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Abstract

Cardiomyocytes rely on metabolic substrates, not only to fuel cardiac output, but also for growth
and remodeling during stress. Here we show that Mitochondrial Pyruvate Carrier (MPC)
abundance mediates pathological cardiac hypertrophy. MPC abundance was reduced in failing
hypertrophic human hearts, as well as the myocardium of mice induced to fail by angiotensin 11 or
transverse-aortic constriction-induced. Constitutive knockout of cardiomyocyte MPC1/2 in mice
resulted in cardiac hypertrophy and reduced survival, while tamoxifen-induced cardiomyocyte-
specific reduction of MPC1/2 to the attenuated levels observed during pressure-overload was
sufficient to induce hypertrophy with impaired cardiac function. Failing hearts from
cardiomyocyte-restricted knockout mice displayed increased abundance of anabolic metabolites,
including amino acids and pentose phosphate pathway intermediates and reducing cofactors.
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These hearts showed a concomitant decrease in carbon flux into mitochondrial tricarboxylic acid
cycle intermediates, as corroborated by complementary 1,2-13C,-glucose tracer studies. In
contrast, inducible cardiomyocyte overexpression of MPC1/2 resulted in increased tricarboxylic
acid cycle intermediates, and sustained carrier expression during transverse-aortic constriction
protected against cardiac hypertrophy and failure. Collectively, we demonstrate that loss of the
MPC1/2 causally mediates adverse cardiac remodelling.

Healthy myocardial mitochondria primarily utilise oxidative phosphorylation to generate
adenosine triphosphate (ATP), which is required to meet the heart’s energy-demanding
function as a blood pump. In healthy myocardium with sufficient oxygen supply, oxidation
of fatty acids provides approximately 60-90% of myocardial acetyl-CoA that contributes to
ATP generation, with 10-40% arising from pyruvate oxidationl-2. However, the stressed
human heart changes its fuel preference®#4, switching from fatty acids to glucose as a
favoured carbon source®8. Consistent with this observation, several studies with animal
models of pressure-overload-induced hypertrophy have shown reduced fatty acid oxidation
rates with enhanced glucose uptake and glycolysis accompanied with a compensatory
anaplerosis to maintain the tricarboxylic acid cycle flux in the pathological heart’~2,
Interestingly, this enhanced glycolysis and carbon influx via anaplerosis did not augment
ATP production, consistent with an ‘uncoupling” between glycolysis and glucose oxidation
during pathological hypertrophy”:10:11, Furthermore, instead of pyruvate predominantly
being oxidised in the mitochondria, it is metabolised by alternate pathways, including
reductive fermentation to lactate despite sufficient oxygen availability2:13. This is
reminiscent of the Warburg effect whereby many cancer cells increase glucose uptake and
convert it to lactate via the reduction of pyruvate despite oxygen availability.

Since the identification of the mitochondrial pyruvate carrier (MPC) in 2012 14.15 several
studies reported its role in cell growth and proliferationl6-18, Mammalian MPC comprises
two subunits, MPC1 and MPC2, with the absence of either attenuating mitochondrial
pyruvate uptakel415, Overexpression of MPC in cancer cells profoundly limited their
growth, including in spheroid or xenograft-implantation models, whereas decreased
expression promoted migration, chemotherapy resistance and reduced patient survivall®-22,
Overall this makes a compelling case that decreased MPC abundance may causatively
contribute to the Warburg effect and the associated growth potentiation. Consistent with this
rationale, we hypothesised that the decreased expression of MPC we observed in hearts from
humans or mice with hypertrophic cardiomyopathy, may underlie the switch to anabolism
that culminates in maladaptive hypertrophic growth and failure.

Western blot analysis of human hypertrophic cardiomyopathic hearts showed decreased
MPC1/2 expression compared to control tissue (Fig. 1a). Administration of pro-hypertrophic
angiotensin Il to mice for 3-days significantly reduced cardiac MPC1 and MPC2 expression,
which remained low 14-days after treatment initiation (Fig. 1b, Extended Data Fig. 1a).
MPC expression was similarly attenuated in hearts subjected to cardiac pressure overload
involving surgically-induced transverse aortic constriction (TAC) for 21-days that induced
hypertrophy (Fig. 1c, Extended Data Fig. 1b).
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To investigate whether decreased MPC1/2 expression was casual in the development of
cardiac hypertrophy, we developed cardiomyocyte-specific MPC1 or MPC2 transgenic mice
models in which we can increase or decrease the expression of either subunit. However,
although the transgenic lines were designed so that MPC1 or MPC2 expression can be
individually altered, we found as others havel®23, that increasing or decreasing one subunit
resulted in a concomitant matched change in the other.

Knockout of cardiomyocyte MPC1 or MPC2 separately from birth resulted in complete loss
of the other subunit and induced robust heart hypertrophy (Fig. 2a and 2b). A limitation of
studying MPC1 or MPC2 KO mice was their high rate of mortality from 5-6 weeks of age
(Fig. 2c). Real-time PCR analysis showed the cardiac hypertrophy markers atrial natriuretic
peptide (ANP) and brain natriuretic peptide (BNP) were significantly increased in MPC1
KO as well as the partial MPC1 (MPC1 ~'*) mice, whereas B-myosin heavy chain (B-MHC)
was significantly increased only in the MPC1 KO mice (Fig. 2d). Partial knockdown of
MPC1 from birth to the levels observed in TAC- or angiotensin ll-induced hypertrophy, also
resulted in heart hypertrophy and failure (Fig. 2e, Extended Data Fig. 2).

