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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 MTCHZ2, 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 MTCHZ2 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 MTCH?2 is maladaptive.
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CHAPTER 1

Metabolic homeostasis is imperative to cardiac function

1.1 Overview

Heart failure is a leading cause of death worldwide, and heart failure is often associated
with cardiomyopathy. Cardiomyopathy is a disease of the cardiac muscle, where contraction
and/or relaxation of the heart are impaired. There are many underlying causes of
cardiomyopathy, and genetic variation contributes significantly to the risk for developing
cardiomyopathy, through primary pathogenic variants as well as polygenic contributions. Onset
and severity of cardiomyopathy is highly variable, even with the same primary gene variants,
and this variation is, in part, driven by additional genetic variants, referred to as genetic
modifiers. However, many potential modifiers of cardiomyopathy have yet to be identified.

Under normal conditions, the healthy adult heart relies heavily on fatty acids and
oxidative phosphorylation as its major source of ATP. 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 heart failure. The failing heart’s increased reliance on glycolysis is not matched by
an increase in mitochondrial oxidation or pyruvate derived from glycolysis, resulting in lactate
accumulation and reduced oxygen consumption. Genes encoding proteins important for cardiac
metabolism are well positioned to serve as modified of heart failure and cardiomyopathy.

In this introduction, | will review cardiac metabolism and the ways in which the heart
responds to environmental nutrient availability and stress. Due to the high energy demand of the
heart, it is critical that metabolic pathways be tightly regulated and adaptive. | will also detail the
metabolic changes during the progression to heart failure and the impact this has on meeting
the energy demand of the heart. This chapter will also discuss the complexity of cardiomyopathy
and the role of metabolism and genetic modifiers. While many genetically mediated

cardiomyopathies are inherited in an autosomal dominant manner, there is considerable
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variable expression and penetrance, highlighting that there are many other factors that influence

the onset and severity of disease. This includes other variation within the genome as well as
physiological parameters such as diet and exercise.

This chapter contains excerpts from the Oxford University Press’ Human Molecular
Genetics article published in 2022, “Opposing effects of genetic variation in MTCH?2 for obesity
versus heart failure,” authored by Julie Fischer, Tanner Monroe, PhD, Lorenzo Pesce, PhD,
Konrad Sawicki, MD PhD, Rosemary Bauer, Samuel Kearns, Matthew Wolf, MD PhD, Megan
Puckelwartz, PhD, and Elizabeth McNally, MD PhD. Components of the introduction from this
manuscript are incorporated into this chapter, which was written by Julie Fischer in collaboration

with Megan Puckelwartz, PhD, and Elizabeth McNally, MD PhD.

1.2 Introduction
1.2.1 The Heart, Energy Consumption, and Mitochondria

The heart is a small but mighty organ, responsible for oxygenating tissues throughout
the body to maintain essential life processes. Because the heart is under a constant state of
contractile work, cardiac energy consumption is much higher than that of other vital organs
(Hamilton 2013). Energy demand of the heart is high, consuming nearly 1mM of adenosine
triphosphate (ATP) every second, accounting for nearly 20% of whole body energy expenditure
(Ventura-Clapier 2011). Most cardiac ATP consumption occurs in the myocardium, the
specialized tissue containing the contractile cells, the cardiomyocytes. Unlike other cardiac cell
types like fibroblasts, the cytosol of a cardiomyocyte is mostly occupied by sarcomeres. Each
contraction of the sarcomere hydrolyzes an ATP molecule. Considering the heart is always
active, this means ATP hydrolysis within the heart is constant. To account for this energy
requirement, contractile cells are rich in mitochondria, which account for nearly 30% of the
cellular volume (Piquereau 2013). These mitochondria generate ATP to satisfy the high-energy

need of the contractile cardiomyocytes.
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Because of its high energetic requirement, the heart requires ample nutrient availability

to survive. The healthy adult heart is metabolically flexible in its ability to metabolize multiple
substrates in response to nutrient availability. Under normal physiological conditions, the adult
left ventricle derives 60-90% of its ATP from oxidative phosphorylation (Lopaschuk 2010). In
contrast, a failing heart shifts to relying on glucose and other sources for ATP production, with
all known varieties of heart failure converging on this late-stage phenotype (Bertero 2018;
Ritterhoff 2017; Selvaraj 2020). The increase in glycolysis in the failing heart is not matched by
an increase in the mitochondrial oxidation of pyruvate derived from glycolysis, resulting in

lactate accumulation, reduced oxygen consumption, and impaired ATP production.
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Figure 1.1: Substrate utilization in the healthy cell. A functional cardiomyocyte can utilize many
substrates, including glucose and lipids. Glycolysis is rapid, but only generates 2 ATP molecules for every
glucose molecule consumed, whereas OXPHOS is more enzymatically complex but generates 36 ATP
molecules. The pyruvate dehydrogenase kinase-pyruvate dehydrogenase (PDK-PDH) axis is a central
regulator of substrate preference and oxidative metabolism, where PDH is a promoter of glucose oxidation,
and PDK inhibits PDH in situations such as hypoxia or high fatty acid availability.

Heart failure is accompanied by a metabolic switch, which are reflected by changes in
mitochondrial activity. Mitochondria are responsible for most of the energy generation in the cell
since the are the major site for oxidative phosphorylation (OXPHQOS). While cytosolic glycolysis
can produce ATP, only 2 ATP molecules are produced per glucose molecule consumed in
contrast to the 36 molecules of ATP that are produced per glucose molecule by OXPHOS.

Furthermore, OXPHOS can derive ATP from substrates other than glucose (Figure 1.1).



16
Glucose, fatty acid, protein, and ketone sources can all contribute to the generation of acetyl

coenzyme A (CoA), which fuels the tricarboxylic acid cycle (TCA). Many amino acids, including
glutamate, glutamine, valine, and aspartate, can also be converted to TCA cycle intermediates
that can enter the cycle at specific stages to be used for ATP production. These substrate
derivatives become available to TCA cycle usage through mitochondrial substrate importers,

known as solute carriers.

1.2.2 The SLC25 family and MTCH2

The solute carrier 25 (SLC25) family of proteins include more than 50 mitochondrial
solute carriers, that permit the passage of metabolites across the mitochondrial
membrane)(Ruprecht 2020). The mitochondrion is a double-membraned organelle, possessing
both an outer mitochondrial membrane (OMM) and an inner mitochondrial membrane (IMM).
While most solute carriers are localized to the IMM, a few are known to function at the OMM,
transporting substrate and ions. SLC25 members contain 6 transmembrane domains and
include family members implicated in the transport of inorganic ions, nucleotides, amino acids,
fatty acids and other moieties (Ogunbona 2019; Palmieri 2013; Ruprecht 2020). Many members
of the SLC25 family are orphan carriers, including MTCH1 and MTCH2, whose solutes have not
been defined (Ruprecht 2020). Disruption in carrier function of any of the SLC25 members can
affect the import and export of cargo and therefore cellular metabolism. However, about one-
third of the mitochondrial SLC25 proteins are considered orphan carriers, where the solute
transported has not been identified for the given carrier, therefore exact consequences of their
dysfunction are not defined.

The discovery of another SLC25 member, the mitochondrial ATP/ADP carrier,
revolutionized understanding of cellular energetics. The Vignais and Klinenberg laboratories
demonstrated in the 1960s using isotope-labeled ADP and ATP metabolites that the exchange

between cellular ADP and ATP levels is permitted by permeability properties of the
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mitochondria, which is now known to be the mitochondrial ADP/ATP carrier (Heldt 1965; Pfaff

1965; Duee 1965). It was also shown that the exchange of ADP for ATP is regulated by an
electrochemical gradient, where there is dynamic movement of charged metabolites across the
mitochondrial membranes, rather than ATP synthesis being limited to substrates permanently
contained within the mitochondria (Heldt 1965). Prior to this finding, it was believed that energy
synthesis was limited to utilizing substrates endogenous to the mitochondria and that energy
synthesis was rather static in nature, where there was no intermembrane movement of
metabolites and no gradient properties to the mitochondrial membranes. The mitochondrial
ADP/ATP carrier complex is encoded by four different SLC25 genes (Clémengon 2013). This
carrier transports cytosolic ADP into the mitochondrial matrix to undergo OXPHOS-mediated
phosphorylation, forming ATP. ATP synthesized from OXPHOS undergoes ADP/ATP carrier
mediated export from the mitochondria and into the cytosol for usage in energy-consuming
processes. ATP is hydrolyzed when consumed for energy, once again forming ADP, which can
then be recycled back to the mitochondria via the ATP/ADP transporter to promote ATP
synthesis. This is an energy-efficient mechanism that reuses the adenine nucleotides available

to the cell, rather than synthesizing new nucleotides for energetic processes.

1.2.3 MTCH2 is a mediator of metabolic homeostasis

In 2005, the Gross Lab discovered a novel SLC25 protein, MTCHZ2, as a major regulator
of apoptosis (Zaltsman 2010; Grinberg 2005). Truncated BH3-interacting domain death agonist
(tBID) is a member of the B-cell lymphoma 2 (Bcl-2) protein family, which regulates apoptosis
where tBID is a pro-apoptosis ligand. Bcl-2 proteins can be both promote and prevent
apoptosis, depending on cellular context (Wang 2013).

While MTCH2 has mainly been studied in an apoptotic context, it is becoming more
appreciated that MTCH2 has a role of a metabolic regulator in oxidative phosphorylation. In

2015, the Gross Lab deleted Mtch2 in murine hematopoietic stem and progenitor cells. They
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found that deletion of Mtch2 enhanced proliferation with an accompanying increase in oxygen

consumption rate and increase in transcriptional expression of electron transport chain
machinery, suggesting MTCH2 may serve a more complex metabolic role outside of
mitochondrial-mediated apoptosis (Maryanovich 2015). These findings led the Gross lab to
focus on MTCH2 as a potential metabolic regulator. In 2016, mice were generated in which
Mtch2 was deleted in cardiac and skeletal muscle using a Cre driver under the control of the
muscle creatine kinase (MCK) promoter and resulting in increased muscle metabolism and
energy expenditure (Buzaglo-Azriel 2016). These mice displayed increased left ventricular
ejection fraction (LVEF), a hallmark of hypertrophic cardiomyopathy (HCM), suggesting a role
for MTCH2 in cardiac function (Green 2016; Ho 2017; O'Gara 1987). Additionally, these striated
muscle Mtch2-deleted mice displayed major metabolic changes, such as resistance to weight
gain with high fat diet, increased lactate output, and increased mitochondrial DNA (mtDNA) and
area, suggesting deletion of Mtch2 leads to major changes in mitochondrial phenotypes.
MTCH2 was also recently shown to be a regulator of other mitochondrial processes.
Specifically, MTCH2 deletion in the colon cancer cell line HCT 116 and Mtch2 deletion in murine
embryonic stem cells both displayed failed mitochondrial elongation with accompanying
mitochondrial fragmentation (Bahat 2018; Labbé 2021). These data demonstrate a role for
MTCH2 in regulating mitochondrial morphology, specifically fission and fusion capabilities, an
essential component in cellular response to stress and maintaining metabolic homeostasis

which will be discussed more in depth later in this chapter.

Myotubes isolated from mice generated by the Gross Lab with Mtch2 deletion in cardiac
and skeletal muscle demonstrated a preference for carbohydrates as an energy source,
although the heart normally utilizes fatty acids for fuel (Buzaglo-Azriel 2016). Under non-
pathogenic conditions, the heart will primarily use fatty acids as a fuel substrate (Doenst 2013).

However, this source does not generate ATP as rapidly compared to glycolysis. Furthermore, in
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heart failure, by reducing fatty acid usage, the heart is less efficient in its capacity to produce

ATP. This has been demonstrated in previous studies, where proteomic profiles are altered
during heart failure, such that enzymes involved in fatty acid metabolism are downregulated,
and those involved in glucose metabolism may be upregulated (Nagoshi 2011). ATP-producing
pathways such as OXPHOS and glycolysis are upregulated in cases of heart failure to respond
to increased energy demands (Doenst 2013). Depletion of MTCHZ2 is shown to alter OXHPOS
in multiple cell models, and Mtch2 deficiency in both cardiac and skeletal muscle of mice
increases glucose uptake in primary myotubes, which suggests increase in glycolytic pathways
(Maryanovich 2015; Khan, Mullokandov, 2017; Buzaglo-Azriel 2016). Furthermore, evidence of
increased glucose uptake and disrupted glucose homeostasis has been seen in cases of human
heart failure, suggesting the critical role of metabolic regulation in cardiac function (Trico 2016;

Vakrou 2014).

1.2.4 MTCH2 plays a role in apoptosis

The Gross Lab originally discovered that MTCH2 plays a role in tBID recruitment by the
cross-linking and biochemical purification of the mitochondrial complex that forms with tBID in
hematopoietic FL5.12 cells (Grinberg 2005). When analyzed, it was discovered that MTCH2 is a
part of this complex, providing evidence that MTCHZ2 is an outer mitochondrial membrane
(OMM) protein. Because of this, MTCH2 is considered an unusual member of the SLC25 family
in that it encodes an outer, rather than inner, mitochondrial membrane protein. However,
although it has been demonstrated through protease sensitivity assays that MTCH2 localizes to
the OMM, it is unknown if MTCH2 has the ability to dissociate from the OMM or localize
elsewhere in the cell in a tissue-specific manner or under other cellular conditions.

It has also been shown that cardiolipin serves a similar role as MTCH2 in tBID
recruitment and Bcl-2-mediated apoptotic signaling. Cardiolipin is a mitochondrial-specific

phospholipid that is a critical component of the mitochondrial membrane and makes up a
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significant amount of the mitochondrial membrane mass (Zaltsman 2010; Ahmadpour 2020). It

has been demonstrated that cardiolipin plays a role in the specificity of tBID targeting to the
mitochondria (Ahmadpour 2020; Lutter 2000). While it has been shown that MTCHZ2 plays a
similar role as cardiolipin in apoptosis, it has only been recently discovered that the main
receptor of tBID recruitment, MTCH2 or cardiolipin, is determined by cellular context.
Furthermore, cells lacking both cardiolipin and MTCH2 are still able to undergo apoptosis,
suggesting that neither MTCH2 nor cardiolipin are essential to apoptosis (Raemy 2016).
However, global deletion of Mtch2 results in embryonic lethality in mice at day 7.5, suggesting a

role for MTCH2 beyond mediating apoptosis (Zaltsman 2010; Bahat 2018).

1.2.5 MTCH2 is implicated in obesity

Through the previous findings, MTCHZ2 has been shown to have a role in metabolism,
mainly as a regulator of lipid storage and oxidative phosphorylation. However, the mechanism
by which this occurs has yet to be delineated. In C. elegans, global shRNA-mediated
knockdown of the worm ortholog, mtch-1, reduces whole body lipid accumulation and increases
expression of B-oxidation genes, suggesting a greater metabolic turnover and usage of fats
when MTCH?2 is reduced (Rottiers 2017). This mirrors the finding in mice with Mtch2 deleted
under the skeletal muscle MCK promoter results in resistance to diet-induced obesity and
overall reduction in fat mass and increase in lean mass in mice (Buzaglo-Azriel 2016).
Additionally, overexpression of Mtch2 in 3T3-L1 mouse embryonic fibroblasts displays
increased lipid accumulation, where greater Mtch2 expression leads to greater fat accumulation.
In pigs, it has also been demonstrated that N®-methyladenosine (m®A) of MTCH2 promotes
adipogenesis, further suggesting that MTCH2 plays a role in lipid metabolism where MTCH2
serves as a pro-adipogenesis factor.

MTCH2 has also been implicated with fat metabolism in humans. Genome-wide

association studies (GWAS) have implicated several MTCH2 variants in obesity in both children
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and adults, specifically rs1064608, rs10838738, and rs3817334, which are in the MTCH2

coding region, and rs59360790, and rs78339356 which are near the MTCHZ2 coding sequence,
but fall in a noncoding region (Willer 2009; Heid 2010; Mei 2012; Ng 2010; Bauer 2009; Cornelis
2014). Furthermore, mRNA levels of the MTCH?2 transcript have been shown to be elevated in

the white adipose tissue in obese subjects (Kulyté 2011).

1.2.6 Paralogs of MTCH2

MTCH?2 is a paralog of MTCH1, another mitochondrial protein involved in proapoptotic
(Li 2013). MTCHZ2 and MTCH1 are homologous in their central mitochondrial carrier domains
and overall have 49% identity, but they significantly deviate at the N-terminus, where MTCH1
has an extended N-terminus that is essential for proapoptotic signaling (Mao 2008; Lamarca
2007). This critical amino acid sequence in MTCH1 is absent in MTCH2. Although MTCH2
and MTCH1 are both implicated in similar processes, they assert their function through separate
pathways and are not known to directly interact with each other (Robinson 2012; Willer).

MTCH1 has been shown to induce apoptosis through a mechanism independent of MTCH2
(Lamarca 2008; Lamarca 2007). Specifically, expression of MTCH1 N-terminal proapoptotic
peptide sequences in HeLa and HEK293T cells were sufficient to induce apoptosis without tBID-
mediated apoptosis that is observed under MTCH2-mediated apoptosis.

