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Requirement for the Mitochondrial Pyruvate Carrier in Mammalian
Development Revealed by a Hypomorphic Allelic Series
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Glucose and oxygen are two of the most important molecules transferred from mother to fetus during eutherian pregnancy, and
the metabolic fates of these nutrients converge at the transport and metabolism of pyruvate in mitochondria. Pyruvate enters the
mitochondrial matrix through the mitochondrial pyruvate carrier (MPC), a complex in the inner mitochondrial membrane that
consists of two essential components, MPC1 and MPC2. Here, we define the requirement for mitochondrial pyruvate metabo-
lism during development with a progressive allelic series of Mpc1 deficiency in mouse. Mpcl deletion was homozygous lethal in
midgestation, but Mpcl hypomorphs and tissue-specific deletion of Mpc1 presented as early perinatal lethality. The allelic series
demonstrated that graded suppression of MPC resulted in dose-dependent metabolic and transcriptional changes. Steady-state
metabolomics analysis of brain and liver from Mpc1 hypomorphic embryos identified compensatory changes in amino acid and
lipid metabolism. Flux assays in Mpcl-deficient embryonic fibroblasts also reflected these changes, including a dramatic increase
in mitochondrial alanine utilization. The mitochondrial alanine transaminase GPT2 was found to be necessary and sufficient for
increased alanine flux upon MPC inhibition. These data show that impaired mitochondrial pyruvate transport results in biosyn-

thetic deficiencies that can be mitigated in part by alternative anaplerotic substrates in utero.

mbryonic development in eutherian mammals is defined by

ongoing metabolic interactions between mother and fetus.
Placentas have evolved a sophisticated suite of adaptations to en-
sure adequate nutrient, gas, and waste exchange between fetus and
mother, as well as hormonal and immunological communication
(1, 2). To meet the fetal requirements for nutrient and oxygen
consumption during pregnancy, maternal cardiac output in-
creases such that uteroplacental blood flow accounts for ~25% of
total cardiac output (3). Glucose and oxygen are arguably the two
most important molecules transferred from mother to fetus, in
terms of both concentration and the multitude of physiological
adaptations in place to ensure their adequate transport; however,
the requirement for mitochondrial oxidative metabolism during
embryonic development remains poorly defined.

While oxygen tension in utero is low relative to atmospheric
levels, measurement of oxygen consumption and lactate uptake in
fetal lambs provided evidence that the fetus is a net consumer
rather than a producer of lactate (4). Consistent with this, fetal
myocardium consumes a large amount of lactate, in addition to
glucose, indicating that oxidative metabolism of carbohydrates is
an important energy source in the developing heart (5, 6). Addi-
tionally, lactate utilization is high in the neonatal brain, and the
capacity for lactate import is higher in the neonatal brain than in
the adult brain (7). Together, these observations provide evidence
for the importance of mitochondrial oxidative metabolism early
in mammalian development. Supporting these metabolic prefer-
ences, a robust period of mitochondrial biogenesis has been char-
acterized in midgestation mouse embryos (8). Indeed, many
mouse models deficient in genes involved in mitochondrial DNA
metabolism; electron transport chain components; and mito-
chondrial biogenesis, fission, and fusion die during this time (em-
bryonic day 8 [e8] to e13) (reviewed in reference 8). These genetic
models provide further evidence that mitochondrial oxidative
metabolism plays an essential role before parturition in meeting
the bioenergetic and biosynthetic needs of the developing fetus. In
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fact, many inborn errors of metabolism in humans manifest early
in postnatal life, suggesting that these metabolic insufficiencies
can be somewhat mitigated in utero but are exacerbated after par-
turition in the absence of maternal exchange.

Oxygen, glucose, and lactate all coalesce at the transport and
metabolism of pyruvate in mitochondria. Although the mito-
chondrial pyruvate carrier (MPC) has been characterized bio-
chemically since the 1970s (9, 10), the molecular identity was only
recently determined when two essential components, MPC1 and
MPC2, were shown to be necessary and sufficient to promote py-
ruvate transport across a membrane (11, 12). Unlike any other
mitochondrial transporter studied to date, Saccharomyces cerevi-
siae Mpcl and Mpc2 are small, 15-kDa proteins that are part of a
150-kDa complex in the inner mitochondrial membrane, as de-
termined by blue native-polyacrylamide gel electrophoresis (BN-
PAGE) (12, 13). While pyruvate is most notable as the end prod-
uct of glycolysis in the cytosol, pyruvate lies at the intersection of
carbohydrate, lipid, and amino acid catabolic and anabolic path-
ways. The transport of pyruvate into the mitochondrial matrix
permits two main biochemical pathways: (i) its oxidative decar-
boxylation to acetyl coenzyme A (acetyl-CoA) via the pyruvate
dehydrogenase complex or (ii) its carboxylation to oxaloacetate
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via the biotin-dependent pyruvate carboxylase. These two fates
enable catabolic and anabolic pathways through the tricarboxylic
acid (TCA) cycle to generate ATP and provide biosynthetic pre-
cursors of lipids and amino acids. Additionally, glucose can be
derived from mitochondrial pyruvate and the cytosolic enzymes
of gluconeogenesis in liver and kidney. Although the sources and
fates of pyruvate depend upon cell-type-specific processes and the
physiological state, the transport of pyruvate across the inner mi-
tochondrial membrane in all cells is mediated by the MPC.

Here, we define the requirement for mitochondrial pyruvate
metabolism during eutherian development with an allelic series
for Mpcl deficiency in mouse. Using a combination of steady-
state metabolomics and metabolic-flux assays, we describe both
tissue-specific and highly conserved compensatory adaptations to
impaired mitochondrial pyruvate metabolism. Furthermore, sub-
strate flux studies in cells derived from these genetic models define
the metabolic requirement for mitochondrial pyruvate metabo-
lism. These data provide evidence for significant cross talk and
counterregulation between mitochondrial pyruvate utilization
and other pathways of central carbon metabolism, highlighting
the metabolic fate of pyruvate as a key regulatory node in carbo-
hydrate, amino acid, and lipid metabolism.

MATERIALS AND METHODS

Generation of Mpcl conditional knock-in and deletion alleles in mice.
Mpcl knock-in (KI) mice were generated by targeting loxP sequences to
introns flanking exons 3 to 5 of the mouse Mpcl gene and targeting a
transcriptional reporter construct to the 3" untranslated region of Mpcl
(see Fig. S1A in the supplemental material) by homologous recombina-
tion in C57BL/6 mouse embryonic stem cells by standard methods. To
generate mice with a germ line deletion of Mpcl, Mpc1'®" mice were
bred to cytomegalovirus (CMV)-Cre transgenic mice, and deletion in
Cre-negative F2 progeny was verified by PCR genotyping (Mpc1®'™).
Additionally, Mpc1'¥* mice were bred to nestin-Cre transgenic mice to
delete Mpcl specifically in the nervous system. Mpcl heterozygous
knock-in (Mpc1®¥*) and Mpcl deletion (Mpc1™ ™) mice and littermate
controls were housed in a facility with ventilated racks on a 14-h light/
10-h dark cycle with ad libitum access to a standard rodent chow (2018SX;
Teklad Global; 18% protein). For timed matings, the presence of a copu-
latory plug in the morning was designated day 0.5, and pregnant females
were housed separately.

Ethical statement. All procedures were performed in accordance with
the NIH’s Guide for the Care and Use of Laboratory Animals and under the
approval of the Johns Hopkins Medical School Animal Care and Use
Committee.

Cell culture. Mouse embryonic fibroblasts (MEFs) were obtained
from timed pregnant dams by standard methods. Primary MEFs were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (25 mM
glucose) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin (pen-strep) antibiotic (Invitrogen) at 37°C in a humidity-
controlled incubator at 10% CO,. For cell proliferation assays, MEFs were
seeded in 35-mm dishes at 100,000 cells per well and counted every other
day with regular medium changes.

