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Abstract

Rationale: The immature presentation of human induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) is currently a challenge for their application in disease modeling,
drug screening, and regenerative medicine. Long-term culture is known to achieve partial
maturation of iPSC-CMs. However, little is known about the molecular signaling circuitries that
govern functional changes, metabolic output, and cellular homeostasis during long-term culture of
iPSC-CMs.

Objective: We aimed to identify and characterize critical signaling events that control functional
and metabolic transitions of cardiac cells during developmental progression, as recapitulated by
long-term culture of iPSC-CMs.

Methods and Results: We combined transcriptomic sequencing with pathway network
mapping in iPSC-CMs that were cultured until a late time point, day 200 (D200), in comparison to
a medium time point, day 90 (D90), and an early time point, day 30 (D30). Transcriptomic
landscapes of long-term cultured iPSC-CMs allowed mapping of distinct metabolic stages during
development of maturing iPSC-CMs. Temporally divergent control of mitochondrial metabolism
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was found to be regulated by cAMP/protein kinase A (PKA)- and proteasome-dependent signaling
events. The PKA/proteasome-dependent signaling cascade was mediated downstream by heat
shock protein 90 (Hsp90), which in turn modulated mitochondrial respiratory chain proteins and
their metabolic output. During long-term culture, this circuitry was found to initiate upregulation
of iPSC-CM metabolism, resulting in increased cell contractility that reached a maximum at the
D200 time point.

Conclusions: Our results reveal a PKA/proteasome- and Hsp90-dependent signaling pathway
that regulates mitochondrial respiratory chain proteins and determines cardiomyocyte energy
production and functional output. These findings provide deeper insight into signaling circuitries
governing metabolic homeostasis in iPSC-CMs during developmental progression.
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INTRODUCTION

Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) have shown great
potential in cardiovascular disease (CVD) modeling,~" drug screening,® and potential
therapies including transplantation of iPSC-CMs into injured myocardium.?-12 Rapid
progress in the field of iPSCs and their differentiation into specific lineages such as
cardiomyocytes have enabled their use for disease modeling, drug screening, and
regenerative medicine.13-16 However, their immature phenotypic presentation,”- 18 which
resembles early human embryonic cardiomyocytes, presents a challenge for realizing the full
potential of iPSC-CMs. Although long-term culture is recognized as a valid approach for
maturation of both human iPSC-CMs2? and human embryonic stem cell-derived
cardiomyocytes (ESC-CMs),2%: 21 ljttle is known about the signaling circuitries that govern
metabolic output and cellular homeostasis during long-term culture of iPSC-CMs.

To understand these critical signaling events, we combined transcriptomic sequencing with
pathway network mapping of iPSC-CMs that were cultured until a late time point, day 200
(D200), in comparison to a medium time point, day 90 (D90), and an early time point, day
30 (D30). We found an upregulation of metabolic functions at later time points, particularly
at D200, which is regulated in a cAMP/PKA-dependent and proteasome-dependent manner.
The ubiquitin-proteasome system is the major cellular protein degradation pathway. After
tagging with ubiquitin, proteins are bound and hydrolyzed by the 26S proteasome in an
ATP-dependent manner that may be modulated by cAMP/PKA regulation.?2: 23 Here we
report a novel contribution of cAMP/PKA- and proteasome-dependent signaling to
mitochondrial metabolic viability and functionality. This signaling pathway was found to
operate differently at D30, D90, and D200 time points, and was chaperoned by Hsp90, a
proteasome-interacting heat shock protein4 that is mainly localized to the cytoplasm as well
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as some other subcellular sites such as mitochondria.2> We propose a proteasome-concerted,
Hsp90-dependent modulation of the mitochondrial respiratory chain output that feeds back
into cardiomyocyte function.

METHODS

Data availability.

In order to minimize the possibility of unintentionally sharing information that can be used
to re-identify private information, a subset of the data generated for this study are available
at GEO database and can be accessed at GSE131236.

Culture of human iPSCs.

Human induced pluripotent stem cells (iPSCs) were grown as described previously” on
Matrigel-coated plates (ES qualified, BD Biosciences, San Diego) using chemically defined
E8 medium.26 The culture medium was changed every day, and iPSCs were passaged every
four days using Accutase (Global Cell Solutions).

Differentiation and culture of iPSCs into cardiomyocytes.

The derivation of human iPSC control 1 (C1) and control 2 (C2) lines from skin biopsies of
healthy individuals, as well as the characterization of these cell lines, were described earlier.
5C1 and C2 iPSCs were grown to ~90% confluence. For cardiac differentiation of iPSCs, a
small molecule-based monolayer protocol based on previous reports was utilized.” 27
Afterwards, iPSC-CMs were cultured prior to experimental analysis for 30 £ 2 days (D30),
90 + 10 days (D90), or 200 + 20 days (D200). For culture until D90 and D200, a
maintenance passage was performed between D25 and D30. Human iPSC-CMs were
washed with PBS and incubated with 0.5 ml TrypleE (Life Technologies) per 1 well of a 6-
well plate for 10 min at 37 °C. Subsequently, 0.5 ml RPMI with B27 supplement (Life
Technologies) per well was added, followed by gentle pipetting and immediate pelleting of
the detached iPSC-CMs for 5 min, 200g at room temperature (RT). Next, the cell pellet was
carefully resuspended in RPMI with B27 supplement and 2% FBS. Following plating of ~
1x10e6 iPSC-CMs per 1 well of a 6-well plate, cells were allowed to attach for 24-48 hr.
Then, the culture medium was changed to RPMI with B27 supplement. The medium was
changed every 4 days during long-term culture. Before experimental analysis, iPSC-CMs
were passaged into culture plates of the appropriate format (6-well plates or 96-well plates)
after dissociation of iPSC-CMs with Accutase or TripleE (Life Technologies) for 10 min at
37 °C. For monolayer analysis, generally ~2x10e6 iPSC-CMs were plated per 1x well of a
6-well plate or ~500,000 iPSC-CMs per 1x well of a 24-well plate. For single cell analysis,
~300,000 iPSC-CMs were plated per 1x well of a 6-well plate or ~70,000 iPSC-CMs per 1x
well of a 24-well plate.