The observations presented above supported a causal role for decreased MPC abundance in
the progression of hypertrophy and heart failure, but the lifelong, constitutive decrease in
MPC1/2 expression in the mice studied was a concern. Consequently, we generated a
transgenic line (TAXMPCI), in which cardiomyocyte MPC1/2 abundance was inducibly
decreased by administering tamoxifen once mice reached adulthood. In these mice, an
intraperitoneal administration of tamoxifen promoted the activation of Cre recombinase with
the consequent excision of the first exon of the MPC1 gene from the F.A.S.T cassette only in
cardiac myocytes (Fig. 3a). Homozygous (7AXMPCI KO) or heterozygous ( TAXMPC1 *T)
mice for the F.A.S.T cassette showed similar MPC1 and MPC2 protein expression to its
respective control (Mhy6Cre) in the absence of tamoxifen administration (Fig. 3b). 10-days
after tamoxifen injection, the protein expression levels of both subunits were markedly
decreased in TAXMPC1 KO and partially decreased in the TAXMPC1*/* line (Fig. 3c).
Immunofluorescence analyses of dystrophin expression in heart sections confirmed cardiac
myocyte hypertrophy in TAXMPC1*- mice compared to MAy6Cre controls 21-days after
the initiation of tamoxifen treatment (Extended Data Fig. 4). Cardiac MPC expression in
TAXMPC1*" mice mimicked the loss observed in angiotensin I1- or TAC-treated hearts and
this induced-reduction in adult mice was alone sufficient to promote hypertrophy. These
hearts had high mRNA expression of the hypertrophic markers BNP, ANP and p-MHC (Fig.
3d), a significant increase in heart weight/tibia length ratio (Figure 3e), a deterioration in
ejection fraction (Fig. 3f), and impaired left ventricular function as illustrated by a reduction
by fractional shortening (Fig. 3g). These observations further substantiate that decreased
expression of MPC1/2 causatively mediates myocardial growth and progression to heart
failure.

Whilst the hypertrophic heart shows enhanced utilisation of glucose?, its oxidation is
unaltered or decreases102425, We hypothesised that decreased MPC expression during
hypertrophy may causally mediate this ‘uncoupling’ of glycolysis from glucose oxidation.
Indeed, we speculated that loss of MPC directly rewires metabolism to induce hypertrophic
remodelling of the stressed myocardium. To test this hypothesis, hearts in which MPC1/2
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was inducibly-decreased were compared to those with normal, control levels of the carrier
using metabolomics profiling by mass spectrometry. This analysis showed glucose-derived
carbon was rerouted, with impaired entry of pyruvate to mitochondria in hearts with less
MPC1/2 (Fig. 3h and Supplementary Table 1). Consistent with this, all citric acid cycle
intermediates were also less abundant, with decreases in citrate and aconitate reaching
statistical significance. Intermediates of glycolysis were also reduced in hearts with low
MPC1/2 compared to their respective controls, but pyruvate was concomitantly highly
increased (Figure 3h). This increased pyruvate is consistent with impaired entry to the citric
acid cycle and not because of enhanced glycolysis. The decrease in glycolytic intermediates
was accompanied by its rerouting into the pentose phosphate pathway (PPP), as reflected by
significant increases in 6-phosphoglycerate and sedoheptulose 7-phosphate, with ribulose 5-
phosphate and ribose 5-phosphate also increasing - albeit not with significance (Fig. 3h).
The PPP generates reduced nicotinamide adenine dinucleotide phosphate (NADPH), which
is required for fatty acid and membrane biosynthesis, was also increased in the MPC KO
mice (Fig. 3i). Similarly, 5-carbon ribose 5-phosphate required for nucleotide and nucleic
acid production in the hypertrophying heart was increased?6:27. We performed metabolomic
flux tracer analysis of hearts from mice intravenously injected with 1,2-13C,-glucose to
independently assess, based on the rationale depicted in Extended Data Fig. 5, whether
glucose is rerouted to the PPP in myocardium with decreased MPC expression. Indeed,
lactate and pyruvates derived from PPP, evidenced by them being singly 13C-labelled, were
significantly increased in TAXMPC1+/- hearts, consistent with rerouting of carbon from
glucose into this pathway. Hearts with decreased MPC also concomitantly accumulated
more doubly labelled pyruvate and lactate as a result of pyruvate not being incorporated
inside the mitochondria and being reduced to lactate (Extended Data Fig. 5). This situation
might be explained by a decrease in citric acid cycle metabolite abundance inside the
mitochondria (Fig. 3h). Both shunting of glucose-derived carbon into the anabolic PPP and
decreased incorporation of pyruvate into the tricarboxylic acid cycle of hearts with
decreased MPC provides a rational explanation for the ‘uncoupling’ of glycolysis from
glucose oxidation in the hypertrophic heart1%:24.25_ Furthermore, knockdown hearts had
significantly more erythrose 4-phosphate, which couples to aromatic amino acids
biosynthesis, explaining the significantly higher phenylalanine and tyrosine in these
samples. Additional evidence that reducing pyruvate entry to the mitochondria promotes
cardiac growth through enhanced PPP activity came from studies exposing H9C2
cardiomyablasts to the MPC inhibitor UK5099, which enhanced growth and increased
NADPH levels (Extended Data Fig. 6). Although UK5099 has a Ki for the MPC <50 nM,
we used 10 or 20 uM based on previous workZ8. Furthermore, we knew from our study with
isolated hearts?® or others exposing cells to uM UK5099 that this did not cause toxicity or
cell death. ATP and adenylate energy charge in tamoxifen-induced MPC KO hearts 10 days
after carrier deletion were the same as in control tissue (Fig. 3h). This is notable, as it
demonstrates that the metabolic remodelling that occurs in the hearts of mice with lower
MPC1/2 level occurs independently of ATP abundance (Fig. 3h and Supplementary Table 1).
This is consistent with the changes in metabolism upon MPC ablation causatively rerouting
glucose carbon into biosynthetic pathways to provide the diverse array of substrates required
for myocardial growth. However, additional mechanisms, including those arising from
changes in cytosolic redox that occur because of the altered lactate/pyruvate ratio (Fig. 3h)

Nat Metab. Author manuscript; available in PMC 2021 March 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Fernandez-Caggiano et al. Page 5

or alterations to pyruvate dehydrogenase activity may contribute to the remodelling. Ideally
we would have performed metabolomics on myocardium from WT mice under control as
well as TAC conditions, but we did not because of limited resources and because several
studies already reported on this3C.