Furthermore, genetic variations at each of these loci differ in their disease contexts,
where MTCH?2 is typically linked to obesity and cardiovascular-associated risk factors, while
MTCH?1 is strongly associated with Alzheimer’s Disease (Kulyté 2011; Broce 2019; Xu 2002).
Because of these differences, we hypothesize that the roles of these genes do not overlap, and

MTCH?2 can be studied independently of MTCH1 in cardiovascular disease.
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Figure 1.2: The MTCH2 protein is highly conserved across species, suggesting a crucial
function and evolutionary importance for this mitochondrial protein.
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Depletion of MTCHZ2 was shown to alter OXHPOS in multiple cell models, and Mtch2

deficiency in both cardiac and skeletal muscle of mice increases glucose uptake in primary

myotubes, which suggests increase in glycolytic pathways (Maryanovich 2015; Khan,

Mullokandov, 2017; Buzaglo-Azriel 2016). Furthermore, evidence of increased glucose uptake

and disrupted glucose homeostasis has been seen in humans with both hypertrophic and

dilated cardiomyopathy, suggesting the critical role of metabolic regulation in these specific
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cardiomyopathies (Trico 2016; Vakrou 2014; Tadamura 1996). MTCH2 is a known regulator of

energy production and has been implicated in metabolic dysfunction, where deletion of MTCH2
in both worms and mice has shown to reduce tissue adiposity, and MTCH2 gene expression in
increased in the adipose tissue of obese subjects (Bar-Lev 2016; Kulyté 2011; Rottiers 2017).
Additionally, we found that MTCH2 is highly conserved across species, suggesting an

evolutionary importance for this mitochondrial protein (Figure 1.2).

1.2.7. Altered mitochondrial dynamics in response to metabolic stress

Metabolic reprogramming during development and heart failure is complex in that some
of these changes are adaptative whereas others are maladaptive. Because mitochondria are
central hubs of metabolic apoptotic signaling, there has been an emerging focus on
mitochondrial networks and dynamics in controlling myocardial cell fate (Kassab 2021;
Shanmughapriya 2020; Tian 2019). Mitochondria are dynamic organelles that are multifaceted
in their response to outside perturbations such as stress and metabolic demand. One of these
ways is through fission and fusion to mitigate stress or adjust to the cellular energetic state.
Broadly speaking, mitochondrial fission aids in generating more mitochondria to increase
metabolic robustness, whereas mitochondrial fusion is a way to consume damaged
mitochondria such that they are not wasting energy and new healthier mitochondria can be
generated (Youle 2012). Because mitochondria carry their own mitochondrial genome that is
different from nuclear DNA, mitochondrial DNA (mtDNA) can be measured to assess
mitochondrial status and health. Increased mitochondrial copy number may be indicative
phenomena like greater respiratory capacity or changes in fusion and fission activity.

Another indicator of mitochondrial function and health is the morphology of the cristae.
Cristae are the folding of the inner mitochondrial membrane, which is the site of OXPHOS and
ATP synthesis. To increase inner mitochondrial surface area such that more OXPHOS and ATP

synthase machinery can be expressed within the mitochondria, the inner mitochondrial
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membranes are finely folded to pack more of these enzymes into the organelle. Generally, the

greater the cristae folds, the greater the aerobic capacity of the mitochondria. In diseases such
as heart failure, loss of cristae is often observed, accompanied by a reduction in oxygen
consumption and energetic output (Chen 2009; Liu 2014). Mice with pathological cardiac
hypertrophy that was induced through transverse aortic constriction have disorganization and
loss of mitochondrial cristae, which likely leads to a reduction in ATP synthesis and oxygen
consumption due to the inability of electron transport chain machinery to properly localize (Gao
2021; Bugger 2010).

Cristae integrity can be compromised through oxidative stress (Plecita-Hlavata 2016).
Oxidative stress occurs from the overproduction of reactive oxygen species (ROS), which
triggers inflammatory pathways and damages macromolecules like DNA and lipids as well as
organelles. ROS is an all-encompassing term to classify oxygen derivatives that have the
capacity to be malignant to the cell. This includes but is not limited to peroxide, superoxide
anions, hydrogen peroxide, hydroxyl ions, and hydroxyl radicals, each of which have different
levels of reactivity and damage capacities (Zandi 2022; Hasanuzzaman 2021). Toxic levels of
ROS accumulation is also associated with altered mitochondrial morphology where cristae
structure becomes disorganized (Eramo 2020). Levels of ROS and other disease markers are
known to cause disarray of the cristae, limiting ATP synthesis and respiratory efficiency.
Increased ROS is often correlated with poor cardiac outcomes, where oxidative stress is a

hallmark of heart failure (Tsutsui 2011; D'Oria 2020; Misra 2009)

1.2.8 Mechanisms of Energy Sensing & Metabolic Flexibility
The mitochondrial pyruvate carrier (MPC) is another essential carrier protein implicated
in mitochondrial function and metabolism and is not an SLC25 member. The MPC is comprised

of two subunits: MPC1 and MPC2 (SLC54A1 and SLC54A2). These subunits function as
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heterodimers and are part of the solute carrier 54 (SLC54) family (Herzig 2012). The SLC54

family is made up exclusively of pyruvate carriers, all which localize to the IMM. The only other
member of the SLC54 family other than the MPC1 and MPC2 is the paralog MPC1L
(SLC54A3), which is thought to be a tissue-specific pyruvate transporter that does not alter
transport efficiency (Vanderperre 2016).

Together, the MPC carriers play pivotal roles in mechanisms of metabolic flexibility, the
ability to sense energetic conditions and utilize and store available nutrients accordingly. As
mentioned previously, the ability to nutrient sense and respond to different metabolic conditions
is imperative to cardiac health and function (Karwi 2018; Gibb 2018), and most recently the
cardiac importance of mitochondrial pyruvate carriers was shown in the enhanced heart failure
phenotypes in the absence of these carriers (Cluntun 2021; McCommis 2020; Zhang 2020;
Fernandez-Caggiano 2020). While it is known that metabolic preference shifts during heart
failure, the mechanism by which this occurs is unknown. A common observation during this shift
is the alteration of glucose utilization, where there is a shuttling of pyruvate toward cytosolic
lactate accumulation via the lactate dehydrogenase enzyme, which generates significantly less
energy than pyruvate oxidation (Dai 2020; Ardehali 2012; Nagoshi 2011). This fuel change is a
shared feature across all forms of heart failure (Bertero 2018; Ritterhoff 2017).

The more energy-efficient route of pyruvate metabolism is conversion of pyruvate to
acetyl-CoA by pyruvate dehydrogenase (PDH) for usage in the citric acid cycle TCA for
maximum downstream ATP generation through glucose oxidation (Ardehali 2012; Fillmore
2018). PDH is a critical player in cardiac glucose metabolism, which converts pyruvate to acetyl
CoA in the mitochondria, and its activity is tightly regulated by its phosphorylation status and is
inhibited by phosphorylation via pyruvate dehydrogenase kinase (Figure 1.2) (Zhang, Hulver,
2014; Tovar-Méndez 2005). PDH is reversibly phosphorylated through the E1 subunit by one of
the four PDK isoforms that have been identified in mammalian tissue (Peters 2003;

Connaughton 2010). The PDK isoforms 1-4 are ubiquitously expressed, but PDK4 is expressed
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most highly in the skeletal and cardiac muscle (Lawlor 2002; Pilegaard 2004). PDH activity is

reduced in heart failure, where examination of left ventricular tissue of failed versus non failed
donor hearts revealed reduced PDH expression in those with heart failure (Seymour 1997).
Similarly, rats with surgically induced myocardial infarction show reduction in PDH activity
paired with a reduction in TCA activity (Dodd 2014). Because reduction in PDH activity has
been regularly reported with heart failure, others have sought to determine whether the PDH
inhibitor, PDK, demonstrates increased activity. Cardiac-specific overexpression of PDK4 has
been shown to exacerbate heart failure in mice, as seen by reduced overall survival and onset
of ventricular thrombus (Zhao 2008). Genetic variation that disrupts splice sites in PDK4 have
been described in Doberman Pinschers who develop cardiomyopathy and heart failure; these
variants reduce PDK4 expression (Bolfer 2020; Taggart 2017).

These findings demonstrate that PDH and PDK function in a tightly regulated
relationship. Proper regulation of the PDK-PDH axis is crucial to the functionality of metabolic
flexibility, and the cellular ability to sense and adapt to substrate availability (Zhang, Hulver,
2014). Phosphorylation of PDH by PDK has been shown to limit acetyl CoA production in both
human cells and in mice (Holness 2003; Sellers 2015). Although the healthy adult heart is
primarily dependent on fatty acids as an energetic substrate, the heart is still a metabolic
omnivore, where many substrates can be efficiently consumed and converted to energy.
Dysregulation of this axis can lead to metabolic inflexibility, and ultimately disrupt energy

homeostasis (Cluntun 2021; Zhao 2008).

Metabolic flexibility is essential for adaptation to nutrient conditions and maintain the

balance between anabolic and catabolic processes. Here, | will discuss cellular mechanisms for

energy sensing, and how substrate utilization is critical to survival.

The Randle Cycle
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PDK regulation is often discussed in the context of the Randle Cycle, otherwise known

as the glucose-fatty acid cycle (Hue 2009). The Randle Cycle is a phenomenon first described
in 1963, which discusses the competition for glucose and fatty acid substrates occurring
between skeletal muscle and adipose tissue, where glucose oxidation is inhibited by an
abundance of fatty acid availability (Hue 2009). When fatty acids are in excess or the only
available substrate, PDK inhibits PDH via phosphorylation, preventing glucose oxidation form
occurring, which promotes fatty acid utilization instead (Hue 2009; Guo 2015). This marks a
change in nutrient utilization mediated in the absence of hormonal signaling (i.e., insulin
signaling). Although the Randle Cycle is most often discussed in conjunction with skeletal
muscle, it has become increasingly described in cardiac muscle as well (Lopaschuk 2016). It
has been argued that the Randle Cycle was evolutionarily beneficial during times of nutrient
deprivation, however Randle Cycle outcomes of glucose oxidation inhibition become counter
beneficial in some cases since the inception of the Western Diet, which is characterized by high
fat content(Griffin 2016). In some cases, this excess fatty acid availability inhibits glucose
utilization, even in the presence of insulin signaling, resulting in fatty acid-induced insulin
resistance(Martins 2012; Hirabara 2010).

Similarly, extreme forms of Randle Cycle outcomes are observed during heart failure,
where glucose oxidation is maladaptively inhibited, since the cell becomes metabolically
inflexible, and this is characterized by reduced PDH activity and enhanced PDK activity. This
shift forces glucose to be shunted towards lactate generation, an inefficient method of ATP
production. A chemical inhibitor of PDK, Dichloroacetate (DCA), has been shown to reactivate
PDH, prompting glucose oxidation to resume(Archer 2013). This provides a potential
therapeutic route of reverting some of the metabolic inflexibility that occurs with extreme Randle
Cycle outcomes, where inhibition of PDK may promote metabolic rebalance in situations of

metabolic inflexibility such as obesity, insulin resistance, and heart failure.
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The Warburg Effect

Nearly a century ago, it was first observed that cancer cells display a preference for
anerobic metabolism, even in the presence of oxygen, called the Warburg Effect (Hue 2009;
Warburg 1956; Warburg 1926). Although the purpose of the Warburg Effect remains undefined,
there have been extensive novel observations and hypotheses generated regarding the
mechanism of this so-called “aerobic glycolysis.” Most hypotheses assume this shift occurs in
cancer cells because rapidly dividing cells outcompete healthy cells by quickly consuming
nutrients and generating ATP via rapid anerobic glycolysis rather than through slower oxidative
phosphorylation. Furthermore, glucose consumption also fuels the Pentose Phosphate Pathway
(PPP), which is upregulated in cancer cells to accommodate cellular growth (Ghanem 2021).
This is also accompanied by an activation of HIF-1a, which is normally induced during hypoxia
and is associated with increased glycolysis and inflammation. However, this does not entirely
explain the more recent acknowledgement that the Warburg Effect is seen in the failing heart,
where glycolysis is upregulated in the presence of oxygen (Chen 2018). Like cancer cells, the
PPP is often upregulated during heart failure (specifically in pathological cardiac hypertrophy),
and HIF-1a is also activated (Tran 2019; Sousa Fialho 2019). These shifts reflect the
reprogramming of metabolism during heart failure, which will be described in greater detail
below, where a shift towards glucose metabolism occurs. In pigs with balloon catheter-induced
myocardial infarction, metabolic signatures of Warburg effect occur in the cardiac tissue, where
glycolysis is upregulated even in the presence of oxygen (Baz-Lopez 2021). Similarly, in canine
models of tachycardia-mediated heart failure, there is an upregulation of Warburg Effect and
cardiac fibrosis, and inhibition of Warburg Effect glycolysis with DCA improves glucose
utilization and reverses some fibrosis (Hu 2019).

As discussed above in conjunction with, but independent of, the Randle Cycle, DCA has

also been shown to ameliorate aerobic glycolysis that is observed in the Warburg Effect
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(Sanchez 2013). It is assumed that the inhibition of PDK alleviates PDH from PDK-mediated

inhibition, allowing PDH to promote pyruvate conversion to Acetyl-CoA for TCA cycle usage and

downstream oxidative phosphorylation.

Anaplerosis

While it is well known that TCA cycle activity and oxidative metabolic pathways are
reduced during heart failure, it has been demonstrated that the heart is capable of upregulating
secondary pathways in a possible attempt to revitalize ATP generation (Fransson 2006; Gibala
2000). Anaplerosis describes secondary reactions that occur in order to replenish important
intermediary metabolites, such as those in the TCA cycle (Figure 1.2). TCA cycle intermediates
can be replenished through anaplerotic reactions, where glutamine is ultimately converted to a-
ketoglutarate through a series of reactions for TCA cycle usage (Des Rosiers 2011). Amino
acids can contribute to anaplerosis replenishment, as it has been demonstrated through isotope
tracing that amino acids can enter an oxidative pathway via the TCA cycle (Zhang, Ahn, 2014).
The rate of anaplerosis increases during heart failure, potentially as a consequence of
compensatory reactions to promote oxidative metabolism (Des Rosiers 2011). However, our

understanding of the role of anaplerosis during heart failure remains limited.

Ketosis and Ketone Bodies

While the healthy adult heart is predominantly reliant on fatty acids for energy
production, the heart is equipped with ways to adapt when fats are not readily available. Under
normal conditions, both fats and carbohydrates are readily metabolized through B-oxidation and
glycolysis to generate Acetyl-CoA which is then utilized by the TCA cycle for maximal ATP
production through OXPHOS. When carbohydrates are persistently limited, such as through low

carbohydrate diets or starvation, metabolism is shifted to mostly fatty acid metabolism (Nasser
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2020). However, only consuming fats is not enough to nourish the heart, and cells will consume

all fats that are available and then will still need a nutritional source. To keep contributing to
metabolism, fat reserves will be broken down to generate ketone bodies in which some can be
utilized through ketosis for fueling the TCA cycle and increasing OXPHOS once again (Ludwig
2020; Nasser 2020). However, systemically, persistent ketosis has been linked to negative
effects such as increased low density lipoprotein cholesterol (LDL) from elevated saturated fat
consumption as well as ketoacidosis from the buildup of ketone bodies (Salas Noain 2020;

Dhatariya 2020)

Lactate Metabolism

As discussed previously, the healthy adult heart is primarily reliant on fatty acids for ATP
synthesis, whereas the failing heart shifts to greater carbohydrate usage and metabolism
through glycolysis (Bertero 2018; Ritterhoff 2017). Lactate is generated cytosolically from
glycolysis through lactate dehydrogenase. This is a reversible reaction and lactate can be
reconverted to pyruvate through lactate dehydrogenase, which can then be used to generate
acetyl-CoA through PDH (Schumann 2002). However, during heart failure, there is a broad
decline in PDH activity that is consequential of the reduction in metabolic flexibility in the failing
heart (Karwi 2018; Lopaschuk 2021). This coincides with a reduction in pyruvate-derived acetyl-
CoA, and pyruvate is instead forced towards lactate production(Fillmore 2018). Furthermore,
lactate dehydrogenase levels have been shown to elevate in mouse models of heart failure (Dai
2020). The greater reliance on glycolysis by the failing heart and increase in lactate output is a
common to all forms of human heart failure, and increased blood lactate levels are a marker of
poor prognosis in heart failure (Le Guen 2011; Zymlinski 2018). However, lactate is more than
just a waste product of anerobic respiration and can be recycled as fuel in the heart to generate
pyruvate or be used in gluconeogenesis (Brooks 2021). Isolated mitochondria from rat hearts

and circulatory fluid samples from coronary sinus and arterial catheters in humans have shown
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that circulating lactate is consumed as a result of exercise-induced cardiac stress (Hutter 1984;

Gertz 1988). Lactate is exported and imported into cells through the monocarboxylate
transporters, which also import and export pyruvate (Bosshart 2019; Rabinowitz 2020). MCT1, a
lactate transporter, is shown to be upregulated in cardiomyocytes in a rat model of heart failure
(Johannsson 2001). This further suggests that lactate catabolism is likely important during
cardiac stress, although it is unknown whether this is adaptive or maladaptive in different

settings.

Collectively, metabolism of both the healthy and the failing heart has features that may
be beneficial in the short term but chronically deleterious. The healthy adult heart can
metabolize many substrates and can adapt to different conditions and substrate availability.
Cardiac substrate preferences change throughout the course of development, and that this is
controlled by gradual metabolic reprogramming during heart development. The fetal heart is
normally characterized by high levels of anaerobic metabolism, where anaerobic glycolysis
accounts for the majority of energy production and glucose and fatty acid oxidation is only
attributed to about 15% of ATP synthesis, as glycolysis is more efficient under the lower oxygen
conditions compared to the high oxygen environment of the healthy adult heart (Piquereau
2018; Tran 2019) (Figure 1.3). Consequentially, basal lactate levels in the fetal heart are high,
which can be converted back to pyruvate for fuel through the reversible reaction driven by
lactate dehydrogenase. The metabolism of the fetal heart is likely influenced by the
comparatively lower oxygen environment.

