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Chapter 1

INTRODUCTION

Adapted with permission from: Rasmussen, M.L., and Gama, V. (2020). Connecting life and death: The
BCL-2 family coordinates mitochondrial network dynamics and stem cell fate. International Review of

Cell and Molecular Biology. DOI: 10.1016/bs.ircmb.2019.12.005

Abstract

The B cell CLL/lymphoma-2 (BCL-2) family of proteins control the mitochondrial pathway of cell death,
also known as intrinsic apoptosis. Direct binding between members of the BCL-2 family regulates
mitochondrial outer membrane permeabilization (MOMP) after an apoptotic signal. The ability of the
cell to sense stress and translate it into a death signal has been a major theme of research for nearly three
decades (Kerr et al., 1972); however, other mechanisms by which the BCL-2 family coordinates cellular
homeostasis beyond its role in initiating cell death are emerging. One developing area of research is
understanding how the BCL-2 family of proteins regulate development using pluripotent stem cells as a
model system. Understanding BCL-2 family-mediated regulation of mitochondrial homeostasis in cell

death and beyond will uncover new facets of stem cell maintenance and differentiation potential.



Regulation of stem cell self-renewal and pluripotency by mitochondrial homeostasis

Stem cells can simulate the earliest stages of development, since they give rise to the three main tissue
lineages (Thomson et al., 1998). This capacity to differentiate into ectoderm, mesoderm, and endoderm
lineages, is known as pluripotency. Embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) are the two stem cell types that harbor this ability. Adult stem cells, also known as somatic stem
cells, are multipotent and can replenish dying cells in case of tissue damage, and include hematopoietic
stem cells, mesenchymal stem cells, and hair follicle stem cells (reviewed in (Goodell et al., 2015)). Stem
cells also have the capacity of self-renewal, which is the process by which the stem cell pool is maintained
indefinitely. These capabilities to regenerate and to give rise to the three germ layers have propelled an
entire field of research dedicated to modeling embryonic development in culture by manipulating key
signaling pathways and growth factors. The first human ESC (hESC) line was derived in 1998 from the
inner cell mass (ICM) of the blastocyst (Evans and Kaufman, 1981; Martin, 1981; Thomson et al., 1998),
while the discoveries of reverting both mouse and human somatic cells to iPSCs (known as
reprogramming) were published in 2006 and 2007, respectively (Takahashi et al., 2007; Takahashi and
Yamanaka, 2006). Reprogramming was achieved by inducing the expression of master pluripotency
transcription factors such as OCT4 (Octomer-binding transcription factor 4), SOX2 (SRY (sex-
determining region Y)-box 2), KLF4 (Kruppel-like factor 4) and ¢-MYC, collectively known as OSKM),
but other methods of attaining iPSCs have been reported (reviewed in (Takahashi and Yamanaka, 2015).
The ability of both ESCs and iPSCs to self-renew and differentiate has become an efficient tool to study
basic processes of human development and various aspects of human diseases, such as diabetes,
cardiomyopathy, and cancer (Assady et al., 2001; Hinson et al., 2015; Smith and Tabar, 2019). During
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embryonic development, genomic instability is especially dangerous for the integrity of rapidly dividing
stem cells. Thus, not surprisingly, stem cells are capable of executing intricate programs to quickly respond
to apoptotic stress and prevent the propagation of deleterious mutations. Along with the primed cell death
program, a growing number of studies on the BCL-2 family have shown changes in mitochondrial
dynamics and metabolic function and regulation as stem cells differentiate and as somatic cells reprogram
into iPSCs (Rinkenberger et al., 2000; Madden et al., 2011; Prigione et al., 2011; Dumitru and Gama et
al., 2012; Gama and Deshmukh, 2012; Rasmussen et al., 2018). These topics will be covered in this

chapter (Figure 1-1).

The molecular mechanisms controlling the unique signaling pathways underlying the ability of stem cells
to self-renew and give rise to other cell types likely involve uncharacterized signaling mediated by
intracellular metabolites, mitochondrial morphology changes, redox, and mitochondrial priming. In the
tollowing chapter, we will discuss the known fundamental mechanisms involved in these changes,
centering on the BCL-2 family, as well as describe areas that are open to more detailed exploration. In
addition, many aspects of mitochondrial biology are beginning to emerge as hallmarks of pluripotency and
self-renewal (Wanet et al., 2015; Rastogi et al., 2019). The inherent sensitivity to apoptosis, dramatic
changes in mitochondrial morphology and localization, and shifting metabolic program all accompany the
reprogramming process and have been suggested to be required for pluripotency and differentiation.
Furthermore, cellular events such as mitochondrial biogenesis, mitochondrial trafficking and motility, and

mitochondrial DNA (mtDNA) transcription could also be important for reprogramming and generation



of specialized tissues. Thus, the unique properties of ESCs and iPSCs make them a valuable model system

to illuminate the effects of these processes on self-renewal and differentiation.

The BCL-2 family of proteins in stem cell death
Intrinsic apoptosis

Caspase-dependent apoptosis occurs through both extrinsic and intrinsic pathways, which are mediated
by external death ligands and mitochondrial-localized proteins, respectively (Elmore, 2007). The focus of
this chapter will be on the intrinsic or mitochondrial pathway of apoptosis; the extrinsic apoptotic pathway
is another form of regulated cell death that depends on detection and propagation of extracellular signals,
which has been comprehensively reviewed here (Ashkenazi and Dixit, 1998; Mehlen and Bredesen, 2011;
Galluzzi et al.,, 2018). The intrinsic pathway of apoptosis is crucial for embryonic development, tissue
homeostasis, and in cellular response to irreversible perturbations. When the proteins that regulate
apoptosis are mutated, cells can become cancerous and contribute to tumor formation. The BCL-2 family
are the main regulatory proteins that control the intrinsic pathway of cell death (Figure 1-2). The direct
binding interactions that occur between pro-apoptotic and anti-apoptotic family members govern their
activities, ultimately resulting in MOMP after receiving a death signal (Oltval et al., 1993; Kale et al.,
2018). Roughly 30 family members have been identified to belong to the BCL-2 family, which is made
up of structurally similar globular proteins that are defined by multiple domains, known as BCL-2
homology (BH) domains (BH1, BH2, BH3, and BH4) (Tsujimoto et al., 1984; Kozopas et al., 1993;

Chittenden et al., 1995; Adams and Cory, 1998; Chipuk et al., 2010). Family members with multiple BH



domains are either pro-apoptotic “effectors” (BCL-2 associated X (BAX), BCL-2 antagonist killer 1
(BAK1; known as BAK), BCL-2 ovarian killer (BOK)) or anti-apoptotic/pro-survival (BCL-2 apoptosis
regulator (BCL-2), BCL-2-like 1 (known as BCL-xL), BCL-2-like 2 (BCL-w), Myeloid cell leukemia
(MCL-1), and BCL-2-related protein A1 (BFL-1/A1)). Another group of family members have only one
BH domain, known as the BH3-only proteins. The “activator” pro-apoptotic proteins (BCL-2 interacting
mediator of cell death (BIM), BCL-2 interacting domain death agonist (BID), P53-upregulated
modulator of apoptosis (PUMA)) and “sensitizer” pro-apoptotic proteins (phorbol-12-myristate-13-
acetate-induced protein 1 (PMAIP1, best known as NOXA), BCL-2-associated agonist of cell death
(BAD), BCL-2 interacting killer (BIK), BCL-2 modifying factor (BMF), and Harakiri (HRK)) work to
either activate the effector proteins directly or sequester the anti-apoptotic family members from binding
the effectors. After activation of BAK, BAX and/or BOK by the BH3-only proteins, they oligomerize to
form pores in the outer mitochondrial membrane, initiating MOMP, reducing mitochondrial membrane
potential and releasing cytochrome c from the inner membrane space (Kluck et al., 1997, 1999; Kuwana
et al., 2002; Kalkavan and Green, 2018; Moldoveanu and Czabotar, 2019). Mechanistically, each of the
effector proteins are regulated through slightly different means. While BAK is usually found anchored to
the outer mitochondrial membrane, BAX resides in the cytosol in an inactive state and must undergo a
conformational change to insert into the outer mitochondrial membrane through its C-terminal domain
(Hsu and Youle, 1997; Wolter et al., 1997; Goping et al., 1998; Gavathiotis et al., 2008; Green and
Chipuk, 2008; Todt et al., 2015). Less is known about BOK activity and regulation, but it is proposed to
have the ability to initiate MOMP independent of BAK or BAX, and it is modulated by the endoplasmic-

reticulum-associated protein degradation (ERAD) pathway (Llambi et al., 2016). Cytochrome c release



results in Apoptotic protease activating factor-1 (APAF-1)/Caspase-9 assembly, known as the
apoptosome (Kim et al., 2005; Taylor et al., 2008; Inoue et al., 2009), which activates the caspase cascade,
leading to the extensive cleavage and destruction of critical cellular components and proteins (Fuchs and
Steller, 2011; Ramirez and Salvesen, 2018). Morphological changes occur, including cell constriction,
organelle fragmentation, chromatin condensation, plasma membrane “blebbing” as the cortex ruptures,
and finally the break-up of the cell into apoptotic bodies, which are the defining features of apoptosis

(Kerr et al., 1972).

There are several proposed models of how the BCL-2 family execute cell death upstream of MOMP
(reviewed in (Shamas-Din et al., 2013)): the direct activation model, the displacement model, the
embedded together model, and the unified model (Letai et al., 2002; Chen et al., 2005; Leber et al., 2007;
Garcia-Séez et al., 2009; Leber et al., 2010; Llambi et al., 2011). The latter two models highlight the
complexity of the mitochondrial cell death pathway. The embedded together model proposes that the
specific interactions of the BCL-2 family members are dependent on cellular equilibria, with binding
events occurring based on concentration and binding affinities of each protein (Leber et al., 2007). These
affinities are also dependent on proximity to the mitochondrial membrane as well as post-translational
modifications. The unified model of apoptosis differs in that it proposes that the anti-apoptotic proteins
have two “modes”: one in binding and sequestering the activator BH3-only proteins, which can be
overcome by the sensitizer BH3-only proteins, and the other binding and sequestering BAK/BAX, which

results in a more robust inhibition of MOMP (Llambi et al., 2011; Kalkavan and Green, 2018). The



unified model also includes the effects that the BCL-2 family proteins have on mitochondrial dynamics,

thus expanding on the embedded together model.

The BCL-2 family in stem cells

The intrinsic apoptosis has been shown to be uniquely regulated in stem cells (Madden et al., 2011,
Dumitru and Gama et al., 2012; Gama and Deshmukh, 2012; Liu et al., 2013; Rasmussen et al., 2018).
Human PSCs (hPSCs), which comprise both hESCs and hiPSCs, are extremely sensitive to DNA
perturbations in a P53-dependent manner. P53 protein expression, however, was not significantly
different between hPSCs and differentiated cells, pointing to another mode of action for this rapid
apoptotic response. It was found that expression of the BCL-2 family in stem cells is shifted so that pro-
apoptotic members are upregulated, while pro-survival members are downregulated, which serves to
position them closer to the threshold of apoptosis, a property known as mitochondrial priming (Certo et
al., 2006). We showed that BAX aided in this high mitochondrial priming state of hPSCs, since it was
found in an activated state in homeostatic conditions but localized at the Golgi until an apoptosis-
initiating event occurred (e.g. etoposide-mediated DNA damage), when it would translocate to the
mitochondria (Dumitru and Gama et al., 2012). How BAX is maintained at the Golgi in an active state
remains elusive, as up to this point active BAX, which is identified by its N-terminal domain (Upton et
al., 2007), had only been known to localize at the mitochondrial outer membrane, and furthermore only
in dying cells. When hPSCs were differentiated into stem cell aggregates known as embryoid bodies

(EBs), BAX was no longer active during homeostasis and retained its mitochondrial localization during



apoptotic stress, indicating a stem cell-specific mechanism of BCL-2 family regulation (Dumitru and
Gama et al., 2012). Maintenance of BAX in an active state likely allows for hPSCs and iPSCs to respond
rapidly to cell death, thereby preventing potential mutations induced by DNA damage from persisting in
the stem cell pool or in the differentiating cell lineage. Conversely, sustaining BAX in an active state would
also pose significant risk for spontaneous apoptosis. Thus, isolating BAX at the Golgi could serve to
safeguard hPSCs from unnecessary cell death while still allowing for its rapid induction if the cell is
antagonized. At the organismal level, this sensitive response may stop the development of abnormal cells
in the growing embryo. If constitutive BAX activation is also maintained by other highly proliferative cells
in adult tissue, then perhaps it prevents aberrant growth of cancer cells and tumors. Dissection of the
mechanisms underpinning BAX activation and localization, both at the Golgi and at the mitochondria,
will be necessary to fully elucidate this apoptotic sensitivity as a defining component of PSC homeostasis.
As PSCs begin differentiate, they quickly become resistant to DNA damage-mediated apoptosis; this was
shown to be facilitated in part by a decrease in mitochondrial priming (Madden et al., 2011).
Mitochondrial priming and apoptotic sensitivity have been exploited in recent years to identify
dependencies of cancer cells on specific BCL-2 family proteins. This technique is known as BH3 profiling
(Montero et al., 2015; Montero and Letai, 2016), and it is useful to measure the different binding affinities

between the BCL-2 family members across cell types and patient-derived tumors.

The pro-apoptotic members of the BCL-2 family become activated through several upstream sensing
mechanisms. As previously mentioned, PSCs are highly sensitive to DNA damage, which in turn initiates

the transcription factor P53 and triggers a repair response and cell cycle arrest (Kruse and Gu, 2009). If



the cell cannot resolve the damage, the BCL-2 family facilitates MOMP and the cell undergoes apoptosis
through caspase-mediated degradation. Fluctuations in P53 activation have been shown to determine cell
fate (Purvis et al., 2012). During reprogramming of somatic cells back to a pluripotent state, inhibition of
P53 greatly improves cell survival due to the bypass of BCL-2 family-mediated cell death (Kawamura et
al., 2009; Li et al., 2013). Excellent reviews covering the details of P53 function in stem cells can be found
here (Bonizzi et al., 2012; Jain and Barton, 2018). Downstream of BCL-2 family facilitation of MOMP,
activity of caspases has been shown to play dual roles in both promoting differentiation and maintaining

proper distribution of differentiated cell types, as well as driving reprogramming of somatic cells (Fujita

et al., 2008; Li et al., 2010; Fu et al., 2019).

The BCL-2 family in mitochondrial dynamics

The main players of intrinsic apoptosis, the BCL-2 family of proteins, execute their functions at the
mitochondria. Beyond being the energy-producing powerhouses of the cell, mitochondria serve as major
signaling organelles and constantly fuse and divide in a process known as mitochondrial dynamics (Chan,
2007; Berman et al., 2008; Friedman and Nunnari, 2014). These continuous, energy-consuming events
are proposed to occur both in response to various stimuli and to relay signals throughout the cell to other
organelles. Emerging studies have also highlighted new links between mitochondrial dynamics machinery,
apoptosis and mitochondrial autophagy (mitophagy) (Kageyama et al., 2014; Morciano et al., 2016b;

Rasmussen et al., 2018; Fu et al., 2019). Proper equilibrium of mitochondrial dynamics is essential for



cellular and organismal homeostasis, and diseases often manifest when the proteins that regulate fission

and fusion are mutated (Chan, 2007; Westermann, 2010; Dorn, 2013; Chan, 2020).

Dynamic movement and fragmentation of the mitochondrial network was first documented in 1915, with
various morphological changes described in detailed, hand-drawn illustrations (Lewis and Lewis, 1914).
Yet, the notion that mitochondria are static, bean-like organelles has persevered over the decades. The
development of more advanced imaging technologies, such as super-resolution microscopy, has allowed
for improved observation and tracking of mitochondrial dynamics and motility, which has propelled the
field and revealed the remarkable changes that mitochondria initiate (Johnson et al., 1981; Bereiter-Hahn
and Voth, 1994; Rizzuto et al., 1996). Super-resolution microscopy enables the resolution of objects well
below the diffraction limit, first described by Ernst Abbe as the minimum distance between two points
that can still be distinguished (roughly 200 nm) (1873). Imaging modalities such as stochastic optical
reconstruction microscopy (STORM), stimulated emission depletion (STED), and structured
illumination microscopy (SIM) have revolutionized the field of cell and organelle biology by allowing
researchers to attain imaging resolution of about 10 nm (Figure 1-3) (Wegel et al., 2016; Dlaskova et al.,
2018). While conventional microscopy techniques are immensely useful for observing large-scale changes
in overall mitochondrial network morphology, super-resolution is necessary to resolve distinct
mitochondrial compartments, such as the outer and inner mitochondrial membranes, the matrix, cristae
folds, and nucleoids that house mitochondrial DNA (mtDNA). Challenges arise when imaging the
mitochondria, however, as they are sensitive to cellular conditions and are the center of reactive oxygen
species (ROS) generation and apoptotic signaling pathways. Light toxicity is known to cause a rapid
increase in mitochondrial fragmentation, making studies in mitochondrial dynamics using live cells
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difficult, with PSCs being an even more challenging cell type due to their inherent sensitivity to apoptotic
stimuli. Fortunately, this can be overcome by careful optimization of imaging conditions and fluorescent
probes. Additionally, new technologies such as light sheet microscopy allow for rapid imaging with greatly
reduced levels of photobleaching and toxicity to the sample, improving our ability to capture mitochondrial
dynamics with high spatiotemporal resolution in live cells (Chen et al., 2014; Legant et al., 2016). The
majority of the imaging data presented in this dissertation was acquired using SIM, but we are currently
optimizing our PSC imaging protocols to be used with newly engineered lattice light sheet instruments.
Recently described STED nanoscopy modalities will also permit the visualization of individual cristae in
live cells (Stephan et al., 2019). These improvements in imaging modalities will allow us to better
understand mitochondrial behavior in live PSCs and how perturbations to the BCL-2 family and other

mitochondrial proteins affect mitochondrial network morphology, dynamics, motility and behavior.

Mitochondrial fission and fusion

Mitochondrial shape changes drastically depending on the cell type, cell cycle stage, and metabolic state
(Chen and Chan, 2017) (Figure 1-4). Differentiated cell types, such as fibroblasts, myocytes, and
endothelial cells, generally have elongated, cristae-rich mitochondria that make up complex networks,
which promote mtDNA homogenization and energy generation (Kuznetsov et al., 2009). Mitochondrial
fission is necessary for distribution of mitochondria to daughter cells during cell division, mitochondrial
transport within cells, and isolation of damaged mitochondria for degradation by mitophagy (Nunnari et

al., 1997; Pon, 2013; Ganesan et al., 2019). As differentiated cells reprogram and transition into a stem-
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like state, mitochondria undergo higher levels of fission and arrange to be more perinuclear (Prieto et al.,
2016; Chen and Chan, 2017). The mitochondria of iPSCs are considered more functionally immature,
with globular shapes and fewer cristae, contributing to a metabolic profile that is traditionally thought to
be more dependent on glycolysis for energy requirements (Facucho-Oliveira and St. John, 2009; Chung
et al., 2010). Constitutive activation of the dynamin-related guanosine triphosphates (GTPases) that
control fission is likely a major participating factor in maintaining high levels of fragmentation in stem

cells (Chung et al., 2010; Prieto et al., 2016).

