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Stellan N. Riffle,1 Linzheng Shi,1 Bjorn C. Knollmann,2,6 Dylan T. Burnette,1,3,5 and Vivian Gama1,3,4,5,8,*

SUMMARY

MCL-1 is a well-characterized inhibitor of cell death that has also been shown to be a regulator of mito-

chondrial dynamics in human pluripotent stem cells. We used 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 the actin cytoskeleton. Interfering with

MCL-1 function affects the homeostatic proximity of DRP-1 and MCL-1 at the outer mitochondrial

membrane, resulting in decreased functionality of hiPSC-CMs. Cardiomyocytes display abnormal car-

diac performance even after caspase inhibition, supporting a nonapoptotic activity of MCL-1 in hiPSC-

CMs. BH3mimetics targetingMCL-1 are promising anti-tumor therapeutics. Progression toward using

BCL-2 family inhibitors, especially targeting MCL-1, depends on understanding its canonical function

not only 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 leu-

kemia 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 lym-

phoma 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 (Rinken-

berger et al., 2000). However, the nonapoptotic mechanism by which MCL-1 functions in normal and

cancerous cells is still unclear. We previously reported that MCL-1 regulates mitochondrial dynamics in hu-

man pluripotent stem cells (hPSCs, which refer to both human embryonic stem cells [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 atro-

phy type 1 (OPA1), two GTPases responsible for maintaining mitochondrial morphology and dynamics. In

this study, we investigated whether this nonapoptotic role of MCL-1 remains as stem cells differentiate, us-

ing 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
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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 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 mito-

chondrial 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 mitochon-

drial dynamics cause abnormal mitochondrial quality control, resulting in the buildup of defective mito-

chondria 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 cardio-

myocytes (Buggisch et al., 2007; Murray et al., 2014). Thus, specific metabolic profiles controlled by

mitochondrial dynamics are likely critical for hiPSC-CMs, because 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), andmitochondrial 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 ultra-

structure abnormalities and respiratory deficiencies were not rescued. These results indicate that MCL-1

also has a crucial function in maintaining cell viability and metabolic profile in cardiomyocytes. Despite

these efforts, the nonapoptotic mechanism by which MCL-1 specifically functions in cardiomyocytes is

still unknown. Furthermore, the 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 contrac-

tility defects and impaired long-term survival of hPSC-CMs, due to MCL-1’s essential function regulating

mitochondrial morphology and dynamics.

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 mousemodels (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 (S63845) and the caspase

inhibitor Q-VD-OPh (QVD) to prevent downstream effects of apoptosis on mitochondrial morphology

(Figures 1A–1C). 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 mitochon-

drial length (Figure 1D) and a significant increase inmitochondria sphericity (Figure 1E) compared with con-

trol 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). Although we observedmitochondrial defects

in both inhibitor conditions (Figures 1F–1H), mitochondrial morphology in AMG-treated cells was not

significantly different compared with control cells (Figures 1I and 1J). Quantification of SIM images shows

a significant reduction in average mitochondrial length in cells treated with AZD (Figure 1I).

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 inhibi-

tion significantly lowered the maximum oxygen consumption rate (OCR) after addition of FCCP, an uncou-

pler 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 (Figures S1C and S1D).

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., 2016;
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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 mito-

chondrial morphology and mild effects on overall cardiac function (Guo et al., 2018). However, MCL-1 in-

hibition 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 car-

diomyocytes has severe effects on mitochondrial morphology and cardiac function, which were not

rescued by co-deletion of BAK and BAX (Wang et al., 2013). We treated hiPSC-CMs with S63845, while in-

hibiting caspase activity using QVD, and measured spontaneous cardiac beating using the AxionBiosys-

tems 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 h of

treatment (Figures 2B–2F). In particular, spike amplitudemean (Figure 2B) and spike slopemean (Figure 2C)

were significantly decreased at 20 and 48 h, whereas beat period irregularity was significantly increased

at 20 h post-treatment (Figure 2D). BCL-2 inhibition did not cause changes in cardiac beating ability

compared with DMSO control in any of the measured parameters (Figures 2B–2F), 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 h, accounting for the decrease in beat period mean and beat period irregularity

at this time point (Figures 2D and 2E). The field potential duration (FPD) was not detectable after 20 h of

MCL-1 inhibition (Figure 2F). We also observed similar defects in cardiomyocyte functionality in cells

treated with AZD, but not AMG (Figures S2A–S2E).

