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Abstract

Abstract

The molecular and cellular mechanisms underlying disease phenotypes in dilated
cardiomyopathy (DCM) are diverse and to date incompletely understood. Inherited
mutations in genes encoding structural components of the sarcomere lead to DCM and
have been studied previously. Moreover, induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) from patients carrying familial DCM mutations have been
shown to recapitulate disease phenotypes such as sarcomere misalignment and
reduced contractility. In addition, impaired B-adrenergic signaling was reported to
represent an important diease phenotype in DCM. However, the consequences of
inherited DCM mutations on molecular pathological signaling in cardiomyocytes are

not yet completely clear.

In presence of sarcomeric mutations, this study found disorganisation of sarcomeres
to result in disturbed interactions between sarcomeric proteins, such as troponin T and
tropomyosin. Moreover, interactions between sarcomeric proteins and proteins located
at local microdomains, such as PKA (protein kinase A), were disturbed. Therefore,
sarcomeric DCM mutations led to impaired local signaling and entailed reduced Tnl
phosphorylation upon B-adrenergic stimulation. Furthermore, interactions between
sarcomeres and membrane-associated cytoskeleton-binding proteins, such as
filament C and vinculin, were found to be disturbed. Together, these findings indicated
that in presence of sarcomeric DCM mutations, defective interactions occur between

sarcomeres and other cytoskeleton elements as well as the plasma membrane (PM).

Defects in sarcomere-cytoskeleton-PM interactions were also discovered to lead to
impaired actin polymerization at the PM and reduced plasma membrane PIP2 levels.
This was discovered to further result in impaired cargo uptake and abnormal early
endosome distribution. Disturbed uptake of cargo such as transferrin-bound iron
caused decreased iron levels in the mitochondria and defective cardiomyocyte

functions, such as reduced contractility. Moreover, Rho A activation was found to
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rescue these disease phenotypes, specifically the depletion of mitochondrial iron levels
and the reduced contractility observed in presence of sarcomeric DCM mutations. This
may represent a basis for potential future translational strategies. In addition, this study
also showed that at cellular levels, replenishing intracellular iron could restore the
depleted iron levels in mitochondria and rescue the impaired contractility in DCM iPSC-
CMs. This provided further evidence for the benefits of iron supplementation, a
treatment approach in patients with heart failure which is already in clinical use. Of
note, left ventricular tissues from DCM patients with end-stage heart failure were found
to display abnormal endosome distribution, compared to the left ventricular tissues
from patients with preserved systolic left-ventricular function. This suggests that iron
deficiency due to defective endocytosis may present a more general mechanism.
Taken together, this study has discovered that disorganised sarcomere protein
organization leads to impaired sarcomere-cytoskeleton-PM interactions, disturbed
functions of cardiomyocyte signaling pathways, and defective uptake and distribution
of cargo by clathrin-mediated endocytosis. This study provides potentially relevant

directions for future translational therapeutic strategies.
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Introduction

1 Introduction

1.1 Membranes and the cytoskeleton are essential for cell function

Membranes comprise bilayers of phospholipids and membrane-associated proteins.
Separating the intracellular space from the extracellular environment, membranes
substantially define the structure and function of cells and their organelles, including
e.g. the nucleus, mitochondria, as well as the cytoskeleton'. The cytoskeleton includes
intermediate filaments, microtubules and actin filaments (microfilaments) which
perform nutrient uptake and signal transduction in cells in a coordinated way. For
example, endocytosis is a process through which the plasma membrane (PM)
invaginates into cells with the aid from a complex protein machinery including also
cytoskeleton elements?. Endocytosis includes different types of uptake, such as
clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis and others. 32-
adrenergic receptor (32AR) undergoes agonist-induced endocytosis through clathrin-
coated pits and sequentially couples with Gs and Gi to transmit signals. It has been
reported that the carboxyl-terminal PDZ-binding motif of the B2AR is essential for B2AR
endocytic uptake in cardiomyocytes®. A further example is B-arrestin, which functions
as an endocytic adaptor and scaffold protein by binding to B2AR and clathrin*®. In
addition, endocytosis is an important part of the mechanism mediating turnover of ion
channels at the plasma membrane in cardiomyocytes®. For example, cells internalize
the hERG (human ether-a-go-go related gene) potassium channel (Kv11.1) involved
in the repolarisation phase of the cardiac action potential through a clathrin-
independent endocytic mechanism’. Taken together, endocytosis as a process is
essential for cells to uptake nutrients such as iron and lipids, and to mediate signal

transduction.

