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Abstract

Rapidly proliferating cells increase glycolysis at the expense of oxidative phosphorylation
(oxphos) to generate sufficient levels of glycolytic intermediates for use as anabolic substrates.
The pyruvate dehydrogenase complex (PDC) is a critical mitochondrial enzyme that catalyzes
pyruvate’s conversion to acetyl coenzyme A (AcCoA), thereby connecting these two pathways in
response to complex energetic, enzymatic and metabolic cues. Here we utilized a mouse model of
hepatocyte-specific PDC inactivation to determine the need for this metabolic link during normal
hepatocyte regeneration and malignant transformation. In PDC “knockout” (KO) animals, the
long-term regenerative potential of hepatocytes was unimpaired, and growth of aggressive
experimental hepatoblastomas (HB) was only modestly slowed in the face of 80-90% reductions
in AcCoA and significant alterations in the levels of key TCA cycle intermediates and amino
acids. Overall, oxphos activity in KO livers and HB was comparable to that of control
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counterparts, with evidence that metabolic substrate abnormalities were compensated for by
increased mitochondrial mass. These findings demonstrate that the biochemical link between
glycolysis and the TCA cycle can be completely severed without affecting normal or neoplastic
proliferation, even under the most demanding circumstances.
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Introduction

Tumors and rapidly dividing normal tissues must confront several metabolic challenges not
ordinarily faced by quiescent cells. First, they must synthesize or otherwise provide anabolic
precursors to support their growth and proliferation (1,2). Second, they must generate
sufficient amounts of ATP to drive the de novo synthesis or uptake of these precursors and
their subsequent assembly into macromolecules (1,3). Finally, and particularly in the case of
tumors, they must often accomplish these tasks within the confines of hypoxic, acidotic and
nutrient-deprived environments (4). The point at which these activities and conditions
become rate limiting for growth can vary among different tumor types and even within the
same tumor over relatively short times and distances (5) thus requiring tumors to
accommodate to often conflicting metabolic demands.

One way by which dividing cells can provide biosynthetic precursors is by increasing the
uptake and utilization of environmentally-derived glucose for purposes other than energy
production. This process, known as the Warburg effect, occurs under aerobic conditions and
allows for the synthesis of anabolic precursors from glycolytic intermediates without
necessarily compromising ATP supply (1). Several strategies may be adopted to potentiate
the Warburg effect, including regulation of the pyruvate dehydrogenase complex (PDC), a
large multi-component enzyme complex that irreversibly catalyzes the intra-mitochondrial
oxidative decarboxylation of pyruvate to acetyl coenzyme A (AcCoA), CO, and NADH. As
the link between glycolysis and the TCA cycle, the PDC has been proposed to be a regulator
of the Warburg effect and a gatekeeper for energy production in general (6,7). The PDC also
generates NADH to drive oxidative phosphorylation (Oxphos) via the electron transport
chain (ETC), the primary source of ATP under normoxic conditions. Efficient
communication between glycolysis and the TCA cycle, coupled with the ability to rapidly
shift between the two processes according to cellular and environmental circumstances,
likely contributes to metabolic adaptability and survival of tumors and normal proliferating
cells alike.

The PDC is comprised of three components referred to as pyruvate dehydrogenase (E1),
dihydrolipoyl acetyltransferase (E2), and dihydrolipoyl dehydrogenase (E3) (7), and is
subject to complex regulation that occurs largely through the E1 component, a hetero-
tetramer comprised of 2a and 23 subunits encoded by the PDHA gene [hereafter PDHa
(or Ela) and PDHP (or E1B)]. E1 activity is regulated primarily by phosphorylation/
dephosphorylation of the PDHa. subunit that is mediated by the inhibitory PDH-kinase
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(PDKZ1) and the stimulatory PDH-phophatase (PDP2). These activities, in turn, are
themselves modulated in opposite ways by the prevailing levels of intra-mitochondrial ATP,
AMP and other metabolites such as NADH, AcCoA and PEP (6,7).

In keeping with the presumed centrality of the PDC in metabolism, total body deletion of the
Pdhal gene in mice is embryonic lethal (8). Naturally occurring PDHA1 gene mutations in
humans are associated with variable levels of residual enzymatic activity, suggesting that
complete inactivation is, as in the mouse, incompatible with survival (9). PDH deficiency
typically presents with varying degrees of lactic acidosis, the severity of which correlates
inversely with residual enzymatic activity (9). In contrast, mice with conditional, liver-
specific deletion of the Pdhal gene are born at expected Mendelian frequencies, breed
normally, and show only modestly increased whole body insulin sensitivity (10). The
survival differences between global and tissue-restricted Pdhal “knockout” (KO) mice may
reflect differential tissue dependencies on PDC enzymatic activity and/or the ability of
individuals with residual enzymatic activity in other tissues to metabolize lactate, thereby
avoiding the lethal consequences of uncompensated lactic acidosis.

The idea that the PDC plays an important role in tumorigenesis has been suggested by our
recent findings that the enzyme’s activity is significantly up-regulated in genetically distinct
murine models of liver cancer, namely hepatoblastoma (HB) and hepatocellular carcinoma
(HCC); this was shown by direct enzymatic assays in addition to western blot analysis
illustrating the loss of phosphorylated PDHa, in addition to an increase in the stimulatory
phosphatase and a decrease in the inhibitory kinase (11-13). We proposed that up-regulating
PDC activity might represent an attempt by these tumors to maximize the mitochondrial
delivery and utilization of limited amounts of pyruvate given the intense competition for
upstream glycolytic intermediates by anabolic pathways.

In the current work, we have examined how conditional genetic ablation of Pahal affects
long-term proliferative potential of normal and neoplastic hepatocytes. In the former case,
we utilized a murine model of type | hereditary tyrosinemia in which intra-splenically
transplanted donor hepatocytes gradually replace the affected recipient hepatic parenchyma
(14,15). This approach affords several advantages over the more conventional partial
hepatectomy (PH) model. First, donor hepatocyte proliferation occurs over a 3-5 month
period versus 7-10 days in PH. Second, depending on the inoculum size, donor hepatocytes
replicate 50-100 fold as they replace the recipient parenchyma, whereas replication
following PH involves, on average, fewer than two cell doublings (15,16). Finally,
hepatocyte transplants can be performed competitively with mixed donor cell populations,
thereby providing an exceedingly sensitive way of documenting small differences in long-
term repopulation potential (14), while ensuring that the /n vivo environments of the donor
populations are identical.