Transcriptomic sequencing and data analysis.

Total RNA was extracted from two different human iPSC-CM lines (C1 and C2) via a
miRNeasy kit (Qiagen). AmpliSeq transcriptomic sequencing was performed by Macrogen
Clinical Laboratory Inc. (Rockville, MD) using an lon AmpliSeq Transcriptome Sequencing
platform (3M reads). Analysis for AmpliSeq sequencing data was performed using the
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AmpliSeq plugin available for lon Torrent™ sequencing platforms. The hg19 AmpliSeq
transcriptome ERCC v1 was used as a reference genome for alignment of raw sequencing
reads. Read count normalization was performed using the regularized logarithm (rlog)
method provided in DESeg2 (PMID: 25516281). Differentially expressed genes were
identified using DESeq2, and p-values were adjusted for multiple testing using the procedure
of Benjamini and Hochberg. The cutoff threshold for differentially expressed gene (DEG)
calling was set to log2-fold change and a p-value < 0.05.

Statistical analysis.

RESULTS

Statistical significance was determined using an unpaired Students t-test, a two-way
ANOVA test or a right-tailed Fisher’s exact test. For non-normally distributed data, Mann-
Whitney testing and Dunns post-hoc test were performed. P-values <0.05 were considered
statistically significant. Data are presented as mean + standard error of mean (s.e.m.).
GraphPad Prism, R, and Excel were used for statistical analysis. A minimum of n=2
independent experiments was performed for n=2 biological cell lines and per each cell line;
in each independent experiment, either a duplicate or a triplicate technical replicate was
performed.

An expanded Methods section is available in the online Data Supplement.

Phenotypic analysis of morphological transformations during long-term iPSC-CM culture.

We first assessed the regulation of signal transduction in iPSC-CMs following long-term
culture for more than 200 days. Characterization for iPSC-CMs at D30, D90, and D200 is
shown in Fig. L1A-E. Our data demonstrate a robust morphological transformation of iPSC-
CMs during long-term culture, as shown by a >4-fold increase in cell elongation (Fig. 1B-C;
Online Fig. IA-B). Characterization of both iPSC and iPSC-CM populations was performed
(Online Fig. 1) and electrophysiological properties of iPSC-CMs were analyzed following
cardiac differentiation of iPSCs (Online Fig. 111). The sarcomere length of iPSC-CMs was
significantly increased after long-term culture (Fig. 1D, Online Fig. IA) and increased
expression of cardiac-specific transcripts was observed at D200 (Fig. 1E). We also
established well-beating monolayers of D200 iPSC-CMs (Online Movies I-111). Expression
of cardiac markers (e.g., TNNI3 and ACTN) was analyzed in both iPSC-CMs following
long-term culture and in mouse heart tissue from postnatal day 1, day 30, and day 180
(Online Fig. IC-F), and was found to be increased at later time points. Moreover, the
expression of senescence-associated markers (NFKB1 and ATGR1) was found to be
increased in day 180 mouse hearts but not in human iPSC-CMs (Online Fig. IG-H).

Probing gene expression landscapes by microfluidic single-cell PCR.

To determine gene expression profiles of single iPSC-CMs, we next utilized single-cell
microfluidic gRT-PCR. This platform can assess multiple cells simultaneously (e.g., 48 cells
in one chip), thus enabling assessment of population heterogeneity (Fig. 2A-C, Online Fig.
IV).28 Single-cell PCR (scPCR) can address the variability of gene expression levels and
noise, which is challenging in single cell analysis.28-31 In unsupervised clustering, iPSC-
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CMs were clearly distinguished from iPSCs (Fig. 2A). Relative expression changes
compared to iPSCs for all analyzed transcripts are shown in Fig. 2A-B, Online Fig. IV. Of
note, scPCR analysis revealed changes in cardiac-specific, mitochondrial- and metabolism-
related transcripts, as well as structure-related transcripts (Fig. 2C). Relative mRNA
expression levels for transcripts such as RYR, MYLZ2, GJAL and PRKAAI were
substantially increased at D90, but even more so at D200, compared to D30. To improve
understanding of the transcriptional landscape associated with modulation of iPSC-CM
homeostasis following long-term culture, we next employed transcriptomic profiling
followed by pathway network analysis. This strategy was expected to provide insight into
the dynamic regulatory networks that govern the developmental progression of iPSC-CMs
during long-term culture from D30 to D200.

Transcriptomic profiling indicates metabolic adaptation during long-term culture.

To assess signaling mechanisms underlying mitochondrial metabolism-related changes and
the molecular networks regulating them, we next subjected iPSC-CMs at D30, D90, and
D200 to AmpliSeq-based transcriptomic analysis. Unsupervised clustering of significantly
different expressed (SDE) genes revealed distinct transcriptional landscapes in iPSC-CMs at
early (D30) versus medium (D90) and late (D200) time points (Fig. 3A). Similar to
microfluidic scPCR results, D90 and D200 iPSC-CMs clustered far from D30 iPSC-CMs
(Fig. 3A, Online Fig. VA). Intra-individual variation between different human iPSC-CM
lines was observed and accounted for the variability between biological replicates (Fig. 3A,
Online Fig. VA). Nevertheless, prominent gene expression changes were observed between
D90 and D200 (Fig. 3A-C, Online Fig. VA-C). At D90, substantial changes in gene
expression patterns were noted (Online Fig. VB). A Venn diagram was used to visualize
SDE transcripts and related pattern changes for all possible intra-group comparisons (Fig.
3B). Transcripts in the intersections of polygons represent significantly changed transcripts
between set groups (Fig. 3B). The relative directional expression changes of D200 vs D90
and D200 vs D30 were shown as a function of intensity in expression changes over time,
revealing the directionality of SDE genes between these groups (Fig. 3C, Online Fig. VC).
Based on these data, we expected significantly altered regulation of cellular signaling at later
time points.

