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Abstract

Genetic variation in genes regulating metabolism may be advantageous in some settings but not others. The non-failing adult heart
relies heavily on fatty acids as a fuel substrate and source of ATP. In contrast, the failing heart favors glucose as a fuel source. A
bootstrap analysis for genes with deviant allele frequencies in cardiomyopathy cases versus controls identified the MTCH2 gene as
having unusual variation. MTCH2 encodes an outer mitochondrial membrane protein, and prior genome-wide studies associated MTCH2
variants with body mass index, consistent with its role in metabolism. We identified the referent allele of rs1064608 (p.Pro290) as being
overrepresented in cardiomyopathy cases compared to controls, and linkage disequilibrium analysis associated this variant with the
MTCH2 cis eQTL rs10838738 and lower MTCH2 expression. To evaluate MTCH2, we knocked down Mtch in Drosophila heart tubes which
produced a dilated and poorly functioning heart tube, reduced adiposity and shortened life span. Cardiac Mtch mutants generated more
lactate at baseline, and they displayed impaired oxygen consumption in the presence of glucose but not palmitate. Treatment of cardiac
Mtch mutants with dichloroacetate, a pyruvate dehydrogenase kinase inhibitor, reduced lactate and rescued lifespan. Deletion of MTCH2
in human cells similarly impaired oxygen consumption in the presence of glucose but not fatty acids. These data support a model in
which MTCH2 reduction may be favorable when fatty acids are the major fuel source, favoring lean body mass. However, in settings like
heart failure, where the heart shifts toward using more glucose, reduction of MTCH2 is maladaptive.
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Introduction
MTCH2 encodes an outer mitochondrial membrane protein
belonging to the solute carrier 25 (SLC25) family (1). In humans,
single nucleotide polymorphisms (SNPs) around and in MTCH2
have been associated with body mass index (BMI) (2–4). The
intronic MTCH2 variant rs10838738 associates with BMI in both
adults and children, and this variant is linked to increased
MTCH2 mRNA expression in adipose tissue suggesting a role for
MTCH2 in metabolic regulation (5–8). Deletion of Mtch2 in mice
produces early embryonic lethality (9). Mice lacking Mtch2 in
skeletal and cardiac muscle are resistant to high fat diet and
have increased lean mass (10). These mice also have excess
energy expenditure, elevated serum lactate and hyperdynamic
cardiac contractility (10). Overexpression of Mtch2 produced mice
with fatty livers and high levels of fatty acid synthase (11). In
Caenorhabditis elegans, RNAi-mediated knockdown of the MTCH2
ortholog, mtch-1, similarly reduced overall adiposity levels, and
mtch-1 overexpression led to excess lipid accumulation in worms
(12). These phenotypes point to a fundamental role for MTCH2
in metabolic homeostasis in which reduced MTCH2 favors lean
mass and elevated MTCH2 promotes adiposity.

In a search for genetic modifiers of heart failure, we now
identified MTCH2 as having deviant non-synonymous variation in
humans with cardiomyopathy compared to a population without
heart failure. Cardiomyopathy is a leading cause of heart failure,
affecting approximately 1 in 250–500 adults (13). Under normal
conditions, the healthy adult heart relies heavily on fatty acids
and oxidative phosphorylation as its major source of ATP (14).
In contrast, the failing heart shifts to glucose and glycolysis as
a primary source of ATP, and this fuel shift is a shared feature

across all forms of advanced heart failure (15–17). The failing
heart’s increased reliance on glycolysis is not matched by an
increase in mitochondrial oxidation of pyruvate derived from
glycolysis, resulting in lactate accumulation and reduced oxygen
consumption. Specifically, we identified overrepresentation of
the referent allele of rs1064608 (MTCH2 p.Pro290). However, it is
the non-referent (MTCH2 p.Pro290Ala) allele that was previously
associated with increased BMI (18), as well as rs10838738, which
falls within a non-coding region (2). The two SNPs, rs10838738
and rs1064608 (MTCH2 p.Pro290Ala) are in near complete linkage
disequilibrium (LD), and importantly, rs10838738 is a cis eQTL for
increased MTCH2 expression in skeletal muscle, consistent with
the referent haplotype having comparatively lower expression.
These findings suggest MTCH2 reduction is protective for
obesity but may not be beneficial in the setting of heart
failure.

To evaluate the role of MTCH2 in the heart, we generated
Drosophila with cardiac-specific knockdown of the MTCH2
ortholog Mtch. Cardiac Mtch knockdowns developed cardiomy-
opathy, reduced adiposity and shortened lifespan. Cardiac Mtch-
knockdown flies, as well as MTCH2-deleted HEK293 human cells,
had increased lactate and less ATP production in the presence of
glucose but not fatty acids. We identified reduced mitochondrial
pyruvate dehydrogenase (PDH) activity as a feature of MTCH2
reduction. We showed that inhibition of pyruvate dehydrogenase
kinase (PDK), which normally inhibits PDH, in cardiac Mtch-
knockdown flies improved lifespan and the substrate-dependent
oxygen consumption rates (OCRs). The results support a model
in which lower MTCH2 expression is beneficial in the setting of
high fat diet where it associates with lean mass, but this same
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haplotype is maladaptive in heart failure, when the heart becomes
more reliant on glycolysis for function.

Results
Aberrant MTCH2 variation in the
cardiomyopathies
We previously searched for modifiers of cardiomyopathy by iden-
tifying genes with deviant protein-coding variation in cardiomy-
opathy subtypes (19). We applied bootstrap resampling using
ancestral allele frequencies from gnomAD selecting for variants
with a frequency between 0.25 and 0.50 as we expected these
variants to represent modifier alleles. Genome-wide, a total of
184 genes were identified with an unusual cumulative allele
frequency. Sixty-seven genes were genome-wide significant for
aberrant variant accumulation in the same direction for both
hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy
(DCM), and these included MTCH2. We identified the MTCH2
gene as having an underrepresentation of non-synonymous single
nucleotide variation (nsSNV) in both DCM and HCM cardiomy-
opathy subjects (n = 172) compared to the gnomAD database.
Fewer MTCH2 nsSNVs were identified in both DCM and HCM sub-
jects (99.95% confidence intervals (CIs), DCM: −0.3155 to −0.0779;
HCM: −0.3707 to −0.1098) (Fig. 1A). Results were significant for a
1% false-discovery rate across the entire protein coding genome.
MTCH2 variant analysis revealed that there was only one com-
mon (frequency range 0.25–0.50) variant in the cardiomyopathy
dataset, rs1064608. rs1064608 encodes an alanine at amino acid
290 of MTCH2, where the referent allele is a proline (Fig. 1B).
Figure 1C shows the position of MTCH2 nsSNVs (blue), as well as
MTCH2 variants identified from genome-wide association studies
(GWAS) associated with metabolic and cardiovascular phenotypes
(yellow), including BMI, hypertension and high-density lipoprotein
levels (2,18,20,21). rs1064608 (p.P290A) was previously identified
in a GWAS for BMI and is in near total LD with rs10839738
(R2 = 0.997), which is a lead index SNP identified in a GWAS
for BMI (18,22). LD mapping revealed the co-inheritance pattern
between rs1064608 and an additional GWAS variant rs3817334
(R2 = 0.501) (Fig. 1D). Genotype-Tissue Expression (GTEx) Project
data was used to determine if either of these GWAS SNPs for BMI
were also expression quantitative trait loci (eQTL). Both SNVs sig-
nificantly alter expression of MTCH2 in skeletal muscle (Fig. 1E).
We identified that the rs1064608 referent allele was overrepre-
sented in a non-ischemic cardiomyopathy cohort (N = 172) when
compared to a general cohort derived from the Northwestern
medical biobank (N = 772) with an overall allele frequency of 0.776
in the cardiomyopathy cohort compared to 0.714 in the control
cohort, respectively (P < 0.024, Chi Square Test, Fig. 1F). The hap-
lotype characterized by comparatively reduced MTCH2 expression
is overrepresented in the cardiomyopathy cohort. Therefore, we
hypothesized that lower MTCH2 expression is maladaptive in the
heart.