If decreased MPC1/2 is critical for cardiac hypertrophy and not simply a bystander effect,
maintaining carrier expression should rescue the aberrant growth phenotype. To address this
possibility, as explained below, we generated transgenic mice that allowed MPC1/2
expression to be inducibly-maintained at healthy heart levels during stress that otherwise
culminates in loss of carrier expression and hypertrophy.

We generated tTAMPC1 as well as tTAMPC2 cardiomyocyte-specific transgenic mouse
lines in which doxycycline removal inducibly increases carrier expression. Cardiac specific
tetracycline trans-activator (tTA) transcription factor interacts very efficiently with the tetO
promoter in the absence of doxycycline and induces the transcription of MPC (Fig. 4a).
MPC1 over-expression was successfully induced upon removal of the drug and showed a
paralleled increase in MPC2 (Fig. 4b). MPC1 overexpressers subjected to TAC-induced
hypertrophy had cardiac myocytes with a significantly smaller cross-sectional cell area (Fig.
4c), as well as improved ejection fraction, cardiac output, fractional shortening and
attenuated hypertrophic growth compared with MAy6tTA controls (Fig. 4d-e). Metabolomics
analysis of MPC1 overexpressers showed a robust and significant increase in citric acid
cycle intermediates citrate, aconitate, fumarate and malate, together with a modest increased
ATP and adenylate energy charge that would likely to improve cardiac energetics and
contribute to their resistance to hypertrophy, consistent with the anticipated increase in
mitochondrial pyruvate uptake (Fig. 4f and Supplementary table 2). It is notable that
pyruvate, although not statistically significant, was increased in the MPC1 overexpressers.
This additional pyruvate could be derived by alanine aminotransferase from alanine, which
for reasons that remain elusive, was significantly increased in the overexpresser. Thus,
maintaining MPC expression at the levels found in healthy tissue enhanced mitochondrial
pyruvate oxidation and limited the maladaptive myocardial growth and progression to heart
failure that occurs during stress induced by pressure-overload.

We conclude that MPC abundance determines the extent to which pyruvate is metabolically
oxidised in the mitochondria. Decreasing pyruvate flux into myocardial mitochondria leads
to metabolic changes that enable hypertrophy, mirroring in part the Warburg Effect that
potentiates cancer cell growth. In contrast, potentiating pyruvate flux into myocardial
mitochondria leads to metabolic changes that counteract the hypertrophic growth and
progression to heart failure. However, the mechanism underling MPC downregulation and
consequent metabolic remodelling in the failing heart it is a key question that remains
unanswered. Further investigations of the transcriptional regulation and mechano-responsive
elements that regulate the expression and activity of the carrier are warranted. A better
understanding of these pathways may allow interventions that increase MPC abundance or
activity to be identified, which is anticipated to decrease pathogenic hypertrophic growth.
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Methods
Study approval

This investigation was performed in accordance with the Home Office Guidance on the
Operation of the Animals (Scientific Procedures) Act 1986, published by Her Majesty’s
Stationery Office (London, UK). Animals were maintained humanely in compliance with the
“Principles of Laboratory Animal Care” formulated by the National Society for Medical
Research and the Guide for Care and Use of Laboratory Animals prepared by the National
Academy of Sciences and published by the National Institutes of Health (NIH Pub. No.
85-23, revised 1985). All animal protocols were approved both by the local King’s College
Ethical Review Process Committee and by the UK Government Home Office (Animals
Scientific Procedures Group).

The study was conducted according to Spanish Law for Biomedical Research (Law
14/2007-3 of July) and was compliant with the Declaration of Helsinki. The study and the
use of archive samples for this project were approved by the Research Ethics Committee of
Galicia. Written, informed consent was obtained from all individuals involved in this study.

Statistics and Reproducibility

Student’s t test for unpaired samples was used to compare experiments comprising two
experimental groups with normal distribution and equal variance at one time point. One-way
ANOVA followed by a post hoc Dunnett’s test was used to compare cardiac parameters in
experiments with more than 2 groups. Two-way ANOVA followed by a post hoc Bonferroni
test was used to compare cardiac parameters measured over 21 days in experiments with 2
groups. Statistical analyses were performed using GraphPad Prism 5.0 software. Differences
were considered significant at P < 0.05.

Concomitant loss MPC1 and MPC2 together with a profound increase in cardiac mass was
observed consistently for MPC1 KO or MPC2 KO hearts in more than 5 independent
experiments.

Generation of MPC1 and MPC2 conditional knockout with tetO knockin mouse models

Transgenic MPC1 and MPC2 FAST (Flexible Accelerated STOP Tetracycline Operator
(tetO)-knock-in) mouse lines were generated by Ingenious Targeting Laboratory (iTL)
technologies (Ronkonkoma, New York). Briefly, vectors that contained a LoxP-TetO
sequence were inserted immediately upstream of the endogenous ATG initiation site in exon
1 of MPC1 or MPC2 gene sequence. These vectors were independently electroporated into
C57BL/6 embryonic stem (ES) cells. ES clones were selected by resistance to neomycin
(Neo), screened and microinjected into of blastocysts. Then, blastocysts were implanted into
pseudopregnant foster mice. Subsequently, progeny bred with a flippase recombinase
(C57BL/6NJ) transgenic mouse to delete the NEO cassette. Identification of germline
transmission of the knockout/knock-in and Neo deletion was performed by PCR.