Signaling pathway analysis reveals proteasome-dependent regulation of metabolic

functions.

Next, we used Ingenuity Pathway Analysis (IPA) to dissect altered signaling regulation in
iPSC-CMs at late time points. IPA facilitates analysis of network components via mMRNA
expression data to assess transcriptional connectivity and provide insight into dynamic
functions and interdependencies of physiological systems.32 Top significantly changed
pathways for all intra-group comparisons are shown in Fig. 3D-E. Between D90 and D200,
IPA pathway mapping analysis revealed Cardiovascular System Development and Function
as the second most altered network amongst all annotated signaling networks (Fig. 3D).
Concomitantly, between D30 and D90, cellular and embryonic development pathways such
as hedgehog (ISL2) and Akt (ULBP1) were upregulated in iPSC-CMs. In particular, changes
in cell-to-cell signaling interactions were observed (Fig. 3D-E). Relative changes for
significantly altered pathways between set groups are particularly strong in the D30 and
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D200 comparison for Cardiovascular System Development (Fig. 3E). Intriguingly, following
D200 culture, our data confirm pronounced rearrangements in signaling networks of
metabolic and energy production pathways. Mitochondria are critical compartments for
metabolic processes, producing the majority of cellular ATP via oxidative phosphorylation
(OXPHOS).33 Amongst transcripts annotated in mitochondrial metabolic pathways, ~20%
were significantly changed in at least one of the intra-group comparisons. Transcripts
corresponding to signaling pathways regulating metabolic functions were drastically altered
when comparing D90 and D200 (Fig. 3E-F). Correspondingly, we found a decrease in gene
programs corresponding to the fetal-like, glycolysis-dependent metabolism (Online Fig. VD)
from D30 to D90 and D200. Moreover, the expression of genes associated with oxidative
phosphorylation and beta-oxidation was increased from D30 to D90 and D200 (Online Fig.
VE). These data suggest distinct metabolic functional stages in iPSC-CMs at D30, D90, and
D200, which are further corroborated by transcriptomic landscapes during long-term iPSC-
CM culture (Fig. 3, Online Fig. V), particularly at D90 vs. D200 (Online Fig. VC).
Molecular circuitries predicted to be involved in regulating these events are shown via an
IPA-generated signaling network (Online Fig. VIA). In the most relevant intra-group
comparisons, D200 vs D30 and D200 vs D90, PKA-mediated regulation of troponin |
(7NINI3), as well as myosin light chain 2 (MYL2) and CASQZ2 (Online Fig. VB), were
predicted to be relevant signaling mechanisms (Online Fig. VIA-B). Surprisingly, IPA-based
interaction network analysis suggested this to occur via contribution of the proteasome, as
well as heat shock proteins (HSP) (Online Fig. VIA). We also observed upregulation of
cAMP- and PKA-mediated signaling following long-term culturing (Online Fig. VIC-D).
We next sought to explore the interconnected signal transduction networks governing
transcriptional and metabolic regulation at the cellular level.

Upregulation of metabolic function is not dependent on increased cellular redox stress.

Validation of transcriptomic sequencing results by quantitative real-time PCR confirmed
differential regulation of redox scavenging (Online Fig. VIIA, C) and metabolism-related
transcripts (Online Fig. VIIB, C). However, transcriptomic sequencing also revealed
increased expression of a large number of metabolism- and mitochondria-related transcripts
at late time points (Fig. 3A, F), suggesting elevated metabolic activity following long-term
culturing. Therefore, we next assessed whether alterations of mitochondrial function would
occur in iPSC-CMs at the late time point (D200). Of note, we found significantly increased
mitochondrial integrity, functional viability (Fig. 3G), and mitochondrial membrane
potential (Fig. 3H) at D200. Surprisingly, increased metabolic function at the late time point
was not due to an increase of mitochondrial content and mass (Online Fig. VIIIA), or to
elevated levels of reactive oxygen species (ROS) (Online Fig. VIIIB). Mitochondrial energy
metabolism, particularly oxidative phosphorylation, is a major source of cellular ROS. These
findings suggest that at the late time point, D200, the metabolic function per mitochondrion
increases, rather than higher mitochondrial numbers result in larger metabolic output. From
this we conclude that a specific regulatory mechanism leading to upregulation of
mitochondrial function may be active particularly in iPSC-CMs at the late time point, D200.
Collectively, our data suggest that mitochondria-independent regulatory mechanisms
contribute to the observed increase of metabolic function at the late time point.
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Distinct cAMP-/PKA-dependent metabolic stages during long-term culture of iPSC-CMs.

We next sought to identify these underlying molecular functions. Unbiased pathway
mapping suggested a modulatory role for proteasome and PKA functions, which serve as
critical contributors to distinct regulatory stages in iPSC-CMs at D30, D90, and D200 (Fig.
3-4). The expression of genes related to PKA- and cAMP-dependent signaling pathways
was significantly altered in all late time point intra-group comparisons (Online Fig. VIC-D).
We therefore confirmed the known interactions of PKA with the proteasome via interactome
mapping using the STRING database (Fig. 4A). This especially highlighted the chaperone
Hsp90 and ubiquitin, a small regulatory protein involved in proteasome-based degradation
and cellular homeostasis. PKA is known to phosphorylate troponin I (TNNI3), a component
of the troponin-tropomyosin complex mediating contraction in cardiomyocytes, and also to
regulate proteasome function (Fig. 4A, Online Tab. 1V).34-38 Notably, we found
significantly increased contraction velocity and decreased contraction duration of iPSC-CMs
at the late time point (Online Fig. IXA-C). Given these observations, we set out next to
assess the role of PKA in regulation of distinct metabolic stages at different time points. In
addition, we sought to analyze a possible modulatory contribution of the proteasome to these
effects.34 35