The large dynamin-related GTPases (DRPs) regulate mitochondrial dynamics by inducing mitochondrial
fission (division) and fusion in a highly conserved manner (Praefcke and McMahon, 2004; Hoppins et al.,
2007; Chan, 2012). The most well-documented fission-inducing DRP in mammalian cells, Dynamin-
related protein 1 (DRP-1) executes its function upon activation by several post-translational
modifications, including phosphorylation, ubiquitination, sumoylation, and O-GlcNAcylation
(Westermann, 2010). The enzymes that perform this activation of Dynamin-related proteins have not
been completely identified, but ERK1/2 and CDK1 have been shown phosphorylate DRP-1 at Serine
616, providing insight into specific pathways that promote increased mitochondrial fragmentation
(Taguchi et al., 2007; Prieto et al., 2016). Once DRP-1 is activated, it is translocated from the cytosol to
the outer mitochondrial membrane, where it hydrolyzes GTP and self-assembles around the
mitochondria, constricting both membranes until the organelle is divided in two (Hoppins et al., 2007;
Pon, 2013; Antonny et al., 2016; Francy et al., 2017). The structural domains and mechanistic details of

action for DRP-1 have been described in several studies and reviews (Hoppins et al., 2007; Meglei and
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McQuibban, 2009; Chappie et al., 2010; Gao et al., 2010; van der Bliek and Payne, 2010; Mears et al.,
2011; Francy et al., 2017); however, whether or not DRP-1 activation is differentially regulated in
pluripotent stem cells, which have a more fragmented mitochondrial network, has not been elucidated. It
has been shown that DRP-1 function in mitochondrial fission is required for proper achievement of
pluripotency early on in the reprogramming process (Prieto et al., 2016). As DRP-1 is also involved in
the mitochondrial fragmentation observed during apoptosis (Frank et al., 2001), and iPSCs are highly
sensitive to apoptotic stimuli, these cells are likely highly dependent on DRP-1 beyond its role in

homeostatic conditions.

As stem cells differentiate and become more mature, the mitochondrial network transforms to support
the changing needs of the differentiating cell. Mitochondrial fusion is required for the proper maturation
of several tissue types, and it is necessary for mtDNA homogenization and assembly of the electron
transport chain (ETC) (Chan, 2012).The specific activity of DRP family members that control
mitochondrial fusion is not well understood, but in vitro studies have shown that inner and outer
mitochondrial fusion are mechanistically distinct processes (Legros et al., 2002; Meeusen et al., 2004). The
large GTPases that govern the process of mitochondrial fusion are Mitofusin 1 (MFN1), Mitofusin 2
(MFN2), and Optic Atrophy 1 (OPA1) (Alexander et al., 2000; Delettre et al., 2000; Chen et al., 2003).
MFN1 and MFN2 are localized to the outer mitochondrial membrane, where they facilitate outer
membrane fusion by homo- or hetero-dimerizing with MFNs on adjacent mitochondria and actively
tusing the outer membranes. While the MFN paralogs are highly similar, they are not completely

redundant and are both required for mitochondrial fusion (Escobar-Henriques and Joaquim, 2019).
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Depletion of MFN1 in mouse embryonic fibroblasts (MEFs) leads to increased fragmentation of
individual mitochondria, resulting in small fragments, while MFN2 depletion results in larger fragments
of aggregated mitochondria (Chen et al., 2003). Interestingly, MEFN2 depletion also results in placental

defects in mice that were not observed in MFN1 mutants.

Once outer membrane fusion occurs, the inner membrane is fused through the activity of OPA1. OPA1
regulation is complicated, as it has eight different splice isoforms that lead to the formation of two
proteolytically cleaved proteins, designated as long OPA1 (OPA1-L) and short OPA1 (OPA1-S), which
serve several distinct and overlapping purposes (Mishra et al., 2014; Del Dotto et al., 2017). OPA1-L is
anchored in the inner membrane with its GTPase domain exposed to the inner membrane space. It
coordinates the active process of inner membrane fusion by forming dimers with OPA1-L proteins on the
opposite target membrane. OPA-1S is proposed to provide a more passive, structural role at the
mitochondrial matrix in cristae formation and maintenance, while combinations of both long and short
forms work together to fine-tune mitochondrial morphology and function (Del Dotto et al., 2018). The
OPA1-S form has also been implicated in fission of the inner membrane (Anand et al., 2014). These
studies were performed in MEFs, but it would be interesting to probe if the homeostatic balance of OPA1
isoforms is differentially regulated in stem cells and over the course of differentiation. Disproportionate
levels of either mitochondrial fusion or fission results in profound pathological abnormalities. These
include embryonic lethality at mid-gestation in mice deficient in any of the DRPs (i.e. MFN1, MFN2,
OPA1, and DRP1) (Chen et al., 2003; Davies et al., 2007; Alavi et al., 2007; Ishihara et al., 2009;

MacVicar and Langer, 2016), as well as neurodegenerative diseases such as Charcot-Marie-Tooth
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syndrome and dominant optic atrophy (Zichner et al., 2004; Alavi et al., 2007; Davies et al., 2007,

Waterham et al., 2007) caused by mutations in MFN2 and OPA1, respectively.

Mitochondrial dynamics also change during apoptosis; mitochondrial fusion is thought to protect against
mitochondrial pore formation (Estaquier and Arnoult, 2007; Jahani-Asl et al., 2010), while mitochondrial
fission has been shown occur concurrently with BAK/BAX-mediated cell death (Frank et al., 2001a;
Youle and Bliek, 2012). Parallel to this, studies have shown that pro-apoptotic BAK and BAX must be
inactivated for mitochondrial fusion to occur, and BAX has been shown to modulate fusion through
interactions with the Mitofusins (Karbowski et al., 2006; Brooks et al., 2007; Hoppins et al., 2007, 2011).
Additionally, other BCL-2 family members have recently been associated with the maintenance of
mitochondrial dynamics in various cell types (Chen et al., 2011; Hardwick and Soane, 2013). In adult
neurons, the anti-apoptotic protein BCL-xL is enriched in the mitochondria, where it promotes proper
mitochondrial length and size, as well as localization of the mitochondria to the highly energetic synapses
(Berman et al., 2008; Li et al., 2008). BCL-xL is required for normal brain development (Chen et al.,
2011), and it is likely that its function in neuronal connectivity and communication is partially responsible.
Another anti-apoptotic family member, MCL-1, has been shown to also function in the regulation of
mitochondrial dynamics in hPSCs. MCL-1 is expressed at high levels in hPSCs, and its depletion causes
mitochondrial elongation in stem cells that coincides with the loss of expression of pluripotency markers
OCT4 and NANOG (Rasmussen et al., 2018). The changes in mitochondrial morphology are likely due
to MCL-1’s interaction with DRP-1, but the details of the state of DRP-1 activation are still unknown.

Interestingly, MCL-1 was also shown to interact with OPA1, an association that likely occurs through
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MCL-1’s matrix-localized form (Rasmussen et al., 2018). These non-apoptotic interactions further
implicate MCL-1, and perhaps other BH domain proteins, in the modulation of mitochondrial dynamics
and homeostasis beyond their roles in cell death. Another study showed that BID, a pro-apoptotic BH3-
only protein, also imports into the mitochondrial matrix where it regulates cristae morphology and
organization (Salisbury-Ruf et al., 2018). As BID is a known binding protein of MCL-1, it would be
interesting to test if these two family members work in concert at the matrix to maintain mitochondrial
dynamics as well as pluripotent/self-renewal capacities in stem cells. Understanding the regulation of cell
fate from the perspective of mitochondrial dynamics and the BCL-2 family of proteins could shed light

on the intricacies of cell signaling and organelle biology.

As previously mentioned, extensive remodeling of the mitochondrial network occurs during apoptosis.
These changes result in the release of cytochrome ¢ and other caspase-inducing proteins from the inner
membrane space (Goldstein et al., 2000; Garrido et al., 2006; Galluzzi et al., 2018). Mitochondrial
fragmentation during apoptosis takes place through two synchronized, but independent, events:
dissociation of cristae junctions, where pools of cytochrome ¢ are housed, and BAK/BAX oligomerization
and pore formation at the outer membrane (Gao et al., 2001; Lee et al., 2004; Ow et al., 2008; Sheridan
et al., 2008; Montessuit et al., 2010; Sinibaldi et al., 2013). A growing number of studies show that DRP-
1 acts in response to apoptotic signals, consistent with the idea that mitochondrial fission occurs along
with MOMP. DRP-1 has been shown promote BAX translocation to the mitochondria (Wang et al.,
2015), and it also localizes to BAX/BAK pores (Frank et al., 2001a; Tanaka and Youle, 2008) where it

promotes extensive mitochondrial network fission. DRP-1 depletion prevents mitochondrial fission
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during apoptosis, and overexpression of the DRP-1 mutant K38A, which inhibits GTP binding by DRP-
1, prevents apoptosis-induced mitochondrial fission (Smirnova et al., 2001; Sugioka et al., 2004; Estaquier
and Arnoult, 2007). BAK and BAX have also been reported to localize at fission sites along with DRP-1
and MFN2, providing further evidence that MOMP is associated with the fission regulators (Karbowski

et al., 2002; Hoppins et al., 2011).

Summary

As discussed throughout this chapter, the BCL-2 family of proteins regulate the mitochondrial pathway
of apoptosis and are thereby seated at the center of several essential signaling pathways. The mitochondrial
network is responsible for the regulation of apoptosis, oxidative phosphorylation, coordination of
neighboring organelles, and they provide the machinery needed to generate key metabolites that serve the
bioenergetic and biosynthetic needs of the cell (Fu et al., 2019). The crosstalk between the pathways of
BCL-2 family-mediated cell death, mitochondrial dynamics, and mitophagy must be explored further in
PSCs, as it will likely provide important details into how cells navigate the differentiation and
reprogramming processes. Lhe role of reactive oxygen species on stem cell maintenance is also an

intriguing area of study, since multiple redox-sensitive pathways also control apoptosis and mitochondrial

dynamics (e.g. MAPK, ERK1/2, JNK) (Bigarella et al., 2014).

Many questions remain; for example: 1) How do the signaling pathways that converge at the mitochondria
intersect to regulate cell fate? 2) How are the changes in mitochondrial network, mitochondrial turnover,

and mitochondrial connectivity to other organelles regulated as cells undergo differentiation and
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reprogramming? 3) How do changes in mitochondrial morphology contribute to adaptations in metabolic
state? 4) How do metabolite levels modulate the activity of epigenetic enzymes ultimately affecting gene
expression? Answering these questions would open the opportunity to advance the fields of stem cell
biology and apoptosis as well as to rationalize new therapies, as shown by the emergence of

pharmacological inhibitors of the BCL-2 family.

Limitations

Up until the last decade or so, ESCs were the only well-studied source of pluripotent stem cells, and they
still represent the “gold standard” for stem cell research. The advent of iPSCs from both mouse and human
sources has revolutionized the field and allowed for exciting new research programs to arise. However,
reprogramming efficiency of somatic cells is still relatively low, and the use of iPSCs in human cell therapy
remains challenging due to the ectopic expression of stem cell factors OCT4, SOX2, KLF4, and c-MYC,
since these factors are also associated with tumor development. Another issue that must be addressed with
in vitro PSC research is the proper recapitulation of differentiated adult cell types and disease phenotypes.
Despite these limitations, promising clinical studies are still underway for the use of iPSC and ESC
derivatives in treatment of several diseases and injuries, including macular degeneration, spinal cord injury,
type I diabetes, myocardial infarction, and Parkinson’s disease (Trounson and DeWitt, 2016; Mandai et

al., 2017; Doi et al., 2020).
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Figures and Legends
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Figure 1-1: The BCL-2 family regulates mitochondrial cell death and homeostasis in stem cells. This
schematic depicts the canonical pathways of mitochondrial apoptosis and priming. Highlighted are the
reported changes in PSC regulation of these pathways: 1) High levels of pro-apoptotic proteins. 2) BAX is
maintained in an active state at the Golgi. 3) High levels of MCL-1, which is important for pluripotent

maintenance and mitochondrial fission. 4) Increased fragmentation of the mitochondrial network and higher
dependence on glycolytic metabolism.
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Figure 1-2: The BCL-2 family regulates the mitochondrial pathway of apoptosis. When cells receive
an intrinsic death signal, BAX becomes activated by the BH3-only activators, undergoes a conformational
change, and translocates to the outer mitochondrial membrane (OMM). BAX (in addition to BAK and
BOK) then oligomerize and form pores in the OMM, causing MOMP and the release of cytochrome ¢
into the cytosol. BAX activation can be prevented by sequestration of the activator BH3-only proteins
through the pro-survival proteins BCL-2, MCL-1, BCLL, etc, which are inhibited by the sensitizer
BH3-only family members. In human embryonic stem cells, BAX can be maintained in an active state at
the Golgi, which confers quick translocation to the OMM in case of a death signal. Additionally, MCL-

1 has been found to reside at the matrix in stem cells, where it is proposed to interact with OPA1.
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Figure 1-3: Microscopy tools for the study of mitochondrial dynamics, morphology, and motility.
Many different imaging modalities may be used for the study of mitochondrial processes within cells and
tissues. Highlighted here are conventional widefield and confocal techniques, as well as super-resolution

and electron microscopy approaches.
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Figure 1-4: The dynamic cycle of mitochondrial morphology and quality control. In homeostasis,
differentiation, reprogramming, and during stress, the mitochondrial network undergoes rounds of fusion
and fission. During fission, DRP-1 is activated and recruited to pre-constricted regions of mitochondria
(facilitated by actin and ER tubules) by its receptors (MFF, MID49/51, FIS1). Mitochondrial fusion is
achieved by the activity of MFNs, which dimerize with MFNs on adjacent mitochondria to fuse the OMM.
This is followed by OPA1-mediated fusion of the inner mitochondria membrane (IMM). If mitochondria
are damaged (i.e. low membrane potential), PINKI is stabilized at the mitochondria and phosphorylates
proteins on the OMM. This phosphorylation triggers Parkin-mediated ubiquitination of OMM proteins,
causing recruitment of various adapter proteins and receptors associated with the phagophore. The
damaged mitochondrion is then engulfed by the mature mitophagophore, which fuses with the lysosome
for degradation.
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Chapter 2

MCL-1 PROMOTES PLURIPOTENCY AND MODULATES MITOCHONDRIAL
DYNAMICS IN HUMAN PLURIPOTENT STEM CELLS

Adapted with permission from: Rasmussen, M.L., Kline L.A., Park, K.P., Ortolano, N.A., Romero-
Morales, A.I, Anthony, C.A., Beckermann, K.E., Gama, V. (2018) A non-apoptotic function of MCL-
1 in promoting stem cell pluripotency and modulating mitochondrial dynamics in stem cells. Stem Cell

Reports. DOI: 10.1016/j.stemcr.2018.01.005

Abstract

Human pluripotent stem cells (hPSCs) maintain a highly fragmented mitochondrial network, but the
mechanisms regulating this phenotype remain unknown. In this Chapter, I describe a non-cell death
function of the anti-apoptotic protein, MCL-1, in regulating mitochondrial dynamics and promoting
pluripotency of stem cells. MCL-1 expression increases upon reprogramming, and its inhibition or
knockdown induces striking changes to the mitochondrial network, which corresponds to a loss of the key
pluripotency transcription factors, NANOG and OCT-4. MCL-1 is distinct from other anti-apoptotic
BCL-2 family members in that it also resides at the mitochondrial matrix in pluripotent stem cells.
Mechanistically, we find MCL-1 to associate with DRP-1 and OPA1, two large GTPases responsible for
remodeling the mitochondrial network. MCL-1 knockdown compromised the expression and

mitochondrial fission/fusion activity of these key regulators of mitochondrial dynamics. Our findings
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uncover an unexpected, non-apoptotic function for MCL-1 in the maintenance of mitochondrial structure

and stemness.

Introduction

Considerable efforts have been made to identify the gene networks that regulate the pluripotent state and
control the first steps of differentiation, when cells start to acquire a cell-lineage-specific identity. These
studies have identified key transcriptional regulatory networks that determine the pluripotent state (Kumar
et al., 2014). In contrast, we know relatively little about how different organelles, such as mitochondria,
adapt to the changing environments they encounter during differentiation and reprogramming. While
increased mitochondrial fragmentation is a fundamental feature of reprogramming (Prieto et al., 2016),

the molecular mechanisms underlying this phenomenon are not fully understood.

The mitochondrial dynamics machinery is comprised of dynamin superfamily GTPases that have roles in
either fission (division) or fusion of mitochondria. Dynamin-related protein 1 (DRP-1) is required for
mitochondrial fission. DRP-1 activation is mediated in part by phosphorylation, ubiquitination, and
sumoylation, which allow for increased recruitment to various receptors (e.g. FIS1) (Wai and Langer,
2016). However, these mechanisms of enhanced DRP-1 recruitment to the outer mitochondrial
membrane are not well characterized in pluripotent stem cells, where they appear to be constitutively
active. Once activated, DRP-1 forms oligomers and assembles into rings that constrict around the
mitochondria, dividing the organelle into separate entities (Westermann, 2010). Fusion is mediated

through the activity of the Optic atrophy type 1 (OPA1) GTPase at the inner mitochondrial membrane
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and of mitofusins (MFN1 and MFN2) at the outer mitochondrial membrane (Chen and Chan, 2017).
Mitochondrial dynamics is beginning to emerge as a crucial factor regulating cell fate (Martinou and

Youle, 2011; Archer, 2013; Khacho et al., 2016).

Many connections between the mitochondrial dynamics machinery and apoptosis have been made.
Apoptosis is mediated by the BCL-2 family of proteins (Llambi et al., 2011). When cells are subjected to
stress, the mitochondrial network has been shown to undergo DRP-1- and FIS1-mediated fragmentation
in a process involving BAX translocation and co-localization with DRP-1 and endophilin B1 (Karbowski
et al., 2002; Sheridan et al., 2008; Friedman and Nunnari, 2014). Previous reports suggested that BAX
and BAK could also influence MFN2 function in healthy cells (Karbowski et al., 2006). The data shown
in this report demonstrate that an anti-apoptotic protein belonging to the BCL-2 family, Myeloid cell
leukemia 1 (MCL-1), is a fundamental regulator of mitochondrial dynamics in human pluripotent stem
cells, independent of its role in apoptosis. MCL-1 is essential for embryonic development and for the
survival of various cell types (Rinkenberger et al., 2000). Interestingly, recent studies have proposed that
MCL-1 may also drive changes in cancer cell metabolic profiles to promote the biosynthesis of substrates

needed for proliferation (Andersen and Kornbluth, 2012; Opferman, 2016).

To examine the function of MCL-1 in both undifferentiated and differentiated cells, we took advantage
of various features of the hPSC model, including: 1) high expression of MCL-1, 2) a predominantly
fragmented mitochondrial network, and 3) the ability to induce differentiation into early progenitor stages.
This model provided an ideal system to examine not only the potential role of MCL-1 in mitochondrial

structure, but also its effects on cell fate. Here we report MCL-1 as a modulator of mitochondrial
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dynamics in PSCs, and demonstrate the value of the stem cell model to study the plasticity of the

mitochondrial network during reprogramming and differentiation.

