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Inhibition of mTOR Signaling Enhances
Maturation of Cardiomyocytes Derived From
Human-induced Pluripotent Stem Cells via

p53-Induced Quiescence

BACKGROUND: Current differentiation protocols to produce cardiomyocytes
from human induced pluripotent stem cells (iPSCs) are capable of generating
highly pure cardiomyocyte populations as determined by expression of
cardiac troponin T. However, these cardiomyocytes remain immature, more
closely resembling the fetal state, with a lower maximum contractile force,
slower upstroke velocity, and immature mitochondrial function compared
with adult cardiomyocytes. Immaturity of iPSC-derived cardiomyocytes may
be a significant barrier to clinical translation of cardiomyocyte cell therapies
for heart disease. During development, cardiomyocytes undergo a shift from
a proliferative state in the fetus to a more mature but quiescent state after
birth. The mechanistic target of rapamycin (mTOR)-signaling pathway plays
a key role in nutrient sensing and growth. We hypothesized that transient
inhibition of the mTOR-signaling pathway could lead cardiomyocytes to a
quiescent state and enhance cardiomyocyte maturation.

METHODS: Cardiomyocytes were differentiated from 3 human iPSC
lines using small molecules to modulate the Wnt pathway. Torin1 (0

to 200 nmol/L) was used to inhibit the mTOR pathway at various time
points. We quantified contractile, metabolic, and electrophysiological
properties of matured iPSC-derived cardiomyocytes. We utilized the small
molecule inhibitor, pifithrin-a, to inhibit p53 signaling, and nutlin-3a, a
small molecule inhibitor of MDM2 (mouse double minute 2 homolog) to
upregulate and increase activation of p53.

RESULTS: Torin1 (200 nmol/L) increased the percentage of quiescent cells
(G, phase) from 24% to 48% compared with vehicle control (P<0.05).
Torin1 significantly increased expression of selected sarcomere proteins
(including TNNI3 [troponin |, cardiac muscle]) and ion channels (including
Kir2.1) in a dose-dependent manner when Torin1 was initiated after onset
of cardiomyocyte beating. Torin1-treated cells had an increased relative
maximum force of contraction, increased maximum oxygen consumption
rate, decreased peak rise time, and increased downstroke velocity. Torin1
treatment increased protein expression of p53, and these effects were
inhibited by pifithrin-a.. In contrast, nutlin-3a independently upregulated p53,
led to an increase in TNNI3 expression and worked synergistically with Torin1
to further increase expression of both p53 and TNNI3.

CONCLUSIONS: Transient treatment of human iPSC-derived
cardiomyocytes with Torin1 shifts cells to a quiescent state and enhances
cardiomyocyte maturity.

Circulation. 2020;141:285-300. DOI: 10.1161/CIRCULATIONAHA.119.044205

Jessica C. Garbern, MD,
PhD

Aharon Helman, PhD

Rebecca Sereda, BA

Mohsen Sarikhani, PhD

Aishah Ahmed

Gabriela O. Escalante

Roza Ogurlu, BS

Sean L. Kim, BS

John F. Zimmerman, PhD

Alexander Cho, BS

Luke MacQueen, PhD

Vassilios J. Bezzerides,
MD, PhD

Kevin Kit Parker, PhD

Douglas A. Melton, PhD

Richard T. Lee, MD

Key Words: induced pluripotent stem
cells m MTOR protein ® myocytes,
cardiac ® stem cells ® troponin |

Sources of Funding, see page 299
© 2019 American Heart Association, Inc.

https://www.ahajournals.org/journal/circ

January 28,2020 285



=
S
<
=
Ll
7]
Ll
=
—
=
=
=
=
S

0202 ‘g Jequadaq uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Garbern et al

Clinical Perspective
What Is New?

e Inhibition of mechanistic target of rapamycin
(mTOR) enhances maturation of human stem cell-
derived cardiomyocytes.

¢ Upregulation of p53 with downregulation of mTOR
leads to cellular quiescence.

¢ Induction of cellular quiescence may facilitate car-
diomyocyte maturation.

What Are the Clinical Implications?

¢ Inadequate maturation of stem cell-derived cardio-
myocytes is a major barrier to clinical translation,
possibly contributing to increased risk of ventricular
arrhythmias.

e The mTOR inhibitor, Torin1, promotes maturation
of human stem cell-derived cardiomyocytes.

e Further testing will be necessary to evaluate
whether delivery of Torin1-treated cardiomyocytes
reduces the risk of ventricular arrhythmias.

tent stem cells (iPSCs) are capable of producing

highly pure cardiomyocyte populations as de-
termined by expression of cardiac troponin.' However,
these protocols produce immature cardiomyocytes that
more closely resemble the fetal state, with less orga-
nized sarcomere structure, lower maximum contractile
force, slower upstroke velocity, higher resting potential,
absent T-tubules, and continued reliance on glycolysis
as the primary energy source.? Notably, delivery of im-
mature embryonic stem cell-derived cardiomyocytes to
large animal models (macaque monkeys or Yorkshire
pigs) leads to an increased risk of potentially life-threat-
ening ventricular arrhythmias compared with vehicle
control.># Inadequate maturation of stem cell-derived
cardiomyocytes is a major barrier to clinical translation
of cell therapies for heart disease.

Previous approaches to enhance maturation of stem
cell-derived cardiomyocytes have had limited success.
Bioengineered substrates,®> prolonged time in culture,?
external pacing,®” coculture,® mechanical stimulation,®
and bioactive molecules such as triiodothyronine,™
glucocorticoids,” or fatty acids' have shown some
improvement in maturation. However, the underlying
molecular mechanisms leading to enhanced cardio-
myocyte maturation remain unclear. Aberrant upregu-
lation of HIF1Ta (hypoxia-inducible factor-1a) signaling
seen in the context of high glucose—containing media
may result in cardiomyocyte immaturity.'® This suggests
that a nutrient sensor may be responsible for initiation
of cardiomyocyte maturation.

At birth, mammals undergo significant physiologic
changes, as the newborn adapts from deriving oxygen

H uman embryonic stem cells or induced pluripo-
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and nutrients from the placenta to deriving oxygen via
spontaneous respiration and nutrition via enteral feed-
ing. The underlying molecular mechanisms by which
these physiologic changes regulate cardiac phenotype
remain unclear. In mice, cardiomyocytes retain the
ability to regenerate after myocardial injury in the first
few days after birth.’* However, beyond this period,
cardiomyocytes exit the cell cycle and become quies-
cent.” Although quiescent cells are not actively prolif-
erating, cells are far from dormant in this state—rather,
cells retain metabolic and transcriptional activity.'® This
quiescent period coincides with increased maturation
of cardiomyocytes, with a more organized sarcomere
structure, prolongation of the action potential duration
and a shift from glycolysis to fatty acid oxidation.™

The mechanistic target of rapamycin (mTOR) is a cen-
tral regulator of growth and metabolism."” mTOR serves
as a nutrient sensor that can stimulate cell proliferation
and can act as metabolic switch between glycolysis and
oxidative phosphorylation.’® The mTOR protein forms
complexes with other proteins to form mTOR complex
1 (MTORC1) or mTOR complex 2 (mTORC2), each of
which serves complementary, or at times competing,
purposes.!” The mTOR system is also important in de-
termining whether cells exiting the cell cycle proceed
to quiescence versus senescence, a state of irreversible
cell cycle arrest associated with aging.'® Cell cycle ar-
rest without accompanying inhibition of mTOR leads
to senescence, while cell cycle arrest with concomitant
mTOR inhibition leads to quiescence.’?° mTOR has also
been shown to regulate maturation of other cell types,
including pancreatic 8 cells,?" erythroid cells,?? and nat-
ural killer cells.?® In the heart, mTOR signaling has been
shown to regulate cardiac hypertrophy,?* and deletion
of mTOR from cardiomyocytes leads to cardiomyocyte
apoptosis during development.?> However, whether
and how mTOR regulation affects maturation of car-
diomyocytes is not well understood.