Generation of GPT knockout (KO) HEK293T cells. HEK293T cells
were grown in DMEM (25 mM glucose) supplemented with 10% bovine
calf serum and 1% pen-strep antibiotic and maintained as described
above. The cells were transfected with a plasmid encoding both human
Cas9 (hCas9) and a guide RNA (gRNA) targeting human glutamic-pyru-
vate transaminase 1 (hGPT1), hGPT2, or both GPT1 and GPT2 (pan-
GPT) using FuGene HD (Promega) transfection reagent according to the
manufacturer’s instructions. Control cells were transfected with hCas9
alone. Selection with 7.5 pg/ml blasticidin was started 48 h posttransfec-
tion and continued for 2 weeks. Individual clones were selected by limit-
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ed-dilution plating and screened for loss of GPT1, GPT2, or both by
quantitative real-time (qQRT)-PCR, by genomic PCR and Sanger sequenc-
ing, and by functional assay. For rescue experiments, human GPT1 and
GPT2 were cloned from HEK293T cell oligo(dT)-primed cDNA, cloned
into pEF6 expression vectors by InFusion cloning (Clontech), and se-
quence verified. Alanine transaminase activity was determined by colori-
metric assay (Sigma).

CRISPR/Cas9 cloning strategy. A human codon-optimized Cas9 ex-
pression vector, plasmid 41815 (14), was obtained from Addgene, and hCas9
was cloned into a pEF6 expression vector downstream and in frame with a
nucleus-localized yellow fluorescent protein (YFP) linked by a viral 2A bicis-
tronic peptide so that nls-YFP (where nls is nuclear localization signal) and
Cas9 were expressed in approximately equimolar quantities. A 3X nuclear
localization signal and a FLAG tag were also appended to the C terminus of
hCas9 to allow screening for loss of Cas9 protein in mutant cell lines. gRNAs
targeting human GPT1, GPT2, and a highly conserved site in both GPT1 and
GPT2 were designed according to the recommendations of Mali et al. (14)
and were computed as candidate unique gRNA targets. The gRNAs, includ-
ing the U6 promoter, were synthesized as a 500-bp gBlocks fragment (Inte-
grated DNA Technologies) and were cloned into the pEF6-nls-YFP-2A-Cas9-
3x-nls-FLAG vector by InFusion cloning (Clontech).

Metabolic-flux assays. To measure glucose uptake, MEFs were plated
in 24-well dishes and labeled with 0.5 pCi [1,2-’H]2-deoxy-glucose at a
final concentration of 6.5 mM 2-deoxy-glucose for 5, 10, and 20 min after
2 h in KRH buffer (20 mM HEPES, 136 mM NaCl, 4.7 mM KCl, 1.25 mM
MgSO,, 1.25 mM CaCl,, 0.1% bovine serum albumin). After incubation,
the cells were washed 4 times with KRH buffer and lysed with 0.3 ml 1%
Triton X-100 in phosphate-buffered saline (PBS). The lysate was trans-
ferred to a vial containing 3 ml of scintillation fluid, and counts were
normalized to total protein as determined by bicinchoninic acid (BCA)
assay (Thermo Scientific).

To determine substrate incorporation into the total lipid fraction,
MEFs were plated in 24-well dishes and labeled with radiolabeled
substrates ([2-'*C]pyruvate, .-[U-'*C]glutamine, 1-[U-'*C]alanine, or
[*H]acetate) for 4 h. Total lipids were extracted with chloroform-metha-
nol (2:1) via the method of Folch et al. (15), and radioactivity was mea-
sured by liquid scintillation counting. For pyruvate, glutamine, and ala-
nine incorporation, 0.2 uCi/ml (0.3 wCi/ml for [*H]acetate) radioactivity
was used in serum-free DMEM containing 2.5 mM glucose, 2 mM glu-
tamine (or 0.5 mM cold glutamine for glutamine-labeling experiments),
0.25 mM pyruvate, and 0.1 mM L-alanine. All counts were normalized to
total protein as determined by BCA assay. For pharmacological inhibition
of the MPC, cells were preincubated with 1 wM UK-5099 (Santa Cruz
Biotechnology) or 0.2% (vol/vol) dimethyl sulfoxide (DMSO) vehicle for
4 h,and 1 pM UK-5099 or DMSO was included in the labeling media.

Stable-isotope labeling and LC-MS-MS analysis. Control and Mpc1™"
primary MEFs were labeled with 2.5 mM [2-'*C]pyruvate (Cambridge Iso-
tope Laboratories) in DMEM containing 2.5 mM glucose, 2 mM glu-
tamine, and 0.1 mM alanine for 30 min. Cell extracts were collected in
ice-cold high-performance liquid chromatography (HPLC) grade meth-
anol-water (80:20) with rapid quenching in liquid nitrogen. The cellular
debris was pelleted by centrifugation, and the supernatant was dried by
vacuum centrifugation prior to resuspension in 50% acetonitrile and
analysis by liquid chromatography-tandem mass spectrometry (LC-MS-
MS). Targeted metabolic analyses were performed on an Agilent 6490
triple-quadropole LC-MS-MS system with iFunnel and Jet-Stream tech-
nology (Agilent Technologies, Santa Clara, CA) and equipped with an
Agilent 1260 infinity pump and autosampler. Chromatographic separa-
tion was performed on a Diamond Hydride column (150 mm by 2.1-mm
[inside diameter {i.d.}]; 4-pwm particle size; Microsolv, Eatontown, NJ).
The LC parameters were as follows: autosampler temperature, 4°C; injec-
tion volume, 4 pl; column temperature, 35°C; and flow rate, 0.4 ml/min.
The solvents and optimized gradient conditions for LC were as follows:
solvent A, 50% methanol with 0.05% acetic acid; solvent B, 90% acetoni-
trile with 10 mM ammonium acetate, pH 7.0; elution gradient, 99.5% B (0
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TABLE 1 Primer sequences

MPC Deficiency Promotes Metabolic Plasticity In Utero

Primer (5'—3")

PCR target RefSeq identifier Forward Reverse

18S rRNA NR_003278.3 GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
Rpl22 NM_009079.3 AGCAGGTTTTGAAGTTCACCC CAGCTTTCCCATTCACCTTGA
B-Actin NM_007393.5 GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Gapdh NM_001289726.1 AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Mpcl NM_018819.4 ATGTCCGGAGCAAGGACTTC ACAGAGGGCGAAAGTCATCC
Mpc2 NM_027430.2 AATGGGGATTGGTGTGTGCT TGACCAAATAAACCCTGTAGCCA
mt-Nd1 NC_005089.1 AATCGCCATAGCCTTCCTAACAT GGCGTCTGCAAATGGTTGTAA
nuc-H19 NC_000073.6 GTACCCACCTGTCGTCC GTCCACGAGACCAATGACTG
nuc-Chrl2 NC_000078.6 GGGCTGACCTAAATGTGGCT CTCCCTCGTTTTCAGACCCC

Pckl NM_011044.2 GGAAGGACAAAGATGGCAAGTTC AGGCGTTTTCCTTAGGGATGTAG
Pck2 NM_028994.2 ATGGCTGCTATGTACCTCCC GCCACAAAGTCTCGAACTCC

min), 50% B (12 to 14 min), 0% B (15 to 19 min); post-run time for
equilibration, 5 min in 99.5% B. The MS-MS experiment was performed
in positive/negative switching electrospray mode, as described previously
(16). The optimized operating electrospray ionization (ESI) conditions
were as follows: gas temperature, 230°C (nitrogen); gas flow, 15 liters/min;
nebulizer pressure, 40 Ib/in?; sheath gas temperature, 350°C; and sheath
gas flow, 12 liters/min. Capillary voltages were optimized to 4,000 V in
both modes with nozzle voltages of 2,000 V. All data processing was per-
formed with the Mass Hunter Quantitative Analysis software package.