First, we measured PKA activity at early (D30), medium (D90), and late (D200) time points.
PKA activity was highest at D200, and lowest at D90 (Fig. 4B). Following culturing for 90
days, 26S and 20S proteasome activities in iPSC-CMs were reduced (Fig. 4C-D). However,
proteasomal activity was significantly increased at D200, relative to both D90 and D30 (Fig.
4C-D). The increased proteasomal activity was not due to significant expression changes of
proteasome-encoding transcripts (Online Fig. XA). Treatment of iPSC-CMs with a
proteasome inhibitor, epoximycin, abolished proteasomal function at all time points (Fig.
4C-D), without significantly altering mitochondrial functional viability (Online Fig. XB) or
ROS levels (Online Fig. XC). Whereas the expression of proteasome- and PKA-encoding
transcripts was not substantially changed (Online Fig. XA, Online Fig. XIA), heat shock
proteins (HSPs) were found to be differentially expressed at different time points (Online
Fig. XD). In particular, HSP90 was found to be lower at the late time point (Online Fig.
XD). STRING database pathway analysis placed Hsp90 as a regulatory connection between
PKA and proteasome. Likewise, ubiquitin-related transcripts were downregulated at the late
time point in transcriptomic sequencing (Online Fig. XE).

Ubiquitination-dependent protein degradation by the proteasome (UDP) is a highly dynamic
pathway that is important for a large variety of cellular processes, including development
and differentiation, response to stress and extracellular modulators, as well as environmental
adaptation. Recently, UDP was shown to aid cellular adaptation to long-term environmental
changes by controlling metabolic rates.3” Therefore, downregulation of the ubiquitin-
proteasome system at the late time point could contribute to upregulation of metabolic
function by reducing ubiquitination and degrading metabolic protein substrates. Our data
support a differential fine-tuning of regulatory mechanisms that control metabolic functions
in iPSC-CM s at early (D30) versus medium (D90) and late (D200) time points. Overall, we
found distinct metabolic stages in long-term cultured iPSC-CMs to correlate with PKA
activity/proteasome function alterations. We next investigated if the two are linked.
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Distinct metabolic stages are regulated in a PKA- and proteasome-dependent manner.

PKA- and cAMP-dependent control of the proteasome has been described previously.22 23
To further explore a PKA proteasome-dependent regulation of differential metabolic stages
in iPSC-CM s at early (D30), medium (D90), and late (D200) time points, we first assessed
the levels of PKA catalytic subunits (PKAcat) and PKA regulatory subunits (PKAreg), as
well as PKA phosphorylation under baseline conditions (control vehicle), after proteasome
inhibition (epoximycin), and after PKA activation (8-CPT) (Fig. 5A-D). PKA expression
was higher at D200 relative to D30 or D90 (Fig. 5B). In addition, iPSC-CMs at D200
displayed increased PKAcat levels, coinciding with higher PKAcat phosphorylation
(phospho-PKA) at D200 (Fig. 5A-B). These findings point to a temporally divergent
directional control exerted via PKA and proteasome during long-term culture (D200). To
further validate these findings, we confirmed that while PKA inhibition (H89) reduced
proteasome activity (Fig. 5E), PKA activity was unaffected by proteasome inhibition
(Online Fig. XIB), strengthening the evidence for a PKA-dependent regulation of the
proteasome.

As PKA critically depends on cAMP, we next determined whether cellular cAMP levels
[cAMP] were altered at different time points. Indeed, intracellular cAMP was the lowest in
iPSC-CMs at D90, but significantly increased at D200 (Online Fig. XID). Furthermore,
inhibition of the proteasome resulted in a significant rescue of cAMP levels only at D90,
whereas activation of PKA (8-CPT) decreased CAMP levels as expected (Online Fig. XID).
Thus, at different time points, iPSC-CMs experienced an altered regulation of PKA activity
as well as of its modulator, cCAMP. In addition, we found that CAMP also increased
proteasome activity (Online Fig. XIE). In line with significantly elevated PKA and
proteasome activity in D200 iPSC-CMs (Fig 4B-D), we found that proteasome activity at
D200 was no longer dependent on cAMP (Online Fig. XIE), given the already high activity
of PKA and proteasome.

To confirm that these events accounted for the observed distinct metabolic functions in D30,
D90, and D200 iPSC-CMs, we next investigated if CAMP-PKA-dependent proteasomal
activity could regulate metabolic function at different time points. We utilized cell viability
measurements based on the activity of mitochondrial respiratory chain succinate
dehydrogenase functions (see Methods), referred to in this context as “metabolic viability”.
Importantly, we found that epoximycin-dependent proteasome inhibition showed no effect
on metabolic viability at D30, but resulted in a substantial reduction of mitochondrial
function at D90 (Fig. 5F). However, at the very late time point (D200), no significant
differences in metabolic viability were observed following proteasome inhibition (Fig. 5F).
In line with these results, PKA inhibition also decreased metabolic turnover at D90 but not
at the other time points (D30 and D200) (Fig. 5G).

These findings indicate that modulation of mitochondrial metabolic viability by a PKA-
proteasome-dependent mechanism is differentially regulated at later time points, D90 and
D200. Our data support the notion that iPSC-CM homeostasis and turnover experienced a
“metabolic sink™ around D90 following iPSC differentiation. To explore this possibility
further, we next confirmed that the PKA- and proteasome-dependent regulation of
metabolism at D90 occurred also during modulation of the mitochondrial respiratory chain
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via uncoupling of oxidative phosphorylation from ATP synthesis, using FCCP (Fig. 5F-G).
Our findings showed that both proteasome (Fig. 5F) and PKA inhibition (Fig. 5G) led to
decreased mitochondrial metabolic viability of iPSC-CMs at D90, but not at D30 or D200.
In line with these data, cellular respiration, measured via oxygen consumption, was
increased in iPSC-CMs at D200, but not at D90 (Fig. 5H) unless chemical modulation of the
PKA-proteasome pathway was applied (Fig. 51-K).

