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Abstract

Aims Genetic dilated cardiomyopathy (DCM) is a leading cause of heart failure. Despite significant progress in understanding
the genetic aetiologies of DCM, the molecular mechanisms underlying the pathogenesis of familial DCM remain un-
known, translating to a lack of disease-specific therapies. The discovery of novel targets for the treatment of DCM
was sought using phenotypic sceening assays in induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs)
that recapitulate the disease phenotypes in vitro.

Methods Using patient-specific iPSCs carrying a pathogenic TNNT2 gene mutation (p.R183W) and CRISPR-based genome editing, a

and results faithful DCM model in vitro was developed. An unbiased phenotypic screening in TNNT2 mutant iPSC-derived cardiomyo-
cytes (iPSC-CMs) with small molecule kinase inhibitors (SMKIs) was performed to identify novel therapeutic targets. Two
SMKls, G6 6976 and SB 203580, were discovered whose combinatorial treatment rescued contractile dysfunction in
DCM iPSC-CMs carrying gene mutations of various ontologies (TNNT2, TTN, LMNA, PLN, TPM1, LAMA2). The combinatorial
SMKI treatment upregulated the expression of genes that encode serine, glycine, and one-carbon metabolism enzymes and
significantly increased the intracellular levels of glucose-derived serine and glycine in DCM iPSC-CMes. Furthermore, the treat-
ment rescued the mitochondrial respiration defects and increased the levels of the tricarboxylic acid cycle metabolites and
ATP in DCM iPSC-CMs. Finally, the rescue of the DCM phenotypes was mediated by the activating transcription factor 4
(ATF4) and its downstream effector genes, phosphoglycerate dehydrogenase (PHGDH), which encodes a critical enzyme
of the serine biosynthesis pathway, and Tribbles 3 (TRIB3), a pseudokinase with pleiotropic cellular functions.

Conclusions A phenotypic screening platform using DCM iPSC-CMs was established for therapeutic target discovery. A combination
of SMKIs ameliorated contractile and metabolic dysfunction in DCM iPSC-CMs mediated via the ATF4-dependent serine
biosynthesis pathway. Together, these findings suggest that modulation of serine biosynthesis signalling may represent a
novel genotype-agnostic therapeutic strategy for genetic DCM.
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Structured Graphical Abstract

Key Question

Can phenotypic screening in patient-specific induced pluripotent stem cell (iPSC)-derived cardiomyocytes uncover novel therapeutic
targets for genetic dilated cardiomyopathy (DCM)?

Key Finding

Human iPSC-based models faithfully recapitulate aspects of DCM in vitro.

Small molecule kinase inhibitors acting via the serine biosynthesis pathway can rescue DCM phenotypes across diverse gene mutations.

Take Home Message

Phenotypic screening of iPSC-derived cardiomyocytes suggests that modulation of serine biosynthesis pathway may be a potential novel
therapeutic target for genetic DCM.
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Activation of serine biosynthesis pathway with a dual kinase inhibitor treatment rescues DCM contraction deficit. A kinase inhibitor
screening was conducted in iPSC-derived cardiomyocytes, and the resulting hits identified were combined into one single treatment,
PPi, that improved the contractile response of the cells. Mechanistically, PPi activated the serine biosynthesis pathway, translating in
turn into a more efficient mitochondrial respiration and energy production. Finally, PPi rescued DCM phenotype in multiple gene muta-
tions associated to DCM.

Keywords Induced pluripotent stem cells « Cardiomyocytes ¢ Drugscreening * Dilated cardiomyopathy « Clinical-trial-in-a-dish
* Precision medicine * Phenotypic screens
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Translational perspective

Familial dilated cardiomyopathy (DCM) is a leading cause of heart failure and death. Implementing genotype-specific precision therapies could
improve patient outcomes through prevention and individualized treatments. Patient-specific induced pluripotent stem cell-derived cardio-
myocytes (iPSC-CMs) are a powerful model to uncover novel therapeutic targets in genetic cardiomyopathies. This study demonstrated that
combinatorial treatment with two kinase inhibitors rescued contractile and metabolic dysfunction in DCM iPSC-CMs. The beneficial effect
converged on the activation of ATF4 signalling and its downstream targets, PHDGH and TRIB3. These findings provide the foundation for the
development of modulators of serine metabolism to treat genetic DCM.

Introduction

Dilated cardiomyopathy (DCM), characterized by left ventricular en-
largement and systolic dysfunction, is a leading cause of heart failure
with a prevalence of 1 in 250 to 500 individuals.' Genetic studies
have demonstrated that familial DCM is associated with mutations
in more than 50 genes from diverse ontologies.*> Despite the pro-
gress in understanding the genetic aetiologies of DCM, the molecular
mechanisms underlying the pathogenesis of DCM are not thoroughly
understood. Therefore, current symptom-based therapeutic ap-
proaches do not address the underlying genetic basis of the disease,
translating into a lack of preventive or disease-modifying therapies.®
Therapeutic approaches for DCM can be directed towards the
underlying genetic aetiology (genotype) or myocardial dysfunction
(phenotype). Functional genomics analyses can direct variant- or
gene-specific therapies,”® however, experimental validation of un-
ique family-specific mutations is challenging and is unlikely to be suc-
cessful in developing individualized disease-modifying therapies. On
the contrary, phenotype-directed therapies targeting pathological
processes triggered by gene mutations could be broadly applicable
for treating DCM across the spectrum of DCM-associated genes.
In the past decade, advances in induced pluripotent stem cell
(iPSC) and genome editing technologies have enabled aspects of gen-
etic DCM to be modelled ‘in-a-dish’ in human cardiomyocytes de-
rived from iPSCs (iPSC-CMs). Given their capacity to recapitulate
disease- and mutation-relevant phenotypes, iPSC-CMs provide a
model to delineate genotype—phenotype associations and disease-

9-13 .
and serve as a platform to perform unbiased

specific mechanisms
phenotypic-based screens to uncover new therapeutic targets.