Steady-state metabolite analysis. To reliably determine the concen-
tration of short-lived metabolites in vivo, e17.5 embryos were rapidly fro-
zen in liquid nitrogen in utero, and tissues were collected from frozen
embryos for determination of tissue-specific metabolite concentrations
by enzymatic methods or by unbiased metabolomics analysis, as we have
done previously (17, 18). For metabolomics analysis on e17.5 brains and
livers from homozygous knock-in (Mpc1*"X") embryos and wild-type
(WT) littermate controls (n = 8 for each tissue), metabolite concentra-
tions were expressed as fold change over WT, and Welch’s two-sample ¢
test was used to determine statistically significant differences between ge-
notypes (P < 0.05). To quantify the total fatty acid content and the abun-
dances of individual acyl species, fatty acids were measured at the Kennedy
Krieger Diagnostic Laboratory, Baltimore, MD, by gas chromatography
(GC)-MS as pentafluorobenzyl bromide esters, with abundance normal-
ized to the protein content.

Steady-state lactate, ATP, glycogen, triglyceride, and cholesterol con-
centrations were determined from rapidly frozen embryonic tissue by
enzymatic assay and were normalized to the protein concentration as
measured by BCA assay. Lactate (Sigma), cholesterol (Wako), and triglyc-
eride (Sigma) assays were performed according to the manufacturer’s
instructions. Steady-state ATP was determined by a luciferase-based assay
(Enliten ATP assay; Promega). For glycogen measurements (19, 20), ap-
proximately 10 mg of rapidly frozen liver was homogenized on ice in 300
wl 2 M HCI, and another piece of tissue from the same liver was homog-
enized in 300 wl 2 M NaOH. The homogenates were boiled on a 100°C
heat block for 5 min and cooled to room temperature before neutraliza-
tion with an equal amount of NaOH or HCI. Samples were spun at
16,000 X g for 10 min at 4°C, and the supernatant was transferred to a new
tube and used for glucose determination by hexokinase-coupled enzy-
matic assay (Sigma Glucose [HK] kit) according to the manufacturer’s
instructions. The glucose content of base-homogenized control samples
was subtracted from that of the corresponding acid-hydrolyzed sam-
ples in order to determine the glycogen content relative to total pro-
tein, as determined by BCA assay.

Immunoblotting. Tissue lysates for SDS-PAGE were prepared by ho-
mogenization of tissues in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.25% deoxycholate) with
protease inhibitor cocktail (Roche), followed by pelleting of the insoluble
debris at 13,000 X g for 15 min at 4°C. The protein concentrations of
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lysates were determined by BCA assay (Thermo Scientific), and 30 pg of
lysate was separated by Tris-glycine SDS-PAGE (15% polyacrylamide)
unless otherwise indicated. Proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Immobilon), blocked in 5% nonfat milk—
Tris-buffered saline with Tween 20 (TBST), and incubated with primary
antibodies overnight. The primary antibodies used included affinity-pu-
rified rabbit polyclonal antibodies against mouse Mpcl and Mpc2 (gen-
erated and validated by us); complex V alpha subunit (Atp5a) mouse mono-
clonal at 1:1,000 (Abcam; ab14748), aconitase 2 (Aco2) rabbit polyclonal at
1:1,000 (Cell Signaling; 6922), heat shock chaperone 70 (Hsc70) mouse
monoclonal at 1:1,000 (Santa Cruz; sc-7298), MitoProfile total Oxphos
mouse monoclonal antibody cocktail at 1:500 (Abcam; ab110413), phos-
pho-mTOR (Ser2448) rabbit polyclonal at 1:1,000 (Cell Signaling; 5536),
total mTOR rabbit polyclonal at 1:1,000 (Cell Signaling; 2983), phospho-
AMPK (Thr172) rabbit polyclonal at 1:1,000 (Cell Signaling; 2535), and
total AMPK rabbit polyclonal at 1:1,000 (Cell Signaling; 5831). Cy3-con-
jugated anti-mouse (Invitrogen) and Cy5-conjugated anti-rabbit (Invit-
rogen) secondary antibodies at 1:1,500 or horseradish peroxidase (HRP)-
conjugated anti-mouse (GE Healthcare; NA931V) or anti-rabbit (GE
Healthcare; NA934V) secondary antibodies at 1:2,000 were incubated
with washed membranes, and proteins were visualized with Amersham
Prime enhanced chemiluminescent substrate (GE Healthcare) or by epi-
fluorescence on an Alpha Innotech Multilmage III instrument. Protein
abundance was quantified using Alpha Innotech (Santa Clara, CA) Fluo-
rChem Q software and was normalized to Hsc70 expression.
Quantitative real-time PCR and mitochondrial DNA (mtDNA) con-
tent determination. Total RNA was extracted using TRIzol reagent (Life
Technologies) according to the manufacturer’s recommendations and
was further purified using the RNeasy Mini kit (Qiagen). RNA was quan-
tified with a NanoDrop 1000 spectrophotometer (Thermo Scientific), and
cDNA was synthesized using random primers and a MultiScribe high-
capacity cDNA reverse-transcription kit (Applied Biosystems). RT-PCR
was performed using 10 ng of template cDNA in a 20-pl reaction mixture
using Bio-Rad SsoAdvanced SYBR green master mix with primers specific
to the genes of interest (Table 1). All PCRs were carried out in a Bio-Rad
CFX Connect thermocycler and were concluded with a melting-curve
determination step. Expression data from mouse tissues were normalized
to the average threshold cycle (C;) values for 4 reference genes (18S rRNA,
Rpl22, B-actin, and GAPDH), and the data are expressed as 27AACT and
are shown relative to e17.5 or relative to the wild type, as appropriate.
Genomic DNA (gDNA) was isolated from TRIzol extracts according
to the manufacturer’s recommendations, and 10 ng of template gDNA
was used per 20-pl reaction mixture using Bio-Rad SsoAdvanced SYBR
green master mix with primers specific to the mitochondrial NdI (NADH
dehydrogenase subunit 1) and to two nuclear loci. NdI abundance was
calculated by the 27 24T method relative to the average C value of the
two nuclear reference genes, and the data are expressed as fold change
relative to controls (means and standard errors of the mean [SEM]).
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FIG 1 The mitochondrial pyruvate carrier is developmentally regulated in a tissue-specific manner. (A) Western blot for Mpc1 and Mpc2 in mouse brain, heart,
and liver across early postnatal development with Atp5a (mitochondrial inner membrane), Aco2 (mitochondrial matrix), and Hsc70 (cytosol), demonstrating
that tissue-specific differences in MPC expression are specific to the MPC. Mpc2 is present in embryonic tissues, although not readily visualized on the same
exposure as adult tissues (see Fig. 4). (B) Relative mRNA abundances of MpcI and Mpc2 in brain, heart, and liver across mouse development by qRT-PCR and
mitochondrial DNA content as determined by qRT-PCR of the mitochondrial Nd1 gene relative to nuclear loci displayed as the fold change over e17.5 (mean =

SEM; n = 3 or 4 per age).

Mouse glucose metabolism qPCR arrays (Qiagen RT? Profiler PCR
arrays) were prepared with 10 ng template cDNA per 20-pl reaction mix-
ture using Bio-Rad SsoAdvanced SYBR green master mix, according to
the manufacturer’s instructions. Gene expression was calculated relative
to the provided reference genes using the 244" method.

Transmission electron microscopy. Livers were excised and fixed in
2% paraformaldehyde, 2% glutaraldehyde-PBS solution and further pro-
cessed with osmium tetroxide. Ultrathin sections were cut and imaged on
a Hitachi 7600 transmission electron microscope (TEM).