Cardiac-specific reduction of Mtch reduces
lifespan and alters cardiac dynamics in flies
In mice, global deletion of Mtch2 is embryonic lethal (9). To
evaluate the role of MTCH2 in the heart, we generated cardiac-
specific reduction of the MTCH2 ortholog, Mtch, in Drosophila
melanogaster using RNAi-mediated knockdown. Cardiac specificity
was achieved using a fly line expressing an anti-Mtch RNAi hairpin
under the cardiac-exclusive promoter, tinC (23–25). Control
flies were isogenic to Mtch knockdowns and expressed a non-
targeting hairpin under the tinC promoter. Mtch-tinC flies had a

50% reduction in cardiac Mtch expression compared to controls,
consistent with partial loss of function (Fig. 2A–C). We used optical
coherence tomography to evaluate heart tube function and
found that Mtch cardiac depletion produced marked dilated heart
tubes with reduced cardiac function (Fig. 2D–F; Supplementary
Material, Fig. S2A–C). Heart tube dysfunction developed in
Mtch knockdowns as early as the first week of life and was
maintained throughout adulthood (Supplementary Material, Fig.
S1A–C). Cardiac-specific reduction of Mtch significantly shortened
lifespan compared to control flies (Fig. 2G). Overall, reducing Mtch
expression in the fly heart adversely affected heart tube function
and reduced overall longevity.

Depletion of cardiac Mtch in flies alters substrate
stores
To assess energy storage in cardiac Mtch knockdowns, we mea-
sured adiposity in Mtch knockdown larvae using a buoyancy test
(26). Cardiac Mtch knockdowns had reduced abdominal triglyc-
eride content and were significantly less buoyant than controls,
indicating less overall adiposity and fat content (Supplementary
Material, Fig. S2; Fig. 3A). These findings align with GWAS identify-
ing lower MTCH2 expression associated with reduced adiposity in
humans. Food consumption was similar in Mtch knockdown and
control flies, suggesting intake was not responsible for reduced
adiposity (Fig. 3B). There was excess glycogen content in the heart
tube-containing abdomen of 3-week-old adult mutant flies com-
pared to controls (Fig. 3C) with no change in circulating glucose
relative to controls (Fig. 3D). The reduced body fat content and
greater abdominal glycogen storage in cardiac Mtch knockdowns
suggested the predominantly carbohydrate-rich diet normally
fed to flies was shifted more towards glycolysis and less from
oxidative phosphorylation (27).

Cardiac Mtch dysfunction increases glycolytic
lactate accumulation in flies
At baseline, cardiac Mtch knockdowns had significantly higher
circulating lactate levels than control flies, consistent with the
shift towards glycolysis with Mtch reduction (Fig. 4A). Cardiac Mtch
knockdowns also had an increased ratio of lactate to pyruvate,
consistent with greater conversion of pyruvate to lactate (Fig. 4B).
These findings were corroborated with whole-body proton pro-
duction rate (PPR), another indicator of glycolytic output, in the
presence of 10 mm glucose in which cardiac Mtch knockdowns had
higher whole-body PPR (Fig. 4C). Although lactate was increased
in Mtch knockdowns, expression of lactate dehydrogenase mRNA
itself was unchanged in these flies (Fig. 4D). The lactate accu-
mulation seen in Mtch reduction suggested glycolysis as a major
source of ATP, rather than the normal use of oxidative phospho-
rylation.

Cardiac Mtch dysfunction lowers the rate of
glucose oxidation and energy production in flies
We measured OCR in the presence of glucose or the fatty acid
palmitate. Cardiac Mtch knockdowns had lower OCR in the pres-
ence of glucose, but not palmitate, demonstrating a substrate-
specific impairment in OCR (Fig. 5A; Supplementary Material, Fig.
S3). To determine whether this glucose-specific reduction in OCR
associated with lower oxidative phosphorylation, we examined
the ratio of ATP:ADP metabolites in the presence of 10 mm glucose.
Using targeted metabolomics, we found that cardiac Mtch knock-
downs also had a reduction in ATP:ADP in the presence of glu-
cose (Fig. 5B), suggesting compromised energy production when
glucose is the substrate. We exposed flies to 13C M + 6 labeled

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
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Figure 1. MTCH2 variation in a human cardiomyopathy cohort. (A). Shown is common nsSNV variant burden in MTCH2 in DCM or HCM cases compared
with expected gnomAD frequencies estimated using bootstrap-based approach. The 99.95% confidence intervals are shown for MTCH2 (DCM: −0.3155 to
−0.0779; HCM: −0.3707 to −0.1098). (B) MTCH2 has less variation in cardiomyopathy compared to the gnomAD. The purple bar represents the normalized
referent allele count of MTCH2 p.Pro290Ala variant in the cardiomyopathy cohort (N = 172), the black line represents number of variants expected at each
frequency based on gnomAD genome-wide frequency predictions. (C) The top pins (blue) show the position of MTCH2 variants from a cardiomyopathy
cohort, and the bottom pins (yellow) depict MTCH2 variants identified in GWAS for cardiac and metabolic phenotypes. The blue and yellow striped pin
represents rs1064608 (MTCH2 p.Pro290Ala) identified in a GWAS for BMI. (D) LD plot of the 5 GWAS SNPs from (C) reveals strong LD between rs1064608
and the two SNPs previously associated with BMI (rs10838738 and rs3817334). (E) GTEx shows two MTCH2 SNPS that are eQTLs in skeletal muscle and
have genome-wide significant association with BMI (underlined in C). (F) In a control cohort derived from the Northwestern NUgene Medical Biobank,
the referent allele, MTCH2 Pro290, has an overall allele frequency of 0.714 in biobank participants without heart failure (dark blue, left) compared to
0.776 in a cardiomyopathy cohort (dark blue, right). Control N = 772, cardiomyopathy cohort N = 172, ∗P < 0.024, Chi Square Test.