In this study, we performed a chemical genetics-based phenotypic
screening employing DCM patient-derived iPSC-CMs to identify no-
vel biological targets for DCM. We discovered a specific combinator-
ial small molecule kinase inhibitor (SMKI) treatment that rescues
DCM phenotypes in iPSC-CMs acting via the activation of the de
novo serine biosynthesis pathway and TRIB3 kinase signalling that is
mediated by ATF4. Collectively, our findings demonstrate that
phenotypic screening in iPSC-based DCM models provides a plat-
form for novel therapeutic target discovery and suggests that modu-
lation of serine biosynthesis can be exploited as a potential
therapeutic strategy for genetic DCM.

Methods

Human subjects were enrolled in the study with informed consent ap-
proved by the Stanford Institutional Review Board and Stem Cell
Research Oversight Committee.

Induced pluripotent stem cell

reprogramming and culture

Peripheral blood mononuclear cells were reprogrammed using the
non-integrative  Sendai  virus  (CytoTune™-iPS 2.0  Sendai
Reprogramming Kit, Thermo Fisher Scientific) and cultured in E8
media (Thermo Fisher Scientific) on Geltrex-coated dishes as
described.™ Pluripotency was assessed by PluriTest using the
lllumina HT12 microarrays'® (see Supplementary material online,
Figure S71) and live-cell TRA-1-60 immunofluorescence (see
Supplementary material online, Figure 52). The genome integrity of all
lines was verified by SNP-based karyotyping (see Supplementary
material online, Figure S2).

Genome editing

CRISPR/Cas9 and ssODN mediated correction and introduction of
the TNNT2 mutation were performed as described."*'® CRISPR/
Cas9 off targets were predicted by COSMID, and PCR amplifications
of the loci were followed by Sanger sequencing (see Supplementary
material online, Figure S3 and Table S7). The genomic integrity and het-
erozygosity of the TNNT2 locus in the edited lines were verified by
SNIP genotyping'’ (see Supplementary material online, Figure $4 and
Table S2).

Phenotypic screening

The iPSCs were differentiated to CMs using a Wnt-activation/inhib-
ition protocol as described.'® At Day 45 post-differentiation,
iPSC-CMs were dissociated and seeded in 384-well plates
(GreinerBio). Compounds from a SMKI library (Millipore) were
added at 10 M and the cells were labelled with tetramethylrhoda-
mine, methyl ester dye. Time-series images were acquired automat-
ically using an 1C200 KIC instrument (Vala Sciences) at an acquisition
frequency of 100 Hz for a duration of 10 s. The images were analysed
using custom particle image velocity software as previously de-
scribed.”® The compounds are shown in Supplementary material
online, Table S3.

13C stable-isotope tracing
The iPSC-CMs were cultured in modified RPMI media containing 11 mM
uniformly labelled 13C [U-"3C] glucose (Cambridge Isotopes
Laboratories, Inc)) and treated with 2.5 yM G& 6976 and 2.5 yM SB
203580. After 72 h, the metabolites were extracted and the isotope en-
richment was measured using chromatography coupled to mass spec-
trometry as previously described.'®

A detailed description of materials, methodology, and statistical ana-
lyses is included in the Supplementary material online.
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Figure 1 Generation and validation of the dilated cardiomyopathy in vitro model using induced pluripotent stem cell-cardiomyocytes. (A) Genome
editing approaches targeting the TNNT2 ¢.547C > T mutation. (B) Sanger sequencing of the three isogenic lines: patient heterozygous mutant
(TNNT2"ET), genome-edited homozygous mutant (TNNT2M°™), and gene-corrected line (TNNT2<°R®)_ (C) High-throughput contractility ana-
lysis using vector motion mapping. (D) Representative contractility traces of isogenic induced pluripotent stem cell-cardiomyocytes. (E) Contraction
amplitude analyses. Mean =+ standard deviation, n = 17—44, three differentiation batches per genotype. (F) Schematics of the 3D-engineered heart
tissue contractility analysis. (G) Representative force profile of the isogenic 3D-engineered heart tissues. (H) Quantitation of force generation by the
3D-engineered heart tissues. Mean + standard deviation. n = 12—24 from four differentiation batches.
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Results

Establishing a chemical genetic screening
platform in human dilated
cardiomyopathy-induced pluripotent