Together, these data support the possibility that increased PKA-proteasome activity at later
time points was connected to upregulation of mitochondrial metabolism, as well as a
decrease in Hsp90 gene expression (Online Fig. XD) and Hsp90 protein levels, particularly
at D200 (Online Fig. XI1A-B). To verify this point further and compare results to human
adult cardiomyocytes, we measured Hsp90 protein levels in lysates from human heart tissue
(n=4), which confirmed that Hsp90 was lowly expressed in adult human cardiac tissue
(Online Fig. XI1A-B). In addition, we also validated this outcome in murine heart tissue
(Online Fig. XIIC-G). In murine hearts at postnatal day 180, Hsp90 was significantly
downregulated compared to postnatal days 1-2 (Online Fig. XIIC, D), and PKAcat was
significantly upregulated (Online Fig. XIIC, F).

Hsp90-dependent regulation of mitochondrial metabolism via modulation of the
respiratory chain.

Hsp90 is a critical player in protein folding, protein quality control, ubiquitination, and
proteasome-mediated degradation, and is known to interact with the proteasome?* as well as
to localize to mitochondria.?> Therefore, we next investigated whether Hsp90 could directly
contribute to the proteasome-concerted hierarchical control of mitochondrial metabolic
viability at different time points. Intriguingly, we found that Hsp90 inhibition using
geldanamycin3®. 39 upregulated metabolic viability in D30 iPSC-CMs as measured via
mitochondrial succinate dehydrogenase function (Fig. 6A), thereby recapitulating the
mechanism observed at the late time point, D200.

As reflected by mitochondrial dehydrogenase activity (such as succinate dehydrogenase),
mitochondrial health and function are important for energy production via the mitochondrial
respiratory chain. Therefore, we next tested the possibility that Hsp90 could regulate
metabolic output by modulating respiratory chain function. We found that upon inhibition of
Hsp90 via geldanamycin, mitochondrial complex | (MCI) activity in D30 iPSC-CMs was
increased (Fig. 6B). To further probe Hsp90-dependent regulation of MCI and mitochondrial
respiratory chain function, we measured cellular respiration or mitochondrial membrane
potential of D30 iPSC-CMs in the presence of geldanamycin or proteasome activation via
oleuropein (Fig. 6C, Online Fig. XIC, H). Oxygen consumption in D30 iPSC-CMs was
increased following inhibition of Hsp90 (Fig. 6C), suggesting that Hsp90 indeed may act as
a negative regulator of mitochondrial respiration via MCI. For further validation of this
hypothesis, we used genetic manipulation of the proposed PKA/proteasome- and Hsp90-
dependent signaling axis. We employed siRNA-based knock-down of the regulatory PKA
subunit, PKAreg (PRKAR1A), which resulted in upregulation of PKA activity that is
consistent with previous reports, as well as siRNA knock-down of Hsp90. Validation of
SiRNA knock-down showed a substantial reduction of PKAreg and Hsp90 protein levels
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following treatment with siRNAs targeting PKAreg (Online Fig. XI11A) and Hsp90 (Online
Fig. XI1IB). Of note, both upregulation of PKA activity and reduced Hsp90 protein levels
were found in D200 iPSC-CMs. Concomitantly, knock-down of PKAreg increased the
oxygen consumption in D30 iPSC-CMs (Fig. 6D). In addition to respiration, we measured
cellular ATP production in D30 iPSC-CMs. Under aerobic conditions, most of the cellular
ATP is produced by the mitochondrial respiratory chain. Importantly, we found ATP
production to be significantly increased following siRNA knock-down of both PKAreg and
Hsp90 (Fig. 6E). Moreover, the inhibition of PKA with H89 reduced ATP production in D30
iPSC-CMs (Fig. 6F).

We next employed genetic and chemical-based modulation to confirm that PKA/
proteasome-Hsp90 signaling modulates cellular functional output. We recorded contractility
parameters in D30 iPSC-CMs following either siRNA knock-down of PKAreg or Hsp90
(Online Fig. XIVVA-B), versus treatment with geldanamycin or 8-CPT (Online Fig. XIVC-
D). Concomitantly, the activation of the PKA/proteasome-Hsp90 cascade by PKAreg- or
Hsp90 knock-down (Online Fig. XIVA, B), or PKA activation via 8-CPT as well as Hsp90
inhibition via geldanamycin (Online Fig. XIVC, D), resulted in significantly reduced
contraction duration, compared to controls. These experiments indicate that positive
modulation of the PKA/proteasome-Hsp90 cascade recapitulates in D30 iPSC-CMs
molecular functions observed in D200 iPSC-CMs (Online Fig. IXA-C). To confirm these
findings in a relevant alternative cell model, we chose another prevalent cell type of the
heart, its endothelial cells. We generated iPSC-derived endothelial cells (iPSC-ECs) from the
same iPSC lines used for iPSC-CM production (Fig. 7A-B). We found that inhibition of
Hsp90 in iPSC-ECs resulted in upregulation of mitochondrial metabolism (Fig. 7C) as well
as MCI activity (Fig. 7D). These effects were not related to alterations of mitochondrial
content (Online Fig. XVVA) or ROS production (Online Fig. XVVB-C). Based on our findings,
we propose a PKA/proteasome- and Hsp90-dependent control of mitochondrial respiratory
chain that regulates cardiomyocyte function (Fig. 7E) and affects their long-term
differentiation to a mature phenotype. Our data show that this mechanism experiences
differential regulation at different time points.