RESULTS

Tissue-specific developmental regulation of the mitochondrial
pyruvate carrier. The high dependence of the fetus on glucose
metabolism and the tremendous increase in blood flow/oxygen
delivery via the placenta converge at mitochondrial pyruvate me-
tabolism. A period of robust mitochondrial biogenesis occurs
during midgestation, coincident with the initiation of organogen-
esis, and persists through early postnatal life (8). Therefore, we
characterized MPC expression across development by immuno-
blotting for mouse Mpcl and Mpc2 in three metabolically distinct
tissues (brain, heart, and liver) from late gestation (e17.5) through
the first week of postnatal life (through postnatal day 7 [P7]) and
into adulthood (8 weeks) (Fig. 1A). Atp5a, a component of ATP
synthase (complex V) and a resident of the inner mitochondrial
membrane, and Aco2, a mitochondrial matrix enzyme, were used
as additional markers. In all three tissues, dramatic upregulation
of the mitochondrial pyruvate carrier components, Mpcl and
Mpc2, was observed across development at the levels of both pro-
tein and transcript (Fig. 1B). We observed tissue-specific differ-
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ences, however, in the timing of increased MPC abundance and
subtle differences in the ratio of Mpcl1 protein to Mpc2 protein across
development (Fig. 2A). For example, in the liver, approximately
equal Mpcl/Mpc2 ratios were seen across development. Mpc2 ex-
pression in brain was higher than Mpcl early during development,
and Mpcl increased dramatically by P14. MPC expression in heart
followed a different trend, where Mpcl was expressed more consti-
tutively across development while Mpc2 increased later, around P6 to
P7. Interestingly, there were no differences detected in the ratio of
Mpcl to Mpc2 in adult cerebral cortex, heart, or liver (Fig. 2B). These
data show tissue-specific regulation of the mitochondrial pyruvate
carrier across development.

Mpcl is required for mammalian embryonic development
and efficient pyruvate metabolism. To define the metabolic re-
quirement for mitochondrial pyruvate metabolism in vivo, we gener-
ated mice with a deletion allele of MpcI (Mpc1®). The last three exons
(encoding 84/109 amino acids) of Mpcl were flanked by loxP sites
that were deleted by Cre-mediated recombination in the germ line to
generate a line of mice carrying the Mpc1 deletion allele (see Fig. SIA
in the supplemental material). We observed expected Mendelian ra-
tios of inheritance of the Mpcl1 deletion allele in late-gestation e17.5
embryos; however, Mpc1™'" e17.5 embryos were significantly devel-
opmentally delayed compared to WT and D/+ littermates and did
not appear to be viable (Fig. 3A and B). These data are consistent with
the deletion of other MPC components (21, 22).

Rapid cell division requires biosynthesis of nucleic acids, pro-
teins, and lipids, and mitochondrial metabolism supports these
anabolic processes (23-25). To determine the requirements for
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FIG 2 Tissue-specific developmental regulation of MPC components, Mpcl
and Mpc2. (A) Western blots of MPC expression in mouse brain, heart, and
liver at three developmental time points (P, postnatal day). (B) Mpcl and
Mpc2 are expressed in equal ratios in adult mouse cerebral cortex, heart, and
liver, as determined by immunoblotting. The adult cortex image is from the
same blot at the same exposure. Hsc70 is shown as a loading control. No
significant differences in the ratio of Mpcl to Mpc2 were detected across adult
tissues (n = 5).

the mitochondrial pyruvate carrier in mitochondrial metabolism,
we characterized the flux of radiolabeled substrates in MEFs null
for Mpcl. Despite the embryonic lethality, primary Mpc1™'"
MEFs were successfully isolated and cultured. Mpc1®’® MEFs did
not exhibit altered growth rates under standard culture conditions
(Fig. 3C). As expected for a block in mitochondrial pyruvate me-
tabolism and an increased glycolytic demand, Mpc1™® MEFs ex-
hibited increased glucose uptake, analogous to the Pasteur effect,
which describes the inhibitory effects of glucose oxidation on gly-
colysis (Fig. 3D). With few exceptions, in order for the carbons of
glucose, pyruvate, or glutamine to effectively contribute to de novo
fatty acid synthesis, these substrates must first be metabolized in
mitochondria. To determine the mitochondrial flux of pyruvate
and glutamine in Mpc1™’® MEFs, we measured the rate of '*C-
labeled substrate incorporation into the total lipid fraction. The
pyruvate contribution to the total lipid fraction was dramatically
reduced in Mpc1®® MEFs, as expected (Fig. 3E). Glutamine in-
corporation was unchanged in Mpc1®’® MEFs relative to controls
(Fig. 3E), suggesting that glutamine anaplerosis did not compen-
sate for the loss of mitochondrial pyruvate metabolism in these
nontransformed cells. [*H]acetate incorporation into lipid was
included as a control (Fig. 3E) to demonstrate that these cells have
equal capacity for de novo fatty acid synthesis from a substrate that
does not require mitochondrial metabolism to provide cytosolic
acetyl-CoA. These metabolic adaptations demonstrate the plastic-
ity of cellular metabolism to maintain cellular proliferation in
cultured cells where substrates are not limiting.

Mpcl hypomorphic allelic series reveal requirements for mi-
tochondrial pyruvate metabolism in embryonic development.
The floxed Mpcl gene used to generate the deletion allele was
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designed to have higher utility by the introduction of a reporter in
the 3" untranslated region of MpclI (see Fig. S1A in the supplemen-
tal material). Unexpectedly, inclusion of this reporter resulted in a
hypomorphic allele, such that steady-state levels of Mpcl tran-
script and protein were dramatically reduced in heterozygous
knock-in (KI/+) animals and below the level of detection by im-
munoblotting in homozygous knock-in (KI/KI) animals (e.g.,
>30-fold suppression in heart) (Fig. 4A and B). We did not ob-
serve a loss of Mpc2 mRNA (Fig. 4B), but Mpc2 protein was not
present in the absence of Mpc1 protein (Fig. 4A). Inclusion of the
reporter directly following the stop codon resulted in allele-spe-
cific suppression of transcript abundance. To assess the degree to
which Mpc1®¥! functionally suppresses pyruvate metabolism,
we derived Mpc1®¥! primary MEFs and measured the contribu-
tion of radiolabeled pyruvate to de novo lipid synthesis. Mpc1</*!
MEFs had reduced incorporation of radiolabeled pyruvate into
lipids, but not to the same degree as Mpc1®® MEFs (Fig. 4C).
Treatment of WT and Mpc1*/®! MEFs with 1 uM UK-5099, a
pharmacological inhibitor of the MPC, reduced pyruvate incor-
poration into the total lipid fraction to the same level of suppres-
sion observed in Mpc1™® MEFs (Fig. 4C). Consistent with an
intermediate pyruvate transport capacity in Mpcl*/*! MEFs,
these cells also exhibited an intermediate glucose uptake pheno-
type, more than the WT but less than D/D (Fig. 3D). Although the
mitochondrial pyruvate carrier could not be detected by immu-
noblotting, Mpc1®¥! mice survived through gestation and died
in the early perinatal period (Fig. 4D). Consistent with the sub-
stantive anabolic role of glucose in mammalian development,
late-gestation Mpc1*"*! homozygotes were 22% smaller than lit-
termate controls (Fig. 4E). These data demonstrate that the Mpcl
knock-in allele is hypomorphic and significantly reduces, but does
not ablate, mitochondrial pyruvate flux. Additionally, a very small
fraction of Mpcl is sufficient for embryonic development but not
perinatal survival.

Mutations in human MPCI cause devastating multisystem
metabolic deficits characterized by hyperpyruvatemia and hyper-
lactacidemia, resulting in neurological defects and death early in
childhood (26). Indeed, we observed an accumulation of lactate in
the brains of Mpc1¥V" e17.5 embryos, with only slight elevations
in the liver (Fig. 4F). Fetal liver has a high degree of accessibility to
the maternal circulation, and as such, lactate levels may be more
efficiently cleared from this tissue in Mpc1*"*! late-gestation em-
bryos. Neither Mpc1¥"¥! brain nor liver demonstrated a suppres-
sion of the ATP concentration (Fig. 4G). Consistent with these
data, we did not find alterations in canonical energy-sensing path-
ways in Mpcl®/¥! embryos (Fig. 5A). The lactate accumulation
and perinatal lethality observed in the Mpcl hypomorphic mouse
model closely resemble human inborn errors in MPCI, and this
model permits the study of metabolic compensation and pathol-
ogies associated with MPC deficiency.

