intratumoral concentration (measured at 1 h and
persisting to 6 h) of 20 uM, whereas peak plasma concentration
of the LDH inhibitor approached 50 uM at 1 h. Under these con-
ditions, intratumoral LDH activity was inhibited by nearly 80%
between 1 and 6 h after IV dosing. At 24 h, LDH activity ap-
proached 60% of baseline (Figure 2F). These data suggest that
intratumoral drug level reflects the plasma C.ax (peak drug
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concentration) more than the AUC (total area under the curve).
The slow decline in tumor drug level after both PO and IV admin-
istration, in contrast to the change in plasma concentration of
NCI-006, suggests the significant tumor retention of the drug,
possibly because of the long target residence time that is a char-
acteristic of this LDH inhibitor series (Rai et al., 2017). Impor-
tantly, the results show that approximately 20 uM intratumoral
drug level is necessary to inhibit LDH by 80%.

Non-invasive Monitoring of Tumor LDH Inhibition In Vivo
Using HP-MRSI

Several studies have reported that '*C-MRSI (magnetic
resonance spectroscopic imaging) with hyperpolarized (HP)
3C-labeled pyruvate ([1-"C]Pyr) can be used for real-time moni-
toring of LDH activity in vivo (Albers et al., 2008; Ardenkjaer-
Larsen et al., 2003; Kurhanewicz et al., 2008; Scroggins et al.,
2018; Zierhut et al., 2010), with one study using a non-specific
LDH inhibitor (Dutta et al., 2013). Consequently, we used
3C-MRSI to non-invasively explore the in vivo efficacy of NCI-
006 in mice bearing MIA PaCa-2 or HT29 xenografts. Individual
mice were imaged before and after LDH inhibitor administration
(see Figure 3A). Imageable products of [1-'3Clpyruvate meta-
bolism are shown in Figure S1C. Figures 3B and 3C show repre-
sentative '°C spectra, obtained from MIA PaCa-2 tumors, and
signal intensity curves of ['*C]Pyr, ['®C]Lac, ['3CJalanine(Ala),
and H'®CO4-(["*C]Bic) after HP [**C]Pyr administration. ['3C]
Lac to ['°C]Pyr (Lac/Pyr) ratio was calculated from the AUCs us-
ing time-intensity data as described in previous reports (Hill
et al., 2013; Saito et al., 2015).

Drug-dose response and recovery time experiments using
3C-MR spectroscopic measurements were performed by IV
dosing of MIA PaCa-2 tumor xenografts (Figures 3D and 3E).
3C-MRSI revealed that the tumor ['3C]lactate/['C]pyruvate
ratio (providing a snapshot of real-time LDH activity) was
dose dependently suppressed by NCI-006, with 50 mg/kg be-
ing most effective (approximately 80% inhibition at 30 min; Fig-
ure 3D). In addition, "*C-MRSI also revealed that the ['*C]Lac/
['3C]Pyr ratio returned to baseline by 12 h after IV injection (Fig-
ure 3E). In contrast, '*C-MRSI showed that oral administration
of 50 mg/kg LDH inhibitor did not affect the ['°Cllactate/['3C]
pyruvate ratio in MIA PaCa-2 tumors (up to 7 h after drug
administration) (Figure S1D). Together, these findings are

consistent with the cellular and ex vivo data presented in Fig-
ures 2D-2F.

Next, we investigated the effect of IV administration of NCI-
006 (50 mg/kg) on metabolic flux in HT29 compared with
MiaPaCa-2 tumor xenografts (Figures 3F and S1E). '*C-MRSI re-
vealed that the ['*C]Lac/['°C]Pyr ratio decreased by 83.3% =
4.4% in MIA PaCa-2 and 74.7% + 8.4% in HT29 tumors
30 min after a single IV dose of the LDH inhibitor (Figure 3G).
These data are consistent with the results obtained by biochem-
ical assay of LDH activity in MIA PaCa-2 tumors excised 1 h after
IV dosing (50 mg/kg; Figure 3H). Taken together, these results
show that dynamic MR imaging of intratumoral hyperpolarized
['3Clpyruvate flux provides a reliable snapshot of tumor LDH ac-
tivity in vivo.

['®CIMRSI of the same region of the leg of non-tumor bearing
mice showed that the reduction in the ratio of ['*C]Lac/['3C]Pyr
was appreciably smaller than that seen in either MIA PaCa-2 or
HT29 xenografts (compare Figure S1F to Figure 3G). Although
these findings are consistent with the possibility that these
glycolytic tumors maintain a greater glycolytic flux compared
with adjacent non-tumor tissue under the same metabolic condi-
tions, these differences could also be explained by reduced LDH
expression or activity or by more efficient lactate export in the
healthy tissue.

Although the ['*C]Ala/['*C]Pyr ratio in MIA PaCa-2 xenografts
remained relatively unchanged in the presence of NCI-006, the
['3CBic/['3C]Pyr ratio was significantly increased (Figure S1G).
Taken together, these data suggest that tumor LDH inhibition
in two xenograft models resulted in reduced conversion of
pyruvate to lactate concomitant with enhanced flux of pyruvate
to bicarbonate and mitochondrial oxidation without a detect-
able increase in transaminase-mediated flux of pyruvate to
alanine. This hypothesis is consistent with the increased OCR
seen in vitro after inhibition of ECAR by LDHi (Figures 1H, S1B,
and S4A).

Chemical Shift Imaging Using '*C-MRSI

Next, we sought to monitor metabolic flux in different tumor re-
gions divided into 2-mm X 2-mm X 8-mm voxels using chemical
shift imaging (CSI) with ™*C-MRSI. The distribution of ['*C]Pyr
and ['®C]Lac in MIA PaCa-2 and HT29 tumors after HP
['3C]Pyr administration was monitored using '*C-MRSI with the

Figure 3. Monitoring LDH Inhibitor On-Target Activity in Tumor Xenografts Using '*C MR Spectroscopy with Hyperpolarized (HP) [1-'3C]

Pyruvate (Pyr)

(A) A schematic representation of the HP [1-'3C]Pyr MR study. The "3C MR studies were performed with mice bearing MIA PaCa-2 tumors. Except for (E), each
mouse was imaged 24 h before and 30 min after LDHi administration, thus serving as its own control.
(B and C) Representative "*C-MR spectra (B) and signal intensity curves (C) of [1-'*C]pyruvate (Pyr), [1-'3C]lactate (Lac), [1-'3CJalanine (Ala), and H'*CO;- (Bic)

detected in a MIA PaCa-2 xenograft after HP [1-'3C]Pyr injection.

(D) "3C MR spectroscopy showed dose-dependent LDH inhibitor suppression of the tumor Lac/Pyr ratio.

(E) Lactate recovery time following a single dose (IV) of 50 mg/kg NCI-006 was determined by °C MR spectroscopy. The [1-'3C]Lac/Pyr ratio returned to baseline
within 12-16 h after IV dosing.

(F) Representative '*C-MR spectra (top) and signal intensity curves (bottom) were obtained from before (left) and after (right) evaluations, as described above. The
scale bar of the MR image insert (white bar, left side of image) is 8 mm. For a magnified MR image and scale bar (the same for all MR images), please refer to
Figure S1E. Conversion of [1-'3C]Pyr to [1-'3C]Lac was clearly suppressed by IV NCI-006 administration.

(G) [1-"3C]Lac/Pyr ratio is significantly decreased after in vivo NCI-006 administration (IV, 50 mg/kg) to mice bearing MIA PaCa-2 (n = 3) or HT29 (n = 3) xenografts.
(H) Average inhibition of tumor LDH activity + standard deviation (vehicle group, n = 3; treated group, n = 4), determined by biochemical assay of tumors removed
from mice 1 h after an IV dose of 50 mg/kg NCI-006 is 79.3% + 7.4% (*p < 0.01, t test).

See also Figure S1.
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same scheme as shown in Figure 3A. The data document the in-
tratumoral heterogeneity of pyruvate to lactate conversion (Fig-
ures 4A-4D). However, tumor LDH activity was dramatically
and uniformly suppressed by NCI-006 in each voxel within the
tumor region in both MIA PaCa-2 and HT29 xenografts (Figures
4A and 4C). This information is displayed as false-color intensity
images (Figures 4B and 4D). The total ['*C]Lac/['*C]Pyr ratio in
the tumor is integrated from the ['*C]Lac/['*C]Pyr ratio in each
voxel and is displayed as a mean value (bars), with the data
from individual animals superimposed as either filled (['3C]
lactate/["*C]pyruvate ratio before treatment with LDH inhibitor)
or open (ratio determined 30 min after treatment with LDH inhib-
itor) circles (Figure 4E).