In the case of neoplastic proliferation, we utilized two variations of the above-mentioned
model of HB (11,12). In the first, hydrodynamic tail vein injection (HDTVI) of “Sleeping
Beauty” plasmids encoding mutant forms p-catenin and yes-associated protein (YAP)
(11,12) were performed in mice bearing a conditional, pan-hepatocyte knockout (pKO) of
the Pdhal gene (Fig. 1A). A second model was utilized in parallel in which mice with intact
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loxP sites flanking the Pdhal locus (and hereafter referred to as control mice) were
inoculated with the same Sleeping Beauty vectors plus an additional Cre recombinase
vector, thus allowing for the targeted deletion of the Padha1 locus only in hepatocytes
destined to become transformed (Fig. 1B). We refer to tumors arising in this background as
“restricted knockout” (rKO).

Using a combination of the above-described approaches, we demonstrate that both normal
and neoplastic hepatocyte proliferation remain largely unimpaired by the absence of the
PDC. We explore the accompanying biochemical and metabolic adaptations and suggest
how they potentially compensate for the loss of this key enzyme. Collectively, our results
demonstrate unequivocally that the link between glycolysis and the TCA cycle can be
genetically severed with little impact on proliferative potential.

Materials and Methods

Animal studies

All animal work was performed in conformity with the Public Health Service Policy on
Humane Care and Use of Laboratory Animal Research (DLAR) Guide for Care and Use of
Laboratory Animals. All procedures were reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of Pittsburgh (protocol
#14104886). All mice were housed in a pathogen-free facility and maintained under
standard conditions with ad /ib access to food and water. Homozygous Paha10%8 (“floxed”)
female mice, which have two loxP sequences flanking exon 8 (8), were bred with male mice
containing cre recombinase under the liver-specific albumin promoter (Alb-cre). This
procedure yielded mice with a deleted exon 8, which are referred to as KO or “pan KO”
(pKO) mice to connote the hepatocyte-wide knockout (14). Mice were genotyped using the
following PCR conditions: forward primer: 5'-GCAGCCAAACAGATTACACC-3” and
reverse primer: 5'-AGCAGCCAGCACGGACTACT-3" for 35 cycles of 95°C for 1 min,
65°C for 1 min, 72°C for 1.5 min. Because the primers flanked one of the loxP sites, these
conditions yielded one of three products: an amplified 700 bp fragment corresponding to the
WT allele which is included as an illustrative control, a 400 bp fragment corresponding to
the KO allele, and an 850 bp fragment corresponding to a floxed allele. Floxed mice were
used as controls for all experiments.

Sleeping beauty (SB) vectors encoding the mutant forms of S-catenin and Yes-associated
protein (YAP) (11,17) were introduced via hydrodynamic tail vein injection (HDTVI) into
7-8 week-old wild type and pKO mice as previously described (11,12). An additional group
of Pdhai-floxed mice (control mice) were injected with a Cre recombinase-encoding SB
vector in addition to S-catenin and YAP plasmids to produce a tumor-restricted KO of PDC
(rKO) (Fig. 1 A-B). Tumor-baring mice were euthanized when tumor burdens caused
obvious physical distress. At the time of sacrifice, livers or tumors were divided into small
pieces, snap-frozen in liquid nitrogen, and stored at —80C until further analyzed.

FRG-NOD fah-/- mice, used as recipients for hepatocyte transplants (Yecuris, Inc.,
Tualatin, OR), were bred and maintained on 8 mg/L of 2-(2-nitro-4-
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trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC, Yecuris) in the drinking water as
previously described (14).

Hepatocyte isolation, transplantation and evaluation

Hepatocytes were isolated using a two-step collagenase perfusion method as previously
described (14,18). Briefly, after induction of general anesthesia, a catheter was inserted into
the portal vein or inferior vena cava and 0.3 mg/ml of a collagenase Il solution (Worthington
Biochemical Corp, Lakewood, NJ) was injected into the liver. Digested livers were then
removed and incubated in DMEM-F12 with 15 mM HEPES (Corning, Inc. Corning NY)

+ 5% FBS, passed through a 70 um cell strainer and centrifuged at 55 x g for 3 min to
remove large fragments and non-parenchymal cells. Following two washings, hepatocyte
viability was determined by trypan blue exclusion. Only isolates with viabilities exceeding
80% were processed further. Control and KO hepatocytes were then combined and 1.5 x 10°
of each was injected directly into the spleens of 6-8 week-old recipient FRG-NOD mice as
previously described (14,18) (Fig. 2A). Mice were subsequently maintained under standard
conditions with the inclusion of NTBC in their drinking water. Two weeks after
transplantation, NTBC was discontinued until mice showed a weight loss of >20% of body
weight compared to age-matched controls, at which point NTBC was re-started. Upon
regaining the lost weight, NTBC was again discontinued and such cycling was maintained
until stable body weights were achieved (generally about 10-12 weeks). Mice were then
maintained under NTBC-free conditions for an additional 4-5 wks to ensure maximal
hepatic parenchymal replacement by donor hepatocytes. Hepatocytes were then isolated as
described above except that the collagenase Il concentration was increased to 1 mg/ml.
Isolated hepatocytes were washed and snap frozen in small aliquots for subsequent PCR-
based analysis to evaluate reconstitution.

The assessment of the hepatocyte composition of transplant recipients was performed by a
two-step TagMan-based PCR (Fig. 2B-D and Supplementary Fig. S1 A-C). Each PCR
reaction was performed using the Kapa Probe Fast qPCR kit (Kapa Biosystems,
Wilmington, MA) in a total volume of 12 pl containing 10 ng of input genomic DNA. The
conditions for amplification were 95°C for 10 sec, 40 cycles at 95°C for 15 sec, 60°C for 60
sec. The total repopulation percentage was determined as described by using the primers that
amplified the Pol2neo cassette region inserted into exon 5 of the fa#—/— mice (forward: 5’-
GGGAGGATTGGGAAGACAATAG-3’, reverse 5'-
ATTCTCCTTGCCTCTGAACATAA-3"). The product was detected in real time with the
probe: 5'/56-FAM/CTTCTGAGG/ZEN/CGGAAAGAA/3IABKFQ/-3”. A standard curve
containing known percentages of fa/-/- and fah+/+ hepatocytes was created in parallel to
allow a determination of the fractional composition of the transplanted samples
(Supplementary Fig. S1A). The fractional contribution of control and KO hepatocytes was
then determined using two additional primer pairs: the first amplified a region flanking the
loxP site within the control population (forward: 5'-CCACACTGTGCAAACCTATTTC-3’,
reverse: 5’ CTGAAGAGGAGTTTACGTCCAG-3" (with partial homology to the loxP site)
and detected with the probe: 5-/56-FAM/ATTCCACTC/ZEN/TCCAGCACC/
3IABKFQ/-3"), while the second reaction amplified a portion of the cre cassette within the
KO population based on the Jackson Laboratories genotyping protocol (forward: 5’-
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GCGGTCTGGCAGTAAAAACTATC-3’, reverse: 5'-
GTGAAACAGCATTGCTGTCACTT-3’, and detected with the probe: 5’/56-FAM/
AAACATGCT/ZEN/TCATCGTCGGTCCGG/3IABKFQ/-3"). A standard curve was again
created with known amount of control and KO DNA combined to which the unknown
samples could be compared (Supplementary Fig. S1 B-C). All ACt values were compared to
a positive internal control that amplified a 73-bp product of the nuclear apolipoprotein B
gene (forward: 5"-CAC GTG GGC TCC AGC ATT-3’, reverse: 5'-
TCACCAGTCATTTCTGCCTTTG-3’, amplified with the probe 5°/Cy5-
CCAATGGTCGGGCACTGCTCAA/3IABKFQ/-3"). All primers and probes were
synthesized by IDT, Inc. (Coralville, IA). PCR reactions were performed on a CFX96
TouchTM Real-Time PCR Detection System (Bio-Rad, Inc.).