Next, we wanted to understand if the loss of such a critical
component of mitochondrial metabolism affected other mito-
chondrial components. We did not observe differences in mito-
chondrial DNA content in Mpcl1*! cerebral cortex, heart, or
liver compared to controls (Fig. 5B). Additionally, there were no
differences in mitochondrial protein abundance in Mpcl-defi-
cient tissues (Fig. 5C). These data suggest that canonical mito-
chondrial structural components remain largely intact upon MPC
deficiency.

Interestingly, we observed that the severity of suppression of
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FIG 3 Developmental and metabolic requirements for mitochondrial pyruvate metabolism. (A) Photograph of WT and heterozygous and homozygous Mpcl
deletion late-gestation (e17.5) embryos. (B) Timed matings between Mpc1™ ™ mice reveal expected Mendelian ratios. Shown is the body weight distribution of
Mpc1®’P e17.5 embryos and D/+ and WT littermate controls (means * standard deviations [SD]; n = 23 to 30). (C) Cell proliferation assay in primary Mpc1
WT and D/D (Mpcl deletion) MEFs (means * SD; n = 3; representative of the results of two independent experiments with cells derived from two embryos of
each genotype). (D) Glucose uptake in primary Mpcl-deficient MEFs labeled with 0.5 wCi [1,2-’H]2-deoxy-glucose at a final concentration of 6.5 mM
2-deoxy-glucose for 5, 10, and 20 min (means = SEM; n = 6). (E) Incorporation of radiolabeled substrates into the total lipid fraction in Mpc1™’® primary MEFs
with WT and heterozygous (D/+) controls. The counts were normalized to protein and are displayed as means plus SEM (n = 3). Significant differences among
group means were determined by the Tukey multiple-comparison test after one-way analysis of variance (ANOVA) and are indicated by asterisks relative to WT
and D/+ controls (***, P < 0.001; **, 0.001 < P < 0.01). KI/KI, Mpcl KI hypomorph.

R Surprisingly, given the putative dependence of the nervous system

on carbohydrate oxidation, the tissue-specific deletion of Mpcl in
the nervous system was compatible with mammalian develop-
ment.

In order to further define the role of Mpcl in embryonic de-
velopment, we expanded the Mpcl allelic series by crossing
Mpc1®¥* and Mpcl®™" mice to generate Mpcl™*! mice (Fig.

Mpcl transcript abundance in Mpc mice varied in a tissue-
specific manner, such that the MpcI transcript was most severely
decreased in the liver (11% remaining) while more MpcI steady-
state transcript remained in the brain (25% remaining) (Fig. 6A).
To gain perspective on the amount of MpcI transcript remaining
in the KI brain, we crossed Mpc1*”* mice to nestin-Cre trans-
genic mice (17, 27) to produce mice with tissue-specific deletion

of Mpcl in the developing nervous system. Overt phenotypes of
nestin-Mpcl KO late-gestation embryos, such as el7.5 body
weight and perinatal survival, were not different from those of
homozygous Mpcl KI littermate embryos (Fig. 6B); however,
Mpcl transcript abundance was further reduced in nestin-Mpcl
KO cortex (<4% of WT) compared to Mpc1*" cortex (Fig. 6A).
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6C). In the livers and hearts of Mpc1</¥! embryos, <12% of WT
levels of Mpcl expression remained. Due to the codominant ex-
pression of the MpcI gene, the deletion of Mpcl in the context of
the hypomorphic Mpc1* allele (D/KI) further sensitized Mpcl
expression and suppressed Mpcl abundance by approximately
half. This left only 7% expression of MpcI in heart and liver and
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FIG 4 Mpcl hypomorphic allele reveals a requirement for mitochondrial pyruvate metabolism in mammalian embryonic development. (A and B) Western
blotting (A) and qRT-PCR (B) for Mpcl and Mpc2 in tissues from e17.5 embryos carrying 0, 1, or 2 copies of the Mpcl hypomorphic KI allele. Hsc70 is shown
as a loading control. The RT-PCR data were normalized to the average of four reference genes as described in Materials and Methods and are presented as
means plus SEM relative to the WT (n = 7 or 8 per genotype). (C) [2-'*C]pyruvate incorporation into the total lipid fraction in Mpc1-deficient primary MEFs
in the presence of the MPC inhibitor UK-5099 or vehicle (DMSO) (means plus SEM; n = 5). (D) Matings between mice heterozygous for the Mpc1 KI allele do
not yield expected Mendelian ratios of offspring at weaning at P21; however, the expected Mendelian ratios were observed in late-gestation litters (embryonic day
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15% in brain (Fig. 6A). Lowering Mpcl expression to this degree
did not further perturb embryonic development in regard to e17.5
body weight or viability (Fig. 4C; see Fig. S1B in the supplemental
material). Additionally, further suppression of Mpcl expression
in D/KI embryos and tissue-specific deletion of Mpcl in the ner-
vous system did not affect the mitochondrial DNA content (Fig.
5B) or the abundance of mitochondrial proteins (Fig. 6D). These
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data further support the observation that a very small amount of
pyruvate transport in mitochondria by the MPC is sufficient to
enable embryonic development and does not grossly alter mito-
chondrial composition.

Mitochondrial pyruvate carrier deficiency alters central car-
bon metabolism in a tissue-specific manner in vivo. Pyruvate-
mediated anaplerosis is particularly relevant to mammalian preg-
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FIG 5 Normal mitochondrial abundance and energy-sensing signaling in tis-
sues from Mpcl KI hypomorph embryos. (A) Representative immunoblot for
phosphorylation (p-AMPK and p-mTOR) of canonical energy-sensing com-
ponents of AMPK and mTOR signaling pathways. (B) There was no difference
in mitochondrial DNA content as determined by qRT-PCR with primers spe-
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(means plus SEM; n = 7 or 8). (C) Representative immunoblot for mitochon-
drial proteins in WT and Mpcl1®"¥! cerebral cortex, heart, and liver, with
Hsc70 as aloading control. CV, complex V; CIII, complex III; CII, complex II;
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nancy, which relies heavily on glucose as the main macronutrient.
It is generally thought that circulating fatty acids are not readily
oxidized by fetal tissue (28), although mice null for enzymes in the
rate-setting step of mitochondrial 3-oxidation of long-chain fatty
acids (Cptla and Cptlb) exhibit embryonic lethality before e10
(29, 30). The extent to which fatty acids and other lipids are able to
cross the placenta and contribute to lipid accumulation in the
fetus is also debated and varies from species to species (31, 32).
Nevertheless, de novo fatty acid synthesis from glucose, due to its
abundance and importance as a biosynthetic and bioenergetic
substrate in utero, is a significant source of lipid synthesis in late-
gestation embryos. Because we observed dramatic differences in
de novo lipid synthesis from pyruvate in Mpc1*/*! and Mpc1”'P
MEFs (Fig. 4C), we hypothesized that Mpc1¥"*" embryos might
also exhibit defects in fatty acid synthesis. Indeed, we observed
decreased total fatty acid content by GC-MS (see Fig. S2 in the
supplemental material) and dramatically lower triglyceride levels
in Mpc1®/® Jivers, with a slight compensation via increased total
cholesterol content (Fig. 7A to C). The glycogen content was not
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affected (Fig. 7D). Transmission electron microscopy of el7.5
Mpcl KI livers revealed fewer and smaller lipid droplets than
those of WT littermates (Fig. 7E). Consistent with mitochondrial
protein and DNA content across tissues, there were no abnormal-
ities in mitochondrial abundance, size, or morphology in fetal
hepatocytes (Fig. 7E). Together, these results suggest that Mpcl
deficiency alters lipid metabolism in vivo and further underscore
the notion that the MPC-dependent metabolic fate of pyruvate is
an important regulatory node in central carbon metabolism.