glucose (each of the six carbons in glucose is a 13C isotope instead
of 12C) to trace the flux of glucose molecules through glycoly-
sis and pyruvate oxidation to identify the disruption in glucose
oxidation (Supplementary Material, Fig. S4A; Fig. 5C). The ratio of
M + 3 labeled lactate to M + 2 labeled citrate can be used to infer
the relative amount of 13C M + 6 labeled glucose contributing to

glycolysis versus oxidation through the tricarboxylic acid (TCA)
cycle. This ratio was higher in Mtch knockdowns relative to con-
trols, demonstrating glucose in Mtch knockdowns was shifted
towards being metabolized via glycolysis rather than oxidized to
fuel the TCA cycle (Fig. 5D). Furthermore, the amount of M + 2
labeled citrate (citrate derived from 13C M + 6 labeled glucose

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
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Figure 2. Reduced lifespan and impaired heart function in Drosophila with cardiac Mtch knockdown. (A-C) In Mtch-tinC flies, Mtch expression was reduced
in heart tubes (N = 7, ∗∗∗∗P < 0.0001), but Mtch expression was unchanged in abdominal tissue after heart tube removal (N = 6, P > 0.05) and unchanged in
whole heads of Mtch-tinC flies (N = 8, P > 0.05). Average ± SEM, black dots represent group of 20 flies. Gene expression values were normalized to αTub84B.
(D-E) FS was reduced in the heart tube of Mtch-tinC flies assessed by optical coherency tomography (∗∗∗∗P < 0.0001, black dots represent each individual
fly, N = 29). The right panel shows end-diastolic diameter and end-systolic diameter of heart tubes EDD (∗∗∗∗P < 0.0001), ESD (∗∗∗∗P < 0.0001, N = 29, black
dots represent each individual fly). (F) Cardiac imaging of 3-week-old flies for a 3 s duration using optical coherence tomography. Panels reveal degree
of contraction of the heart tube. Top panel is imaging from control fly, bottom panel shows a Mtch-tinC fly with reduced function as evidenced by the
lack of contraction. (G) Kaplan–Meier curve showing Mtch-tinC flies had reduced longevity (N = 120, ∗∗∗∗P < 0.0001, Kaplan–Meir estimate). Unless stated
otherwise, all comparisons were made using a two-tailed student’s t-test. All experiments used equal numbers of 3-week-old males and females. Dark
gray = Mtch-tinC; light gray = control.
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Figure 3. Cardiac Mtch Drosophila mutants had reduced adiposity and
increased glycogen content. (A) Mtch-tinC larvae had reduced adiposity
based on buoyancy of third instar larvae (average ± SEM, N = 6, each black
dot represents 10 flies, ∗∗∗∗P < 0.0001). (B) Food consumption over a 24 h
period was unchanged in 3-week-old Mtch-tinC flies (N = 8, each black
dot represents 20 flies, P > 0.05). (C) Glycogen content was greater in
the heart-containing abdomen of Mtch-tinC flies (N = 120, ∗P = 0.0491). (D)
Circulating glucose levels were unchanged in the hemolymph of Mtch-
tinC flies (N = 8, each black dot is 60 flies, P > 0.05). All comparisons were
made using a two-tailed Student’s t-test. Unless stated otherwise, all
experiments used equal numbers of 3-week-old males and females. Dark
gray = Mtch-tinC; light gray = control.

metabolism) generated from M + 3 labeled pyruvate (pyruvate
derived from 13C M + 6 labeled glucose metabolism) was lower in
Mtch knockdowns compared to controls, indicating that the entry
of glucose derivatives into the TCA cycle was partially blocked in
Mtch knockdowns (Fig. 5E). The rate of glycolysis was unchanged
in Mtch knockdowns, and the amount of glycolytic intermediates
diverted to the pentose phosphate pathway (PPP) was negligible,
suggesting that the disruption in glucose metabolism was in gly-
colysis and PPP metabolism (Supplementary Material, Fig. S4A–C).
When examining percent composition of labeled TCA species,
there were no significant differences in labeled TCA metabolite
ratios nor in the ratio of M + 2:M + 4 citrate (citrate derived from
13C M + 6 labeled glucose metabolism where M + 2 citrate is repre-
sentative of citrate metabolism in the first turn of the TCA cycle,
and M + 4 citrate is representative of M + 2 citrate being further
metabolized in a subsequent turn of the TCA cycle), suggesting
that the efficiency of the TCA cycle itself was unchanged in Mtch
knockdowns (Supplementary Material, Fig. S4D). Interestingly, the
assessment of pooled labeled and unlabeled metabolites showed
that total levels of TCA metabolites were unchanged between Mtch
knockdowns and controls (Fig. 5F).

The mRNA expression of most TCA enzymes was unchanged
in cardiac Mtch knockdowns in the presence of glucose with
the exception that ScsbetaA (succinate-CoA-ligase) and Fum1
(fumarase) were reduced (Fig. 5G). The reduction in glucose-
derived citrate in the TCA cycle in the face of unchanged total TCA
metabolite levels suggests that other metabolic pathways may be
compensating to fuel the TCA cycle in cardiac Mtch knockdowns.
In support of compensation, we found an upregulation of

Figure 4. Increased lactate in cardiac Mtch knockdown Drosophila. (A)
Circulating lactate was increased in the hemolymph of Mtch-tinC flies
(average ± SEM, N = 8 groups, each dot is 60 flies, ∗∗∗∗P < 0.0001). (B) Ratio
of normalized lactate:pyruvate metabolite counts in the heart-containing
abdomen was elevated in Mtch-tinC flies, measured by LCMS-based tar-
geted metabolite profiling (N = 6, each black dot is 30 flies, ∗∗∗∗P < 0.0001).
(C) Whole-body PPR was increased in Mtch-tinC flies (N = 51, each black
dot is 20 flies, ∗P = 0.0249). (D) Ldh expression was unchanged in heart-
containing abdomen in Mtch-tinC flies (N = 6, each black dot is 20 flies,
P > 0.05). The increase of lactate to pyruvate and PPR suggest increased
glycolysis. Gene expression values are normalized to αTub84B. All com-
parisons were made using a two-tailed Student’s t-test. Unless stated
otherwise, all experiments used equal numbers of 3-week-old males and
females. Dark gray = Mtch-tinC; light gray = control.

ATPCL, ACC, SREBP and FASN1, key genes involved in fatty acid
synthesis, in cardiac Mtch knockdowns compared to controls
(Fig. 5H). This upregulation may help maintain the TCA cycle
and oxygen consumption in the presence of palmitate. However,
this upregulation is in adequate since longevity was compromised
in cardiac Mtch knockdown flies (Fig. 2G). These findings point to
pyruvate oxidation, and therefore acetyl-CoA entry into the TCA
cycle, as a potential dysregulated step in glucose metabolism in
cardiac Mtch knockdowns.