mTOR is inhibited by the small molecule rapamycin."’
Rapamycin enhances cardiomyocyte differentiation ef-
ficiency when used before differentiation and during
early differentiation by reducing p53-dependent apop-
tosis.26 Rapamycin predominantly inhibits mTORC1, al-
though rapamycin can have some inhibitory effect on
mTORC2 when used chronically.?” In contrast, the dual
mTORC1/2 inhibitor, Torin1, has an acute inhibitory ef-
fect on both mTORC1 and mTORC2, and also has a
more complete inhibitory effect on phosphorylation
of the translation initiation factor 4E-BP1 (eukaryotic
translation initiation factor 4E-binding protein 1) than
rapamycin.?2% 4E-BP1 can interact in crosstalk with the
cell cycle regulator, p53, an important mediator direct-
ing cellular quiescence.?® We tested the hypothesis that
transient inhibition of the mTOR pathway with Torin1
leads to cellular quiescence and enhances maturation
of iPSC-derived cardiomyocytes.
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020z ‘g Jequiedaq uo Aq Blo'sfeulnofeye;/:dny woly papeojumod

Garbern et al

METHODS

An expanded Methods section is available in the online-only
Data Supplement. The data that support the findings of this
study are available from the corresponding author upon rea-
sonable request.

Cell Lines

The BJRIPS-A (BJ fibroblast-derived RNA-induced pluripotent
stem cell line A; Harvard Stem Cell Institute), UCSD142i-86-1
iPS (Dr. Kelly Frazer, University of California San Diego, dis-
tributed by WiCell), and the commercially-available Gibco
episomal-derived iPS (ThermoFisher) cell lines were used
in this study. Additional details are in the Methods section
of the online-only Data Supplement. Key experiments were
performed in all 3 cell lines to confirm reproducibility. The
Institutional Review Board at Harvard University reviewed our
use of human materials in this study and provided a determi-
nation of not human subjects research. The UCSD142i-86-1
and Gibco episomal iPSC lines are deidentified; they were
originally derived from tissue samples obtained with informed
consent. The providers stated they will not share identifiable
information about the donors of these materials. The BJRIPS-A
line was derived from the BJ fibroblast line, originally derived
from discarded tissue and deposited into ATCC for broad dis-
tribution in 2000. There was no consent form for this mate-
rial as it was collected before it became common practice to
require informed consent for use of discarded human tissues.
The BJ fibroblast line has been completely stripped of identi-
fiers, and there is no link between sample and donor.

Differentiation of Induced Pluripotent

Stem Cell Derived-Cardiomyocytes

Cells were differentiated according to the protocol previously
described by Lian et al' with some modifications (Figure 1A,
additional details in Methods section of the online-only
Data Supplement). Beating cardiomyocytes were treated
with Torin1 (200 nmol/L, unless otherwise noted) or vehicle
(0.02% dimethylsulfoxide [DMSQ]) beginning =2 days after
onset of beating for 7 days (media changed with fresh Torin1
or DMSO every 2 to 3 days), unless otherwise noted.

Quantitative Reverse Transcriptase

Polymerase Chain Reaction

RNA was extracted from cells using RiboZol (VWR) fol-
lowed by the E.Z.N.A. Total RNA | kit (Omega), then reverse
transcribed to cDNA with the High Capacity cDNA Reverse
Transcription kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Quantitative polymerase chain
reaction was performed using the iTag Universal SYBR Green
Supermix (Bio-Rad; Table I in the online-only Data Supplement
lists primer pairs).

Western Analysis

Western analysis was performed according to methods
described in the Methods section of the online-only Data
Supplement. Table Il in the online-only Data Supplement lists
primary and secondary antibodies used.

Circulation. 2020;141:285-300. DOI: 10.1161/CIRCULATIONAHA.119.044205
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Flow Cytometry

Flow cytometry was performed according to methods
described in the Methods section of the online-only Data
Supplement. For cell cycle analysis, Hoechst 33342 (2 pg/
mL) and pyronin Y (4 pg/mL) staining was used to distinguish
between cells in G,, G,, and S-G,-M phases.?' For other analy-
ses, Table Il in the online-only Data Supplement lists primary
and secondary antibodies used. Data were acquired via a BD
LSRIl instrument and analyzed using FlowJo software.

Immunocytochemistry

Immunostaining was performed as described in the Methods
section of the online-only Data Supplement. Table Il in the
online-only Data Supplement lists primary and secondary
antibodies used. Cells were visualized with a Zeiss LSM700
confocal microscope.

Muscular Thin Films

Gelatin muscular thin films (MTFs) were prepared as pre-
viously described, and further details are provided in the
Methods section of the online-only Data Supplement.3? In
brief, micromolded gelatin MTFs were prepared on glass
coverslips then seeded with vehicle- or Torin1-treated
iPSC-derived cardiomyocytes. A MyoPacer Cell Stimulator
(lonOptix) was used to pace MTFs. The modified Stoney
equation was used to calculate force for each MTF using
the radius of curvature, thickness, and elastic modulus.?
The relative maximum systolic force was normalized to con-
trol for each batch.

Seahorse Mito Stress Test

The Seahorse XFe96 Analyzer (Agilent) was used to assess
metabolic activity of differentiated cardiomyocytes according
to the manufacturer’s instructions (additional details available
in the Methods section of the online-only Data Supplement).
The XF Cell Mito Stress Test Kit was used according to the
manufacturer’s instructions. Oxygen consumption rate values
were normalized to baseline values for each well.

Mitochondrial DNA to Nuclear DNA Ratio

The mitochondrial DNA to nuclear DNA ratio was quanti-
fied with quantitative polymerase chain reaction. DNA was
extracted from cardiomyocytes using the PureLink genomic
DNA mini kit (Invitrogen). Primers for DNA to mitochon-
drial gene ND1 (nicotinamide adenine dinucleotide dehy-
drogenase 1) and nuclear gene lipoprotein lipase gene
(LPL) were used.

MitoTracker and MitoProbe JC-1 Assays
Live iPSC-derived cardiomyocytes were stained using
MitoTracker Green FM (Invitrogen) or the MitoProbe JC-1
assay kit (Invitrogen) according to the manufacturer’s
instructions. Cells were evaluated by flow cytometry and
mean fluorescence intensity (MFI) of all live cells was quan-
tified. For JC-1, the ratio of red to green MFI for vehicle
versus Torin1-treated cells was quantified and normalized
to control.