Given the central role of mitochondrial pyruvate flux in carbo-
hydrate metabolism, we profiled genes of glucose metabolism by
qRT-PCR arrays in WT and Mpc1*"*! brain, heart, and liver (see
Fig. S3 in the supplemental material). Although there were mul-
tiple small tissue-specific changes in several genes, the transcript
for phosphoenolpyruvate carboxykinase (PEPCK), Pck, was con-
sistently upregulated across tissues. Therefore, we again took ad-
vantage of the Mpcl allelic series to understand the role of a
graded defect in Mpcl on Pck expression. Interestingly, in liver,
the greater suppression of MpcI expression resulted in a concom-
itant increase in the expression of Pckl, which encodes cytosolic
PEPCK (Fig. 7F). Pck2, which encodes mitochondrial PEPCK,
also increased upon decreasing Mpcl expression, but not to the
same extent as Pck] (Fig. 7F). These data are consistent with recent
reports that glucose deprivation results in an increase in Pck ex-
pression (33, 34) which promotes metabolic flexibility when nu-
trients are limiting (35, 36). Also, these data show the utility of
assessing a phenotype across a series of genetic perturbations.

To probe the global metabolic effects of loss of the mitochon-
drial pyruvate carrier in mammalian development, unbiased
steady-state metabolomics analysis was conducted on the brains
and livers of late-gestation Mpc1*"*' and WT littermate embryos.
To ensure stable steady-state measurements, the embryos were
snap-frozen in liquid nitrogen in utero and subsequently geno-
typed and dissected frozen. In brain and liver, 416 and 541 total
metabolites were identified, respectively, and of these, 155 and 157
were found to be significantly altered between Mpc1*/*! embryos
and WT controls (P < 0.05, as determined by Welch’s two-sample
t test). The entire list of differentially regulated metabolites is pro-
vided in Table S1 in the supplemental material. Of the metabolites
differentially regulated in the Mpc1*"*! brain, amino acid-related
metabolites were overrepresented as a class, while lipids were en-
riched among differentially regulated metabolites in the liver (Fig.
8A). Furthermore, of the 86 metabolites differentially regulated in
both liver and brain, 75 were changed in the same direction in
Mpcl-deficient brain as in liver, highlighting that the conse-
quences of impaired mitochondrial pyruvate metabolism are
highly conserved in the embryonic brain and liver. For example,
lactate and pyruvate were both dramatically upregulated in Mpcl
KI brain and liver, with greater accumulation of these metabolites
in the brain than in the liver (Fig. 8B), consistent with the enzy-
matic measurement of lactate shown in Fig. 4F. Steady-state con-
centrations of TCA cycle intermediates were down in both Mpcl
KI tissues, and glucose levels were down in Mpcl KI liver. These
observations, together with the metabolic flux data shown above,
provide evidence for enhanced glycolysis upon impaired mito-
chondrial pyruvate metabolism.

Amino acids provide anaplerotic compensation upon im-
paired mitochondrial pyruvate transport. Several interesting
changes were noted in amino acid metabolism in Mpc1*/*! tis-
sues. Broadly, amino acids that are catabolized to or synthesized
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FIG 6 Mpcl hypomorphic allelic series reveals a threshold requirement for mitochondrial pyruvate metabolism during development. (A) Mpcl transcript
abundance in cerebral cortex, heart, and liver of e17.5 embryos across an allelic series of Mpcl-deficient genetic models (means plus SEM; n = 8). (B)
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from TCA cycle intermediates were downregulated, while those
that can be derived from glycolytic intermediates were upregu-
lated in both tissues (Fig. 8B). Hypotaurine, an amino acid deriv-
ative that may function as a neurotransmitter or an antioxidant in
addition to its role in osmolyte balance (37, 38), was the most
dramatically upregulated metabolite in the Mpc1*"*" brain at
more than 15 times the concentration in the WT brain (Fig. 8B).
The high levels of hypotaurine are likely a consequence of and
response to the hyperosmotic stress that lactate accumulation may
cause (37).

Alanine was the most dramatically downregulated metabolite
in the Mpc1¥”X brain and was also found to be significantly
downregulated in the liver (Fig. 8B). Glutamine was the second
most downregulated metabolite in the Mpc1**! brain, and glu-
tamate was also decreased, suggesting that Mpc1 deficiency in the
developing brain likely affects neurotransmitter synthesis, along
with macronutrient metabolism (Fig. 8B). In agreement with the
changes in steady-state amino acid concentrations observed in
vivo, alanine and glutamate were also downregulated in primary
Mpc1®® MEFs (Fig. 8C). Aspartate was slightly increased in
Mpc1®® MEFs, which may be consistent with a role for cytosolic
pyruvate in stimulating aspartate synthesis to enable proliferation
in cells with mitochondrial deficiencies (39).

To better understand how impaired mitochondrial pyruvate
transport contributed to alterations in amino acid concentrations,
13C tracer experiments were conducted on primary Mpcl1”/®
MEFs. When labeled with [2-">C]pyruvate, the abundance of m +
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1 mass isotopomer fraction of TCA cycle intermediates in Mpcl-
deficient cells was decreased, as expected (Fig. 8D). Additionally,
labeling of amino acids that can be derived from the TCA cycle
(glutamate and aspartate, for example) was reduced in Mpc1®’®
MEFs relative to WT controls. Interestingly, m + 1 labeling of
alanine from pyruvate was dramatically reduced, along with the
decrease in steady-state alanine (Fig. 8D). Alanine can be inter-
converted with pyruvate in either the cytosol or the mitochondrial
matrix by the alanine transaminase activity of GPT1 (cytosolic) or
GPT2 (mitochondrial), as shown in Fig. 9A. The dramatic de-
crease in alanine labeling from pyruvate and the low steady-state
alanine levels in Mpc1-deficient cells and tissues provide evidence
that mitochondrial pyruvate is a significant source of cellular ala-
nine. Indeed, in WT MEFs, 60% of the total alanine was m + 1
labeled from [2-">C]pyruvate, while this was decreased to just 6%
in Mpc1™® MEFs. To further test whether low steady-state ala-
nine concentrations were the result of increased alanine flux or
decreased alanine synthesis, we measured the mitochondrial flux
of alanine by labeling Mpc1*/*! and Mpc1™® MEFs with L-[U-
'*Clalanine and measuring incorporation into the total lipid frac-
tion, as we did previously for pyruvate and glutamine. Alanine
incorporation was upregulated greater than 7-fold in a graded
manner in Mpc1®/¥ and Mpc1™'P MEFs (Fig. 9B), indicative of
higher mitochondrial flux of alanine. We also observed that
HEK293T cells treated with UK-5099 exhibited dose-dependent
suppression of [2-'*C]pyruvate incorporation into lipids (see Fig.
S4 in the supplemental material) and recapitulated the increase in
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FIG 7 Alterations in energy balance and lipid metabolism in Mpcl-deficient embryonic liver. (A) Liver total fatty acid content determined by GC-MS
(means plus SEM; n = 5). (B) Triglyceride levels in e17.5 liver determined enzymatically (means plus SEM; n = 6). (C) Liver total cholesterol levels (means plus
SEM; n = 4). (D) el7.5 liver glycogen contents determined enzymatically after acid hydrolysis (means plus SEM; n = 5). *, P < 0.05; **, P < 0.02. (E)
Transmission electron micrographs of WT and Mpc1 KI e17.5 livers. The insets show normal mitochondrial morphology (scale bars, 100 nm). LD, lipid droplet.
(F) Pckl and Pck2 mRNA abundances in e17.5 liver across an Mpcl hypomorphic allelic series (means plus SEM; n = 8). Significant differences as determined
by Tukey post hoc tests (P < 0.05) after one-way ANOVA are indicated by different letters.

mitochondrial alanine flux that we observed in primary MEFs,
also in a dose-dependent manner (Fig. 9C). UK-5099 also stimu-
lated an increase of mitochondrial glutamine flux in a dose-de-
pendent manner in HEK293T cells (Fig. 9D), although glutamine
did not contribute significantly to anaplerosis in nontransformed

Mpc1™P MEFs (Fig. 3E). These data show that alanine represents
a major compensatory substrate in mitochondrial pyruvate car-
rier deficiency.