Metabolic studies

Immunoblotting, BNGE, mitochondrial DNA quantification, electron transport chain activity
assessment, and all metabolic assays were performed as previously described. (12,14,19).

Immuno-blotting

Tissues were prepared for immuno-blotting by lysing in SDS-lysis buffer containing
protease, kinase and phosphatase inhibitors as previously described (14). All samples were
prepared once and run in the same order for all blots within each group; a loading control
was run in all instances where this was possible to again assure sample concentrations were
equal. Immunoblots were developed using SuperSignal™ West Pico Chemiluminescent
Substrate kit (Thermo Fisher, Waltham, MA). A list of all antibodies, the vendors from
which they were obtained and the conditions used is provided in Supplementary Table S1.

Electron transport chain activity

All Oxphos determinations were performed on an Oroboros Oxygraph 2k instrument
(Oroboros Instruments, Inc., Innsbruck, Austria) as previously described (12,14). Briefly,
~50 mg of tissue was disrupted on ice in MiR05 buffer (110 mM sucrose; 3 mM MgCl,; 0.5
mM EGTA; 60 mM potassium lactobionate; 20 mM taurine; 10 mM KH,POy,; 20 mM
HEPES, pH 7.2; and 1 mg/ml fatty acid-free BSA). O, consumption rates were quantified in
2 ml of Mir05 buffer containing 10 uM cytochrome cand ~40 pg of tissue lysate, 5 mM
(final concentration) pyruvate, 5 mM malate, 5 mM ADP and 10 mM glutamate were then
sequentially added to initiate electron flow. After achieving the plateau O, consumption rate,
10 mM succinate was added to determine the total activities of Complex | + 1. Rotenone
(0.5 pM) was then added to inhibit Complex I and allow an assessment of Complex Il
activity. All activities were then normalized to total protein.

Blue native gel electrophoresis (BNGE) and in situ enzymatic assays

BNGE and /n situ enzymatic assays of ETC complexes were performed as described
previously (19). Complexes were electrophoresed on a 3-12% gradient Native PAGE Novex
Bis-Tris gels (Invitrogen, Inc., Carlsbad, CA), and stained with Bio-Safe Coomassie G250
(Bio-Rad, Hercules, CA, USA). /n situ assays were performed for Complex | (NADH
ubiquinone oxidoreductase), Complex Il (decylubiquinol cytochrome ¢ oxidoreductase),
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Complex IV (cytochrome ¢ oxidase) and Complex V (ATPase) as previously described (19).
Complex Il (CII) (succinate dehydrogenase) measurements were performed /n vitro on total
mitochondrial lysates (19).

PDC, FAQO, acetate incorporation, ATP and citrate synthase assays

PDC and FAO assays were performed on fresh liver and tumors as previously described
(12). Briefly, PDC assay used 50-80 mg of minced tissue in glucose-, glutamine-, and
pyruvate-lacking DMEM that was then placed in 0.5 pl aliquots into 0.5 ml of 2x assay
buffer containing 0.15 uCi [1-14C]-labeled pyruvate (7.64 mCi/mmol, Perkin Elmer).
Reactions were performed in sealed tubes with a central hanging basket (Kimble-Chase Life
Science and Research Products, Rockwood, TN) containing a glass microfiber filter
(Whatman/GE Healthcare) soaked in 0.5M KOH. Reactions were incubated at 37°C and
terminated by adding 0.5 ml of 4.0M perchloric acid. The released 14CO, was then collected
on filters for 40 min at 37°C and quantified by scintillation counting.

Fatty acid oxidation (FAO) assays used ~50 mg tissue minced in SET buffer that was then
homogenized by five passes in a Potter-Elvehjem homogenizer on ice; 5 pL was then added
to 195 pl of the reaction mixture (containing 100mM sucrose, 10mM Tris-HCI, 5mM
KH,POy4, 0.2mM EDTA, 80mM KCI, 1mM MgCl,, 2mM L-carnitine, 0.1mM malate,
0.05mM coenzyme A, 2mM ATP, 1mM DTT, 0.3% fatty acid-free BSA, pH 8.0) and 0.5 uCi
per ml (125 uM final fatty acid concentration) 3H-labeled BSA-conjugated palmitate (Perkin
Elmer). Reactions were incubated at 37°C and stopped with the addition of 40 pul 1M KOH,
then incubated at 60°C after which perchloric acid was added. Organic extraction was then
performed and the water-soluble products of FAO (3H,0) were measured by scintillation
counting.

Acetate conversion assays were performed on fresh tissue. Approximately 40-50 mg of
tissue was finely minced small pieces in 200 pul of 2x reaction buffer (containing 100mM
sucrose, 10mM Tris-HCI, 5mM KH,PO,, 0.2mM EDTA, 80mM KCI, 1mM MgCls,, 2mM
L-carnitine, 0.1mM malate, 0.05mM coenzyme A, 2mM ATP, 1ImM DTT, 0.3% fatty acid-
free BSA, pH 8.0), 0.4 ul 1M sodium acetate, 2.5 pl 20% glucose, 196.6 ul PBS, and 0.5 pl
of 3H-labeled acetate (1.59 Ci/mmol, Perkin Elmer), which was then incubated at 37°C for 4
h. Samples were placed on ice to stop the reaction and tissue pieces were washed three times
with 400 ul aliquots of cold phosphate-buffered saline (PBS). Samples were homogenized
using a bullet blender in 400 pl cold PBS. Organic extraction was performed in chloroform
following the protocol of Bligh and Dyer (20) and lipid-soluble products were measured by
scintillation counting.

ATP assays were performed on lysates of previously snap-frozen tissue using the ATP Lite
ATP detection system (Perkin-Elmer, Inc. Downers Grove, IL). Instructions from the
manufacturer were followed and each point was performed in triplicate and normalized to
protein.