Finally, imaging using a clinical grade HP-MRSI system
(Nelson et al., 2013; see Method Details) agreed with our previ-
ous data and showed a significant decrease in the ['3C]Lac/
['®C]Pyr ratio upon LDH inhibition in mice bearing MIA PaCa-2
xenografts (Figure 4F), confirming the reproducibility of the find-
ings presented in Figures 4A-4D. These results support the utility
of this technology for repeated, non-invasive, dynamic moni-
toring of tumor pyruvate metabolism in patients receiving meta-
bolically directed therapy.

Anti-Tumor Activity of NCI-006

In vitro cell proliferation assays showed that MIA PaCa-2 and
HT29 cell growth was dose dependently suppressed by NCI-
006 (Figures S2A and S2B). Based on these data, we assessed
the in vivo anti-tumor activity of the compound in mice bearing
MIA PaCa-2 xenografts. NCI-006 (50 mg/kg) was intravenously
administered every other day for 1 week (three injections,
Monday, Wednesday, and Friday), or for 2 weeks (six injections)
with a break of 1 week between cycles. Tumor growth was signif-
icantly impeded by LDH inhibition, and 2 weeks of treatment (two
cycles) was significantly more effective than was 1 week of treat-
ment (Figures 5A and 5B). Further, in mice treated for two cycles,
tumor volumes in four of eight animals measured nearly 3 weeks
after treatment cessation were not markedly different from
their volume at initiation of treatment (Figure 5B). Mouse body
weights were monitored throughout the treatment course as a
means to assess drug toxicity. The difficulty in maintaining
intravenous treatment for longer periods is a technical one,
and in our hands, six tail-vein injections was the maximum that
was possible. Mean body weights of the drug-treated mice did
not vary significantly from that of the vehicle controls (Fig-
ure S2C). We repeated this experiment using an alternative treat-
ment schedule (IV injection of 50 mg/kg NCI-006, Monday,
Wednesday, and Friday for a consecutive 2 weeks) (Figures
S2D and S2E). Similarly, LDH inhibition significantly slowed the
growth of MIA PaCa-2 xenografts without a marked effect on
mouse body weight (Figure S2F).

Combined Treatment with the Mitochondrial Complex 1
Inhibitor IACS-010759 and LDH Inhibitor Leads to
Energetic Quiescence In Vitro and Tumor-Growth
Inhibition In Vivo

Our data showing that NCI-006 decreased pyruvate to lactate
flux while enhancing pyruvate to bicarbonate flux in vivo and
causing a small, but reproducible, increase in OCR in vitro, sug-
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gest the possibility of tumor adaptation to NCI-006 through
metabolic rewiring that leads to increased mitochondrial oxida-
tive metabolism via redirection of pyruvate metabolism, as pre-
viously proposed based on in vitro observations (Boudreau
et al., 2016). This metabolic plasticity might also contribute to
the variable, long-term response of these glycolytic xenografts
to LDH inhibition alone. Therefore, we sought to determine
whether NCI-006 treatment exposes tumor vulnerability to com-
bination therapy with inhibitors of mitochondrial metabolism.
We first performed a synergy screen in vitro using the recently re-
ported specific mitochondrial complex 1 inhibitor IACS-010759,
currently undergoing clinical evaluation (Molina et al., 2018). The
data demonstrated robust synergy of both agents (Figure S3).
We confirmed those data by monitoring MIA PaCa-2 cell viability
48 h after exposure to either IACS-010759 or NCI-006 alone
(each at 1 uM) or in combination. Although single-agent treat-
ment with either inhibitor significantly reduced cell viability
compared with vehicle control, combined treatment at the equiv-
alent dose for each inhibitor caused a nearly 100% loss in
viability (Figure 6A). To confirm the cooperative metabolic effect
of these agents, we used the Seahorse XF bioanalyzer to
generate an energy phenotype of MIA PaCa-2 cells exposed to
either agent separately or together (each inhibitor at 1 uM
concentration, treatment for 100 min) (Figures 6B and S4A). As
expected, inhibition of mitochondrial complex 1 with IACS-
010759 reduced mitochondrial oxygen consumption by more
than 80% and increased glycolysis 2-fold. Conversely, LDH inhi-
bition made the cells more aerobic, reducing glycolysis by nearly
70% and increasing mitochondrial oxygen consumption by
nearly 25%. However, combined treatment with each inhibitor
led to a 67 % reduction in oxygen consumption and a 75% reduc-
tion in glycolysis, placing the cells in an energetically adverse
state.

Using HP '3C-MRSI with ['°C]pyruvate in mice bearing MIA
PaCa-2 xenografts, we found that 3.5 h after treatment with
2.5 mg/kg IACS-010759, conversion of ['°C]pyruvate to ['°C]
lactate increased significantly, whereas conversion of ['*Clpyru-
vate to ['®C]bicarbonate decreased significantly (Figures 6C and
S4B). Using the same in vivo model but treating with the combi-
nation of IACS-010759 (2.5 mg/kg) followed 3 h later with NCI-
006 (50 mg/kg) and performing HP-MRSI 30 min later, we
observed that conversion of ['3C]pyruvate to both ['3C]lactate
and ['®C]bicarbonate was significantly reduced (Figures 6D
and S4C). Interestingly, these in vivo observations are fully
consistent with the effect of these agents in vitro on the energy
profile of MIA PaCa-2 cells (see Figure 6B).

With these data in hand, we compared single-agent to combi-
nation therapy using MIA PaCa-2 xenografts. Two million cells
were subcutaneously injected into the right leg of athymic
mice, and drug treatments commenced 21 days later when tu-
mors reached an average volume of 300 mm?3. Both drugs
were administered over 2 weeks (IACS-010759: 20 mg/kg PO,
daily for 5 days with weekends off; NCI-006: 50 mg/kg IV,
Monday, Wednesday, and Friday with weekends off). Tumor vol-
umes at day 37 were significantly reduced by combination treat-
ment compared with vehicle and either monotherapy (Figure 6E).
Full tumor-growth curves are shown in Figure S4D. During the
treatment period, tumor growth was arrested in the combination
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Figure 4. Chemical Shift Imaging (CSI)

(A-D) CSI of a MIA PaCa-2 (A) and an HT29 (C) xenograft obtained before and after treatment, as described in Figure 3A. Images were acquired 25 s after
hyperpolarized [1-'3C]Pyr injection. The left peak in each voxel (small square) is [1-'°C]Lac, and the right peak is [1-'3C]Pyr. [1-'3C]Lac signal decreased in each
2-mm x 2-mm X 8-mm voxel in the tumor region after LDH inhibitor injection (IV, 50 mg/kg). Most of the tissue volume inside the coil is tumor (approximately 75%
from analysis of the fast low-angle shot magnetic [FLASH] anatomical MRl images). False-colorimages of [1-'3C]Pyr (left), [1-'3C]Lac (middle), and the [1-'3C]Lac/
Pyr ratio (right), in before (top) and after (bottom) treatment evaluations of a MIA PaCa-2 (B) and an HT29 (D) xenograft. False-color images (B and D) are generated
from the chemical shift data (A and C).

(E) The [1-'3C]Lac/Pyr ratio calculated from these data was significantly decreased 30 min after LDH inhibitor injection in both MIA PaCa-2 (n = 4) and HT29 (n = 3)
xenografts. The data are displayed as means + SEM (**p < 0.01, t test).

(F) Representative CSls of a MIA PaCa-2 xenograft before and 30 min after LDH inhibitor administration (left), with equivalent false-color images of [1-'3C]pyr
(middle) and [1-'3C]lac (right). Top panels display pre-LDH inhibitor images, and bottom panels display images collected 30 min after LDH inhibitor. Data were
obtained using a clinical grade imager (see Method Details).
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treated for two cycles (during the third and fifth
weeks after tumor cell inoculation; treatment days
identified by black arrowheads). Tumor growth rates
in LDHi-3 and LDHi-6 groups were clearly slower

than those in the Veh-3 and Veh-6 groups, and tumor growth was slower in mice receiving two cycles of LDHi compared with one cycle.
(B) Individual tumor volumes at day 53 after cell inoculation. Mean tumor volume in mice receiving two cycles of NCI-006 was significantly less than that in all other
groups (“p < 0.05; **p < 0.01, one-way ANOVA with uncorrected Fisher’s least significant difference). Comparing LDHi-3 to LDH-6 groups by t test yields a p value

of 0.017.
See also Figure S2.

treatment group, notably with very little variation in tumor volume
within this group (n = 10). We followed the mice after cessation of
treatment to determine “overall survival” (i.e., when mice had to
be taken off the study because of excessive tumor size; Fig-
ure 6F). Median time on the study was 63 days for the combina-
tion group versus 44 days for the vehicle group, 50 days for the
NCI-006 group, and 49 days for the IACS-010759 group.
Although body weight initially decreased (maximum decrease <
10%) during combination treatment, it rapidly returned to normal
after treatment cessation (Figure S4E). The stronger impact of
combination treatment and the small variation in tumor volume
between animals in this group compared with either single-agent
treatment group, suggests that tumor escape is minimized by
combination treatment with complex 1 and LDH inhibitors,
even in a highly glycolytic tumor model. The significantly pro-
longed effect of combination treatment after treatment cessation
is consistent with this interpretation.