The Ensembl Gene link for the Mpcl gene was: http://useast.ensembl.org/Mus_musculus/
Gene/Summary?
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db=core;g=ENSMUSG00000023861;r=17:8282904-8297661;t=ENSMUST00000155364.
The FRT-flanked Neo cassette followed by a LoxP site (3* LoxP site) was inserted in intron
1-2 and is about 592 bp away from exon 1. The Neo insertion site was selected to limit
interruption of the promoter region. The construct had a long homology arm that extended
about 5.83 kb 5’ to the 5” LoxP site, and the short homology arm is about 2.3 kb 3’ to the
FRT-Neo-FRT-LoxP cassette.

The Ensembl Gene link for the Mpc2 gene was: http://www.ensembl.org/Mus_musculus/
Gene/Summary?
db=core;g=ENSMUSG00000026568;r=1:165461037-165481214;t=ENSMUST0000002785
3. The MPC2 gene has multiple transcripts and we focused on transcript: Mpc2-001
ENSMUST00000027853. The FRT-flanked Neo cassette followed by a LoxP site (3" LoxP
site) was inserted in intron 1-2, which is about 809 bp away from exon 1. The construct was
designed such that the long homology arm extends about 5.3 kb 5’ to the 5’ LoxP site, and
the short homology arm is about 2.3 kb 3’ from the FRT-Neo-FRT-LoxP cassette.

Generation of cardiac specific MPC1 and MPC2 knock out and overexpressers

Cardiac specific mouse transgenic lines FVB-Tg(Myh6-cre)2182Mds/J (Jax Labs, stock:
011037) and FVB.Cg-Tg(Myh6-tTA)6Smbf/J (Jax Labs, stock: 003170) were backcrossed
for >10 generations into the C57BL/6NJ male mice background (Jax Labs, Stock: 005304).
These mice were then crossed with MPC1 or MPC2 FAST transgenic mice to generate
cardiac specific MPC KO (Mhy6CreMPC1 and Mhy6CreMPC2) or overexpressers
(Mhy6tTAMPCI or Mhy6tTAMPCZ). To aid the understanding and simplify the
nomenclature relating to the transgenic mice used in these studies, Mhy6CreMPC1 and
Mhy6CreMPC2 mice homozygous for the FAST cassette and heterozygous for Cre cassette
were named as MPC1 KO and MPC2 KO. Those mice not containing the FAST cassette that
are heterozygous for the Cre cassette were used as controls and named Mhy6Cre. In a
similar way, Mhy6CreMPC1 and Mhy6CreMPC2 homozygous for the FAST cassette and
heterozygous for tTA cassette were named as MPC1 overexpresser and MPC2 overexpresser.
Mice that do not contain the FAST cassette and heterozygous for the tTA cassette were used
as controls and named Mhy6tTA. MPC overexpressers and respective tTA controls were fed
with a doxycycline diet (TD98186 Envigo, UK) from birth to maintain endogenous
expression of the MPC gene. The cardiac specific aMHC-MerCreMer tamoxifen inducible
transgenic line in C57BL/6NJ male mice background was provided by Min Zhang (King’s
College London, London, UK). These mice were then crossed with MPC1 FAST transgenic
mice to generate cardiac specific tamoxifen-inducible MPC1 KO (Mhy6merCremerMPC1).
Mhy6merCremerMPC1 homozygous for the FAST cassette and heterozygous for the
MerCreMeR cassette were named TAXMPCL. Those mice not containing the FAST cassette
and heterozygous for the MerCreMeR cassette were used as controls and named Control-
Cre. Intraperitoneal injection (20 mg/kg) of tamoxifen was performed for 5 consecutive days
to induce the deletion of the exon 1 of MPC1 and so generate the MPC1 KO. Control-Cre
mice were also injected with tamoxifen following the same protocol, which would account
for any impact of this drug other than reducing MPC expression.
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Unless otherwise stated, male mice between 10-13 weeks of age were used for experiments.
Animals were kept under pathogen-free conditions, 12h light—dark cycle, controlled
humidity (~40%), temperature (20-22°C), and fed chow and water ad libitum.

Transverse aortic constriction and angiotensin Il induced hypertrophy

C57BL/6NJ male mice (body weight 24 + 3 g, ~12 weeks old) were anaesthetized with
isoflurane placed in the supine position under a dissecting microscope. A 5-mm midline
incision was performed above the sternal notch to expose the aorta and carotid arteries. The
area at both sides of the aorta was cleared and a 7-0 suture was threaded around the aorta
between the carotid arteries and tied against a 27 G needle. The needle was then removed,
leaving a narrowing of 0.5 mm in diameter. Animals recovered from anesthesia in a 28°C
heated chamber. Control, sham operations were performed by doing the same procedure
without tying the knot around the aorta. In some studies, hypertrophy was induced by
subcutaneous implantation of osmotic minipumps (model 1002; Alzet) for delivery of
angiotensin 11 (Sigma) at an infusion rate of 1 mg/kg/day (23).

Echocardiography was performed with a Vevo 2100 system at heart rates between 400-450
beats per minute using a 40 MHz linear probe (Visualsonics software version 1.0.0, Canada).
Mice were anesthetized with 2% isoflurane and the body temperature was maintained at 37
°C. Ejection fraction, stroke volume, and cardiac output were obtaining from high-resolution
motion-mode images at the level of the papillary muscle using Vevo Software (VisualSonics,
software version 1.0.0).

Collection of human samples from healthy individuals and patients with hypertrophic
cardiomyopathy

The study was conducted according to Spanish Law for Biomedical Research (Law
14/2007-3 of July) and was compliant with the Declaration of Helsinki. The study and the
use of archive samples for this project were approved by the Research Ethics Committee of
Galicia. Written, informed consent was obtained from all the individuals involved in this
study.