In a previous report, MCL-1 inhibition using RNAi 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 (Figures S2F and S2G) also caused increased beat period

irregularity (Figure S2H), increased max delay mean (Figure S2I), and decreased FPD mean (Figure S2J).

These results suggest that MCL-1 inhibition in human cardiomyocytes causes bradycardia- and

arrhythmia-like phenotypes.

Because 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

(CdCl2), a calcium channel blocker, which completely disrupted calcium intake, giving a ratio of 1.0. Consis-

tent with our results with the MEA recordings, calcium signal intensity was significantly reduced in hiPSC-

CMs treated with S63845 or AZD. AMG 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 pro-

portion 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 (Figures 2J 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 (Figures 2J and S2K).

Figure 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 mMS63845 (C) andQ-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 mM

AMG-176 (G), or 2 mM AZD5991 (H) and QVD. Insets show magnification of individual mitochondria morphology. Scale: 5 mm 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 G SEM from at least three independent experiments (n > 20 cells

per condition). See also Figure S1.
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MCL-1 Co-localizes withMitochondrial Dynamics Proteins in hiPSC-CMs, and S63845Disrupts

MCL-1:DRP-1 Co-localization

Because 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 (Figures 3A, 3B, and S3A–S3C) but not

in phospho-DRP-1 (pDRP-1 S616) (Figure 3C). MCL-1 expression levels were significantly increased (Figures

3D and 3E). Previous studies also reported this induction of MCL-1 protein expression upon MCL-1 inhibi-

tion (Kotschy et al., 2016). There were no significant changes in OPA1 (Figures 3D and 3E) or TOM20 (Fig-

ures 3D and S3D). We then assessed whether MCL-1 interacts with DRP-1 and OPA1 using in situ proximity

ligation assay (PLA). Our data show that MCL-1 is in close proximity to both DRP-1 and OPA1 (Figures 3G–

3J). PLA puncta were quantified and normalized to the number of puncta in the control sample (no primary

antibody) (Figure S3E). The co-localization of MCL-1 with DRP-1 (Figures 3G and 3H), but not OPA1 (Figures

3I and 3J), was disrupted upon inhibition of MCL-1 with S63845, suggesting thatMCL-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 assessed 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 min

were significantly decreased, indicating impaired mitochondrial fusion (Figures 4A–4D). This phenomenon

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

treated with S63845 (Figures 4E, 4F, S4A, and S4B).

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 S63845 and examined the activation of caspase-3 and caspase-7. Cells re-

sponded to S63845 in a dose-dependent manner after 48 h, with 1–2 mM inducing the most caspase activity

(Figure 5A). We observed a similar dose response with both AMG and AZD (Figure 5B). It is important to

note that S63845 and AZD5991 have a similar chemical structure, and that these two inhibitors had more

severe effects on cardiomyocytes overall (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 inhib-

itors with and without caspase inhibition (Figures S4A–S4D). We observed similar levels of death regardless

of caspase inhibition. 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. IM-54 treatment rescued the toxicity caused

by MCL-1 inhibition (Figure 5C).

Figure 2. MCL-1 Inhibition Causes Functional Defects and Disruption of Myofibrils

(A–F) (A) Schematic of AxionBiosystems MEA paradigm for recording cardiac performance in live cells. hiPSC-CMs were plated on a CytoView MEA plate

(AxionBiosystems) and treated with either vehicle (DMSO), 0.5 mM S63845, or 0.5 mM ABT-199 and QVD. Live-cell activity was recorded at baseline (0 h), 2 h,

20 h, and 48 h post-initial treatment for 5 min each. Spike amplitudemean (B) and spike slopemean (C) were both decreased by 20 h and completely reduced

by 48 h in the S63845 condition. Beat period irregularity (D) was increased at 20 h in S63845-treated cells before cells stopped beating at 48 h, whereas DMSO

and ABT-199 had low levels of beat period irregularity at 48 h. Beat period mean (E) remained at levels comparable to DMSO control before cells stopped

beating at 48 h, whereas field potential duration (FPD) mean (F) was not detectable after 20 h. p values show significance as follows: * = DMSO +QVD versus

S63845 + QVD, # = ABT-199 + QVD versus S63845 + 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 G 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 three independent experiments. Symbols indicate mean and error bars indicate GSD.