Results and Discussion
Human pluripotent stem cells downregulate MCL-1 upon differentiation

We previously reported that human embryonic stem cells (hRESCs) become resistant to DNA damage as
differentiation is engaged (Dumitru and Gama et al., 2012). This resistance is in part associated with
changes in the activation status of BAX, as well as mitochondrial priming (Dumitru and Gama et al.,
2012; Liu et al., 2013). We first sought to probe the status of the apoptotic machinery by measuring levels
of various BCL-2 family members during differentiation, when this apoptotic resistance is acquired.
hESC colonies were grown in suspension in the absence of a matrix layer as aggregates, also known as
embryoid bodies (EBs) (Odorico et al., 2001). We compared protein expression between hESCs and
three-day EBs by Western blot analysis. Since differentiation causes apoptotic resistance, we expected to
detect an overall increase in the expression of anti-apoptotic proteins, and a decrease in the expression of
pro-apoptotic proteins. As expected, the pluripotency transcription factor NANOG was downregulated
in EBs, and Sirtuin-2 (SIRT2), a NAD+-dependent deacetylase, which is induced upon differentiation
(Ramalho-Santos et al., 2002), was upregulated. BAX and BCL-XL showed no detectable changes in
expression during differentiation, and BCL-2 was significantly upregulated. In stark contrast, MCL-1
was significantly downregulated after only 3 days of differentiation (Figure 2-1A). MCL-1

downregulation was also detected in mouse ESC-derived EBs (Figure S1A). As reported previously, these

26



results indicate that BCL-2 may be critical mediator of cell death resistance in early differentiation (Liu
et al., 2013). Counterintuitively, MCL-1 does not a appear to be a major determinant of the apoptotic

resistance characteristic of EBs (Dumitru and Gama et al., 2012).

To determine whether downregulation of MCL-1 was not a particular trait of EB formation, we
differentiated hESCs into trophoblast-like cells by addition of BMP4, and to neural progenitor cells using
dual SMAD inhibition, as previously reported (Chambers et al., 2009; Amita et al., 2013) (Figure S1B-
F). Differentiation to both lineages was accompanied by a significant downregulation of MCL-1 (Figure
S1C-D), mimicking the EB formation results. This was unexpected, since EBs, trophoblast-like cells and

neural progenitor cells are more resistant to apoptosis than undifferentiated stem cells (Figure S1E-F).

To probe whether the downregulation of MCL-1 had a functional role in maintaining pluripotency, we
examined the effect of inhibiting MCL-1 in hESCs. Cell permeable, selective small molecule antagonists
of BCL-2, BCL-XL and MCL-1, known as BH3 mimetics, have been identified (Chonghaile and Letai,
2008). We first used the pan-BCL-2 inhibitor GX15-070 (Chiappori et al., 2012), which inhibits BCL-
2, BCL-XL and MCL-1, and compared it to the BH3-only mimetic ABT-737 (Oltersdorf et al., 2005),
which only inhibits BCL-2 and BCL-XL. Since these small molecule inhibitors target the main anti-
apoptotic proteins, we expected treatment with etoposide in combination with either inhibitor to
accelerate cell death onset compared to treatment with only etoposide. Not surprisingly, treatment with
ABT-737, increased the sensitivity of hESCs to etoposide-induced DNA damage (Figure 2-1B).

However, rather unexpectedly, treatment with GX15-070 had the opposite effect and resulted in reduced
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cell death sensitivity in response to etoposide (Figure 2-1B), pointing to a paradoxical effect of MCL-1

inhibition in mediating apoptotic resistance.

These results, together with the observed reduced MCL-1 expression, suggest that MCL-1 inhibition
induces a partial protective effect that resembles the decrease in apoptotic sensitivity engaged during
differentiation. Consistent with this hypothesis, treatment of hESCs with GX15-070 reduced the
expression of pluripotency markers NANOG and OCT-4, while treatment with ABT-737 did not affect
expression of these pluripotency factors (Figure 2-1C-E). To confirm the effect of MCL-1 on
pluripotency, we then turned to MIM-1, an MCL-1-specific small molecule inhibitor (Cohen et al.,
2012), which caused the significant decrease of both NANOG and OCT-4 expression (Figure 2-1F-H
and Figure S1G-H). SOX2 expression was not affected by MCL-1 inhibition, suggesting that hESCs
treated with MIM-1 may be differentiating to the default neuroectoderm lineage. These results indicate

that MCL-1 may be necessary for hPSC maintenance of pluripotency.

MCL-1 is induced during reprogramming, and its inhibition causes changes in the stem cell

mitochondrial network

We next examined whether MCL-1 expression upregulation was also engaged during the transition to
pluripotency. We first reprogrammed human fibroblasts by delivering pluripotency factors using the non-
integrating Sendai-based vector system (Figure S2A-B). Compared to fibroblasts, MCL-1 is expressed at
high levels in human induced PSCs (hiPSCs) (Figure 2-2A) and hESCs (Figure 2-2B), both of which

are highly sensitized to cell death (Dumitru and Gama et al., 2012) (Figure S2C). Along with high
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expression levels of MCL-1, we also observed that iPSCs have a fragmented mitochondrial network when
compared to their parent human fibroblast line (Figure S2D), consistent with previous reports suggesting
that mitochondria undergo vast changes during reprogramming in response to overexpression of

pluripotency factors (Chen and Chan, 2017).

We next investigated whether MCL-1 has a role in the maintenance of mitochondrial dynamics in
pluripotent stem cells. We inhibited MCL-1 in hESCs using MIM-1 and examined its effects on
mitochondrial structure. In response to MCL-1 inhibition, the mitochondria appear to fuse and become
more elongated, as shown by cytochrome c staining (Figure 2-2C-D). We hypothesized that these changes
in mitochondrial shape could be orchestrated through crosstalk between MCL-1 and the proteins involved
in mitochondrial dynamics. We first interrogated the expression levels of active DRP-1 in response to
MCL-1 inhibition. Phosphorylation of DRP-1 on Serine 616 enhances DRP-1 activity (Taguchi et al.,
2007). Cells treated with MIM-1 displayed downregulated DRP-1 phosphorylation (p-DRP-1 S616)
compared to vehicle control cells (Figure 2-2E-F), providing evidence for a role of MCL-1 in the

regulation of DRP-1 activity.

To confirm that the effects of the small molecule inhibitor MIM-1 were due specifically to MCL-1
inhibition, we performed loss-of-function experiments utilizing an RNAi approach. MCL-1 expression
was knocked down in hESCs using siRNA. As seen with the small molecule inhibitors of MCL-1,
transmission electron microscopy images confirmed significant elongation of the mitochondria in MCL-
1 knockdown hESCs in comparison to scramble siRNA controls (Figure 2-3A). Importantly, OCT4 and

p-DRP-1 Ser-616 levels were also significantly decreased upon MCL-1 knockdown (Figure 2-3B-C), as
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seen in the presence of MIM-1. Therefore, MCL-1 appears to impact pluripotency, at least in part,

through the regulation of DRP-1 activity.

Expression of MCL-1 at the mitochondrial matrix delays differentiation

It has been shown that MCL-1, besides localizing to the outer mitochondrial membrane, also localizes to
the mitochondrial matrix in MEFs and some human cancer lines (Perciavalle et al., 2012). The
mitochondrial targeting sequence of MCL-1 resides in an N-terminal region that is cleaved from the
wild-type form, allowing MCL-1 to be trafficked into the matrix. We investigated the effect of these
separate forms of MCL-1 on maintaining pluripotency encoded by three expression vectors (Figure 2-
3D) (Perciavalle et al., 2012): wild-type Mcl-1 (Mcl-1"T), mitochondrial outer membrane-located Mcl-
1 (Mcl-1°M), and mitochondrial matrix-located Mcl-1 (Mcl-1M**), MICL-1"" localizes to both the outer
mitochondrial membrane and the matrix. MCL-1°™ was obtained by mutating the arginine residues at
positions 5 and 6 of MCL-1 to alanine. MCL-1°M localizes to the mitochondrial outer membrane,
preserving MCL-1 anti-apoptotic function, but it cannot be imported to the mitochondrial matrix. MCL-

1Marix wwas obtained by fusing the mitochondrial targeting sequence of matrix-localized ATP-synthase to

N-truncated MCL-1 (lacking the first 66 amino acids). MCL-1M* localizes exclusively to the

mitochondrial matrix.

Ectopic expression of MCL-1°M showed the expected decrease in OCT-4 expression in response to
BMP4 (Figure 2-3E). Interestingly both MCL-1"T and MCL-1M"" caused a delay in differentiation in

response to BMP4, as shown by a decrease in OCT-4-negative cells (Figure 2-3E, Figure S3). These
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results indicate that MCL-1 may have an alternate function at the mitochondrial matrix in maintaining

pluripotency.

MCL-1 interacts with and maintains the stability of DRP-1 and OPA1

To confirm that MCL-1 is in fact localized to the mitochondrial matrix in human pluripotent stem cells,
we co-expressed a GFP-tagged MCL-1 construct (GFP:MCL-1) and a DsRed-mito construct, which
encodes a truncated form of cytochrome c oxidase 2 (COX2) that localizes exclusively to the mitochondrial
matrix (Figure 2-4A). Line-scan measurements of fluorescence show that MCL-1 co-localizes with the
matrix marker, DsRed-mito (Figure 2-4B). The localization of MCL-1 at both the outer mitochondrial
membrane and at the matrix in stem cells suggests that MCL-1 could be interacting with DRP-1 (at the
outer membrane) to promote mitochondrial fragmentation and/or OPA1 (at the matrix) to repress fusion

of the mitochondrial network in hESCs.

To test this possibility, we performed co-immunoprecipitation experiments using both total cell fractions
and mitochondrial purifications to pulldown MCL-1 and check for binding to DRP-1 and OPA1 (Figure
S4A). Western blot analysis identified a shifted band roughly 20 kDa larger than the expected DRP-1
band (Figure S4B). We speculate that this could be a modified, active form of DRP-1, presumably due to
its phosphorylation and sumoylation when in its active state (Chang and Blackstone, 2010; Anderson and
Blackstone, 2013). In the total cell fraction, we did not detect binding between MCL-1 and OPA1.

However, we detected strong binding in mitochondrial preparations of hESCs (Figure S4B). These in
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vitro biochemical assays suggest that MCL-1 is binding to both DRP-1 and OPA1 in human embryonic

stem cells.

We then used a proximity ligation assay (PLA) to confirm binding of these proteins in situ (Figure S4C).
We first confirmed MCL-1 interaction to the BH3-only protein, BIM. BIM is known to bind MCL-1
by inserting its BH3 domain into MCL-1’s surface groove (Martinou and Youle, 2011). We detected the
expected interaction of MCL-1 and BIM, as indicated by red fluorescent puncta (Figure S4D). We then
probed for binding of MCL-1 with both OPA1 and DRP-1. Indeed, as seen in the immunoprecipitation
experiments, we detected MCL-1 interaction with OPA1 (Figure 2-4C) and DRP-1 (Figure 2-4D). We
then used a derivative of a recently reported MCL-1 inhibitor, S63845 (Kotschy et al., 2016), which works
by competing for binding to the BH3 domain of MCL-1. We confirmed that S63845 also caused changes
to the mitochondrial network (Figure S4E). As expected, S63845 effectively disrupted the interaction
between MCL-1 and BIM (Figure S4D). Interestingly, as indicated by the decrease in the number of
puncta, S63845 (MCL-1i) disrupts interactions with mitochondrial dynamics machinery at both the outer
mitochondrial membrane (MCL-1:DRP-1) and the matrix (MCL-1:0OPA1) (Figure 2-4C-D). These
results suggest that MCL-1 associates with both GTPases through its characteristic hydrophobic binding

groove (Billard, 2013).

Previously, we determined that MCL-1 downregulation affected the activity of DRP-1, but not its
stability (Figure 2-3B). Interestingly, MCL-1 downregulation did cause a significant decrease in OPA1
expression (Figure 2-4E), indicating that MCL-1 influences OPA1 stability, but not necessarily its

function, since the mitochondria in hESCs are still capable of fusing when MCL-1 is inhibited (Figure
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2-3A). Mitochondrial fusion is key for efficient assembly of the electron transport chain (ETC).
Interestingly, OPA1 has also been implicated in maintaining oxidative phosphorylation in cells. Thus, our
results suggest that preventing OPA1 activity (either in fusion or in OXPHOS) could be crucial for

maintaining stem cell pluripotency.

Taken together, our findings imply that MCL-1 modulates mitochondrial dynamics and pluripotency
through interactions with mitochondrial fission and fusion regulators. Based on our observations, we
propose a model in which MCL-1 at the outer mitochondrial membrane regulates cell death, as well as
promotes DRP-1 activity and mitochondrial fragmentation (Figure 2-4F). Our results with S63845
(Letai, 2016) suggest that these interactions are modulated through the MCL-1 BH3 binding groove. It
would be interesting to test whether there are two pools of MCL-1, one that is binding to the pro-
apoptotic proteins and inhibiting apoptosis, and another capable of binding and regulating DRP-1,
promoting mitochondrial fragmentation. It will also be necessary to follow up the effects that MCL-1
inhibition-induced mitochondrial changes have on the metabolic state of pluripotent stem cells. In
addition, examining the metabolic requirement for MCL-1 during reprogramming could be intriguing in

light of recent reports suggesting a multi-stage reprogramming process (Lee et al., 2016).

The process of differentiation into progenitors and committed cells is likely regulated, at least in part, by
a shift in dependence to MCL-1 anti-apoptotic activity. It will be crucial to examine MCL-1’s function
in adult stem cells from different tissues. Likewise, identifying the signaling pathways by which
mitochondria-nucleus crosstalk occurs upstream and downstream of MCL-1 in stem cells and their

progenitors, as has been shown with murine neural progenitor cells (Khacho et al., 2016), is an important
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future direction. By studying the role of MCL-1 in mitochondrial dynamics, we can increase our

understanding of the fundamental mechanisms governing pluripotency and self-renewal.

Limitations of the study

There remain several limitations for examining mitochondrial dynamics in vitro and in vivo. User-based
microscopy studies tend to be labor-intensive and low-throughput. The advances of high content imaging
strategies will alleviate some of these limitations, but attaining the resolution required to determine fission
and fusion events in live cells will still prove to be challenging. Approaches using imaging flow cytometry
could allow for measurement of several mitochondrial parameters such as membrane potential,
mitochondrial ROS, cell viability, and the degree of fusion activity using two or more distinct

mitochondria-targeted fluorescent proteins (Nascimento et al., 2016).

For the experiments outlined in Figure 2-3, the MCL-1 mutant constructs used for rescue of the
differentiation phenotype caused by BMP4 were based off the mouse sequence for MCL-1, and we did
not control for the presence of endogenous MCL-1. Nevertheless, only overexpression of MCL-1Ma)
not MCL-1°M was sufficient to prevent OCT4 loss; thus, we are assured the stem cell state of human
PSCs is dependent upon MCL-1M¥ expression. We are currently generating human MCL-1 constructs
to address these potential issues, and the addition of affinity tags or fluorescent protein tags will aid in our

dissection of MCL-1 interacting partners and sub-organellar localization.
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Figure 2-1. hESCs engage rapid apoptosis after DNA damage, which can be reversed upon cell
differentiation by MCL-1 inhibition. (A) MCL-1 protein expression is significantly decreased in EBs.
(B) hESCs were treated with GX15070 or ABT-737 +20 uM etoposide. Cell survival was quantified each
hour after etoposide treatment. (C) GX15-070 treatment of hESCs results in decreased expression of
NANOG and OCT-4. (D) Immunofluorescence images (63X) show decreased staining for OCT-4
(green) when treated with GX15-070. Nuclei: Hoechst 33258; scale: 10 um. (E) In contrast, increasing
treatments of ABT-737 do not affect OCT-4 or NANOG protein levels. (F) Treatment of hRESCs with
500 nM MIM-1 results in lowered expression of NANOG and OCT-4. (G-H) Immunofluorescence
(20X) shows decreased expression of NANOG and OCT4; scale: 100 pm,; error bars represent +SD for

three independent experiments. See also Figure S2-1.
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Figure 2-2. MCL-1 is highly expressed in hESCs and maintains mitochondrial fission. MCL-1
protein expression is increased in hiPSCs (A) and hESCs (B) when compared to human fibroblasts
(hFibrob). Bar graphs show quantification of band intensity relative to hFibrob beta-actin. (C) hESCs
were treated with 500 nM MIM-1, inducing mitochondrial elongation. Cytochrome ¢ staining (cyt c)
depicts mitochondria (63X); scale: 10 pm. (D) Number of cells with elongated mitochondria in panel C.
(E-F) MIM-1 treatment (500 nM) in hESCs results in p-DRP-1 S616 downregulation; band density
was quantified relative to control DMSO. All error bars represent +SD in at least three independent

experiments. See also Figure S2-2.
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Figure 2-3. MCL-1 inhibition results in elongated mitochondria and low expression of active DRP-
1. (A) TEM images showing elongated mitochondrial morphology in hESCs after MCL-1
downregulation. Scale: 500 um. (B) Knockdown of MCL-1 results in lowered expression of OCT-4 and
p-DRP-1 S616. (C) Quantification of Western blots (WBs) in panel B; error bars represent +SD for at
least three separate experiments. (D) Representation of murine constructs encoding MCL-1. (E) hESCs
were treated with BMP4, then transfected with Mcl-1"7, Mcl-1°™ or Mecl-1"a7, OCT4 expression was

quantitated; error bars represent +SD for three independent experiments. See also Figure S2-3.
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Figure 2-4. MCL-1 regulates mitochondrial dynamics through interaction with DRP-1 and
OPA1. (A) hiPSCs expressing EGFP-MCL-1 or Control EGFP and DsRed-mito. Scale: 2 um. (B)
Line intensity plots show co-localization of EGFP-MCL-1 and DsRed-mito. (C-D) PLA of cells treated
for 6 hours +100nM 563845 (MCL-11i). Representative images are shown. Red = MCL-1:OPA1 (C) and
MCL-1:DRP-1 (D) proximity; blue = Hoechst 33258. Average puncta/cell (+S.D.) was quantitated for
at least 300 cells/sample and assessed in three independent experiments, Welch’s unpaired 2-tailed T-test.
Scale: 10 um. (E) WB of MCL-1 after siRNA-mediated knockdown. At least three independent
experiments were quantified; error bars represent +SD. (F) Working model of MCL-1 regulation of

mitochondrial dynamics. See also Figure S2-4.
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Figure S2-1. (A) Western blot shows decreased MCL-1 expression after 7 days of differentiation to EBs
from mESCs. (B) hESCs were treated with BMP4 to induce trophoblast differentiation. After 3 days of
treatment, MCL-1 levels are decreased, while immunofluorescence images show expected decrease of
NANOG; scale: 100 pm. (C) MCL-1 levels decrease upon differentiation to trophoblast-like cells
(TBCs). (D) Neural progenitor cells (NPCs) were obtained after differentiation of hESCs for 7 days.
MCL-1 levels are decreased in NPCs in comparison to undifferentiated hESCs. (E-F) hESCs become
resistant to etoposide-induced DNA damage upon differentiation to TBCs and NPCs, respectively. (G-
H) Treatment of hRESCs with 1 pM MIM-1 results in decreased OCT-4 and NANOG expression; scale:

100 pm. Error bars represent +SD for triplicate experiments.
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Figure S2-2. (A) Human fibroblasts were reprogrammed into iPSCs, and qRT-PCR confirmed
expression of NANOG and OCT4. Error bars represent +SD for three independent experiments. (B)
Immunofluorescence for NANOG and OCT4 in iPSCs; scale: 100 um. (C) Reprogrammed cells were
highly sensitive to DNA damage when compared to the fibroblast parent line. (D) Immunofluorescence
shows that iPSCs have fragmented, punctate mitochondria when compared to fibroblasts (mitochondria

are stained with anti-COX2, DNA is stained with Hoechst); scale: 10 um.
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Figure S2-4. (A) Protocol for immunoprecipitation of MCL-1 for mass spectrometry and Western blot
analyses. (B) MCL-1 pull-down assays from hESCs show Western blots from both total lysate and
mitochondrial fractions. The anti-DRP-1 antibody detects binding at a higher molecular weight than the
native form of DRP-1, indicating that MCL-1 could bind to a modified form of DRP-1. MCL-1:OPA1
binding is only detected in the mitochondrial fraction. (C) Schematic of PLA protocol. (D) PLA showing
MCL-1:BIM binding, which is disrupted by treatment with MCL-1 inhibitor (MCL-1i). Incubation
with secondary probe-only shows no binding above background level in the control or treatment
conditions; scale: 10 pm. Graph shows quantification of MCL-1:BIM puncta. Average puncta/cell
(+S.D.) was quantitated for at least 300 cells/sample and assessed in three independent experiments;
Welch’s unpaired 2-tailed t-test. (E) Mitochondrial changes are observed in hESCs after treatment with

a derivative of S63845, a potent MCL-1 small molecule inhibitor; scale: 5 pm.
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Chapter 3

MCL-1 INHIBITION BY SELECTIVE BH3 MIMETICS DISRUPTS MITOCHONDRIAL
DYNAMICS CAUSING LOSS OF VIABILITY AND FUNCTIONALITY OF HUMAN
CARDIOMYOCYTES

Adapted with permission from: Rasmussen, M.L., Taneja N., Neininger, A.C., Wang, L., Robertson,
G.L., Riffle, S.N., Shi, L., Knollmann, B.C., Burnette, D.T., Gama, V. (2020) MCL-1 inhibition by
selective BH3 mimetics disrupts mitochondrial dynamics causing loss of viability and functionality of

human cardiomyocytes. iScience. DOI: 10.1016/].isci.2020.101015

Abstract

MCL-1 is a well characterized inhibitor of cell death that has also been shown to be a regulator of
mitochondrial dynamics in human pluripotent stem cells. The goal of the studies described in this Chapter
was to use cardiomyocytes derived from human induced pluripotent stem cells (hiPSC-CMs) to uncover
whether MCL-1 is crucial for cardiac function and survival. Inhibition of MCL-1 by BH3 mimetics
resulted in the disruption of mitochondrial morphology and dynamics as well as disorganization of
sarcomeres. Blocking MCL-1 function affects the association of DRP-1 and MCL-1 at the outer
mitochondrial membrane, resulting in decreased function of hPSC-CMs as indicated by reduced ATP
production, calcium flux, and beat amplitude. Cardiomyocytes display abnormal cardiac performance even
after caspase inhibition, indicating a non-apoptotic activity of MCL-1 in hiPSC-CMs. BH3 mimetics

targeting MCL-1 are promising anti-tumor therapeutics. Advancement of BCL-2 family inhibitors,
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especially targeting MCL-1, depends on understanding not only its canonical function in preventing

apoptosis, but also in the maintenance of mitochondrial dynamics and function.