Left ventricle biopsies were obtained from the explanted hearts of patients with hypertrophic
cardiomyopathy undergoing cardiac transplantation at the A Corufia Hospital. Hypertrophic
cardiomyopathy was defined according to the American College of Cardiology and
American Heart Association clinical standards. Left ventricle biopsies of healthy hearts were
obtained from unused donor hearts from the A Corufia Hospital following guidelines of
Spanish Royal Decrees 2070/1999 and 1301/2006, which regulates the acquisition and use
of human tissues for clinical and research purposes. The six individuals with healthy
myocardium (2 males and 4 females) had a median age of 52 years. The six patients with
hypertrophic cardiomyopathy (3 males and 3 females) had a median age of 52.

Immunoblotting analysis

Reduced protein samples prepared from hearts were separated by SDS-PAGE using the
Mini-Protean 3 system (Bio-Rad) and transferred to PDVF membranes (Bio-Rad). Blots
were incubated with the following primary antibodies diluted 1:000 in PBS-Tween 5% milk
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overnight: MPC1 (Cell Signalling, #14462), MPC2 (Cell Signalling, #46141) and GAPDH
(Cell Signalling, D16H11). One-hour incubation with horseradish peroxidase-coupled anti-
rabbit (#7074, Cell Signalling) IgG secondary antibody (diluted 1:1,000 in PBS-Tween 5%
milk) together with enhanced chemiluminescence reagent (GE Healthcare) was used to
detect primary antibodies bound to the blot. Blots were cut in line with the 25 kDa band, the
bottom half was probed for MPC1 or MPC2 and the upper half for GAPDH as a loading
control. The densitometry of western blots was performed using Gel Pro Analyzer 3.1
(Media Cybernetics USA).

Real-time PCR for Cardiac Tissue Samples

A 30 mg sample of cardiac tissue was collected, and RNA was extracted using TRIzol
reagent (Invitrogen). Using 2 ug aliquots of RNA, cDNAs were synthesized using the First
Strand cDNA synthesis kit (Roche Applied Science, Penzbergh, Germany) with oligo(dT)
primers. DNA primers were designed using Primer3” software (version 0.4.0), and
sequences were as follows: a-MHC 5’-AGAAGCCCAGCGCTCCCTCA-3’ (forward) and
5’-TGCCTCGGG TCAGCTGGGAA-3’ (reverse); ANP 5’-
TCGTCTTGGCCTTTTGGCT-3’ (forward) and 5’-TCCAGGTGGTCTAGCAGGTTCT-3’
(reverse); B-MHC 5’-CCTCGGGTTAGCTGAGAG ATCA-3’ (forward) and 5’-
ATGTGCCGGACCTTGGAAG-3’ (reverse); BNP 5’-AAG TCCTAGCCAGTCTCCAGA-3’
(forward) and 5’-GAGCTGTCTCTGGGCCATTTC-3’(reverse); GAPDH 5’-
CATGGCCTTCCGTGTTCCTA-3’ (forward) and 5’-CCTGCTTCA CCACCTTCTTGAT-3’
(reverse).

All primers were loaded at 600 nM, and 1 pl of cDNA was amplified by duplicate in 10 pl of
1x SYBR Green Mix (Roche Applied Science, USA), using a ABI7900 HT thermocycler
(Thermo Fisher Scientific, USA). The PCR was set up as follows: a denaturing step of 7 min
at 94 °C, followed by 35 amplification cycles of 94 °C for 10 s, 60 °C for 10 s, and 72 °C for
10 s. PCR products were tested for melting temperature with a temperature ramp of 2.2 °C/s
from 65 to 95 °C and shown to correspond to the expected cloned fragments. GAPDH was
used as a reference gene, and relative expression was estimated by the AACt method as the
average value of each sample normalized against the average value of control hearts.

Steady state metabolomics using CE-MS analysis

Approximately 50 mg of frozen tissue was plunged into 1.5 mL of 50% acetonitrile/Milli-Q
water containing internal standards (H3304-1002, Human Metabolome Technologies, Inc.,
Tsuruoka, Japan) at 0°C in order to inactivate enzymes. The tissue was homogenized thrice
at 1500 revolutions per minute for 120 s using a tissue homogenizer (Microsmash MS100R,
Tomy Digital Biology Co., Ltd., Tokyo, Japan) and then the homogenate was centrifuged at
2300 xg and 4°C for 5 min. Subsequently, 800 pL of upper aqueous layer was centrifugally
filtered through a Millipore 5-kDa cut-off filter at 9100 xg and 4°C for 120 min to remove
proteins. The filtrate was centrifugally concentrated and re-suspended in 50 pL of Milli-Q
water for CE-MS analysis.

Metabolome measurements were carried out by Human Metabolome Technologies, Inc.,
Tsuruoka, Japan. Peaks detected by CE-TOFMS and CE-MS/MS were extracted using
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automatic integration software (MasterHands, Keio University, Tsuruoka, Japan and
MassHunter Quantitative Analysis B.04.00, Agilent Technologies, Santa Clara, CA, USA,
respectively) to obtain peak information including m/z, migration time (MT), and peak area.
The peaks were annotated with putative metabolites from the HMT metabolite database
based on their MTs in CE and m/z values determined by TOFMS. The tolerance range for
the peak annotation was configured at £0.5 min for MT and £ 10 ppm for m/z. In addition,
concentrations of metabolites were calculated by normalizing the peak area of each
metabolite with respect to the area of the internal standard and by using standard curves,
which were obtained by three-point calibrations.