(I) Proportion of beating versus not beating hiPSC-CMs in each condition as observed by light microscopy. Significance between beating versus not beating

cells was determined by Chi-square test. Error bars indicate GSD and percentages were pooled from three experiments.

(J) Vehicle-treated hiPSC-CMs have organized myofibril structure as shown by maximum intensity projections. hiPSC-CMs treated with 2 mMS63845 have

myofibrils that are unorganized and poorly defined Z-lines. Scale: 5 mm. Representative images are shown for all panels.

(K) Quantification of myofibril phenotypes represented in panel I (n > 20 cells per condition from three separate experiments). Error bars indicate GSD.

See also Figure S2.
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Figure 3. MCL-1 is in Close Proximity to Mitochondrial Dynamics Proteins

(A–C) (A) Western blot showing total and phospho-DRP-1 expression in hiPSC-CMs treated with DMSO + QVD or

S63845 + QVD. Quantification of DRP-1 (B) and pDRP-1 S616 (C) band density relative to a-Tubulin (n = 3 independent

experiments).

(D–F) (D) Western blot showing OPA1, MCL-1, and TOM20 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:OPA1 (I) puncta in vehicle- or S63845-treated

hiPSC-CMs. Scale: 5 mm. Quantification of PLA puncta from MCL-1:DRP-1 (H) or MCL-1:OPA1 (J) interactions (n = 10–15

ROIs per condition from three independent experiments).

All graphs represent mean G SD. See also Figure S3.
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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

(Figures 6A and 6B) (Gentillon et al., 2019; Parikh et al., 2017). We tested for caspase-3/7 activation after

24 h 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 (Figures 6C and 6D). Importantly, treatment

0
m
in
po

st
20

m
in
po

st

Unconverted Converted
DMSO + QVD

Pr
e-
co
nv
er
si
on Unconverted Converted

MCL-1i (S63845 + QVD)

0

1

2

3

4

5

Fo
ld
ch
an
ge

in
co
nv
er
te
d
si
gn
al
ar
ea

af
te
r2
0
m
in

p = 0.0008

DM
SO

MC
L-1
i0.0

0.1

0.2

0.3

0.4 p = 0.0012

n = 12

n = 13

n = 12

n = 13

n = 12

n = 12

n = 12

n = 15

n = 12
n = 12 n = 12

n = 15

In
iti
al
co
nv
er
te
d
ar
ea

no
rm
al
iz
ed

to
to
ta
lu
nc
on
ve
rte
d
m
ito

ar
ea

DM
SO

MC
L-1
i

In
iti
al
co
nv
er
te
d
ar
ea

no
rm
al
iz
ed

to
to
ta
lu
nc
on
ve
rte
d
m
ito

ar
ea

0.0

0.1

0.2

0.3

0.4

si-
Co
ntr
ol

si-
DR
P1

si-
Co
ntr
ol

+M
CL
-1i

si-
DR
P1

+M
CL
-1i

p = 0.0001
p = 0.9704

0

1

2

3

4

Fo
ld
ch
an
ge

in
co
nv
er
te
d
si
gn
al

ar
ea

af
te
r2
0
m
in

si-
Co
ntr
ol

si-
DR
P1

si-
Co
ntr
ol

+M
CL
-1i

si-
DR
P1

+M
CL
-1i

p = 0.0283
p = 0.9134

A B

C D

E F

Figure 4. MCL-1 Inhibition Results in Mitochondrial Fragmentation in a DRP-1-Dependent Manner

(A–D) (A) Vehicle- and (B) S63845-treated hiPSC-CMs were transfected with mito-tdEos and a small area was

photoconverted (see methods). Cells were imaged for 20 min post-conversion to assess mitochondrial network

connectivity. Scale: 5 mm. Quantification of the initial converted area normalized to total unconverted area (C) and fold

change in converted area after 20 min (D) shows decreased initial connectivity and mitochondrial fusion after treatment

with 2 mM 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 GMCL-1i (2 mM S63845) and QVD.