After birth and as the heart matures, the energetic state transitions to a greater reliance
on fatty acids as the main energy-driving substrate, where fatty acid oxidation accounts for
nearly 90% of total energy generation (Gertz 1988; Wisneski 1985). This is also accompanied
by an increase in mitochondrial biogenesis to account for the upregulation of aerobic

metabolism and oxygen consumption. After birth, upregulation of peroxisome proliferator-
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activated receptor alpha (PPAR-¢«) and its coactivator PGC-1« is quickly observed to aid in the
cardiac adjustment to an oxygen-rich environment (Buroker 2008). Activation of these genes
increases the size and number of mitochondria, better equipping the cell for aerobic respiration.
The adult heart is also marked by an upregulation of carnitine palmitoyltransferase 1 (CPT1),
which localizes to the outer mitochondrial membrane and is essential for efficient import of free
fatty acids into the mitochondrial matrix (Wisneski 1985; Schreurs 2010). Fatty acids react
cytosolically with CoA, forming acyl-CoA. Acyl-CoA then reacts with carnitine, a metabolite
derivative of amino acids, to generate acylcarnitine, which then can be transported into the
mitochondria by CPT1. Once in the mitochondrial matrix, acyl-CoA can be manipulated in a
series of reactions to undergo -oxidation to generate acetyl-CoA, which can then fuel the TCA
cycle (Bartlett 2004; Talley 2022).

During stress and heart failure, the heart undergoes metabolic reprogramming marked
by an upregulation of glycolysis, even in the presence of normoxia. The metabolic profile during
heart failure reverts to a more fetal-like state, where it is known that not only are substrate
dependencies similar, but also the metabolic gene expression possesses a signature highly
analogous to that in fetal heart tissue (Razeghi 2001) (Figure 1.3). The reason for this
upregulation of anerobic metabolism during heart failure is suggested to be an attempt by the
heart to revert to the fetal state, perhaps to promote regeneration, whereas other theories
suggest that upregulating glycolysis is a compensatory way to quickly generate energy
(Taegtmeyer 2010; Schurr 2022; Fillmore 2018). Although glycolysis rapidly produces ATP, this
is a much more inefficient route to energy production when compared to oxidative metabolism of
fats and carbohydrates. As the heart progresses towards heart failure, this reduction in oxidative
metabolism and reliance on glycolysis is marked by nearly a 70% decrease in myocardial ATP

output (Fillmore 2013). Thus, shifting to glycolysis cannot meet the ongoing energy demand of
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the heart, leading to heart failure. Better understanding these metabolic shifts will aid in the

understanding of heart failure, and hopefully identify additional early warning signs of cardiac
disorders and increase the likelihood of developing therapeutics that can intervene in

deleterious pathways.

Disruptions in any of these critical metabolic pathways in the heart can affect the overall

health of the myocardium. When normal metabolism is disrupted, this can cause a lack of

Healthy Adult Heart

Glucose & Fatty Acid Oxidation
Aerobic Respiration

High ATP Output

High Oxygen Consumption
Fetal Heart Heart Failure
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Anaerobic Respiration Anaerobic Respiration
Low ATP Output

Low Oxygen Consumption

Figure 1.3: Cardiac substrate preference changes throughout the course of development
and heart failure.
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energy production, leading to heart failure. However, metabolic responses can also differ based

on genetic landscape.

1.2.9 Cardiomyopathy is under genetic influence with variable expression

Cardiomyopathy affects about 1 in 250-500 adults and is characterized by morphological
abnormalities of the heart associated with impaired cardiac function (Maron 2012; Hershberger
2013). Cardiomyopathy is often inherited, usually in an autosomal dominant manner, and this
includes both hypertrophic cardiomyopathy (HCM), in which the left ventricle has thickened
walls with impaired filling, and dilated cardiomyopathy (DCM), in which the left ventricle is
enlarged and poorly contractile (Figure 1.4)

. HCM and DCM both arise from mutations in genes that affect the structure and

contraction of cardiac muscle (Marian 2017; McNally 2017). HCM is characterized as having
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Firgure 1.4: Comparison of cardiomyopathy subtypes with the healthy adult heart
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hyperdynamic function especially early in the course of disease Ho (2017); (O'Gara 1987). For

both HCM and DCM, the primary genetic mutations causing cardiomyopathy are variable in their
clinical presentations. Over 100 genes have been linked to heritable cardiomyopathy, and this
number continues to grow (McNally 2015). The expression of these mutations is modified by
environmental and additional genetic factors, which are referred to as genetic modifiers.

Genetic modifiers are a common phenomenon in determination of disease phenotypes,
such as those observed during heart failure. Although genetic modifiers may not be pathogenic
on their own, in the setting of a primary pathogenic disease-driving variant, these modifiers can
exacerbate or alleviate the expected phenotype (Rahit 2020; Dipple 2000; Dipple 2001; Nadeau
2001). Identifying genetic modifiers is crucial to understanding heart failure progression, since
these pathways also represent potential targets for developing new approaches to treat heart
failure.

Limb-Girdle Muscular Dystrophy Type 2C (LGMD 2C) arises from loss of function
mutations in the gene encoding the dystrophin-associated protein, y-sarcoglycan. In this
disorder, many patients harbor the same primary founder mutation, but this identical mutation
results in different clinical phenotypes, even within families (McNally 1996). Similarly, for many
primary cardiomyopathy mutations including those in MYH7, MYBPC3, TTN and many others,
the same primary mutation can result in the full clinical range from severe heart failure to a
normal heart (Gacita 2021; Barp 2015; Verdonschot 2020). A study in a large DCM cohort
demonstrated that over a third of patients were shown to have rare mutations in cardiomyopathy
genes other than the known disease-causing pathogenetic variants (Haas 2015). Furthermore,
increased non-synonymous single nucleotide variants (nsSNVs) within cardiomyopathy genes
correlates with an increased risk and severity of DCM compared to HCM suggesting that this
increased variation may be especially important in DCM (Puckelwartz 2021). This suggests that

genetic background and modifier variants significantly contribute to disease. Identifying and
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better understanding these variants will aid in defining the etiology and progression of

cardiomyopathy.

1.2.10 Models of cardiomyopathy

While other genetic models of cardiomyopathy exist, here we present data using
Drosophila melanogaster as our model of choice. This is partially because Drosophila are easily
genetically manipulated with tissue specificity, and they have rapid reproduction that permits
collection of large numbers of replicates for experimentation. Furthermore, Drosophila have
shorter lifecycles such that genetic consequences on lifespan and survival can be quickly
recorded.

Gene expression in Drosophila can be easily regulated using the Gal4/UAS system,
which is a powerful genetic toolkit for knocking down or activating gene expression with precise
tissue specificity. This is a transgenic model where Gal4, a yeast-specific protein, is engineered
to be expressed under a tissue-specific promoter of choice. Gal4 is then translated in whichever
tissue the promoter of choice is active (Duffy 2002). Gal4 will bind the UAS (upstream activating
site) sequence which has also been engineered into the fly genome. Binding of Gal4 to the UAS
sequence will activate the transcription of a gene or RNAi sequence of choice that is directly
downstream of UAS and will only be transcribed upon UAS activation by Gal4 binding. This
common technique in fly genetics permits targeted expression with tissue specificity such that a
wide variety of genes can be functionally validated. This system can be manipulated to
examine the effects of cardiac-specific genes, by inducing knockdowns under cardiac specific
promoters. The tinC driver is a cardiac-specific promoter commonly used in the Gal4/UAS
system to induce knockdown or expression of genes in the fly myocardium and has been used
to perturb cardiac gene expression to model cardiomyopathy (Wolf 2006; Zarndt 2017; Novak

2015; Lin 2011).
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Much of cardiac research in Drosophila has been focused on early development.

However, with new technologies emerging, modeling adult cardiovascular disease in flies has
become more feasible. Among these technologies is optical coherence tomography (OCT),
which permits high-resolution, in vivo live imaging of individual flies, which provides a unique
advantage of using flies as a model of cardiomyopathy (Men 2016; Wolf 2006; Choma 2006;
Lee 2019). OCT imaging of fly hearts was first documented in 2006, by the Izatt lab to record
heartbeat (Choma 2006). Since then, OCT imaging technology has progressed with greater
speed and resolution, allowing the capture of 1-2um images of the heart tube. (Lee 2019).
Although Drosophila possess obvious biological differences from vertebrate models,
they have proven to be an excellent model for cardiac disease. Drosophila do not have
chambered hearts and a closed circulatory system, rather, they have a segmented contractile
heart tube and an open circulatory system, where oxygenated and deoxygenated circulatory
fluids are free to diffuse across membranes (Das 2008; Hartley 2016; Rotstein 2016). However,
the similarities in these cardiac networks outweigh the differences when it comes to modeling
disease. For example, developmental patterns and cardiac cell types are highly analogous
between fly and human hearts, and the fly and human heart demonstrate similar aging traits
(Vogler 2009). Furthermore, myocardial cells in flies possess similar sarcomere structure and
proteome signatures as do those in humans (Cammarato 2011). However, flies traditionally
were mainly used to investigate developmental cardiac disorders rather than adult
cardiovascular disease. With the ability to now conduct in vivo phenotyping of fly hearts, flies
are more commonly used for a model of adult cardiac disease than ever before (Wolf 2006).
Additionally, over 75% of recorded human disease-driving genes have a known fly ortholog,
making flies a suitable model of genetic disease, such as cardiomyopathy (Lee 2019).
Drosophila models of genetic cardiomyopathy have recapitulated phenotypes observed in

humans (Table 1.1) (Wolf 2012).
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Human Ortholog
(McNally 2015)

Associated
Cardiomyopathy
Subtype

Fly Ortholog

Associated Fly
Phenotype

MYL2

HCM

Mic2

Abnormal heart tube
contraction(Manivannan
2020)

RYR2

HCM

Fibrillating heart
tube(Sullivan 2000)

ABCC9

DCM

Sur

Pacing-induced heart
failure(Ocorr 2007)

CRYAB

DCM

I(2)efl

Arrhythmia and an
increase in systolic
heart diameter(Xie
2013)

LAMA4

DCM

LanA

Age-associated heart
tube restriction and
increased
contractility(Sessions
2017)

LMNA

DCM

LamC

Arrythmia, conduction
defects(Bhide 2018)

SGCD

DCM

Scgdelta

Enlarged heart tube
with reduced
contractility(Allikian
2007)

TAZ

DCM

yki

Cardiac hypertrophy
without hyperplasia(Yu
2015)

CSRP3

HCM & DCM

Mip84B

Diastolic interval
prolongation, heart
rhythm
abnormalities(Mery
2008)

MYH6

HCM & DCM

Mhce

Reduced heart rate,
morphological
defects(Dahl-
Halvarsson 2018)

TNNI3

HCM & DCM

WUpPA

Enlarged heart tube
diameter and impaired
systolic function(Wolf
2006)

TNNT2

HCM & DCM

up

Reduced fractional
shortening(Viswanathan
2014)
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TNNI3 HCM & DCM WUPA Enlarged heart tube
diameter and impaired
systolic function(Wolf

2006)
TPM1 HCM & DCM Tm2 Arrythmia(Ma 2010)
VCL HCM & DCM Vinc Alteration of cardiac

metabolism and
contractility(Ma 2010)

Table 1.1: Known Drosophila models of genetic cardiomyopathy and their human orthologs.

1.3 Hypothesis and Research Design

In a search for genetic modifiers of heart failure, we identified MTCHZ2 as having
decreased nonsynonymous variation in humans with cardiomyopathy when compared to a
population without heart failure (Puckelwartz 2021). The missense variant, rs1064608 (MTCH2
p.Pro290Ala), was the primary driver variant underlying this observation, and this variant was
also previously associated with increased BMI in a genome-wide association study (GWAS)
(Turcot 2018). An additional GWAS identified a separate variant, rs10838738 within a
noncoding region in MTCH2 as a major SNP for increased BMI. The index SNP (rs10838738) is
in near complete linkage disequilibrium (LD) with rs1064608 (MTCH2 p.Pro290Ala).
Importantly, rs10838738 has also been identified as a cis eQTL for increased MTCH?2
expression, suggesting that the referent haplotype has relatively lower expression. We found
this haplotype underrepresented in a cardiomyopathy cohort. MTCH?Z2 also appears highly
resistant to loss of function, with very few such alleles identified in consortium level databases.
Therefore, we hypothesized that expression level is driving the signal in the cardiomyopathy
cohort.

To evaluate cardiac reduction of MTCH2 in vivo, we generated a Drosophila model with
cardiac-specific knockdown of the MTCH2 ortholog Mtch. Additionally, we engineered a

homozygous MTCH2 deletion in a human cell model to explicitly investigate its role in cellular
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metabolism. Flies with reduced Mtch develop cardiomyopathy and have reduced lifespan. Mtch

knockdown flies and MTCH2-deleted human embryonic kidney (HEK293) cells also have
impaired pyruvate oxidation due to reduced mitochondrial PDH activity, leading to a reduction of
ATP production in the presence of glucose (Figure 1.5). Mechanistically, reduction of MTCH2 is
associated with increased lactate production. Inhibition of PDK in cardiac Mtch-knockdown flies
reduced lactate levels and improved lifespan as well as the substrate-dependent oxygen
consumption rates. These findings demonstrate that reduction of MTCHZ2 increases glycolysis-
derived lactate accumulation and loss of glucose-derived ATP production in the heart. The
haplotype associated with relatively lower MTCH2 expression found in the cardiomyopathy
cohort may indicate maladaptive state, with relatively reduced glycolytic ATP production
precisely when the heart becomes reliant on glycolysis for function.

The subsequent chapters will discuss the in-depth methods and results for examining
MTCH?2 variation in human genomic data, and fly and cell models, as well as a proposed

mechanism for cardiac MTCH?2.
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Figure 1.5: Proposed mechanism of MTCH2. Loss of MTCH2 leads to increased lactate, reduced
oxygen consumption and ATP production. Enhancing PDH activity partially corrects these deficits.
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CHAPTER 2

The MTCH2 gene has differential genetic variation between cardiomyopathy cases and
controls
2.1 Overview

Cardiomyopathy is a highly heritable disorder, typically inherited in an autosomal
dominant fashion. However, onset and severity of cardiomyopathy is variable, where two people
with the same pathogenic disease-driving variant can experience different courses of disease.
While some of this variable expressivity is attributable to environmental factors, disease
variability can be influenced by additional genetic variation within the genome, otherwise known
as genetic modifiers. Genetic modifiers can affect the expected phenotype of primary
pathogenic variant, and can act in both protective and maladaptive manners, depending on
genetic landscape and environmental factors. Because of the often small and subtle effects,
genetic modifiers can be difficult to identify.

This chapter will discuss our work identifying genetic modifiers and their impact on
cardiovascular disease. Specifically, it will highlight the identification of a gene, MTCH2, as
influencing cardiac function and how variation within this gene may impact the course of heart
failure. MTCHZ2 was identified as having decreased nonsynonymous variation in humans with
cardiomyopathy when compared to a population without heart failure. Largely driving this
observation was the missense variant, rs1064608 (MTCH2 p.Pro290Ala), a variant associated
with obesity and increased BMI in a previous GWAS (Turcot 2018).

This chapter contains excerpts from the Oxford University Press’ Human Molecular
Genetics article published in 2022, “Opposing effects of genetic variation in MTCH?2 for obesity
versus heart failure,” authored by Julie Fischer, Tanner Monroe, PhD, Lorenzo Pesce, PhD,
Konrad Sawicki, MD PhD, Mattia Quattrocelli PhD, Rosemary Bauer, Samuel Kearns, Matthew
Wolf, MD PhD, Megan Puckelwartz, PhD, and Elizabeth McNally, MD PhD. Elizabeth McNally,

MD PhD, Megan Puckelwartz, PhD, Lorenzo Pesce, PhD conceived of the bootstrap search for
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modifiers, and Lorenzo Pesce, PhD and Samuel Kearns performed computational and statistical

analyses, all of which will be discussed in this chapter.

2.2 Introduction
2.2.1 Cardiomyopathy is influenced by genetic modifiers

Cardiomyopathy is a heterogeneous disease, where outcomes and progression are
under the influence of genetic variation. For both HCM and DCM, the primary genetic mutations
causing cardiomyopathy are variable in their clinical presentations, and additional genetic
variation can be protective or can be deleterious to the final disease outcome. Genetic modifiers
can be additive or synergistic in their interaction, traditionally referred to as genetic epistasis.
Although genetic modifiers may not be pathogenic on their own, in the setting of a primary
pathogenic disease-driving variant, these modifiers can exacerbate or alleviate the expected
phenotype (Rahit 2020; Dipple 2000; Dipple 2001; Nadeau 2001). Identifying these variants is
can help better predict disease manifestations and timing, especially where the majority of
genetic diseases are not fully explained by a single mutation. Therapeutically targeting modifiers

will lead us closer to precision medicine and help improve disease outcomes.

2.2.2 Preliminary analysis reveals MTCH2 has differential variation in people with
cardiomyopathy compared to gnomAD.

To evaluate underlying causes of disease variability, a search for variants differentially
enriched in subtypes of cardiomyopathy was carried out previously (Puckelwartz 2021). This
evaluation consisted of assessing the coding region of genes, focusing on single nucleotide
variants differential between in cases of HCM and DCM using a bootstrap analysis. The first
phase of this analysis consisted of a resampling of missense variation in 102 cardiomyopathy-
associated genes and those genes with differential variation between HCM and DCM (n=56 and

n=70, respectively). This analysis identified that cardiomyopathy gene variation was greater in
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DCM compared to HCM. Using a similar approach, genes with differential variation were

identified between a cardiomyopathy cohort (both HCM and DCM together) and the Genome
Aggregation Database (gnomAD) database (N=15708). This analysis found that the MTCH?2

had differential variation in the cardiomyopathy cohort.