Metformin has also been reported to inhibit mitochondrial res-
piratory chain complex 1 (Birsoy et al., 2014; Pollak, 2014) and to
suppress oxidative phosphorylation in cancer cells (Xie et al.,
2014). To confirm that mitochondrial complex 1 inhibition is at
least additive with LDH inhibition in vivo, we investigated the ef-
fect of metformin on the ['°C]pyruvate flux in both MIA PaCa-2
and HT29 xenografts using HP '*C-MRSI. Based on previous
reports (Foretz et al., 2010; Madiraju et al., 2014), we adminis-
tered metformin (50 mg/kg) orally to tumor-bearing mice. HP
3C-MRSI revealed a significant increase in tumor ['*C]Lac/
['®C]Pyr ratio by 3 h after dosing for both MIA PaCa-2 and
HT29 xenografts (Figures S5, S6A, and S6B). These results are
consistent with inhibition of mitochondrial pyruvate oxidation.
Lower doses of metformin were ineffective (data not shown).
Next, we explored whether this drug combination was reflected
in greater growth inhibition of HT29 xenografts. Metformin and
NCI-006 were administered either as single agents or in combi-
nation following the 2-week schedule described above (metfor-
min was administered daily per os as was IACS-010759). As
with the IACS-010759/NCI-006 combination, we found that
combination treatment caused significantly greater growth inhi-
bition of HT29 xenografts (with much less variation in tumor vol-
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ume from animal to animal) compared with either treatment
alone (Figures S6C and S6C). Average body weights of mice in
all groups varied by <10% (Figure S6E).

Finally, hemolytic anemia is an on-target consequence of a
chemically induced, inactivating mutation within the Ldh-1 locus
of the murine lactate dehydrogenase A gene, leading to systemic
LDHA deficiency in homozygous mutants (Pretsch et al., 1993;
Xie et al., 2014). Mice with homozygous, inactivating mutations
in the Ldh-1 locus display a marked decrease in erythrocyte
and hematocrit numbers (Kremer et al., 1987). Although murine
RBCs express only LDHA, human RBCs express both LDHA
and LDHB. Thus, hemolysis and hemolytic anemia may represent
a significant on-target systemic toxicity of this class of LDH inhib-
itorin humans. With this in mind, we explored the effect on murine
hematocrit levels of the intermittent IV dosing schedule for NCI-
006, which we selected for the in vivo studies described above.
After two consecutive treatment cycles of NCI-006 (separated
by a 2-day break), either alone (50 mg/kg, IV) or in combination
(80 mg/kg, IV) with metformin (50 mg/kg, PO), hematocrit level
was reduced by <10% when measured 3 days after the final treat-
ment, and it returned to normal levels within an additional
6-10days (Figure S6F). However, treating mice with higher doses
(200 mg/kg, PO; or 100 mg/kg, IV) of NCI-006 alone caused a
50% reduction in RBCs at 24 h and repeated dosing led to
splenomegaly and extramedullary hematopoiesis (not shown).
Taken together, these data confirm that it is possible to minimize
on-target systemic toxicity (e.g., hemolysis) of this in vivo-active
LDH inhibitor with appropriate dosing and scheduling while
maintaining significant anti-tumor activity, particularly when
combined with a mitochondrial complex 1 inhibitor.

DISCUSSION

In the present study, we describe (1) a small molecule with spe-
cific and durable in vivo LDH inhibitory activity, (2) a bioprobe that
allows for the study of tumor metabolic response to specific LDH
inhibition in vivo, (3) the ability to non-invasively visualize in real
time the rapid onset of metabolic rewiring in glycolytic tumors
exposed to either LDH inhibitor or mitochondrial complex 1
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inhibitor, and (4) the mechanistic basis of this metabolic rewiring
and its susceptibility to exploitation with combination therapy.
Although much emphasis has been placed on LDHA as the key
mediator of metabolic plasticity in cancer, a recent study has
shown that double knockout of both LDHA and LDHB is neces-
sary to fully abrogate cancer cell dependence on aerobic glycol-
ysis (Zdralevi¢ et al., 2018). In addition, both LDHA and LDHB
have been identified as essential for oncogenic p53 and mutant
Ras-dependent oncogenic transformation (Smith et al., 2016).
Thus, we consider the dual inhibition of both LDHA and LDHB
to be a positive feature of NCI-006. All specific small-molecule
LDH inhibitors reported to date have displayed no or poor in vivo
activity (Billiard et al., 2013; Boudreau et al., 2016; Le et al.,
2010). Although the natural-product derivative FX11 has shown
in vivo activity, it is not specific for LDH and has several off-target
effects (Billiard et al., 2013; Fantin et al., 2006; Granchi et al.,
2013; Le et al., 2010; Ward et al., 2012; Xie et al., 2014). In
contrast, we have demonstrated robust, dose-dependent, in vivo
activity of NCI-006 by examining ex vivo lactate secretion from
RBCs isolated from mice receiving the LDH inhibitor by either
oral or intravenous administration. Using this model, we were
able to establish an effective and tolerable dose range for PO
and IV administration of NCI-006. These data revealed the rapid
onset of LDH inhibition, as well as the persistence of inhibition in
RBCs for several hours after a single dose, although LDH activity
generally returned to normal within 24 h. Because hemolytic ane-
mia from hemolysis is an on-target consequence of an inactivat-
ing LDH mutation in mice, we suspected that hemolysis would
likely be a major contributor to the dose-limiting toxicity of
NCI-006 in vivo. Our data, however, suggest that although a
small decrease in hematocrit does occur in mice treated over
2 weeks on an intermittent IV dosing schedule, full recovery oc-
curs within 6-10 days after cessation of drug treatment.
Although both PO and IV administration of NCI-006 effectively
inhibited RBC LDH, the same is not the case for LDH in tumor xe-
nografts. Using the glycolytic MIA PaCa-2 xenograft model, we
found that a single PO dose (50 mg/kg) of NCI-006, which is effi-

cacious for RBC LDH inhibition, resulted in a peak intratumoral
drug concentration of <4 uM, which failed to translate to signifi-
cant inhibition of tumor LDH (not surprising given the 10-20 uM
LDH concentration in cancer cells). In contrast, IV administration
of an equivalent dose of NCI-006 resulted in a maximum intratu-
moral concentration of 15-20 uM that persisted from 30 min to
5 h after dosing and correlated with approximately 80% inhibi-
tion of LDH over that time. The divergent effect of PO versus IV
dosing of NCI-006 on xenograft LDH activity was confirmed by
metabolic imaging of hyperpolarized ['*C]pyruvate flux. The ex-
istence of diffusion barriers within the solid tumor, which interfere
with drug penetration, likely contributes to the differential effi-
cacy between PO and IV administration routes when comparing
RBC and intratumoral LDH inhibition (Jain, 2012). For tumor xe-
nografts, the large difference in maximum intratumoral drug level
achieved after PO or IV dosing corresponds well with the plasma
Cmax. Intermittent intravenous treatment with LDH inhibitor alone
caused significant retardation of MIA PaCa-2 xenograft growth,
even several weeks after cessation of treatment.

Because we observed an increased flux of pyruvate to bicar-
bonate in MIA PaCa-2 xenografts treated with NCI-006, even
these highly glycolytic cells (Daemen et al., 2015) possess the
capability to redirect pyruvate to the tricarboxylic acid (TCA) cy-
cle when challenged with an LDH inhibitor. Our in vitro data iden-
tified synergistic effects of the mitochondrial complex | inhibitor
IACS-010759 and NCI-006 on the viability of MIA PaCa-2 cells.
Using HP-MRSI with ['°C]pyruvate to assess alterations in pyru-
vate flux in vivo, we found that mitochondrial complex 1 inhibition
with IACS-010759 increased pyruvate metabolism to lactate
in tumor while decreasing pyruvate entry into the TCA cycle,
consistent with redirection of pyruvate to metabolism by LDH.
However, the combination of IACS-010759 and NCI-006
resulted in reduced pyruvate flux to both lactate and bicarbonate
(i.e., the TCA cycle). This was accompanied by prolonged inhibi-
tion of MIA PaCa-2 xenograft growth even after cessation
of treatment. Importantly, metformin, also reported to inhibit
mitochondrial complex 1, phenocopied IACS-010759 when

Figure 6. Impact of the Combination of LDH Inhibitor NCI-006 and Mitochondrial Complex 1 Inhibitor IACS-010759 in MIA PaCa-2 Cells and
Xenografts

(A) Cell viability after 48 h of exposure to 1 uM of NCI-006 combined with 1 uM of IACS-010759 in MIA PaCa-2 cells was significantly reduced compared with cells
treated with either vehicle or single agent treatment. The data are displayed as means + SEM (n = 3, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001, one-way
ANOVA with Tukey-Kramer method). Viability was assessed with CellTiter-Glo, according to the manufacturer’s instructions.