(F) Quantification of fold change in converted area after 20 min in same treatments from Figure 4E. Boxplots represent

median of three independent experiments and Tukey whiskers.

See also Figure S4.
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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) (Figures 6E–6G).

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 S63845 + ABT-199 (100 nM each).

MCL-1 inhibition significantly disrupted hiPSC-CM spike amplitude mean and spike slope mean (Figures

7A and 7B). Although there were minimal differences between treatments in the beat period mean or

FPD mean (Figures S6A and S6B), spike slope mean (Figure 7B), conduction velocity mean (Figure 7C),

max delay mean (Figure 7D), and propagation consistency (Figure 7E) were significantly lowered in both

the S63845 condition and when combined with ABT-199. Cells treated with ABT-199 appeared healthy

and were functionally similar to control cells throughout the experiment (Figures 7A–7E, S6A, and S6B).
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Figure 5. MCL-1 Inhibition Causes Cell Death in hiPSC-CMs that is Blocked by a Necrosis Inhibitor

(A and B) hiPSC-CMs were treated with increasing doses of S63845 (A) or AMG-176, and AZD5991 (B) for 48 h before

caspase activity was measured by CaspaseGlo 3/7 assay (Promega). Quantification shows results from at least

three independent experiments performed in duplicate and were normalized to DMSO control. Graphs represent

mean G 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 three independent experiments performed in triplicate. Boxplots show median with

Tukey whiskers.

See also Figure S5.
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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 with control

cells (Figures 7F–7I and S6C–S6F). BCL-2 inhibition had little effect on mitochondrial network organization

and virtually no effect on myofibril organization (Figures 7H and S6E). Our results further 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

nonapoptotic role in modulating mitochondrial dynamics. Inhibition of MCL-1 using BH3 mimetics is a

promising strategy to treat tumors (Hird and Tron, 2019), because 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
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Figure 6. MCL-1 Inhibition Induces Caspase Activity and Reduces Functionality of Matured 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 with vehicle-treated control cells. Scale: 10 mm.

(C and D) (C) Vehicle- or (D) Dex + T3-treated hiPSC-CMs were exposed to S63845 at increasing doses for 24 h. Caspase

activity was measured as in Figures 5A and 5B using the CaspaseGlo 3/7 assay. Quantification was performed from three

independent maturation experiments in duplicate. Graphs represent mean G SEM.

(E–G) CardioExcyte96 recordings show disruption of cardiac activity in Dex + T3-matured hiPSC-CMs when treated with

100 nMS63845. Data were quantified for Time to Peak (E), Time to Fall (TFall) (F), and Width50 (G). Quantification was

performed from three independent maturation experiments for at least 5 wells per condition. p values were calculated by

two-way ANOVA and graphs show mean G SEM.
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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 S63845 alone

were alive, but not beating, after two weeks of treatment.

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. Because 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, because 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 MCL-1 is decreasing clearing of damaged mitochondria in car-

diomyocytes. It will be important to test if key proteins involved in mitophagy are affected in the pres-

ence 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 hyperactivity

of b-oxidation (Escudero et al., 2018). It is tempting to speculate that inhibiting MCL-1 at the matrix of hu-

man 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 show 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 functionality,

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, cardio-

myocytes treated with BH3 mimetics show a mild dose-dependent activation of caspase-3 that was in-

hibited 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 blocked by this necrosis inhibitor? Mitochondrial disruption induced by BH3mimetics may

Figure 7. Long-term MCL-1 Inhibition Causes Defects in Functionality and Mitochondrial Morphology of hiPSC-CMs

(A–E) 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 h following each treatment for 5 min, 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 versus S63845, y = DMSO versus Combination, # = S63845 versus ABT-199, z = S63845 versus Combination, d = ABT-199

versus 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 G SEM.

(F–I) Mitochondria and F-actin were imaged at the end of the treatment paradigm in Figures 6A–6E. Representative images are shown of cells treated with

DMSO (F), 100 nM S63845 (G), 100 nM ABT-199 (H), and 100 nM S63845 + 100 nM ABT-199 (Combination) (I). Scale: 10 mm. See also Figure S6.
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cause increased oxidative stress that results in the loss of function and viability of cardiomyocytes. This is in

agreement with a previous report (Thomas et al., 2013) that demonstrated the induction of necrosis in

Mcl-1-deficient murine hearts. The data in this study showed that Mcl-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 mo-

lecular mechanisms behind this phenotype.