C13 flux metabolomics using LC-MS analysis

Approximately 50 mg of frozen heart was grinded in a mortar submerged in liquid nitrogen.
Metabolites were extracted using a solution with 50% methanol, 20% acetonitrile and 30%
H,0. LC-MS analysis of the extracted samples was performed using a Q Exactive Hybrid
Quadrupole-Orbitrap mass spectrometer coupled to a Vanquish UHPLC system (Thermo
Fisher Scientific). The liquid chromatography system was fitted with a Sequant ZIC-pHILIC
column (150 mm x 2.1 mm) and guard column (20 mm x 2.1 mm) from Merck Millipore
(Germany) and temperature maintained at 35°C. The mobile phase was composed of 10 mM
ammonium carbonate and 0.1% ammonium hydroxide in water (solvent A), and acetonitrile
(solvent B). The flow rate was set at 100 uL/min with the gradient described previously
(Mackay et al., 2015). The mass spectrometer was operated in full MS and polarity
switching mode. The acquired spectra were analyzed using XCalibur Qual Browser and
XCalibur Quan Browser software 4.2 (Thermo Scientific)

Dystrophin Immunohistochemistry

Heart tissues were fixed in 4% formalin/PBS and embedded in paraffin using an ASP300S
dehydration machine (Leica, Wetzlar, Germany) and an EG1160 tissue embedding system
(Leica, Wetzlar, Germany). Immuno-histochemical staining was performed as follows:
Sections were cut at a thickness of 2 um. After dewaxing and inactivation of endogenous
peroxidases (PBS/3% hydrogen peroxide), antibody-specific heat mediated antigen retrieval
was performed using the Ventana Benchmark XT machine (Ventana, Tuscon, Arizona,
USA). Sections were blocked (PBS/10% FCS) and afterwards incubated with anti-
dystrophin antibody (1:200; MAB1645, EMD Millipore). For detection of specific binding,
the Ultra View Universal DAB Detection Kit (Ventana, Roche) was used that contains
secondary antibodies, DAB stain and counter staining reagent for detection of nuclei.
Representative images were taken with a Leica DMD108 digital microscope. Cardiomyocyte
area quantification was analysed using ImageJ (version 1.51W).

NADP/NADPH and NAD/NADH assay

NADP*/NADPH and NAD/NADH ratios were measured using the NADP*/NADPH-GLO
and NAD*/NADH assay kit (Promega) respectively following the manufacturer’s
instructions. Briefly, 5 x 108 HIC2 cells or 30 mg of heart tissue were lysed in 200 pl or 300
ul respectively of base solution (Sigma). Half of the lysate was treated with 0.4 N HCI at 60
°C in order to remove the NADH and NADPH to allow measurement of NAD* and NADP*.
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Cell and tissue lysates were mixed with kit detection reagents and after 30 min, NADP*/
NADPH ratios were measured using CLARIOstar® Plus (BMG, Labtech).

Real-time cell proliferation analysis

The xCELLigence system (Acea Biosciences, RTCA SP) was used for real-time and time-
dependent analysis of HIC2 cell responses to UK5099 (10 uM or 20 uM). 20,000 cells were
seeded on an PET 16 E-Plate and cultured in 250 pl of Dulbecco’s Modified Eagle
Glutamax Medium (Thermo Fisher Scientific). After 24 hours, cells were treated with
vehicle or UK5099 and real-time cell index was continuously measured for the following 96
hours using the cell impedance detection system. Cell Index is a measure of impedance
which correlates with the number, attachment and size of the cells.
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a, Cardiac function of wild type mice injected with saline or angiotensin presented as
ejection fraction, fractional shortening, cardiac output and stroke volume. Development of
cardiac hypertrophy was indexed by the heart weight/tibia length ratio (n= 5 mice/group). b,
Cardiac function of wild type mice subjected to a sham or thoracic aortic constriction
operation presented as ejection fraction, fractional shortening, cardiac output and stroke
volume. Development of cardiac hypertrophy was indexed by the heart weight/tibia length
ratio (n= 5 mice/group). All statistical significances (P < 0.05) were calculated using
unpaired, two-tailed, Student’s t-tests. Data are presented as mean + S.E.M.
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Extended Data Fig. 2.
Cardiac function of partial MPC1 KO (-/+ CreMPC1), Mhy6Cre control and wild type mice

was indexed using echocardiography. Cardiac function is presented as interventricular
septum thickness at end-diastole and end systole (IVSd and 1VSs), left ventricular internal-
diastolic (LVIDd), internal-systolic dimension (LVIDs), left ventricular posterior wall in
diastole and systole (L\VPWd and LVVPWs), end diastolic and end systolic volume (Vol d and
\ol s), stroke volume, ejection fraction, and fractional shortening (n= 9-10 mice/group).
Statistical significances (P < 0.05) were calculated using one-way ANOVA adjusted using

Dunnett’s test for multiple comparisons. Data are presented as mean + S.E.M.
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Extended Data Fig. 3.
Western immunoblotting analysis of homozygous (TAXMPC1 KO) or heterozygous

(TAXMPC1*-) mouse hearts showed that tamoxifen injection to 8-week-old transgenic
TAXMPCL1 adults promoted a significant reduction in MPC1 and MPC2 protein abundance
(n=4-6 biologically independent heart samples/group). All statistical significances (P <
0.05) were calculated using unpaired, two-tailed, Student’s t-tests. Data are presented as
mean + S.E.M.
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Control TAXMPC1 */-

Extended Data Fig. 4.
Immunofluorescence analysis of dystrophin (green), MPCL1 (red) and DAPI enabled

measurement of cardiomyocyte cross-sectional area. TAXMPC1*/~, which are characterised
by partial knockout of MPC expression, were hypertrophic as evidenced by the presence of
larger cells. (Scale bar represents 25 pum). Representative image for n= 3 biologically
independent hearts/group.
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Extended Data Fig. 5.
Diagram adapted from Carpenter et al.3! to show measurement of flux towards the PPP.