DISCUSSION

The effects of prolonged culture on iPSC-CMs have been explored previously with respect
to maturation of electrophysiological parameters such as NaV- or K-channel currents.

20,41, 42 Nevertheless, little is known so far about the molecular circuitries that regulate
functional changes during prolonged iPSC-CM culture. In this study, we demonstrate the
characterization of regulatory signaling cascades during long-term culture of iPSC-CMs for
200 days. Using transcriptomic sequencing at early (D30), medium (D90), and late (D200)
time points, we identified major changes in mitochondrial- and metabolism-related
pathways, as well as contractile elements such as TNNI3. We confirmed distinct control of
cellular metabolic functions at D30, D90, and D200, which correlated with increased iPSC-
CM contractile function at the late time point. Previous studies found a linkage between
metabolic turnover and contractile function.33: 43-45 However, the observed upregulation of
metabolic function in long-term cultured iPSC-CMs was not necessarily an intuitive result,
given that long-lived mutant animal models show reduced metabolic rates*® and aging is
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known to reduce cellular metabolic turnover.4” We consider our findings in line with an
early developmental model of human cardiac cells, as it is known that while changing from
fetal to post-natal state, cardiomyocytes not only switch from glycolytic to oxidative
metabolism, but also experience increased metabolic demand and upregulated metabolism.*8
Our data indicate that a partial shift occurs in iPSC-CMs during long-term culture, from
largely glycolytic metabolism in iPSC-CMs at D30 to increased use of oxidative
phosphorylation and beta-oxidation in iPSC-CMs at D200. Subsequently, we found that
cAMP-PKA-dependent upstream control of the proteasome could distinctly regulate
different metabolic stages in long-term cultured iPSC-CMs. Both proteasome and PKA
functions were found to be substantially decreased from D30 to D90, but were significantly
increased at D200, independently of mitochondrial content and cellular ROS production.

Our data demonstrate that the PKA-proteasome-dependent mechanistic axis acts as a
regulator of metabolic function and, consequently, of contraction rates. This cascade was
enhanced during developmental progression of iPSC-CMs, and was distinctly regulated at
different time points. At D90, we propose a “metabolic sink™ due to threshold levels of the
interdependent components assembling this intricate mechanism. Increased metabolic
demands resulted in exhaustion of cellular cAMP, followed by a drop of PKA activity and
resulting proteasome function, both being depleted below a level at which PKA could be still
efficiently activated. Conversely, at the very late time point (D200), the significant increase
in CAMP resulted in recovery of PKA-proteasome-dependent activities and concomitant
regulation of metabolic functions to match cellular demands. We suggest that proteasome-
dependent metabolic control was mediated via the heat shock protein, Hsp90.

Our findings provide evidence for Hsp90 as a regulator of mitochondrial respiratory chain
proteins, whose function in turn is instrumental to major cellular energy production and
determines the cardiomyocyte functional output. Decreased Hsp90 expression at D200
appears to signal the removal of an inhibitory function of Hsp90 for at least one complex of
the mitochondrial respiratory chain, and may also prove to be critical for the proteasome-
concerted upregulation of mitochondrial metabolic turnover and cardiomyocyte function at
the late time point (D200). Our results provide deeper novel insight into signaling circuitries
governing metabolic homeostasis in iPSC-CMs after long-term culture. Further
characterization of this mechanism may uncover its possible role in the enhanced maturation
of iPSC-CMs via concerted regulation of metabolic function and contractility.
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Nonstandard Abbreviations And Acronyms:

iPSC-CMs induced pluripotent stem cell-derived cardiomyocytes

D30 Day 30

D90 Day 90

D200 Day 200

PKA protein kKinase A

Hsp90 heat shock protein 90

MMP mitochondrial membrane potential

MCI mitochondrial complex |

OXPHOS oxidative phosphorylation

ROS reactive oxygen species

UDP ubiquitination-dependent protein degradation

PCA principal component analysis

FCCP carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs)
have been demonstrated to be suitable for cardiovascular disease modeling,
drug screening, and potential regenerative therapies.

. iPSC-CMs show an immature phenotypic presentation that resembles early
human embryonic cardiomyocytes. This presents a challenge for realizing the
full potential of iPSC-CMs that can be partially overcome by long-term
culture of iPSC-CMs.

. Little is known about signaling circuitries that govern metabolic output and
cellular homeostasis during long-term culture of iPSC-CMs.

What New Information Does This Article Contribute?

. Stable and reproducible generation of iPSC-CMs cultured for more than 200
days and phenotypic characterization of iPSC-CMs, including assessment of
cell elongation and sarcomere length.

. Gene expression landscapes during long-term culture of iPSC-CMs, as well as
population heterogeneity.

. Proteasome-dependent regulation of metabolic functions and contractility
during long-term culture of iPSC-CMs for 200 days, which may present a
model of human heart development.

. Identification of distinct metabolic stages in long-term cultured iPSC-CMs
that are regulated in a cAMP/PKA- and proteasome-dependent manner.

. Proteasome- and Hsp90-dependent regulation of mitochondrial metabolism
via modulation of the respiratory chain.

. Confirmation of the PKA-proteasome-Hsp90-dependent signaling axis in a
second major cell type of the heart, i.e., endothelial cells.

. A novel regulatory pathway contributing to metabolic control of
cardiomyocyte contractility.

. Identification of new potential targets for metabolic maturation of iPSC-CMs.

This study identified a novel pathway regulating metabolic function and, consequently,
contractility in human cardiac cells via PKA-proteasome and Hsp90. This pathway is
upregulated particularly during developmental maturation of iPSC-CMs following long-
term culture for 200 days. Modulation of this pathway in iPSC-CMs at day 30 of culture
can recapitulate features of day 200 iPSC-CMs and may aid future applications of iPSC-
CMs in molecular research and regenerative medicine.
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Figure 1: Phenotypic analysis of morphological transformations during long-term culture of
iPSC-CMs.