MCL-1 inhibition also caused cardiomyocyte death in hormone-matured cells (Parikh et al., 2017).

Although apoptosic sensitivity has been shown to decrease throughout development (Wright and Desh-

mukh, 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 dy-

namics 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 cardiomyo-

cytes mature. Although previous studies reported limited effects of S63845 on 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). Although this study did

not report significant effects to the heart of humanized mice treated with S63845, the potential interac-

tions 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) sug-

gest 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 (Rasmus-

sen et al., 2018), which is likely associated with changes in metabolism to support cell-type-specific

processes (Folmes et al., 2016). Because mitochondrial morphology is tightly coupled to metabolic adap-

tations, 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 con-

trol 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 for

hiPSC-CM viability and contractility, which could be linked to MCL-1’s nonapoptotic 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 used in this study 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). Although effective in generating ‘‘matured’’ T-tubule struc-

tures, we did not fully evaluate other traits of cardiomyocyte maturation. Thus, our study could be comple-

mented by other approaches to achievemyocyte maturation (e.g. altering themetabolic 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.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information Titles and Legends 

 

Figure S1: Corresponding to Figure 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 ±SEM. (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.  

 

Figure S2: Corresponding to Figure 2. (A) hiPSC-CMs were plated on a CytoView MEA plate 

(Axion Biosystems) and treated with QVD and vehicle (DMSO), 0.5 μM AMG-176, or 0.5 μM 

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 μM AMG-176 or 2 μM AZD5991 have myofibrils that are unorganized and poorly defined 

Z-lines when compared to controls. Scale: 5 μm. 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. 

 

Figure S3: Corresponding to Figure 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 α-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. The area around the nucleus was 

avoided for all quantification purposes. Scale: 20 μm. 

 

Figure S4: Corresponding to Figure 4. (A) Schematic of DRP-1 knockdown experiment 

followed by photo-conversion of mito-tdEos corresponding to Figure 4E-F. (B) Representative 



Western blot showing knockdown of DRP-1 compared to control siRNA corresponding to Figure 

4E-F. 

 

Figure S5: Corresponding to Figure 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 0 baseline. 

Graphs represent mean ±SEM and experiments were performed in 4 independent replicates. (C) 

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. 

 

Figure S6: Corresponding to Figure 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 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, ‡ = 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. Error bars indicate 

±SEM. (F-I) Mitochondria and F-actin were imaged at the end of the treatment paradigm in Figure 

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 S63845 + 100 nM ABT-199 (Combination) (I). Scale: 10 μm. 

 



Figure S7: Corresponding to Figure 1- Figure 7. Main findings in the study. 
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Materials and Methods 

 

Cell Culture 

Human induced pluripotent stem cell-derived cardiomyocytes (iCell Cardiomyocytes2) 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% CO2 

and fed every other day with iCell Cardiomyocyte Maintenance medium (Cellular Dynamics 

International #M1003). For knockdown experiments, wells were coated with 5 μg/mL fibronectin 

(Corning #354008) 1 hour prior to plating. For functional experiments using the Axion bioanalyzer, 

cells were plated on 50 μg/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 μg/mL fibronectin. For live-cell imaging, cells were 

maintained at 37°C with 5% CO2 in a stage top incubator (Tokai Hit). To account for batch effects, 

at least two different vials of iCell Cardiomyocytes2 were used to replicate each experiment. 

Human induced pluripotent stem cells (hiPSC) 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% 

CO2 and received fresh medium daily. 

hiPSC-derived cardiomyocytes (hiPSC-CMs) used in Figure 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 µM CHIR99021. On day 2, the media 



was changed to M1. On day 3, cells were treated with 5 µM 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 uM 

Dexamethasone (Cayman) (Parikh et al., 2017). Media was changed every other day until day 

30. For experiments in Figure 5, data was collected from at least three separate differentiations. 

 

Cell Treatments 

All treatments were added directly to cells in maintenance medium. The pan-caspase inhibitor Q-

VD-OPh (SM Biochemicals #SMPH001) was added to cells at a concentration of 25 µM. 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 (#SC222053A) was purchased from Santa Cruz Technologies and added to cells 

at a concentration of 10 µM. All stock solutions were prepared in DMSO. H2O2 solution (#H1009) 

was purchased from Sigma and added to cells at 10 µM in sterile water.  