Introduction

Myeloid cell leukemia-1 (MCL-1) was originally identified as an early-induced gene in human myeloid
leukemia cell differentiation (Kozopas et al., 1993; Reynolds et al., 1996; Yang et al., 1996). MCL-1 is
structurally similar to other anti-apoptotic BCL-2 (B cell lymphoma-2) family proteins (i.e. BCL-2,
BCL-XL (B cell lymphoma extra-large)) (Chipuk et al., 2010). However, its larger, unstructured N-
terminal domain and shorter half-life likely indicated that MCL-1 was not completely functionally
redundant with other anti-apoptotic proteins (Perciavalle and Opferman, 2013). Supporting this idea,
MCL-1 has been shown to be essential for embryonic development and for the survival of various cell
types, including cardiomyocytes, neurons, and hematopoietic stem cells (Rinkenberger et al., 2000;

Opferman et al., 2005; Arbour et al., 2008; Weber et al., 2010; Wang et al., 2013; Thomas et al., 2013).

MCL-1 is one of the most amplified genes in human cancers and is frequently associated with resistance
to chemotherapy (Beroukhim et al., 2010; Perciavalle and Opferman, 2013). Earlier work demonstrated
that MCL-1 genetic deletion is peri-implantation lethal in embryogenesis, not due to defects in apoptosis,
but rather due to a combination of an embryonic developmental delay and an implantation defect
(Rinkenberger et al., 2000). However, the non-apoptotic mechanism by which MCL-1 functions in
normal and cancerous cells is still unclear. We previously reported that MCL-1 regulates mitochondrial

dynamics in human pluripotent stem cells (hPSCs, which refers to both human embryonic stem cells
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(hESCs) and induced pluripotent stem cells (hiPSCS)) (Rasmussen et al., 2018). We found that MCL-1
maintains mitochondrial network homeostasis in hPSCs through interactions with Dynamin related
protein-1 (DRP-1) and Optic atrophy type 1 (OPA1). In this study, we investigated whether this non-

apoptotic role of MCL-1 remains as stem cells differentiate, using cardiomyocytes derived from human

induced pluripotent stem cells (hiPSC-CMs).

Mitochondrial fusion promotes elongation of the mitochondrial network, which is key for mitochondrial
DNA (mtDNA) homogenization and efficient assembly of the electron transport chain (ETC)
(Westermann, 2010; Friedman and Nunnari, 2014). Loss of mitochondrial fusion has been implicated as
a mechanism for the onset of dilated cardiomyopathy, and reported to also contribute to hypertrophic
cardiomyopathy and other heart diseases (Dorn, 2013; Dorn et al., 2015; Ong et al., 2017). Mitochondrial
homeostasis is essential during cardiomyocyte differentiation and embryonic cardiac development
(Kasahara et al., 2013; Kasahara and Scorrano, 2014; Cho et al., 2014). However, there is limited
information about the mechanisms used by cardiomyocytes to minimize the risks for apoptosis, especially
in cells derived from highly sensitive stem cells (Imahashi et al., 2004; Murriel et al., 2004; Gama and

Deshmukh, 2012; Dumitru and Gama et al., 2012; Walensky, 2012).

Ultrastructural changes in mitochondria have long been observed in response to alterations in oxidative
metabolism (Hackenbrock, 1966; Khacho et al., 2016). It has become increasingly clear that individual
mitochondrial shape changes can also have dramatic effects on cellular metabolism (Chan, 2007; Hsu et
al., 2016), (Itoh et al., 2013; Burté et al., 2015). Several studies in the heart suggest that alterations in

mitochondrial dynamics causes abnormal mitochondrial quality control, resulting in the buildup of
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defective mitochondria and reactive oxygen species (ROS) (Galloway and Yoon, 2015; Song et al., 2017).
Interestingly, it has been shown that modulating the production of ROS can favor or prevent
differentiation into cardiomyocytes (Buggisch et al., 2007; Murray et al., 2014). Thus, specific metabolic
profiles controlled by mitochondrial dynamics are likely critical for hiPSC-CMs, since they can influence

cell cycle, biomass, metabolite levels, and redox state (Zhang et al., 2012).

It is not completely understood how dynamic changes in metabolism affect cardiomyocyte function.
Deletion of MCL-1 in murine heart muscle resulted in lethal cardiomyopathy, reduction of mitochondrial
DNA (mtDNA), and mitochondrial dysfunction (Thomas et al., 2013; Wang et al., 2013). Inhibiting
apoptosis via concurrent BAK/BAX knockout allowed for the survival of the mice; conversely, the
mitochondrial ultrastructure abnormalities and respiratory deficiencies were not rescued. These results
indicate that MICL-1 also has a crucial function in maintaining cell viability and metabolic profile in
cardiomyocytes. Despite these efforts, the non-apoptotic mechanism by which MCL-1 specifically
functions in cardiomyocytes is still unknown. Furthermore, a role for MCL-1 in the regulation of
mitochondrial dynamics in cardiac cells has not yet been defined. Here we report that MCL-1 inhibition
via BH3 mimetics caused severe contractility defects and impaired long-term survival of hPSC-CMs, due

to MCL-1’s essential function regulating mitochondrial morphology and dynamics.
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Results
MCL-1 inhibition causes severe defects in hiPSC-CM mitochondrial network

Recently published small molecule inhibitors of MCL-1 have been anticipated as potent anti-tumor
agents against MCL-1-dependent cancers with limited cardiotoxicity in mouse models (Cohen et al.,
2012; Kotschy et al., 2016; Letai, 2016). Thus, we chose to use hiPSC-CMs to examine the effects of
MCL-1 inhibition on mitochondrial morphology using the small molecule inhibitor S63845 (Kotschy et
al., 2016), combined with structured illumination microscopy (SIM) to observe mitochondria at high-
resolution. Cardiomyocytes were imaged after 4 days of treatment with vehicle (DMSO) or MCL-1
inhibitor (563845) and the caspase inhibitor Q-VD-OPh (QVD) to prevent downstream effects of
apoptosis on mitochondrial morphology (Figure 1A-C). Mitochondrial networks in S63845-treated cells
were severely disrupted, with individual mitochondria becoming shorter in length and more globular on
average, as opposed to elongated networks in control cells. Quantification of SIM images shows a
significant reduction in average mitochondrial length (Figure 1D) and a significant increase in
mitochondria sphericity (Figure 1E) compared to control cells. In addition to S63845, we also tested two
other small molecule MCL-1 inhibitors, AMG-176 (AMG) and AZD5991 (AZD) (Caenepeel et al.,
2018; Tron et al., 2018). While we observed mitochondrial defects in both inhibitor conditions (Figure
1F-H), mitochondrial morphology in AMG-treated cells was not significantly different compared to
control cells (Figure 1I-J). Quantification of SIM images shows a significant reduction in average

mitochondrial length in cells treated with AZD (Figure 1I).
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Corresponding with the fragmented mitochondrial phenotypes seen in S63845-treated cells, we also
observed impaired mitochondrial respiration as measured by the Seahorse XFe96 analyzer. MCL-1
inhibition significantly lowered the maximum oxygen consumption rate (OCR) after addition of FCCP,
an uncoupler of oxidative phosphorylation (OXPHOS) (Figure S1A). ATP production was significantly
reduced in S63845-treated cells as calculated from the OCR trace (Figure S1B). QVD was added to
account for any effects on metabolism due to downstream apoptosis, but cells displayed similar OCR and

ATP production as with S63845 alone (Figure S1C-D).

Recent reports have determined that MCL-1 functions not only as an apoptosis regulator but also as a
modulator of mitochondrial morphology and dynamics (Perciavalle et al., 2012; Morciano et al., 2016a;
Rasmussen et al., 2018). Thus, we hypothesized that inhibiting MCL-1 with BH3 mimetics would affect
the functionality of human cardiomyocytes, due to the disruption of crucial MCL-1 interactions with the

mitochondrial dynamics machinery, which will ultimately lead to cell death.

MCL-1 inhibition affects contractility of hiPSC-CMs and myofibril assembly in a caspase-

independent manner

Previous studies focused on human cardiomyocytes have suggested an effect of MCL-1 inhibition on
mitochondrial morphology and mild effects on overall cardiac function (Guo et al., 2018). However,
MCL-1 inhibition by S63845 was shown to have minimal effects on murine ejection fraction (Kotschy et
al., 2016). These results are intriguing, considering previous studies reporting that MCL-1 deletion from

murine cardiomyocytes has severe effects on mitochondrial morphology and cardiac function, which were
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not rescued by co-deletion of BAK and BAX (Wang et al., 2013). We treated hiPSC-CMs with 563845,
while inhibiting caspase activity using QVD, and measured spontaneous cardiac beating using the Axion
Biosystems analyzer (Clements and Thomas, 2014) (Figure 2A). We also used the BCL-2 inhibitor,
Venetoclax (ABT-199) (Souers et al., 2013), to probe whether these cells are also sensitive to BCL-2
inhibition. We observed that only MCL-1 inhibition caused severe defects in cardiomyocyte functionality
within 48 hours of treatment (Figure 2B-F). In particular, spike amplitude mean (Figure 2B) and spike
slope mean (Figure 2C) were significantly decreased at 20 and 48 hours, while beat period irregularity was
significantly increased at 20 hours post-treatment (Figure 2D). BCL-2 inhibition did not cause changes
in cardiac beating ability compared to DMSO control in any of the measured parameters (Figure 2B-F),
suggesting that the function of hiPSC-CMs is highly dependent on MCL-1, but not BCL-2. S63845-
treated cells stopped beating completely at 48 hours, accounting for the decrease in beat period mean and
beat period irregularity at this time-point (Figure 2D-E). The field potential duration (FPD) was not
detectable after 20 hours of MCL-1 inhibition (Figure 2F). We also observed similar defects in

cardiomyocyte functionality in cells treated with AZID5991, but not AMG-176 (Figure S2A-E).

In a previous report, MCL-1 inhibition using RNAIi also resulted in mitochondria morphology defects
including severe cristae disruption and remarkable vacuolation in the mitochondrial matrix (Guo et al.,
2018). In this study, MCL-1 knockdown by siRNA (Figure S2F-G) also caused increased beat period
irregularity (Figure S2H), increased delay between beats (Figure S2I), and decreased FPD mean (Figure
S2]). These results suggest that MCL-1 inhibition in human cardiomyocytes causes bradycardia- and

arrhythmia-like phenotypes.
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Since MCL-1 inhibition disrupted hiPSC-CM spike amplitude mean, we decided to probe whether
calcium influx was also impaired in these cells. We visualized calcium dynamics using the GCaMP5G
calcium reporter in hiPSC-CMs (Figure 2G). In DMSO-treated cells, we measured approximately a 1.9-
fold increase in signal intensity (Figure 2H). As a positive control, we treated cells with cadmium chloride
(CdCL), a calcium channel-blocker, which completely disrupted calcium intake, giving a ratio of 1.0.
Consistent with our results with the MEA recordings, calcium signal intensity was significantly reduced
in hiPSC-CMs treated with S63845 or AZD5991. AMG-176 treatment caused a significant, but less
severe reduction in calcium intake. We also measured beating by light microscopy and found that MCL-

1 inhibition reduced the proportion of beating cells in a dose dependent manner (Figure 2I).

Intriguingly, we also observed significant changes in the structure of the actin network and subsequent
myofibril organization in cells treated with any of the MCL-1 inhibitors (Figure 2] and S2K). hiPSC-
CMs treated with MCL-1 inhibitors displayed poor Z-line organization, lower density of F-actin, and
increased presence of stress fibers. Blinded quantification of F-actin organization revealed that MCL-1

inhibitor-treated cells had significantly less organized myofibril structure (Figure 2] and S2K).

MCL-1 co-localizes with mitochondrial dynamics proteins in hiPSC-CMs, and S63845 disrupts
MCL-1:DRP-1 co-localization

Since MCL-1 inhibition disrupted mitochondrial network integrity in hiPSC-CMs and MCL-1
depletion affects mitochondrial dynamics proteins DRP-1 and OPA1 (Rasmussen et al., 2018), we next
examined the effects of MCL-1 inhibition on the expression levels of these proteins in hiPSC-CMs.

S63845-treated cells had a significant increase in the expression levels of DRP-1 (Figure 3A-B and S3A-
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C) but not in phospho-DRP-1 (pDRP-1 S616) (Figure 3C). MCL-1 expression levels were significantly
increased (Figure 3D-E). Previous studies also reported this induction of MCL-1 protein expression upon
MCL-1 inhibition (Kotschy et al., 2016). There were no significant changes in OPA1 (Figure 3D-E) or
TOM?20 (Figure 3D and S3D). We then assessed whether MCL-1 interacts with DRP-1 and OPA1,
two GTPases responsible for maintaining mitochondrial morphology and dynamics, using in situ
proximity ligation assay (PLA). Our data shows that MCL-1 is in close proximity to both DRP-1 and
OPA1 (Figure 3G-]). PLA puncta were quantified and normalized to the number of puncta in the control
sample (Figure S3E). The co-localization of MCL-1 with DRP-1 (Figure 3G-H), but not OPA1 (Figure
31-]), was disrupted upon inhibition of MCL-1 with S63845, suggesting that MCL-1 interacts with

DRP-1 through its BH3 binding groove.

To further assess the disruption of the mitochondrial network caused by MCL-1 inhibition, we employed
an assay using a photo-convertible plasmid (mito-tdEos) to assess connectivity and fusion/motility of
mitochondria. After photo-converting an area of the mitochondrial network, we assess the spread of red
signal, which we used as a proxy for mitochondrial fusion. We observed that in cells treated with MCL-
1 inhibitor, both the initial converted area and the spread of the converted red signal after 20 minutes
were significantly decreased, indicating impaired mitochondrial fusion (Figure 4A-D). This phenomenon

was DRP-1-dependent, since cells deficient in DRP-1 maintained an elongated network even when

treated with S63845 (Figure 4E-F and Figure S4A-B).
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MCL-1 inhibition results in hiPSC-CM death

To examine whether hiPSC-CMs treated with MCL-1 inhibitor were undergoing apoptosis, we treated
the cells with increasing doses of 563845 and examined the activation of caspase-3 and caspase-7. Cells
responded to S63845 in a dose-dependent manner after 48 hours, with 1-2 pM MCL-1i inducing the
most caspase activity (Figure 5A). We observed a similar dose response with both AMG and AZD (Figure
5B). Itis important to note that S63845 and AZIDD5991, which had more severe effects on cardiomyocytes
overall, are of similar chemical structure, whereas AMG-176 was less toxic to hiPSC-CMs (Hird and
Tron, 2019). To confirm that cells were undergoing a caspase dependent cell death, we performed long-
term live cell imaging in the presence of MCL-1 inhibitors with and without caspase inhibition (Figure
S4A-D). These results indicate that hiPSC-CMs are also committing to a caspase-independent cell death
in response to MCL-1 inhibition. To assess the type of death caused by MCL-1 inhibition, we treated
the cells with IM-54, a known inhibitor of necrosis. Interestingly, IM-54 treatment rescued the toxicity

caused by MCL-1 inhibition (Figure 5C).

Previous reports have established that iPSC-derived cardiomyocytes mimic immature progenitor cells. To
test the possibility that the effects of the MCL-1 inhibitors were exacerbated by the immature state of
hiPSC-CMs, we used a previously published hormone-based method for cardiomyocyte maturation
(Figure 6A-B) (Parikh et al., 2017; Gentillon et al., 2019). We tested for caspase-3/7 activation after 24
hours of treatment with increasing doses of S63845 and detected similar effects of MCL-1 inhibition in

hormone-matured hiPSC-CMs and vehicle-treated hiPSC-CMs (Figure 6C-D). Importantly, treatment
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of these hormone-matured hiPSC-CMs also results in decreased functionality in response to a low dose

of MCL-1 inhibitor (100 nM S63845) (Figure 6E-G).

Long-term MCL-1 inhibition, but not BCL-2 inhibition, causes defects in cardiomyocyte

functionality

MCL-1 inhibition has significant effects on hiPSC-CM contractility and functionality when used at
higher doses. To test if MCL-1 inhibition still affects cardiac functionality at lower doses, we treated
hiPSC-CMs for two weeks (with treatments every two days) with 100 nM S63845. We also treated cells
with the BCL-2 inhibitor ABT-199 (100 nM) and a combination of $63845 + ABT-199 (100 nM each).
MCL-1 inhibition significantly disrupted hiPSC-CM spike amplitude mean and spike slope mean
(Figure 7A-B). While there were minimal differences between treatments in the beat period mean or FPD
mean (Figure S6A-B), spike slope mean (Figure 7B), conduction velocity mean (Figure 7C), max delay
mean (Figure 7D), and propagation consistency (Figure 7E) were significantly lowered in either the
S63845 condition or when combined with ABT-199. Cells treated with ABT-199 appeared healthy and
were functionally similar to control cells throughout the experiment (Figure 7A-E and Figure S6A-B).
Cells displayed mitochondrial network and actin disruption in the S63845-treated condition, and even
more severe phenotypes were observed in cells treated with both inhibitors when compared to control cells
(Figure 7F-1 and Figure S6C-F). BCL-2 inhibition had little effect on mitochondrial network

organization and virtually no effect on myofibril organization (Figure 7H and Figure S6E). Our results
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turther support the idea that MCL-1 is essential for maintaining mitochondrial homeostasis of human

cardiomyocytes (Figure S7).