Enhanced PDH activity through inhibition of PDK
offsets Mtch reduction
PDK inhibits PDH, preventing pyruvate to acetyl-CoA conversion,
and resulting in more lactic acid production. mRNA expression
of Pdha (pyruvate dehydrogenase A), PdhB (pyruvate dehydro-
genase B), Pdk (pyruvate dehydrogenase kinase) and Pdp (pyru-
vate dehydrogenase phosphatase) was unchanged in Mtch knock-
down heart-containing abdomens (Supplementary Material, Fig.
S5). We investigated whether PDK inhibition could alleviate the
block in glucose oxidation observed in cardiac Mtch knockdowns
by treating flies the first day of pupal eclosion with 20 μg/ml
dichloroacetic acid (DCA), a chemical inhibitor of PDK and known
activator of PDH. DCA treatment rescued survival of cardiac
Mtch knockdowns (Fig. 6A). Additionally, DCA treatment restored

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
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https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
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Figure 5. Cardiac Mtch knockdown in Drosophila obstructed glucose oxidation and energy production. (A) Whole-body basal OCR was reduced in cardiac
Mtch-knockdowns given glucose but not palmitate (average ± SEM, N = 20, each black dot represents 20 flies, ∗∗P = 0.0060). (B) Mtch-tinC flies had reduced
energy generation, measured by the ratio of normalized ATP:ADP metabolite counts (N = 6 groups, each black dot is 30 flies, ∗P = 0.0158). (C) Metabolite
flux profiling traced the fate of consumed 13C M + 6 labeled glucose. (D) Glucose had a greater fate to lactate production in Mtch-tinC flies, assessed from
ratio of normalized labeled lactate:pyruvate metabolite counts (average ± SEM, N = 6, each black dot represents 30 flies, ∗P = 0.0242) (green arrow in C).
(E) Amount of pyruvate shuttled to the citric acid cycle was lower in Mtch-tinC flies (N = 3, each black dot represents 30 flies, P = 0.0671) (blue dashed
arrow in C). (F) Measurement of total normalized citric acid cycle metabolites was unchanged in Mtch-tinC flies (N = 6, each black dot represents 30 flies,
citrate (P = 0.3382), αKG (P = 0.4033), succinate (P = 0.0747), fumarate (P = 0.6119), malate (P = 0.6292) (G) Expression of genes encoding the citric acid cycle
enzymes showed selective reduction of ScsbetaA (∗P = 0.0229) and Fum1 (∗P = 0.0368) (N = 6, each black dot represents 20 flies). (H) Expression of genes
implicated in fatty acid metabolism showed selective reduction of ATPCL (∗P = 0.0115), ACC (∗P = 0.0320), SREBP (∗∗P = 0.0060) and FASN1 (∗∗∗∗P < 0.0001)
(N = 6, each group represents 20 flies). Gene expression values are normalized to αTub84B. All comparisons were made using a two-tailed student’s t-test.
Unless stated otherwise, all experiments used equal numbers of 3-week-old males and females. Purple = Mtch-tinC; gray = control.

glucose oxidation in Mtch knockdowns, as demonstrated by a
reduction in circulating lactate levels and increase in OCR in the
presence of glucose (Fig. 6B and C). As a positive control, flies were
treated for 3 days with 6,8-bis(benzylthio)octanoic acid (BOA),
a small molecule inhibitor of PDH. BOA treatment increased
circulating lactate levels in control flies to the level observed in
untreated Mtch knockdowns, and at the same time, BOA treatment
did not alter lactate levels in cardiac Mtch knockdowns (Fig. 6D).
These findings are consistent with Mtch knockdowns having a
high basal level of inhibited PDH, resulting in excess lactate
production.

Mitochondrial dysfunction in cardiac Mtch
knockdowns
To determine if mitochondrial function was compromised in
cardiac Mtch knockdowns, we employed targeted metabolomics to

measure the ratio of oxidized glutathione (GSSG) to reduced glu-
tathione (GSH), a common indicator of oxidative stress. GSSG:GSH
was significantly elevated in cardiac Mtch knockdowns, indicating
that Mtch knockdowns have higher levels of reactive oxygen
species (ROS) (Fig. 7A). To determine if Mtch knockdowns were
tolerant to exogenous oxidative stress, we treated flies for 24 h
with 150 nM paraquat, a ROS-inducing toxin, finding that cardiac
Mtch knockdowns experienced a greater mortality rate and
therefore greater susceptibility to exogenous ROS than control
flies (Fig. 7B). We examined expression of Trxr-2, which encodes a
ROS-neutralizing enzyme. Trxr-2 expression was reduced in Mtch
knockdown heart-containing abdomens (Fig. 7C). However, when
we assessed gene expression of other ROS-neutralizing enzymes,
catalase and SOD2, no change was observed in Mtch knockdowns
(Supplementary Material, Fig. S6A and B). We found the mitochon-
drial genome-encoded expression of the ND2 transcript increased
relative to the nuclear genome-encoded αTub84B transcript in

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac176#supplementary-data
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Figure 6. Chemical inhibition of PDK in Drosophila Mtch knockdowns improved lifespan and elevated lactate levels. (A) Longevity analysis of flies given
PDK inhibitor (DCA) post-eclosion. PDK inhibition improved lifespan in Mtch-tinC flies (average ± SEM, N = 120, Mtch-tinC minus DCA vs Mtch-tinC given
DCA, ∗P < 0.0001, Kaplan–Meier estimate). (B) Circulating lactate measured in flies given either glucose diet or glucose diet supplemented with PDK
inhibitor (DCA, clear column). PDK inhibition lowered lactate levels in Mtch-tinC flies (N = 8, each black dot represents 60 flies, Control minus DCA vs
Mtch-tinC minus DCA, ∗∗∗∗P < 0.0001, Mtch-tinC minus DCA vs Control given DCA, ∗∗P = 0.0015, Control given DCA vs Mtch-tinC given DCA, ∗∗∗P = 0.0002).
(C) Measurement of whole-body basal OCR under glucose conditions given either glucose without PDK inhibitor or glucose supplemented with PDK
inhibitor (DCA). PDK inhibition improved Mtch-tinC OCR (N = 20 wells of 20 flies, control DCA vs Mtch-tinC minus DCA, ∗∗P = 0.0060, Mtch-tinC minus DCA
vs Mtch-tinC given DCA, ∗P = 0.0159. (D) Circulating lactate measured from hemolymph of flies given either glucose diet or glucose diet supplemented
with PDH inhibitor (BOA) (N = 8 groups of 60 flies). PDH inhibition does not affect Mtch-tinC lactate levels. Control minus inhibitor vs Mtch-tinC minus
inhibitor, ∗∗∗∗P < 0.0001, Control minus BOA vs Control given BOA, ∗P = 0.0104, Mtch-tinC minus BOA vs Mtch-tinC given BOA, ∗∗∗P = 0.0003 two-tailed
Student’s t-test P value. Unless stated otherwise, all comparisons were made using a two-tailed Student’s t-test. All experiments used 3-week-old equal
numbers of males and females. Purple = Mtch-tinC; gray = control.

cardiac Mtch knockdowns with unchanged PGC1α expression
(Fig. 7D; Supplementary Material, Fig. S6C). We interpret this
relative increase in mitochondrial transcriptional expression
to reflect enhanced but inadequate mitochondrial biogenesis
since OCR and ATP production were impaired in the presence
of glucose (Fig. 5A and B). Gene expression of known regulators
of mitochondrial fission and fusion were not altered in cardiac
Mtch knockdowns (Supplementary Material, Fig. S7A), and
mitochondrial cristae were intact in Drosophila cardiac Mtch
knockdown heart tubes (Supplementary Material, Fig. S7B).