 

RNAi and Plasmid Transfection  

Commercially available siRNAs targeting DRP-1 (DNM1L) (Thermo Fisher Scientific #AM51331, 

ID19561) and MCL-1 (Thermo Fisher Scientific #4390824, IDs8583) were used to generate 

transient knockdowns in hiPSC-CMs. Cells were seeded at 50,000 cells per well in a 96-well plate 

coated with 5 μg/mL fibronectin. Cells were transfected as per the manufacturer protocol using 

either TransIT-TKO Transfection Reagent (Mirus Bio #MIR2154) or RNAiMax (Thermo Fisher 

Scientific #13778075) in iCell maintenance media containing 25uM Q-VD-OPh (QVD). 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 25uM QVD. Cells were lysed 

for Western blot or re-plated on glass-bottom 35 mm dishes and fixed for analysis by 



immunofluorescence. Silencer Select Negative Control No. 1 (Thermo Fisher Scientific # 

4390843) was used as a control.  

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 imaged.  

 

Immunofluorescence  

For immunofluorescence, 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 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. 

 

Membrane fractionation  

Cells 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) 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 below. 

 



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 Western blotting 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 α-Tubulin (Sigma # 05-829). 

 

Impedance assays  

The Axion Biosystems analyzer was used to measure contractility and impedance in iPSC-CMs. 

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% CO2. 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 μV 

Min. Beat Period 250 ms 

Max. Beat Period 5 s 

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 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 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 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, followed by addition of fresh media and 

inhibitors or H2O2 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 μL) and plates were 



incubated at 37°C and 5% CO2 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 μM 

oligomycin, 0.5 μM FCCP, and 0.5 μM rotenone. 

 

Proximity Ligation Assay (PLA) 

Cells were plated onto fibronectin-coated 8-chamber MatTek glass slides (#CCS-8) 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 #DUO92014) 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.  

 

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 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.  

 

Image acquisition 

Super-resolution images for Figures 1 and 2 were acquired using a GE DeltaVision OMX 

microscope equipped with a 1.42 NA 60X Oil objective and a sCMOS camera. Super-resolution 

images for Figures 1, 2, 7, S2 and S6 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 4, S3 

and S6 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 Nikon Eclipse Ti-E spinning disk confocal microscope equipped 

with a 1.40 NA 60X Oil objective and an Andor DU-897 EMCCD camera. 

 

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 was excluded for two-way ANOVA in Figure 2B-C and E-F, since this time-point was 

not recorded for ABT-199; likewise, ABT-199 was excluded from analysis in Figure 2D. 

For PLA experiments, 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.  

 
Key Resources Table 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-mitochondria [113-1] Abcam Cat#Ab92824 

RRID:AB_10562769 
Mouse anti-mtCO2 Abcam Cat#Ab110258; 

RRID:AB_10887758 
Alexa Fluor-488 Phalloidin Thermo Fisher Scientific  Cat#A12379 