Discussion

Recent studies have implicated MCL-1 in the maintenance of mitochondrial homeostasis in various cell
types (Perciavalle and Opferman, 2013; Rasmussen et al., 2018; Senichkin et al., 2019). In this report, we
show that MCL-1 inhibition affects human cardiomyocyte functionality potentially due to MCL-1’s non-
apoptotic role in modulating mitochondrial dynamics. Inhibition of MCL-1 using BH3 mimetics is a
promising strategy to treat tumors (Hird and Tron, 2019), since resistance to chemotherapy is often
associated with MCL-1 upregulation (Kotschy et al., 2016). To optimize the use of MCL-1 inhibitors, a
deeper understanding of the biology of MCL-1 is crucial. Our studies show that MCL-1 inhibition affects
human cardiomyocyte functional parameters such as spike amplitude, beat propagation, and conduction

velocity, which overlap with disruption of the mitochondrial and actin networks, ultimately leading to cell

death.

Cardiomyocytes exposed to MCL-1 inhibitors appear to exhibit bradycardia and arrhythmia phenotypes.
Interestingly, these phenotypes were not seen in cells treated with Venetoclax, indicating that hiPSC-
CMs are less dependent on BCL-2, and highlighting a potential role for MCL-1 beyond its canonical
function in apoptosis. This is further supported by the finding that hiPSC-CMs treated with 100 nM

563845 alone were alive, but not beating, after two weeks of treatment.
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We hypothesize that this alternate function of MCL-1 in maintaining mitochondrial homeostasis is due
to its interactions with DRP-1 and OPA1, which are essential regulators of mitochondrial morphology
and dynamics (Labbé et al., 2014; Nishimura et al., 2018). Treatment of iPSC-CMs with MCL-1
inhibitor caused disruption of the mitochondrial network and significantly decreased MCL-1 proximity
to DRP-1 at the mitochondria. Since the interaction with OPA1 was not disturbed, it is possible that
MCL-1 interacts with OPA1 either through a different domain, or with a different isoform of OPA1 in
hiPSC-CMs than in hPSCs (Rasmussen et al., 2018). Another possibility is that, upon differentiation,
the small molecule can no longer penetrate the inner mitochondrial membrane. We also confirmed that
the mitochondrial network disruption is dependent on DRP-1, since DRP-1 knockdown prevented the
fragmentation caused by MCL-1 inhibition. The recruitment of DRP-1 to the mitochondria has been
proposed to be a critical inducer of mitophagy (Lee et al., 2011; Kageyama et al., 2014; Burman et al.,
2017). Thus, an interesting possibility is that inhibition of MICL-1 is decreasing clearing of damaged
mitochondria in cardiomyocytes. It will be important to test if key proteins involved in mitophagy are

affected in the presence of MCL-1 inhibitors.

The photo-conversion experiments in this study did not test for fragmentation directly; thus it is possible
that the mitochondrial phenotypes are caused by a lack of fusion or mitochondrial motility. Further studies
into the mechanism of MCL-1’s interaction with DRP-1 and OPA1 could shed light on this possibility.
In contrast to iPSCs (Rasmussen et al., 2018), S63845 did not affect the proximity of MCL-1 with OPA1
at the mitochondria. MCL-1 at the mitochondrial matrix has been proposed to regulate B-oxidation of

long-fatty acids through interactions with VLCAD, and deletion of MCL-1 from the matrix caused
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hyperactivity of B-oxidation. It is tempting to speculate that inhibiting MCL-1 at the matrix of human

cardiomyocytes would result in significant damage to the heart.

We investigated the effects of MCL-1 inhibition on calcium flux using the GCaMP5G calcium reporter.
Our data shows a significant decrease in calcium flux with all inhibitors tested. These results could help
explain the loss of functionality caused by MCL-1 inhibition. In addition to this loss of cardiomyocyte
tunctionality, MCL-1 inhibition also caused significant disruption of actin networks within hiPSC-CMs.
There are many possible mechanisms that could drive this phenotype. One hypothesis is that disruption
of actin networks could be a result of decreased calcium flux and resultant loss of cardiomyocyte beating.
Indeed, previous studies have shown that the maintenance of proper myofibril organization requires
functional calcium channels and cellular contractility (Sharp et al., 1997; Simpson et al., 1993). Future
studies should aim to test other potential hypotheses, such as altered metabolism and ROS production.
Furthermore, cardiomyocytes treated with BH3 mimetics show a mild dose-dependent activation of
caspase-3 that was inhibited by QVD. However, when measuring overall cell viability, the most significant
rescue of viability was achieved by the necrosis inhibitor, IM-54. How is inhibition of MCL-1 triggering
caspase-independent cell death that is inhibited by necroptosis inhibitor? Mitochondrial disruption
induced by BH3 mimetics may cause increased oxidative stress that results in the loss of function and
viability of cardiomyocytes. This is in agreement with previous reports (Thomas et al 2013), that
demonstrated the induction of necrosis in Mcl-1 deficient murine hearts. The data in this study show that
Mecl-1 deletion did not result in the massive loss of myocytes due to apoptosis (Thomas et al., 2013). It

would be of interest to examine the molecular mechanisms behind this phenotype.
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MCL-1 inhibition also caused cardiomyocyte death in hormone-matured cells (Parikh et al., 2017). While
apoptosis sensitivity has been shown to decrease throughout development (Wright and Deshmukh, 2006;
Sarosiek et al., 2017), these matured cells were more sensitive to S63845 treatment than vehicle-treated
cells. It would be of interest to determine whether MCL-1 function in mitochondrial dynamics affects
the maturation of iPSC-CMs or heart development in vivo (Kasahara et al., 2013; Feaster et al., 2015;
Parikh et al., 2017). We speculate that other determinants of mitochondrial homeostasis, including
mitochondrial biogenesis and mitophagy, may be affected by MCL-1 deficiency as cardiomyocytes
mature. While previous studies reported limited effects of S63845 in mouse heart function, a recent study
using a humanized mouse model demonstrated that S63845 binds human MCL-1 with higher affinity
than mouse MCL-1 (Kotschy et al., 2016; Brennan et al., 2018). While this study did not report
significant effects to the heart of humanized mice treated with S63845, the potential interactions of human
MCL-1 with mitochondrial dynamics proteins and VLCAD may be species-specific and not completely
recapitulated in this mouse model. Collectively these reports highlight the importance of further research
on the effect of MCL-1 on human-specific mitochondrial dynamics and metabolism. These results
together with previous work from other groups (Thomas et al., 2013; Wang et al., 2013) suggest that
hiPSC-CMs may be an appropriate platform to assess the safety and potential off-target effects of MCL-

1 inhibitors on adult human hearts.

Studies from our laboratory suggest that inhibition of MCL-1 induces the differentiation of iPSCs
(Rasmussen et al., 2018), which is likely associated with changes in metabolism to support cell-type

specific processes (Folmes et al., 2016). Since mitochondrial morphology is tightly coupled to metabolic
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adaptations, future studies will aim to investigate whether MCL-1 inhibition may cause a metabolic switch
from fatty acid B-oxidation to glycolysis. Cardiac contractions depend on energy from these metabolic
pathways, and thus cardiac mitochondria are forced to work constantly and likely require strict quality
control mechanisms to maintain a functioning state (Dorn et al., 2015). This quality control process could
depend in part on MCL-1. In support of this idea, our studies indicate that MCL-1 activity is essential
tor hiPSC-CM viability and contractility, which could be linked to MCL-1’s non-apoptotic function at
the mitochondrial matrix. The eventual apoptotic response detected at later time points could be the result
of mitochondrial ROS signaling to trigger translocation and activation of BAX (Chaudhari et al., 2007).
The disruption of actin and myofibril morphology could also be explained by heightened ROS induction
and downstream ROS-mediated damage. Another important aspect that needs to be evaluated is the
prevalence of phenotypically normal genetic variants that could predispose otherwise healthy individuals
to stress-related cardiomyopathy (Garcia-Pavia et al., 2019). Our results emphasize the need for a more
complete molecular understanding of MCL-1’s mechanism of action in human cardiomyocytes, as it may

reveal new approaches to prevent potential cardiac toxicities associated with chemotherapeutic inhibition

of MCL-1.

Limitations of the study

The protocol for myocyte maturation described in Figure 3-6 involves treatment with both tri-iodo-L-
thyronine (T3) and dexamethasone, which leads to the generation of extensive T-tubule network and

other functional traits of mature myocytes (Parikh et al., 2017). While effective in generating “matured”
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T-tubule structures, we did not fully evaluate other traits of cardiomyocyte maturation. Thus, our study
could be complemented by other approaches to achieve myocyte maturation (e.g. altering the metabolic
state, co-culturing with mesenchymal stem cells or using three-dimensional approaches) (Machiraju and
Greenway, 2019; Karbassi et al., 2020). Collective data, however, suggest that MCL-1 activity is required
for normal cardiac myocyte mitochondrial activity. The results reported here further support the validity
for testing small molecule MCL-1 inhibitors in human iPSC-derived model systems that could reveal

potential toxicity prior to admission in phase 1 clinical trials.
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Figure 3-1: MCL-1 inhibition causes mitochondrial fragmentation. (A) Schematic of cell treatment
paradigm used throughout this study. Structured Illumination Microscopy (SIM) was used for acquisition
of all super-resolution images. hiPSC-CMs were treated with vehicle DMSO (B) or 2 pM 563845 (C)
and Q-VD-Oph (QVD). Quantification of average mitochondrial length (D) and mitochondrial
sphericity (E) are shown, in which a spherical object would have a value of 1.0. hiPSC-CMs were treated
with vehicle DMSO (F), 2 uM AMG-176 (G), or 2 pM AZD5991 (H) and QVD. Insets show
magnification of individual mitochondria morphology. Scale: 5 pm for all mitochondria images.
Representative images are shown for all panels. Quantification of mitochondrial length (I) and
mitochondrial sphericity (J) are shown, with AZD5991 treatment significantly decreasing average
mitochondrial length. Graphs represent mean *SEM from at least 3 independent experiments (n > 20

cells per condition). See also Figure S3-1.
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Figure 3-2: MCL-1 inhibition causes functional defects and disruption of myofibrils. (A) Schematic
of MEA paradigm for recording cardiac performance in live cells. hiPSC-CMs were plated on a CytoView
MEA plate (Axion Biosystems) and treated with either vehicle (DMSO), 0.5 pM 563845, or 0.5 pM
ABT-199 and QVD. Activity was recorded at baseline (0 hrs), 2 hrs, 20 hrs, and 48 hrs post-initial
treatment for 5 minutes each. Spike amplitude mean (B), spike slope mean (C), beat period irregularity
(D), beat period mean (E), and field potential duration (FPD) mean (F) were recorded. P-values show
significance as follows: * = DMSO +QVD vs. 563845 +QVD, # = ABT-199 +QVD vs. 563845 +QVD.
One symbol indicates p <0.05, two symbols indicate p <0.01, three symbols indicate p <0.001, and four
symbols indicate p <0.0001. P-values were determined by two-way ANOVA. Graphs represent mean
+SEM. (G) Representative montage from GCaMP calcium indicator time-lapse imaging in hiPSC-CMs
treated with DMSO +QVD or S63845 +QVD (top). Representative kymographs of calcium pulses from
individual cells treated with DMSO +QVD or S63845 +QVD (bottom). (H) Quantification of calcium
influx from hiPSC-CMs treated with QVD and either vehicle DMSO, S63845, AMG-176, or
AZD5991, in which a value of 1.0 indicates no change in fluorescence intensity. n=60 cells from 3
independent experiments. Symbols indicate mean and error bars indicate +SD. (I) Proportion of beating
vs. not beating hiPSC-CMs in each condition as observed by light microscopy. Significance between
beating vs. not beating cells was determined by Chi-square test. Error bars indicate +SD and percentages
were pooled from 3 experiments. (J) Vehicle-treated hiPSC-CMs have organized myofibril structure as
shown by maximum intensity projections. hiPSC-CMs treated with 2 pM S63845 have myofibrils that
are unorganized and poorly defined Z-lines. Scale: 5 um. Representative images are shown for all panels.
(K) Quantification of myofibril phenotypes represented in panel I (n > 20 cells per condition from 3

separate experiments). Error bars indicate +SD. See also Figure S3-2.
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Figure 3-3: MCL-1 interacts with mitochondrial dynamics proteins. (A) Western blot showing total
and phospho- DRP-1 expression in hiPSC-CMs treated with DMSO +QVD or 563845 +QVD.
Quantification of DRP-1 (B) and pDRP-1 S616 (C) band density relative to a-Tubulin (n=3
independent experiments). (D) Western blot showing OPA1, MCL-1, and TOM?20 levels in hiPSC-
CMs treated with S63845 +QVD. Quantification of MCL-1 (E) and OPA1 (F) band density relative to
a-Tubulin (n=3 independent experiments). (G-J) Representative ROIs of PLA showing MCL-1:DRP-
1 (G) or MCL-1:0OPA1 (I) puncta in vehicle- or S63845-treated hiPSC-CMs. Scale: 5 pm.
Quantification of PLA puncta from MCL-1:DRP-1 (H) or MCL-1:OPA1 (J) interactions (n=10-15
ROIs per condition from 3 independent experiments). All graphs represent mean +SD. See also Figure
53-3.
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Figure 3-4: MCL-1 inhibition results in mitochondrial fragmentation in a DRP-1 dependent
manner. (A) Vehicle- and (B) S63845-treated hiPSC-CMs were transfected with mito-tdEos and a small
area was photo-converted (see methods). Cells were imaged for 20 minutes-post-conversion to assess
mitochondrial network connectivity. Scale: 5 pm. Quantification of the initial converted area normalized
to total unconverted area (C) and fold change in converted area after 20 minutes (D) shows decreased
initial connectivity and mitochondrial fusion after treatment with 2 pM S63845 and QVD (MCL-1i).
(E) Quantification of initial converted area normalized to total unconverted area in hiPSC-CMs
transfected with control siRNA or siRNA targeting DRP-1 +MCL-1i (2 uM S63845) and QVD. (F)
Quantification of fold change in converted area after 20 minutes in same treatments from Figure 4E.

Boxplots represent median of 3 independent experiments and Tukey whiskers. See also Figure S3-4.
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Figure 3-5: MCL-1 inhibition causes cell death in hiPSC-CMs. hiPSC-CMs were treated with
increasing doses of S63845 (A) or AMG-176 and AZID5991 (B) for 48 hours before caspase activity was
measured by CaspaseGlo 3/7 assay (Promega). Quantification shows results from at least 3 independent
experiments performed in duplicate and were normalized to DMSO control. Graphs represent mean
+SEM. (C) CellTiter-Blue assay (Promega) was used to assess cell viability in hiPSC-CMs. P-values were
calculated by one-way ANOVA. Data was quantified from 3 independent experiments performed in

triplicate. Boxplots show median with Tukey whiskers. See also Figure S3-5.
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Figure 3-6: MCL-1 inhibition causes caspase activation and functional defects in mature hiPSC-
CMs. (A) Schematic of maturation protocol for hiPSC-CMs using hormone method. (B) hiPSC-CMs
treated with dexamethasone (Dex) and triiodothyronine (T3) display more mature myofibril phenotype
compared to vehicle-treated control cells. Scale: 10 pm. (C) Vehicle- or (D) Dex+T3-treated hiPSC-
CMs were exposed to S63845 at increasing doses for 24 hours. Caspase activity was measured as in Figure
5A-B using the CaspaseGlo 3/7 assay. Quantification was performed from 3 independent maturation
experiments in duplicate. Graphs represent mean *SEM. (E-G) CardioExcyte96 recordings show
disruption of cardiac activity in Dex+T3-matured hiPSC-CMs when treated with 100 nM S63845. Data
was quantified for Time to Peak (E) Time to Fall (TFall) (F), and Width50 (G). Quantification was
performed from 3 independent maturation experiments for at least 5 wells per condition. P-values were

calculated by two-way ANOVA and graphs show mean +SEM.
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Figure 3-7: Chronic inhibition of MCL-1, but not BCL-2, results in cardiac activity defects.
hiPSC-CMs were treated every 2 days with DMSO, 100 nM S63845 (orange), 100 nM ABT-199
(green), or both inhibitors (magenta) for 14 days. MEA recordings were taken 2 hours following each
treatment for 5 minutes and results were normalized to baseline recording for each respective well,
followed by normalization to DMSO (gray dotted line). Results of recordings for spike amplitude mean
(A), spike slope mean (B), conduction velocity mean (C), max delay mean (D), and propagation
consistency (E) are shown. P-values show significance as follows: * = DMSO vs. 563845, + = DMSO vs.
Combination, # = S63845 vs. ABT-199, £ = S63845 vs. Combination, ® = ABT-199 vs. Combination.
One symbol indicates p <0.05, two symbols indicate p <0.01, three symbols indicate p <0.001, and four
symbols indicate p <0.0001. P-values were determined by two-way ANOVA. Graphs represent mean
+SEM. (F-I) Mitochondria and F-actin were imaged at the end of the treatment paradigm in Figure 6A-
E. Representative images are shown of cells treated with DMSO (F), 100 nM MCL-1i (563845) (G),
100 nM ABT-199 (H), and 100 nM S63845 + 100 nM ABT-199 (Combination) (I). Scale: 10 pm. See
also Figure S3-6.
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Figure S3-1. Analysis of oxygen consumption in hiPSC-CMs treated with MCL-1 inhibitor. (A, C)
Oxygen consumption rate (OCR) was measured using the Seahorse Biosciences Mito Stress Test on an
XFe96 analyzer. OCR after injection of FCCP was significantly reduced in cells treated with S63845

only (A) and S63845 +QVD (C) compared to vehicle controls (n = 3 independent experiments done in
triplicate). *p < .05, *p <.01, ***p <.001, and ***p <.0001. Error bars indicate tSEM. (B, D) ATP

production was calculated from the corresponding OCR traces in panels A and C for each condition.
ATP production was reduced in both conditions, with S63845 treatment alone resulting in significant
impairment of ATP production compared to vehicle control (B). Graphs represent mean +SEM and p-

values were determined by student’s t-test.
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Figure S3-2. (A) hiPSC-CMs were plated on a CytoView MEA plate (Axion Biosystems) and treated
with QVD and vehicle (DMSO), 0.5 pM AMG-176, or 0.5 pM AZD5991. Live-cell activity was
recorded for 5 minutes and results were normalized to baseline recordings for each well. Beat period
irregularity (A) was increased at 18 hrs in AZD-treated cells before cells stopped beating at 48 hrs, while
DMSO and AMG had low levels of beat period irregularity overall. Spike amplitude mean (B) and spike
slope mean (C) were both decreased by 20 hrs and completely reduced by 48 hrs in the AZD condition.
Propagation consistency (D) and field potential duration (FPD) (E) were both significantly reduced in
AZD-treated cells at 20 hrs in comparison to DMSO control and AMG-176. P-values were determined
by two-way ANOVA and show significance as follows: * = DMSO +QVD vs. AZD5991 +QVD, # =
AZD5991 +QVD vs. AMG-176 +QVD. One symbol indicates p <0.05, two symbols indicate p <0.01,
three symbols indicate p <0.001, and four symbols indicate p <0.0001. Graphs represent mean +SEM. (F)
Schematic of MCL-1 knockdown experiments. hiPSC-CMs were plated from thaw in either the
CytoView MEA plate or in a tissue culture-treated 96-well plate and fed regularly for 10 days, followed
by three rounds of siRNA transfection. Cells in the 96-well plate were lysed for Western blot following
the third round of transfection. (G) Representative Western blot showing efficient knockdown of MCL-
1 protein using siRNA. (H-J) Axion MEA recordings were taken as in panels A-E. Baseline recordings
were taken at 0 days (pre-transfection), and subsequent recordings were taken at days 1, 3, 4, and 7 over
the course of the knockdown paradigm depicted in panel F (n = 3 replicate experiments). MCL-1
knockdown resulted in higher beat period irregularity (H), higher maximum delay mean (I), and shorter
FPD mean (J) compared to non-targeting control siRNA. *p <0.05, **p <0.01. Graphs indicate mean
+SD. (K) Vehicle-treated hiPSC-CMs have organized myofibril structure as shown by maximum
intensity projections. hiPSC-CMs treated with 2 pM AMG-176 or 2 pM AZD5991 have myofibrils that
are unorganized and poorly defined Z-lines when compared to controls. Scale: 5 pm. Representative
images are shown for all panels. Quantification of myofibril phenotypes is shown (n > 20 cells per

condition from 3 separate experiments). Error bars indicate +SD.
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Figure S3-3. (A) Representative Western blot showing cytosolic fraction and membrane fractions from
hiPSC-CM protein lysates treated with vehicle or S63845 and QVD. Quantification of DRP-1 signal
intensity normalized to either a-Tubulin for the cytosolic fraction (B) or VDAC for the membrane
fraction (C). Western blots from 3 independent experiments were quantified and graphs represent mean
+SD. (D) Quantification for TOM20 band density from the experiment shown in Figure 3C. Graph
represents mean +*SD. (E) Representative image of secondary PLA probe control sample showing non-
specific puncta in green. The area around the nucleus was avoided for all quantification purposes. Scale:

20 pm.
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Figure S3-5. hiPSC-CMs were treated with S63845 at the indicated concentrations and either vehicle
DMSO (A) or with QVD (B). Cell survival was measured over 4 days using an IncuCyte live cell imaging
system. Representative images from each day of treatment were quantified and percentages of live cells are
shown normalized to day O baseline. Graphs represent mean +SEM and experiments were performed in
4 independent replicates. (C-D) hiPSC-CMs were treated with the indicated concentrations of AMG-
176 or AZD5991 and vehicle DMSO (C) or QVD (D). Cell survival was measured and quantified as in

panels A-B. Graphs represent mean +SEM and experiments were performed in 3 independent replicates.
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Figure S3-6. Chronic inhibition of MCL-1, but not BCL-2, results in cardiac activity defects. hiPSC-
CMs were treated every 2 days with DMSO, 100 nM MCL-1i (S63845 - orange), 100 nM BCL-2i
(ABT-199 - green), or both inhibitors (magenta) for 14 days. MEA plate was recorded 2 hours following
each treatment for 5 minutes and results were normalized to baseline recording for each respective well,
followed by normalization to DMSO (gray dotted line). Results of recordings for beat period mean (A)
and field potential duration mean (B) are shown. P-values were calculated by two-way ANOVA and show
significance as follows: * = DMSO vs. S63845, ¥ = DMSO vs. Combination, # = S63845 vs. ABT-199,
F = 563845 vs. Combination, ® = ABT-199 vs. Combination. One symbol indicates p <0.05, two symbols
indicate p <0.01, three symbols indicate p <0.001, and four symbols indicate p <0.0001. Error bars indicate
+SEM. (F-I) Mitochondria and F-actin were imaged at the end of the treatment paradigm in Figure 3-
6A-E. Representative SIM images are shown of cells treated with DMSO (F), 100 nM S63845 (G), 100
nM ABT-199 (H), and 100 nM 563845 + 100 nM ABT-199 (Combination) (I). Scale: 10 pm.
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Figure S3-7: Model of main findings described in Chapter 3.

91



Chapter 4

FINAL DISCUSSION, CONCLUSIONS, AND FUTURE DIRECTIONS

Introduction

Pluripotent stem cells model the earliest stage of embryonic development, before cell specification and
patterning occurs. During this vulnerable period, genetic integrity of these cells is especially important for
assuring the survival and proper development of the organism. To prevent the dissemination of harmful
mutations, stem cells are able to engage a rapid apoptotic response. While this response to DNA damage
is p53-mediated, localization and function of p53 is not altered in hESCs in comparison to differentiated
cells (Liu et al., 2013). Instead, hRESC apoptotic sensitivity is mediated by a process termed mitochondrial
“priming,” in which levels of the pro-apoptotic (e.g. PUMA) and anti-apoptotic (e.g. BCL-2) members
of the BCL-2 family are shifted to favor closer proximity to the apoptotic threshold (Liu et al., 2013).
The property of mitochondrial priming has been applied to cancer cell therapeutic diagnosis, termed
dynamic BH3 profiling, in which early drug-induced death signaling is measured to predict chemotherapy
response across cancer types (Montero et al., 2015). While levels of pro- and anti-apoptotic proteins are
important determinants of mitochondrial priming and cell death fate, specific tuning of apoptotic
sensitivity likely depends on post-translational modifications, sub-cellular localization, and interactions

with other proteins. Demonstrating this, another study showed the pro-apoptotic effector protein BAX,
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which resides in an inactive cytosolic state in differentiated cells, was shown to be maintained in an active
conformation localized at the Golgi in H9 hESCs (Dumitru and Gama et al., 2012). This conformation
likely contributes to the primed mitochondrial state in which to rapidly engage cytochrome c release and
caspase 3/7 cleavage in the event of DNA damage. Since PSCs also maintain fragmented mitochondrial
networks that promote the pluripotent state, we hypothesized the highly expressed members of the BCL-
2 family may contribute to mitochondrial phenotypes in these cells. Counterintuitively, the anti-apoptotic
protein MCL-1 was found to have higher levels of expression in hESCs, which suggests MCL-1 is not a
major factor for mitochondrial priming. The question remained as to why MCL-1 is so highly expressed
in apoptosis-sensitive stem cells and whether this high expression confers dependence on MCL-1 for
survival. The research presented in this dissertation has shed light onto the mechanisms by which MCL-
1 maintains cell viability through its regulation of mitochondrial dynamics and function in stem and

progenitor cells.

The major theme of the Gama laboratory is to understand the molecular mechanisms by which
mitochondria control the fundamental properties of stem cell pluripotency and self-renewal. Here, I have
described an unexpected, non-cell death function of MCL-1 in regulating mitochondrial dynamics and
metabolism in PSCs and cardiomyocytes. We found that MCL-1 is induced upon reprogramming, and
its depletion in PSCs induces changes to the mitochondrial network, as well as loss of key pluripotency
transcription factors OCT4 and NANOG. Results from our studies show that MCL-1 localization at the
mitochondrial matrix appears to be important for retaining self-renewal capacity. Mechanistically, we

found MCL-1 to interact with DRP-1 and OPA1, two GTPases responsible for remodeling the
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mitochondrial network. Depletion of MCL-1 compromised the levels and activity of these crucial
regulators of mitochondrial dynamics. After these results were published, I became interested in whether
these interactions between MCL-1 and the mitochondrial dynamics regulators are also maintained upon
differentiation of PSCs to cardiomyocytes (hiPSC-CMs). In these cells, inhibition of MCL-1 by BH3
mimetics resulted in the disruption of mitochondrial morphology and dynamics as well as disorganization
of the actin cytoskeleton. Interfering with MCL-1 function affected the homeostatic proximity of DRP-
1 and MCL-1 at the outer mitochondrial membrane, resulting in decreased functionality of hiPSC-CMs.
Cardiomyocytes displayed abnormal cardiac performance even after caspase inhibition, and instead
committed to the necrotic cell death pathway. These results support the idea of non-apoptotic activity of
MCL-1 in both PSC and hiPSC-CM survival and mitochondrial function. BH3 mimetics targeting
MCL-1 are promising anti-tumor therapeutics, and progression toward using these drugs in patients
depends on understanding not only MCL-1’s canonical function in preventing apoptosis, but also in the
maintenance of mitochondrial dynamics and metabolism. Further investigation into the relationship
between cell death, mitochondrial dynamics, and the acquisition of pluripotency or a particular stem cell
fate opens many exciting opportunities for future mechanistic studies centered on MCL-1. In the
following sections, I will introduce some of the possible future directions and implications of MCL-1
research in stem and progenitor cells, focusing on non-canonical MCL-1 interactions at specific
mitochondrial sub-compartments, MCL-1 in non-apoptotic cell death programs, MCL-1 connections to
mitophagy processes, and the function of organelle contact sites at points of mitochondrial fission. This
chapter aims to discuss potential molecular links that intricately connect MCL-1 to these fundamental

mitochondrial signaling mechanisms and how they may contribute to human health and disease.
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MCL-1 is a multifaceted anti-apoptotic protein

The work presented in this dissertation aimed to fill the gaps in knowledge between the molecular events
that connect intrinsic cell death and mitochondrial dynamics in human stem and progenitor cells. Our
work reveals MCL-1 as a crucial component of stem cell identity and is a likely interactor of GTPases
DRP-1 and OPA1, which may modulate their activity in mitochondrial fission, fusion, and metabolism
(Rasmussen et al., 2018, 2020b). However, the exact mechanisms behind the phenotypes that arise from
disruption of MCL-1 and the mitochondrial dynamics machinery are still unknown. Mitochondria-
nucleus crosstalk likely occurs downstream of MCL-1 in stem cells to regulate cell fate decisions at a
transcriptional level (Khacho et al., 2016). MCL-1 regulation of mitochondrial dynamics is not only
important in undifferentiated stem cells, but also for cells committed to a cardiac fate. Importantly, we
show MCL-1 inhibition using small molecules can be damaging to the health of iPSC-derived
cardiomyocytes, which depend highly on MCL-1 for proper mitochondrial function. This highlights the
importance of basic science in drug development, and the necessity for testing early-phase cancer
therapeutics in human iPSC-derived systems to reveal any potential toxicity before continuing with
clinical trials. By studying the role of MCL-1 in mitochondrial dynamics, we can increase our
understanding of the essential mechanisms governing pluripotency and self-renewal of stem cells, as well
as the contribution of MCL-1 to the structure and function of the mitochondrial network in highly

specialized cell types.
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MCL-1 is essential for embryonic development and the survival of several cell lineages. Complete deletion
of MCL-1 causes embryonic lethality before implantation (embryonic day 3.5) of the blastocyst
(Rinkenberger et al., 2000). Likewise, conditional deletion of MCL-1 causes loss of hematopoietic stem
and progenitor cells (Opferman et al., 2005), B cell and T cell progenitors (Opferman et al., 2003),
activated B cells (Vikstrom et al., 2010), plasma cells required for antibody secretion (Peperzak et al.,
2013), neuronal progenitor cells (Arbour et al., 2008) and cardiomyocytes (Thomas et al., 2013; Wang et
al., 2013). Our work expands on these findings, identifying MCL-1 as a critical protein for viability of
human PSCs and iPSC-derived cardiomyocytes (Rasmussen et al., 2018, 2020b). Still unknown, however,
are the mechanisms by which specific cell depletion occurs, as it may be specific to species and cell type,
especially considering the vast differences in mitochondrial network morphologies and metabolic
properties in PSCs compared to differentiated cells such as neurons and cardiomyocytes. Much is yet to
be discovered about why MICL-1 loss is so detrimental to the mitochondria, especially since most reported
phenotypes are not due to unchecked apoptosis. Using iPSC-derived systems as a model may uncover new
facets of MCL-1 regulation of mitochondrial homeostasis. For example, one future direction of the Gama
laboratory is to use CRISPR/Cas9 gene-edited human fibroblasts which lack MCL-1 for the generation
of iPSCs through reprogramming. Due to the inability of iPSCs to survive siRNA-mediated knockdown
of MCL-1 (Rasmussen et al., 2018), we hypothesize that MCL-1 knockout (KO) cells would not fully
reprogram into bona fide pluripotent stem cells. To dissect this issue further, we plan to express mutant

forms of human MCL-1 based on the mouse constructs developed by the Opferman group (Perciavalle et

al., 2012). If MCL-1™* rescued the ability of MCL-1 KO fibroblasts to reprogram, this would

complement our results shown in Figure 2-3E, in which MCL-1Matrix

expression prevented hESC
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differentiation. It will be important to image mitochondria at different stages during reprogramming,
since complete acquisition of the pluripotent state likely requires extensive remodeling of mitochondrial

network morphology and metabolism, which could be mediated in part by MCL-1 activity.

MCL-1 at the OMM and the matrix

Mitochondria are highly motile and are constantly changing shape, having dynamic properties at both
macro- and ultrastructural levels. Two distinct but associated membranes are found within the organelle,
which are comprised mainly of phospholipids phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) (Dudek, 2017). Phosphatidic acid (PA) is a major precursor of cardiolipin (CL), a mitochondria-
specific phospholipid, which is imported to the IMM from the ER. CL-deficient cells display abnormally
large mitochondria with disorganized cristae (Xu et al., 2006; Acehan et al., 2007, 2009). Both PA and
CL have been reported to inhibit and stimulate mitochondrial dynamics through interactions with the
core proteins that regulate mitochondrial fission and fusion (i.e. Mitofusins, OPA1 and DRP-1).
Specifically, PA stimulates the activity of Mitofusins, and CL has been shown to aid in the production
and assembly of OPA1, both of which promote and are necessary for efficient mitochondrial fusion (Ban
et al., 2017). CL is found at lower levels in the OMM,, most likely in portions of the OMM that border
cristae junctions and in areas of high membrane curvature since CL adopts a cone-like shape (Huang et
al., 2006). The presence of CL-enriched “hot spots” in the OMM may provide a favorable local

environment for mitochondrial division. CL aids in mitochondrial fission through the modulation of
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DRP-1 and stimulates its oligomerization through interactions with DRP-1’s variable domain
(Stepanyants et al., 2015; Francy et al., 2017). Conversely, DRP-1 can also affect the organization of CL
in the OMM, which may explain the role of DRP-1 puncta at the mitochondria even in the absence of
active scission. DRP-1 regulation is complex, however, due to its lack of transmembrane domain and
requirements for post-translational modifications as well as membrane receptor binding. Our studies show
MCL-1°™ may interact with DRP-1 to help recruit it to the OMM or stabilize it along with its receptors
to regulate fission. More complete insight into OMM lipid composition, especially CL content and
localization, may help us understand the localization of MCL-1°M especially if there are two distinct
pools of MCL-1 that perform different functions: one which prevents apoptosis by sequestering the BH3-

only proteins from BAK/BAX, and one which participates in mitochondrial fission regulation through

DRP-1.

Members of the BCL-2 family have been reported to interact with CL in the mitochondrial membrane.
After the pro-apoptotic BH3-only protein BID is truncated and activated by caspase-8 (tBID), it docks
at CL-rich sites on the OMM, which then allows it to bind and activate BAX (Lutter et al., 2000). Studies
in mice have shown that loss of full-length BID can impair proper cristae formation in the absence of an
apoptotic stimulus (Salisbury-Ruf et al., 2018). Many of the phenotypes reported in BID-null mice are
similar to those in MCL-1 (i.e. cristae morphology defects, reduced ATP production, and
cardiomyopathy). Immunoprecipitation experiments from this study showed BID also interacts with
MCL-1Maand this interaction is mediated through a-helix-6 of BID, which includes the membrane-

binding region. The association of BID with MCL-1M* could explain the mitochondrial phenotypes
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resulting from BID deletion. Deleting or mutating MCL-1 in this context and observing if these
mutations phenocopy each other would be helpful to answer whether these two proteins work together to
maintain mitochondrial homeostasis. Additionally, testing whether BID is at the matrix in human cells,
especially cardiac myocytes, is also an important future direction. Since BID may interact with MCL-1 at
the matrix, it could be hypothesized that BID aids in docking MCL-1 to the IMM and positioning MCL-
1’s hydrophobic BH3 region toward the matrix, facilitating interactions with other matrix proteins to
organize the cristae. It would be interesting to test if this interaction occurs at CL-rich docking sites or at
pools of key mitochondrial membrane lipids to enable MCL-1 regulation of matrix proteins such as OPA1

or the ETC components.

At the IMM and cristae, different states of remodeling occur during mitochondrial respiration and cell
death signaling (Hackenbrock, 1966; Frank et al., 2001b; Cipolat et al., 2004; Germain et al., 2005; Youle
and Bliek, 2012; Ramonet et al., 2013). This plasticity allows for the proper regulation of various cellular
processes, including bioenergetics, cell death signaling, and calcium signaling. Not surprisingly, imbalance
in flexibility of this response contributes to disruption of tissue homeostasis and the augmentation of
disease phenotypes. Particularly during apoptosis, mitochondrial fission and cristae junction remodeling
have been shown to occur with the activation of pro-apoptotic proteins BAK and BAX to assist in the
release of cytochrome ¢ pools (Frank et al., 2001b; Gao et al., 2001; Lee et al., 2004; Ow et al., 2008;
Sheridan et al., 2008; Montessuit et al., 2010; Youle and Bliek, 2012; Sinibaldi et al., 2013). Cristae
junctions, where the lamellar invaginations of the IMM are connected to IMM/OMM boundaries, are

maintained by several proteins including F1F,-ATP synthase, OPA1, and the mitochondrial contact site
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and cristae organizing system (MICOS) complex (Glytsou et al., 2016; Wollweber et al., 2017). Proper
arrangement and function of OPA1 oligomers are required for cristae junction constriction, and
stabilization of the cristae facilitates efficient respiration by coordination of the ETC (Frezza et al., 2006;
Varanita et al., 2015; Pernas and Scorrano, 2016). Specifically, the more passive functions of OPA1 in
structural maintenance of cristac membranes are performed by short OPA1 isoforms (OPA1-S), as
opposed to long isoforms (OPA1-L), which mediate active IMM fusion (Del Dotto et al., 2017). The
work shown in Chapter 2 identifies OPA1 as an interacting protein of MCL-1, and this interaction
appears to be crucial for stem cell maintenance. However, the mechanisms by which MCL-1 executes this
protection is less clear. Does MCL-1M support cristae morphology or ETC stability at the IMM
through interactions with OPA1-S isoforms? It is also possible that MCL-1M performs these functions
independent of OPA1; if so, it will be important to identify other interacting proteins at the IMM and
matrix. One way to address these questions would be to elaborate on the MCL-1 mutant overexpression
experiment outlined in the previous section. We could express tagged MCL-1 constructs (MCL-1°™ and
MCL-1™=%) in an MCL-1-null cell line, followed by immunoprecipitation and mass spectrometry
analysis to identify binding partners of MICL-1 at its specific localizations. To achieve these results in
PSCs, this approach would depend on the ability of MCL-1 KO fibroblasts to reprogram while expressing
only one form of MCL-1. While we hypothesize MCL-1"*"*-expressing cells will reach the pluripotent
state, it is possible that both forms of MCL-1 are required for complete reprogramming to iPSCs.
Ultimately, however, only immunoprecipitation of the endogenous MCL-1° and MCL-1M* forms will
conclusively identify binding partners and the key residues which determine the interactions within each

mitochondrial sub-compartment. This could be achieved using a CRISPR/Cas9 gene-editing approach

100



to modify MCL-1, but thus far it has not been possible to edit the MCL-1 sequence and preserve only
the matrix-residing form. Identification of the protease that post-translationally cleaves MCL-1 at its N-
terminal region will also aid us in understanding MCL-1M#% structure and regulation. Combining these
experiments in cells along with in vitro binding assays using recombinant MCL-1 mutants could confirm
our findings that MCL-1 interacts with OPA1 and DRP-1 at the matrix and OMM, respectively, as well

as identify new protein interactions which may support MCL-1’s coordination of mitochondrial dynamics.