January 28,2020 287

10114V

(=)
=)
=
F—
=
=
=
m
(7]
m
=
=
()
=




=
S
<
=
Ll
7]
Ll
=
—
=
=
=
=
S

0202 ‘g Jequadaq uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Garbern et al Torin1 Enhances Cardiomyocyte Maturation

A B
Plate ~Beating ] Torin1 (200 nM)
cells begins Time (hr) 005 2 4 10 24 48

| | 0SBk — 37 kDa
D-4 D-3 DO D2 D4 D7 D9 D11 D14 D16 D18
— 25kDa

| | | | | | |
— 75 kDa
StemFlex RPMI 1640 + B27 RPMI + B27 + insulin pAkt _

+ ascorbic acid
CHIR
ﬂ 99021 IWP4

Torin1 (200 HM) GAPDH

c D E _3,
5x10° ) 82 [ Control (DMSO)
Torin1 treatment -0= Control 1 a g i B Torin (200 nM)
a1 starting day 9 . gs
= -= Torin1(200nM) =% g
£ s 5% H
13
3 g2 15
S ar® E‘s E3
3 53 g3
%108 = B
© E
x s
i T P Y Y Y I TR
o - R T T O ERSERIUE328%285
" _— FTa-=-—-Tsugoo00o
Day of differentiation S8og O0O0O0
BEEE
oo
opo
Quiescence Proliferation
F G
B : 5 isd il
Control (vehicle) 10 nM Torin1 200 nM Torin1 M —
) 60= ey ey
=1 G, 7 — — 3 Control
1 0, i
e L 48% 28 3 10 nM Torin
o J 'E_é 40+ Il 200 nM Torin1
£ Z
>l 2E
L]
£ ik
2 =1 °'%
2 Gy 22% =
S L - 3 I
)H o h th33;12 i S -
oechs N 2 N
& © e o
g &
Cell cycle phase
H |

[ Torint (200 nM)
B Torint (200 nM) then 10% FBS

[ Control (DMSO)
Bl Control (DMSO) then 10% FBS

MEITE
-
[ g

% of cells in phase
(out of live TNNT2+ cells)
)
T F TFTF

% of cells in phase
(out of live TNNT2+ cells)

[
G J

& & 4

Cell cycle phase Cell cycle phase

Figure 1. Torin1 treatment increases cellular quiescence of induced pluripotent stem cell (iPSC)-derived cardiomyocytes (CMs).

A, Schematic of differentiation protocol, with Torin1 treatment performed for 7 days starting =2 days after onset of beating, unless otherwise noted. B,
Western analysis of phospho-S6 and phospho-Akt at baseline and 30 minutes and 2, 4, 10, 24, and 48 hours after a single treatment of iPSC-derived CMs
with Torin1 (200 nmol/L), BJRiPS-CMs (BJ fibroblast-derived, RNA-induced pluripotent stem cell-derived cardiomyocytes). C, Cell counts per well of a 12-well
plate during differentiation. Torin1 treatment started on day 9, =2 days after onset of CM beating, BJRiPS-CMs, n=3 per group per time point. D, Percentage of
TNNT2+ CMs out of live cell population by flow cytometry, Gibco iPS-CMs (induced pluripotent stem cell-derived cardiomyocytes), n=3 per condition, n.s. (not
significant) by 1-way ANOVA. E, qPCR of selected quiescence markers (TP53, RB1, RBL2 [p130], CDKN1a [p21], CDKN1b [p27], CDKN2a [p16], and HES1) and
proliferation markers (MKI67, CCNA1, CCNB1, CCNC1, CCND1, CDK3, and E2F1) iPSC-derived cardiomyocytes after treatment with Torin1 (10 nmol/L, 50
nmol/L, or 200 nmol/L) or vehicle control (0.02% DMSO) for 7 days starting ~2 days after onset of beating. n=3 per condition, *P<0.05, ****P<0.001 by mul-
tiple t tests with Holm-Sidak method to compare with control for each gene, BJRiPS-CMs. F, Representative flow cytometry plots of iPSC-derived CMs stained
with Hoechst 33342 and Pyronin Y to distinguish between GO, G1, and $/G2/M phases in control, 10 nmol/L Torin1-treated, or 200 nmol/L Torin1-treated cells,
Gibco iPS-CMs. G, Percentage of TNNT2+ cardiomyocytes in G, G,, or S/G,/M phases after Torin1-treatment (200 nmol/L) for 1 week starting =2 days after
onset of beating. n=3 per condition, ***P<0.001, ****P<0.0001 by 2-way ANOVA with Tukey multiple comparisons test, Gibco iPS-CMs. H, Percentage of
TNNT2+ CMs in G, G,, or S/G,/M phases in control CMs after 0.02% DMSO-treatment for 1 week starting =2 days after onset of beating followed by 10%
FBS or no serum control. n=3 per group, **P<0.01 by 2-way ANOVA with Sidak multiple comparisons test, Gibco iPSC-CMs. (Continued)
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Voltage Analysis With Vala Kinetic Image

Cytometer

Voltage analysis was performed with the FluoVolt Membrane
Potential Kit (Thermo) and an IC200 Kinetic Image Cytometer
(Vala) with CyteSeer automated image analysis software
(Vala) as described in Supplemental Methods. Voltage analy-
sis was performed using the CyteSeer image analysis software
to quantify peak rise time, CTD25 (25% duration of the cal-
cium transient, or duration at 25% decline from maximum
amplitude), CTD75 (75% duration of the calcium transient, or
duration at 75% decline from maximum amplitude, T75-25
(time for voltage to decay from 75% to 25% of maximum),
and downstroke velocity.>*

NanoString Analysis

We performed gene expression analysis using NanoString
technology per the manufacturer’s instructions as described
in the Methods section of the online-only Data Supplement.
We selected the nCounter PanCancer Pathways Panel to pro-
vide a multiplex analysis of 770 genes in pathways associated
with cell cycle regulation, metabolism, quiescence, and senes-
cence. After completion of 7 days of treatment with Torin1
or DMSO, we added 10% fetal bovine serum (FBS) to half of
the wells per treatment group for 4 days. Samples were pro-
cessed on the NanoString prep station, then imaged with the
nCounter instrument (NanoString Technologies).

Statistics

Data are expressed as mean+SEM unless noted otherwise.
Data were analyzed using GraphPad Prism software. Normally
distributed data were evaluated with a Student unpaired t
test, 1-way ANOVA, or 2-way ANOVA as appropriate. Data
not normally distributed were analyzed with the Kruskal-
Wallis test as appropriate. NanoString data were evaluated
using nSolver software with the Advanced Analysis Module
2.0 and open source R with unpaired t tests to evaluate
expression analyses using the Benjamini-Yekutieli method to
control for false discovery rate. Tests were considered statisti-
cally significant for P<0.05.

RESULTS

Dual mTORC1/2 Inhibition With Torin1
Leads to Cellular Quiescence

We transiently inhibited mTOR at different phases of
differentiation and at different concentrations of Torin1
(0 to 200 nmol/L) and then evaluated the effect on cell
cycle state and cardiomyocyte purity. Based on results
from these protocol optimization steps, for the majority
of subsequent experiments, we treated cells with 200

Torin1 Enhances Cardiomyocyte Maturation

nmol/L Torin1 versus vehicle (0.02% DMSO) for 7 days
with treatment beginning ~2 days after onset of beat-
ing (Figure 1A) unless noted otherwise.

When administered to differentiated cardiomyocytes,
treatment with Torin1 led to acutely decreased phosphor-
ylation of both S6K and Akt, demonstrating its down-
stream effects on both mTORC1 (S6K) and mTORC2 (Akt;
Figure 1B). We observed recovery of the phosphorylated
state for S6K, but not Akt, within 2 days after a single
treatment with Torin1, suggesting that repeated treat-
ment may be necessary to maintain mTORC1 inhibition
(Figure 1B). There was a nonsignificant trend toward de-
creased absolute numbers of cells per well and increased
purity of TNNT2+ cells with Torin1 treatment (Figure 1C
and 1D, respectively). We observed a significant decrease
in cyclin C1 and E2F1 proliferative markers and nonsig-
nificant trends toward increased expression of quiescence
markers including p16 and p130 (Figure 1E).