2.2.3 Using gnomAD

When investigating genetic variation in disease, a control population is essential for
comparison. The Genome Aggregation Database (gnomAD) is a resource often used to portray
the genetic information of a nonselected population, therefore more reflective of the greater
population (Gudmundsson 2022; de Andrade 2019). The gnomAD database contains both
whole exome and genome sequencing data gathered from large-scale sequencing projects
(Koch 2020). It especially serves as a useful tool when comparing variation across ancestry
types, where population allele frequencies can be examined based on ancestry (Zlotogora
2018; Chakchouk 2019; Liu 2020). gnomAD provides constraint metrics for coding genes, which
includes expected versus observed numbers of single nucleotide variants (SNVs) for a given
gene (Fabre 2022; Schulze 2020). This is a valuable tool for variant interpretation. Genes that
possess significantly fewer observed variants than expected are under greater selective
pressure, where greater variant burden is not well tolerated within that genomic region. This is
depicted through the Z score, where a positive Z-score represents a greater gene constraint
where there are fewer observed variants compared to what is expected. Conversely, a negative
Z-score represents less gene constraint, where there are more observed variants than
expected, indicating the given genomic region is not likely to be under great selective pressure,
and more variation is tolerated. In the case of MTCH?2, there are fewer observed than expected
synonymous and missense variants with a Z score of 1.2, indicating a mild constraint for

missense variation in the human MTCH2 gene (Table 2.1).
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Gene constraint metrics provided by gnomAD also include the loss-of-function (LoF)

constraint by reporting the probability of being LoF intolerant (pLI). Similar to a Z-score, this is
calculated by accounting for the expected versus observed LoF variants. Where a pLI constraint
score is close to 1, this indicates LoF variation is tolerated, and there is strong selective
pressure against LoF within this genomic region. When the pLI constraint score is closer to O,
this indicates that LoF variation within the gene is tolerated. In the case of MTCH2, the pLlI

score is close to 0, indicating that loss-of-function variation is tolerated within the gene (Table

2.1).
Category Expected SNVs Observed SNVs Constraint metrics

Synonymous 59.3 50 Z=0.95

o/e = 0.84 (0.64-0.86)
Missense 172.5 128 Z=12

o/e = 0.74 (0.64-0.86)
pLoF 23.3 7 pLI =0.03

o/e = 0.3 (0.17-0.56)

Table 2.1: Gene constraint metrics for UTCH2.

2.3 Methods & Results
2.3.1 Formal evaluation of MTCH2 variation in subjects with cardiomyopathy

Intriguingly, the deviant variation between the cardiomyopathy cohort and the gnomAD
database showed less variation than was expected in the MTCHZ2 gene. Based on the
preliminary findings that MTCH2 showed reduced variation in the combined cardiomyopathy
cohort compared to gnomAD, a database that includes individuals with disease phenotypes, we

sought to further investigate MTCH2 variation comparing MTCH?2 variation to the NUgene
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Figure 2.1 Method for identifying aberrant genetic variation in a cardiomyopathy cohort. nsSNV
counts were collected in cardiomyopathy and ancestry subgroups Ancestral allele frequency correction
was performed on each nsSNV in cardiac genes using gnomAD ancestral allele frequencies, and
corrected frequencies were summed across each gene in each cardiomyopathy subgroup. Delta is the
difference in corrected allele frequency per gene between DCM and HCM.

biobank. The NUgene Project is Northwestern’s medical biobank where DNA samples are tied
to electronic health records of patients in the Northwestern Medicine. Cohort selection, whole
genome sequencing (WGS) and variant frequency analysis nearly 1000 NUgene participants
were previously described (Pottinger 2020; Puckelwartz 2021)). For the comparison to the
NUgene cohort, participants with cardiomyopathy or heart failure-related diagnosis were
removed (N=772). The bootstrap analysis was applied to a 172-sample subset of the
cardiomyopathy cohort using a random sampling with replacement as described previously
(Puckelwartz 2021). 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
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resampled 5000 times to determine confidence intervals with sufficient precision (Figure 2.1).

We focused on cumulative allele frequencies between 0.25 and 0.50. Calculations were
performed using 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 ('The Genotype-Tissue Expression (GTEX) project' 2013). Linkage disequilibrium
mapping was carried out using the publicly available NCI tool, LD link, and then plotted using

custom formatting (Machiela 2015).

2.3.2 MTCH2 shows abnormal variation in people with cardiomyopathy

Genome-wide, 184 genes were identified with a deviant cumulative allele frequency.
Sixty-seven genes reached genome-wide significance for aberrant variant accumulation in the
same direction for both hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM),
including MTCH2. The MTCHZ2 gene had underrepresentation of nonsynonymous single
nucleotide variation (nsSNV) in the cardiomyopathy cohort (n=172) compared to the gnomAD
database. Fewer MTCHZ2 nsSNVs were identified in both DCM and HCM subjects (99.95%
confidence intervals (Cls), DCM: -0.3155—0.0779; HCM: -0.3707—0.1098) (Figure 2.2).
Results were significant for a 1% false-discovery rate across the entire protein coding genome.

MTCH2 variant analysis revealed that there was only one common (frequency range 0.25-0.50)
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variant in the cardiomyopathy dataset, rs1064608. rs1064608 encodes an alanine at amino acid

290 of MTCH2, where the referent allele is a proline (Figure 2.2 B).

2.3.3 The MTCH2 variant, rs1064608, has previously been associated with disease
The National Human Genome Research Institute-European Bioinformatics Institute

(NHGRI-EBI) Catalog of human genome-wide association studies (GWAS), or the GWAS
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Figure 2.2 MTCH2 variation in a human cardiomyopathy cohort. (A) Shown is common nsSNV
variant burden in MTCH?2 in dilated cardiomyopathy (DCM) or hypertrophic cardiomyopathy (HCM) cases
compared with expected gnomAD frequencies using bootstrap-based approach. The 99.95% confidence
intervals are shown for MTCH2 (DCM: -0.3155—0.0779; HCM: -0.3707—0.1098). MTCHZ2 has less
variation in cardiomyopathy compared to gnomAD. (B) 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
prediction.

catalog, is a useful tool for investigating specific variant associations with disease. The GWAS
catalog consolidates large-scale published GWAS studies such that single variants can be
interrogated, and the disease traits associated with that variant as well as summary statistics for
each GWAS can also be evaluated (Caliskan 2021; Buniello 2019). rs1064608 is the variant risk
allele, alternate nucleotide at position 290 is a cytosine, and is associated with BMI (Table 2.2).
The reported association of MTCH2 rs1064608 with BMI aligns with findings of MTCH?2

perturbation in experimental models in which MTCH2 has been manipulated (Locke 2015).
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Variant P-Value Beta Cl Mapped Reported Trait(s) Study Location
and Risk Gene Trait Accession
Allele
rs1064 1x10% O.Qt238 E)Ob()zzz;] MTCH _Bzdy mass body mass GCST0081 | 11:47618877
- uni . | index A
608-C increase index 29

Table 2.2 Genome wide association studies report different rs1064608 risk alleles as being
associated with BMI.

2.3.4 Population frequencies of rs1064608

When further investigating the population frequency of rs1064608, we found that the

alternate 11-47640429-C (GRCh37) allele at this site is common in the population, with a total

allele frequency of 0.4787 which is inclusive of 8734 genomes (Table 2.3) (Karczewski 2020).

The population with the greatest allele frequency are people of East Asian descent, with an

allele frequency of 0.5780.

Population Allele Count Allele Number Number of Allele
Homozygotes Frequency

East Asian 474 820 72 0.5780

Latino/Admixed | 300 552 45 0.5435

American

European 1211 2282 203 0.5307

(Finnish)

Other 355 722 59 0.4917

European (non- | 5566 11798 979 0.4718

Finnish)

African/African 740 1802 32 0.4107

American
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Ashkenazi 88 268 10 0.3284
Jewish

XX 3924 7784 611 0.5041
XY 4810 10460 789 0.4598
TOTAL 8734 18244 1400 0.4787

Table 2.3 Prevalence of rs1064608 is well-represented across ancestry groups according to
reported allele frequencies curated by the gnomAD database

rs1064608 is multiallelic, where the alternate allele is either C or T (SNV 11-47640429-
G-C is 11-47640429-G-T). However, this is very rare and is not observed in any genomes in

gnomAD but it is reported in 2 out of 249,444 exomes at a total exome allele frequency of

0.000008018.

2.3.5rs1064608 is in linkage disequilibrium with other GWAS variants

There are several metabolic and cardiovascular phenotypic associations with MTCH?2
SNVs (Table 2.4). The most common phenotypic associations were reported changes in BMI
(Figure 2.3). The reported traits closely align with the observed phenotypes in previously
reported models of MTCH2 dysfunction, where overexpression of MTCH?Z2 is associated with
increased adiposity in human adipose tissue, and reduction of MTCH2Z2 reduces fat mass in both

worms and mice, as discussed in depth in chapter 1 (Rottiers 2017; Buzaglo-Azriel 2016; Kulyté

2011).
Variant P-Value Beta Mapped Reported Trait Study Location
and Risk Gene Accession
Allele
rs108387 | >x10° | 007 MTCH?2 | Body massindex | scgT0QQ2 | 11:47641497
kg/m2
38-G increase 98
rs38173 2x10 | 0.06 MTCH2 Body mass index GCST0008 11:47629441
12 kg/m?2
34-T increase 30




rs38173 6x10 0.023 unit MTCH?2 Body mass index GCST0063 11:47629441
20 decrease
34-C 68
rs38173 5x10 0.0258 MTCH?2 Body mass index GCST0045 11:47629441
12 kg/m2
34-T increase 57
rs38173 1x10° | 0.0241 MTCH?2 Body mass index GCST0045 11:47629441
M kg/m?2
34-T increase 57
rs38173 1x 107 | 0.0297 MTCH?2 Body mass index GCST0045 11:47629441
kg/m2
34-T increase 57
rs38173 | 3x107 | 00269 MTCH? | Body massindex | cT0pa5 | 11147629441
kg/m2
34-T increase 57
rs38173 2x106 | 0.0216 MTCH?2 Body mass index GCST0045 11:47629441
kg/m2
34-T increase 57
rs38173 | 1*10° MTCH2 | Body massindex | GCSTQQ45 | 1147629441
(joint analysis main
34-2 effects and 58
physical activity
interaction)
rs38173 | >x10 MTCH2 | Body massindex | GcgT0045 | 11:47629441
B (joint analysis main
34-2 effects and 58
physical activity
interaction)
rs38173 1x10 MTCH?2 Body mass index GCST0045 11:47629441
B (joint analysis main
34-2 effects and 58
physical activity
interaction)
rs38173 1x 10 | 0.0241068 MTCH2 Body mass index GCST0059 11:47629441
18 21 unit
34-T increase 51
rs38173 | 1*10° E-Om MTCH2 | ®M! k GCST0044 | 147629441
g/m2 smokers
34-T increase 99
rs38173 | 6x107 | 00245 | MTCH2 | BM!in non- GCST0044 | 1147629441
kg/m2 smokers
34-T increase 99
rs38173 2 x10° 0.027 MTCH2 Body mass index GCST0027 11:47629441
m kg/m?2
34-T increase 83

51



rs38173 | >x10° | 0026 ,
" kg/m2 MTCH2 | Body massindex | GCSTQQ27 | 1147629441
34-T |
increase 83
rs38173 | 1x10° | 0026 ,
24T " g/m? MTCH2 | Body mass index GCST0027 | 1147620041
increase 83
rs38173 | 2x10° | 0026 ,
24T 1 g/m? MTCH2 | Body mass index GCST0027 | 1147620041
increase 83
rs17788 | 4x10° | 0.0456 : ,
) MTCH?2 | High density :
853-A :mt lipoprotein GCST9001 | 1147628066
ecrease
<38173 3110 002796 cholesterol levels 9510
) ‘ MTCH2 | Omeoaefaty | GCST 1147622
35-T Aunlt acid levels 9009 ' 339
increase
2933
rs38173 1x 108 | 0.0240278 .
; MTCH2 Total lipid levels i ]
35T f’”'t ipoprotein in | GCST90Q9 | 11:47622339
increase )
. particles 2989
rs59360 2x10 0-1‘8308 MTCH2, Body fat G ”
790-? unit percentage CST0070 47647623
: increase AGBL?2 64
rs59360 | 8x 10 | 017158
290-2 " it MTCH2, E::ijt GCST0070 | 1147647623
-t increase AGBL?2 mage 64
rs71073 | 310 , .
10 MTCH2, Brain region :
562 J ol GCST0095 | 1147654618
18
rs59360 | 1 x10° | 017754
16 ‘ MTCH?2, | Body fat )
790-? iunr::ease AGBL2 percentage GCST0070 11:47647623
64
rs10769 | 3x10° | 001524
S it MTCH2, iir)ilbfj;on ( GCST0072 | 1147604940
C1QTN ! arm
decrease fat ratio) 93
F4
rs10769 | 2x 10 | 002082
0 ; M Bodly f.
N it TCH2, diost:i/bj:ion - GCSTOQ72 | 11:47604940
decrease C1QTN | fat ratio) 93
F4
rs10769 | 2x 10 | 002358 .
S 2 unit MTCH2, di?:i’bfj:ion o GCST0072 | 1147604940
increase C1QTN eg fat 95

F4

ratio)
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rs10769 6 x 10° | 0.0141 MTCH2, Body fat GCST0072 11:47604940
unit distribution (trunk
282-G decrease C1 QTN fat ratio) 94
F4
rs10769 5x10° | 0.0183 MTCH?2, Body fat GCST0072 11:47604940
14 unit distribution (arm
282-G decrease C1 QTN fat ratio) 93
F4
rs10769 7x10% | 0.01882 MTCH2, Body fat GCST0072 11:47604940
unit distribution (leg fat
282-G increase C1 QTN ratio) 95
F4
rs10769 4 x10° | 0.01563 MTCH?2, Body fat GCST0072 11:47604940
unit distribution (trunk
282-G decrease C1 QTN fat ratio) 94
F4
rs10769 1x10° | 0.02139 MTCH2, Body fat GCST0072 11:47604940
18 unit distribution (leg fat
282-G increase C1 QTN ratio) 95
F4
rs12363 1x10 C1 QTN Body mass index GCST0098 11:47602338
232-? F4, MTC 71
H2
rs78339 i x 10 C1QTN Body mass index GCST0098 11:47599417
356-? F4, MTC 71
H2
rs11321 4x10 0.0243951 MTCHZ, Predicted visceral GCST0087 11:47648309
22 51 unit adipose tissue
1479-A increase | AGBL2 44
rs71073 4x10 0.309 unit MTCHZ, Systolic blood GCST0070 11:47654618
16 decrease pressure
56-A AGBL2 99
rs71073 3x10 0.159 unit MTCHZ, Pulse pressure GCST0070 11:47654618
10 decrease
56-A AGBL2 96
rs71073 9x 107 | 0.265 unit MTCHZ, Systolic blood GCST0070 11:47654618
decrease pressure
56-A AGBL2 95
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rs12363 | 4 X1 :;?1331 C1QTN | Coldumlevels | GCSTQ123 | 1747602338
232-T decrease | F4, MTC 98
H2
rs12363 | 8x 10 | 00317711 | c1QTN | Phosphoglycerides | GCgTgQQQ | 11:47602338
232C | t F4, MTC oo 2938
H2

rs71073 | ©* 10 MTCH2, | Systolic blood GCST0070 | 1147654618
56-2 ) AGBL2 || 87

rs38173 | 3x10° | 00225 MTCH2 | Body massindex | 5CgT0045 | 11:47629441
34-T kg/mz 57

rs38173 | 1x10° | 0025 unit | \ATCH2 | Body massindex | 5STOQ49 | 11:47629441
T | e 04

rs38173 | 7x 107 | 00243 MTCH2 | Body massindex | 5CgT0045 | 11:47629441
34-T e e | 59

rs38173 | >x107 | 00276 | \MTCH2 | Body massindex | GCSTQQ45 | 1147629441
34-T e e | 59

rs38173 | 3x10° | 00224 MTCH2 | Body massindex | 5CsTOQA5 | 1147629441
34-T e e | 59

rs38173 | 2x 10 | 0031 unit | MTCH2 | Body massindex | GCSTO068 | 1147629441
4T | 02

rs71205 | 2x 100 | 00448821 | \fTCHD | Hypertension GCSTO096 | 11:47641380
48-? dt 85

rs10646 | 110 | 00238 | MTCH2 | Pody massindex | GCSTO081 | 1147616877
08-C t 29

rs71073 | 2x10° | 0149 unit | \pTCH2, | Diastolic blood GCSTO070 | 11:47654618
s6-A | e ] aeez |1 94

rs10838 | > 107 | 007 MTCH2 | Body massindex | GcgT002 | 1147641497
738-G kg/mz 98

Table 2.4. MTCH2 single nucleotide variants in the GWAS catalog.
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We examined GWAS variants in Table 2.4 associated with cardiac or metabolic

phenotypes and whether they were in linkage disequilibrium (LD) with rs1064608. Figure 2.2 A
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 body mass index (BMI), hypertension, and high-density
lipoprotein (HDL) levels (Willer 2009; Pottinger 2020; Fernandez-Caggiano 2020; Sinnott-
Armstrong 2021). rs1064608 (p.P290A) was previously identified in a GWAS for BMI and is in
near total LD with rs10839738 (R? = 0.997), which is a lead index SNP identified in a GWAS for
BMI (Turcot 2018; Hindorff 2009). LD mapping revealed the co-inheritance pattern between

rs1064608 and an additional GWAS variant rs3817334 (R? = 0.501) (Figure 2.4 B).

MTCH2 Exp

*rs3817334
*rs10838738
rs1064608

Figure 2.3 MTCH2 variation is associated with disease. The MTCH?Z2 variants, rs1064608,
rs3817334, and rs10838738 are associated with BMI and obesity. “Denotes expression quantitative
trait loci that alter MTCHZ2 expression.
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Figure 2.4 rs1064608 is in linkage disequilibrium with other GWAS variants (A)The top pins
(blue) show the position of MTCH?Z2 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. (B) Linkage disequilibrium plot of the 5 GWAS SNPs from A reveals strong LD between
rs1064608 and the two SNPs previously associated with BMI (rs10838738 and rs3817334).