Another possibility is that MCL-1 M js not directly involved in cristae/IMM structure but instead
maintains mitochondrial bioenergetics. Supporting this idea in MEFs and murine livers, MCL-1M" was
shown to interact with very long-chain acyl-CoA dehydrogenase (VLCAD), a fundamental enzyme of
the mitochondrial fatty acid $-oxidation pathway (Escudero et al., 2018). This interaction occurs through
a modified configuration of the MCL-1 BH3 domain, in which the BH3 a-helix extends out of the
hydrophobic binding pocket to engage with VLCAD. Blocking this interaction by MCL-1 deletion, or
eliminating MCL-1M alone, led to uncontrolled long-chain fatty acid $-oxidation flux in response to
nutrient deprivation. While VLCAD was not detected in any of our proteomics experiments as an
interacting protein, it will be important to test if MCL-1M=* also interacts with VLCAD in
undifferentiated stem cells. One explanation for why we could not detect VLCAD binding is that perhaps
the modified conformation of the MCL-1 BH3 domain only occurs in differentiated cells to support
higher dependence on fatty acid B-oxidation pathways. If the outward conformation of the MCL-1 BH3
domain is only present in differentiated cells, this could explain our results in iPSC-CMs in which the

close proximity of MCL-1:OPA1 was not disrupted by S63845. Similarly, the VLCAD study also showed

101



S63845 treatment did not cause differences in the rate of long-chain fatty acid oxidation in MEFs,
supporting the idea that small molecule inhibitors of MCL-1 may not block activity of the matrix form in

differentiated cells.

MCL-1 as a potential necrosis-modulator

Results from Chapter 3 of this dissertation raise another interesting point about the downstream
consequences of MCL-1 inhibition and the ultimate fate of the cell. Intrinsic apoptosis was described in
detail in Chapter 1, but other forms of cell death may be activated by MCL-1 perturbations. Necrosis is
characterized by cellular and organellar swelling, plasma membrane rupture, and spilling of cellular
contents resulting in an inflammatory response (Grooten et al.,, 1993). While apoptosis and caspase
activity do require some level of mitochondrial function to produce ATP, necrosis is ATP-independent
and is marked by mitochondrial catastrophe (Skulachev, 2006). Deletion of MCL-1 has also been
previously shown to cause necrosis, not apoptosis, in mouse cardiac muscle cells (Thomas et al., 2013). In
our human cardiomyocyte studies, we observed impaired ATP production in the presence of the MCL-1
inhibitor, which was not improved by blocking caspase activity with QVD. While caspase 3/7 activity was
present in a dose-dependent manner after MCL-1 inhibition, indicating the apoptotic pathway was
triggered at some level, subsequent addition of QVD did not rescue cell viability. Instead, we found that
IM-54, an anti-oxidant shown to prevent necrosis, rescued S63845-mediated cell death (Figure 3-5C).

Follow up studies should be completed to confirm if this is a genuine, unregulated necrotic response, or if
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these cells are actually resorting to another form of programmed cell death, such as necroptosis, pyroptosis,
or ferroptosis, among others (Karch and Molkentin, 2015; Tang et al., 2019). Given the intricacies of
mitochondrial control of cell death signaling pathways, it is possible that MCL-1 inhibition can trigger

other types of regulated cell death besides apoptosis.

Overall, these results paired with the cytoskeletal defects seen in S63845-treated hiPSC-CMs could
explain the phenotypes documented in the first MCL-1 KO mouse study published by the Korsmeyer
group, in which deletion of MCL-1 resulted in implantation failure of the blastocyst (Rinkenberger et al.,
2000). Since the ICM of these blastocysts showed no signs of apoptosis and could be cultured in vitro, the
authors deduced the implantation defect was a result of MCL-1 depletion in the trophectoderm layer. In
the 20 years since this discovery, data from several groups has supported the idea of MCL-1 non-apoptotic
function, which have been discussed in previous chapters, but none have closely examined the trophoblast
cells from MCL-1 null blastocysts. It would be interesting to measure the presence of potential necrotic
phenotypes in these cells, which could explain the attachment defect. Our own data in PSCs and hiPSC-
CMs lead us to hypothesize the implantation failure of MCL-1 null embryos is a result of necrosis caused

by disrupted mitochondrial dynamics and actin organization in trophoblast cells lacking MCL-1.

Many intriguing implications could emerge from these studies. MCL-1 upregulation has mainly been
associated with the onset of various cancers, and due to its importance in cellular survival, it has been
extremely difficult to study its function in development. However, if a trophoblast model system could be
deployed, we could uncover new mechanisms to explain the implantation issues found in the MCL-1 KO
mouse model. Investigating the mitochondrial morphology, respiratory function, and cytoskeletal
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maintenance of trophoblast cells will be important steps for identifying these issues. Microvilli, actin-
based protrusions that extend from the trophoblast cells, are critical mediators of early blastocyst
attachment (Staun-Ram and Shalev, 2005). If MCL-1 inhibition affects the actin cytoskeleton in
trophoblast cells as it does in cardiomyocytes, then disorganization of actin filaments may prevent the
proper formation of microvilli, leading to failed attachment. This could have broader implications for
fertility issues in humans, as there may be potential MCL-1 mutations or upregulation in humans that
result in failed pregnancies soon after fertilization. Future studies should focus on mapping MCL-1
mutations and single-nucleotide polymorphisms (SNPs) in patients who have had miscarriages or suffer
from infertility, especially due to implantation defects. The use of MCL-1 inhibitors for the treatment of
cancers may also prove to be challenging from this perspective and may present yet another roadblock for
patients who hope to become pregnant after chemotherapy. However, by further elucidating the basic
mechanisms by which MCL-1 promotes survival and mitochondrial function in trophoblasts, we can

make more informed decisions on potential treatments and solutions for infertility.

Mitophagy regulation by the BCL-2 family

MCL-1 inhibition causes increased mitochondrial fragmentation through a DRP-1 dependent
mechanism (Rasmussen et al., 2020b; Moyzis et al., 2020). The recruitment of DRP-1 to the
mitochondria has been proposed to be a critical inducer of mitophagy, or the clearance of damaged

mitochondria (Lee et al., 2011; Zhang, 2013; Kageyama et al., 2014; Burman et al., 2017). Mitophagy is
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proposed to be an opposing process to apoptosis, and initiation of either pathway is dependent on signaling
crosstalk and cell state (Pickles et al., 2018). Activation of PTEN-induced putative kinase 1 (PINK1) aids
in the selective clearance of mitochondria through recruitment of the E3 ubiquitin ligase Parkin, which
translocates to the mitochondria from the cytosol and targets mitochondrial membrane proteins for
degradation by the autophagosome (Narendra et al., 2008). MFN1 and MFN2 are substrates for Parkin-
mediated ubiquitination (Gegg et al., 2010). However, this modification targets them for proteasomal
degradation rather than acting as a mitophagy signal, suggesting that elimination of mitochondrial fusion
and a shift to fission occurs prior to mitophagy. This shift to fission initiated by DRP-1 activity may
appear to be required for dividing defective sections of mitochondria from the rest of the network in order
to be eliminated by mitophagy. It has instead been proposed that DRP-1-mediated mitochondrial fission
protects healthy mitochondria from unhindered PINK1-Parkin activity (Burman et al., 2017). This
hypothesis arises from the finding that DRP-1 KO cells display persistent recruitment of Parkin to
mitochondria, resulting in increased mitophagy levels. It would be interesting to examine how MCL-1°M
may participate in regulation of mitophagy with respect to its interaction with DRP-1. Other anti-
apoptotic family members, BCL-2 and BCL-xL, have been shown to negatively regulate mitophagy
through inhibition of BECLIN-1 (also known as ATG6), a BH3 domain-containing protein that
regulates formation of the phagophore (Pattingre et al., 2005; Maiuri et al., 2007; Ferndndez et al., 2018).
Another study in HeLa cells showed that overexpression of any of the anti-apoptotic family members
(BCL-2, BCLxL, BCL-w, MCL-1, A1) prevented PINK1/Parkin-mediated mitophagy, but this block

was independent of BECLIN-1 (Hollville et al., 2014). A drug screen to identify therapeutics for

Alzheimer’s disease revealed UMI-77, a BH3-mimetic targeting MCL-1, as a mitophagy activator (Cen
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et al., 2020). This study also found MCL-1 binds to LC3A, a structural component of autophagosomal
membranes. Thus, it is tempting to speculate that inhibition of MCL-1 causes excess clearing of
mitochondria in PSCs and cardiomyocytes as well, either through direct interaction with mitophagy

components or indirectly through mediation of DRP-1 activity.

Mitophagy can maintain cellular homeostasis and is also triggered by nutrient deprivation and other
stressors; however, mitophagy can also be developmentally initiated (Pickles et al., 2018). In fact,
decreased levels of mitophagy accompany increased mitochondrial fusion that occurs during stem cell
differentiation, and increased mitophagy during somatic cell reprogramming promotes the switch in
metabolism back to glycolytic dependence, as it reduces mitochondrial mass, mtDNA content, and ETC
components that facilitate oxidative phosphorylation (Vazquez-Martin et al., 2012; Fu et al., 2019).
Mitophagy is essential in post-mitotic cells, since they have lost their proliferative capacity and rely on
maintaining a healthy pool of mitochondria (Zhang, 2013; Evans and Holzbaur, 2019). However, high
levels of mitochondrial fission in stem cells would perhaps require high activation of mitophagy for quality
control purposes (Naik et al., 2019). Supporting this, late-passage PINK1-deficient mouse iPSCs, while
they expressed the pluripotency factors OCT4 and SOX2, were more prone to differentiation and showed

accumulation of damaged mitochondria (Vazquez-Martin et al., 2016).

106



MCL-1 and inter-organelle contacts

Although we know that mitochondrial fragmentation and the protein machinery that coordinate this
process are essential, details of how mitochondrial membrane integrity is disrupted, yet in a controlled
manner, are not well understood. Structural analysis of DRP-1 discovered that the rings formed by DRP-
1 oligomers are smaller in diameter (30-50 nm) than the average diameter of mitochondria (Ingerman et
al., 2005; Mears et al., 2011), suggesting there are likely other constriction mechanisms involved. Recent
work has illuminated the endoplasmic reticulum (ER) as well as the actin cytoskeleton as key players in
mitochondrial dynamics (Lewis et al., 2016; Rehklau et al., 2017; Steffen and Koehler, 2018). ER tubules
can be found at sites of fission, where they form contacts with the mitochondria through the ER-
mitochondria encounter structure (ERMES) complex and initiated fission even before DRP-1
constriction (Elgass et al., 2015; Lewis et al., 2016; Yang and Svitkina, 2019). Following ER tubule
encirclement of the mitochondria, it is proposed that INF2-induced actin polymerization occurs,
triggering an initial constriction mechanism to facilitate DRP-1 recruitment, assembly, and final scission
of the membrane (Korobova et al., 2013; Pon, 2013). Tethering of the ER to mitochondria, known as
MERC:s (mitochondria-ER contacts) (Copeland and Dalton, 1959; Csordas et al., 2006), might serve not
only to facilitate mitochondrial fission, but also to regulate mitochondrial membrane biosynthesis, calcium
signaling, and protein import (reviewed in (Kornmann and Walter, 2010)). The actin phenotypes caused
by MCL-1 inhibition in cardiomyocytes described in Chapter 3 begs the question of whether the
degradation of actin occurs due to a metabolic decrease in ATP and actin polymerization, or due to an

unidentified method of direct mitochondria-to-actin crosstalk. Newly developed tools such as actin

107



chromobodies could help us answer some of these questions by revealing actin dynamics specifically at

mitochondrial fission sites (Schiavon et al., 2020).

Other components such as lysosomes, calcium, and phospholipids have been implicated in mitochondrial
division at various stages. Specifically, phosphatidylinositol 4-phosphate (PI(4)P), which is known to
remodel membranes of the ER and the Golgi (Chung et al., 2015), was also shown to accumulate at
mitochondrial fission sites (Nagashima et al., 2020). These pools of PI1(4)P were contained within vesicles
originating from the Golgi and helped to drive the final stages of division, an exciting and novel finding
that adds to the complexity of the mitochondrial fission process. While the exact contribution of PI1(4)P
to the mitochondria during fission is unclear, it is possible that it aids in the recruitment of adaptor
proteins necessary for actin polymerization (Nagashima et al., 2020). Mitochondrial membrane lipid
content is also tightly regulated, as discussed earlier in this chapter, and PI(4)P deposits may induce
increased membrane curvature, thus aiding DRP-1 at MERC sites. It will be interesting to determine if
members of the BCL-2 family such as MCL-1 and BAK/BAX are involved in these regions of
mitochondrial fission. It will also be important to study potential modifications to these processes in
hESCs, where the balance of mitochondrial dynamics is shifted to favor high fission activity, and the
Golgi has been identified as an origin for active BAX (Dumitru and Gama et al., 2012). It is intriguing
to speculate that BAX may be shuttled to the mitochondria upon apoptotic stimuli via Golgi-derived

vesicles.

MCL-1 has traditionally been thought of as a mitochondria-localized protein. Yet, some studies have
reported that MCL-1 can be translocated to the nucleus in response to DNA damage, activating
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Checkpoint kinase 1 (CHK1) and maintaining genome integrity (Jamil et al., 2008). Other studies report
that MCL-1 acts with BCL-2 and BCL-xL to regulate transcription of pro-survival gene programs
(Huang et al., 1997). While it is not understood how MCL-1 is shuttled to the nucleus during these
responses, it is possible that newly identified mitochondria-nucleus contact sites may be involved. These
contacts were discovered by combining biochemical studies with high-resolution Airyscan confocal
imaging and electron microscopy, and tethering between the mitochondria and nucleus was shown to
occur after stress response to promote survival (Desai et al., 2020). Future studies are needed to determine
whether the phenotypes caused by disruption of MCL-1 are connected to MCL-1’s potential protective
role as a transcriptional regulator at the nucleus. These studies would be of particular interest in PSCs,
where gene regulatory programs guiding self-renewal and differentiation are highly influenced by
mitochondrial signaling. For example, acetyl-CoA and alpha-ketoglutarate, two metabolites of the
tricarboxylic acid (TCA) cycle, have been shown to influence cell fate and pluripotency through epigenetic
changes such as histone acetylation and demethylation, respectively (Moussaieff et al., 2015; Carey et al.,
2015; Martinez-Reyes and Chandel, 2020). In conclusion, elucidating how the important cellular
processes of mitochondrial signaling and crosstalk regulate function and quality control in stem and
differentiated cells will certainly uncover new mechanisms underlying human development, health and

disease.
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Appendix

MATERIALS AND METHODS

Cell Culture

Human embryonic stem cell line HY (WAOQ9) used in Chapter 2 was obtained from WiCell Research
Institute (Wisconsin). Cells were seeded as undifferentiated colonies on plates coated with Matrigel
(Corning), maintained at 37°C and 5% CO,, and fed daily with mTeSR (Stem Cell Technologies).
Differentiation of hESCs into embryoid bodies was induced by plating 4-day-old colonies onto non-
adherent plates without Matrigel.

Mouse ES cells (mESCs) used in Chapter 2 were kindly provided by Guang Hu (NIEHS). Briefly,
mESCs were maintained on gelatin-coated plates in the ESGRO complete plus clonal grade medium
(Millipore). Human foreskin fibroblast cell lines (BJ-1), were received from ATCC and maintained and
cultured as recommended by the supplier in Minimum Essential Medium (MEM) supplemented with
10% FBS. Cells were maintained at 37°C and 5% CO>

Human induced pluripotent stem cell-derived cardiomyocytes (iCell Cardiomyocytes?) used in Chapter 3
were obtained from Cellular Dynamics International (#CMC-100-012-000.5). Cells were thawed
according the manufacturer protocol in iCell Plating medium. Briefly, cells were thawed and plated on
0.1% gelatin at 50,000 cells/well in 96-well plates. Cells were maintained at 37°C and 5% CO, and fed

every other day with iCell Cardiomyocyte Maintenance medium (Cellular Dynamics International
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#M1003). For knockdown experiments, wells were coated with 5 pg/mL fibronectin (Corning #354008)
1 hour prior to plating. For functional experiments using the Axion bioanalyzer, cells were plated on 50
pg/mL fibronectin in a 48-well CytoView MEA plate (Axion Biosystems #M768-tMEA-48B). For
imaging experiments, cells were re-plated on glass-bottom 35 mm dishes (Cellvis #D35C4-20-1.5-N)
coated with 10 pg/mL fibronectin. For live-cell imaging, cells were maintained at 37°C with 5% CO; in
a stage top incubator (Tokai Hit). To account for batch effects, at least two different vials of iCell
Cardiomyocytes® were used to replicate each experiment.

Human induced pluripotent stem cells (hiPSC) used in Chapter 3 were generated from human fibroblasts
as previously described (Wang et al., 2018). hiPSCs were maintained on growth factor-reduced Matrigel
(Corning) coated plates in home-made E8 medium. hiPSCs were passaged every 4 days using 0.5 mM
EDTA for 10 minutes at room temperature. hiPSCs were maintained at 37 °C at 5% CO; and received
fresh medium daily.

hiPSC-derived cardiomyocytes (hiPSC-CMs) used in Figure 3-6 were generated using the small
molecules CHIR 99021 (Selleck Chemicals) and IWR-1 (Sigma). Cardiac differentiation media were
defined as M1 (RPMI 1640 with glucose with B27 minus insulin), M2 (RPMI 1640 minus glucose with
B27 minus insulin), and M3 (RPMI 1640 with glucose with B27). hiPSCs were cultured until they
reached 60% confluence, at which point cardiac differentiation was initiated (day 0). At day 0, hiPSCs
were supplemented in M1 with 6 pM CHIR99021. On day 2, the media was changed to M1. On day 3,
cells were treated with 5 uM IWR-1 in M1. Metabolic selection was started at day 10 and cells were
treated with M2 from day 10 to 16. On day 16, cells were transitioned to M3 with or without 0.1 uM

triiodo-L-thyronine hormone (Sigma) and 1 pM Dexamethasone (Cayman) (Parikh et al., 2017). Media
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was changed every other day until day 30. For experiments in Figure 3-6, data was collected from at least

three separate differentiations.

Cell Treatments

All treatments in Chapter 2 were performed on day 2-3 for hRESCs or at 80% confluency for fibroblasts.
The pan-caspase inhibitor Q-VD-OPh (QVD) (SM Biochemicals #SMPHO001) was added to cells at a
concentration of 25 pM. The small molecule inhibitor of MCL-1 (MIM-1) was acquired from from
Loren Walensky (Cohen et al. 2012). The stock solutions were prepared in DMSO and the peptides were
added directly into medium (final concentration: 10 pM) at 37 °C. Commercially available GX15, MDVI
and ABT-737 were purchased from Selleck Chemicals LLC (Houston TX, USA) and stock solutions
were prepared in DMSO. BMP4 was diluted in HCI and used at 100ng/mL for 7 days. All experiments
were repeated at least 3 times in duplicate and error bars indicate standard deviation.

All treatments for Chapter 3 were added directly to cells in maintenance medium. The pan-caspase
inhibitor QVD was added to cells at a concentration of 25uM. The small molecule MCL-1 inhibitor
derivative (S63845) was a gift from Joseph Opferman (St. Jude’s Children Hospital). ABT-199 was
purchased from Active Biochemicals (#A-1231). AMG-176 (#CT-AMG176) and AZD5991 (#CT-
A5991) were purchased from ChemieTek. The necrosis inhibitor IM-54 (#5C222053A) was purchased
from Santa Cruz Technologies and added to cells at a concentration of 10 uM. All stock solutions were
prepared in DMSO. H,O; solution (#H1009) was purchased from Sigma and added to cells at 10 pM in

sterile water.
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Lentiviral Transduction

To generate lentiviral-mediated knockdown lines of hESCs in Chapter 2, 3-day-old colonies were
transduced with MCL-1 lentiviral shRNA purchased from Open Biosystems (clone TRCN0000005517).
After 10 hours, the cells were allowed to recover for 12-14 hours in mTeSR. Selection with puromycin
(10 pg/ml; Sigma) was started 24 hours after transduction and was continued for 2 days, with replacement
of the conditioned medium and puromycin daily. Transduction efficiency was validated by Western blot
tor recovered hESC colonies.