(B) The levels of OCR/ECAR in MIA PaCa-2 cells with or without treatments were evaluated (see Figure S4A) and used to generate cell-energy phenotype profiles.
The baseline activity (0 min; open symbols) and the metabolic activity in response to treatments (100 min; closed symbols) are connected by dashed lines; 1 uM of
IACS-010759 and/or 1 uM of NCI-006 were used as shown.

(C) The ['®C]Lac/Pyr ratio obtained from '3C MR spectroscopy data (see Figure S4B) was significantly increased and ['3C]Bic/Pyr ratio was significantly
decreased after IACS-010759 administration to mice bearing MIA PaCa-2 xenografts (n = 4, *p < 0.05, **p < 0.01; paired t test). IACS-010759 (2.5 mg/kg) was
orally administered 3.5 h before HP '3C MR spectroscopy.

(D) The ['3C]Lac/Pyr ratio and the ['C]Bic/Pyr ratio were both significantly decreased in MIA PaCa-2 xenografts after combination treatment (n = 5, *p < 0.05,
**p < 0.01; paired t test). IACS-010759 (2.5 mg/kg) was orally administered 3 h before NCI-006 administration, and NCI-006 (50 mg/kg) was intravenously
administered 30 min before HP '*C MR spectroscopy. Representative '*C-MR spectra are shown in Figure S4C.

(E and F) MIA PaCa-2 cells (2 x 10°% were subcutaneously injected into the right leg of athymic mice. NCI-006 (50 mg/kg) was administered intravenously every
Monday, Wednesday, and Friday for 2 weeks. IACS-010759 (20 mg/kg) was orally administered from Monday to Friday for 2 weeks. Tumor volumes at day 37 in
MIA PaCa-2 (E) were significantly reduced in mice receiving the combination treatment of NCI-006 and IACS-010759 when compared with treatment with vehicle
or either monotherapy (*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; one-way ANOVA with Tukey-Kramer method; data represents means + SEM). Tumor
growth curves are shown in Figure S4D. Kaplan-Meier analysis (time on study) (F) showed that combination therapy caused the greatest increase in
overall survival (median survival: vehicle, 44 days; NCI-006: 50 days; IACS-010759: 49 days; combination: 63 days) compared with any other treatment (“p < 0.05,
*p < 0.01, **p < 0.001, ***p < 0.0001; Mantel-Cox log-rank test). Mice were taken off study when tumors reached a volume of 1,800 mm?.

See also Figures S3, S4, S5, and S6.
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administered together with NCI-006 in mice harboring HT29
xenografts. Taken together, these data support our hypothesis
that rational combination of metabolic inhibitors can achieve
maximal effect on tumor growth.

Finally, we visualized intratumoral LDH activity dynamically
and in real time using non-invasive MR imaging of hyperpolar-
ized ['3C]pyruvate, and we showed clearly that LDH is druggable
in vivo. By correlating the degree of change in the tumor ['*C]
lactate/['*C]pyruvate ratio with the LDH inhibitor dose and the in-
tratumoral LDH inhibitor concentration, we have established the
degree and durability of tumor LDH inhibition necessary for
causing significant growth inhibition of tumor xenografts with
acceptable on-target systemic toxicity. Although different can-
cers and individual patient tumors are very likely to show differ-
ences in LDH activity in vivo, we show, in this study, that we are
also able to image the on-target activity of the clinically evaluated
mitochondrial complex 1 inhibitor IACS-010759. Thus, by allow-
ing for metabolic characterization of a patient’s tumor, HP-MRSI
can assist in selecting patients whose cancer is likely to respond
to a targeted therapy, and by visualizing both the degree and
duration of effect on pyruvate flux in real time, this imaging
approach can correlate target inhibition with tumor response.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Normal human kidney Urologic Oncology Branch, CCR, NCI N/A

Mouse heart tissue (from an athymic female mouse) Animal vivarium, CCR, NCI N/A

Chemicals, Peptides, and Recombinant Proteins

LDH inhibitor NCI-006 NCI, this manuscript N/A

Metformin hydrochloride (in vitro use) Sigma-Aldrich Cat. # PHR1084
IACS-010759 NCATS N/A

Metformin (in vivo use) NIH vet pharmacy N/A

Critical Commercial Assays

CellTiter-Glo Promega Cat. # G7571
NAD/NADH Quantitation kit Sigma-Aldrich Cat. # MAKO37-1KT
Lactate Colorimetric/Fluorometric Assay Kit Abcam Cat. # ab65330
Seahorse XF Cell Mito Stress Test Kit Agilent Cat. # 103015-100
Experimental Models: Cell Lines

MIA PaCa-2 ATCC Cat. # ATCC® CRL-1420
HT29 ATCC Cat. # ATCC® HTB-38
HEK293-T ATCC Cat. # ATCC ACS-4500

Experimental Models: Organisms/Strains

Female athymic nude mice

Frederick Cancer Research Center
Animal Production Facility

N/A

Software and Algorithms

MATLAB

ImagedJ 1.49v
GraphPad Prism 8

MathWorks

NIH
GraphPad

https://www.mathworks.com/products/
matlab.html

https://imagej.nih.gov/ij/

https://www.graphpad.com/scientific-

software/prism/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Len Neck-
ers (neckersl@mail.nih.gov). Currently, there are restrictions to the availability of NCI-006 due to a licensing agreement with Chinook
Therapeutics (Vancouver, Canada). Requests for NCI-006 will be considered on a case-by-case basis and compound may be sup-
plied upon receipt of an approved MTA.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and tumor models

All animal studies were performed in compliance with the Guide for the Care and Use of Laboratory Animal Resources (National
Research Council, 2011) and were approved by the NCI Animal Care and Use Committee. Female athymic nude mice (20 - 25 g)
were supplied by the Frederick Cancer Research Center Animal Production Facility. A total of 1, 2, or 3 million tumor cells (depending
on the experiment; MIA PaCa-2 or HT29) in 100 uL of serum-free PBS were injected subcutaneously into the right hind leg. The tumor
volume was calculated by the formula 0.5 x L x W? (L: length, W: width). Tumors were allowed to reach 100 — 300 mm? in volume,
depending on the experiment, before treatment was initiated. Prior to beginning treatment, mice were randomized into each treat-
ment (or vehicle control) group. Mice were fed with a defined gel meal (Nutra-Gel, NCI, Sterile, # S4950) for the entire course of all
animal experiments. During magnetic resonance spectroscopic imaging (MRSI) measurements, the breathing rate of the mouse was
monitored with a pressure transducer (SA Instruments Inc., Stony Brook, NY, USA) and was maintained at 80 + 10 breaths/min. Core
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body temperature was monitored using a nonmagnetic rectal temperature probe (FISO, Quebec, QC, Canada) and was maintained at
36 + 1°C with a flow of warm water (Saito et al., 2015). All efforts were made to minimize suffering in each animal experiment. The LDH
inhibitor (doses described in text) was administered either intravenously (IV) via tail vein injection or orally (PO) by gavage. Metformin
(50 mg/kg) and IACS-010759 (20 mg/kg for efficacy studies, 2.5 mg/kg for HP-MRSI studies) were administered orally. Hematocrit
was determined using a microhematocrit reader disk by calculating a ratio of the packed red cell volume to total blood volume
in a 75 mm capillary tube which was centrifuged at 12,000 rpm for 5 min in a hematocrit centrifuge (LW Scientific, Hampton, NH, USA).

Human tissue

Renal cortex tissue was obtained from a nephrectomy specimen from a fifty-three year old male who underwent surgery at the Uro-
logic Oncology Branch (UOB) of the National Cancer Institute (NCI), National Institutes of Health (NIH). The study was approved by the
Institutional Review Board of the National Cancer Institute and the patient provided written informed consent.

Cell lines

Human pancreatic and colon cancer cell lines [MIA PaCa-2 (male) and HT29 (female), respectively], and HEK293-T (human embry-
onic cell line) were purchased from ATCC (Manassas, VA, USA). The cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 Medium (Corning, Manassas, VA, USA) containing 10% fetal bovine serum (FBS, Life Technologies, Carlsbad CA, USA), peni-
cillin (100 Units/ml) and streptomycin (100 png/ml) (Life Technologies, Carlsbad, CA, USA). Cells were not authenticated; however,
early passage cells direct from purchase were used for the experiments described in this study.