1.2 Sarcomeres are basic functional units of cardiomyocytes
The cytoskeleton in cardiomyocytes contributes to structure integrity, mechanical
resistance and signaling transduction®. Sarcomeres belong to the cytoskeleton and are
the structural building blocks of heart muscle. Their particularly specialized functions
depend on a highly organized cell structure. In cardiomyocytes, sarcomeres comprise
three principal important components: actin-containing thin filaments, myosin-
containing thick filaments, and titin (Figure 1)°. The thick filaments contain myosin and
other proteins, such as myosin binding protein C (MyBPC). The thin filaments contain
the troponin-tropomyosin (Tn-TPM) complex decorating the actin filaments.
Contraction of cardiomyocytes is conducted via excitation—contraction (EC) coupling,
1
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which is regulated by the coordination of highly organized sarcomere and the level of
intracellular Ca?* (Figure 1)'°. Ca?* binds to troponin, resulting in sliding of the thick

and thin filaments, as well as cell shortening, and force generation™.
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Figure 1: Sarcomeres in cardiomyocytes are made up of thin filaments, thick filaments,
and titin.

A schematic showing sarcomeres comprise three principal components including actin-
containing thin filaments, myosin-containing thick filaments and titin in cardiomyocytes.
Contraction of cardiomyocytes is conducted via excitation—contraction (EC) coupling, which is
regulated by the coordination of highly organized sarcomere and the level of intracellular Ca?*.
This image is adapted after Yin Z et al. Biochim Biophys Acta. 2015 Jan;1852(1):47-52."1

1.3 TroponinT
The troponin (TnT) molecule serves to couple troponin complexes to thin filaments.
TnT is composed of a N-terminal variable domain, a conserved middle domain, and a

conserved C-terminal domain'?'3, The T1 region which consists of N-terminal domain

2
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interacts with tropomyosin (TPM). The T2 region, which comprises the middle and the
C-terminal domains, interacts with TnC and Tnl to anchor the troponin complexes onto
the thin filaments'2'3. Amino acid substitutions due to genetic mutations of sarcomeric
proteins result in severe cardiac diseases such as dilated cardiomyopathy (DCM) and
hypertrophic cardiomyopathy (HCM). Most of the pathogenic mutations in TnT, which
include TnT-R173W and TnT-R141W, occur within the T1 region which is known to
interact with TPM™. So far, many studies have crystalized large part of the TnT protein,

but no published crystal structures cover yet the complete C-terminal domain of TnT
15-17

1.4 Tropomyosin

Tropomyosin (TPM) proteins are encoded by the four genes, TPM1, TPM2, TPM3, and
TPM4. However, by alternative splicing of gene products, multiple isoforms are
produced'®. A crystal structure has been reported for a complex of TPM and the N-
terminal segment of TnT'. The crystal structure of TPM has been resolved at a 7 A
resolution?’. TPM1 mutations such as E40K/E54K inhibit the actin-myosin interactions
and cross-bridge cycling, ultimately resulting in DCM. The TPM1 mutations E62Q and
L185R result in increased stability and ultimately lead to HCM?'. TPM1-L185F, a TPM1
mutation, is located in a region where interaction of the troponin complex-TPM occurs
(Figure 2)'8.

195 “ 2
Region of overlapping
of two Tpm molecules

N_ J ’

Figure 2: Tn—-TPM complexes on thin filaments.

TnT is shown as a blue shape, Tnlin red and TnC in yellow. Actin filaments are shown in green
helix and TPM is shown in light blue. Arrows indicate the sites of TnT interacted with TPM. This
image is adapted after A M Matyushenko et al. Biochemistry (Mosc). 2020 Jan;85(Suppl 1):
S20-S33.18
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1.5 Troponin-tropomyosin (Tn-TPM) complexes on the sarcomeres

The troponin-tropomyosin (Tn-TPM) complex on thin filaments is a critical component
for EC coupling. During the systolic state, cytosolic Ca®" is increased and
consequently, binding of cytosolic Ca?* to troponin C (TnC) induces conformational
changes of troponin | (Tnl). This results in dissociation of an inhibitory domain of Tnl
from actin and allows TPM to expose the myosin-binding sites on actin, promoting
actin/myosin formation and contraction'.In diastole, Ca?* dissociates from the N-
terminal domain of TnC. This restores the inhibitory action of Tnl, disturbing the
actomyosin interaction. TPM blocks the interaction site of actin with myosin. The C-
terminal domain of TnT interacts with actin and TPM as well, providing stability and

anchoring of the Tn-TPM complex on thin filaments (Figure 3)2.