Citrate synthase assays were performed on isolates of previously snap-frozen tissue using
the protocol described by Oroboros Instruments, Inc. (http://wiki.oroboros.at/images/4/40/
MiPNet17.04_CitrateSynthase.pdf). Briefly, homogenized liver samples were diluted in
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Tris-HCI buffer (0.1 M, pH 7.1) in a concentration of 1-2mg/mL, and 5 pL of the sample
was added to a master mix containing 5 uL 12.2 mL acetyl-CoA in water, 5 uL. 10% Triton
X-100 in water, 20 uL 1.01 mM DTNB in 1M Tris-HCI pH 8.0, and 155 pL water in a 96-
well plate. Oxaloacetate was added to Triethanolamine-HCI buffer (0.1 M, pH 8.0) for a
final concentration of 10 mM, pH 8.0. Oxaloacetate solution (10 uL of 10mM solution) was
then added to the sample in the master mix to start the reaction. Fluorescence was measured
at 420 nm for 120 s using a plate reader (FLUOstar Omega, BMG Labtech) and compared to
a standard curve generated with known amounts of enzyme.

Mitochondrial DNA (mtDNA) quantification

Mitochondrial DNA was quantified using a previously described protocol (12). Briefly, PCR
primers were designed to amplify a portion of the cytochrome ¢ oxidase I gene using the
TagMan based approach. Products were normalized to a similar-sized product of the
apolipoprotein B gene. All primers and probes were synthesized by IDT, Inc. (Coralville,
IA).

Blood lactate assays

Whole blood was obtained from mice prior to euthanasia by creating a small nick in the tail
with a razor blade. Free flowing blood was then captured by the sensor and immediately
analyzed by the Lactate Scout+ meter (SensLab EKF Diagnostics, Leipzig, Germany).

Mass spectroscopy

Extraction of metabolites—Liver and tumor tissues were homogenized by adding 1 mL
of 80% methanol in a vial containing lysing matrix D (MP Biomedicals, Salon, Ohio) and
using a high-speed bench-top homogenizer (Fastprep, MP Biomedicals) for 2 min. The
homogenates were incubated on ice for 30 min before adding 0.25 mL of chloroform and
repeating the homogenization. The upper polar phase was separated after centrifugation and
used for further analysis. Similar extraction was also performed for 13C algal cells (Sigma-
Aldrich, St. Louis, MO) that were used as an internal standard for metabolites.

LC-MS analysis of organic acids—Organic acids were analyzed by derivatizing them
to their corresponding 3-nitrophenylhydrazones (21). Briefly 100 uL of the supernatant was
heated at 50°C with 50 pL of 200 mM 3-nitrophenylhydrazine in 50% aqueous acetonitrile
and 50 pL of 120 mM N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide HCI in a 6%
pyridine solution in the same solvent for 20 min. 100 uL of the mixture was diluted to 500
pL using 50% aqueous acetonitrile (ACN) and 10 pL was injected into the LC-MS
Instrument. An Ultimate 3000 RSLC system connected to a Thermo Fisher Scientific Q
Exactive mass spectrometer (both from Thermo Fisher Scientific, Waltham, MA) was used
for analysis. Reverse phase chromatographic separation was performed on a Phenomenex
Luna C18 column (2.1 mmx150 mm, 5 um) column (Torrence, CA) using gradient elution
with a mobile phase comprised of H,O + 0.1% formic acid (A) and acetonitrile (B),
delivered at a flow rate of 0.2 mL/min. The gradient program was 3% B (0-3 min), from 3%
B to 95% B (3-50 min), 95% B (50-55 min), from 95% B to 3% B (55-57 min) and 3% B
(57-60 min). The mass spectrometer was equipped with an ESI source and was operated in
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negative mode using a full scan range of 150 m/zto 900 /m/z. Analyte identification was
confirmed by high resolution accurate mass and compared to the 13C internal standard.

LC-MS analysis of primary metabolites—The primary polar phase metabolites were
separated by ion-pairing reversed phase chromatography on the LC-MS system described
above (22). The mobile phase contained 5mM hexylamine in H,O (A) 5mM hexylamine in
acetonitrile (B) delivered at a flow rate of 0.15 mL/min with a post column addition of 0.1
mL/min acetonitrile before entering the mass spectrometer. The gradient program was 3% B
(0-3 min), from 3% B to 30% B (3-30 min), 30% B to 95% B (30-55 min), 95% B (55-60
min), 95% B-100% B (60-61 min), 100% B (61-66 min), 100% B-3%B (66-67 min), 3% B
(67-70 min). The mass spectrometer was operated in negative mode using a full scan range
of 100 m/zto 900 m/z. Analyte identification was confirmed by high resolution accurate
mass and compared to the 13C internal standard.

LC-MS/MS analysis of amino acids—Amino acids were analyzed by derivatizing them
to their phenylthiocarbamyl derivatives with phenylisothiocyanate (PITC) (23) followed by
LC-MS/MS. The polar phase (100 L) was dried under nitrogen and dissolved in 100 pL of
coupling solution [acetonitrile:pyridine:triethylamine:water (10:5:2:3)] plus 20 uL of PITC
and reacted for 15 min at room temperature. The samples were vacuum-dried, dissolved in
200 pL of 50% acetonitrile and 10 pL was injected into a Shimadzu/CTC PAL HPLC
coupled to a Sciex 6500 QTrap (Framingham, MA) for analysis. Reversed phase separation
was performed on a Phenomenex C18 Luna column as described above using a gradient
elution with a mobile phase consisting of 0.1% acetic acid in H,O (A) and 0.1% acetic acid
in acetonitrile (B), delivered at a flow rate of 0.4 mL/min. The gradient program was 3% B
(0-3 min), 3% B to 100% B (3-20 min), 100% B (20-25 min), 100% B to 3% B (25-26
min), 3% B (26-30 min). The mass spectrometer was equipped with an ESI turbo V ion
source that was operated in the positive mode using scheduled multiple reaction monitoring.
Analyte peak areas were normalized to their corresponding 13C internal standard.

Statistical analysis

Results

Control and

For statistical evaluation, GraphPad Prism 6 (GraphPad Software, Inc.) was used. One-way
ANOVA with Tukey’s multiple comparisons was employed; if groups had unequal variance
(determined by the Brown-Forsythe test), data were log-transformed for analysis. Survival
curves were compared with Mantel-Cox log-rank tests. All error bars, unless otherwise
noted, are mean +/- SEM.

KO hepatocytes regenerate equally well

Mice lacking the enzyme fumaryl acetoacetate hydrolase (FAH) mimic type | hereditary
tyrosinemia and succumb to the accumulation of cytotoxic tyrosine catabolites (14,18)
unless rescued with the drug 2-(2-nitro-4-trifluoro-methyl-benzoyl)-1,3-cyclo-hexanedione
(NTBC), which blocks the enzyme p-hydroxyphenylpyruvate dioxygenase (HPD) that lies
upstream of FAH. A ‘genetic’ cure can also be achieved by transplanting as few as 10° fah
+/+ hepatocytes, which eventually partially replace the diseased hepatic parenchyma. Mixed
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donor hepatocyte populations afford an even more sensitive means of assessing even small
differences in long-term repopulation potential (14).