METHOD DETAILS

Cell viability
Cell viability was assessed using Cell Titer Glo (Promega, Madison, WI) and results were verified by trypan blue exclusion.

LDH inhibitor and other drugs

The LDH inhibitor used in these studies (NCI-006) was generated and validated by a consortium of investigators sponsored by the
National Cancer Institute (NCI) Experimental Therapeutics Program (NExT) and included investigators from NCI, the University of
Pennsylvania, National Center for Advancing Translational Sciences (NCATS), Vanderbilt University, the University of New Mexico
and the University of Alabama at Birmingham. NCI-006 is a result of further optimization of the pyrazole series of recently described
LDH inhibitors”. The IUPAC name of this compound is 2-(5-(cyclopropylmethyl)-3-(4-fluoro-3-((5-methylthiophen-2-yl)ethynyl)
phenyl)-4-(3-fluoro-4-sulfamoylbenzyl)-1H-pyrazol-1-yl)thiazole-4-carboxylic acid, and its chemical formula is Cz1Hz4FoN4O4S
(molecular weight = 650.73) (see Figure 1A). Chemical synthesis route of NCI-006 and determination of product purity are shown
in Supplemental Information (Method S1). For in vitro use, NCI-006 was dissolved in dimethylsulfoxide (DMSO) to create a 10 mM
stock solution and final concentration was achieved by dilution in phosphate-buffered saline (PBS). For in vivo use, NCI-006 was dis-
solved in 0.1 N NaOH/PBS and pH was adjusted to 7.4 — 7.8 by dropwise addition of 1N HCI. Final concentration of LDH inhibitor
in this formulation was 10 mg/mL. This solution is stable when kept at 4°C for up to two weeks. The solution was warmed to 37°C
prior to administration. Metformin hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO, USA) and adjusted to its final
concentration with PBS. The mitochondrial complex 1 inhibitor IACS-010759 was previously described by Molina et al. (2018)
and was synthesized following the published procedure. For in vitro experiments, IACS-010759 was dissolved in DMSO as a
10 mM stock solution and further diluted in culture medium. For in vivo use, the inhibitor was dissolved in 0.5% methylcellulose in
water and administered by oral gavage. Metformin was obtained from the veterinary pharmacy, NIH.

Native Gel assay

LDH isozymes were separated by native gel electrophoresis at 125V for 1.25 hours using pre-cast 1 mm 6% Tris-glycine gel elec-
trophoresis (Life Technologies, Carlsbad, CA, USA). Running buffer consisted of 25 mM Tris, 192 mM glycine, pH 8.3. After electro-
phoresis, the gel was soaked in 10 mL of 50mM Tris buffer, pH 8.0, containing LDH inhibitor at the specified concentrations for 30 min,
followed by addition of reaction mixture [1 mg/mL iodonitrotetrazolium bromide (INT), 1 mM NAD+, 0.184 mg/mL phenazine metho-
sulfate (PMS), and 5mM L-lactate], and gels were incubated on a rocker in the dark at 42°C for 7-14 minutes. After development of
LDH activity bands, gels were destained with several rinses of de-ionized water in the dark until the background was clear. Finally,
gels were scanned using an Epson V700 photo scanner in transmitted light mode to generate the images shown.

NAD/NADH assay

3x10° cells were seeded in 6 well plates and treated with LDH inhibitor for 2 h on the following day. The concentrations of NCI-
006 used were 0.2 uM and 5 pM for MIA PaCa-2 cells and HT29 cells, respectively. NAD/NADH ratio was measured using NAD/
NADH Quantitation Kit (Sigma-Aldrich, St. Louis, MO, USA), according to the manufacturer’s instructions. Reaction time was set
to 2h.
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Ex vivo Lactate production

Mouse blood samples were collected at several time points after in vivo administration of LDH inhibitor. Red blood cells (RBCs) were
collected from 50 pL whole blood by centrifugation and washed three times in Dulbecco’s Modified Eagle’s medium (DMEM, con-
taining 4.5 g/L glucose, Life Technologies, Carlsbad, CA, USA). After washing, RBCs were diluted (~15 x 108/mL) and incubated in
DMEM at 37°C for 1.5 h. After incubation, samples were centrifuged at 500 x g for 10 min and supernatant was collected for lactate
assay, performed using a Lactate Colorimetric/Fluorometric Assay Kit (Abcam, Cambridge, MA, USA) according to the manufac-
turer’s instructions. MIA PaCa-2 cells were cultured as described above, and plated in 1536-well black clear bottom tissue culture
plates using a Multidrop Combi peristaltic dispenser (ThermoFisher, Waltham, MA, USA) at a density of 500 cells/well in 4 pL of
DMEM (Invitrogen 31053036, Carlsbad, CA, USA) culture medium. A 1536-well pin tool dispenser outfitted with 20 nL pins (Wako
Automation, San Diego, CA, USA) was used to transfer 23 nL of compound in DMSO to the 1536-well assay plates. After 2 hours
incubation at 37°C, 2 uL of reconstituted Lactate Reaction Mix (BioVision K607-100, Milpitas, CA, USA) was dispensed into each
well using a BioRAPTR FRD dispenser (Beckman Coulter, Brea, CA, USA). Plates were incubated at room temperature for 30 minutes,
transferred to a ViewLux microplate imager (PerkinElmer, Waltham, MA, USA) and the fluorescence (Ex/Em 525/598 nm) and absor-
bance (573 nm) were measured accordingly. For each cell line, data were normalized to DMSO control-treated cells.

Measurement of drug concentration and LDH activity in tumor xenografts

Tumors were harvested and snap frozen between 1 and 3 h following the final dose of NCI-006. Measurement of tumor and plasma
concentrations of NCI-006 was by mass spectrometric analysis with internal standards (pure NCI-006) and was performed by Quin-
tara Discovery (Hayward, CA, USA). For measurement of LDH activity, frozen tissues (10-50 mg) were pulverized using a liquid nitro-
gen-cooled steel mortar and transferred to pre-cooled Eppendorf tubes. PBS, pH 7.4 (10 volumes) containing 0.1% Triton X-100 was
added to each tissue sample prior to incubation on ice for 60 min. Samples were mixed by vortexing every 15 min. The insoluble
fraction was removed by centrifugation at 13,000 rpm for 15 min at 4°C. Cleared homogenates were transferred to fresh tubes
and protein content was determined by DC Lowry assay (Bio-Rad, Hercules, CA, USA). LDH activity was measured spectrophoto-
metrically in tissue homogenates by monitoring the rate of oxidation of NADH at 340 nm over time in the presence of 10 mM pyruvate.
Reactions were performed at 37°C in PBS, pH 7.4 containing 0.1% Triton x-100.

Extracellular flux analysis

OXidative PHOSphorylation (OXPHOS) and glycolysis in MIA PaCa-2 cells were monitored in real time using the extracellular flux (XF)
bioanalyzer XFe96 platform (Agilent, Santa Clara, CA, USA). Cells were cultured overnight in custom XF microplates with DMEM
complete medium. Prior to measurements, cells were washed and incubated in unbuffered assay medium (Sigma-Aldrich, St. Louis,
MO, USA) in the absence of CO, for 1 h at 37°C. The rates of mitochondrial respiration and glycolysis were measured using the mito-
chondrial stress test (Agilent, Santa Clara, CA, USA) and displayed as the Oxygen Consumption Rate (OCR) and the Extracellular
Acidification Rate (ECAR), respectively (Dranka et al., 2011). All measurements commenced after establishment of a stable baseline,
followed by sequential addition of the LDH inhibitor NCI-006, oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP), and finally antimycin A and 2-deoxyglucose.

Multiplexed in vitro synergy screen

An in vitro synergy screen was conducted in 1536-well white flat bottom plates (Corning, Corning, NY, USA). MIA PaCa-2 cells were
dispensed at a density of 500 cells in 5 uL of media (MultiDrop Combi, Thermofisher Scientific, Waltham, MA, USA) and seeded into
plates pre-spotted with 20 nL of compounds (Echo 555, Labcyte, San Jose, CA, USA). Compounds IACS-010759 and NCI-006 were
dispensed (10 nL each compound) in a 10-concentration point dose window (including a zero concentration), 2-fold dilution for each
compound, as a ‘10x10’ block. After 72 hours of incubation, 3 pL of CellTiter-Glo reagent (Promega, Madison, WI, USA) was added to
each well. Following 10 min incubation, luminescence was read using the Viewlux microplate reader (PerkinElmer, Waltham, MA,
USA). Plate data were normalized to in-plate controls (bortezomib as positive control for cell death, DMSO as negative control)
and the normalized data was deconvoluted to individual dose combination matrices using in-house software. We employed the Bliss
model of additivity (Bliss, 1956) to characterize the presence or absence of synergy for each combination. Each 10x10 synergy block
was run in triplicate. The synergistic activity of the in vitro combinations was assessed based on the Delta Bliss Sum Negative
(DBSumNeg) score with the conservative synergy cutoff DBSumNeg < —3 (Mott et al., 2015). The calculated DBSumNeg value for
synergy between NCI-006 and IACS-010759 was —15.11.