+Caz+ _caz+

Figure 3: Conformational changes in Tn-TPM complexes upon Ca?* binding to TnC.

The binding of increased cytosolic Ca2* to troponin C (TnC) induces conformational changes in
troponin | (Tnl). This results in dissociation of an inhibitory domain of Tnl from actin and allows
TPM to expose the myosin-binding sites on actin, promoting actin/myosin formation and
contraction’. In contrast, dissociation of Ca?* from the N-terminal domain of TnC restores the
inhibitory action of Tnl, disturbing the actomyosin interaction. TPM blocks the interaction site of
actin with myosin. The C-terminal domain of troponin T (TnT) interacts with actin and TPM as
well, providing the stability and anchoring of the Tn-TPM complex on thin filaments'2. This
image is adapted after | A Katrukha. Biochemistry (Mosc). 2013 Dec;78(13):1447-65.12
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The barbed ends of the actin filaments are covered by CapZ which interacts with a -
actinin (SAA), forming an important part of the z-discs???*. Z-discs are the lateral
boundaries of the sarcomere and serve as anchoring sites for thin filaments and titin®.
Intermediate filaments proteins such as vimentin connect adjacent myofibrils to the PM
by interacting with z-discs®. Because of those properties, z-discs achieve proper force

transmission and signal transduction from the sarcomere to the PM°.

1.6 Sarcomeric microdomain organization is critical for the structure and

function of cardiomyocytes
Sarcomeric microdomain organization is important for the maintenance of
cardiomyocyte functions?®*?. For example, L-type calcium channels in caveolin-3
enriched microdomains play an important role in Ca?* signaling?*. Sarcomeres are fine-
tuned by post-translational modifications, such as PKA-mediated phosphorylation of
Tnl in response to the activation of B-adrenergic receptors (B-ARs)?. The stimulation
of B-ARs activates cyclic AMP (cAMP) generation by adenylate cyclase®. In response
to increased cAMP concentrations, PKA phosphorylates and alters the function of
cardiac proteins including L-type calcium channels, phospholamban, sarcoplasmic
reticulum ryanodine receptor channels, and Tnl?°. PKA phosphorylates Tnl at residues
Ser 23 and Ser 24 (Ser 23/24). These residues are located in the N-terminal domain
of Tnl which is present uniquely in cardiomyocytes?®. The phosphorylation decreases
the affinity of Ca?* for TnC as well as the Ca?* sensitivity of the myofilaments3>-33, A
reduction of this PKA-dependent Tnl phosphorylation can contribute to reduced cross-
bridge cycling rates3'34. B-agonist-induced lusitropy is significantly impaired in
cardiomyocytes from transgenic mice expressing slow skeletal Tnl that lacks PKA
phosphorylation sites3®. Consistently, local coordination of the cAMP signal around
sarcomeres maximizes enhancement of contraction and reduces Ca?* sensitivity of
myofilaments following B-AR-induced stimulation®. Phosphodiesterases (PDEs)
belong to a superfamily of enzymes that hydrolyze phosphodiester bonds of cyclic
nucleotides and therefore regulate the cyclic nucleotide-mediated signaling
pathway®.It has been shown that inhibition of PDE2A and PDE3A restores cAMP

levels and recovers the impaired B-adrenergic signaling in DCM3.

Besides Tnl, also TnT has been reported as a sarcomeric AKAP (A-kinase anchoring

protein) interacting with PKA at the myofilaments®. In addition, both Tnl and TnT can

be phosphorylated by protein kinase C (PKC), a family of serine/threonine kinases*.
5