Approximately equal numbers of fa/#+/+ control (Pdhal-floxed) and Pdhal-KO (KO)
hepatocytes were mixed and inoculated intra-splenically into recipient (fah-/-) FRG-NOD
mice (14,15). Eventual discontinuation of NTBC was then carried out over the next 10-12
wks (14) followed by an additional 4-5 wks of NTBC-independent recovery (12). As seen in
Fig. 2E, total donor hepatocytes comprised 65-83% (mean 76%) of the entire liver
population after transplantation. The contribution of donor hepatocytes closely matched that
of the input inoculum (Fig. 2F), signifying equal repopulation capacity.

Genetic ablation of Pdhal minimally affects tumorigenesis

In a model of HB induced by the over-expression of mutant -catenin and YAP, the survival
of tumor-bearing control and pKO mice was nearly identical, whereas the survival of rKO
mice was modestly prolonged (Fig. 3A). This was not attributable to differences in Pahal
gene excision efficiency (Fig. 3B) or levels of tumor-associated PDHa protein (Fig. 3C and
D). PDC enzyme activity was higher in control livers versus pKO livers, and increased by 3—
4 fold in control tumors, as seen previously (12). In contrast, PDC activity did not increase
in pKO or rKO tumors over the KO liver (Fig. 3E). Control HBs also expressed less
phosphorylated, inactive PDHa., less inhibitory PDK1 and more PDP2 (Fig. 3C and D) (7).
Interestingly, despite the lack of PDC in pKO and rKO tumors, the behavior of both PDK1
and PDP2 closely mimicked that of control HBs. Thus, the differential survival of HB-
bearing pKO and rKO mice was not attributable to altered levels of PDH protein, PDC
activity or its key up-stream regulators.

Despite the similar survival of tumor-bearing control and pKO mice (Fig. 3A), HBs from the
latter group were on average ~20% smaller (Fig. 3F), whereas rKO tumor sizes were
similarly sized. An explanation for these findings was provided by the observation that blood
lactate levels of tumor-bearing pKO mice prior to sacrifice were significantly higher than
those of either tumor-bearing control or rKO mice (Fig. 3G). This suggested that excessive
lactate production and the accompanying metabolic acidosis contributes to the premature
demise of tumor-bearing pKO mice, whereas the lactate produced by pKO tumors is
metabolized by the surrounding PDC-replete liver parenchyma, thus preventing acidosis and
allowing the tumors to achieve a larger size. Large pKO tumors also likely restrict
diaphragmatic excursion and thus contribute to the underlying acidosis of pKO mice by
limiting respiratory compensation.

Finally, we assessed PDHa and pPDHa. by immunohistochemistry in a small number of
primary human HBs, with typical results shown in Fig. 3H. A subset of six HBs, comprised
primarily of those with well-differentiated fetal histology, showed lower levels of pPDHa
staining (0-1+) than was seen in eleven tumors with crowded fetal histology (2—-3+).

PDC deficient tumors efficiently conduct Oxphos despite AcCoA depletion

As demonstrated previously (12,14), Complex Il was the most important contributor to the
ETC in all tissues (Fig. 4A), though its activity was reduced by 40-50% in tumors. Although
Complex I contributed minimally to overall ETC function, its activity was higher in control
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tumors than in control livers whereas this was not the case with pKO livers and tumors and
likely reflected the inability of these tissues to furnish AcCoA when supplied with
exogenous pyruvate. Overall, oxygen consumption was decreased in all tumors, regardless
of genotypes (Fig. 4A). Although control HBs were associated with a significant loss of
mitochondrial mass, thus at least partially explaining the Warburg effect (12), this finding
was less pronounced in KO tumors (Fig. 4B).

To investigate potential alternative sources of AcCoA in KO tumors, we examined fatty acid
utilization. Compared to normal livers, WT HBs are less reliant on long-chain fatty acid p-
oxidation (FAQ) as an energy source probably because, in rapidly dividing tumor cells, the
fatty acids are used directly for the de novo synthesis of membrane lipids (12). Again, FAO
in control, pKO and rKO HBs was markedly reduced relative to their corresponding livers
(Fig. 4C). Thus, increased FAQ did not appear to supply the mitochondrial AcCoA needed
to compensate for the lack of glucose-derived pyruvate.

Mostly derived from the gut microbiome (24), acetate is converted to AcCoA via
mitochondrial AcCoA (acyl CoA) synthetase 1 (25). This can be assessed indirectly by
monitoring the conversion of 3H-acetate into lipids via the sequential conversion of acetate-
derived mitochondrial AcCoA into citrate by citrate synthase, the cytoplasmic re-derivation
of AcCoA from citrate by ATP citrate lyase, and the incorporation of the 3H label into fatty
acids and steroids by fatty acid synthase and HMG coenzyme A reductase, respectively (26).
We found no differences among any of the cohorts, suggesting that KO tumors did not
increase their conversion of acetate to ACCoA to compensate for the loss of PDC activity
(Fig. 4D). Finally, in an assay that measured 14CO, release from 14C-leucine, we were
unable to show evidence for up-regulation of branched-chain amino acid oxidation as a
source of AcCoA (not shown).

Lacking evidence that PDC loss was accompanied by compensatory increases in ACCoA
production from any of the above-discussed alternative non-glycolytic sources, we measured
the actual steady state levels of AcCoA by mass spectroscopy (MS) and found them to be
highly depleted in both KO livers and HBs (Fig. 4E).

Finally, we measured ATP levels in each of the tissues. As seen in Fig. 4F and as previously
reported (12), control tumors contained higher levels of ATP than control livers. Although
the ATP levels of KO livers were equivalent to those in control livers, no increases were
observed following transformation.

Control and KO tissues possess similar ETC structure and function but different levels of
metabolic intermediates

Despite their failure to oxidize pyruvate, their attenuated Complex Il activity and their
depleted AcCoA content, both KO livers and tumors showed identical patterns of ETC
complex structure as determined by blue native gel electrophoresis (Supplementary Fig.
S2A) and closely paralleled their control counterparts (Supplementary Fig. S2 B-G). Thus,
the basic ETC structure and its enzymatic activities remain largely intact in KO animals.
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A comparative MS analysis of TCA cycle intermediate levels among the four tissue groups
using MS (Fig. 5A and Supplementary Fig. S3) revealed marked differences between control
and KO tissues in addition to the afore-mentioned AcCoA depletion (Fig. 4E). For example,
relative to control livers, KO livers showed comparable levels of citrate and iso-citrate but
tended to contain lower levels of all other measureable intermediates, notably a-
ketoglutarate and malate. Relative to control tumors, KO tumors had decreased levels of
isocitrate, fumarate and malate and NAD+; in contrast, the levels of most TCA intermediates
in KO tumors were little changed relative to those in KO livers.