TAXMPC1+/- hearts presented an increase in doubly and singly labelled 13C lactate and
pyruvate (n=5-6 biologically independent heart samples/group). Peak area was normalized
by HEPES. All statistical significances (P < 0.05) were calculated using unpaired, two-
tailed, Student’s t-tests. Data are presented as mean + S.E.M.
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Extended Data Fig. 6.
a, Proliferation and growth of H9C2 cells was increased in response to the mitochondrial

pyruvate carrier inhibitor UK5099 (10 uM or 20 uM). b, H9C2 cells treated with 20 pM
UK5099 showed a significant reduction in NADP/NADPH and NAD/NADH ratios, whereas
only the NAD/NADH ratio was significant in H9C2 cells treated with 10 pM UK5099 (n=4
biologically independent cell samples/group). Statistical significances (P < 0.05) were
calculated using one-way ANOVA adjusted using Dunnett’s test for multiple comparisons.
Data are presented as mean + S.E.M.
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The Ensembl Gene link used for the generation of MPC1 conditional knockout with tetO
knockin is: http://useast.ensembl.org/Mus_musculus/Gene/Summary?
db=core;g=ENSMUSG00000023861;r=17:8282904-8297661;t=ENSMUST00000155364

The Ensembl Gene link used for the generation of MPC2 conditional knockout with tetO
knockin is: http://www.ensembl.org/Mus_musculus/Gene/Summary?
db=core;g=ENSMUSG00000026568;r=1:165461037-165481214;t=ENSMUST0000002785
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Figure 1. MPC1 and MPC2 abundanceislower in hearts of patients with hypertrophic
cardiomyopathy and miceinduced to undergo pathological hypertrophy.

a, Quantitative western immunoblotting analysis showed MPC1 and MPC2 were
significantly less abundant in myocardium from patients with hypertrophic cardiomyopathy
(HCM) compared with those from donors with a healthy heart (Control), as normalised to
GAPDH expression. TOM20 was included as a mitochondrial loading marker control. (h= 6
biologically independent heart samples/group). b, Quantitative western immunoblotting
analysis showed 3-days of angiotensin Il treatment promoted significant loss of cardiac
MPC1 as normalised to GAPDH (n= 6 biologically independent heart samples/group).
Cardiac MPC1 and MPC2 remained lower 14-days after exposure to angiotensin 11, as
normalised to GAPDH expression (n= 5 biologically independent heart samples/group). c,
Quantitative western immunoblotting analysis, normalised to GAPDH expression, showed
MPC1 and MPC2 were significantly reduced in hearts from mice 21-days after they were
subjected to transverse-aortic constriction compared to sham controls in which growth was
not promoted (n= 5 biologically independent heart samples/group). The transverse-aortic
constriction procedure that decreased MPC1/2 expression also increased hypertrophic
growth as evidenced by a significant increase in heart weight/tibia length ratio, compared
with the sham group. Statistical significances (P < 0.05) were calculated using unpaired,
two-tailed, Student’s t-tests. Data are presented as mean + S.E.M.
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Figure2. MPC1 or MPC2 knock out from birth induces heart hypertrophy and increases

mortality.

a,b, Quantitative western immunoblotting analysis showed MPC1 KO or MPC2 KO hearts
showed a reciprocal, concomitant loss of the other subunit of the carrier. This loss of
MPC1/2 was associated with a profound increase in cardiac mass. ¢, MPC1 or MPC2 KO
mice, in which the MPC gene was deleted from birth, showed enhanced mortality compared
with Mhy6Cre control mice as illustrated by the Kaplan-Meier survival curves, probably
because of cardiac failure (n= 12-20 mice/group). d, Real-time PCR analysis showed both
the partial MPC1 and MPC1 KO hearts also has significantly increased levels of mMRNA
hypertrophic markers, namely atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP), whereas p-myosin heavy chain B-MHC was only significantly increased in MPC1
KO hearts (n=5 biologically independent heart samples/group). Statistical significances (P <
0.05) were calculated using one-way ANOVA adjusted using Dunnett’s test for multiple
comparisons. e, Partial MPC1 KO (-/+ CreMPCJI) showed lower expression of MPC1 and
MPC2 subunits that was comparable to that in angiotensin 11- or transverse-aortic
constriction-induced hypertrophic hearts. The partial MPC1 KO mice were hypertrophic,
exhibited a reduced ejection fraction, left ventricular volume (LV Vol) and fractional
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shortening (n= 9-10 mice/group). Statistical significances (P < 0.05) were calculated using
unpaired, two-tailed, Student’s t-tests and one-way ANOVA adjusted using Dunnett’s test
for multiple comparisons. Data are presented as mean + S.E.M.

Nat Metab. Author manuscript; available in PMC 2021 March 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Fernandez-Caggiano et al. Page 22
a b (o L o
<> xxge xxe @ O
* NN Y NN NN
W, .Y $EE8 §68¢8  §8¢8 gfgf Mo WO
p t X X X X 0.0294
e f(rJX P y m LOX P = ’\Q\— /§F I\i-\_ E = /\;Y /\Q\— /§Y /\Q\— - = § "j.\- § E = $ g $ g g 20 00372 £ o8 L4
o o o o 515 e So6
T _ £ | {3—---1 gk-f-g-—\g\'._.i Fro :
OPRC  — —— AR
(active) O | — E - g e e E 0.0 0.0
(inactive) o s s - & B @ N
o = = O N & N
tamontten Tamoxifen - + - + -+ -+ ® & N
A ,\5}-
d e f g
& © Mhy6Cre ® TAXMPC1 +/- o Mhy6Cre ® TAXMPC1 +/-
=__ = : P<0.0001
8 P<0.0001 . Mivocr gE1s P=0.0428 c 80 P 0000t , 40, ., :
e oo TAXIPCT EE - £ gof fretbr S T L
. - =t c . o Sut = i
£4 PR 235" S £ a0 = £ €2 ==
. 5 o
s g q=, B L ] "
= o 5 . L c St
o2 Cwm 220 w o10
- E=3 =
0 332 o S o % o
ANP  BNP  ¢-MHC p-MHC = Mhy6Cre CreMPC1 +/- iy Basal 21 days Basal 21 days
h I Control-C TAXMPCA1
® Control-Cre =
[l Control-Cre S
ges Ribose 5-P
[l TAXMPC1 GLUCOSE i ; NADP* NADPH
s i P=0.1410
%«mn ATP a 1600, ADP al : .= g 25 p=0.3595 g 50 =
ima s 3ED [, s [[E==rle (e g §o%e ik
el g m @ =2 I 0, * 15 30 :
E o E 000 i A wyluloses-p | 1111 gim £ 10 E 20
g 56 AMP Adenylate energy $ """"""""""" = 3
i 5 1o charge CE’ 5 g 10
s §3%% w & Qo
S -"Hﬂ m = 0
00 ¢ s i Fructose 1,6-DP P=0.0268
et £ 03
FCl s S06(e®
Glyce?‘lgehyda E 0.4 % -
- - o () i’:
- Qo2
" z
> 0.0
—
o NAD* NADH
(] o 5007 P=0.1728
&5 : ? 400{ o u P=0.0961
- Gly"= e Ssr* L/u7 Acetyl CoA = Citrat: ;n‘Aconit:te E,SOO 'ﬁ %
i : Do R i | g ey o |
real il $ Hea —HL 320 F
A B W.ﬂ\/ o s bl ' g 100
3 i Q
b Oxaloacetate (Y T C A 2-oxoglutarate 0
| - /‘ CYCLE & 025
lle ﬁ 2.0
5. - 0. s i —)e.—> Pyruvate £
f.mlﬂ i{gjﬁ[ / | MPC 15
Ala Lactate ﬂ Lactateleruvatei E 1.0
. : ™ . f * [=]
E s . 2 < 0.5
Wi o0