Introduction

1.7 Intermediate filaments and microfilaments

Intermediate filaments (IFs), including filamin C, vimentin, plectin, desmin, and lamins
are essential elements to regulate cellular structure and plasticity*'. IFs link the PM,
sarcomeres, and microfilaments in the myocardium*?#3, The disturbance of the IF
network results in cardiac diseases*?. Filamin C (also known as y-Filamin), an actin-
binding protein, represents a critical link between the PM and the sarcomere®*. In
cardiomyocytes, filamin C interacts with the z-disc as well as a variety of membrane-
associated proteins, such as caveolin-1%546, Loss of filamin C leads to severe defects
in myogenesis and maintenance of structural integrity in muscle cells*’. Mutations in

the gene encoding filamin C have been associated with DCM?*¢,

Actin can switch from the monomeric (G-actin) and filamentous (F-actin) state to form
microfilaments*®. Several drugs are known to inhibit actin polymerization, such as
latrunculin-A(Lat-A), a drug derived from the Red Sea sponge can bind to G-actin®. A
core set of proteins, including actin-depolymerizing factors such as profilin, gelsolin
and cofilin, regulate actin organization*®. Gelsolin-mediated actin-severing plays a
critical role in actin remodeling in cardiomyocytes®'. F-actin together with myosin
comprises an important basis for muscle contraction. Moreover, the Arp2/3 (actin
related protein 2 and 3) complex modulates generation of branched actin networks®*
5. The WASH complex, a member of the Wiskott Aldrich Syndrome protein and scar
homologue complex (WASP) family of proteins, activates the Arp2/3 complex in

endocytosis to control branched actin formation®®.

An example for central regulatory proteins regulating actin dynamics is adenosine
monophosphate—activated protein kinase (AMPK), a conserved serine/threonine®-%8,
AMPK presents a cytoskeleton remodeling factor via its interaction with myosin heavy
chain proteins (MYH)%-%°. Furthermore, myosin heavy chain 7 (MYH7) has been
documented to interact with troponin®. AMPK is a well-known energy sensor in
cardiomyocytes due to its role to monitor metabolic activities via the phosphorylation
of multiple proteins®. AMPK regulates mitochondrial function, mitophagy, and other

cellular processes®.

1.8 Sarcomeres, microfilaments, and the PM are connected by costameres

Costameres bridge the sarcomere and the PM by interacting with IFs such as filamin

C. Filamin C interacts with components of the dystrophin—glycoprotein complex and
6
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the integrin—vinculin—talin complex, two principal protein complexes in the
costamere®'-62, Costameres are sub-membranous structures which engage both the z-
disc and the PM (Figure 4)%. They resemble focal adhesions, which ensure adhesion
to the extracellular matrix in non-muscle cells®. In addition, costameres are essential
for bidirectional signal transmission and force transduction from the sarcomere to the
PM 83,

(A o8|

Cytoplasmic Microtubule Desmin Spectrins Intercalated Disc Costamere 2Z-disk M-line Sarcomeric Sarcomeric Nucleus
Actin Components Complex Actin Myosin

Figure 4: Costameres connect sarcomeres, cytoskeleton, and the PM.

Interactions among sarcomeres, cytoskeleton, and the PM. IFs such as desmin, actin, and
microtubules all serve as linkages from sarcomeres to the PM and costameres. Adapted after
Kelly M Grimes et al. J Mol Cell Cardiol. 2019 Jun; 131:187-19665 .

1.9 Vinculin is an essential component of the costamere

Vinculin, a membrane-associated actin-binding protein, is critical for the structural
integrity of cardiomyocytes and preservation of normal cardiac function®. A crystal
structure of full-length vinculin molecule has been reported previously®®5”. Vinculin
contains five domains (D1-5). The D1 domain interacts with SAA and talin. The D5
domain (also known as tail domain) connects to microfilaments and
phosphatidylinositol 4,5 bisphosphate (PIP2). Therefore, vinculin presents a

connection among the sarcomeres, actin cytoskeleton and the PM®°. Vinculin
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manipulates the dynamics of the branched actin network via the Arp2/3 complex™.
Moreover, vinculin binds transiently and directly to Arp2/3, playing a role in integrin-
mediated adhesion’". In addition, vinculin can directly bind to Rab5, a small GTPase
associated with vesicular trafficking and fusion, and affect the uptake of pathogens’?73.
Direct interactions with PIP2 are essential for activation and localization of vinculin’47°.
PIP2 induces conformational changes in vinculin to promote anchoring of the actin

cytoskeleton to the PM78.

1.10 PIP2 is regulated by RhoA functions

Although PIP2 makes up a minor part of membrane phospholipids and found primarily
in the PM”778 it has several critical functions. PIP2 accounts for less than 1% of
membrane phospholipids’” and is an essential element in actin dynamics, membrane
structure, intracellular trafficking, and signal transduction’. Phosphatidylinositol
4-phosphate 5-kinase (PIP5K) is the primary enzyme that generates PIP2 from PIP4
(phosphatidylinositol 4 phosphate) inside cells®®. RhoA manipulates PIP2 production
and F-actin polymerization via PIP5K activation®'#2, RhoA (Ras homolog gene family
member A), a member of Rho GTPase superfamily, regulates phosphoinositide
synthesis, cytoskeleton dynamics, and protein kinase activation®®. On the one hand
RhoA, is activated by the binding to GTP catalysed by the guanine nucleotide
exchange factors®. On the other hand, GTPase-activating proteins accelerate the

hydrolysis of GTP to GDP and promote the release of the bound effector?*.