2.3.5 Linkage disequilibrium analysis associates rs1064608 with the MTCH2 cis eQTL

rs10838738 and lower MTCH2 expression

The Genotype Tissue Expression (GTEX) Project is an open-access database in which
tissue-specific gene expression can be assessed (‘The Genotype-Tissue Expression (GTEXx)
project' 2013). We used GTEx data to determine if either of the MTCH2 GWAS SNPs for BMI
were also expression quantitative trait loci (eQTL). Both SNVs (rs1064608, rs3817334) were
associated with significantly altered expression of MTCH?Z2 in skeletal muscle (Figure 2.5 A).

The rs1064608 referent allele (p.Pro290) was overrepresented in the cardiomyopathy cohort

56
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(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, Figure 2.5 B). The
rs1064608 alternate allele (p.Pro290Ala) was previously associated with BMI, and this allele is
underrepresented in people with cardiomyopathy (Table 2.4). The rs1064608 alternate allele
(alanine at position 290) and rs10838738 cis eQTL for increased MTCH2 expression are in near
complete LD, suggesting that presence of the rs1064608 alternate allele is linked to increased
MTCH?2 expression, and the rs1064608 referent allele (proline at position 290) is associated

with reduced MTCH?2 expression. Thus, it is the variant linked to lower expression that was

A. B. control Cardiomyopathy
Cohort Cohort
: H; I - | |
0 1.0
320) n w” :; \1”‘1“1,\ 96) p=002
rsiD rs10838738 rs3817334
GWAS Phenotype BMI BMI EMTCH2 P290
eQTL P value P=5.0e-33 P=3.3e-19 COMTCH2 P290A

Figure 2.5 Linkage disequilibrium analysis associates rs1064608 with the MTCH2 cis
eQTL rs10838738 and lower MTCH2 expression. (A) GTEx shows two MTCHZ2 SNPs that
are expression quantitative trait loci (eQTL) in skeletal muscle and have genome-wide
significant association with BMI (underlined in 2.3A). (B) In a control cohort derived from the
Northwestern NUgene medical biobank, the referent allele, MTCH2 Pro290, is found in 71.4%
of biobank participants without heart failure (dark blue, left) compared to 77.6% of subjects in a
cardiomyopathy cohort (dark blue, right). Control N=772, cardiomyopathy cohort N=172
*P=0.02

overrepresented cardiomyopathy cases compared to controls. This finding suggests MTCH2

reduction is protective for obesity but may not be beneficial in the setting of heart failure.

Therefore, we hypothesized that lower MTCH?2 expression may be maladaptive in the heart.
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2.4 Discussion
2.4.1 MTCH2 variation and metabolic outcomes in humans.

GWAS identified MTCH2 SNPs with expression, obesity, and lean body mass (Willer
2009; Renstrom 2009; Bauer 2009). In humans, mice, worms, fish, and flies, there is a
consistent relationship that upregulation of MTCHZ2 associates with obesity while MTCH2
downregulation is associated more with lean body mass (Willer 2009; Buzaglo-Azriel 2016;
Rottiers 2017; Landgraf 2016). Although lean body mass is beneficial for most cardiovascular
traits, the substrate dependence in heart failure may represent an exception. In cardiomyopathy
patients, we found overrepresentation of a SNP and haplotype linked to lower MTCH2
expression. This type of inheritance, with high risk-allele population frequency is plausibly
explained by antagonistic pleiotropy, wherein a risk allele for one condition may be protective in
another (Carter 2011). Antagonistic pleiotropy is well described in traits associated with
protection from infection like sickle cell and malaria and APOL1 and trypanosoma infection (Piel
2010; Vanhollebeke 2006). 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.

2.4.2 Modeling MTCH2 dysfunction
Using WGS, we found that the variant, rs1064608, was underrepresented in a

cardiomyopathy cohort. This variant encodes a Pro290Ala change near the N terminus of the
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MTCH2 protein. This means that Pro290 was more frequently observed in people with

cardiomyopathy and Ala290 was more frequently observed in people without cardiomyopathy.
We expect that there are key conformational differences in secondary protein structure between
these two variants. Because of the unique cyclic structure, proline residue changes are known
to alter protein folding and “turns” in the local secondary structure, as steric restrictions from
other residues do not permit the same angled turns in polypeptide chains as proline residues do
(Morgan 2013; Melnikov 2016). Conformational changes caused by alterations in proline
residues are known to affect function of transmembrane proteins such as MTCH2 (Meier 2005;
Glatzova 2021; Tie 2008). This could mean that there are key functional differences in MTCH2
between people with cardiomyopathy and people without.

Another possibility is that people with Pro290 express less MTCH2, which could worsen
outcomes of heart failure. The genetic variant causing Ala290 in people without cardiomyopathy
is in near complete LD with another variant, rs10839738, which is a known eQTL for increased
MTCH2 expression in human skeletal muscle. Therefore, we expect that people with Ala290
express more MTCH2 transcript, and people with Pro290 express less MTCH2 transcript. In this
case, those with Pro290 expressing less MTCH?Z2 transcript are more likely to be people with
cardiomyopathy. Therefore, we sought to model reduced MTCH2 expression and determine the
cardiac consequences to conclude whether MTCH?2 is essential to heart function. We
hypothesized that reduced MTCH2 expression is maladaptive in the setting of heart failure. To
test this, we generated a model of MTCHZ2 dysfunction using a cardiac-specific knockdown of
the MTCH?2 ortholog, Mtch, in fly hearts, as well as a MTCHZ2 knockout model in a human cell
line. The next chapter will discuss our findings and the consequences of dysfunctional MTCH2

on metabolic pathways and cardiac function.
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CHAPTER 3

Reduction of MTCH2 impairs metabolism in a substrate-specific manner

3.1 Overview

Genome wide association studies (GWAS) previously identified MTCH2 variants as
being implicated in metabolic phenotypes such as obesity, BMI, weight distribution, and lean
body mass (Kulyté 2011; Wang 2012; Rask-Andersen 2019). Work from others showed that
deletion of the mouse Mich2 gene from both heart and skeletal muscle protects against high fat
diet induced obesity but also produces a hypercontractile cardiac phenotype, which we
hypothesize is maladaptive in heart failure (Buzaglo-Azriel 2016). Our laboratory used whole
genome sequencing (WGS) to look for single nucleotide polymorphisms (SNPs) with differential
variation in a cardiomyopathy cohort compared to those without cardiac disease. From this
analysis, the MTCH2 gene was found to have different patterns of nonsynonymous variation in
cardiomyopathy genomes compared to a general nonselected population. Specifically, MTCH2
was identified as having decreased nonsynonymous variation in humans with cardiomyopathy
when compared to a population without heart failure. Largely driving this observation was the
missense variant, rs1064608 (MTCH2 p.Pro290Ala), a variant associated with increased BMI in
a previous GWAS (Turcot et al. 2018). 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. Therefore, p.Pro290, which is overrepresented in people with
cardiomyopathy should also be linked to reduced MTCH?2 expression. We hypothesize that

reduced MTCH2 expression is maladaptive in the setting of heart failure. To investigate this
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hypothesis, we generated models of MTCHZ2 reduction using Drosophila and HEK293 cells.

This chapter will discuss our experiments and findings in these models, and the potential
implications of MTCH2 variation in people with cardiomyopathy.

This chapter contains excerpts from the Oxford University Press’ Human Molecular
Genetics article published in 2022, “Opposing effects of genetic variation in MTCH?2 for obesity
versus heart failure,” authored by Julie Fischer, Tanner Monroe, PhD, Lorenzo Pesce, PhD,
Konrad Sawicki, MD PhD, Mattia Quattrocelli PhD, Rosemary Bauer, Samuel Kearns, Matthew
Wolf, MD PhD, Megan Puckelwartz, PhD, and Elizabeth McNally, MD PhD. Matthew Wolf, MD
PhD conducted OCT imaging for analysis, and Julie Fischer, Rosemary Bauer, and Mattia
Quattrocelli PhD conducted other experimental analyses. Lorenzo Pesce, PhD, Tanner
Monroe, PhD and Konrad Sawicki, MD PhD provided expert opinion and experimental

guidance. Megan Puckelwartz, PhD, and Elizabeth McNally, MD PhD supervised the project.

3.2 Introduction

The phenotypic expression of genetically-mediated cardiomyopathy is variable, often
attributed to genetic modifiers (Rahit 2020; Puckelwartz 2021). Our lab performed whole
genome sequencing in cardiomyopathy patients in an attempt to identify genetic modifiers in
cardiac genes that may be altering disease phenotype. In cardiomyopathy patients, we found
overrepresentation of a SNP and haplotype linked to lower MTCHZ2 expression. Based on this
finding in conjunction with the previous literature that MTCH2 has a role in regulating oxidative
phosphorylation and lipid metabolism, we sought to identify how MTCH2 is functioning in
cardiovascular metabolism (Kulyté 2011; Buzaglo-Azriel 2016). We used Drosophila to model
MTCH?2 dysfunction. Drosophila are an advantageous disease model as fly genetics can be
easily manipulated to examine functional consequences. Flies are used to model genetic
cardiomyopathies, where fly phenotypes recapitulate what is observed in human hearts (Wolf

2012). We further validated our fly findings in a human cell model. Together, these data
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demonstrate that MTCH2 in an integral component of substrate-specific metabolism, and

therapies targeting pathways affected by MTCHZ2 dysfunction may alleviate malignant

phenotypes observed in cardiomyopathy patients with aberrant MTCH2 variation.

3.3 Methods & Results

3.3.1 Determining MTCH2 orthologs & fly husbandry

We first sought to model MTCHZ2 reduction in Drosophila melanogaster as an
exploratory approach to investigate its effect on heart tube function. Because there was no
previous literature on MTCH?2 in flies, we conducted a homolog search of MTCHZ2 in FlyBase: a
database for Drosophila genetics and molecular biology. The homology search results yielded
two predicted potential MTCH2 fly orthologs: Mtch and CG10920. Mtch provided the better
match score (15/15), whereas the match score for CG10920 was 10/15. The match score is
computed by the Drosophila RNAi Screening Center (DRSC) integrative ortholog prediction tool
generated by Harvard Medical School (Hu 2021). We conducted a sequence comparison and
alignment using Clustal Omega and the Basic Local Alignment Search Tool (BLAST) by the
National Center for Biotechnology Information (NCBI) to determine which Drosophila gene was
a better MTCH?2 ortholog (Sievers 2014). From these methods, we concluded that Drosophila
Mtch was most similar to human MTCH2, and CG10920 was more similar to the MTCH2

paralog MTCH1. From here, we proceeded using Mtch as the Drosophila ortholog of MTCH?2.

To investigate the effects of MTCH2 reduction, | generated and examined tissue-specific
knockdowns of the Drosophila MTCH?2 ortholog, Mtch. This was accomplished using the
GAL4/UAS system (Nishihara 2007). This is a binary system where a GAL4 driver line is
engineered to express GAL4, a yeast protein. GAL4 is exclusively expressed by a tissue-

specific promoter. This GAL4 driver line is crossed to an upstream activating sequence (UAS)
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line. GAL4 preferentially binds the UAS DNA sequence to activate transcription of RNAI

hairpins that will knockdown the gene of interest in the progeny of these crosses (Ni 2008;
Perkins 2015). We used the tinC cardiomyocyte-specific promoter to drive expression in the
heart (Zarndt 2017; Wolf 2006). Using this system, we were able to knockdown Mtch in the fly

heart tube (Figure 3.1).

¥y

| _tinC | GAL4 | x UAS |anti-Mtch
| tinC | GAL4 | [ UAS |anti-Mtch)

RNAI hairpin

| tinC GAL4 | [ UAS |anti-Mtch|

GAL4 @ anti-Mtch

Figure 3.1 GAL4/UAS system employed in flies. tinC-GAL4 drivers express GAL4 specifically in
fly cardiomyocytes. GAL4 binds UAS sequence which activates expression of anti-Mtch RNAi
hairpins.

Fly stocks were obtained from Indiana University’s Bloomington Drosophila Stock

Center (Table 3.1) Fly lines were established using the GAL4/UAS system, and controls were
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determined by previous standards that conducted similar crosses (Viswanathan 2016; Petersen

2022; Perkins 2015). The tinC-GAL4 transgenic fly line was crossed to a line expressing a Mtch
RNAI hairpin under a GAL4-binding UAS, or, as an isogenic control, to a line expressing a
nontargeting hairpin under the same UAS (Bloomington Drosophila Stock Center). Cardiac-
specific Mtch knockdowns were identified by the nomenclature “Mtch-tinC” to indicate Mtch was
targeted where the tinC promoter was active, since tinC is myocardial-specific and therefore an
appropriate driver to reduce expression in the heart tube (Wolf 2006; Zarndt 2017; Novak 2015).
Flies were maintained on 12 hr light/dark cycles, at 50% humidity, and fed a Jazz-Mix
(Fisherbrand) diet at 25°C. Separation and collection of all flies were conducted by brief
anesthetization with CO.. All experiments were performed on 3-week-old flies, unless otherwise

noted, using equal numbers of male and female flies.

Fly Line Strain Vendor Catalog Number
UAS-Control y[1] v[1]; Bloomington 36304
P{y[+t7.7]=CaryP}attP40 Drosophila Stock
Center
UAS-Mtch y[1] v[1]; P{y[+t7.7] Bloomington 38986
v[+t1.8]=TRiP.HMS01902}attP40 | Drosophila Stock
Center
tinC-GAL4 w[1118]; P{y[+17.7] Bloomington 40657
w[+mC]=GMR93F03-GAL4}attP2 | Drosophila Stock
Center

Table 3.1 Drosophila lines used

3.3.2 Validation of cardiac-specific Mtch knockdown & RT-qPCR in flies

To ensure that knockdown of Drosophila Mtch was cardiac-specific, we assessed Mich
transcript expression in three different tissues: whole hearts, whole abdomens and whole
heads. Here, we anticipated that that if the knockdown strategy was indeed cardiac specific, we
would only detect a reduction of Mtch expression in the heart tubes, as the knockdown should

only occur where the tinC promoter is active. Mtch expression was determined via Reverse
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Transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) and normalized to aTub84B,

a ubiquitous housekeeping gene that we anticipated to be unaffected by Mtch knockdown

(Table 3.2)
Gene Primer F Primer R
Mtch CTGCCCAACCGCCAATTATG AAGCTTGTCATACCGGAGCC
aTub84B TGTCGCGTGTGAAACACTTC AGCAGGCGTTTCCAATCTG

Table 3.2 Primers used to validate Mtch knockdowns

This was conducted on isolated whole heart tubes, whole heart-containing abdomens,
and whole heads of both the Mtch-tinC flies and control flies. Whole heart tubes were dissected
from flies anesthetized with CO, by methods previously described in Vogler and Ocorr and
excess cuticle was removed (Vogler 2009). Similarly, whole abdomens and whole heads were
dissected from flies anesthetized with CO,. All tissues were sourced from equal numbers of
male and females of three weeks of age (N=20 total) and were collected into microcentrifuge
tubes. Tissues were snap-frozen in liquid nitrogen and immediately homogenized in TRIzol™
Reagent (ThermoFisher Scientific) with a disposable pellet pestle (Millipore Sigma) and Pellet
Pestle Motor hand homogenizer (Kimble). RNA was isolated from homogenates adapted from
The Center for Genomics and Bioinformatics’ Extraction of Total RNA from Drosophila (Bogart &
Andrews, 2006). Final RNA concentration was quantified using a NanoDrop 2000
Spectrophotometer (ThermoFisher Scientific). cDNA was synthesized from isolated RNA using
gScript 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).



66

Expression of all genes was analyzed relative to aTub84B using a Student’s t-test of the
average *SEM. Gene expression was quantified by generating a relative expression value (R

value). R values were determined using the following equation:

R=[(Efficiency value for gene of interest)~Ca for gene of interest)/

[( Efficiency value for normalization gene)ACa for normalization gene|

This was repeated 6 times, where each datapoint represents a cohort of 20 flies,

comprised of 10 males and 10 females.

These RNA isolation and quantification methods were applied for all gene expression
analyses in flies, and specific primer sequences are listed below in Table 3.3. Primers were
validated to ensure specificity by repeating the RT-qPCR methods above but with serial
dilutions of cDNA template. Cq means for each dilution were plotted against the dilution value,
and a trendline was added using Microsoft excel. qPCR primers were considered to have good
efficiency if the slope trendline produced an R? between 0.95 and 1 and a slope very close to -
3.3. Efficiency values were calculated from the slope by using the Thermo Fisher gPCR

Efficiency Calculator.