Figure 3. Inducibly decreasing M PC expression in adult mice switches metabolism to an anabolic
programme that causes hypertrophic growth.

a, Design rationale for cardiomyocyte-specific tamoxifen-inducible KO (TAXMPC1)
transgenic mice. Intraperitoneal administration of tamoxifen to adult transgenic mice
activates Cre recombinase with the consequent excision of first exon of the MPC1 gene only
in cardiomyocytes. b, Western immunablotting analysis of homozygous (TAXMPC1 KO) or
heterozygous (TAXMPC1*/) mouse hearts showed that tamoxifen injection to 8-week-old
transgenic TAXMPCL1 adults promoted a significant reduction in MPC1 and MPC2 protein
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abundance. c-d, Western immunoblotting analysis of heart sections from TAXMPC1*/- mice
confirmed the anticipated partial reduction in MPC subunit expression 21-days after MPC
was inducibly downregulated with tamoxifen (n= 4 biologically independent heart samples/
group). This hypertrophy was corroborated by increases in the mRNA hypertrophic markers
atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and p-myosin heavy chain
(B-MHC) in the same samples (n=5 biologically independent heart samples/group). e-g,
Partial MPC knockdown also increased hypertrophy, as indexed by the heart weight/tibia
length ratio, resulting in left ventricular dysfunction characterised by decreases in ejection
fraction and fractional shortening (n= 5 mice/group). h, Pathway analysis obtained from
mass spectrometry-based metabolomics of TAXMPC1 KO hearts showed a significant
reduction in citric acid cycle intermediates citrate and aconitate, with a corresponding
significant increase in pentose phosphate pathway (PPP) metabolites 6-phosphogluconic
acid and 7-sepdoheptulose phosphate (n=5 biologically independent heart samples/group). i,
TAXMPC1 KO hearts showed a significant reduction in the ratio NADP/NADPH, whereas
there was no difference in the NAD/NADH ratio (n= 5-6 biologically independent heart
samples/group). All statistical significances (*P < 0.05) were calculated using unpaired, two-
tailed, Student’s t-tests. Data are presented as mean £ S.E.M.
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Figure 4. Conserved M PC expression in MPC1 overexpressersin a TAC model of cardiac
hypertrophy is cardioprotective and limits aberrant growth.

a, Overview of the design rationale for inducible cardiomyocyte-specific overexpression of
MPC1 (tTAMPC1) or MPC2 (tTAMPC?2) transgenic mice. Tetracycline controlled frans-
activator protein (tTA) is inactive in the presence of doxycycline, however the withdrawal of
this drug induces an efficient interaction between tTA and the tetO promoter which should
promote enhanced MPC1 or MPC2 transcription. b, Western immunoblotting analysis of
hearts from tTAMPC1 mice showed increased MPC1 and MPC2 expression compared to the
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Mhy6tTA control 21 days after doxycycline withdrawal (n= 4 biologically independent heart
samples/group). ¢, Histological measurement of cardiomyocyte surface area in heart tissue
sections by immunostaining with dystrophin showed MPC1 overexpression reduced
cardiomyocyte size compared to MAy6tTA controls in mice subjected to TAC (n= 150-200
cells examined over 6 independent heart samples per group. Scale bar represents 100 pm). d,
Echocardiography analysis performed over 3 consecutive weeks following TAC-induced
hypertrophy showed a higher ejection fraction and fractional shortening from week 2 in
mice induced to overexpress MPC1 compared to Mhy6tTA controls. Cardiac output was also
significantly better than controls in MPC1 overexpressers 3 weeks after TAC-induced
hypertrophy (n=5-6 mice/group). e, Indeed, hypertrophy as indexed by heart weight/tibia
length ratio was significantly lower in MPC1 overexpressers compared to control expressing
normal levels of the carrier (n=5-6 mice/group). f, Pathway analysis obtained from mass
spectrometry-based metabolomics showed that MPC1 overexpressers significantly increased
citric acid cycle intermediates, including citric acid, aconitate, fumarate and malate (n=6
biologically independent heart samples/group). Statistical significances (*P < 0.05) were
calculated using unpaired, two-tailed, Student’s t-tests for figures 4e, 4c, cardiac output
graph in 4d and 4e. Two-way ANOVA adjusted by Bonferroni’s multiple comparisons test
was use for figure 4d. Data are presented as mean £ S.E.M.
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