stem cell-cardiomyocytes

To establish a functional screening platform, we first examined
whether DCM iPSC-CMs exhibit cellular phenotypes suitable for
high-throughput screening. As mutations in the TNNT2 gene encod-
ing the sarcomeric cardiac troponin T protein cause a relatively ag-
gressive, early-onset DCM,'”?® we derived iPSCs from a
15-year-old patient diagnosed with DCM harbouring a pathogenic
missense  mutation in  TNNT2 (c547C>T, p.R183W,
NM_000364.4; rs727503512) (hereafter referred to as
TNNT2EN222 (Figyre 1A). Using a CRISPR/Cas9-based approach,
we corrected the mutation (hereafter referred to as TNNT2<ORR)
to generate an isogenic control iPSC line. Furthermore, the same
mutation was introduced to the wild-type allele of the TNNT27ET
background, generating an isogenic homozygous mutant iPSC line
(hereafter referred to as TNNT27°™) (Figure 1B). The edited lines
were  karyotypically normal and free of unintended
CRISPR-induced on- or off-target effects (see Supplementary
material online, Figures S2-S4 and Table S2). As decreased, cardiac
contractility is a hallmark of DCM, we evaluated the contractility
properties of the iPSC-CMs derived from these three isogenic lines.
Both TNNT2"°™ and TNNT2™ET displayed significantly decreased
contractility compared with the isogenic TNNT2<9R? ipSC-CMs
in monolayer cultures (Figure 1C-E) and 3D-engineered heart tissue
(3D-EHT) constructs (Figure 1F—H), in a dose-dependent manner of
mutant alleles, which reflects the severity of the disease. Interestingly,
the CMs derived from the isogenic control line TNNT2<9RR exhib-
ited contractility levels comparable to iPSC-CMs obtained from
healthy donors (Figure 1E and H). Our data suggest that iPSC-CMs
carrying the TNNT2 R183W mutation recapitulate the contractile
dysfunction associated with DCM in vitro.

Having established a translational DCM model, we then assessed
the effect of chemical compounds on CM contractility in a 2D
DCM monolayer screening approach using TNNT™ iPSC-CMs,
To identify biological pathways and targets that could rescue the con-
tractility deficit in an unbiased manner, we screened a library that
contained 160 well-characterized SMKIs (see Supplementary
material online, Table S3). Cells were seeded in 384-well plates and
treated with each compound (10 uM) for 48 h before acquiring high-
speed movies on spontaneously beating monolayers (Figure 2A). The
vehicle control-treated cells confirmed the low variability of the plat-
form, and Omecamtiv Mecarbil (OM) and Mavacamten (Myk-461),
used as positive and negative inotropes, respectively,”*** demon-
strated the fidelity of the assay (Figure 2B). Out of the 160 com-
pounds tested, we identified two SMKIs, G6 6976 and SB 203580,
which significantly increased the contractility of the TNNT2HOM
iPSC-CMs >2.5 SD from the mean of the vehicle control, without
any effect on the spontaneous beating rate (see Supplementary
material online, Figure S5). The SMKI G6 6976 is a selective inhibitor
of PKC kinase a and f isoforms [ICsq (cell-free assays) =2.3 and
6.2 nM, respectively],25 and also shows activity against FLT3, JAK2,
JAK3, TrkA, and TrkB kinases [ICso=0.7 (cell-free assay), 130,

370, 5, and 30 (cell assays) nM, respectively].2* 28 SB 203580 is a se-
lective, ATP-competitive inhibitor of p38 mitogen-activated protein
kinase [MAPK; ICs (cell assay) = 0.3-0.5 uM),%**° and also shows
activity against c-Jun N-terminal Kinases (JNKs), pyruvate dehydro-
genase kinases (PDKs), cyclooxygenase-1 and -2, and PKB [ICsq
(cell assays) = 3-10, 3-10, 2, 2, and 3-5 pM].>**? Other compounds
targeting PKC or p38 kinases showed no beneficial effects on con-
tractility (see Supplementary material online, Figure $6). For example,
the broad-spectrum PKC inhibitor, G6 6983, did not improve the
contractility of the iPSC-CMs. Similarly, SB 202190, a highly selective
p38 inhibitor,** had no effect on contractility, indicating that the un-
ique target profiles of G6 6976 and SB 203580 are important for res-
cuing the contractility dysfunction of DCM iPSC-CMs. Together, our
phenotypic screening data suggest that the contractile deficit of
DCM iPSC-CMs can be rescued by treatment with the two SMKis
G& 6976 and SB 203580.

Combinatorial kinase inhibition rescues
contractile dysfunction in dilated
cardiomyopathy-induced pluripotent