Gene Primer F Primer R
Mitch CTGCCCAACCGCCAATTATG AAGCTTGTCATACCGGAGCC
aTub84B TGTCGCGTGTGAAACACTTC AGCAGGCGTTTCCAATCTG
Ldh AGAGAAGTGGAACGAGCTGC ATGCCATGTTCGCCCAAAAC
Pdha ACACAGATGCAGACGATCCG GCCATTGCCTCCGTAGAAGT
Pdhb AAGGTTTCCCGTGGACTGTG CCCATCTCTGTGATTGGCGT




Pdk ACGTGGAGCAGAGCTAACAC ACTCTCTTCGCAGGACGTTG
Pdp AATGTACAAACAAGCCGCCG GAGAACGTGGTGGATTCCGT
ATPCL GTCTTCGAAAGATGCGCGAC CGCAAATAGCGGTCATGTGG
ACC AGAAATCGTGCGGAACCAGT CTGGAGTTGTCACTCTGCGT
SREBP CACCGACAAGCACAGGTAGT GATCGTGATTCTGGCGTTGC
Mondo AAACGGGAGTAGGTGCTTCG ACCATAAACTGGCCGGAGTG
Pepck1 GCTGGACGAGCTATCTTCCC TGATGGGGTCAGTACGGGAT
Pepck2 AAGGGGTACAGTTGTGCTCG GGAAGTTCGAGTTCCGGTGT
foxo TGGATGGTCCAGAATGTGCC AGTTCTTCCATCCGGCACTG
kdn GCCACCAATTCTGACCGAGA CACACCGGAATGGGCATCTA
mAcon1 ACTGCGAGTACGATGAGCTG TCTCGCCTAGCTTGCTGATG
Idh CAAGTGCGCCACAATCACTC TGGGCGACTTCCACATCTTC
Nc73EF CTCAACGACGCGATTTCGAC TGGTTGCCGTTAGCTCTTGT
ScsbetaA GTGAACCGGCCAATTTCCTG GGCAATGACATCACAACGCA
SdhA CATCATGCTGCTGTGTTCCG TCCTCGCGAACCTTGAAGTC
Fum1 TGGCAAGCTATACGACGACC GGTGGGGAAGGTATCGTTGG
Mdh2 CCACTCTGTCGATGGCCTAC TCGTAGTCGTTGAGCTTGGG
mtDNA (fly) GCCGCTCCTTTCCATTTTTGATTTCC TGCCAGCAGTCGCGGTTATACCA
Trxr-2 AGAATACAGTTGCGTCGGCA TCTTTACGGTCAAGCCGGTC
spargel ACTGCTCAACCATAACCGGG GCGATGGACCGATAGACCTG

Table 3.3 Primers used to assess gene expression in flies

3.3.3 Optical Coherence Tomography imaging methods

Adult heart tube contractility was analyzed using a Thorlabs Telesto Il OCT system
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(Thorlabs, Inc.) and methods previously described (Wolf 2006; Yu 2013). Male and female files

were collected three to five days after eclosion, briefly anesthetized with CO2, and embedded in

a soft gel support, and then allowed to fully awaken, which was assessed by body movement.

Animals were first imaged in B-mode in the longitudinal orientation to identify the A1 segment of
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the heart chamber. They were then imaged transversely in M-mode for 3 sec, and multiple M-

modes were recorded for each fly. Animals were then re-imaged in B-mode to ensure proper
orientation of the heart tube. M-modes were processed in ImagedJ by referencing to a 150um
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 fractional shortening (FS) was calculated as (EDD-ESD) / EDD x 100. Performing and
analyzing the OCT experiments was 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-mode
images were obtained. The live camera of the OCT system was used to confirm the A1
segment, and OCT imaging uses multiple planes to assure the positioning of the anterior conical

chamber.

3.3.4 Longevity Analysis in Flies

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.

3.3.5 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
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centrifugation-based filtering (Tennessen 2014). Single data points were generated from a

cohort consisting 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 540nm using the Synergy™ HTX Multi-

detection Microplate Reader (BioTek; BTS1LF), to detect the proportion of hemolymph glucose.

3.3.6 Glycogen Measurement

Total glycogen content was measured in whole abdominal segments of equal numbers
of male (N=60) and female (N=60) flies at three 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 570nm
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).

3.3.7 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 three 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 500nm using the Synergy™ HTX Multi-
detection Microplate Reader (BioTek; BTS1LF) to calculate triglyceride content and values were

normalized to body weight.

3.3.8 Adiposity Assessment Using a Buoyancy Test
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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. The percent of floating larvae was recorded as a reflection of buoyancy to

evaluate adiposity (Reis 2010; Hazegh 2016).

3.3.9 Measurement of Food Consumption in Flies

Food intake was assessed over a 24-hour period in 3-week-old cohorts of male (N=10)
and female (N=10) flies. To measure food intake, 3mM sucrose (Millipore Sigma) was
administered into a 5ul 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 hours according to the

capillary feeding assay as previously described (Diegelmann 2017).

3.3.10 Measurement of Oxygen Consumption Rate and Proton Production Rate in Flies
Seahorse (Agilent) experiments were modeled after similar fly-based experiments (Bawa
2020; Neville 2018). Oxygen consumption rate (OCR) and proton production rate (PPR) were
measured using a Seahorse XFe96 Analyzer (Agilent). The day prior to all experiments, the
Agilent Seahorse XFe96 cartridge was hydrated with 200pl of calibrant solution overnight at
37 °C. All experiments were conducted on decapitated flies to permit substrate permeation into
fly tissues, bypassing the hydrophobic fly cuticle, which was demonstrated to be effective
compared to non-decapitated flies, which do not permit substrate permeation. 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 one hour. Experiments were simultaneously conducted at 25°C to ensure
phenotypes were not temperature specific. Nutrient-supplemented media contained either a

final concentration of 10mM glucose or 1mM BSA-palmitate. All plates contained wells with
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nutrient-supplement media but lacking fly carcasses to account for background correction.

Examination of proton production rate was assessed in the presence of 10mM 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.

3.3.11 Metabolomic Analysis and Flux Analysis

Metabolite abundance was assessed in whole abdominal segments via targeted
metabolomics. Abdomens of 20 males and 20 females were snap frozen for hydrophilic
metabolome isolation. Samples were homogenized via ultra-sonification (Branson Sonifier 250)
in 80% methanol using HPLC grade water (Millipore Sigma). Supernatant of homogenized
samples were then dried with a speed vacuum (Thermo Scientific Savant SpeedVac DNA130),
and remaining metabolome-containing pellet was submitted to mass spectrometry analysis.
Metabolomics services were performed by the Metabolomics Core Facility at Robert H. Lurie
Comprehensive Cancer Center of Northwestern University. All results were normalized to
sample dry mass and total iron content. Flux analysis was conducted by starving 3-week-old
flies for 4 hours on 2% agar and feeding 10% '3Cs (Milipore Sigma) for 4 hours to label TCA
intermediates, or 15 minutes to label glycolytic 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.

3.3.12 Drosophila Drug Treatments

Flies were collected from pupal eclosion and placed on Jazz Mix food supplemented
with 20ug/ml dicholoroacetic acid (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 6,8-bis(benzylthio)octanoic acid (BOA)
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were administered to 3-week-old flies in Jazz Mix food at a final concentration of either 20ug/ml

for DCA or 5mM 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 oxygen
consumption rate in flies in the presence of DCA, DCA was administered at 200ug/ml in
JazzMix food to 3-week-old flies for three 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 10mM glucose supplemented to each well.
Measurements were taken identically as described in the OCR measurement above. 150nM
methyl viologen dichloride hydrate (Paraquat) (Millipore Sigma) was provided on a 25mm
Whatman® filter paper (Millipore Sigma) soaked in 10mM glucose, and flies were exposed
overnight in vials containing nothing but the soaked filter paper. The number of dead flies was

counted 24 hours later to calculate a mortality rate for each cohort.

3.3.13 Cell Lines and Culturing

HEK293 cells (ATCC) 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% CO: in a humidified

incubator.

3.3.14 Clustered regularly interspaced short palindromic repeats (CRISPR)-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, Washington). HEK293 cells were transfected with 1ug of this custom

vector, or an empty Cas9 vector lacking a gRNA sequence for controls, using FUGENE® HD
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Transfection Reagent (Promega). Transfected cells were allowed 24 hours of recovery before

undergoing 3-day selection with 1ug/mL, 2.5ug/mL, and 4ug/mL puromycin. Single cell colonies
were isolated following puromycin selection and sequenced at 50,000 reads using Amplicon-EZ

(GENEWIZ) to confirm MTCH?2 deletion.

3.3.15 Gene Expression in Human Cells

RNA was isolated from control and knockout cells that were snap-frozen in liquid
nitrogen and immediately homogenized in TRIzol™ Reagent (ThermoFisher Scientific) with a
disposable pellet pestle (Millipore Sigma) and Pellet Pestle Motor hand homogenizer (Kimble).
RNA was isolated from homogenates adapted from the TRIzol™ Reagent User Guide Protocol
(Invitrogen). Final RNA concentration was quantified using a NanoDrop 2000
Spectrophotometer (ThermoFisher Scientific). cDNA was synthesized from isolated RNA using
gScript 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).

Gene expression 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. Gene expression was quantified by
generating an R value, otherwise known as a relative expression value. R values were

determined using the following equation:

R=[(Efficiency value for gene of interest)*Ca for gene of interest)/

[( Efficiency value for normalization gene)ACa for normalization gene|
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This was repeated 6 times, where each datapoint represents an 80% confluent well of a

cultured 6-well plate.

These RNA isolation and quantification methods were applied for all gene expression
analysis in HEK cells, and specific primer sequences are listed below in Table 3.4. Primers
were validated to ensure specificity by repeating the RT-gPCR methods above but with serial
dilutions of cDNA template. The Cq means for each dilution were plotted against the dilution
value, and a trendline was added using Microsoft excel. gPCR primers were considered to
have good efficiency if the slope trendline produced an R? between 0.95 and 1 and a slope very
close to -3.3. Efficiency values were calculated from the slope by using the ThermoFisher

gPCR Efficiency Calculator.

Gene Forward Primer Reverse Primer
MTCH2 GAGAATGAAAGGCCCGCAAG CATTCCTGGTGAAGGGCGAG
RNA18S5 TGTGCCGCTAGAGGTGAAATT TGGCAAATGCTTTCGCTTT
(18s)/RNR5
PDHA1 CCATTGCCCCCGTAGAAGT
CGCAGAGCTTACAGGACGAA

PDHA2 GGCGGAGGGGCTTAAATACT AAACCGCGAATGAATTTCTG
PDHB GGGGCATACAAGGTTAGTCG ATTCCAGCAAAGCCCATCTC
PDK1 CCGCTCTCCATGAAGCAGTT TTGCCGCAGAAACATAAATGAG
PDK?2 GATCCAGCAATGCCTGTGAG CGGGAAGCAGGTTGATCTC
PDK4 CCCGAGAGGTGGAGCATTT GCATTTTCTGAACCAAAGTCCAGTA
DLAT TCCAACTCCCCAGCCTTTAG GCAAGAGGGCTAACAAACACC
LDHA GGTTGGTGCTGTTGGCATGG TGCCCCAGCCGTGATAATGA

Table 3.4 Primer sequences for assessing gene expression in human cells

3.3.16 Protein Preparation and Western Blotting
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Total protein was isolated from control and HEK293 MTCH?2 deleted cells using RIPA

buffer supplemented with 8M urea and quantitated with the Pierce™ BCA Protein Assay kit

(Thermo Fisher Scientific). Fifteen ug of lysate was incubated at RT with 4X 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 diliuted at 1:1000 in

StartingBlock T20 (TBS) Blocking buffer (ThermoFisher Scientific). Antibodies used included:

anti-MTCH2 polyclonal antibody (Proteintech; Cat # 16888-1-AP), cytochrome C monoclonal

Antibody (ThermoFisher Scientific; Cat # 33-8500). Secondary antibodies were from Jackson

ImmunoResearch and diluted 1:2500. Antibodies are further specified in Table 3.5. All

antibodies were diluted in StartingBlock T20 (TBS) Blocking buffer (ThermoFisher Scientific).

Signals were detected with SuperSignal West Pico Plus chemiluminescent substrate

(ThermoFisher Scientific) and imaged using Invitrogen iBright.

Antibody Vendor Catalog Protein Host Class/Clonality
Number Size (kDa)
anti-MTCH2 Proteintech 16888-1-AP 33 Rabbit Polyclonal
Anti- ThermoFisher 33-8500 15 Mouse Monoclonal
Cytochrome C Scientific
Peroxidase Jackson 111-035- n/a Goat Polyclonal
AffiniPure ImmnoResearch 144
Anti-Rabbit Inc.
IgG
Peroxidase Jackson 115-035- n/a Goat Polyclonal
AffiniPure ImmnoResearch 003
Anti-Mouse Inc.
lgG

Table 3.5 Antibodies used for assessing protein expression in human cells

3.3.17 Quantification of Mitochondrial DNA in Human Cells
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To quantify mitochondrial DNA (mtDNA), total DNA (DNA) was isolated from control and

edited 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™ UltraPure™ DNase/RNase-Free Distilled Water (ThermoFisher Scientific) and
quantified with the NanoDrop2000 Spectrophotometer (ThermoFisher Scientific). DNA was
measured using quantitative PCR, where relative fluorescence was measured using iTaq
Universal SYBR Green Supermix (BIO-RAD) in a CFX96 Touch Deep Well Real-Time PCR
System (BIO-RAD). Primers were designed to capture the mitochondrial-encoded gene,
mitochondrially encoded tRNA leucine 1 (MT-TL1), and nuclear-encoded gene, RNR5. Relative
expression of MT-TL1 compared to RNR5 was assessed and analyzed using a Student’s t-test

of the average = SEM. Primer sequences are specified in Table 3.6.

Gene Forward Primer Reverse Primer
RNA18S5 TGTGCCGCTAGAGGTGAAATT TGGCAAATGCTTTCGCTTT
(18s)/RNR5
mtDNA/ CACCCAAGAACAGGGTTTGT TGGCCATGGGTATGTTGTTA
MT-TL1
(human)

Table 3.6 Primer sequences for quantifying mtDNA in human cells

3.3.18 Analysis of Oxygen Consumption Rate and Proton Production Rate in Human
Cells

Oxygen consumption rate (OCR) and proton production rate (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% COz for 1 hour. Nutrient-supplemented media in OCR experiments contained
either a final concentration of 50mM glucose or TmM BSA-palmitate. PPR media consisted of a

final concentration of 50mM glucose. All DCA experiments were conducted using media
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supplemented with 100uM DCA and 50mM 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.

3.3.19 Mitochondrial Isolation and Measurement of Pyruvate Dehydrogenase Activity
Pyruvate dehydrogenase activity was assessed in both whole cell lysate and isolated
mitochondria from cultured HEK293 cells. Confluent cells in a 10cm plate were harvested and
pelleted 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 absorbance at 450nm (Asso)of samples
was recorded at baseline and in 5 min increments up to 3 hours using Synergy™HTX Multi-
detection Microplate Reader (BioTek; BTS1LF) to record the change in Asso over time as a

reflection of PDH activity. All measurements were normalized to mitochondrial count.

3.3.20 Mitochondrial Imaging

MTCH2” and control (unedited) HEK293 were cultured with fresh Dulbecco’s Modified
Eagle’s Medium (ThermoFisher Scientific) with 10% Fetal Bovine Serum and 1%
Penicillin/Streptomycin (ThermoFisher Scientific) containing 100nM MitoTracker Green FM
(ThermoFisher Scientific) to probe for mitochondria, regardless of mitochondrial membrane
potential, and with 100nM Image-iT TMRM Reagent (ThermoFisher Scientific), a probe that

selectively sequesters in healthy mitochondrial with active membrane potential. Cells were
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allowed to incubate this media with probes for 30min at 37°C with 5% CO-in a humidified

incubator and imaged for fluorescence using a KEYENCE BZ-X810 fluorescence microscope.

3.3.21 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
statistical differences between populations were assessed using a Student’s t-test of the

average = SEM or a Wilcoxon rank-sum test with Holm correction for multiple comparisons.

3.3.22 Key Resources
Reagents & Materials Vendor Catalog Number
JazzMix Fisher Scientific AS153
Drosophila Vial, Narrow VWR 75813-144
TRIzol™ Reagent ThermoFisher Scientific 15596026
gScript cDNA SuperMix QuantaBio 95048
iTag Universal SYBR Green BIO-RAD 1725124
Supermix
Infinity™ Triglycerides Liquid ThermoFisher Scientific TR22421
Stable Reagent
Glucose (GO) Assay Kit Millipore Sigma GAGO20
D-(+)-Glucose Millipore Sigma G7021
Sucrose Millipore Sigma S8501
BSA-Palmitate Saturated Fatty | Cayman Chemical 29558
Acid Complex (5 mM)
HPLC grade H.0 Millipore Sigma 70733
D-Glucose-"3Cg Millipore Sigma 389374
Dicholoroacetic acid (DCA) Millipore Sigma D54702
6,8-Bis(benzylthio)-octanoic Millipore Sigma SML0404
acid (BOA)
Methyl viologen dichloride Millipore Sigma 856177
hydrate (Paraquat)
Whatman® qualitative filter Millipore Sigma WHA1001325
paper, Grade 1
DMEM - Dulbecco’s Modified | ThermoFisher Scientific 11995-073
Eagle Medium 1X (glucose,
glutamine, and pyruvate)
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Fetal Bovine Serum ThermoFisher Scientific 26140079
Penicillin/Streptomycin (5,000 | ThermoFisher Scientific 15070-063
U/mL)
FuGENE® HD Transfection Promega E2311
Reagent
Pierce™ BCA Protein ThermoFisher Scientific
Assay Kit 23225
4x Laemmli Sample Buffer BIO-RAD 1610747
2-Mercaptoethanol Millipore Sigma M6250
4-15% Mini-PROTEAN® TGX | BIO-RAD 4568083
Stain-Free™ Protein Gels, 10
well, 30 ul
Spectra™ Multicolor Broad ThermoFisher Scientific 26634
Range Protein Ladder
Immobilon-P PVDF Membrane | Millipore Sigma IPVH00010
StartingBlock T20 (TBS) ThermoFisher Scientific 37543
Blocking Buffer
Cytochrome C Monoclonal ThermoFisher Scientific 33-8500
Antibody
Gentra Puregene® DNA QIAGEN 158767
Purification Kit

ThermoFisher Scientific 10-977-015
Invitrogen™ UltraPure™
DNase/RNase-Free Distilled
Water
PDH Activity Assay Kit Millipore Sigma MAK183-1KT
Peroxidase AffiniPure Goat Jackson ImmunoResearch 115-035-003
Anti-Mouse 1gG (H+L) Laboratories, INC.
Peroxidase AffiniPure Goat Jackson ImmunoResearch 111-035-144
Anti-Rabbit IgG (H+L) Laboratories, INC.
SuperSignal™ West Pico ThermoFisher Scientific 34579
PLUS Chemiluminescent
Substrate
PhosSTOP™ Phosphatase Millipore Sigma 4906837001
Inhibitor Tablets
cOmplete™, Mini, EDTA-free Millipore Sigma 11836170001
Protease Inhibitor Cocktail
MTCH2 Polyclonal Antibody Proteintech 16888-1-AP

Table 3.7 Reagents and materials used in experiments described in methods section
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3.4 Results
3.4.1 Cardiac-specific reduction of Mtch reduces lifespan and alters cardiac dynamics in
flies.