Reprogramming of fibroblasts was induced by transduction with CytoTune™-iPS Sendai

Reprogramming Kit (Thermo Fisher Scientific) according to the manufacturer protocol.

RNAIi and Plasmid Transfection

To generate transient knockdowns of MCL-1 in hESCs for Chapter 2, commercially available siRNA
(Thermo Fisher Scientific). Cells were seeded at 100,000 cells per well in a 6-well dish coated with
Matrigel. Once cells reached 30-40% confluency, they were transfected as per the manufacturer protocol
using Lipofectamine RNAiMax (Thermo Fisher Scientific #13778075) in mTeSR containing 25 uM
QVD. To increase knockdown efficiency, the transfection was repeated 24 hours later. Cells were left to
recover for an additional 24 hours in fresh mTeSR containing 25 uM QVD. Cells were collected or fixed
for analysis by Western blot, immunofluorescence, or EM following recovery. To generate transient
knockdowns in hiPSC-CMs in Chapter 3, commercially available siRNAs targeting DRP-1 (DNM1L)
(Thermo Fisher Scientific #AMS51331, 1D19561) and MCL-1 (Thermo Fisher Scientific #4390824,

IDs8583) were used. Cells were seeded at 50,000 cells per well in a 96-well plate coated with 5 pg/mL
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fibronectin. Cells were transfected as per the manufacturer protocol using either TransIT-TKO
Transfection Reagent (Mirus Bio #MIR2154) or RNAiMax (Thermo Fisher Scientific) in iCell
maintenance media containing 25uM Q-VD-OPh. To increase knockdown efficiency, the transfection
was repeated 48 and 96 hours later. Cells were left to recover for an additional 24 hours in fresh media
containing 25 pM QVD. Cells were lysed for Western blot or re-plated on glass-bottom 35 mm dishes
and fixed for analysis by immunofluorescence. The siRNA oligo sequence for MCL-1 (s8583) is as
tollows: CCAGUAUACUUCUUAGAAACttt. Silencer Select Negative Control No. 1 (Thermo Fisher
Scientific #4390843) was used as a control for all knockdown experiments.

Plasmids encoding MCL-1, GFP-tagged MCL-1, and DsRed-mito proteins were transfected using
FuGene (Promega) at ratio 3:1 as described in the manufacturer protocol. Plasmids encoding mito-tdEos
(Addgene #57644) or GCaMP5G (Addgene #31788) were transfected using ViaFect (Promega #E4981)
as described in the manufacturer protocol. Cells were maintained until optimal transfection efficiency was

reached before cells were lysed for Western blot or fixed in 4% paraformaldehyde (PFA) for imaging.

Immunofluorescence

For immunofluorescence experiments in Chapter 2, cells were fixed with 4% PFAfor 30 min at 4°C and
permeabilized in 0.3% Triton X-100 for 1 hr at room temperature. After blocking, cells were treated with
primary and secondary antibodies using standard methods. For high-resolution imaging, cells were fixed
with 4% paraformaldehyde for 20 min and permeabilized in 1% Triton-X-100 for 10 min at room

temperature. After blocking in 10% BSA, cells were treated with primary and secondary antibodies using

148



standard methods. See Table 1 for antibodies used in Chapter 2. Cells were mounted in Vectashield
(Vector Laboratories #H-1000) prior to imaging.

For immunofluorescence experiments in Chapter 3, cells were fixed with 4% PFA for 20 min and
permeabilized in 1% Triton-X-100 for 5 min at room temperature. After blocking in 10% BSA, cells were
treated with primary and secondary antibodies using standard methods. Cells were mounted in
Vectashield (Vector Laboratories #H-1000) prior to imaging. Primary antibodies used include Alexa
Fluor-488 Phalloidin (Thermo Fisher Scientific #A12379), mouse anti-mtCO2 (Abcam #ab110258), and
mouse anti-Mitochondria (Abcam #ab92824). For Incucyte experiments, nuclei were visualized using
NucLight Rapid Red Reagent (Essen Bioscience #4717). Alexa Fluor-488 (Thermo Fisher Scientific
#A11008) and Alexa Fluor-568 (Thermo Fisher Scientific #A11011) were used as secondary antibodies.
MitoTracker Red CMXRos (Thermo Fisher Scientific #M7512) added at 100 nM was used to visualize

mitochondria in PLA experiments.

Immunoprecipitation

Immunoprecipitation experiments in Chapter 2 were performed by incubating whole-cell or
mitochondrial lysates with 50% slurry Dynabeads (Invitrogen) for 1 hr at 4°C, then incubating with
MCL-1 Y37 antibody (Abcam) for 1 hr at 4°C. Beads were separated by magnet and washed in 1% Triton.
Protein was eluted and incubated with LDS/BME sample buffer at 95°C for 5 min. For mitochondrial
purifications, instructions were followed per the Mitochondria Isolation Kit for Cultured Cells (Abcam

#ab110170).
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Image acquisition

For experiments in Chapter 2, Images were acquired using a Hamamatsu ORCA-ER digital B/W CCD
camera mounted on a Leica inverted fluorescence microscope (DMIRE 2). The software used for image
acquisition was Metamorph version 5.0 (Universal Imaging Corporation). Co-localization images were
acquired using a Zeiss 880 LSM microscope with an AiryScan detector. The software used for AiryScan
image processing was ZEN Black (Zeiss). Super-resolution images were acquired using an Andor DU-
897 EMCCD camera mounted on a Nikon structured illumination microscope (SIM). The software used
for image acquisition and reconstruction was NIS-Elements Viewer (Nikon).

Samples for transmission electron microscopy (TEM) in Chapter 2 were fixed in 2.5% Glutamine in 0.1M
sodium cacodylate buffer for 1 hr at room temperature, then prepared, sectioned and stained by the
Vanderbilt CISR EM core. TEM images were acquired using a side mounted 2k x 2k AMT CCD camera
system and a bottom-mounted 2k by 2k Gatan CCD camera system mounted on a Philips/FEI T-12
high resolution transmission electron microscope.

Super-resolution images in Chapter 3 for Figures 3-1 and 3-2 were acquired using a GE DeltaVision
OMX microscope equipped with a 1.42 NA 60X Oil objective and a sSCMOS camera. Super-resolution
images for Figures 3-1, 3-2, 3-7, §3-2 and S3-6 were acquired using a Nikon SIM microscope equipped
with a 1.49 NA 100x Oil objective an Andor DU-897 EMCCD camera. Images for Figures 3-4, S3-3
and S3-6 were acquired on a Nikon Eclipse Ti inverted widefield microscope equipped with a 1.45 NA
100X Oil or 1.40 NA 60X Oil objective. Image processing and quantification was performed using Fiji.
Measurement of cell number to assay cell death was performed on a Incucyte S3 live cell imaging system

(Essen Bioscience) equipped with a 10X objective. Images for the PLA experiments were acquired on a
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Nikon Eclipse Ti-E spinning disk confocal microscope equipped with a 1.40 NA 60X Oil objective and

an Andor DU-897 EMCCD camera.

Mass Spectrometry

All MS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, San Jose, CA, USA; version
27, rev. 12). Sequest was set up to search the uniprot_kb_human_swissprot_20120610_rev database
(40720 entries) assuming the digestion enzyme trypsin. Sequest was searched with a fragment ion mass
tolerance of 0.00 Da and a parent ion tolerance of 2.5 Da. Oxidation of methionine and carbamidomethyl
of cysteine were specified in Sequest as variable modifications. Charge state deconvolution and deisotoping
were not performed on the extracted tandem mass spectra. Scaffold (version Scaffold_4.7.2, Proteome
Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications.
Peptide identifications were accepted if they could be established at greater than 95.0% probability by the
Peptide Prophet algorithm (Keller, A et al Anal. Chem. 2002;74(20):5383-92). Protein identifications
were accepted if they could be established at greater than 99.0% probability and contained at least 2
identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii,
Al et al Anal. Chem. 2003;75(17):4646-58). Proteins that contained similar peptides and could not be

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.

Proximity Ligation Assay
For PLA experiments in Chapter 2, hESCs were seeded onto Matrigel-coated 8-chamber MatTek glass

slides (#CCS-8) at 10,000 cells/chamber. When cells reached ~50% confluency they were fixed in 4%
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PFA for 20 min and permeabilized in 1% Triton for 10 min at room temperature. Following fixation, the
DuoLink proximity ligation assay (PLA) was performed as per manufacturer protocol (Sigma). The
primary antibodies were incubated for 1.5 hours at room temperature and are as follows: MCL-1
(Proteintech) + pDRP-1 S616 (Cell Signaling), MCL-1 (Proteintech) + OPA1 (Cell Signaling), MCL-
1 (Proteintech) + BIM (Cell Signaling), and control containing no primary antibody. Images were
acquired on a Nikon spinning disk confocal microscope and quantified using NIS-Elements software.
Background noise levels were subtracted, and puncta were normalized to the number of nuclei in each
image. At least 300 nuclei were counted for each condition in duplicate.

For PLA experiments in Chapter 3, hiPSC-CMs were plated onto fibronectin-coated 8-chamber MatTek
glass slides at 10,000 cells/chamber. After treatments, cells were fixed in 4% PFA for 20 min and
permeabilized in 1% Triton-100-X for 10 min at room temperature. Following fixation, the DuoLink
proximity ligation assay (Sigma #DUQ92014) was performed as per manufacturer protocol. The primary
antibodies were incubated overnight at 4°C and are as follows: mouse anti-MCL-1 (Proteintech # 66026-
1-Ig), rabbit anti-DRP-1 (Cell Signaling Technologies #8570S), rabbit anti-OPA1 (Cell Signaling

Technologies #67589S), and control containing no primary antibody.

Membrane fractionation
For the crude membrane fractionation experiments in Chapter 3, hiPSC-CMs were lysed in 1X CHAPS
(Sigma #C5070-5G) containing protease and phosphatase inhibitors for 20 mins on ice while vortexing,

followed by centrifugation at 14,000 rpm for 20 mins. The supernatant was collected (cytosolic fraction)
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and the pellet was resuspended in the same volume of 1X CHAPS buffer containing protease and
phosphatase inhibitors. Lysates were then prepared for gel electrophoresis and Western blot as described.
Western blot

Gel samples were prepared by mixing cell lysates with LDS sample buffer (Life Technologies, #NP0007)
and 2-Mercaptoethanol (BioRad #1610710) and boiled at 95°C for 5 minutes. Samples were resolved on
4-20% Mini-PROTEAN TGX precast gels (BioRad #4561096) and transferred onto PVDF membrane
(BioRad #1620177). Antibodies used for Chapter 2 are described in Table 1. Antibodies used for Western
blotting in Chapter 3 are as follows: DRP-1 (Cell Signaling Technologies #8570S), pDRP-1 S616 (Cell
Signaling Technologies #4494), OPA1 (Cell Signaling Technologies #67589S), MCL-1 (Cell Signaling
Technologies #94296S), TOM20 (Cell Signaling Technologies # 42406S), VDAC (Cell Signaling

Technologies #4866T) and a-Tubulin (Sigma # 05-829).

Impedance assays

The Axion Biosystems analyzer was used to measure contractility and impedance in hiPSC-CMs for
Chapter 3. Cells were plated on 48-well CytoView MEA plates and maintained for 10 days before
treatment and recordings. Recordings were taken for 5 minutes approximately two hours after media
change at 37°C and 5% CO,. Cells were assayed using the standard cardiac analog mode setting with 12.5
kHz sampling frequency to measure spontaneous cardiac beating. The Axion instrument was controlled

using Maestro Pro firmware version 1.5.3.4. Cardiac beat detector settings are as follows:

Beat Detection Threshold 300 pV
Min. Beat Period 250 ms
Max. Beat Period 5s
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Synchronized Beat Maximum Propagation Delay 30 ms
Minimum Active Channels Ratio 50.00%

Running Average Beat Count 10

Recordings for the hormone-matured hiPSC-CMs in Figure 3-6 were obtained using a CardioExcyte96
instrument (Nanion Technologies). Cell preparation, data acquisition, and data processing were

completed as described previously (Chavali et al., 2019).

Calcium imaging

Cells were transfected with GCaMP5G probe in 96-well plates and protein expression was allowed to
stabilize for 48 hours. Cells were maintained on the microscope stage incubator for 30 minutes prior to
imaging on a Nikon Eclipse Ti inverted microscope equipped with a 10X .30 NA objective. For each
biological replicate, three technical replicates of a 10-second time-lapse recording were collected for each
well. Baseline recordings were taken 24 hours prior to treatment. Subsequent recordings were taken 2
hours post treatment. Calcium intake was quantified in Fiji. Briefly, background fluorescence was first
measured for intensity correction. A kymograph was then created using the Multiple Kymograph tool in
Fiji using a 25-pixel thick line drawn across the entire cell. Calcium intake was measured as the ratio of

the mean intensity of the brightest frame to the mean intensity of the darkest frame in the kymograph.

Plate-reader assays (CaspaseGlo 3/7 and CellTiter-Blue)
Cells were plated onto 1% gelatin-coated white round-bottomed 96-well plates at 20,000 cells/well. At

least two duplicate wells were used per condition. At the end of inhibitor treatments, media was aspirated
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from the wells and a 1:1 ratio of CaspaseGlo 3/7 reagent (Promega #8091) and fresh media was added.
The plates were incubated at room temperature for 1 hr in the dark and analyzed in a Promega GloMax
luminometer according to manufacturer instructions. For the cell viability assay in Figure 3-5C, hiPSC-
CMs were plated onto 1% gelatin-coated black clear-bottomed 96-well plates at 20,000 cells/well. Three
replicate wells were used per condition. Cells were pre-treated with indicated inhibitors for 24 hours,
tollowed by addition of fresh media and inhibitors or H,O, for an additional 24 hours. 10% Triton-X-100
was added to untreated wells as a blank for normalization. CellTiter-Blue reagent was added to wells (20
pL) and plates were incubated at 37°C and 5% CO; for 2 hrs. Plates were analyzed in a POLARstar

Omega plate-reader (BMG LabTech) according to manufacturer instructions.

Seahorse Mito Stress Test

hiPSC-CMs were plated from thaw onto 1% gelatin-coated Seahorse XF96 V3 PS cell culture microplates
7 days before the assay at 20,000 cells per well. 24 hours prior to the assay, inhibitor treatments were added
to triplicate wells in maintenance media. One hour prior to the assay, media was switched to XF DMEM
media containing 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. Oxygen consumption rate
(OCR) was measured sequentially after addition of 1.0 pM oligomycin, 0.5 UM FCCP, and 0.5 pM

rotenone.

Photoconversion experiments
Mitochondrial network connectivity and fusion was assayed using photo-conversion of mitochondria

tagged with mito-tdEos (Addgene #57644). Photo-conversion was performed on a Nikon Eclipse Ti
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inverted widefield microscope equipped with a 1.45 NA 100X Oil objective. Briefly, a stimulation region
was closing down the field diaphragm and using the filter to shine 405 nm light for 6 seconds. Images for
the converted (TxRed) and unconverted (FITC) were acquired before and after stimulation. The TxRed
image before stimulation was used to subtract background from the post-stimulation images, followed by
thresholding and automated measurement in Fiji (Schindelin et al., 2012). The initial converted area
immediately after stimulation was used as a measure of connectivity, while the spread of the converted
signal after 20 minutes was used as a measure of fusion/motility. The initial converted area (TxRed
channel) was normalized to the total unconverted area (FITC channel) to account for any initial variation

in the total mitochondrial area.

Statistical Analysis

All experiments were performed with a minimum of 3 biological replicates. Statistical significance was
determined by unpaired, two-tailed Student’s t-test or by one- or two-way ANOVA as appropriate for
each experiment. GraphPad Prism v8.1.2 was used for all statistical analysis and data visualization.

Error bars in all bar graphs represent standard error of the mean or standard deviation as described for
each figure, while Tukey plots were represented with boxes (with median, Q1, Q3 percentiles), whiskers
(minimum and maximum values within 1.5 times interquartile range) and solid circles (outliers). No
outliers were removed from the analyses.

For MEA experiments, means from triplicate biological replicates (each with 2-3 technical replicate wells)

for each measurement were plotted and significance was determined by two-way ANOVA. 20 hour data
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was excluded for two-way ANOVA in Figure 3-2B-C and E-F, since this time-point was not recorded
for ABT-199; likewise, ABT-199 was excluded from analysis in Figure 3-2D.

For PLA experiments in Chapter 2, images were quantified using Fiji. Briefly, background noise levels
were subtracted, and number of puncta per ROI was normalized to mitochondrial area. ROIs in at least
5 cells per condition were quantified in three independent experiments.

Quantification of mitochondrial morphology was performed in NIS-Elements (Nikon); briefly, we
segmented mitochondria in 3D and performed skeletonization of the resulting 3D mask. Skeleton major
axis and sphericity measurements were exported into Excel, and the data was filtered and analyzed in
MatLab. Quantification of actin organization was performed in a blinded fashion and percentages of each
category are displayed. Cell viability measured using the Incucyte live cell imaging system was performed
by automatic segmentation of nuclei in Fiji, followed by subtraction of dead cells as indicated by

fragmented nuclei and rounded phenotype detected by phase contrast.
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Table 1. List of primary antibodies used in Chapter 2

Antibody Manufacturer Catalog Dilution Application

BAX Santa Cruz sc-493 1:500 Western blot

BCL-2 Cell Sig. Tech. 4223 1:1000 Western blot
BCL-XL Cell Sig. Tech. 2764 1:1000 Western blot
MCL-1 (Y37) Abcam ab32087 lug/1mg Immunoprecipitation
MCL-1 Cell Sig. Tech. 94296 1:1000 Western blot

OCT4 Abcam ab19857 1:1000 Western blot

OCT4 STEMCELL Tech. 60093 1:200 Immunostaining
NANOG Abcam ab109250 1:500; 1:200  Western blot; Immunostaining
a-Tubulin Sigma 05-829 1:2000 Western blot

f-actin Sigma A1978 1:10,000 Western blot

SIRT2 Abnova H00022933-M01  1:500 Western blot

SOX2 STEMCELL Tech.  60055.1 1:500 Immunostaining
tGFP OriGene TA150041 1:200 Immunostaining
GFP Abcam ab13970 1:200 Immunostaining
RFP Invitrogen R10367 1:200 Immunostaining
Cytc BD Biosciences 556432 1:200 Immunostaining
p-DRP-1 (S616)  Cell Sig. Tech. 4494 1:500 Western blot

DRP-1 Cell Sig. Tech. 8570 1:500 Western blot
mT-CO2 (Cox2) Abcam ab110258 1:1000; 1:100  Western blot; Immunostaining
OPA1 Abcam ab119685 1:1000 Western blot
TOM20 Santa Cruz sc-17764 1:200 Immunostaining
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Table 2: shRNA sequences used in Chapter 2

Construct TRC ID Sequence

shMCL-1 (1) TRCNO0000005517 GCTAAACACTTGAAGACCATA
shMCL-1 (2) TRCNO0000197024 GAGCTGGTTTGGCATATCTAA
shMCL-1 (3) TRCN0000196390 GCCTAGTTTATCACCAATAAT
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