stem cell-cardiomyocytes

Given that G6 6976 and SB 203580 act on distinct kinases and sig-
nalling pathways, we hypothesized that combinatorial treatment
might exert a synergistic effect. To test this hypothesis, we treated
the TNNT2HOM iPSC-CMs with a combination of both com-
pounds (hereafter referred to as PPi). We observed that the con-
tractility and relaxation kinetics of TNNT2H°™ iPSC-CMs were
restored to levels comparable to those of the gene-corrected iso-
genic control TNNT2<CRR after treatment with PPi for 72 h
(Figure 2C and D) and in two clones of TNNT2MET (see
Supplementary material online, Figure S7). We performed two
additional orthogonal contractility assays, using micropatterned
single iPSC-CMs and 3D-EHTs, to further validate these findings.
Individual TNNT2H™ iPSC-CMs were seeded in rectangular mi-
cropatterns (aspect ratios 7:1; 2000 um?) on deformable poly-
acrylamide substrates with a physiological stiffness (E = 9.6 kPa)
embedded with fluorescent microspheres.’>?¢ The generated
force of contraction was calculated by measuring the deformation
of the substrate (traction force microscopy) (Figure 2E and F). We
found that the sum of the contractile force magnitudes (2forces)
was significantly increased in PPi compared with vehicle control-
treated  TNNT27C™ PSC.-CMs (1217 + 0231 vs. 0512 +
0.260 PN, P < 0.0001; Figure 2G). We corroborated these findings
in micropatterned iPSC-CMs derived from the two heterozygous
iPSC lines, representing the predominant clinical scenario of hetero-
zygous DCM mutations (see Supplementary material online,
Figure S8A-C). Consistent with these findings, absolute contraction
force analysing 3D-EHTs was significantly increased in PPi- compared
with control-treated TNNT27°™ and TNNT27T iPSC-CMs
(Figure 2H and | and Supplementary material online, Figure S8D),
while washout showed a reversal of the effect on contractility (see
Supplementary material online, Figure S8E). In contrast, 3D-EHTs
generated from the TNNT2CRR iPSC-CMs did not show an im-
provement in contractility upon PPi treatment (see Supplementary
material online, Figure S9). Finally, we tested a combination of clinical-
grade p38 MAPK and PKCa inhibitors, ARRY-371797°738 and
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Figure 2 High-throughput phenotypic drug screening in induced pluripotent stem cell-cardiomyocytes. (A) Schematic of high-throughput kinase
inhibitor screen in dilated cardiomyopathy TNNT2"°M induced pluripotent stem cell-cardiomyocytes. Cells were plated in 384-well plates and
treated with a chemical kinase inhibitor library (160 compounds), and contractility was measured with automated kinetic imaging. Hits were further
validated in micropatterned single-cell induced pluripotent stem cell-cardiomyocytes and 3D-engineered heart tissues. (B) Kinase inhibitor screen
scatter plot: peak amplitude is plotted on the y-axis against 160 corresponding kinase inhibitors on the x-axis. The dashed lines represent 2.5 SDs
from the vehicle control mean (solid line). The two hit compounds identified (G6 6976 and SB 203580) are indicated; and assay controls (OM and
Myk-461) are also shown. The screen was performed in duplicate plates. (C) Relative contraction amplitude and (D) relaxation time of TNNT2HM
induced pluripotent stem cell-cardiomyocytes treated for 72 h with the two hit compounds, Gé 6976, SB 203580, alone, or in combination (PPi).
For comparison, TNNT2"°™ induced pluripotent stem cell-cardiomyocytes treated with OM, and untreated TNNT2<“F® induced pluripotent
stem cell-cardiomyocytes are shown. Mean + standard deviation from three independent differentiation batches. (E and F) Representative vector
motion maps of micropatterned TNNT27°™ induced pluripotent stem cell-cardiomyocytes treated with vehicle control (Control) or PPi for 72 h
(scale bar =20 uym) (n=14 and 17, respectively). Two independent differentiation batches. (G) Total forces (£F) of micropatterned single
TNNT2"°™ induced pluripotent stem cell-cardiomyocytes. (H) Representative 3D-engineered heart tissues contractile force traces and (/)
3D-engineered heart tissues contraction force, relative to baseline (AForce) of each engineered heart tissue. Box-and-whisker plots show the min-
imum, the 25th percentile, the median, the 75th percentile, and the maximum from three independent differentiation batches.
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Figure 3 PPi activates the de novo serine biosynthesis pathway. (A) Heat map illustrating levels of expression of the top 30 differentially expressed genes in
TNNT2M™ and TNNT2™T induced pluripotent stem cell-cardiomyocytes after PPi treatment vs. vehicle control (DMSO) (False discovery rate [FDR] <
0.05). (B) Gene Ontology biological processes enrichment analysis of the upregulated transcripts. (C) Graphical representation of enzymes and metabolites of
the de novo serine biosynthesis pathway and their integration in cellular metabolism. Genes significantly upregulated in dilated cardiomyopathy-induced pluri-
potent stem cell-cardiomyocytes upon PPi treatment are indicated throughout the pathway. (D) Schematic showing expected labelling from carbon flow from
glucose to serine and glycine when labelled with [*C¢]-glucose. (E and F) Abundance of [**Cg]-glucose-derived serine and glycine in TNNT2T induced
pluripotent stem cell-cardiomyocytes cultured with ['*Cg]-glucose for 72 h post-treatment with vehicle control (Ctrl) or PPi. Vehicle control-treated
Continued
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LXS$196,%°  respectively. ~ Combinatorial ~ treatment  with
ARRY-371797 and LXS196 at escalating doses did not improve
the contractility of TNNT2HET and TNNT2HO™ iPSC-CMs (see
Supplementary material online, Figure S10), suggesting a unique effect
of the PPi treatment. Together, these results indicate that combina-
torial treatment of TNNT2 mutant iPSC-CMs with G& 6976 and
SB 203580 can rescue the contractile deficit in a cell-autonomous
and genotype-specific manner.

PPi upregulates serine, glycine, and
one-carbon metabolism gene

transcription

To determine the biological mechanisms driving the beneficial effects
of PPi treatment on DCM iPSC-CMs, we performed a whole tran-
scriptome analysis by RNA sequencing (RNA-seq) in TNNT27°™
and TNNT2"ET. We identified 80 upregulated, and 36 downregu-
lated transcripts in PPi compared with vehicle control-treated
TNNT27M iPSC-CMs. Clustering analysis of transcripts also con-
firmed good accordance between the isogenic TNNT2H™ and
TNNT2"ET (Figure 3A). Similar genes were found to be regulated
by PPi in the TNNT2<“RR iPSC-CMs (see Supplementary material
online, Figure S11). Analysis of gene ontology enrichment of differen-
tially expressed genes indicated a predominant enrichment of bio-
logical processes related to biosynthesis and transport of amino
acids. Specifically, the pathways of ‘amino acid transport’, ‘L-serine
metabolic process’, ‘L-alpha amino acid transport’, and ‘folic acid me-
tabolism’ were highly enriched (Figure 3B). Ve observed upregula-
tion of genes encoding key enzymes of the serine biosynthesis
pathway, PSAT1, PSPH, and PHGDH, the transcription factor ATF4
that promotes the expression of these enzymes,***! and genes in-
volved in the interconversion of serine to glycine (SHMT2), the mito-
chondrial folate-mediated one-carbon metabolism (ALDH7L2 and
MTHFD2), and amino acid transportation (SLC3A2, SLCTAS,
SLC6A4, SLC7A1, and SLC7A11). Furthermore, the mitochondrial
phosphoenolpyruvate carboxykinase 2 (PCK2) was also upregulated.
PCK2 catalyzes the rate-limiting step (oxaloacetate to phosphoenol-
pyruvate) in gluconeogenesis, allowing tricarboxylic acid cycle (TCA)
intermediates for biosynthetic functions. Finally, genes encoding key
enzymes for the synthesis of asparagine (ASNS), cysteine biosynthesis
(CTH), and glutathione cycle (CHACT) were also upregulated in mu-
tant compared with isogenic control iPSC-CMs upon PPi treatment
(Figure 3A and C and Supplementary material online, Figure S17).
These data reveal that PPi treatment results in upregulation of

Figure 3 Continued

serine/glycine biosynthesis and one-carbon metabolism genes in
iPSC-CMs.