(A) Schematic outline of the experimental timeline employed for generation, long-term
culture, and experimental analysis of iPSC-CMs. (B) Brightfield images of iPSC-CMs
showing single cells, cell clusters, and monolayers after 30 days (D30), 90 days (D90), and
200 days (D200) of long-term culture. Images were taken with a Leica brightfield
microscope at 20x magnification (clusters and monolayer, scale bar = 20 um) and at 40x
magnification (single cells, scale bar = 10 pm). (C) Quantification of the iPSC-CM diameter
at D30, D90, and D200 was performed using the software Image J for both single cells and
cell clusters. Vertical and horizontal region of interests (ROIs) were defined and a quotient
of vertical/horizontal was calculated for each cell at D30 (n=23 cells), D90 (n=23 cells), and
D200 (n=21 cells). (D) Quantification of iPSC-CM sarcomere length based on confocal
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images shown in Online Fig IA. (E) Relative mRNA expression levels of genes encoding for
cardiac-specific transcripts were established via gqRT-PCR. Data are expressed as mean +
s.e.m., n=2 independent cell lines per group, *~<0.05 as calculated by Student’s t-test. For
(C), Mann-Whitney testing and Dunis post-hoc test were performed. For single cells vs.
clusters at D30, D90, D200 *P<0.05, **P<0.01, ***P,<0.001.
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Figure 2: Adaptation of gene expression landscapes during long-term culture of iPSC-CMs.
(A) Heatmap of unsupervised clustering of iPSC-CM gene expression at D30, D90, and

D200, as well as iPSCs, which cluster completely separately from iPSC-CMs. With the
different time points, single iPSC-CMs show a trend to segregate into subsets. Relative gene
expression based on Ct values is shown for iPSCs and iPSC-CMs at D30, D90, and D200.
(B) Time-course analysis of iPSC-CM population heterogeneity, clustering, and segregation.
Principal component analysis (PCA) is shown for iPSC-CMs following long-term culture for
30, 90, and 200 days. Expression analysis was normalized per cell for iPSCs and D30, D90,
and D200 iPSC-CMs. (C) Relative mRNA expression levels of genes encoding for cardiac-
specific, structural, mitochondrial, and metabolic transcripts as established via single-cell
PCR. Data are shown for n=2 independent cell lines per group.
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Figure 3: Signaling pathway mapping indicates distinct regulation of metabolic functions during
long-term culture of iPSC-CMs.

(A) Heatmap showing transcriptomic profiling of iPSC-CMs at D30, D90, and D200.
Cluster analysis was performed via Euclidean distance with complete linkage. Only genes
that are significant in at least one pairwise comparison are shown. (B) Venn diagram of
commonly expressed genes between the indicated pairwise comparison groups. Polygons
show all significantly differentially expressed (SDE) genes in the pairwise group
comparisons (D200 vs D90, D200 vs D30, and D90 vs D30). Overlap area between
polygons highlights the indicated intra-group comparisons (D200 vs D90 and D200 vs D30;
D200 vs D90 and D90 vs D30; D200 vs D30 and D90 vs D30). (C) Profiles of relative gene
expression values for significantly differentially expressed transcripts between the intra-
group comparisons of D200 vs D90 and D200 vs D30. Shown are directional changes of
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significantly differentially expressed genes as a function of time. X-axis, day 30, day 90, and
day 200; y-axis, log2 (gene expression value). Blue: downregulated; red: upregulated.
Directional changes are marked in blue (decrease of expression) and red (increase of
expression). (D) Top networks changed for the comparison D200 vs D90 as identified by
IPA analysis (Qiagen). (E) Relative alterations in IPA pathway categories (1-7) are shown
for the p-value ranges of the group comparisons D30 vs. D90, D90 vs D200, and D30 vs
D200. For each comparison, p-values are shown based on significantly altered transcripts in
the indicated pathways and networks, as well as the p-value ranges for given functional
categories generated by IPA core analysis (Qiagen, Right-Tailed Fisher’s Exact Test). 1,
Cardiovascular System Development and Function; 2, Lipid Metabolism; 3, Small Molecule
Biochemistry; 4, Metabolic Disease; 5, Cell-To-Cell Signaling and Interaction; 6, Cellular
Assembly and Organization; and 7, Cellular Function and Maintenance. (F) Heatmap of
AmpliSeq data showing the regulation of metabolism-related transcripts in iPSC-CMs at
indicated time points. (G) Cellular metabolic viability following long-term culture of iPSC-
CMs. Shown are measurements of absorbance at 450 nm (relative units) of the colorimetric
reaction resulting from cleavage of the XTT reagent to formazan by mitochondrial
respiratory chains succinate dehydrogenase system. Data are shown for n=2 independent cell
lines per group. (H) The mitochondrial membrane potential (MMP) is analyzed via a
potential sensor dye, JC-1; 590/525 nm fluorescence ratios are shown. Potential-dependent
localization of JC-1 to mitochondria is causing a shift in JC-1 fluorescence emission from
525 nm to 590 nm. A lower 590/525 nm ratio indicates mitochondrial membrane
depolarization. Data are expressed as mean * s.e.m., n=2 independent cell lines as well as 2
independent experiments per group, *£<0.05, **P<0.01, ns = not significant, as calculated
by Student’s t-test.
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Figure 4: cAMP-/PKA-dependent regulation of distinct metabolic stages during long-term iPSC-
CM culture.
(A) Interactome mapping for PKA using the STRING database. Relevant interaction