Deletion of MTCH2 in human cells reduces OCR
and PDH activity
To investigate the role of MTCH2 in human cells, we mutated
exon 1 of MTCH2 in HEK cells using gene editing, resulting in
a homozygous frameshift deletion. MTCH2−/− cells expressed no
detectable MTCH2 protein and reduction of the MTCH2 transcript
(Fig. 8A–C). Similar to cardiac Mtch knockdown flies, MTCH2−/−

cells supplemented with 50 mm glucose had a greater basal PPR.
Additionally, MTCH2−/− cells had reduced OCR in the presence of

glucose, but not palmitate, demonstrating the same substrate-
dependent impairment seen in cardiac Mtch knockdown flies
(Fig. 8D–E). OCR was impaired under high glucose (50 mm) con-
ditions, and no difference was seen under 10 mm glucose, sug-
gesting that MTCH2−/− cells are susceptible to high glucose condi-
tions (Supplementary Material, Fig. S8). To evaluate mitochondrial
membrane potential, we stained control and MTCH2−/− HEK cells
with MitoTrackerTM Green, a mitochondrial marker, and tetram-
ethylrhodamine, methyl ester (TMRM), a marker of mitochondrial
membrane potential that sequesters in active and functional
mitochondria (Supplementary Material, Fig. S9). We found that
MTCH2−/− cells had lost TMRM signal, indicating loss of mitochon-
drial membrane potential and dysfunctional mitochondria.

Supplementation of MTCH2−/− cells with 50 mm glucose and
DCA was sufficient to increase OCR in MTCH2−/− cells, confirming
that PDH activation can override MTCH2−/− deficiency (Fig. 8F).
We found increased mitochondrial DNA relative to nuclear DNA
(nDNA) in MTCH2−/− cells (Fig. 8G), despite no change in OCR
and ATP production in the presence of glucose, as would be
expected with increased mitochondria (Fig. 8E). These data sug-
gest MTCH2−/− cells undergo a compensatory but inadequate
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Figure 7. Mitochondrial dysfunction in cardiac Mtch knockdown
Drosophila. (A) Ratio of oxidized glutathione: reduced glutathione was
elevated in the heart-containing abdomen of Mtch-tinC flies measured
by LCMS-based targeted metabolite profiling (average ± SEM, N = 6, each
black dot represents 30 flies, ∗∗P = 0.0043). (B) Mtch-tinC flies were more
susceptible to death after 24 h exposure to paraquat, a ROS-inducing
toxin (N = 6, each black dot represents 30 flies, ∗P = 0.0335). (C) Gene
expression of mitochondrial thioredoxin reductase (Trxr-2) was lower in
Mtch-tinC flies (N = 6, each black dot represents 20 flies, ∗∗∗P = 0.0006).
Gene expression values are normalized to αTub84B. (D) Mtch-tinC flies had
greater expression of mitochondrial-specific mRNA relative to nuclear-
specific mRNA in the presence of glucose (N = 8, each black dot represents
20 flies, ∗∗P = 0.0014). Unless stated otherwise, all comparisons were
made using a two-tailed Student’s t-test. All experiments used equal
numbers of 3-week-old males and females. Dark gray = Mtch-tinC; light
gray = control.

mitochondrial biogenesis. Interestingly, the expression of PDK1
and PDK4 were increased in MTCH2−/− cells compared to control
cells (Supplementary Material, Fig. S10A–C). PDH activity was
reduced in mitochondria of MTCH2−/− cells, but not in whole cell
lysates, suggesting that the reduction of PDH activity in MTCH2−/−

cells is mitochondria-specific (Fig. 8H; Supplementary Material,
Fig. S10D). These findings demonstrate that inhibition of PDK
alleviates MTCH2 knockdown and knockout phenotypes in both
fly hearts and human cells.

Discussion
MTCH2 variation and metabolic outcomes in
humans
GWAS identified MTCH2 SNPs asscoiated with expression, obe-
sity and lean body mass (2–4). In humans, mice, worms, fish
and flies, there is a consistent relationship that upregulation
of MTCH2 associates with obesity while MTCH2 downregulation
is associated more with lean body mass (2,10,12,28). Although
lean body mass is beneficial for most cardiovascular traits, the
substrate dependence in heart failure may represent an excep-
tion. In cardiomyopathy patients, we found overrepresentation

of a SNP and haplotype linked to lower MTCH2 expression. This
type of inheritance, with a risk-allele with high population fre-
quency is plausibly explained by antagonistic pleiotropy, wherein
a risk allele for one condition may be protective in another (29).
Antagonistic pleiotropy is well described in traits associated with
protection from infections like sickle cell, malaria, APOL1 and try-
panosoma infection (30,31). In these examples, genetic variation
that protects against infection creates risk for other disorders like
anemia or chronic kidney disease. In the case of MTCH2 variation,
genetic alleles that protect against high fat diet-induced obesity
may be disadvantageous for a failing myocardium since the failing
heart is more reliant on glucose as a fuel source.

The relationship between MTCH2 level and metabolism is
consistent and conserved across diverse species. In experimental
models, excess lactate appears as a molecular signature of
reduced MTCH2 activity. Elevated lactate was seen in mice lacking
Mtch2 in heart and skeletal muscle (10) and is also seen in cardiac
Mtch knockdown flies, which only lack Mtch in the fly heart tube.
Reduction of Mtch in the fly heart tube was sufficient to cause
increased lactate, but it should be noted that the fly heart tube
contributes significantly to the overall mass of the organism
since this structure extends into the abdomen. We also observed
reduced adiposity in Drosophila with cardiac Mtch knockdown,
which parallels the resistance to high fat diet in the Mtch2
heart/skeletal mouse mutant and is also similar to C. elegans
with mtch-1 reduction (12). The human MTCH2 haplotype linked to
lower expression tags its expression in skeletal muscle supporting
that skeletal muscle may be an important source for mediating
this effect. Additionally, the protein coding SNP Pro290Ala, which
is in LD, may itself also contribute to reduced function. Protein
modeling revealed subtle differences between the Pro290 and
Ala290 alleles in the C-terminal final transmembrane, and
this change could also contribute to impaired MTCH2 protein
function.