PPi increases the capacity for serine/
glycine biosynthesis

Serine, a non-essential amino acid, can be synthesized de novo from a
branch of glycolysis. Once synthesized, serine can be converted to
glycine, providing carbon units for one-carbon metabolism.*?
RNA-seq analysis supports the hypothesis that iPSC-CMs treated
with PPi significantly increase intracellular serine and glycine levels
through de novo synthesis. We performed [U-"3C]-glucose isotope
tracing and gas chromatography—mass spectrometry (GC-MS) ana-
lysis to test this hypothesis (Figure 3D). We observed that the intra-
cellular levels of de novo synthesized serine and glycine were
significantly reduced in TNNT2MET compared with isogenic control
TNNT2CRR iPSC-CMs. Consistent with the upregulation of genes
encoding enzymes of the de novo serine synthesis pathway, treatment
with PPi significantly increased the intracellular levels of de novo
synthesized serine and glycine in TNNT27ET iPSC-CMs (Figure 3E
and F).

To further validate de novo serine synthesis as a mediator of the
PPi response, we silenced the expression of PHDGH by siRNA in
TNNT2 mutant iPSC-CMs (see Supplementary material online,
Figure S12). PHGDH encodes 3-phosphoglycerate dehydrogenase
that catalyzes the first committed step in the three-step serine bio-
synthesis pathway, diverting glycolytic flux to serine and glycine bio-
synthesis.** Suppression of PHGDH exacerbated contractile
dysfunction and attenuated the PPi response in TNNT2 mutant
iPSC-CMs  (Figure 3G and Supplementary material online,
Figure S13A). Similarly, siRNA-mediated silencing of ATF4, which con-
trols the expression of PHGDH and other key serine/glycine biosyn-
thesis enzymes,** exacerbated the contractile dysfunction, and
attenuated the PPi response in TNNT2 mutant iPSC-CMs
(Figure 3H and Supplementary material online, Figure S13B).
Besides knockdown of ATF4 gene expression upon siATF4 treatment
under control and PPi treatment, silencing of ATF4 also results in sig-
nificantly reduced PHGDH gene expression levels in TNNT2 mutant
iPSC-CMs (Figure 31 and Supplementary material online, Figure S13C).
Together, these data suggest that PPi diverts glycolytic flux into the
serine biosynthetic pathway via the ATF4-PHGDH axis, restoring
the capacity of TNNT2 DCM iPSC-CMs to produce de novo ser-
ine/glycine from glucose.

TNNT25RR induced pluripotent stem cell-cardiomyocytes are also shown for comparison. Data represent mean =+ standard deviation, n =918
replicates per condition, two independent labelling experiments. (G) Relative contractility of sIRNA control- or sPHGDH-transfected TNNT27ET
induced pluripotent stem cell-cardiomyocytes treated with PPi or vehicle control (Ctrl). Box-and-whisker plots show the minimum, the 25th per-
centile, the median, the 75th percentile, and the maximum. n = 9-12. (H) Relative contractility of sIRNA control- or siATF4-transfected TNNT2HET
induced pluripotent stem cell-cardiomyocytes treated with PPi or vehicle control (Ctrl). Box-and-whisker plots show the minimum, the 25th per-
centile, the median, the 75th percentile, and the maximum. n=9-12. (/) Relative expression of ATF4 and PHGDH in siRNA control- or
SIATF4-transfected TNNT2ET induced pluripotent stem cell-cardiomyocytes treated with PPi or vehicle control (Ctrl). Mean =+ standard devi-
ation, n=6-12. 1-C, one-carbon; 3PG, 3-phosphoglycerate; a-KG, alpha-ketoglutarate; ALDH1L2, aldehyde dehydrogenase 1 family member
L2; CHAC1, glutathione-specific gamma-glutamylcyclotransferase 1; Gly, glycine; MTHFD2, methylenetetrahydrofolate dehydrogenase 2; PCK2,
phosphoenolpyruvate carboxykinase 2, mitochondrial; PEP, phosphoenolpyruvate; PHGDH, phosphoglycerate dehydrogenase; PSAT1, phospho-
serine aminotransferase 1; PSPH, phosphoserine phosphatase; Pyr, pyruvate; Ser, serine; SHMT2, serine hydroxymethyltransferase 2; TCA, tricarb-

oxylic acid.
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Figure 4 PPi rescues the mitochondrial dysfunction of TNNT2 mutant induced pluripotent stem cell-cardiomyocytes. (A) Effect of PPi on mito-
chondrial function in TNNT2 mutant and isogenic control induced pluripotent stem cell-cardiomyocytes. Mitochondrial function was measured by
extracellular flux analysis. OCR, cellular oxygen consumption rate. (B and C) Quantitation of mitochondrial functional parameters from (A). Mean +
standard deviation, n = 14-16 replicates per line, three independent differentiation batches. (D) Schematic showing expected labelling of carbon
flow from glucose to tricarboxylic acid cycle intermediates when labelled with ['*C¢]-glucose. (E-G) Abundance of [*C¢]-glucose-derived
a-ketoglutarate, succinate, and citrate in TNNT27ET induced pluripotent stem cell-cardiomyocytes cultured in the presence of [**Ce]-glucose
with vehicle control (Ctrl) or PPi. Vehicle control-treated TNNT2“FR induced pluripotent stem cell-cardiomyocytes is also shown for comparison.
Data represent mean =+ standard deviation, n = 9-18 replicates per condition, two independent labelling experiments.