partners previously identified via transcriptomic sequencing and IPA pathway mapping to be
significantly changed at D90 and D200 (D90 vs D200) are highlighted in orange. Additional
node colors are assigned by STRING database pre-sets for first shell of interactors. Second
shell interactors are shown in grey. (B) PKA activity is measured in iPSC-CM lysates at
indicated time points using a PKA activity assay kit (Promega). Data are expressed as mean
+ s.e.m. Shown are n=2 independent cell lines as well as 2 independent experiments per
group. *P<0.05, **P<0.01 as calculated by Student’s t-test. (C, D) Measurement of
proteasome activity in iPSC-CMs following long-term culture. Fluorescence activity of the
proteasome-specific molecule Suc-LLVY-AMC is detected following hydrolysis at 354 nm,
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indicating activity of (C) 20S and (D) 26S proteasome machinery. Data are expressed as

mean + s.e.m. Shown are n=2 independent cell lines as well as 2 independent experiments
per group. *P<0.05, **P<0.01, ***P<0.001 as calculated by Student’s t-test. For (C-D),
Mann-Whitney testing and Dunns post-hoc test were performed. **P<0.01, ***£<0.001.
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Figure 5: Distinct metabolic stages in long-term cultured iPSC-CMs are regulated in a PKA- and
proteasome-dependent manner.
(A-D) Levels of catalytic and regulatory subunits, as well as phosphorylated PKA levels

(PKAcat threonine Thr197), at indicated time points following proteasome inhibition
(epoximycin) and PKA activation (8-CPT) compared to control vehicle (DMSO). (A)
Immunoblot analysis and (B-D) quantification of (A), normalized to loading control
(tubulin). (E) Inhibition of PKA (H89) significantly reduces proteasome activity. (F-G)
Metabolic viability was measured via cleavage of the XTT reagent by mitochondrial
respiratory chains succinate dehydrogenase system, resulting in absorbance at 450 nm
(relative units) for iPSC-CMs at indicated time points. Response of iPSC-CMs to
modulation of the mitochondrial respiratory chain via FCCP at indicated time points is
shown. XTT-based absorbance was measured at 450 nM (relative units). (F) Proteasome
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inhibition (epoximycin) as well as (G) PKA inhibition (H89) decrease metabolic function of
iPSC-CMs at D90. (H) Oxygen consumption measured for iPSC-CMs at indicated time
points. Relative fluorescence units are shown. (I-K) Human iPSC-CMs were cultured until
D30 (1), D90 (J), or D200 (K), followed by culture in presence of DMSO (control vehicle)
or indicated chemical modulators. All data are expressed as mean + s.e.m. Shown are n=2
independent cell lines as well as 2 independent experiments per group. *~<0.05, **P<0.01,
***P<0.001, ns = not significant as calculated by Student’s t-test. For (F-G), Mann-
Whitney testing and Dunris post-hoc test or Students t-test and Sidaks post-hoc test were
performed. *P<0.05, **P<0.01, ***£<0.001. Data are expressed as mean + s.e.m.
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Figure 6: Hsp90 contributes to regulation of metabolism via the mitochondrial respiratory chain
complex 1.

(A-B) Human iPSC-CMs (D30) were cultured for 72 h in presence of DMSO (control
vehicle) or geldanamycin (gelda) as indicated. (A) Metabolic viability was measured via the
XTT reagent in iPSC-CMs at indicated time points in presence or absence of FCCP, a
respiratory chain uncoupler. XTT cleavage by mitochondrial respiratory chainfs succinate
dehydrogenase system results in absorbance detected at 450 nm (relative units). (B)
Measurement of mitochondrial complex | activity in iPSC-CM (D30) lysates based on
oxidation of NADH to NAD™ and simultaneous reduction of dye, resulting in increased
absorbance (450 nm). (C-D) Oxygen consumption measured for iPSC-CMs at D30, shown
as relative fluorescence units. (C) Treatment with DMSO (control vehicle) or geldanamycin
(gelda). (D) siRNA knock-down of PKAreg vs. silencer control siRNA (siRNA control). (E-
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F) Cellular ATP production measured in D30 treated iPSC-CMs as indicated. Shown is %
luminescence of control for (E) siRNA knock-down of PKAreg and Hsp90 vs. silencer
control siRNA (siRNA control) and (F) PKA inhibition via H89 and control vehicle
(DMSOQ). Data are expressed as mean + s.e.m. Shown are n=2 independent cell lines as well
as 2 independent experiments per group. *£ <0.05, ***P<0.001 as calculated by Student’s
t-test. For (A), Mann-Whitney testing and Dunns post-hoc test were performed. */~ <0.05,
**p<0.01, ***P<0.001.
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Figure 7: Hsp90 contributes to metabolic regulation via modulation of the mitochondrial
respiratory chain in iPSC-derived endothelial cells (iPSC-ECs).

(A-D) Human iPSC-ECs were derived from iPSC lines 1 and 2. (A) Uptake of low-density
lipoprotein was detected using Dil-acetylated low-density lipoprotein followed by imaging
with a brightfield microscope. Scale bar, 20 um. (B) Quantification of (A) in 324 cells (line
1) and 227 cells (line 2) using Image J software. (C-D) Human iPSC-ECs were cultured for
48 hr in presence of 20 nM DMSO (control vehicle), geldanamycin (gelda) or epoximycin
(epoxi) as indicated. (C) Metabolic viability was measured in iPSC-ECs was measured via
XTT cleavage by mitochondrial respiratory chains succinate dehydrogenase system,
resulting in absorbance at 450 nm (relative units). (D) Detection of mitochondrial complex |
activity in iPSC-EC lysates as described above, followed by measurement of absorbance
(450 nm). Data are expressed as mean + s.e.m. Shown are n=2 independent cell lines as well
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as 2 independent experiments per group. (E) Schematic model of the PKA-proteasome-
Hsp90 dependent axis of metabolic governance of cellular functions at D30, D90, and D200
of long-term culture. Geldanamycin treatment inhibits Hsp90 activity, which reduces its
negative regulation of the mitochondrial respiratory chain, resulting in upregulation of
metabolism and cardiomyocyte function.
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