Alexa Fluor-488  Thermo Fisher Scientific Cat#A11008, 
RRID:AB_143165 

Alexa Fluor-568 Thermo Fisher Scientific Cat#A1101; 
RRID:AB_143157 

Rabbit anti-pDRP-1 S616 Cell Signaling Technologies Cat#3455S; 
RRID:AB_2085352 

Rabbit anti-DRP-1 Cell Signaling Technologies Cat#8570S; 
RRID:AB_10950498 

Rabbit anti-pDRP-1 S616 Cell Signaling Technologies Cat#4494; 
RRID:AB_11178659 

Rabbit anti-OPA1 Cell Signaling Technologies Cat#67589S; 
RRID:AB_2799728 

Rabbit anti-MCL-1 Cell Signaling Technologies Cat#94296S; 
RRID:AB_2722740 

Rabbit anti-Tom20 Cell Signaling Technologies Cat#42406S; 
RRID:AB_2687663 

Rabbit anti-VDAC Cell Signaling Technologies Cat#4866T; 
RRID:AB_2272627 

Mouse α-Tubulin Millipore Cat#05-829; 
RRID:AB_310035 

Mouse anti-MCL-1  Proteintech Cat#66026-1-Ig; 
RRID:AB_11041711 

Chemicals, Peptides, and Recombinant Proteins 
Fibronectin Corning Cat#354008 
CHIR 99012 GSK-3α and GSK-3β inhibitor Selleck Chemicals Cat#S1263 
IWR-1 tankyrase inhibitor Sigma  Cat#I0161 
S63845 MCL-1 inhibitor derivative Joseph Opferman, St. 

Jude’s Children Hospital 
N/A 

Q-VD-OPh pan-caspase inhibitor SM Biochemicals Cat#SMPH001 
ABT-199 BCL-2 inhibitor  Active Biochemicals Cat#A-1231 
TransIT-TKO Transfection Reagent Mirus Bio Cat#MIR2154 
Lipofectamine RNAiMax Transfection Reagent Thermo Fisher Scientific Cat#13778075 
Silencer Select Negative Control No. 1 Thermo Fisher Scientific  Cat#4390843 
Viafect transfection reagent Promega Cat#E4981 
AZD5991 MCL-1 inhibitor  ChemieTek Cat#CT-A5991 
AMG-176 MCL-1 inhibitor  ChemieTek Cat#CT-AMG176 
IM-54 necrosis inhibitor Santa Cruz Biotechnology  Cat#SC222053A 
Hydrogen peroxide solution Sigma Cat#H1009 
Critical Commercial Assays 
DuoLink Proximity Ligation Assay Sigma Cat#DUO92014 
Seahorse XF Cell Mito Stress Test Kit Agilent Cat#103015-100 
Caspase-Glo 3/7 Assay Promega Cat#8091 
CellTiter-Blue Cell Viability Assay Promega Cat#8081 
Experimental Models: Cell Lines 
Human: iCell Cardiomyocytes2, iPSC-derived 
cardiomyocytes 

Cellular Dynamics 
International 

Cat#CMC-100-012-000.5 

Oligonucleotides 
siRNA targeting DRP-1 Thermo Fisher Scientific Cat#AM51331 ID19561 
siRNA targeting MCL-1 Thermo Fisher Scientific Cat#4390824, IDs8583 
Recombinant DNA 



Plasmid encoding mito-tdEos (tdEos-Mito-7) Addgene 
Shtengel et al., 2009 

Cat#57644; 
RRID:Addgene_57644 
 

Plasmid encoding GCaMP (pCMV-GCaMP5G) Addgene 
Akerboom et al., 2012 

Cat#31788, 
RRID:Addgene_31788 

Software and Algorithms 
Maestro Pro firmware version 1.5.3.4 Axion Biosystems https://www.axionbiosyst

ems.com/applications/ca
rdiac-activity 

Fiji Schindelin et al., 2012 https://imagej.net/Fiji 
GraphPad Prism v8.1.2 GraphPad https://www.graphpad.co

m/scientific-
software/prism/ 

NIS-Elements AR Nikon https://www.nikon.com/pr
oducts/microscope-
solutions/lineup/img_soft/
nis-elements/ 

Other 
iCell Cardiomyocyte maintenance medium Cellular Dynamics 

International 
Cat#M1003 

NucLight Rapid Red Reagent Essen Bioscience Cat#4717 
MitoTracker Red CMXRos  Thermo Fisher Scientific Cat#M7512 
Incucyte S3 live cell imaging system Essen Bioscience Cat#4763 
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CytoView MAESTRO Pro MEA system Axion Biosystems N/A 
Promega GloMax luminometer Promega N/A 
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Seahorse XFe96 Extracellular flux assay kits Agilent Cat#102601-100 
Seahorse XFe96 Analyzer Agilent N/A 
Seahorse XF DMEM medium pH 7.4   Agilent Cat#103575-100 
Seahorse XF 1.0 M glucose solution Agilent Cat#103577-100 
Seahorse XF 100mM pyruvate solution Agilent Cat#103578-100 
Seahorse XF 200 mM glutamine solution  Agilent Cat#103579-100 
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