PPi improves mitochondrial respiration

The diversion of glycolytic flux into de novo serine biosynthesis has
a multitude of biological consequences,*® including the provision
of one-carbon units for cellular respiration.***” To understand
the effects of enhancing serine biosynthesis in mitochondrial me-
tabolism, we compared the bioenergetic profiles of the TNNT2
mutant and the isogenic control iPSC-CMs using the Seahorse
XF-96 assay*® (Figure 4A). We observed that the basal and
ATP-linked oxygen consumption rate (OCR) was significantly
lower in the mutant (TNNT27°™ and TNNT2"ET) compared
with the isogenic control (TNNT2<CRR) ipSC-CMs. Upon PPi
treatment, the basal and ATP-linked respiration were increased
significantly in the mutant iPSC-CMs to levels comparable to isogenic
controls (Figure 4B and C). We next examined the metabolic profiles
by U-"3C¢ glucose tracing (Figure 4D). Consistent with increased
OCR, the U-"*C-glucose isotope tracing analysis showed a significant
increase of glucose flux into the TCA as evidenced by ">C enrich-
ment and abundance of TCA
a-ketoglutarate (a-KG), citrate, and succinate (Figure 4E-G).
Together, these results indicate that PPi enhances the mitochondrial

intermediates, such as

respiration and ATP production capacity in DCM iPSC-CMs, sug-
gesting the normalization of an underlying disease-specific
phenotype.

TRIB3 contributes to the phenotype
rescue by PPi

To better understand the molecular mechanism of PPi action, we
performed functional gene set enrichment analysis of the identified
transcriptional changes upon PPi treatment. It revealed that the up-
regulated genes are associated with the mammalian target of rapa-
mycin (mTOR) signalling pathway (Figure 5A). The mTOR pathway
is a critical rheostat for maintaining metabolic balance*® and regulates
serine, glycine, and one-carbon metabolism through activation of the
activating transcription factor 4 (ATF4).>° We speculated that
mTOR could be a major regulator that increases serine and one-
carbon metabolic flux and enhances the contractility in iPSC-CMs
upon PPi treatment. However, we rejected this hypothesis because
pharmacological inhibition of the mTOR pathway by rapamycin or
everolimus did not blunt the beneficial effect of PPi on the contractility
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Figure 5 The pseudokinase TRIB3 contributes to the beneficial effects of PPi. (A) Gene set enrichment analysis enrichment plot for mammalian
target of rapamycin signalling pathway in TNNT2"°™ induced pluripotent stem cell-cardiomyocytes. (B) Contractility analysis of TNNT2HM in-
duced pluripotent stem cell-cardiomyocytes were treated with PPi in the presence of mammalian target of rapamycin inhibitors everolimus and
rapamycin; n = 8-16 replicates from three independent differentiation batches. Box-and-whisker plots show the minimum, the 25th percentile,
the median, the 75th percentile, and the maximum. (C) Relative contractility of siRNA control- or siTRIB3-transfected TNNT2ET induced pluri-
potent stem cell-cardiomyocytes treated with PPi or vehicle control (Ctrl). n=9-12 replicates from three independent differentiation batches.
Box-and-whisker plots show the minimum, the 25th percentile, the median, the 75th percentile, and the maximum. (D) Relative mRNA expression
of ATF4, PHGDH, and TRIB3 in siRNA control, siTRIB3- or siATF4- transfected TNNT2"ET induced pluripotent stem cell-cardiomyocytes treated
with PPi or vehicle control (Ctrl). Mean + standard deviation, n=6-12.

of TNNT2H°™ iPSC-CMs (Figure 5B). Hence, these findings suggest
that PPi improves contractility through a different mechanism.

To identify other signalling pathways, we tested the overlap of
PPi-regulated genes with kinase and transcription factor co-
expression modules in the ARCHS4 database using Enrichr.>" We
identified Tribbles homologue 3 (TRIB3) kinase (P=7.31e—13) as
a potential mediator of the PPi effect (data not shown). Notably,
TRIB3 gene expression is significantly increased in PPi- compared
with vehicle control-treated DCM iPSC-CMs (Figure 3A and
Supplementary material online, Figure S11). TRIB3 is the pseudoki-
nase orthologue of the Drosophila protein Tribbles. Like Tribbles,
TRIB3 lacks detectable kinase activity and functions as an adaptor
protein that participates in the fine-tuning of various cellular func-
tions,> including the MAPK signalling cascades,” insulin signalling,54

and the integrated stress response.>>>® Silencing of TRIB3 by siRNA
exacerbated the contractility dysfunction and attenuated the benefi-
cial effect of PPi on the contractility in TNNT2 mutant iPSC-CMs
(Figure 5C and D and Supplementary material online, Figure S14A
and B).