We next sought to use the HEK293T system as a model to
determine the relative contributions of the cytosolic (GPT1) and
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FIG 8 Steady-state metabolite concentrations reveal effects of MPC deficiency and compensatory metabolic adaptations. (A) Distribution of total metabolites
identified by unbiased metabolomics across molecular classes compared to the distribution of significantly regulated metabolites in e17.5 brain and liver. (B)
Metabolites detected in both brain and liver that were significantly regulated by Mpc1 deficiency. The values shown are fold changes relative to the WT, and red
and green indicate significant up- and downregulation, respectively (P < 0.05 by Welch’s two-sample ¢ test; n = 8). Shown are select metabolites directly related
to pyruvate metabolism, TCA cycle intermediates, select amino acids, and select lipid metabolites. An additional list of significantly regulated metabolites is
provided in Table S1 in the supplemental material. IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; cit, citrulline; ASA, argini-
nosuccinic acid. (C) Steady-state concentrations of alanine (ala), glutamate (glu), and aspartate (asp) in Mpc1™® primary MEFs relative to WT MEFs. (D)
[2-"*C]pyruvate flux. m + 1-labeled metabolites over total metabolite abundance, determined by LC-MS, are shown relative to the WT (means plus SEM; n =
4).%,0.01<P < 0.05; **, P < 0.01; pairwise comparison to the WT after one-way ANOVA. a-kg, a-ketoglutarate.
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FIG 9 Mitochondrial amino acid utilization increases upon impaired mitochondrial pyruvate transport. (A) Alanine and pyruvate can be interconverted in
either the cytosol or the mitochondrial matrix by the transaminase activity of GPT1 (cytosolic) or GPT2 (mitochondrial). Both transaminases utilize glutamate
or a-ketoglutarate as a cosubstrate for the interconversion of pyruvate and alanine. While pyruvate enters the mitochondrial matrix via the MPC, alanine likely
traverses the inner mitochondrial membrane viaa member of the solute carrier family 25 of inner membrane transporters. (B) [U-'*CJalanine incorporation into
the total lipid fraction is dramatically upregulated in Mpc1™® MEFs (means plus SEM; = 3). (C and D) In HEK293T cells, pharmacological inhibition of the
MPC with UK-5099 robustly impairs mitochondrial pyruvate metabolism (see Fig. S4 in the supplemental material) while simultaneously stimulating mito-
chondrial flux of alanine (C) and glutamine (D) in a dose-dependent manner, as determined by incorporation of radiolabeled substrates into the total lipid
fraction. (E) To determine the relative contributions of GPT1 and GPT2 to this phenomenon, HEK293T cells lacking GPT1, GPT2, or both (pan-GPT) were
derived by CRISPR/Cas9 genome editing. The increase in mitochondrial flux of alanine is independent of cytosolic GPT1, and mitochondrial GPT2 alone is
necessary and sufficient for the increase in alanine flux that accompanies impaired mitochondrial pyruvate transport (means plus SEM; n = 6). (F) Glutamine
incorporation into lipid in GPT-deficient HEK293T cells in the presence or absence of UK-5099. Significant differences among group means are represented by
letters and were determined by the Tukey multiple-comparison test (P < 0.05) after one-way ANOVA. In panels E and F, italicized letters are used for comparison
of vehicle-treated cells, boldface letters are used for UK-5099-treated cells, and the asterisks indicate significant up- or downregulation of flux in response to
UK-5099 treatment.
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mitochondrial (GPT2) alanine transaminases to the observed in-
crease in alanine flux upon impaired mitochondrial pyruvate
transport. To this end, we used CRISPR/Cas9-mediated genome
editing to induce loss-of-function mutations in GPT1, GPT2, and
both GPT1 and GPT2 (pan-GPT) in HEK293T cells (14). Mutant
clonal cell lines were screened by genomic PCR and functional
assays (see Fig. S4 in the supplemental material). Control cells
(which were derived from expression of Cas9 with no gRNA),
GPT1 KO, GPT2 KO, and pan-GPT KO HEK293T cells were sub-
jected to a L-[U-"*C]alanine-to-lipid incorporation assay in the
presence or absence of UK-5099. In addition, pan-KO cells were
transiently transfected with hGPT1 or hGPT2 expression vectors
and subjected to the same alanine flux assay in the presence or
absence of UK-5099. Loss of GPT2 completely abrogated the UK-
5099-stimulated increase in mitochondrial flux of alanine (Fig.
9E). GPT1 was found to be dispensable for this phenomenon,
suggesting that GPT1 does not promote increased alanine flux by
converting pyruvate into alanine upon MPC inhibition. Indeed,
overexpression of GPT1 in the pan-GPT-null background signif-
icantly reduced alanine incorporation into lipid upon UK-5099
treatment, suggesting that the equilibrium for GPT1 lies in favor
of converting alanine to pyruvate within these cells (Fig. 9E). In
further support of this, overexpression of GPT1 in the pan-GPT-
null background significantly increased glutamine incorporation
into lipid upon UK-5099 treatment (Fig. 9F). These data show that
GPT2 is necessary and sufficient for increased mitochondrial flux
of alanine in the absence of mitochondrial pyruvate transport.
Additionally, these data suggest that the increased utilization of
alanine is largely from exogenous alanine, not alanine that is de-
rived from cytosolic pyruvate by GPT1. In this way, GPT2 might
be acting to use exogenous alanine as a source for mitochondrial
pyruvate rather than working in concert with GPT1 to bring car-
bon from pyruvate into the mitochondrion via alanine.

DISCUSSION

The placenta segregates maternal and fetal circulation while en-
abling selective nutrient uptake and waste excretion between fetus
and mother. The fetus is a substantial oxygen consumer and pref-
erentially transports and utilizes glucose as its main macronutri-
ent (reviewed in reference 4). Fetal glucose and oxygen consump-
tion converge at the transport of pyruvate into mitochondria;
therefore, we targeted Mpcl, an essential component of the mito-
chondrial pyruvate carrier, to determine the requirements for mi-
tochondrial pyruvate metabolism during fetal development. Due
to the severe metabolic and developmental derangements ob-
served in patients with mutations in enzymes that participate in
mitochondrial pyruvate metabolism (26, 40-44) and the embry-
onic lethality of mouse models with null mutations in these en-
zymes (21, 45), we were surprised that such a small fraction of
mitochondrial pyruvate metabolism was sufficient for in utero de-
velopment. MPC deficiency was well tolerated in egg-laying Dro-
sophila under standard laboratory conditions; however, these mu-
tations were lethal when carbohydrate (sucrose) was provided as
the main macronutrient (12). Mammalian pregnancy is also a
carbohydrate-dominated environment; however, mammals seem
to be capable of more metabolic plasticity than previously envi-
sioned. Maternal glucose utilization is spared to provide the fetus
with adequate glucose to sustain its biosynthetic and bioenergetic
needs. The inability to properly communicate and regulate glu-
cose availability can result in adverse consequences for maternal
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health (e.g., gestational diabetes) and fetal well-being (e.g., fetal
growth). It will be interesting to further delineate the contribu-
tions and convergence of maternal nutrition and fetal metabolism
in pregnancy-specific pathologies and the long-term health of the
offspring.

To define the metabolic requirement for mitochondrial pyru-
vate metabolism during mammalian embryonic development, we
generated mice with a null deletion of Mpcl. While knockout mice
provide an excellent model for assigning the physiological re-
quirement for genes involved in metabolism, we sought to deter-
mine the effect of a graded suppression of MPC in vivo by gener-
ating a hypomorphic allelic series. We devised a series of genetic
perturbations, including the null allele, a less-severe hypomorphic
allele, and tissue-specific loss of Mpcl in the developing nervous
system to enable a more detailed definition of gene-phenotype
relationships. Indeed, we have shown that the transcriptional reg-
ulation of some genes (e.g., Pck1) is directly related to the degree of
Mpcl suppression in a tissue-specific manner in vivo (Fig. 7F).
Further characterization of an allelic series may identify pheno-
types that are regulated by particular metabolites in a graded fash-
ion or by impaired metabolism in a particular tissue (46, 47). Our
approach highlights the utility of genetic approaches to dissect
metabolic requirements and compensatory mechanisms in vivo.