RhoA plays an important role in cardiac remodeling and cardiomyopathies. Previous
studies demonstrate that in response to chronic pressure overload, cardiomyocyte-
specific deletion of RhoA results in accelerated DCM and increases the severity of
heart failure outcome®. Low levels of activated RhoA in cardiomyocytes lead to
increased tolerance to ischemia/reperfusion (I/R) injury®®. However, sustained
overactivation of RhoA results in pathological consequences®’. An example is cardiac-
specific overexpression of RhoA ultimately induces DCM with impaired contractility®.
ROCKs (Rho-associated protein kinases) are effector proteins of RhoA®°. The
treatment with a ROCK inhibitor, Y-27632, protects the heart against I/R injury®. It has
been reported that ROCKs play a role in the development of cardiac fibrosis,
hypertrophy, and subsequent heart failure®'. Therefore, a basal amount of RhoA

activity is required for normal cardiac function.
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1.11 Functions of PIP2-enriched microdomains

PIP2-enriched microdomains are important for membrane curvature sensing and
regulation of ion channels’®2, PIP2 is the dominant inner-leaflet lipid of the PM forming
microdomains and comprises a size of about 73 nm®. Those domains are essential
for protein-PIP2 interactions which are affected by local fluxes of divalent metal ions®.
PIP2 interacts with many transmembrane proteins, in particular with those containing
Bin-Amphiphysin-Rvs (BAR) domains. BAR domain proteins can sense and generate
membrane curvature in cooperation with the cytoskeleton and with metabolic changes
within the phospholipid bilayer®®. Actin-binding protein MIM (missing-in-metastasis), a
member of the inverse BAR-domain protein family, directly binds PIP2-enriched
membranes and deforms them into tubular structures®. The ability of full-length BIN1,
also known as amphiphysin2, to sense and generate membrane curvature is inhibited
on membranes lacking PIP2%. PIP2 is necessary for functions of many ion channels
and ion transporters on the PM and the depletion of PIP2 can cause defects in their
functions’. For example, PIP2 is required for the function of the Na*-Ca?* exchanger

and the ATP-inhibited potassium channels on the PM in cardiac myocytes from guinea

pigs®.

1.12 Clathrin-mediated-endocytosis (CME)

PIP2-mediated actin polymerization on the PM is critical for the initiation of
endocytosis®®. Endocytosis is a process through which plasma membrane invaginates
into the cells so that various cargo molecules can be transported into the cytoplasm.
Two of the most-studied endocytosis pathways are clathrin-mediated endocytosis
(CME) and caveolae-dependent endocytosis. CME is involved in a wide variety of
physiological processes including nutrient uptake and cell signaling®'°'. For example,
CME of transferrin receptor (TfR) is essential for iron homeostasis'®?. CME of LDL (low-

density lipoprotein) receptor is required for lipid metabolism in cardiomyocytes'®.

CME demands the spatial and temporal coordination of a complex protein machinery
to conduct initiation, cargo loading, membrane bending, scission and uncoating (Figure
5). Firstly, early-arriving proteins including F-BAR domain proteins, adaptor protein 2
(AP2), and cargo adaptors, initiate endocytic events by interacting with clathrin. Those
proteins work in a network to form clathrin-coated pits (CCP). Many endocytic proteins
are recruited to the PM by interacting with PIP2, and this interaction is necessary for
the initiation and stabilization of the CCP'%%, PIP5K catalyses PIP2 production to
recruit players involved in endocytic initiation®1%. Secondly, the clathrin coat binds to