Loss of MTCH2 increases lactate and reduces
mitochondrial PDH activity
Cardiac Mtch knockdown flies and MTCH2−/− cells both displayed
increased lactate. We found that chemical inhibition of PDK with
DCA, a PDH inhibitor, reduced lactate levels in MTCH2 mutants,
and in flies with cardiac Mtch knockdown, lactate reduction was
sufficient to extend lifespan. In human heart failure, DCA treat-
ment was shown to improve myocardial lactate consumption with
concomitant improvement in mechanical work of the left ventri-
cle (32), but DCA treatment may not exert its effect by improving
non-invasive measures of heart function (33). In rodents, DCA
treatment can be used to prevent heart failure outcomes through
its action on PDK and also through epigenetic remodeling (34,35).
Regulation of PDH through PDK is critical in tissues with high
energy demand, such as the heart (36). PDH converts pyruvate to
acetyl coenzyme A (CoA) in the mitochondria, and PDH activity is
inhibited by phosphorylation via PDK. PDH activity is known to be
reduced in heart failure, and deletion of mitochondrial pyruvate
carriers in the heart worsens heart failure phenotypes (20,36–38).
A block of pyruvate oxidation could itself account for the increase
in lactate seen in MTCH2 mutants. Alternatively, agents that
inhibit PDK activity may simply be working indirectly to overcome
mitochondrial defects arising from loss of MTCH2. Loss of MTCH2
increased mtDNA content, but increased mtDNA did not reflect
enhanced mitochondrial biogenesis and function but is more
consistent with an ineffective compensatory mechanism, which is
further supported by reduced mitochondrial membrane potential
in the absence of MTCH2. Recent work showed that deletion of
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Figure 8. Deletion of MTCH2 in HEK293 cells reduced OCR and pyruvate dehydrogenase activity. (A) Immunoblot of MTCH2 protein in control (unedited)
and MTCH2−/− cells (MTCH2 KO), relative to mitochondrial cytochrome C. (B) Quantification of immunoblot band density relative to mitochondrial
cytochrome C protein (average ± SEM, N = 6 wells of cultured cells, ∗∗∗∗P < 0.0001). (C) MTCH2 mRNA was reduced in MTCH2−/− cells compared to control
(N = 4, ∗∗∗∗P < 0.0001). (D) Basal PPR of cells supplemented with 50 mm glucose (N = 23 wells, ∗∗P = 0.0018). (E) Basal OCR of control and MTCH2−/− cells
supplemented with 50 mm glucose or 1 mm palmitate, normalized to cell count (N = 18 wells, ∗∗∗∗P < 0.0001). (F) Basal OCR in the presence of 50 mm
glucose media supplemented with 100 μm DCA PDK inhibitor, normalized to cell count (N = 18 wells Control minus DCA vs MTCH2 KO minus DCA,
∗∗∗∗P < 0.0001; Control minus DCA vs Control plus DCA, ∗∗∗∗P < 0.0001; Control minus DCA vs MTCH2 KO plus DCA, ∗∗∗∗P < 0.0001; MTCH2 KO minus
DCA vs MTCH2 KO plus DCA, ∗∗∗∗P < 0.0001). (G) mtDNA in control vs MTCH2−/− cells (N = 6 wells, ∗∗P = 0.0097). (H) Pyruvate dehydrogenase activity in
mitochondria isolated from control and MTCH2−/− cells, normalized to mitochondrial count (N = 14 wells, ∗∗∗∗P < 0.0001).

MTCH2 produced hyperfragmented mitochondria, consistent with
MTCH2 having a key role in maintaining normal mitochondria
structure and function (39). All of these mechanisms, excess
lactate itself, reduced pyruvate oxidation or other mitochondrial
impairment would be maladaptive in the setting of heart failure.

Collectively, these data support the human GWAS demonstrat-
ing a link between MTCH2 and adiposity. Under high fat condi-
tions, reduced MTCH2 promotes lean body mass and be protective
from obesity. Intriguingly, MTCH2 variants linked to increased
BMI in adults associate with lower birth weight with each BMI-
increasing MTCH2 allele associated with a 13 g decrease in birth
weight (40). The conditions that support rapid fetal growth are
similar to the failing heart with an increased dependence on
glucose as a fuel source. The substrate dependence of MTCH2
levels is an important consideration when considering its related
phenotypes.

Materials and Methods
Human subjects
Participants provided informed consent under Northwestern
University’s institutional review board (STU0010003). Cohort

selection, whole genome sequencing (WGS) and variant frequency
analysis were performed as described (19,41). The NUgene cohort
(n = 772) included racially and ethnically diverse participants
from the Northwestern University biobank. The Cardiomyopathy
cohort included non-ischemic dilated or hypertrophic cardiomy-
opathy subjects with familial disease. Both cohorts underwent
WGS. A bootstrap approach was used on a 172-sample subset
of the cardiomyopathy cohort data using a random sampling
with replacement as described previously (19). Allele counts were
aggregated by variant, race, sex and cardiomyopathy subtype.
Ancestral allele frequencies were obtained from gnomAD
exome data. Expected allele numbers using ancestral gnomAD
frequencies were calculated and subtracted from the observed
alleles creating excess cumulative allele numbers for each
gene tested. The set was resampled 5000 times to determine
confidence intervals with sufficient precision. We focused on
cumulative allele frequencies between 0.25 and 0.50. Calculations
were performed using in-house R functions. Significance was
assessed using a false discovery rate <0.1. Comparison of variant
frequencies from the NUgene Biobank and the cardiomyopathy
cohort was assessed using a Chi Square Test. Cis eQTL data were
retrieved on 10/27/21 from the GTEx portal, which is supported
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by the Common fund of the Office of the Director of the National
Institutes of Health and by NCI, NHGRI, NHLBI, NIDA, NIMH and
NINDS. LD mapping data were retrieved using the free, publicly
available NCI tool, LDlink and plotted using custom in-house
formatting (42).

Fly husbandry
Fly stocks were obtained from Indiana University’s Bloomington
Drosophila Stock Center (Supplementary Material, Table S3). Fly
lines were established using the GAL4/UAS system, and controls
were determined using strategies outlined in Refs 43–45. The tinC-
GAL4 transgenic fly line was crossed to a line expressing an Mtch
RNAi hairpin under a GAL4-binding UAS, or, as an isogenic control,
to a line expressing a non-targeting hairpin under the same UAS
(Bloomington Drosophila Stock Center). Flies were maintained on
12 h light/dark cycles, at 50% humidity, and fed a Jazz-Mix (Fisher-
brand) diet at 25◦C. Separation and collection of all flies were
conducted by brief anesthetization with CO2. All experiments
were performed on 3-week-old flies, unless otherwise noted, using
equal numbers of male and female flies. All lines used are shown
in Supplementary Material, Table S1.

Materials
The sources for all key materials are listed in Supplementary
Material, Table S2.

Gene expression in flies
RNA was isolated from snap-frozen heart tubes, abdomens and
whole heads from 3-week-old male (N = 10) and female flies
(N = 10) using TRIzol™ Reagent (ThermoFisher Scientific). cDNA
was synthesized from isolated RNA using qScript cDNA Super-
Mix (QuantaBio) and relative fluorescence was captured using
iTaq Universal SYBR Green Supermix (BIO-RAD) and measured
with CFX96 Touch Deep Well Real-Time PCR System (BIO-RAD).
Expression of all genes was analyzed relative to αTub84B using a
Student’s t-test of the average ± SEM. All primers used are shown
in Supplementary Table S3.

Optical coherence tomography
Adult heart contractility was analyzed using a Thorlabs Telesto
II OCT system (Thorlabs, Inc.) and methods previously described
(23,46). Male and female files were collected 3–5 days after eclo-
sion, briefly anesthetized with CO2, and embedded in a soft gel
support, and allowed to fully awaken based on body movement.
Animals were first imaged in B-mode in the longitudinal orienta-
tion to identify the A1 segment of the heart chamber. They were
then imaged transversely in M-mode for 3 s, and multiple M-
modes were recorded for each fly. Animals were then re-imaged
in B-mode to ensure proper orientation of the heart chamber.
M-modes were processed in ImageJ by referencing to a 150 μm
standard. End-diastolic dimension (EDD), end-systolic dimension
(ESD) and heart rate were calculated directly from the processed
M-mode traces using three consecutive heart beats. Percent frac-
tional shortening (FS) was calculated as (EDD–ESD)/EDD × 100.
Performing and analyzing the OCT experiments were conducted
by persons blinded to the animal group genotype assignments.