Human inborn errors in MPCI are compatible with develop-
ment to term but in the absence of maternal metabolite exchange
result in severe adverse consequences in the perinatal period, in-
cluding lactic acidosis (26). Organic acidosis can be acutely life
threatening by lowering the oxygen-carrying capacity of hemoglo-
bin (48). In agreement with Mpc1¥"%! embryos being in a state of
metabolic acidosis, we observed a 15-fold-higher hypotaurine
concentration in Mpc1*"%! brains, a likely adaptation to the hy-
perosmotic stress that lactate accumulation may cause (37). Ad-
ditionally, we observed 3-fold-higher heme levels in the Mpc1*"¥!
liver, along with elevated biliverdin (Fig. 8B). The fetal liver is the
principal site of erythropoiesis during mid- to late gestation in
mouse embryonic development (49), and the observed increase in
heme likely represents a response to lactic acidosis and the im-
paired oxygen-carrying capacity of fetal hemoglobin. While the
late-gestation fetus has adaptive mechanisms to survive acute hyp-
oxia/acidosis during parturition (50), less is known about the fetal
response to chronic acidosis. Mild acidosis has been shown to
reprogram mitochondrial metabolism by increasing respiratory
efficiency to preserve ATP production during cellular stress (51),
and it is likely that similar adaptations occur in Mpcl-deficient
tissues. Our finding that 75 of 86 metabolites significantly regu-
lated in both brain and liver of Mpc1*"*! embryos were regulated
in the same direction suggests that the metabolic effects of MPC
deficiency are largely conserved across tissues but that some re-
sponses are tissue specific. Among the metabolites oppositely reg-
ulated by Mpcl deficiency in brain and liver were carnitine, an
important molecule in fatty acid metabolism, and argininosuc-
cinic acid, an intermediate in the urea cycle (Fig. 8B). The tissue-
specific regulation of these molecules may reflect broader patterns
of altered lipid and amino acid metabolism in Mpcl-deficient
liver and brain, respectively.

High rates of metabolic flux are particularly important in rap-
idly dividing cells, such as cancer cells, and during development.
Mitochondria are the principal sites of cellular energy production
via the generation of ATP for all cellular compartments. Addition-
ally, the TCA cycle provides substrates for anabolic processes in
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the cytosol, and as such, substrate partitioning between mito-
chondria and other subcellular locations is a fundamental way to
regulate mitochondrial metabolic flux. While high rates of flux are
necessary to maintain rapid growth and division, the requirement
for mitochondrial oxidative metabolism and anaplerosis within
the mitochondria is poorly defined. For example, it has long been
observed that cancer cells rely heavily on glycolysis for ATP pro-
duction (the Warburg effect), yet even highly glycolytic cells re-
quire mitochondrial metabolic flux to provide carbon and energy
equivalents for nucleotide, protein, and lipid biosynthesis (23, 24,
52-54). Indeed, in mammalian cell culture and tumor xenograft
models, chemical or enzymatic depletion of mitochondrial DNA
results in impaired respiratory capacity and reduced proliferation
(55-58).

Deletion of Mpcl in primary nontransformed MEFs did not
affect cellular proliferation and resulted in enhanced glucose up-
take (Fig. 3), consistent with the Pasteur effect. Interestingly, non-
transformed MEFs did not exhibit enhanced anaplerosis via glu-
tamine (Fig. 3E), although transformed cells robustly utilized
glutamine, and pharmacological inhibition of mitochondrial py-
ruvate transport further pushed this adaptation (Fig. 9D). In-
creased oxidative glutaminolysis and reductive carboxylation
upon MPC inhibition were observed in transformed cell lines,
although the relative contributions of these fates of glutamine
were dependent on the cell line and growth conditions (59, 60).
Glutamine anaplerosis supports cellular proliferation in trans-
formed cells and inhibition of glutaminase- or glutamate dehy-
drogenase-sensitized cells to growth inhibition upon treatment
with UK-5099 (60). Analogous to the differences in glutamine
metabolism observed in primary and transformed cultured cells,
glutamine seems to play a more significant anaplerotic role in the
brain than in the fetal liver, as glutamine was the second most
downregulated metabolite in the Mpc1¥"X! brain. Not surpris-
ingly, there are tissue-specific differences in anaplerosis during
normal development, as well. Liver-specific deletion of MPC
components in mice led to defects in gluconeogenesis from pyru-
vate/lactate; however, both glutamine and alanine were found to
compensate for and contribute to fasting gluconeogenesis in the
MPC-deficient adult liver (61, 62). We found that alanine pro-
vides a robust anaplerotic substrate in several cellular models of
MPC deficiency, as well as in vivo in embryonic brain and liver. It
has been demonstrated that Mpc2-deficient mitochondria exhibit
no alterations in alanine uptake (62), and decreased steady-state
alanine concentrations have been observed in several MPC-defi-
cient cell models and in vivo (59, 60, 62). The decrease in steady-
state alanine has been interpreted as a result of most cellular ala-
nine being derived from mitochondrial pyruvate, but we sought to
test the flux of alanine itself. In addition to demonstrating increased
mitochondrial flux of alanine into lipid in MPC deficiency, we have
shown by deleting the cytoplasmic and mitochondrial alanine
transaminases (GPT1 and GPT2) that alanine provides a direct
source of mitochondrial pyruvate dependent upon the mitochon-
drial GPT2 while the cytoplasmic GPT1 is dispensable for this com-
pensation (Fig. 9). This finding is consistent with knockdown of
Gpt2 in mice with liver-specific deletion of Mpc2, which further
decreased blood glucose during a pyruvate tolerance test (62).
Interestingly, the expression of GPT2 and several other transami-
nases that use glutamate as a cosubstrate was found to be posi-
tively correlated with proliferative capacity in human tumors (63),
and knockdown of GPT2 decreased glutamine-dependent growth
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in cancer cells with mutant Kras (64). Our data suggest that GPT1
may also support glutamine anaplerosis, especially under im-
paired mitochondrial pyruvate transport (Fig. 9F). The GPT1-
catalyzed transamination reaction in these cells seems to favor the
production of pyruvate and glutamate at the expense of alanine
and a-ketoglutarate. Glutamate and a-ketoglutarate are well-
characterized negative regulators of glutaminase (65) and gluta-
mate dehydrogenase (66), respectively, and the regulation of glu-
taminolysis by allosteric regulation and product inhibition may
depend on compartment-specific concentrations of these metab-
olites. The GPT1 reaction could relieve inhibition of glutamate
dehydrogenase or elevate glutamate levels to promote glutamine
anaplerosis; however, the flux of glutamate-utilizing transami-
nases and glutamate dehydrogenase is likely regulated at levels
beyond substrate concentrations, as recently demonstrated (63).
The metabolic plasticity demonstrated by MPC-deficient and
GPT-deficient cells is evidence that mitochondria have multiple
mechanisms to generate mitochondrial pyruvate and to provide
anaplerotic carbon from alternative substrates when glucose is
limiting.

Here, we have shown that, although the mammalian fetus con-
sumes large quantities of glucose and oxygen, a surprisingly small
quantity of the mitochondrial pyruvate carrier is sufficient for
mammalian development. MPC-deficient cells utilize alternative
anaplerotic metabolites to meet the high biosynthetic burden of
highly replicative cells, and this compensation varies in a tissue-
specific manner in vivo. Further defining the cellular and organis-
mal requirements of macronutrient metabolism has important
implications in broad areas of biology, including cancer, neuro-
chemistry, obesity, and diabetes.
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