Treatment of beating cardiomyocytes with Torin1 led
to an increase in quiescent (G ) cells from 24% to 48%
and a decrease in G, cells from 47% to 27% versus
vehicle control (representative flow cytometry plots in
Figure 1F, analysis in Figure 1G). Because of concern
that cell cycle analysis by flow cytometry may be sub-
ject to selection bias from dissociation or have false
positives attributable to changes in DNA/RNA content
with maturation, we also performed immunostaining
for proliferative markers Ki67 and phosphohistone H3
(pH3) in the original 12-well culture plate. Torin1 treat-
ment significantly decreased the percentage of Ki67+
cardiomyocytes, but did not change the percentage
of pH3+ cardiomyocytes versus control (Figure | in the
online-only Data Supplement). Stimulation with 10%
FBS for 48 hours starting 2 days after completion of
Torin1 treatment resulted in a significant decrease in
the percentage of Torin1-treated cells in G, (Figure 1I),
but not control (Figure 1H), showing that at least some
Torin1-treated cells still retain the ability to re-enter the
cell cycle with appropriate stimulation and have not en-
tered cellular senescence or deeper quiescence.

Dual Inhibition of mTORC1/2 With

Torin1 During Late Differentiation
Enhances Contractility of iPSC-Derived
Cardiomyocytes

Torin1 treatment trended toward increased expression

of MYH6, MYH7, TNNT2 mRNA, and significantly in-
creased TNNI3 mRNA expression in a dose-dependent

Figure 1 Continued. I, Percentage of TNNT2+ CMs in G, G,, or S/G,/M phases after Torin1-treatment (200 nmol/L) for 1 week starting ~2 days after onset of
beating followed by 10% FBS or no serum control. n=3 per group, **P<0.01 by 2-way ANOVA with Sidak multiple comparisons test, Gibco iPSC-CMs. CCNA1
indicates cyclin AT; CCNB1, cyclin B1; CCNC1, cyclin C1; CCND1, cyclin D1; CDK3, cyclin dependent kinase 3; CDKN1a, cyclin dependent kinase inhibitor 1a; CD-
KN1b, cyclin dependent kinase inhibitor 1b; CDKN2a, cyclin dependent kinase inhibitor 2a; DMSO, dimethylsulfoxide; E2F1, E2 factor transcription factor 1; FBS,
fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HES1, hairy and enhancer of split 1 (also known as Hes family basic helix loop helix
[BHLH] transcription factor 1); IWP-4, inhibitor of Wnt production-4; MKI67, marker of proliferation Ki-67; RB1, retinoblastoma transcriptional corepressor 1; RBL2,
retinoblastoma transcriptional corepressor like 2; RI, ROCK (Rho-associated, coiled coil containing protein kinase) inhibitor (Y-27632); RPMI, Roswell Park Memorial

Institute 1640 medium; and TP53, tumor protein p53.
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Figure 2. Torin1 treatment increases expression of sarcomere genes and enhances contractility of induced pluripotent stem cell (iPSC)-derived
cardiomyocytes.

A, gPCR of selected sarcomere genes (MYH6 [myosin heavy chain 6], MYH7 [myosin heavy chain 7], TNNT2 [troponin T2, cardiac type], TNNI3 [troponin I3, cardiac
typel) iPSC-derived cardiomyocytes after treatment with Torin1 (10 nmol/L, 50 nmol/L, or 200 nmol/L) or vehicle control (0.02% DMSO) for 7 days starting =2

days after onset of beating. n=3 per condition, *P<0.05, ****P<0.001 by 2-way ANOVA with Tukey multiple comparisons test, BJRiPS-CMs. B, Representative of
Western blot analysis of TNNT2 and TNNI3 after Torin1 treatment for 7 days starting =2 days after onset of beating, B-tubulin depicted as loading control, Gibco
iPS-CMs (induced pluripotent stem cell-derived cardiomyocytes). C, Mean fluorescence intensity of TNNT2-Alexa Fluor 647 of TNNT2+ cells. n=3 per condition,
**P<0.01, ****P<0.0001 by 1-way ANOVA with Tukey multiple comparisons test, Gibco iPS-CMs. D, Representative image of MTF in diastole and systole, with
schematic of MTF on side view in diastole and systole. E, Representative force vs time plot of MTF seeded with iPSC-derived cardiomyocytes treated with Torin1
(200 nmol/L) or vehicle for 7 days starting =2 days after onset of beating, BJRIPS-CMs. F, Relative maximum systolic force (normalized to control) as quanti-

fied using muscular thin films. n=8 to 9 per group, **P<0.01 by Kruskal-Wallis test, combined from 3 batches of BJRiPS-CMs (2 batches) and Gibco iPS-CMs (1
batch). G, Representative immunostained images showing cardiomyocytes treated with or without Torin1 (200 nmol/L x 7 days), blue=DAPI, green=alpha-actinin,
yellow=F-actin, magenta=TNNT2, BJRiPS-CMs. Scale bar, 10 um. H, Sarcomere length of control (n=13 cells) and Torin1-treated (n=17 cells) BJRiPS-CMs, n.s (not
significant) by unpaired t test. I, Mean fluorescence intensity of TNNT2-Alexa Fluor 647 of TNNT2+ cells after treatment with DMSO x 7 days (control), DMSO x

7 days followed by 10% FBS x 2 days, Torin1 (200 nmol/L) x 7 days, or Torin1 (200 nmol/L) x 7 days followed by 10% FBS x 2 days. n=3 per condition, *P<0.01,
**P<0.0001 by 1-way ANOVA with Sidak multiple comparisons test, UCSD-CMs. DAPI indicates 4/,6-diamidino-2-phenylindol; DMSO, dimethylsulfoxide; FBS, fetal
bovine serum; MTF, muscular thin film; and TBP, TATA-binding protein.
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manner (Figure 2A), although TNNT2 and TNNI3 RNA
levels still remain markedly below that of either fetal or
adult human heart RNA expression levels (Figure 1A and
IIB in the online-only Data Supplement). In addition, To-
rin1 treatment resulted in a dose-dependent increase in
TNNT2 and TNNI3 protein expression by Western analy-
sis (representative blot shown in Figure 2B) and TNNT2
MFI by flow cytometry (Figure 2C). We tested additional
time points for Torin1 treatment and also observed ben-
eficial effects on TNNT2 MFI by flow cytometry when
Torin1 treatment was shorter (5 days treatment; Figure
lll'in the online-only Data Supplement) or later (start-
ing 10 days after initiation of beating; Figure IV in the
online-only Data Supplement); however, for consistency,
we selected a single protocol of 7 days of Torin1 treat-
ment starting =2 days after initiation of beating for the
experiments in this study. We also observed an increase
in TNNI1 protein levels (Figure 2B; but not RNA levels,
Figure 2A).This isoform of troponin | would be expected
to decrease with cardiomyocyte maturation, however,
given that overall TNNI3 levels are still much below the
level in even a fetal heart, perhaps further increase of all
troponin isoforms are still necessary to achieve improved
maturity. After completion of Torin1 treatment for 1
week, cardiomyocytes were dissociated and reseeded
onto gelatin MTFs to evaluate contractile force (Fig-
ure 2D). MTFs containing Torin1-treated cardiomyocytes
had a nearly 2-fold increase in the relative maximum
systolic force generated versus control (Figure 2F, with
representative force tracing versus time shown in Fig-
ure 2E). Torin1-treated cardiomyocytes exhibited no dif-
ferences in sarcomere length versus control (Figure 2H,
representative images shown in Figure 2G). Interestingly,
the increase in TNNT2 MFI with Torin1 treatment was
reversed by incubation with 10% FBS for 2 days after
completion of Torin1 treatment (Figure 2I), suggesting
that reactivation of mTOR signaling with growth stimuli
can be detrimental to cardiomyocyte phenotype.