Hyperpolarized (HP) '3C-MRSI

Hyperpolarized "*C-MRSI was performed as described previously (Saito et al., 2015). [1-3C]pyruvate (30 uL) containing 15 mmol/L
OX063 and 2.5 mmol/L gadolinium chelate was hyperpolarized using the Hypersense DNP polarizer (Oxford Instruments, Abingdon,
UK). The hyperpolarized sample was rapidly dissolved in 4.5 mL of a superheated alkaline buffer and intravenously injected (12 uL/g
body weight). Hyperpolarized '*C MRSI was performed on a 3T scanner (MRSolutions, Guildford, Surrey, UK) using a 17 mm home-
built "3C solenoid coil placed inside a saddle coil for detection of 'H (hydrogen atom). Anatomical images were taken with a fast spin-
echo imaging sequence with a repetition time (TR) of 2,500 msec, an effective TE of 68 msec, one signal, an echo-train length of
8 echoes, a field of view of 28 mm x 28 mm with a 256 x 256 matrix, and a 2-mm section thickness with a 2-mm intersection
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gap. The "®C MR spectra were acquired every second with a spectral width of 3330 Hz, a repetition time of 1000 ms and a flip angle
of 10°. '3C two-dimensional spectroscopic images were acquired 25 s after the start of the pyruvate injection, with a 28 x 28 mm field
of view in an 8 mm axial slice, yielding a matrix size of 14 x 14 mm. The chemical shift values for each signal used in this study were -
[1-13C] Pyruvate: 170.6 ppm, [1-'3C] Lactate: 182.7 ppm, [1-'3C] Alanine: 176 ppm and [1-'3C] Bicarbonate: 163.5 ppm, respectively.
Each mouse harboring xenografted tumors was imaged 24 h before (“pre-study”) and at various times (30 min — 24 h) after (“post-
study”) drug treatment, thus serving as its own control. We are confident that data obtained from imaging tumor xenografts reflect
tumor-specific metabolism for three reasons. 1) Most of the tissue volume inside the coil is tumor (approximately 75% from analysis
of the FLASH anatomical MRl images). 2) In analyzing the non-localized '3C experiments with MIA PaCa-2 xenografts versus the con-
trol leg, we found that the signal intensity for the upstream metabolite for labeled °C-bicarbonate ('*C-pyruvate), is 6 times stronger
in scans of the leg bearing the tumor compared to the control leg. 3) A bicarbonate signal is not detectable in any of the scans of the
control leg.

Hyperpolarized '3C-MRSI using a clinical grade imager
3C-MRSI was also performed using an MRI approved for clinical use (Achieva 3.0T-X series, Philips, Andover, MA, USA) and a
SPINIab MRI Hyperpolarizer (GE Healthcare, Waukesha, WI, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

MRSI data were analyzed using MATLAB (MathWorks, Natick, MA, USA) and ImagedJ 1.49v (NIH, Bethesda, MD, USA). Statistical
analyses were carried out using GraphPad Prism 8 (San Diego, CA, USA) software. Differences were considered to be statistically
significant for P values < 0.05. All results are expressed as mean + SEM t test was performed to evaluate the statistical difference
between two groups. A one-way ANOVA with uncorrected Fisher’s Least Significant Difference (LSD) test was used to evaluate sta-
tistical differences between multiple groups. Statistical details of experiments can be found in the figure legends.

DATA CODE AND AVAILABILITY

This study did not generate/analyze datasets/code.
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Method S1. Synthesis and purity of NCI-006. Related to STAR Methods.

'/N o) SOzc|2, DCM \N
N * M 0]

N RT

N HO

Synthesis of 1-(1H-benzo[d][1,2,3]triazol-1-yl)-2-cyclopropylethan-1-one: This compound
was prepared as described in our previous paper'. To the solution of 1H-benzo[d][1,2,3]triazole
(476 g, 3995 mmol, 4 eq) in DCM (600 mL) was added thionyl chloride (72.9 ml, 999 mmol,
leq) and stirred at room temperature for 0.5 h then carefully added 2-cyclopropylacetic acid (93
ml, 999 mmol, 1 eq) upon cooling in an ice water bath (for larger scale cooling necessary due to
exothermic reaction, if the reaction mixture forms thick precipitate and difficult to stir then add
more DCM) and stirred for 6 h. The reaction was filtered, and the filter cake was washed with
DCM. The filtrate was added bicarbonate solution slowly and stirred for 30 minutes then
transferred to a separatory funnel. The organic layer was subsequently washed with bicarbonate
solution and brine solution. The organic layer was dried under sodium sulfate and concentrated
to get a thick oil. The crude product was purified on a CombiFlash system using a 340 g silica
column eluting with 0-20 % EA in hexanes over 10 column volumes (divided into six batches
due to large quantity). The first peak was collected, concentrated and dried to get oil which
eventually solidifies into white solid (Yield 92 %). LC-MS Retention Time: = 3.51 min.
(Standard Gradient 4% to 100% Acetonitrile 0.05% TFA over 3 minutes; Luna C18 3 micron 3 x
75mm).
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Synthesis of 1-(3-bromo-4-fluorophenyl)-4-cyclopropylbutane-1,3-dione: This compound
was prepared as described in our previous paper! 3'-Bromo-4-fluoroacetophenone (754 mmol,
leq) and 1-(1H-benzo[d][1,2,3]triazol-1-yl)-2-cyclopropylethan-1-one (167 g, 829 mmol, 1.2 or
1.5 eq) was charged 1000 mL DCM then added magnesium bromide diethyl etherate (487 g,

1884 mmol, 2.5 eq) in one portion in a 4 necked flask set up with overhead stirrer. The reaction



was cooled in an ice bath then added Hunig's base (395 ml, 2261 mmol, and 3 eq) dropwise over
15 minutes through a dropping funnel. The reaction was stirred overnight. The reaction was
placed in an ice bath then added ice cubes slowly while stirring during which heat generated
(caution for exothermic reaction and slow addition is essential). The addition of ice continued
until no more exothermic reaction then added 1 molar HCI dropwise under ice cooling added
few ml of 6 molar HCI to acidify then extracted with DCM, the organic layer was washed with
brine. The organic layer was dried with magnesium sulfate and concentrated. The crude product
was purified on a flash system using 340 g Biotage columns eluting with gradient elution 0-30 %
ethyl acetate in hexanes over 20 column volumes (divided into 8 columns due to large quantity)
to get yellow liquid as a first peak. LC-MS Retention Time = 3.9 min; (M+H)" = 300 (usually as
in keto enol form another peak around 3.5 min); (Standard Gradient 4% to 100% Acetonitrile

0.05% TFA over 3 minutes; Luna C18 3 micron 3 x 75mm).
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Synthesis of 4-(2-(3-bromobenzoyl)-4-cyclopropyl-3-oxobutyl)-2-
fluorobenzenesulfonamide: A mixture of 1-(3-bromo-4-fluorophenyl)-4-cyclopropylbutane-
1,3-dione (23.68 g, 79 mmol) in DMSO (100 mL) was added Cs>CO3(35.2 g, 108 mmol) and
stirred for 5 minutes. Added 4-(bromomethyl)-2-fluorobenzenesulfonamide (19.29 g, 72.0
mmol) portion wise upon cooling in ice water and stirred at RT for 1 h. The reaction was diluted
with ethyl acetate and filtered through celite. The filtrate was washed with 1 molar HCI, and
saturated ammonium chloride 2 times. The organic layer was dried over MgSO, and
concentrated. The crude product was purified on isco flash system using a 220 g silica normal
column eluting with 20-50 % EA in hexanes over 20 column volumes. The last peak was pooled
to get a white solid. Yield 26.1 g (74.6%). LC-MS Retention Time: = 3.36 min (M+H)" = 488.
(Standard Gradient 4% to 100% Acetonitrile (0.05% TFA) over 3 minutes; Luna C18 3 micron 3

X 75mm).