As studies have implicated TRIB3 both as a transcriptional tar-
get®” and a negative feedback modulator of the ATF4 pathway,>¢®
we assessed whether TRIB3 is associated with the regulation of the
serine biosynthesis pathway. Consistent with the transcriptional
regulation of TRIB3 by ATF4,>® we observed a marked reduction
in TRIB3 expression after silencing of ATF4 in TNNT2 mutant
iPSC-CMs online,
Figure S14C). However, we did not find any evidence for a feedback
mechanism as siRNA-mediated TRIB3 silencing did not affect the

(Figure 5D and Supplementary material
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Figure 6 PPi rescues the contractility deficit of dilated cardiomyopathy-induced pluripotent stem cell-cardiomyocytes harbouring pathogenic mu-
tations from diverse gene ontologies. (A) Human induced pluripotent stem cells were derived from five dilated cardiomyopathy patients carrying
pathogenic mutations in TTN, PLN, LMNA, TPM1, and LAMA2 genes, and two healthy controls. (B—/) Relative contractility analysis of dilated
cardiomyopathy-induced pluripotent stem cell-cardiomyocytes treated with PPi or vehicle control (Control). Box-and-whisker plots show the min-
imum, the 25th percentile, the median, the 75th percentile, and the maximum; n = 6—16 replicates per line from three independent differentiation

batches.

expression of ATF4 or its downstream target gene, PHGDH, in
TNNT2 mutant iPSC-CMs (Figure 5D and Supplementary
material online, Figure S14C), suggesting that TRIB3 contributes,
in part, to the beneficial effect of PPi contractility of DCM
iPSC-CMs independently of an ATF4-feedback loop. Taken to-
gether, our results suggest the mechanism of PPi action is mediated
through the activation of ATF4 and its downstream targets
PHGDH and TRIB3.

PPi rescues contractility in induced
pluripotent stem cell-cardiomyocytes
carrying mutations in dilated

cardiomyopathy genes
Genetics studies have shown that DCM has significant locus heterogen-
eity.! Mutations in genes encoding cytoskeletal, sarcomeric,

mitochondrial, desmosomal, nuclear membrane, and RNA-binding pro-
teins have been causally linked to DCM, suggesting that diverse inputs
can evoke a DCM phenotypef"5 We examined whether PPi treatment
can rescue the contractility deficit in iPSC-CMs carrying diverse
DCM-associated gene mutations. We generated iPSCs from patients
carrying pathogenic DCM mutations in titin (TTN, ¢.73817delC,
p.P24606LfsX16), lamin A/C (LMNA, c.967_968delCT, p.L323fs), tropo-
myosin 1 (TPM1, c688 G> A, p.D230N), laminin subunit alpha 2
(LAMA2, c7074C> A, p.Y2358X), and phospholamban (PLN,
c40_42delAGA, p.R14del) (Figure 6A). We observed a significant in-
crease in the maximum contraction amplitude in PPi- compared vehicle
control-treated iPSC-CMs in all lines (Figures 6B—F). We corroborated
these findings in CMs derived from an independent iPSC clone (see
Supplementary material online, Figure $15). In contrast, iPSC-CMs de-
rived from the isogenic control (TNNT2“R®) as well as from
two healthy individuals, showed no response to PPi treatment
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(Figure 6G—I). Notably, silencing ATF4 or its downstream targets PHGDH
and TRIB3 attenuated the PPi response (see Supplementary material
online, Figure $16). Taken together, these results demonstrate that the
PPi treatment acting via the ATF4 signalling pathway rescued the con-
tractility deficit of DCM iPSC-CMs in a genotype-agnostic manner.

Discussion

Human iPSCs can differentiate into CMs in vitro and have become a
powerful model for understanding human monogenic genetic dis-
eases, such as cardiomyopathies.”'%*° As iPSC-derived cells carry
the causal genotype and are likely to recapitulate disease-associated
cellular phenotypes in vitro, these models have been extensively used
for modelling monogenic cardiomyopathies®® and guiding the discov-
ery refinement of existing drugs.m""‘2 In this study, we combine the
power of iPSC-based disease models and high-throughput physio-
logical screens to identify compounds that normalize disease-specific
phenotypes associated with genetic DCM. We established a transla-
tional DCM human cellular disease model using iPSCs carrying a
pathogenic TNNT2 mutation and performed an unbiased high-
throughput chemical genomics-based phenotypic screening using a
library of bioactive compounds. We identified two SMKls, Go
6976 and SB 203580, that acted synergistically to rescue the DCM
phenotypes of iPSC-CMs acting via the de novo serine biosynthesis
pathway. Collectively, our data illustrates the potential of phenotypic
screening approaches using iPSC-CMs to discover novel therapeutic
targets for genetic DCM (Structured Graphical Abstract).

We found that the activation of the serine biosynthesis pathway
ameliorated the DCM phenotype in DCM iPSC-CMs carrying muta-
tions in diverse genes. The serine biosynthesis pathway produces
serine, a non-essential amino acid, from a branch of glycolysis that
can be converted to glycine, which provides carbon units for one-
carbon metabolism, supporting multiple physiological processes48
and pathways.>"° As serine-derived one-carbon and the oxidative
phosphorylation systems are functionally coupled,**®* our data re-
vealed a correlation between de novo serine biosynthesis and the en-
ergetic pathways in DCM iPSC-CMs. We observed an increase of
glucose flux into the TCA as indicated by "*C enrichment and abun-
dance of TCA intermediates such as a-KG, citrate, and succinate, as
well as improved mitochondrial respiration in DCM iPSC-CMs. It is
likely that ATP production and mitochondria function may be direct-
ly linked to the serine biosynthesis pathway. For example, the ATF4
regulates a set of related pathways that promote glucose uptake,
non-essential amino acid, and one-carbon metabolism.**¢¢¢” The
latter pathway contributes to mitochondrial NADH generation,
which can fuel respiration.® " Indeed, we observed significant label-
ling of glycine from ">C-glucose and partial labelling of serine, indica-
tive of folate cycling that correlates with the improved mitochondrial
respiration in iPSC-CMs. These findings suggest that enhancement of
de novo serine biosynthesis contributes to the energetic pathways in
the iPSC-CMs. In agreement, previous studies have reported that the
activation of the serine and one-carbon pathway in CMs by calcineur-
in AB1 (CnAB1) reduced protein oxidation in mitochondria and pre-
served ATP production, which in turn improves systolic function and
prevents adverse ventricular remodelling in the context of cardiac
hyper‘trophy.72 Furthermore, a recent study showed that the