Dual Inhibition of mMTORC1/2 With Torin1
During Late Differentiation Enhances
Metabolic Maturation of iPSC-Derived
Cardiomyocytes

Using the Seahorse Mito Stress Test to evaluate mi-
tochondrial function (Figure 3A), we observed a sig-
nificant increase in normalized maximal oxygen con-
sumption rate of Torin1-treated cardiomyocytes versus
control (Figure 3B), suggesting a shift toward oxidative
phosphorylation exhibited by more mature cardiomyo-
cytes. We also observed a trend toward decreased ex-
tracellular acidification rate (Figure VA and VB in the
online-only Data Supplement). This change appears to
be attributable to a decrease in extracellular acidifica-
tion rate from nonglycolytic acidification (Figure VC in
the online-only Data Supplement), such as that which
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can occur with decreased glycogenolysis.>® Unexpect-
edly, we observed a decreased mitochondrial to nuclear
DNA ratio (Figure 3C) and decreased MFI of MitoTrack-
er by flow cytometry (Figure 3D), perhaps reflecting a
state of cellular quiescence. However, we observed a
significant increase in mitochondrial membrane polar-
ization as indicated by an increase in the MitoProbe
JC-1 red:green fluorescence ratio with Torin1 for 1
week (Figure 3E), suggesting that the mitochondria
that are present are more mature. We observed a dose-
dependent increase in MRNA expression of PPARGC 1a
(also known as PGC1a, transcriptional coactivator that
regulates mitochondrial biogenesis and maturation?’)
with Torin1 treatment (Figure 3F). This was accompa-
nied by an increase in mRNA expression of FATP6 (fatty
acid transport protein 6). We did not observe significant
changes in selected mitochondrial genes (Figure VIA
in the online-only Data Supplement) or proteins (Fig-
ure VIB in the online-only Data Supplement), although
we did observe a trend toward increased expression of
fatty acid receptor, CD36, with Torin1 (Figure VIC in the
online-only Data Supplement). We also saw a trend of
increased expression of OPA1 with treatment of fatty
acids; future work should investigate further how To-
rin1 affects fatty acid utilization.

Dual Inhibition of mMTORC1/2 With Torin1
During Late Differentiation Enhances
Expression of Mature lon Channels

and Increases Peak Rise Time and
Downstroke Velocity

Torin1 treatment led to a significant dose-dependent
increase in expression of KCNJ2 (potassium inwardly
rectifying channel subfamily J member 2), CACNAI1c
(calcium voltage-gated channel subunit alpha1 C), RYR2
(ryanodine receptor 2), ATP2A2 ([ATPase sarcoplasmic/
endoplasmic reticulum Ca2+ transporting 2] SERCA2A
[sarcoplasmic/endoplasmic reticulum calcium ATPase
2a]), and SCN5A (sodium voltage-gated channel alpha
subunit 5) mRNA (Figure 4A). There was also a nonsignif-
icant trend of increased HCN4 (potassium/sodium hyper-
polarization-activated cyclic nucleotide-gated channel
4. Figure 4A)—while we would have anticipated that a
more mature nonpacemaker cardiomyocyte would have
lower expression levels of HCN4, the fold-change is still
lower for HCN4 than that seen for other ion channels
tested. We observed the mRNA levels of RYR2 KCNJ2,
and CACNA1c are still well below that found in adult
hearts and RYR2 and KCNJ2 expression levels are also
markedly below fetal heart levels as well (Figure Il in the
online-only Data Supplement). This suggests that all ion
channels still need to increase in expression to achieve
greater maturity. In addition, Torin1 significantly in-
creased MFI of extracellular Kir2.1 (encoded by KCNJ2)
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Figure 3. Torin1 increases oxygen consumption rate and mitochondrial polarization of induced pluripotent stem cell (iPSC)-derived cardiomyocytes.
A, Profile of average oxygen consumption rate normalized to baseline vs time as evaluated by the Seahorse Mito Stress Test. Open circles=control (n=70 wells),
closed squares=Torin1 (69 wells, 200 nmol/L x 7 days; BJRIPS-CMs (BJ fibroblast-derived RNA-induced pluripotent stem cell-derived cardiomyocytes) replated into
Seahorse plate for 24 to 48 hours before assay), data from 2 independent experiments combined. B, Oxygen consumption rate normalized to baseline of control
(open bars, n=70 wells) vs Torin1 (closed bars, n=69 wells) for maximum oxygen consumption rate, respiratory reserve capacity, and nonmitochondrial oxygen con-
sumption rate, *P<0.05, ***P<0.001 by 2-way ANOVA with Sidak multiple comparisons test, BJRiPS-CMs. C, Mean fluorescence intensity of Mitotracker Green
FM of BJRIPS-CMs after treatment with Torin1 (200 nmol/L) or vehicle control (0.02% DMSO) for 7 days starting ~2 days after onset of beating. *P<0.05 by un-
paired t test, n=3 per group, BJRIPS cell line. D, Mitochondrial (ND1 [nicotinamide adenine dinucleotide dehydrogenase 1]) to nuclear (B2M [beta-2-microglobulin])
DNA ratio of BJRIPS-CMs after treatment with Torin1 (200 nmol/L) or vehicle control (0.02% DMSO) for 7 days starting =2 days after onset of beating. *P<0.05

by unpaired t test, n=3 per group, BJRIPS cell line. E, MitoProbe JC-1 relative ratio of red to green fluorescence in BJRiPS-CMs after treatment with Torin1 (200
nmol/L) or vehicle control (0.02% DMSO) for 7 days starting ~2 days after onset of beating, assay run on final day of Torin1 treatment. n=6 per group, **P<0.01
by Kruskal-Wallis test. F, gPCR of selected genes associated with fatty acid metabolism (PPARGC1a [PGC1a], CD36, SLC27A1 [FATP1], SLC27A6 [FATP6], and
LPINT) or glucose metabolism (GLUT1, GLUT4, PFK, and PYGM) of BJRiPS-CMs after treatment with Torin1 (10 nmol/L, 50 nmol/L, or 200 nmol/L) or vehicle
control (0.02% DMSO) for 7 days starting =2 days after onset of beating. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 by 2-way ANOVA with Tukey multiple
comparisons test, n=3 per group. CD36 indicates cluster of differentiation 36; DMSO, dimethylsulfoxide; FCCP, 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinylidene]-
propanedinitrile; LPIN1, lipin 1; PFK, phophofructokinase (muscle); PPARGC1a (PGC1alpha), peroxisome proliferator activated receptor gamma coactivator 1 alpha;
PYGM, glycogen phosphorylase, muscle associated; qPCR, quantitative polymerase chain reaction; SLC27A1, solute carrier family 27 member 1 (also known