TCA substrate normalization in KO tissues could occur by compensatory mechanisms,
including increased glutaminolysis (2,27). However, the expression of key enzymes involved
in the conversion of glutamine to a-ketoglutarate, including glutamate dehydrogenase 1/2,
and particularly the rate-limiting, liver-specific enzyme glutaminase 2 (Gls2), were down-
regulated in both control and KO tumors (Fig. 5B). Similarly, citrate synthase (CS) catalyzes
the condensation of AcCoA and oxaloacetate to furnish citrate, which can then be utilized as
either a TCA cycle intermediate or a substrate for the extra-mitochondrial fatty acid
synthesis (28,29). We therefore directly measured CS activity; although control HBs
demonstrated this expected increase in activity, so too did both KO livers and tumors (Fig.
5C).

MS analyses of select glycolytic pathway intermediates showed fewer differences in KO
tumors compared to control, with the exception of lower levels of phosphoenolpyruvate
(Supplementary Fig. S4 and Supplementary Fig. S5).

Complex alterations in intracellular amino acid levels occur in both control and KO tissues

Another potential source of TCA cycle intermediates is from the oxidation of amino acids,
all of which except lysine can be directly catabolized to one of six TCA intermediates.
Indeed, even lysine itself can contribute indirectly via the conversion of its end product
acetoacetyl CoA to AcCoA (30). We were able to quantify 17 amino acids in each of the
above tissues and found only modest alterations in their steady-state levels (Fig. 6 and
Supplementary Fig. S6). Compared to control livers, control tumors contained increased
levels of threonine and decreased level of alanine. While KO tumors demonstrated a similar
increase in threonine levels, they had an increase in alanine compared to control tumors.

Discussion

Although rapidly proliferating cells are highly reliant on glycolysis as an energy source, the
up-regulation of PDC activity that we have observed in HBs (Fig. 3C-E) (12) suggests that
these tumors require a combination of glycolysis and the TCA cycle to support both
energetic and anabolic demands. We have hypothesized that increased PDC activity
represents a compensatory attempt to normalize low levels of AcCoA that is aided by the
known negative regulation of PDC by AcCoA (6,7,31). An additional metabolic incentive to
up-regulate PDC activity may be that tumors have only modestly higher levels of pyruvate
than livers (Supplementary Fig. S5), even in the face of an increased need for this substrate
to furnish AcCoA for non-mitochondrial functions such as de novo fatty acid and sterol
biosynthesis. Nonetheless, we found proliferative rates of control and KO hepatocytes to be
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indistinguishable, and the rates of KO tumor growth to be only modestly impaired. Overall,
these results reveal the remarkable ability of PDC-deficient hepatocytes to compensate for
the loss of this central metabolic enzymatic complex.

The greater mitochondrial mass of KO tumors (Fig. 4B) may partially explain how they
compensate for their lack of pyruvate-derived AcCoA, but raises the question as to what
other sources of this substrate might be utilized given its centrality to both oxidative and
non-oxidative mitochondrial functions. However, we were unable to document increased
utilization of fatty acids, acetate or branched-chain amino acids for these purposes. Although
these pathways represent the major secondary means by which mitochondrial AcCoA could
be generated, it remains possible that less standard substrates such as cholesterol or a more
select group of amino acids such as valine or isoleucine are also utilized for this purpose.
However, the markedly reduced AcCoA levels in KO livers and tumors (Fig. 4E) implies
that such alternate sources of this intermediate most likely do not exist. Our findings
disagree with a recent report showing that KO livers have normal AcCoA levels (32), though
that report also did not identify an alternative AcCoA source. This discrepancy most likely
relates to the methods for AcCoA detection, i.e. high resolution mass spectrometry, versus
an indirect fluorescence-based enzymatic assay that requires sample de-proteination.
Overall, we propose that the absence of PDC activity severely depletes the AcCoA pool,
which is nonetheless sufficient to support normal or near-normal levels of proliferation.
Some additional advantage may derive from an increase in KO tumor mitochondrial mass
that may occur in response to the less efficient TCA cycle-derived energy production that
accompanies a depletion of AcCoA stores (Fig. 4B, E).

In addition to the profound depletion of AcCoA that we observed, steady-state metabolic
profiling (Fig. 5 and Supplementary Fig. S3) revealed several additional metabolic
alterations. That KO tumor pyruvate levels did not exceed those in control tumors almost
certainly reflects the increased activity of lactate dehydrogenase and the conversion of any
excess pyruvate to lactate (Fig. 3G) in a reaction that requires NADH, which is produced in
excess by the Warburg effect. PDC loss was also accompanied by an incompletely
compensated depletion of several TCA cycle intermediates as might be expected given the
low levels of AcCoA (Fig. 4E). Despite this depletion, glutaminolysis does not appear to be
increased in either control or KO tumors to provide non-pyruvate-derived TCA substrates
and circumvent the metabolic block imposed by PDC’s absence (Fig. 5B).

One exception to the depleted TCA cycle intermediates in KO was citrate, the levels of
which were equal in all four tissues. This suggests that, at least in the circumstances studied
here, the maintenance of normal citrate pools is not necessarily reliant on prevailing AcCoA
levels. Alternative ways of maintaining citrate levels (at least within mitochondria) include
reducing its transport to the cytoplasm (33) for use in lipid biosynthesis and/or increasing
cellular uptake from dietary sources. The first of these possibilities is consistent with our
previous suggestion that the synthesis of new membranes to support tumor proliferation may
preferentially rely on pre-formed fatty acids and cholesterol rather than on their de novo
synthesis from citrate (12). Finally, citrate synthase, which catalyzes the formation of citrate
from oxaloacetate and AcCoA, is strongly inhibited by AcCoA (34). This is consistent with
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our findings (Fig. 5C) and suggests that this elevated activity might be sufficient to maintain
normal citrate levels in the face of reduced AcCoA stores.

Further consistent with the overall depletion of TCA cycle substrates, both NAD™ and
NADH levels were also reduced in KO livers. NADH depletion was likely further abetted by
the loss of production that accompanies pyruvate’s conversion to AcCoA. NADH donates
electrons to Complex | of the ETC, thus perhaps explaining why Complex | activity did not
increase in KO tumors as it did in control tumors (Fig. 4A). Despite these changes, loss of
the PDC does not alter intrinsic ETC function (Fig. 4A and Supplementary Fig. S2),
indicating that at least some TCA substrates in control tissues are in excess of those needed
to support neoplastic proliferation.