myocardial recovery of failing hearts upon mechanical unloading cor-
relates with the increased flux of glucose into the serine biosynthesis
and one-carbon pathway.”® This increased flux fuels the generation
of mitochondrial NADPH contributing to functional cardiac recov-
ery by supporting mitochondria biogenesis and repair mechanism
in the setting of left ventricular assist device therapy of the failing
heart.”? Together, our data suggest that the activation of de novo ser-
ine biosynthesis that emanates from the non-glycolytic glucose me-
tabolism could potentially be a novel therapeutic target for genetic
DCM. Future studies will address the broader question on which
downstream metabolic pathway(s) support CM function.

The role of serine, glycine, and one-carbon metabolism in cardiac
physiology and pathophysiology is largely unknown. Accumulating
evidence suggests that deficiencies in serine and glycine metabolism

74778 and macular

cause genetic disorders, including neuropathologies
telangiectasia.”” " Moreover, recent genome-wide association and
clinical studies suggest a link between glycine, serine, and one-carbon
metabolism and cardiometabolic syndrome.®#* Experimental evi-
dence also suggests that serine deficiency due to impaired glycolysis
in astrocytes contributes to cognitive deficits in Alzheimer’s dis-
ease.® Intriguingly, we found that DCM iPSC-CMs produced less
glycolysis-derived serine and glycine, suggesting a mechanistic link be-
tween impaired the serine biosynthesis pathway and the pathogen-
esis of DCM. Accordingly, we observed that suppression of
PHGDH, which catalyzes the first step in the serine biosynthesis
pathway, or ATF4, a transcriptional master regulator of amino acid
metabolism, exacerbated the contractile dysfunction of DCM
iPSC-CMs. These data suggest a hitherto unknown mechanistic link
between serine biosynthesis and CM function. Collectively, our find-
ings suggest that alterations in the non-glycolytic glucose metabolism
may contribute to the DCM phenotype and modulating this pathway
might be cardioprotective in genetic DCM.

Finally, we uncovered TRIB3 as a potential therapeutic target in
DCM. TRIB3 is a pseudokinase that modifies various intracellular sig-
nalling pathways,>? including AKT,** MAPK kinases,”® and the ATF4
pathway.‘% In cardiac myocytes, TRIB3 is induced by endoplasmic re-
ticulum stress response and may play a role in pathological cardiac
remodelling in the setting of myocardial infarction.®> TRIB3 overex-
pression in transgenic mice reduced glucose oxidation rates and an-
tagonized cardiac glucose metabolism in the heart, suggesting a role
for TRIB3 in cardiac glucose metabolism.®> We found activation of
TRIB3 contributed to the rescue of the contractility deficit by the
combinatorial SMKI treatment, while siRNA-mediated silencing of
TRIB3 exacerbated the DCM phenotype of iPSC-CMs. Although
TRIB3 has been identified as a target and a negative feedback regula-
tor of ATF4-dependent transcription in response to amino acid star-
vation,56 we did not find any evidence for a role of TRIB3 in the
modulation of ATF4 expression and ATF4-regulated genes, such as
PHGDH, in DCM iPSC-CMss. It is likely that the TRIB3 functions in
a cell-type- and context-specific manner. Our findings merit further
investigation to delineate the role of TRIB3 in the context of genetic
DCM.

In conclusion, we demonstrated that phenotypic screening using
patient-specific iPSC-CMs is a powerful platform to uncover novel
therapeutic targets for genetic DCM. Our study provides a founda-
tion for future large-scale phenotyping efforts findings and presents
opportunities for translation into precision medicine.
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Study limitations

Although iPSC-CMs are an attractive model as a drug discovery tool,
there are certain limitations. Notably, iPSC-CMs are developmental-
ly immature, and their phenotype resembles human foetal CMs2¢
However, the fundamental mechanisms of CM contraction and its
regulation can be probed in a realistic human context, as they ex-
press almost all of the central components of the cardiac excita-
tion—contraction coupling of adult CMs. Significant progress has
also been made in the field over the past few years with the develop-

87,88 .
*“% and media formula-

ment of 3D-EHT and organotypic models
tions that improve the physiological function, structure, and
metabolic status of human iPSC-CMs towards more faithful in vitro
models.®’ Finally, it is not straightforward to dissect the direct mo-
lecular mechanism since, as it is mentioned previously, the effects
of PPi could be due to the inhibition of multiple kinases other than
PKC and p38 MAPK (for instance, G6 6976 inhibits TrkA, TrkB,
JAK2/3, and FLT3 tyrosine kinases, while SB 203580 inhibit thromb-
oxane synthase, cycloxygenases 1 and 2, PDK1, and JNKs, among
others). As G6 6976 and SB 203580 were used in this study as
‘tool compounds’, follow-up studies are required to further identify
the precise and direct molecular mechanisms underlying PPi effects.

Supplementary material

Supplementary material is available at European Heart Journal online.
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