Each fly was imaged in the longitudinal long axis to identify
the anterior conical chamber and then the imaging plane was
turned 90◦ to obtain the short axis image. Then, M-modes are
obtained. The live camera of the OCT system is used to confirm
the A1 segment, and OCT imaging uses multiple planes to assure
the positioning of the anterior conical chamber. Large numbers of
individual flies per group are imaged to account for any variability.

Longevity analysis
Equal numbers of male (N = 60) and female (N = 60) flies were
collected on the day of pupal eclosion and divided into groups of
20 per vial and placed on JazzMix food. Dead flies were counted in
each vial daily to mark survival, and food was changed every third
day. This was repeated until all flies were dead. Statistical analysis
was conducted using Kaplan–Meier test of the average ± SEM.

Measuring circulating lactate and glucose
Circulating lactate and glucose were both measured from whole-
fly hemolymph extraction at 3 weeks of age. Hemolymph was
isolated by decapitation methods and centrifugation-based filter-
ing (47). Single data points were generated from a cohort consist-
ing of equal numbers of male (N = 30) and female (N = 30) flies.
Lactate was measured from isolated hemolymph using Lactate
Plus Meter Test Strips (Nova Biomedical). Circulating glucose in
the hemolymph was measured using the Glucose (GO) Assay Kit
(Millipore Sigma), and absorbance was measured at 540 nm using
the Synergy™ HTX Multi-detection Microplate Reader (BioTek;
BTS1LF), to detect the proportion of hemolymph glucose.

Glycogen measurement
Total glycogen content was measured in whole abdominal seg-
ments of equal numbers of male (N = 60) and female (N = 60)
flies at 3 weeks of age. Single data points were generated from
a cohort consisting of 40 flies each. Glycogen was assessed using
the Colormetric Glycogen Assay Kit (Abcam), and sample glycogen
was measured at OD 570 nm using the Synergy™ HTX Multi-
detection Microplate Reader (BioTek; BTS1LF) and compared to
the standard curve generated from serial dilutions of the Glycogen
Standard (Abcam).

Triglyceride quantification in flies
Triglycerides were quantified in dissected abdomens of Drosophila
using equal numbers of male (N = 10) and female (N = 10) flies
at 3 weeks of age. Single data points were generated from a
cohort consisting of 20 flies each. Triglycerides were assessed via
colorimetric quantification using Infinity™ Triglycerides Liquid
Stable Reagent and compared to a standard curve. Absorbance
was measured at 500 nm using the Synergy™ HTX Multi-detection
Microplate Reader (BioTek; BTS1LF) to calculate triglyceride
content and values were normalized to body weight.

Adiposity assessment
Adiposity was assessed by submerging PBS-rinsed third instar
larvae into a PBS-based 20% sucrose solution (Millipore Sigma).
Single data points were generated from a cohort of N = 10 larvae.
Percent of larvae floating were recorded as a reflection of buoy-
ancy to evaluate adiposity (26,48).

Measurement of food consumption
Food intake was assessed over a 24-h period in 3-week-old cohorts
of male (N = 10) and female (N = 10) flies. To measure food intake,
3 mm sucrose (Millipore Sigma) was administered into a 5 μL glass
capillary that was fed into vials with fly cohorts placed on 2%
agar, and the amount consumed from the capillary was measured
after 24 h according to the capillary feeding assay as previously
described (49).

Measurement of OCR and PPR in flies
Seahorse (Agilent) experiments were modeled after similar fly-
based experiments (50,51). OCR and PPR were measured using a
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Seahorse XFe96 Analyzer (Agilent). The day prior to all experi-
ments, Agilent Seahorse XFe96 cartridge was hydrated with 200 μL
of calibrant solution overnight at 37◦C. All experiments were con-
ducted on decapitated flies to permit substrate permeation into
fly tissues, bypassing the hydrophobic fly cuticle (Supplementary
Material, Fig. S3A and B). Plates containing internally-exposed fly
carcasses were briefly centrifuged such that fly carcasses were
fully submerged in solution. Tissue culture plates were incubated
with nutrient-supplemented media at 37◦C for 24 h. Experiments
were simultaneously conducted at 25◦C to ensure phenotypes
were not temperature-specific (Supplementary Material, Fig. S3C
and D). Nutrient-supplemented media contained either a final
concentration of 10 mm glucose or 1 mm BSA-palmitate. All plates
contained wells with nutrient-supplement media but lacking fly
carcasses to account for background correction. Examination of
PPR was assessed in the presence of 10 mm glucose. Each well
contained equal numbers of 3-week-old male (N = 10) and female
(N = 10) flies. Each data point consisted of the average of three
basal OCR measurements or PPR measurements of the same well
to generate the overall OCR or PPR for that well.

Metabolomic analysis and flux analysis
Metabolite abundance was assessed in whole abdominal seg-
ments via targeted metabolomics. Abdomens of 20 males and
20 females were snap frozen for hydrophilic metabolome isola-
tion. Samples were homogenized via ultra-sonification (Branson
Sonifier 250) in 80% methanol using HPLC grade water (Milli-
pore Sigma). Supernatant of homogenized samples were then
dried with a speed vacuum (Thermo Scientific Savant SpeedVac
DNA130), and remaining metabolome-containing pellet was sub-
mitted to mass spectrometry analysis. Metabolomics services
were performed by the Metabolomics Core Facility at Robert
H. Lurie Comprehensive Cancer Center of Northwestern Univer-
sity. All results were normalized to sample dry mass and total
iron content. Flux analysis was conducted by starving 3-week-
old flies for 4 h on 2% agar, and feeding 10% 13C6 (Millipore
Sigma) for 4 h to label TCA intermediates, or 15 min to label gly-
colytic intermediates. Abdomens of 20 males and 20 females were
promptly dissected after labeled carbon feeding, and snap frozen
for hydrophilic metabolome isolation, conducted identically as
described above.

Drosophila drug treatments
Flies were collected from pupal eclosion and placed on Jazz-
Mix™ food supplemented with 20 μg/ml DCA (Millipore Sigma).
Flies were put on fresh food with DCA every 3 days. Longevity
was measured as described above. To assess the effects of PDK
and PDH inhibition on circulating lactate levels, DCA and BOA
were administered to 3-week-old flies in Jazz-Mix™ food at a
final concentration of either 20 μg/ml for DCA or 5 mm for BOA
for 3 days prior to experimental analysis. Lactate was assessed
in these flies via decapitation methods as described above. To
measure the change in OCR in flies in the presence of DCA,
DCA was administered at 200 μg/ml in Jazz-Mix™ food to 3-
week-old flies for 3 days prior to experimental analysis. Flies
were then decapitated and placed into wells with equal numbers
of males (N = 10) and females (N = 10). OCR was assessed with
a final concentration of 10 mm glucose supplemented to each
well. Measurements were taken identically as described in the
OCR measurement above. methyl viologen dichloride hydrate
(Paraquat) (Millipore Sigma) of 150 nM was provided on a 25 mm
Whatman® filter paper (Millipore Sigma) soaked in 10 mm glucose,
and flies were exposed overnight in vials containing nothing but

the soaked filter paper. Number of dead flies were counted 24 h
later to calculate a mortality rate for each cohort.