An unanswered question concerns the source of reducing equivalents in the mitochondria of
KO tumors, whose levels of TCA substrates were not much different than those in KO livers,
yet whose NADH levels were considerably higher than their liver counterparts (Fig. 5A and
Supplementary Fig. S3). It is possible that these derive from the cytoplasm via the glycerol
phosphate shuttle (35) and that the high levels of glycolysis provide sufficient NADH for
this purpose. On the other hand, most cytoplasmic NADH is likely oxidized back to NAD™*
during the conversion of pyruvate to lactate. The ultimate contribution of this shuttle to
mitochondrial NADH may well depend on the balance between these two competing sets of
reactions. Whatever the ultimate source of NADH in KO tumors, it is noteworthy that its
levels essentially match those of control tumors despite the depletion of many TCA
intermediates (Fig. 5A and Supplementary Fig. S3).

Similarly, though our MS measurements did not quantify FAD or FADH, respirometry
indicated that levels of the latter were sufficient to support the oxidative requirements of KO
tumors despite the ~50% reduction of succinate and fumarate levels (Fig. 4A and
Supplementary Fig. S3). Indeed, the overall activity of Complex Il was equivalent in control
and KO tumors. The succinate dehydrogenase (SDH) activity in KO tumors as measured by
direct /in situ enzymatic assay did tend to be somewhat higher, potentially suggesting an
increased rate of catalytic activity to compensate for the lack of substrate (Supplementary
Fig. S2G). On the other hand, the overall increase in KO tumor mitochondrial mass (Fig.
4B) might be sufficient to provide for control tumor levels of Complex Il respiration despite
their overall substrate deficit.

Taken together, the foregoing studies support the idea that neither the steady-state levels of
TCA substrates nor Oxphos are entirely dependent on AcCoA supply. Rather, multiple
points of entry for non-TCA cycle intermediates may allow for the generation of both
substrates and reducing equivalents in a manner that is at least partially AcCoA-independent.
That O, consumption in response to succinate proceeded equally well in control and KO
tissues (Fig. 4A) further suggests that the normal circularity of the TCA cycle is also not
necessarily mandatory. This implies that respiration can sometimes proceed in a linear
manner and in the absence of AcCoA generation from any extra-mitochondrial source
simply by supplying succinate.
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However, the non-circular directionality of the TCA cycle may also prove somewhat of an
energetic disadvantage as evidenced by the low ATP levels in KO tissues (Fig. 4F). The lack
of NADH from the conversion of pyruvate to AcCoA likely also contributes to the paucity of
ATP in the KO tumors. Nonetheless, the consequences of this appear to be rather minimal,
especially on tumor growth rates (Fig. 3A). The high ATP levels in control tumors may
therefore simply be a bi-product of the significant up-regulation of glycolysis for anabolic
purposes, rather than being a true proliferative necessity.

A recent report has suggested that, at least /n vitro and in the presence of high oxygen and
exogenous nutrient concentrations, the suppression of the PDC only minimally affected the
growth of murine embryonic fibroblasts and H460 lung cancer cells. These cells derived the
majority of their AcCoA from extracellular lipids and utilized reductive carboxylation of
glutamine to drive fatty acid synthesis (36). However, kinetic labeling experiments showed
that, despite a ca. 90% loss of PDC activity, 30-50% of 13C-labeled glucose was still
incorporated into citrate within 4 hr. This suggests that residual PDC activity might have
contributed to the relatively mild phenotype of these cells to a greater degree than indicated
by enzymatic assay. However, FAO not only inhibits glycolysis, but is also a less efficient
form of energy production that generates high levels of genotoxic reactive oxygen species
(37-39). Furthermore, unlike the conversion of pyruvate to AcCoA, FAO does not furnish
NADH. These studies suggest that tumors with an excessive reliance on FAO might be at a
proliferative disadvantage relative to those in which AcCoA derived from pyruvate. At the
same time, they emphasize the heterogeneity of metabolic regulation that can be found
among different tumors and how this can vary under different conditions.

Several studies have demonstrated changes in PDC activity in cancer that are contrary to
those presented here. For example, some tumor cells cultured /n vitro under ambient oxygen
concentrations down-regulate PDH, thereby suggesting that, analogous to the case of the M2
isoform of pyruvate kinase (3), low PDH activity facilitates the accumulation of upstream
glycolytic intermediates for biosynthetic purposes (40,41). Similarly, dichloroacetate-
mediated inhibition of PDK1 and the accompanying increase in PDC impairs the growth of
certain tumors (42—44). In contrast, and in keeping with our results, some cancers express
high levels of PDC activity suggesting that glucose simultaneously supplies both AcCoA
and metabolic intermediates (45-48). Indeed, the enforced expression of c-Myc (Myc), an
oncoprotein that is deregulated in a majority of human cancers (49), increases both
glycolysis and oxidative phosphorylation (Oxphos) in non-transformed fibroblasts when
oxygen is plentiful, significantly increasing mitochondrial mass and growth rates (50,51).
Under similar conditions, ~50% of AcCoA that is incorporated into fatty acids and acetyl
lysine residues in nuclear histones derives from glucose (52). Thus, PDC’s role in
supporting cancer cell growth is variable and subject to multiple inter-dependent factors
including cell type, the nature of the transforming signals, nutrient and oxygen availability
and the cell’s actual replicative and metabolic status. In the case of tumors such as those
studied here, where maintaining high levels of PDH activity appears to be essential for
generating normal levels of AcCoA, it is tempting to speculate that this enzyme complex
might represent an actionable therapeutic target. On the other hand, it seems likely that such
an approach may prove problematic given the likelihood that extremely efficient enzymatic

Cancer Res. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jackson et al.

Page 16

inhibition is likely to be necessary to significantly inhibit tumor growth and is also likely to
be associated with significant lactic acidosis.

In summary, we show that glycolysis and the TCA cycle can be dissociated from one
another by the targeted inactivation of the Pdhal gene without affecting the normal
proliferative capacity of hepatocytes and only modestly impairing their neoplastic growth.
Pdhal inactivation leads to significant metabolic re-programming as evidenced by complex
changes in the steady-state levels of glycolytic intermediates, TCA cycle substrates and
amino acids. Despite these adaptations, ACCoA levels remain extremely low yet sufficient to
support proliferative, biosynthetic and energetic demands. Potential compensatory sources of
AcCoA could not be clearly identified, suggesting that any one of these contributes only
minimally at best to the steady-state pool and that any resultant inefficiencies in
mitochondrial energy or TCA substrate production may be offset by increases in
mitochondrial mass. Thus, whether relying on oxidative or non-oxidative modes of
respiration, hepatocytes can still balance the energy and metabolic contributions of these two
pathways despite the severing of their direct metabolic bridge.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Sc%ematic for induction of hepatoblastoma in two experimental groups. (A) The first,
termed “pan KO” (pKO) were progeny of matings between Pahal-floxed mice and those
expressing Alb-Cre, which achieved knockout of Pdhal in all hepatocytes. (B) The second
group of mice, termed “restricted KO” (rKO) were obtained by injecting Pahal-floxed mice
with the B-catenin and YAP-encoding vectors in addition to a third vector encoding Cre-
recombinase. In this way, the Pdhal gene was inactivated only in tumor cells.
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Fig. 2.