as FATP1, fatty acid transporter 1); SLC27A6, solute carrier family 27 member 6 (also known as FATP6, fatty acid transporter 6); SLC2A1, solute carrier family 2
member 1 (also known as GLUT1, glucose transporter 1); SLC2A4, solute carrier family 2 member 4 (also known as GLUT1, glucose transporter 4); and TBP, TATA-
binding protein.
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Figure 4. Torin1 treatment increases expression selected ion channels and increases peak rise time and downstroke velocity of the action potential profile.
A, Quantitative polymerase chain reaction of selected ion channels (KCNJ2, CACNA1c, RY2, ATP2a2, SCN5a, HCN4) of induced pluripotent stem cell-derived
cardiomyocytes after treatment with Torin1 (10 nmol/L or 200 nmol/L) or vehicle control (0.02% DMSO) for 7 days starting =2 days after onset of beating. n=3 per
group, *P<0.05, ****P<0.001 by 2-way ANOVA with Tukey multiple comparisons test, BJRiPS (BJ fibroblast-derived RNA-induced pluripotent stem cell) line. B,
Flow cytometry analysis of mean fluorescence intensity of Kir2.1 (encoded by KCNJ2) after Torin1 treatment for 7 days starting =2 days after onset of beating. n=3
per group, *P<0.01 by unpaired t test, BJRIiPS line. C, Spontaneous beating rate of cardiomyocytes with or without Torin1-treatment, n=6-10 wells per condition,
*P<0.05, ***P<0.001 by 1-way ANOVA with Tukey multiple comparisons test. D, Representative images showing cell segmentation performed automatically by
the CyteSeer software. Blue=Hoechst stain, green=FluoVolt. E, Representative action potential profile depicting a Torin1-treated cardiomyocyte with a more pro-
longed plateau phase vs control. CTD25 (25% duration of the calcium transient, or duration at 25% decline from maximum amplitude), CTD75 (75% duration of
the calcium transient, or duration at 75% decline from maximum amplitude), T75-25 (time for voltage to decay from 75% to 25% of maximum). F, Peak rise time
(msec), ****P<0.0001, UCSD-CMs. G, Downstroke velocity (msec), ****P<0.0001, UCSD-CMs. H, CTD25 time (msec), n.s. (not significant), UCSD-CMs. I, CTD75
time (msec), *P<0.05, UCSD-CMs. J, T75-25 time (msec), ***P<0.001, UCSD-CMs. For Fluovolt data, control n=531 cells, Torin1 n=315 cells, analysis by unpaired
t test. ATP2A2 indicates ATPase sarcoplasmic/endoplasmic reticulum Ca?* transporting 2 (also known as SERCA2A (sarcoplasmic/endoplasmic reticulum calcium
ATPase 2a); CACNA1c, calcium voltage-gated channel subunit alphal C; DMSO, dimethylsulfoxide; HCN4, potassium/sodium hyperpolarization-activated cyclic
nucleotide-gated channel 4; KCNJ2, potassium inwardly rectifying channel subfamily J member 2; RYR2, ryanodine receptor 2; and SCN5A, sodium voltage-gated
channel alpha subunit.
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by flow cytometry (Figure 4B). We observed a decrease
in the spontaneous rate of contraction in Torin1-treated
cells (Figure 4C), which would be expected with increas-
es in Kir2.1 expression, a key ion channel that inhibits
automaticity.*® There may be a different optimal window
of time for Torin1 treatment to affect ion channel expres-
sion versus sarcomere protein expression (Figure lll in the
online-only Data Supplement). Future work should opti-
mize treatment time windows to maximize maturation
for both contractile and electrophysiological properties;
however, in the experiments shown here, we treated all
cells with the same protocol for consistency. The action
potential profile generated using FluoVolt (representative
images showing CyteSeer software cell segmentation in
Figure 4C) showed that Torin1-treated cells generally
had a longer plateau phase and a sharper upstroke and
downstroke (Figure 4E), which is reflected by numerical
parameters, with a significant decrease in peak rise time
(Figure 4F), CTD75 (Figure 4l), and T75-25 time (Fig-
ure 4J), and a significant increase in downstroke veloc-
ity (Figure 4G) with no changes in CTD25 (Figure 4H).
We also observed significant decreases in calcium peak
rise time, peak decay time, and FWHM (full width half

Torin1 Enhances Cardiomyocyte Maturation

maximum) time with Torin1 treatment, with further de-
crease in these parameters with isoproterenol stimula-
tion (Figure VIl in the online-only Data Supplement).

Dual mTORC1/2 Inhibition With Torin1
Enhances Expression of p53 and GATA4
While Inhibiting Expression of p21

We observed a dose-dependent increase in the tumor
suppressor protein and cell cycle regulator, p53 (total
and phosphorylated proteins), and a dose-dependent
decrease in p21 protein expression with Torin1 (Fig-
ure 5A). p53 is known to upregulate p21,%° but p21 can
also be degraded by hypophosphorylated 4E-BP1 in the
context of mTORC1 inhibition.*® Thus, our data suggest
that Torin1 acts to directly decrease levels of p21, which
may lead to a secondary effect of p53 upregulation.
There was also a trend toward increased protein expres-
sion of the cardiac transcription factor GATA4 ([GATA
binding protein 4] but not NKX2.5 [NK2 homeobox
5]) with Torin1 treatment (Figure 5A), consistent with
previous evidence that p53 regulates the cardiac tran-
scriptome.*! We observed that use of pifithrin-a (small
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Figure 5. Torin1 increases p53 expression and effects are inhibited by pifithrin-c.

A, Representative Western blot of p53, phospho-53, p21 (CDKN1a), GATA4, NKX2.5, and f-tubulin from Gibco iPS-CM lysates treated with 0 (DMSO), 10, 50,
or 200 nmol/L Torin1 for 7 days starting ~2 days after onset of beating. Cells harvested on final day of treatment. B, Cell cycle analysis showing percentage

of TNNT2+ BJRiPS-CMs in G, G,, or S/G,/M phases after treatment with vehicle (DOMSO), pifithrin-a (10 pmol/L) for 1 week, Torin1 (200 nmol/L) for 7 days or
simultaneous treatment with pifithrin-a (10 umol/L) and Torin1 (200 nmol/L) for 7 days starting =2 days after onset of beating. n=3 per group, *P<0.05, **P<0.01,
**%P<0.001, ****P<0.0001 by 2-way ANOVA with Tukey multiple comparisons test. C, Representative Western blot of p53, TNNI3, p21, and $-tubulin from
BJRiPS-derived cardiomyocyte lysates treated with control (DMSO), Torin1 (200 nmol/L), pifithrin-a (10 umol/L), or Torin1 (200 nmol/L) + pifithrin-c. (10 pmol/L) for
7 days beginning ~2 days after onset of beating. Cells harvested on final day of treatment. D, Densitometry of TNNI3 bands by Western analysis, n=3 per group,
**P<0.01 by 2-way ANOVA with Tukey multiple comparisons test, BJRiPS-CMs. BJRiPS-CM indicates BJ fibroblast-derived RNA-induced pluripotent stem cell-
derived cardiomyocytes; CDKN1a, cyclin dependent kinase inhibitor 1a; DMSO, dimethylsulfoxide; GATA4, GATA binding protein 4; iPS-CM, induced pluripotent
stem cell-derived cardiomyocyte; NKX2.5, NK2 homeobox 5; and TNNT2, troponin T2, cardiac type.
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Figure 6. Upregulation of p53 with nutlin-3a enhances TNNI3 expression and has a synergistic effect with Torin1.