Cardiac-specific reduction of Mtch reduces lifespan and alters cardiac dynamics in flies.
In mice, global deletion of Mtch2 is embryonic lethal (Bahat 2018). To evaluate the role of
MTCH?2 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
(Wolf 2006; Zarndt 2017). Control flies were isogenic to Mfch knockdowns and expressed a
nontargeting 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 (Figure 3.2A-C)
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Figure 3.2 Mtch-tinC flies have cardiac-specific reduction in Mtch transcript levels (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 aTub84B.
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Optical coherence tomography was applied to evaluate heart tube function,
demonstrating that Mtch cardiac depletion produced marked reduction in cardiac function, seen
as an increase in both end-diastolic and end-systolic diameter of heart tubes (Figure 3.3 A, B,
and F). This reduction in fractional shortening occurred in Mtch mutants as early as the first

week of life and was maintained throughout adulthood (Figure 3.3 C-F).
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Figure 3.3 Heart tube function was impaired in cardiac Mtch knockdown flies. (A-B)
Fractional shortening (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 (EDD) and end-systolic diameter (ESD) of heart tubes EDD

(****P<0.0001), ESD (****P<0.0001, N=29, black dots represent each individual fly). (C) FS was
reduced in the heart tube of Mtch-tinC flies of all ages tested (purple) as assessed by optical
coherency tomography (N=29) ****P<0.0001, black dots represent each individual fly. (D-E). EDD
and ESD were increased Mtch-tinC flies of all ages tested (purple) (N=29) EDD ****P<0.0001, ESD
****P<0.0001) (F) Images from of 3-week-old flies 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.
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Cardiac-specific reduction of Mtch significantly shortened lifespan compared to control flies,
resulting in a reduction of the 50% survival rate (Figure 3.4). Overall, partial reduction of Mtch

in the fly heart adversely affected heart tube function and reduced overall longevity.
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Figure 3.4 Cardiac-specific knockdown of Mtch reduces lifespan in flies. Kaplan—Meier curve

showing Mtch-tinC flies had reduced longevity (N=120 per genotype), ****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.

3.4.2 Depletion of cardiac Mtch in flies alters substrate stores.

To assess energy storage in cardiac Mtch knockdowns, we measured adiposity in Mtch
knockdown larvae using a buoyancy test(Reis 2010). Cardiac Mtch knockdowns had reduced
abdominal triglyceride content and were significantly less buoyant than controls, indicating less
overall adiposity and fat content (Figure 3.5 A and B). These findings align with GWAS
identifying lower MTCH2 expression associated with reduced adiposity in humans. Food

consumption was similar in Mtch knockdown and control flies, suggesting calorie intake was not
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responsible for shifts in adiposity (Figure 3.5 C). There was excess glycogen content in the
heart tube-containing abdomen of 3-week-old adult mutant flies compared to controls (Figure
3.5 D) with no change in circulating glucose relative to controls (Figure 3.5 E). 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.
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Figure 3.5 Cardiac Mtch knockdowns 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) Whole abdominal triglyceride content was
reduced in cardiac Mtch knockdown flies. (N=12). Each dot represents triglyceride quantification of a
cohort of 20 flies, each normalized to sample weight and using equal numbers of males and females at
3 weeks of age. (P=0.01). (C) Food consumption over a 24h period was unchanged in 3-week-old
Mtch-tinC flies (N=8, each black dot represents 20 flies, P>0.05). (D) Glycogen content was greater in

the heart-containing abdomen of Mtch-tinC flies (N = 120, *P=0.0491). (E) 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 f-test. Unless stated otherwise, all experiments
used equal numbers of 3-week-old males and females. Dark gray = Mtch-tinC; light gray = control.



85
3.4.3 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 and similar to
what was reported in mice lacking Mtch2 in skeletal and cardiac muscle (Figure 3.6 A).
Cardiac Mtch knockdowns also had an increased ratio of lactate to pyruvate, consistent with
greater conversion of pyruvate to lactate (Figure 3.6 B). These findings were corroborated with
whole body proton production rate (PPR), another indicator of glycolytic output, in the presence
of 10mM glucose in which cardiac Mtch knockdowns had higher whole-body PPR (Figure 3.6
C). Although lactate was increased in Mtch knockdowns, expression of lactate dehydrogenase
MRNA itself was unchanged in these flies (Figure 3.6 D). The lactate accumulation seen in
Mitch reduction suggested glycolysis as a major source of ATP, rather than the normal use of

oxidative phosphorylation.
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Figure 3.6 Increased circulating 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 targeted 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=0.02). (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 suggests increased glycolysis. Gene expression values are
normalized to aTub84B. All com- parisons were made using a two-tailed Student’s f-test. Unless

stated otherwise, all experiments used equal numbers of 3-week-old males and females. Dark gray =
Mitch-tinC; light gray = control.
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3.4.5 Cardiac Mtch dysfunction lowers the rate of glucose oxidation and energy

production in flies.

We measured oxygen consumption rate (OCR) in the presence of glucose or the fatty
acid palmitate. Cardiac Mtch knockdown flies had lower OCR in the presence of glucose, but
not palmitate, demonstrating a substrate-specific impairment in OCR (Figure 3.7 A). 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 10mM
glucose. Using targeted metabolomics, we found that cardiac Mtch knockdowns also had a
reduction in ATP:ADP in the presence of glucose (Figure 3.7 B), suggesting compromised
energy production when glucose is the substrate. We exposed flies to '*C M+6 labeled glucose
(each of the 6 carbons in glucose is a '*C isotope instead of '>C) to trace the flux of glucose
molecules through glycolysis and pyruvate oxidation to identify the disruption in glucose
oxidation (Figure 3.7 C). Ratio of M+3 labeled lactate to M+2 labeled citrate can be used to
infer the relative amount 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
controls, demonstrating glucose in Mtch knockdowns was shifted towards being metabolized via
glycolysis rather than oxidized to fuel the tricarboxylic acid (TCA) cycle (Figure 3.7 D).
Furthermore, the amount of M+2 labeled citrate (citrate derived from '*C M+6 labeled glucose
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 the entry
of glucose derivatives into the TCA cycle was partially blocked in Mtch knockdowns (Figure 3.7
E). The rate of glycolysis was unchanged in Mfch 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 glycolysis and PPP metabolism (Figure 3.8 A-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
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from 13C M+6 labeled glucose metabolism where M+2 citrate is representative of citrate

metabolism 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 Mfch knockdowns (Figure 3.8 D). Interestingly, the
assessment of pooled labeled and unlabeled metabolites showed that total levels of TCA

metabolites were unchanged between Mtch knockdowns and controls (Figure 3.7 F).
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Figure 3.7 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=0.006). (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=0.02). (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=0.07)
(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=0.34), a keto glutarate
(P=0.40), succinate (P=0.07), fumarate (P=0.61), malate (P=0.63)). (G) Expression of genes encoding
the citric acid cycle enzymes showed selective reduction of ScsbetaA (*P=0.02) and Fum1 (*P=0.04)
(N=6, each black dot represents 20 flies). (H) Expression of genes implicated in fatty acid metabolism

showed selective reduction of ATPCL (*P=0.01), ACC (*P=0.03), SREBP (**P=0.006) and FASN1
(****P<0.0001) (N=6, each group represents 20 flies). Gene expression values are normalized to

aTub84B. 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.
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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 reduce (Figure 3.7 G). 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 ATPCL, ACC, SREBP, and FASN1, key
genes involved in fatty acid synthesis, in cardiac Mtch knockdowns compared to controls
(Figures 3.7 H). This upregulation may help maintain the TCA cycle and oxygen consumption in
the presence of palmitate. However, this upregulation is adequate since longevity was
compromised in cardiac Mtch knockdown flies (Figure 3.4 G). 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.
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Figure 3.8 Cardiac Mtch knockdown does not alter the rate of metabolic processes. (A) Metabolite
profiling using fluxomics traced the fate of consumed 3C M+6 labeled glucose. (B) Labeled glycolytic
intermediate quantification in the presence of labeled glucose showed no significant alteration of
glycolytic rate between Control and Mtch-tinC flies. (C) Labeled pentose phosphate pathway (PPP)
intermediate quantification in the presence of labeled glucose showed no significant alteration of PPP
rate between Control and Mtch-tinC flies. (D) Labeled TCA intermediates in the presence of labeled
glucose showed no significant alteration of TCA rate between Control and Mtch-tinC flies. Unless stated

otherwise, all experiments used equal numbers of 3-week-old males and females (averagexSEM, N=3
cohorts of 30 flies).
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3.4.6 Enhanced Pyruvate Dehydrogenase (PDH) activity through inhibition of Pyruvate
Dehydrogenase Kinase (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
dehydrogenase B), Pdk (pyruvate dehydrogenase kinase), and Pdp (pyruvate dehydrogenase
phosphatase) was unchanged in Mtch knockdown heart-containing abdomens (Figure 3.9 A).
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 ug/ml
dichloroacetic acid (DCA), a chemical inhibitor of PDK and known activator of PDH (Khan,
Allende-Vega, 2017). DCA treatment rescued survival of cardiac Mtch knockdowns (Figure 3.9
B). Additionally, DCA treatment restored glucose oxidation in Mtch knockdowns, as
demonstrated by a reduction in circulating lactate levels and increase in OCR in the presence of
glucose (Figure 3.9 C and D). As a positive control, flies were treated for 3 days with 6,8-
bis(benzylthio)octanoic acid (BOA), a small molecule inhibitor of PDH (Rabin-Court 2019). 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 (Figure 3.9 E). These findings are consistent with Mtch knockdowns having

a high basal level of inhibited PDH, resulting in excess lactate production.
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Figure 3.9 Chemical inhibition of PDK in Drosophila Mtch knockdowns improved lifespan and
elevated lactate levels. (A) Gene expression of enzymes involved in pyruvate metabolism are
unchanged under cardiac knockdown of Mtch (N=6, each black dot represents 20 flies). (B)
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). (C) 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, *E**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)). (D) 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. (E) Circulating lactate measured from hemolymph of flies given either glucose diet or
Iglucose 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

Mitch-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.
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3.4.7 Mitochondrial dysfunction in cardiac Mtch knockdowns.

To determine if mitochondrial function was compromised cardiac Mtch knockdowns, we
employed targeted metabolomics to measure the ratio of oxidized glutathione (GSSG) to
reduced glutathione (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) (Figure 3.10 A). To determine if Mtch knockdowns
were tolerant to exogenous oxidative stress, we treated flies for 24 hours with 150nM 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 (Figure 3.10 B).
We examined expression of Trxr-2, which encodes a ROS-neutralizing enzyme. Trxr-2
expression was reduced in Mtch knockdown heart-containing abdomens (Figure 3.10 C).
However, when we assessed gene expression of other ROS-neutralizing enzymes, catalase
and SOD2, no change was observed in Mtch knockdowns (Figure 3.10 D and E). We found
the mitochondrial genome encoded expression of the ND2 transcript increased relative to the
nuclear genome-encoded aTub84B transcript in cardiac Mtch knockdowns with unchanged
PGC1aexpression (Figure 3.10 F and G). 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 (Figure 3.7 A and B).
Gene expression of known regulators of mitochondrial fission and fusion were not altered in
cardiac Mtch knockdowns (Figure 3.10 H), and mitochondrial cristae were intact in Drosophila

cardiac Mtch knockdown heart tubes (Figure 3.10 I).
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Figure 3.10 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 24h

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
aTub84B. (D-F) Gene expression of Catalase, SOD2, and spargel (PGC1a) is unchanged under
cardiac knockdown of Mfch, (N=6, each black dot represents 20 flies). (G) Mtch-tinC flies had
greater expression of mitochondrial-specific MRNA relative to nuclear- specific mMRNA in the

presence of glucose (N=8, each black dot represents 20 flies, **P=0.001). (H) Expression of genes
regulated in mitochondrial fission and fusion are unchanged. (I) Cristae structure of Mtch
knockdowns appear unchanged. 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. Purple
= Mtch-tinC; light gray = control.
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3.4.8 Deletion of MTCH2 in human cells reduces oxygen consumption rate and pyruvate
dehydrogenase activity

To investigate the role of MTCHZ2 in human cells, we used gene editing to target exon 1
of MTCHZ2 in human embryonic kidney (HEK) 293 cells, resulting in a homozygous frameshift
deletion. MTCH2” cells expressed no detectable MTCH2 protein and reduction of the MTCH2
transcript (Figure 3.11 A-C). Similar to cardiac Mtch knockdown flies, MTCH2” cells
supplemented with 50mM glucose had a greater basal PPR than unedited cells. Additionally,
MTCH?2" cells had reduced OCR in the presence of glucose, but not palmitate, demonstrating
the same substrate-dependent impairment seen in cardiac Mtch flies (Figure 3.11 D-E). OCR
was impaired under high glucose (50mM) conditions, and no difference was seen under 10mM
glucose, suggesting that MTCH2” cells are susceptible to high glucose conditions (Figure 3.11
F). To evaluate mitochondria membrane potential, we stained control and MTCH2” HEK cells
for MitoTracker Green, a mitochondrial marker, and TMRM, a marker of mitochondrial
membrane potential that sequesters in active and functional mitochondria (Figure 3.11 G). We
found that MTCH2" cells had lost TMRM signal, indicating loss of mitochondrial membrane
potential and dysfunctional mitochondria. Supplementation of MTCH2” cells with 50mM glucose
and DCA was sufficient to increase OCR in MTCHZ2” cells, confirming that PDH activation can
override the loss of MTCH2” (Figure 3.11 H). We found increased mitochondrial DNA relative
to nuclear DNA (nDNA) in MTCHZ2” cells (Figure 3.11 1), despite no change in OCR and ATP
production in the presence of glucose, as would be expected with increased mitochondria
(Figure 3.11 J). These data suggest MTCH2” cells undergo a compensatory but inadequate
mitochondrial biogenesis. Interestingly, the expression of PDK1 and PDK4 were increased in
MTCH2" cells compared to control cells (Figure 3.11 K-L). Accordingly, PDH activity was
reduced in mitochondria of MTCHZ2” cells. However, reduced PDH activity was not seen in

whole cell lysates, confirming that the reduction of PDH activity in MTCH2” cells is



mitochondria-specific (Figure 3.11 M-N). These findings demonstrate that inhibition of PDK

alleviates MTCHZ2 knockdown and knockout phenotypes in both fly hearts and human cells.
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Figure 3.11 Deletion of MTCH2 in HEK293 cells reduced OCR and pyruvate
dehydrogenase activity. (A) Immunoblot of MTCH2 protein in control (unedited) and

MTCH27- 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 MTCHZ2!- cells
compared to control (N=4, ****P<0.0001). (D) Basal PPR of cells supplemented with 50 mm
glucose (N=23 wells, **P=0.002). (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 um 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) Loss of mitochondrial membrane potential in MTCH2”- human cells.
Mitochondria were marked in control and MTCH2"- cells using MitoTracker Green (green).
The same mitochondria when stained with TMRM (red) showed a loss of signal, consistent
with loss of mitochondria membrane potential. (N=3 wells per genotype). (H) Basal OCR in the
presence of 50 mm glucose media supplemented with 100 um 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). (I)

mtDNA in control vs MTCH2 ™ cells (N=6 wells, **P=0.009). (J) Gene expression of LDHA in
Control (white) MTCHZ2" cells (purple) (average + SEM, N=4 wells of distinct cultures). (K)
Gene expression PDK isoforms (N=4) PDK1* P=0.0260, PDK4 **P=0.002. (L) Gene
expression PDH subunits and isoforms (N=4, each black dot represents 20 flies). (M)

Pyruvate dehydrogenase activity in mitochondria isolated from control and MTCHZ_/_ cells,
normalized to mitochondrial count (N=14 wells, ****P<0.0001). (N) Pyruvate dehydrogenase
activity in whole cell lysates, normalized to mitochondrial count (N=14 wells). Purple = Mtch-
tinC; gray = control. Gene expression values are normalized to RNA18S5.
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3.5 Discussion

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 treatment was shown to improve myocardial
lactate consumption with concomitant improvement in mechanical work of the left ventricle, but
DCA treatment may not exert its effect by improving noninvasive measures of heart function
(Lewis 1998; Matsuhashi 2015). In rodents, DCA treatment can be used to prevent heart failure
outcomes through its action on PDK and also through epigenetic remodeling (Matsuhashi 2015;
Kato 2010). Regulation of PDH through PDK is critical in tissues with high energy demand,
such as the heart (Cluntun 2021). 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 (Cluntun 2021; Zhang 2020). A block of pyruvate oxidation
could itself account for the increase in lactate seen in MTCHZ2 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 MTCH2
produced hyperfragmented mitochondria, consistent with MTCH2 having a key role in
maintaining normal mitochondria structure and function (Labbé 2021). 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
demonstrating a link between MTCH?2 and adiposity. Under high fat conditions, reduced

MTCH2 promotes lean body mass and be protective from obesity. Intriguingly, MTCHZ2 variants
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linked to increased BMI in adults associate with lower birth weight with each BMI-increasing

MTCH?2 allele associated with a 13g decrease in birthweight (Kilpeldainen 2011). 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.