Regpopulation of fah—/- livers by transplanted fah+/+ control and KO hepatocytes. (A) Step-
wise schematic of repopulation studies. (B) PCR scheme used to first determine the
fractional contribution of faA—/- (recipient) and fah+/+ (donor) hepatocytes to fully
regenerated livers. Recipient donor hepatocytes were identified by real-time TagMan-based
amplification of a segment of the neo cassette that was embedded in the inactivated fa/ locus
(see Materials and Methods). Next, the make-up of the donor hepatocyte population was
determined using two TagMan-based probes that amplified: (C) the floxed (control) donor
region containing the loxP site in the intact Pahal allele or (D) a segment of the Alb-Cre
recombinase transgene in the Pdhal-KO population. Precise quantification of each
population was obtained from standard curves containing varying known amounts of each of
these DNAs (see Supplementary Fig. S1 A-C). (E) Results of competitive transplantation of
fah+/+ WT and KO hepatocytes into fa—-/- FRG-NOD recipients. The fractional
contribution of total donor and recipient hepatocytes of individual recipient mice is depicted
after repopulation was complete between 100-130 days after transplant. (F) The contribution
of control and KO populations in each of the recipient hepatocytes populations from E
expressed as a fraction of the total donor population. “Input” denotes the actual makeup of
the donor population.
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Fig. 3.

Characteristics of control and KO HBs. (A) Survival curves of control, pKO and rKO mice
following HDTVI-mediated delivery of SB plasmids encoding mutant forms of B-catenin
and YAP (11,12). (B) PCR results showing deletion of the Pdhal locus. PCR primers
described in the Materials and Methods section were used to identify Pahal-floxed (control/
Ctrl) mice (which have two loxP sequences flanking exon 8 — lanes 2, 7, 12). The knock out
was then verified in pKO livers (lanes 3, 8, 13) and tumors (lanes 4, 9, 14) and rKO tumors
(lanes 4, 10, 15). Lanes 1, 6, and 11 show the results of an identical PCR performed on DNA
from the livers of non-floxed mice showing amplification of a fragment lacking the loxP
site. (C) Control and pKO liver and tumor lysates were assessed by immuno-blotting for
total PDHa, pSer293-PDH (pPDHa), PDK1, PDP2 or GAPDH, which served as a protein
loading control. (D). Similar analysis as described in F performed on rKO HBs. (E) PDC
enzyme activity in livers and tumors. Activities were assessed on whole tissue extracts by
quantifying the release of 4CO, from 14C-labaled pyruvate as previously described (12,14).
Note that livers from rKO mice are the same as those labeled “control”. (F) Liver-to-body
weight ratios of control and pKO livers, and control, rKO, and pKO HBs. Note that animals
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with pKO and rKO tumors shown here indicate a significantly larger size of tumors in the
latter group. (G) Serum lactate levels in livers and tumors from the indicated groups of
animals. (H). Immunohistochemical staining on typical tumor sections from human HB
samples indicating much weaker overall staining of PDHa in a tumor with well-
differentiated fetal morphology. Error bars denote the mean with standard error of the mean
(SEM). Ctrl = control, pKO = pan-knockout, rKO = restricted KO, WT = wild type, L =
liver, T = tumor.
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Fig. 4.
Metabolic assessment of control and KO livers and HBs. (A) Oxphos activity. Typical O,

consumption rates (OCRs) were performed on whole liver and HB tissue lysates from the
indicated groups of mice. Complex | was assessed following the sequential addition of
malate, glutamine and pyruvate, and Complex Il was assessed following the addition of
succinate as previously described (12,14). Rotenone was then added to inhibit Complex |
and to quantify its contribution to the overall OCR. Similarly, the final OCR attained after
the addition of rotenone was taken as a measure of pure Complex Il response. (B)
Quantification of mtDNA. Total DNAs were purified from the indicated tissues and a
segment of the mitochondrial genome was amplified using the TagMan-based approach
described in Supplementary Information and previously published (12). Results were
normalized to those obtained from a similar TagMan-based amplification of the nuclear-
encoded apolipoprotein gene run in parallel. (C) FAO assays. Results were calculated based
on the conversion of 3H-labeled palmitate into 3H,0 (12). (D) Acetate incorporation assays.
Results were calculated based in the conversion of 3H-acetate in lipid-soluble products as
described in Supplementary Information. (E) AcCoA levels in control and KO livers and
tumors as determined by MS. n=5 independent samples/group. (F) ATP levels in livers and
tumors using the ATP Lite ATP detection system. Error bars indicate the mean with SEM,
except where indicated differently above. Ctrl = control, pKO = pan-knockout, rKO =
restricted KO.

Cancer Res. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jackson et al.

Page 25

A Ctrl Liver pKO Liver

Ctrl pKO Ctrl pKO
L TLTL

v NAD+ + NADH

Ctrl Tumor pKO Tumor
C
v Citrate Synthase Activity

p=0012

=

)
ot
e

r

=

+ MAD+ MNADH

+ NAD+ NADH

o 2

€5 activity/mg protein
o

2
o

Ctrl pkO

Succinyl-CoA

Fig. 5.
Steady-state levels of TCA intermediates in control and KO livers and tumors and the

expression of key enzymes in the glutaminolysis pathway. (A) All results are from those
shown in Supplementary Fig. S3 and are expressed relative to those of control liver. Red:
intermediates that were present at a higher level; green: intermediates that were present at a
lower level; grey: intermediates that were not measured (succinyl-CoA and oxaloacetate);
black: intermediates that did not change significantly. (B) Immunoblots of representative
liver and tumor samples from control and KO mice showing expression of glutamate
dehydrogenase 1/2 (GLDH) and glutaminase 2 (GLS2). GAPDH served as a loading control.
(C) Citrate synthase activity measured in control and pKO livers and tumors. Error bars
indicate the mean +/- SEM. Ctrl = control, pKO = pan-knockout, rKO = restricted KO, L =
liver, T = tumor.
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Fig. 6.

Alterations in amino acid levels in control and KO livers and tumors. Yellow boxes indicate
groups of amino acids whose oxidative degradation contributes substrates directly to the
TCA cycle at six different points as indicated. Lysine, which is not shown in these cartoons,
can also contribute indirectly to the TCA cycle following the conversion of its end-stage
product, acetoacetyl CoA, to AcCoA. Only tyrosine and asparagine were not detected in our
analysis. Color-coding is the same as described for Fig. 5.
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