EtOH. reflux, 12 h
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desired isomer

Synthesis of ethyl 2-(3-(3-bromo-4-fluorophenyl)-5-(cyclopropylmethyl)-4-(3-fluoro-4-
sulfamoylbenzyl)-1H-pyrazol-1-yl)thiazole-4-carboxylate: A mixture of 4-(2-(3-bromo-4-
fluorobenzoyl)-4-cyclopropyl-3-oxobutyl)-2-fluorobenzenesulfonamide (25 g, 51.4 mmol, 1 eq)
and tosic acid (4.89 g, 25.7 mmol, 0.5 eq) in ethanol (200 mL) was added pyrrolidine (2.126 ml,
25.7 mmol, 0.5 eq) and refluxed for 1 h. Cooled and then added ethyl 2-hydrazinylthiazole-4-
carboxylate (12.51 g, 66.8 mmol) and refluxed overnight. The reaction was concentrated and the
residue was taken in DCM and immediately loaded to a silica loading cartridge. The compound
was purified on an isco flash system using 330 g gold column eluting with 20-40 % ethyl
acetate in hexanes over 20 column volumes. The pure product containing a mixture of 2
regioisomers was further separated on a reverse phase isco using a 415 g gold column eluting
with 60-100 % ACN (0.1 TFA) in water over column volumes. The 2nd peak was pooled and
concentrated the solid was stirred with a clear solution of bicarbonate. The precipitate formed
was collected by filtration. The filter cake was thoroughly washed with water and air dried and
finally in a vacuum desiccator under P>Os to get pure white solid. Yield 11.2 g (34.2 %). LC-MS
Retention Time = 6.924 min (M+H)" = 639. (Long Gradient 4% to 100% Acetonitrile (0.05%
TFA) over 7 minutes, Agilent Eclipse XDB-C18 3 micron 3 x 75mm).

F

F E F
\ N
Br 7, a‘\}»SOZNHZ \\ A ‘\}>S02NH2
[ s Pd-162, DABCO, dioxan \\S, N
N. + "= N,
N - RT,4h N
S \ N s \ N
\—= =
COREt CO,Et

Synthesis of Ethyl 2-(5-(cyclopropylmethyl)-3-(4-fluoro-3-((5-methylthiophen-2-

yDethynyl)phenyl)-4-(3-fluoro-4-sulfamoylbenzyl)-1H-pyrazol-1-yl)thiazole-4-carboxylate:
A mixture of ethyl 2-(3-(3-bromo-4-fluorophenyl)-5-(cyclopropylmethyl)-4-(3-fluoro-4-
sulfamoylbenzyl)-1H-pyrazol-1-yl)thiazole-4-carboxylate (9 g, 14.12 mmol), 2-ethynyl-5-



methylthiophene (2.242 g, 18.35 mmol), [P(tBu)3] Pd(crotyl)Cl (http://jmcct.com/products-
services/product p429.html) (cat # Pd-162) (0.141 g, 0.353 mmol) and DABCO (3.17 g, 28.2
mmol) in dioxan (30 mL) was stirred at RT for 4 h. After completion of the reaction, Pd
scavenger silia DMT was added and stirred for 2 h at RT. The reaction mixture was diluted with
ethyl acetate and filtered through a plug of silica. The filtrate was concentrated and purified on an
isco flash system using a 330 g gold column eluting with 15-40 % ethyl acetate in hexanes over
20 column volumes. The product had some yellow color (pure by LC) which is further purified in
isco flash reverse phase using a 415 g gold column eluting with 60-100 % ACN (0.1 % TFA) in
water (0.1 % TFA) over 25 column volumes (elutes with around 80 % ACN). The fractions
pooled and concentrated then neutralized with bicarbonate solution. The precipitate was collected
by filtration and washed with water then air dried followed by vacuum drying under P,Os to get
white solid. Yield 8.65 g (90 %). LC-MS Retention Time = 7.111 min (M+H)" = 679. (Long
Gradient 4% to 100% Acetonitrile (0.05% TFA) over 7 minutes, Agilent Eclipse XDB-C18 3
micron 3 x 75mm)."H NMR (400 MHz, DMSO-ds) & 8.38 (s, 1H), 7.74 (dd, J= 6.9, 2.3 Hz, 1H),
7.70 —7.58 (m, 2H), 7.57 (s, 2H), 7.37 (t,J = 9.0 Hz, 1H), 7.29 (dd, /= 3.6, 0.5 Hz, 1H), 7.16
(dd, /=113, 1.5 Hz, 1H), 7.06 (dd, J= 8.1, 1.6 Hz, 1H), 6.85 (dq, J = 3.4, 0.9 Hz, 1H), 4.32 (q,
J=17.1Hz, 2H), 4.18 (s, 2H), 3.18 (d, /= 6.9 Hz, 2H), 2.49 (t,J=1.3 Hz, 3H), 1.33 (t, /= 7.1
Hz, 3H), 1.22 — 1.09 (m, 1H), 0.44 — 0.32 (m, 2H), 0.29 — 0.21 (m, 2H).

LiOH, EtOH

RT,2h




Synthesis of 2-(5-(cyclopropylmethyl)-3-(4-fluoro-3-((5-methylthiophen-2-
yDethynyl)phenyl)-4-(3-fluoro-4-sulfamoylbenzyl)-1H-pyrazol-1-yl)thiazole-4-carboxylic
acid: Ethyl 2-(5-(cyclopropylmethyl)-3-(4-fluoro-3-((5-methylthiophen-2-yl)ethynyl)phenyl)-4-
(3-fluoro-4-sulfamoylbenzyl)- 1 H-pyrazol-1-yl)thiazole-4-carboxylate (8.65 g, 12.74 mmol) in
EtOH (150 mL) was added LiOH (42.5 ml, 63.7 mmol, 5 eq) and stirred at RT for 2 h. After
completion of the reaction, most of the solvent was removed and the residue was diluted with
water (50 mL). The reaction mixture was acidified with 1 molar HCI. The precipitate formed was
stirred at RT for 1 h then collected by filtration. The filter cake was thoroughly washed with cold
water. The milky precipitate was further suspended in hot water and stirred for 30 minutes and
again filtered to collect the precipitate. The precipitate was washed with hot water and with cold
ethanol to get the white solid which was further dried under air overnight and finally in a vacuum
oven overnight at 80 °C. Yield 7.3 g pure white solid (88 %). LC-MS Retention Time = 6.133
min (M+H)" = 651. (Long Gradient 4% to 100% Acetonitrile (0.05% TFA) over 7 minutes,
Agilent Eclipse XDB-C18 3 micron 3 x 75mm). 1H NMR (400 MHz, DMSO-d6) ¢ 13.14 (s,
1H), 8.29 (s, 1H), 7.71 (dd, J = 6.9, 2.3 Hz, 1H), 7.66 — 7.54 (m, 4H), 7.35 (dd, ] = 9.4, 8.7 Hz,
1H), 7.26 (dd, J = 3.6, 0.5 Hz, 1H), 7.14 (dd, J = 11.3, 1.6 Hz, 1H), 7.03 (dd, J = 8.1, 1.6 Hz,
1H), 6.83 (dq, J=3.6, 1.0 Hz, 1H), 4.15 (s, 2H), 3.15 (d, J = 6.9 Hz, 2H), 2.47 — 2.45 (m, 3H),
1.20 - 1.06 (m, 1H), 0.38 — 0.29 (m, 2H), 0.24 — 0.15 (m, 2H); 13C NMR (101 MHz, DMSO-d6)
0 161.58, 160.94, 159.18, 150.73, 147.20, 147.12, 144.47, 144.44, 143.30, 133.59, 131.80,
129.81, 129.73, 129.50, 129.35, 128.51, 128.48, 128.39, 126.25, 125.90, 123.59, 123.56, 118.47,
116.75, 116.28, 116.23, 116.07, 116.02, 110.99, 84.86, 27.99, 14.90, 10.15, 4.34; HRMS (ESI)
m/z (M+H)+ calcd. for C31H25F2N4O4S; 651.1001 found 651.1003.
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Figure S1 (related to Figures 1, 3) : (a) Native gel dehydrogenase assays demonstrate LDHi specificity.
The bands indicate redox reactions by human (h) LDH isoforms in the gels. NCI-006 suppresses redox
reactions by all hLDH isoforms in a dose dependent manner but does not affect either malate
dehydrogenase (MDH) or succinate dehydrogenase (SDH). The proteins were obtained from human
kidney tissue. Ten ug protein was applied in each lane. (b) Control and 1 uM LDHi tracings from Fig. 1g
are replotted to demonstrate the small but significant increase in basal OCR caused by 1 yM LDHi. Data
from the boxed time points were reanalyzed and are displayed in Fig. 1h. (¢) Schematic representation of
possible metabolic fluxes of HP [1-13CIpyruvate. (d) [1-13C]Lac/Pyr ratio change in MIA PaCa-2
xenografts after orally administered LDHi (50 mg/kg). The study was performed as in Fig.3a. Mice bearing
MIA PaCa-2 tumors were orally administered 50 mg/kg NCI-006. At 0.5, 2, 3.5, 4, 5, 6 h after LDHi
administration, HP 13C-MR spectroscopy was performed. The "pre-treatment" [1-13C]Lac/Pyr ratio was
set to 1, and the relative values of [1—13C]Lac/Pyr ratio at each time point are shown. Significantly
decreased [‘I—1 3C]Lac/Pyr ratio in tumor xenografts was not observed with orally administered LDHi at
any of the time points examined. (e) Representative 1Bc.vR spectra and signal intensity curves of
[1-13C]Pyr, [1-130]Lactate (Lac), [1-13C]Alanine (Ala) and H13CO3- (Bic) detected in a HT29 xenograft
after HP [1-13C]Pyr injection. Lactate production is suppressed following intravenous LDHi
administration. The scale bar of the MR image is 8 mm. This scale is the same for all MR images shown.
(f) [1-13C]Lac/Pyr ratio change calculated by 3¢ MR spectra in non-tumor bearing leg. [1-