Collectively, we found that MTCH?2 is a critical component of glucose metabolism and is
essential to mitochondrial function. The similar findings between human cells and Drosophila
support a highly conserved mechanism, and we showed that cardiac MTCH2 hindered glucose
oxidation by a reduction in mitochondrial PDH activity, where mutant phenotypes were rescued
by blocking the PDH inhibitor, PDK. These findings highlight the PDK-PDH axis as a potential
therapeutic target for heart failure in people with genetic variants that are thought to reduce
MTCH2 expression., especially at stages of disease where the heart is more reliant on glucose

as a substrate.
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CHAPTER 4

Discussion

4.1 Overview

MTCH2 is a mitochondrial membrane protein that is implicated in disease. SNPs in
MTCH2 have been previously associated with obesity, and animal models of in which MTCH?2
expression has been reduced demonstrate reduction in adiposity and an increase in energy
expenditure (Willer 2009; Buzaglo-Azriel 2016; Rottiers 2017; Kulyté 2011). Through genomic
profiling, we identified MTCH2 possesses aberrant variation in people with cardiomyopathy.
Using a fly and human cell model, | showed that MTCHZ2 influences metabolism in a substrate-
specific manner. Specifically, in the presence of glucose, but not fatty acids, loss of MTCH2
leads to reduction in pyruvate oxidation and increase in lactate production, accompanied by an
ATP deficit. These phenotypes reflect reduction in mitochondrial PDH activity, where glucose-
derived acetyl-CoA is not being used to fuel the TCA cycle. This chapter will discuss the
potential mechanism by which PDH activity is reduced in the mitochondria under MTCH?2
dysfunction, and what role MTCHZ2 may normally serve in a healthy cell.

This chapter contains excerpts from the Oxford University Press’ Human Molecular
Genetics article published in 2022, “Opposing effects of genetic variation in MTCH2 for obesity
versus heart failure,” authored by Julie Fischer, Tanner Monroe, PhD, Lorenzo Pesce, PhD,
Konrad Sawicki, MD PhD, Rosemary Bauer, Samuel Kearns, Matthew Wolf, MD PhD, Megan
Puckelwartz, PhD, and Elizabeth McNally, MD PhD. Components of the discussion from this
manuscript are incorporated into this chapter, which was written by Julie Fischer in collaboration

with Megan Puckelwartz, PhD, and Elizabeth McNally, MD PhD.
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4.2 Discussion

4.2.1 MTCH2 variation and metabolic outcomes in humans.

GWAS identified MTCHZ2 SNPs with expression, obesity, and lean body mass (Willer
2009; Renstrom 2009; Bauer 2009). In humans, mice, worms, fish, and flies, there is a
consistent relationship that upregulation of MTCHZ2 associates with obesity while MTCH2
downregulation is associated more with lean body mass (Willer 2009; Buzaglo-Azriel 2016;
Rottiers 2017; Kulyté 2011). Although lean body mass is beneficial for most cardiovascular
traits, the substate dependence in heart failure may represent an exception. In cardiomyopathy
patients, we found overrepresentation of a SNP and haplotype linked to lower MTCH2
expression. This type of inheritance, with high risk-allele population frequency is plausibly
explained by antagonistic pleiotropy, wherein a risk allele for one condition may be protective in
another (Carter 2011). Antagonistic pleiotropy is well described in traits associated with
protection from infection like sickle cell and malaria and APOL1 and trypanosoma infection (Piel
2010; Vanhollebeke 2006). 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 MTCH?2 level and metabolism is consistent and conserved
across diverse species. In experimental models, excess lactate appears is a molecular
signature of reduced MTCH?2 activity. Elevated lactate was seen in mice lacking Mtch2 in heart
and skeletal muscle and is also seen in cardiac Mtch knockdown flies, which only lack Mtch in
the fly heart tube (Buzaglo-Azriel 2016; Fischer 2022). Reduction of Mtch in the fly heart tube
was sufficient to cause increased lactate, but it should be noted 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
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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 (Rottiers 2017). 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 linkage disequilibrium, may itself also contribute to reduced function
(Figure 4.1). Protein modeling revealed subtle differences between the Pro290 and Ala290
alleles in the carboxy-terminal final transmembrane, and this change could also contribute to

impaired MTCH2 protein function.
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Figure 4.1. rs1064608 is a variant in MTCH2 that leads to a Pro290Ala change at the protein
level. This variant is underrepresented in people with cardiomyopathy, therefore Pro290 is more
commonly observed in people with heart failure. Conversely, Ala290 is more likely observed in people
without cardiomyopathy, and Ala290 is associated with greater MTCH2 expression, as the variant
causing Ala290 is in near complete LD with an eQTL for increased MTCHZ2 expression, as observed
in human skeletal muscle. Therefore, the Pro290 associated variant observed in people with
cardiomyopathy is associated with reduced MTCH2 expression. Functional models of MTCH2
reduction have shown this leads to reduced adiposity, increased glycolytic metabolism, and reduced
glucose oxidation, marked by a reduction in energy generation.
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4.2.2 Loss of MTCH2 in cells increases lactate and shows altered activity of

mitochondrial pyruvate dehydrogenase.

Cardiac Mtch knockdown flies and MTCH2” cells displayed increased lactate as a major
finding in the basal state. We found that chemical inhibition of the PDH inhibitor, PDK, reduced
lactate levels in MTCHZ2 mutants, and in flies with cardiac Mfch knockdown, lactate reduction
was sufficient to extend lifespan. In human heart failure, DCA treatment was shown to improve
myocardial lactate consumption with concomitant improvement in mechanical work of the left
ventricle, but DCA treatment may not exert its effect by improving noninvasive measures of
heart function (Bersin 1994; Lewis 1998). In rodents, DCA treatment can be used to prevent
heart failure outcomes through its action on PDK and also through epigenetic remodeling
(Matsuhashi 2015; Kato 2010). Regulation of PDH through PDK is critical in tissues with high
energy demand, such as the heart (Cluntun 2021). 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 (Fernandez-Caggiano 2020; Cluntun 2021;
McCommis 2020; Zhang 2020). A block of pyruvate oxidation could itself account for the
increase in lactate seen in MTCHZ2 mutants. Alternatively, agents that inhibit PDK activity may
simply be working indirectly to overcome mitochondrial defects arising from loss of MTCHZ2.
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 MTCHZ2 produced hyperfragmented mitochondria,
consistent with MTCH2 having a key role in maintaining normal mitochondria structure and
function (Labbé 2021). All of these mechanisms, excess lactate itself, reduced pyruvate

oxidation or other mitochondrial impairment would be maladaptive in the setting of heart failure.
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Collectively, these data support the human GWAS demonstrating a link between MTCH2 and

adiposity. Under high fat conditions, reduced MTCHZ2 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 MTCH?2 allele associated with a 13g decrease
in birthweight (Kilpeldinen 2011). 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.

4.2.3 Consideration of MTCH2 as a lactate transporter

It has been well documented that lactate production in increased during heart failure,
where the failing heart is characterized by high levels of glycolysis and reduced reliance on fatty
acids and oxidative metabolism compared to the healthy adult heart (Zymlinski 2018; Tran
2019). Lactate is often thought of as a waste product from lactate dehydrogenase (LDH) acting
on pyruvate to generate cytosolic lactate in a series of anerobic reactions. However, the
reaction of LDH synthesizing lactate from pyruvate is a reversible reaction where lactate can be
converted back to pyruvate. Additionally, lactate can be transported from the cytosol, both into
the mitochondria and extracellularly via monocarboxylate transporters (MCTs). MCT1, 2, 3, and
4 are known to transport monocarboxylate metabolites, such as lactate, pyruvate, and some
ketone bodies, where MCT1 and 4 are thought to be mainly responsible for import and export of
lactate (Halestrap 1999; Halestrap 2004). MCT1 has been suggested to be mostly involved in
intracellular import of monocarboxylates, whereas MCT4 has been mostly described as being
an exporter of lactate, however the roles of each have not been fully defined (Doherty 2013). In
a rat heart failure model, it has been shown that MCT1 and MCT4 are upregulated at the protein
level in cardiomyocytes (Jéhannsson 2001; Zhu 2013). This suggests that not only is lactate

production increased during heart failure but import and export of lactate is elevated as well.
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Lactate taken up by the cell can be converted to metabolic fuel, as mentioned

previously. Lactate can be reconverted to pyruvate, which can then undergo oxidation to
increase ATP synthesis (Bonen 2000; Hui 2017). Additionally, this reaction generated NADH,
which can be used as reductive power to fuel the electron transport chain. This recycling of
lactate occurs in healthy cells, where is taken up by the cell and into mitochondria by MCT
transporters, and this reaction is increased with exercise and muscular stress, as shown in
human blood samples after high-stress exercise, and it is thought that this similarly occurs
during heart failure (Stanley 1986; Mazzeo 1986; Dong 2021). Furthermore, '*C-labeled lactate
has been shown to incorporate into TCA metabolites in nearly all tissues in mice, solidifying the
role of lactate as a notable fuel source (Hui 2017). Interestingly, in a fed state, glucose was
shown to contribute to the TCA cycle mostly through catabolism to lactate and then reverted to
TCA cycle metabolites in the heart of these same mice. In skeletal muscle, lactate and direct
glucose oxidation appeared to contribute equally to TCA metabolites, suggesting that lactate is
critical to normal tissue fuel but even greater in the heart. Because Mtch mutant flies have
greater circulating lactate and less carbohydrate-derived TCA metabolites, this could support a
hypothesis of MTCH2 being a lactate transporter, where loss of MTCHZ2 prevents lactate
recycling for TCA fuel and therefore an energy deficit.

Elevated lactate has been previously associated with MTCH2 dysfunction, where
knockout of Mtch2 in the skeletal and cardiac muscle in mice and our cardiac-specific Mitch
knockdown in flies each demonstrate increased lactate production (Buzaglo-Azriel 2016;
Fischer 2022). While it has not been explored, one possibility is that MTCH2 serves as a lactate
transporter. It is known MTCH2 is a member of the SLC25 family, which transport nutrients and
ions across mitochondrial membranes (Gutiérrez-Aguilar 2013). Therefore, MTCH2 likely serves
as a solute carrier, although the potential solutes transported are undefined (Ruprecht 2020). It
is possible that under cardiac stress, lactate production increases and cannot be recycled as

fuel under MTCHZ2 dysfunction. One way to assess this would be to starve Mtch knockdown flies
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or MTCHZ2” HEK cells and provide media supplemented with '*C isotope-labeled lactate,

followed by metabolomic flux tracing. This would show whether lactate can traverse the
mitochondrial membrane and be used as fuel under MTCH2 reduction. If lactate cannot reenter

mitochondria, it is likely MTCH2 plays a role in mitochondrial lactate transport.

4.2.4 Possible compensatory reactions occurring under loss of MTCH2

A common phenotype observed with MTCH2 reduction is reduced adiposity, where this
has been demonstrated in mice, worms, human cells, and flies (Fischer 2022; Buzaglo-Azriel
2016; Rottiers 2017). Our studies have shown that MTCH2 influences metabolism in a
substrate-specific manner. Interestingly, we found that cardiac-specific Mtch knockdown in flies
increased transcriptional expression of genes implicated in fatty acid syntheses. Cardiac Mtch
knockdown flies also display reduction in oxygen consumption exclusively in the presence of
glucose, but not the fatty acid palmitate. Furthermore, these flies showed a reduction in
glucose-derived TCA metabolites, but no change in overall TCA metabolites, suggesting that
the TCA cycle is being replenished by non-carbohydrate substrates. From these results, we
suspect that compensatory reactions are occurring under MTCH2 reduction in attempt to fulfill
energetic needs. Potential modes of compensation could be through ketolysis or anaplerosis.
We know that loss of MTCH?2 leads to reduced adiposity, and this could mean that fat reserves
are being utilized for fuel in this case. Because MTCHZ2 mutants cannot adequately oxidize
glucose, this may trigger starvation mode, promoting ketolysis of fats. This can replenish the
acetyl-coA pool for maximum ATP production. Additionally, anaplerosis could also be
replenishing metabolite pools in MTCHZ2 mutants, where TCA intermediates are replenished
through amino acid metabolism (Des Rosiers 2011). This could be delineated by
supplementing our MTCH2” HEK cell cultures with "*C isotope labeled glutamine or aspartate,
to determine if TCA cycle metabolites incorporate labeled carbons, which would indicate that

anaplerosis is occurring as a potential compensatory reaction.
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4.2.5 Is MTCH2 exclusively an outer mitochondrial membrane protein?

In 2005, the Gross Lab originally discovered that MTCH2 plays a role in tBID recruitment
by the cross-linking and biochemical purification of the mitochondrial complex that forms with
tBID in hematopoietic FL5.12 cells (Grinberg 2005). When analyzed, it was discovered that
MTCH2 is a part of this complex, providing evidence that MTCH2 is an outer mitochondrial
membrane (OMM) protein. Because of this, MTCH2 is considered an unusual member of the
SLC25 family in that it encodes an outer, rather than inner, mitochondrial membrane protein.
However, although it has been demonstrated through protease sensitivity assays that MTCH2
localizes to the OMM, it is unknown if MTCH2 has the ability to dissociate from the OMM or
localize. This is the only study and context in which MTCH2 localization has been examined.
Because it's known some mitochondrial membrane proteins, such as PDH, can traverse
membranes, it is possible that MTCH2 does not exclusively sit at the OMM.
Immunofluorescence imaging of MTCH2 under different nutrient and stress conditions will
answer whether MTCH2 is a mobile mitochondrial protein, like PDH. Furthermore, the structure
of MTCH2 has only been computationally hypothesized, and not experimentally validated.
Studies have suggested MTCH2 has anywhere from 3-6 transmembrane domains (Gross 2005;
Grinberg 2005; Fischer 2022). Structure determination through crystallography would help

better assess where MTCH2 may reside within the cell.

4.3 Concluding remarks

Understanding how genetic background impacts disease is a complex yet essential task.
Genetic variants can elicit different effects depending on disease context. In this thesis, |
discussed in chapter 2 how a variant in MTCH2 potentially has alternative consequences in

obesity versus heart failure settings. In chapter 3, | discussed functional validation of this gene
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in a fly cardiac and human cell model, and what this could mean for people with heart failure.

Specifically, our variant of interest rs1064608, is underrepresented in people with
cardiomyopathy, which likely is associated with reduced MTCH2 expression, as rs1064608 is in
near complete LD with an eQTL for increased MTCHZ2 expression, as observed in human
skeletal muscle. We found that reduced MTCH?Z2 leads to recued mitochondrial PDH activity,
therefore reducing pyruvate oxidation and ATP synthesis. Consequentially, glucose metabolism
is forced toward lactate production. Chemically alleviating PDH to promote its activity improved
mutant phenotypes. These findings emphasize that MTCH?2 is essential to cardiac function and
metabolism, and that variation within MTCHZ2 is common in the population. Pursuing therapies
to improve oxidative metabolism in people with reduced MTCHZ2 dysfunction may prevent and

improve outcomes of heart failure.
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APPENDIX

When analyzing whole genome short read sequences (WGS), there was poor alignment
for specific regions of MTCH2, which mapped to specific exons of the gene (Figure A1).
Specifically reads spanning these exons also did not match the MTCH2 reference sequence.
To evaluate this, | conducted PCR on genomic DNA using with primers designed to intronic
regions flanking these exons. The PCR products were subjected to Sanger sequencing and
aligned using the National Center for Biotechnology Information Basic Local Alignment Search
Tool (NCBI BLAST) tool. This analysis showed revealed segments of the MTCHZ2 gene
mapped to alternative genomic loci in what appears to be atypical pseudogenes, at least one of
which is located on chromosome 22. These atypical pseudogenes did not represent the typical
processed cDNA pseudogene but rather contained exons with some flanking region at more
than one site in the genome. Other sequences were determined to be nonreference unique
insertion sequences. Atypical pseudogene sequences were observed containing sequences
similar to exons 1, 3, 10, 11, 12, and 13 which confounded the analysis for genomic variation in
MTCH2, which is located on chromosome 11. In order to more accurately identify true variants
in the canonical MTCHZ2 gene located on chromosome 11, we excluded variants that were
appearing within these nonreference reads (Figure A2). These findings were consistent with
the observations in gnomAD that some of these variants did not pass filtration in the gnomAD
database. Variants that may appear from sequencing in MTCHZ2 exons 1, 3, 11, 12, and 13
should be viewed with caution in that they may not be located in MTCH2, but instead in

nonreference sequences elsewhere in the genome.
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Figure A1. Short read sequencing of MTCH2 shows nonreference reads in exons containing
excess variation. WGS of multiple exons in MTCH2 had nonreference reads which not align well
to the canonical MTCH2 gene on chromosome 11. These reads mapped to unique nonreference
flanking sequence and atypical pseudogene sequences.
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Figure A2. Exons in MTCH2 with excess variation. A. Red boxes highlight the exons in MTCH?2
which show nonreference reads. There is evidence for alternative copies of these exons in the
genome that represent atypical pseudogene sequences. B. Exon map of MTCH?2. Blue pins
represent variants in specific exons in the MTCHZ2 gene which were identified initially as having
excess variation in the cardiomyopathy cohort. Yellow pins represent GWAS variants in MTCH2
that correlate with metabolic phenotypes. Red boxes are highlighting exons in which sequencing
reads of these regions did not map to the reference genome and instead mapped to nonreference
unique insertion sequences (atypical pseudogene sequences). Green stars represent variants that
also did not pass the Random Forest filter in gnomAD. Many of the variants that did not pass the
Random Forest filter are located in exons that had sequencing reads that aligned to unique
nonreference insertions and atypical pseudogene sequences.