Cell lines and culturing
HEK293 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (ThermoFisher Scientific) with 10% fetal bovine serum
and 1% penicillin/streptomycin (ThermoFisher Scientific). All
cells were maintained at 37◦C with 5% CO2 in a humidified
incubator.

Clustered regularly interspaced short
palindromic repeats-mediated MTCH2 knockouts
gRNA 3’-CTTTCACGTACATGAGCGGC-5′ targeting exon 1 of
MTCH2 was cloned into the Cas9-expressing pSpCas9(BB)-2A-
Puro (PX459) V2.0 (Addgene) vector by Blue Heron Biotech,
LLC (Bothell, WA, USA). HEK293 were transfected with 1 μg of
this custom vector, or an empty Cas9 vector lacking a gRNA
sequence for controls, using FuGENE® HD Transfection Reagent
(Promega). Transfected cells were allowed 24 h of recovery before
undergoing 3-day selection with 1, 2.5 and 4 μg/ml puromycin.
Single cell colonies were isolated following puromycin selection
and sequenced at 50 000 reads using Amplicon-EZ (GENEWIZ) to
confirm MTCH2 deletion.

Gene expression in human cells
RNA was isolated from snap-frozen control and knockout cells
using TRIzol™ Reagent (ThermoFisher Scientific). cDNA libraries
were synthesized from isolated RNA using qScript cDNA SuperMix
(QuantaBio), and relative fluorescence was captured using iTaq
Universal SYBR Green Supermix (BIO-RAD) and measured with
CFX96 Touch Deep Well Real-Time PCR System (BIO-RAD). Expres-
sion of all genes was analyzed relative to RNA18S5 (18s rRNA).
Statistical differences between populations were assessed using a
Student’s t-test of the average ± SEM, unless otherwise noted and
indicated based on data distribution.

Protein preparation and immunoblotting
Total protein was isolated from control and knockout cells using
RIPA buffer supplemented with 8 M urea, and quantitated with the
Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific). Fifteen
micrograms of lysate was incubated at RT with 4× Laemmli
Sample Buffer (Bio-Rad) and 2-mercaptoethanol (Millipore-Sigma)
for 20 min, and then separated on 4–15% Mini-Protean TGX Stain-
Free Protein Gel (Bio-Rad). Separated proteins were transferred
to Immobilon-P PVDF membrane and incubated with primary
antibodies diluted at 1:1000 in StartingBlock T20 (TBS) Blocking
buffer (ThermoFisher Scientific). Antibodies used included: anti-
MTCH2 polyclonal antibody (Proteintech; Cat # 16888-1-AP) and
cytochrome C monoclonal Antibody (ThermoFisher Scientific; Cat
# 33-8500). Secondary antibodies were from Jackson ImmunoRe-
search and diluted 1:2500. All antibodies were diluted in Starting-
Block T20 (TBS) Blocking buffer (ThermoFisher Scientific). Signals
were detected with SuperSignal West Pico Plus chemiluminescent
substrate (ThermoFisher Scientific) and imaged using Invitrogen
IBright.

Analysis of OCR and PPR in human cells
OCR and PPR were measured using a Seahorse XFe96 Analyzer
(Agilent). All experiments were conducted with a seeding density
of 10 000 cells/well. Cells were allowed to incubate with nutrient-
supplemented media at 37◦C with 5% CO2 for 1 h. Nutrient-
supplemented media in OCR experiments contained either a final
concentration of 50 mm glucose or 1 mm BSA-palmitate. PPR
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media consisted of a final concentration of 50 mm glucose. All
DCA experiments were conducted using media supplemented
with 100 μm DCA and 50 mm glucose. Each data point represented
a single well of cells, which consisted of the average of three
basal OCR or PPR measurements of the same well to generate the
overall OCR or PPR for that data point. All measurements were
normalized to cell count.

Mitochondrial isolation and measurement of
PDH activity
PDH activity was assessed in both whole cell lysate and isolated
mitochondria from cultured HEK293 cells. To do so, we lifted con-
fluent cells in a 10 cm plate and pelleted them via centrifugation.
Cells were homogenized with a dounce-homogenizer and allowed
to swell in the hypotonic buffer as described. Swollen cells were
centrifuged with homogenization buffer to remove nuclei and cell
membrane fragments from the homogenate to achieve a pellet
containing isolated mitochondria. PDH activity was measured
using the colorimetric Pyruvate dehydrogenase Activity Assay Kit
(Millipore Sigma), and A450 of samples was recorded at baseline
and in 5 min increments up to 3 h using Synergy™ HTX Multi-
detection Microplate Reader (BioTek; BTS1LF) to record the change
in A450 over time as a reflection of PDH activity. All measurements
were normalized to mitochondrial count.

Quantification of mitochondrial DNA in human
cells
To quantify mitochondrial DNA (mtDNA), total DNA (DNA) was
isolated from HEK293 cells using the Gentra Puregene® DNA
Purification Kit (QIAGEN) and treated with RNAse A solution to
remove ambient RNA. DNA was hydrated with Invitrogen™ Ultra-
Pure™ DNase/RNase-Free Distilled Water (ThermoFisher Scien-
tific) and quantified with the NanoDrop2000 Spectrophotometer
(ThermoFisher Scientific). DNA was measured using quantitative
PCR, where relative fluorescence was measured using iTaq Univer-
sal SYBR Green Supermix (BIO-RAD) in a CFX96 Touch Deep Well
Real-Time PCR System (BIO-RAD). Primers were designed to cap-
ture the mitochondrial-encoded gene, mitochondrially encoded
tRNA leucine 1 (MT-TL1) and nuclear-encoded gene, RNR5.

Mitochondrial imaging
MTCH2−/− and control (unedited) HEK293 were cultured with
fresh Dulbecco’s Modified Eagle’s Medium (ThermoFisher Scien-
tific) with 10% fetal bovine serum and 1% penicillin/streptomycin
(ThermoFisher Scientific) containing 100 nM MitoTracker Green
FM (ThermoFisher Scientific) to probe for mitochondria, regard-
less of mitochondrial membrane potential, and with 100 nM
Image-iT TMRM Reagent (ThermoFisher Scientific), a probe that
selectively sequesters in healthy mitochondrial with active mem-
brane potential. Cells were allowed to incubate in this media
with probes for 30 min at 37◦C with 5% CO2 in a humidified
incubator and imaged for fluorescence using a KEYENCE BZ-X810
fluorescence microscope.

Statistics
Longevity assessments were conducted with the Kaplan–Meier
method, where individual data points were representative of the
average of three different fly culture replicates. All other sta-
tistical differences between populations were assessed using a
Student’s t-test of the average ± SEM.

Supplementary Material
Supplementary Material is available at HMG online.
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