13C]Lac/Pyr ratio significantly decreased after LDHi administration (50 mg/kg, 1V), but the change in ratio
was less than that seen for MIA-PaCa-2 and HT29 tumor xenografts (Fig. 3g). (g) [1-13C]Ala/Pyr and
[1-13C]Bic/Pyr ratios in MIA PaCa-2 were calculated using 3¢ MR spectra. [1-13C]Ala/Pyr ratio in MIA
PaCa-2 tumors was not changed significantly by LDHi administration, while [1-130]Bic/Pyr ratio in MIA
PaCa-2 was significantly increased (* p < 0.05, t-test). Data are presented as mean value with individual

values overlaid.
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Figure S2 (related to Figure 5): (a) Cell proliferation assay in vitro with LDHi treatment. A total of 3x10°
cells were plated in six-well plates on day 1 and NCI-006 was added on day 2. After 48h, viable (trypan
blue excluding) cells were counted. 0.02% (V/V) DMSO was used as vehicle control. (b) Cell proliferation
assay in vitro assessed by total DNA content. A total of 3x10° cells were plated in six-well plates on day 1,
and medium was changed to a medium containing 200 nM NCI-006 (or 0.02% DMSO) on day 2. After 48
h, DNA content was determined. LDH inhibitor significantly reduced DNA content compared to vehicle
controls (n=8/group, **p < 0.01). (c) Mouse body weights during treatment with NCI-006. The day mice
received the first [V administration of NCI-006 is set to day 1. Arrowhead (white) denotes each
intravenous administration in Veh-3 and LDHi-3 groups, and arrowhead (black) denotes each intravenous
administration in Veh-6 and LDHi-6 groups (see Fig. 5). Body weight of each mouse at day 1 is set to 1.
The data are presented as the mean + SEM. (d) Tumor growth with or without LDHi treatment. A total of 3
x 108 MIA PaCa-2 cells was subcutaneously injected into the right leg of athymic mice. LDHi treatment
started 18 days after cell inoculation. 50 mg/kg NCI-006 was intravenously injected three times (every
other day) per week (one cycle), and the mice were treated for two cycles (6 total IV injections). MIA
PaCa-2 tumor growth in LDHi-treated mice is significantly lower than that in control. Data are presented
as the mean = SEM (** p < 0.01, t-test at each day). (e) Dot plot of individual tumor volumes on day 39
after cell inoculation. The mean tumor volume of the LDHi-treated mice is significantly lower than that of
the vehicle treated mice. Data are presented as mean + SEM (** p < 0.01, t-test). (f) Comparison of body

weight in LDHi treated mice compared to vehicle treated mice.
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Figure S3 (related to Figure 6): An in vitro synergy screen demonstrating synergy between the

mitochondrial complex 1 inhibitor IACS-010759 and the LDH inhibitor NCI-006 in causing MIA PaCa-2

cell death. Synergistic drug combinations affecting cell viability are shown in the left panel. The bright red

squares reflect synergistic drug concentrations. In the right panel, the darker the salmon color of the

squares (depicting various combinatorial drug concentrations) the greater the significance of the synergy.

Please see STAR Methods for more detail.
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Figure S4 (related to Figure 6): (a) The levels of OCR and ECAR were evaluated with or without the
drug treatments in MIA PaCa-2 cells. IACS-010759 (1 uM) decreased the OCR and increased the ECAR,
whereas NCI-006 (1 uM) increased the OCR and decreased the ECAR. The levels of OCR and ECAR
were both decreased with the combination of IACS-010759 (1 uM; injection A) and NCI-006 (1ulM;
injection B). (b) Representative '3*C MR spectra (upper) and signal intensity curves (lower) in a MIA Paca-
2 xenograft before and after IACS-010759 treatment. IACS-010759 (2.5 mg/kg) was orally administered
3.5 h before HP 3C MR spectroscopy. ['*C] Lac/Pyr ratio was increased and ['*C] Bic/Pyr ratio was
decreased after IACS-010759 administration. The scale bar of the MR image is 8 mm. (¢) Representative
3C MR spectra (upper) and signal intensity curves (lower) in a MIA PaCa-2 xenograft before and after the
combination treatment of IACS-010759 and NCI-006. The scale bar of the MR image is 8 mm. ['*C]
Lac/Pyr ratio and ['3C] Bic/Pyr ratio were both decreased after combination treatment. IACS-010759 (2.5
mg/kg) was orally administered 3 h before NCI-006 administration, and NCI-006 (50 mg/kg) was
intravenously administered 30 min before HP '3C MR spectroscopy. (d) Combination treatment with NCI-
006 and IACS-010759 produced the most profound reduction in tumor growth when compared with
vehicle and either monotherapy (same experiment as Fig. 6e and 6f). Drug treatments are delineated by
black arrowhead (NCI-006, 50 mg/kg, IV) and gray arrowhead (IACS-010759, 20 mg/kg, oral). The data
are presented as mean + SEM. (e) Mouse body weights during the treatments. Mice treated with
combination therapy lost weight (maximum weight loss < 10%) but recovered immediately upon

treatment cessation (same experiment as Fig. 6e, 6f, S4d). Drug treatments are delineated by black
arrowhead (NCI-006, 50 mg/kg, 1V) and gray arrowhead (IACS-010759, 20 mg/kg, oral). The data are

presented as mean + SEM.
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Figure S5 (related to Figure 6): Monitoring the impact of metformin on in vivo metabolic flux using
HP-MRSI. (a) Change in [13C]Lac/Pyr ratio in MIA PaCa-2 and HT29 xenografts before and after oral
administration of 50 mg/kg metformin. [13C]Lac/Pyr ratio in MIA PaCa-2 and HT29 xenografts increases 3
h after administration and remains elevated for up to 5 h. (b) [13C]Lac/Pyr ratio is significantly increased 3
h after oral administration of 50 mg/kg metformin in MIA PaCa-2 (n = 4) and HT29 (n = 3) tumors (* p <

0.05, ** p < 0.01). The data are presented as mean value with individual values overlaid.
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Figure S6 (Related to Figure 6): (a)(b) Representative ['*C]-MR spectra (upper) and signal intensity
curves (lower) in MIA PaCa-2 (a) and HT29 (b) xenografts obtained from pre-metformin treatment (left)
and post-metformin treatment (right). In the “post” evaluations, '*C-MR spectra were collected 3 h after
metformin administration. The scale bar of the MR images is 8 mm. Signal level of ['*C]Lac is clearly
increased by metformin in both MIA PaCa-2 and HT29 tumors. (c¢) 3 x 106 HT29 cells were
subcutaneously inoculated into the right leg of athymic mice. Drug treatments are delineated by black
arrowheads. NCI-006 (30 mg/kg) was administered intravenously and metformin (50 mg/kg) was
administered by oral gavage. When given together, metformin was dosed 2 h before NCI-006. Drugs
were administered every other day as depicted by the arrowheads, for a total of six treatments. Tumor
growth rates are shown. (d) Individual tumor volumes measured at day 22 in HT29 are significantly
reduced in mice treated with the drug combination compared to the other groups. (* p < 0.05; ** p < 0.01,
***p <0.001, *** p < 0.0001; one-way ANOVA with uncorrected Fisher's LSD). Veh: vehicle, Met:
metformin, Comb: combination (NCI-006 + metformin). (e) Change in body weight during treatment in
mice bearing HT29 xenografts. Body weight of each mouse at day 1 is set to 1. Arrowheads indicate each
drug administration. The data are presented as mean + SEM. (f) Mouse hematocrit was reduced by <

10 % 3 days after completing 2 cycles (6 IV injections of NCI-006 +/- metformin administered on days 1,
3,5, 8, 10, 12). When used alone, NCI-006 was administered at 50 mg/kg. When used together with
metformin, NCI-006 was administered at 30 mg/kg. All hematocrits returned to normal levels by 6 — 10

days after the last drug dose. * p < 0.05, t-test.
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