A, Schematic showing proposed mechanism of cardiomyocyte maturation. T3, triiodothyronine. B, Cell cycle analysis showing percentage of TNNT2+ BJRiPS-CMs
in G,, G,, or S/G,/M phases after treatment with vehicle (DMSO), nutlin-3a (10 umol/L) for 24 hours, Torin1 (200 nmol/L) for 7 days or simultaneous treatment with
nutlin-3a (10 ymol/L for first 24 hours of Torin1 treatment) with Torin1 (200 nmol/L) for 7 days starting =2 days after onset of beating. n=3 per group, *P<0.05,
**%Pp<0.001, ****P<0.0001 by 2-way ANOVA with Tukey multiple comparisons test. C, Representative Western blot of MDM2, p53, TNNI3, and B-tubulin from
BJRiPS-derived cardiomyocyte lysates treated with control (DMSO), nutlin-3a x 24 hours (10 ymol/L), Torin1 x 7 days (200 nmol/L), or Torin1 x 7 days (200 nmol/L)
+ nutlin-3a (10 pymol/L) for 24 hours beginning =2 days after onset of beating (nutlin-3a was only administered during the first 24 hours of Torin1 treatment). Cells
harvested on final day of treatment, BJRiPS-CMs. D, Densitometry of p53 bands by Western analysis, **P<0.01 by 2-way ANOVA with Tukey multiple comparisons
test, n=3 per condition. E, Densitometry of TNNI3 bands by Western analysis, *P<0.05, **P<0.01 by 2-way ANOVA with Tukey multiple comparisons test, n=3 per
condition, BJRIPS-CMs. DMSO indicates dimethylsulfoxide; mTOR, mechanistic target of rapamycin; and TNNT2+ BJRiPS-CMs, troponin T2, cardiac type-positive BJ
fibroblast-derived RNA-induced pluripotent stem cell-dericed cardiomyocytes.

molecule inhibitor that inhibits activity of p53)* with  of cardiomyocytes in the cell cycle (G,, S/G,/M) ver-
Torin1-treated cells decreased the percentage of quies-  sus Torin1 alone (Figure 5B). Also, pifithrin-a inhibited
cent (G,) cardiomyocytes and increased the percentage  the Torin1-induced increase in both p53 and TNNI3
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(Figure 5C, representative Western blot; Figure 5D,
densitometry analysis of p53).

Upregulation of p53 With Nutlin-
3a Enhances Expression of TNNI3
Independently and in a Synergistic
Manner With Torin1

To determine whether upregulation of p53 alone was
sufficient to promote cellular quiescence or whether
concomitant mTOR inhibition was required (schematic
in Figure 6A), we treated cells with nutlin-3a, which
increases p53 via inhibition of the E3 ubiquitin ligase
MDM2 (mouse double minute 2 homolog), indepen-
dent of mTOR. Treatment with nutlin-3a alone (10 uM
for 24 hours), 200 nmol/L Torin1 alone (200 nmol/L
for 7 days), or nutlin-3a (10 uM for first 24 hours of
Torin1 treatment) with Torin1 (200 nmol/L for 7 days)
increased the percentage of quiescent (G,) TNNT2+ car-
diomyocytes and decreased the percentage of TNNT2+
cardiomyocytes in G, phase versus control (Figure 6B).
In addition, nutlin-3a increased p53 and TNNI3 protein
expression independently of Torin1 (Figure 6C). When
cardiomyocytes were treated with a combination of
nutlin-3a with Torin1, we observed a significant increase
in p53 expression levels versus either nutlin-3a alone
or Torin1 alone (Figure 6D). In addition, there was a
further increase of TNNI3 expression with combination
treatment with both nutlin-3a and Torin1 (Figure 6E).
Thus, upregulation of p53 alone may promote limited
cardiomyocyte maturation but this effect was further
enhanced in combination with mTOR inhibition.

Torin1 Treatment Shifts Cells From a
Senescent to Quiescent Phenotype

We utilized the NanoString PanCancer Pathways Panel
to provide a multiplex analysis of genes associated with
cell cycle, growth, and metabolism in cells treated with
Torin1 followed by treatment with FBS versus control.
With unsupervised hierarchical clustering and princi-
pal component analysis (PCA), we observed clustering
by the 4 treatment groups (control, control + FBS, To-
rin1, Torin1 + FBS) at the level of all genes in the panel
(Figure VIIIA [heat map] and VIIB [PCA] in the online-
only Data Supplement), as well as in certain subsets
of genes, including the “Cell Cycle” (Figure 7A [heat
map]; Figure VIIIF [PCA] in the online-only Data Supple-
ment) and “Metabolism of Proteins” (Figure 7B [heat
map]; Figure VIIIH [PCA] in the online-only Data Supple-
ment) pathways as delineated by NanoString. We also
observed clustering by pathway score (numerical value
assigned to summarize overall changes across all genes
within a particular pathway) for Cell Cycle (Figure VIIG
in the online-only Data Supplement and Metabolism
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of Proteins (Figure VIIII in the online-only Data Supple-
ment) pathways.

Differential gene expression for all genes (Figure VIIC
to VIIIE in the online-only Data Supplement) and for Cell
Cycle (Figure 7C through 7E) and Metabolism of Pro-
teins (Figure 7F through 7H) pathways suggest differ-
ences in cellular quiescence versus senescence between
the 4 groups. In particular, Torin1 treatment led to a
significant decrease in expression of IL8 (interleukin-8)
and SPP1 (osteopontin; Figure 7G), both secreted fac-
tors seen as part of a senescence-associated secretory
phenotype,* suggesting that Torin1 may redirect cells
away from a senescent phenotype. When control cells
are stimulated with FBS, this leads to upregulation of
cell cycle inhibitor, CDKN1a (p21), and downregula-
tion of cyclins A2, B1, D2, and E2, which would also be
expected in a senescent phenotype. In cells previously
treated with Torin1, we do not see a significant increase
in CDKN1a (p21) with FBS. However, with serum treat-
ment in Torin1-treated cells, we also see an increase in
SPP1 and decrease in cyclin B1, suggesting that at least
some cells may be directed toward a senescent rather
than quiescent phenotype with FBS treatment. Interest-
ingly, with FBS treatment, we also observed a decrease
in MFI of TNNT2 by flow cytometry (Figure 2I), suggest-
ing that gains in maturation seen with Torin1 treatment
can be reversed upon direction toward a senescent fate.

DISCUSSION

In this study, we found that the dual mTORC1/2 in-
hibitor, Torin1, increased the percentage of cells in a
quiescent (G,) state and enhanced expression of genes
associated with cardiomyocyte maturation, including
TNNI3 and KCNJ2. Torin1 treatment led to an increase
in the relative contractile force generated by iPSC-de-
rived cardiomyocytes, and an increase in peak rise time
and downstroke velocity of the action potential pro-
file. Also, we observed that cardiomyocytes transiently
treated with Torin1 had an increased oxygen consump-
tion rate, suggesting these cells are metabolically more
mature than control cells. We also observed that Torin1
treatment significantly decreased mMRNA expression
of the cyclin dependent kinase inhibitor, p21, while
increasing expression of the cell cycle regulator, p53.
There was also a trend toward increased expression of
GATA4, which has previously shown to be regulated by
p53.4" Furthermore, nutlin-3a, a p53 activator, indepen-
dently increased TNNI3 expression and had a synergistic
effect with Torin1. These data suggest that increasing
expression of p53 has a dual effect to induce both car-
diomyocyte quiescence and maturation.

Inadequate maturation of stem cell-derived cardio-
myocytes remains a significant barrier to clinical transla-
tion because of concerns of immature cardiomyocytes
stimulating ventricular arrhythmias.># Various strategies

Circulation. 2020;141:285-300. DOI: 10.1161/CIRCULATIONAHA.119.044205
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Figure 7. NanoString gene expression analysis from PanCancer Pathways Panel comparing cells treated with or without Torin1 followed by treat-
ment with or without 10% fetal bovine serum (FBS), Gibco iPS-CMs.

A, Unsupervised hierarchical clustering of Cell Cycle pathway genes. B, Unsupervised hierarchical clustering of Metabolism of Proteins pathway genes. C through
E, Volcano plots showing differential gene expression analysis of Cell Cycle pathway genes (C, Control + FBS vs Control; D, Control vs Torin1; E, Torin1 + FBS vs
Torin1). F through H, Volcano plots showing differential gene expression analysis of Metabolism of Proteins pathway genes (F, Control + FBS vs Control; G, Control
vs Torin1; H, Torin1 + FBS vs Torin1). iPS-CM indicates induced pluripotent stem cell-derived cardiomyocytes; and QC, quality control.
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have been used to enhance maturation of cardiomyo-
cytes derived from stem cells.®® The addition of triio-
dothyronine, with or without dexamethasone,'®™" or
downregulation of HIF1a' improves cardiomyocyte
maturation; notably, dexamethasone can suppress
mTOR signaling,* HIF1a is regulated by mTOR,* and
triiodothyronine can downregulate mTOR signaling.#¢
Stimulation of mTOR signaling may actually inhibit
cardiomyocyte maturation; growth signals such as glu-
cose stimulate mTOR and glucose stimulation has been
shown to prevent cardiomyocyte maturation.*’” More-
over, insulin is also a growth stimulatory molecule that
can stimulate mTOR and support the immature state of
cardiomyocytes.*® Finally, although hypoxia can inhibit
mTOR signaling,* hypoxia can also upregulate glycoly-
sis in adult murine cardiomyocytes while stimulating
cardiomyocyte proliferation (ie, reduce quiescence).
Our data showing that inhibition of mTOR signaling can
promote cardiomyocyte maturation are consistent with
these previous studies.

Beyond the immediate newborn period, cardio-
myocytes exit the cell cycle and largely do not prolifer-
ate, with myocardium forming scar tissue rather than
regenerating after injury." It had been thought that
postnatal cardiomyocytes are senescent, with irrevers-
ible cell cycle exit. However, more recent data suggest
that adult cardiomyocytes are able to proliferate with
a cardiomyocyte turnover rate of around 1% per year
in adults.>® This suggests that rather than being senes-
cent, perhaps adult mammalian cardiomyocytes are
actually in a deep quiescent (G,) state. Cellular quies-
cence is a resting state triggered by nutrient depriva-
tion and is characterized by the ability to reenter the
cell cycle in response to appropriate stimuli.’ However,
although proliferation does not occur, the cells are far
from dormant in this state—rather, cells retain meta-
bolic and transcriptional activity.'® Within the G, state,
cells can have varying depths of quiescence, including
a transitional entry period into G, deep G,, and a G,
state, which is a more shallow state of quiescence dur-
ing which cells are more responsive to stimuli triggering
return to the cell cycle.’ Our data suggest that the qui-
escent state facilitates cardiomyocyte maturation while
the senescent state inhibits cardiomyocyte maturation.

We observed a dose-dependent increase in protein
expression of the tumor suppressor p53 with not an
increase, but an unexpected decrease in p21 protein
expression after Torin1 treatment. p53 is known to up-
regulate expression of p21, and p53 in turn is counter-
regulated by p21, as the stability of p53 is reduced by
p21.3° The decrease in p21 expression may be because
of 4E-BP1 regulation of p21, as mTORC1 inhibition
with Torin1 prevents phosphorylation of 4E-BP1, and
the nonphosphorylated state of 4E-BP1 can bind to
and degrade p21.4° This suggests that Torin1 treat-
ment in iPSC-derived cardiomyocytes indirectly leads
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to increased p53 expression and activity, which may
direct cardiomyocyte maturation. The effect of Torin1
on p53 and TNNI3 expression was inhibited with the
p53 inhibitor, pifithrin-a. Recently, p53 was identified
as being central in maintaining cardiomyocyte pheno-
type.*' Genome-wide analysis identified p53 as a car-
diac transcriptome regulator that induces expression
of other cardiac transcription factors including GATA4,
NKX2.5, MEF2a (myocyte enhancer factor 2A), and
SRF (serum response factor)." With such central regu-
lation of key cardiac transcription factors, this may ex-
plain the generalized improvement in cardiomyocyte
maturation, across contractile, electrophysiologic, and
metabolic domains.

p53 can initiate either senescence or quiescence,
and this decision is regulated partly by mTOR." We
observed that upregulation of p53 with the small mol-
ecule, nutlin-3a, increased the number of cells in G,
and increased TNNI3 protein expression, with a fur-
ther synergistic effect in combination with Torin1. In
mouse embryonic fibroblasts, upregulation of p53
with nutlin-3a led to senescence.”™ However, when
these cells were treated both with rapamycin to in-
hibit mTOR, as well as nutlin-3a to upregulate p53,
the cells were directed toward cellular quiescence, in-
stead of senescence.™ Thus, in certain cell types, con-
comitant upregulation of p53 and downregulation of
mTOR signaling is necessary to direct cells toward a
quiescent phenotype. This combination treatment in
iPSC-derived cardiomyocytes with nutlin-3a and To-
rin1 led to further enhancement of TNNI3 expression
versus either nutlin-3a or Torin1 alone, suggesting fur-
ther activation of p53 may have additional beneficial
effects on cardiomyocyte maturation.

Multiplex gene expression analysis revealed that To-
rin1 treatment reduces expression of selected genes
associated with the senescence-associated secretory
phenotype, a proinflammatory state associated with
cellular aging.** This suggests that Torin1 can redirect
differentiating cardiomyocytes away from a senescent
state via p21 downregulation and toward a quiescent
phenotype via concomitant upregulation of p53 and
downregulation of mTOR. However, with mTOR reacti-
vation after removal of Torin1 and simultaneous stimu-
lation with serum, Torin1-treated cells shift toward a se-
nescent phenotype. This is accompanied by a reduction
in TNNT2 MFI, suggesting that gains in maturation that
occur during quiescence can be reversed upon transi-
tion to a senescent state. Future investigation should
explore whether promotion of a deeper state of quies-
cence can prevent conversion to either a senescent or
proliferative state and maintain cardiomyocyte maturity.

In summary, our results demonstrated that treat-
ment with Torin1 during late differentiation induced
cellular quiescence and improved selected parameters
of maturation in iPSC-derived cardiomyocytes. This
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effect appears to be driven at least in part by upregula-
tion of p53, which can both induce cellular quiescence
and regulate the cardiac transcriptome. This suggests
that the mTOR-signaling pathway is a key regulator of
cardiomyocyte maturation.
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