9
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the cytosolic parts of transmembrane cargo proteins, resulting in the enrichment of
certain cargoes in the region where vesicles were formed. Many proteins including AP2
recognize sorting signals to mediate the cargo loading process'®. Thirdly, several
proteins contribute to membrane bending during vesicle formation such as the clathrin
coat, actin filaments, and scission proteins. Actin polymerisation is necessary to
complete membrane deformation into a CCP on the PM'%®, Actin filaments cooperate
with the clathrin coat to transmit force and bend the membrane®. Furthermore, it has
been demonstrated that actin propels vesicles from the PM into the cytoplasm0%-"1,
Fourthly, dynamin, a large GTPase, assembles at the neck of the CCP and dissociates
it from the PM®°. Other proteins such as BAR proteins which interact with dynamin are
also involved in this process®. Lastly, the breakdown of clathrin coat by the chaperone
HSC70 probably coordinates the dephosphorylation of PIP2 to conduct uncoating®.
Inositol polyphosphate 5-phosphatase can be recruited to the endosomes to degrade

the remaining PIP2 on the endosomal membrane''2.
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Figure 5: A schematic presentation of key steps in CME

Multiple proteins collaborate to conduct the CME process including nucleation, cargo selection,
maturation, scission, and uncoating. Adapted after Kaksonen, M et al. Nat Rev Mol Cell Biol.
2018 May;19(5):313-326.%9

Rab5 and phosphatidylinositol 3-phosphate (PI3P) are produced by VPS34 on the
endosomal membranes. These proteins work in a coupled manner to recruit other
factors required for membrane tethering and fusion, such as early endosome antigen
1 (EEA1)"3M4_ A tight control of PIP2 and actin polymerization at the endosomal
membranes is essential for cargo sorting’'®. Retromer complex, a key endosomal
protein sorting machinery, requires WASH complex/Arp2/3-mediated actin
polymerization to achieve its function'®. Wiskott Aldrich Syndrome protein and scar
homologue complex (WASH complex) is a complex protein machinery, consisting of
KIAA1033, strumpellin, FAM21, WASH1 and CCDC53"7. WASP proteins stimulate the

Arp2/3 complex to form branched actin filaments''81°, CCDC53 is essential for actin
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assembly in response to local PIP2 levels at the surface of endosomal

membranes™7:120,

1.13 Iron uptake via CME of transferrin receptor

TfR1 and divalent metal transporter 1 (DMT1) are essential for the process of iron
uptake'. Internalization of TfR complexed to ferric transferrin (Tf-Fe3*) is conducted
through CME'?2. Once TfR is internalized, low pH within the endosomes is generated
via proton pumps'?. This results in the dissociation of iron from transferrin. A ferric
reductase on endosomal membrane, six-transmembrane epithelial antigen of prostate
3 (STEAP3), can reduce free ferric iron (Fe®*) to ferrous iron (Fe?*)'?#126, Ferrous iron
is then transported across the endosomal membrane by DMT1 to enter the
cytosol'?"127 Excessive iron is collected and sequestered by ferritin, a ubiquitous and

highly conserved protein (Figure 6)'%8.

Clinically, iron deficiency is a prevalent comorbidity with heart failure, affecting up to
50% of patients'?°. A definition of iron deficiency is that iron availability is insufficient to
meet the body's needs, which occur with or without the presence of anemia® 3!, The
intravenous administration of iron has been documented to improve conditions of

patients with heart failure, such as the 6-minute-walking distance and quality of life'®2,

However, the underlying mechanisms of iron deficiency are complex. Iron homeostasis
is controlled at both cellular and systemic levels. At systemic levels, duodenal
enterocytes play significant roles in dietary iron absorption3. Subsequently, iron can
be transported by binding to transferrin (Tf) in the serum. The bone marrow is the major
consumer of iron because of its function in haematopoiesis’. The liver is a crucial
regulator for iron homeostasis at the system-wide level by secreting hepcidin, an iron
hormone'®3134 At cellular levels, iron availability is achieved through well-coordinated
uptake, utilization, storage and export of iron. In cardiomyocytes, iron uptake is
primarily conducted by CME-dependent transferrin uptake. Excessive intracellular iron
is stored by ferritin'28.135.13¢_|ron export was performed by ferroportin (FPN, also known
as SLC40A1), a transmembrane iron-exporting protein whose activities are controlled
by hepcidin®"14,  Hepcidin orchestrates iron metabolism by inducing the
internalization and degradation of ferroportin'*’. IRP1 (iron regulatory protein1, also
known as ACO1) represses ferritin mRNA translation under low intracellular iron
conditions™"142_ Under low levels of intracellular iron, the stability of mMRNAs encoding

TfR1 is increased to assist iron uptake. Meanwhile, the translation of mMRNAs encoding
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ferritin and ferroportin is decreased to reduce iron sequestration and export'#3144, This
adaption is conducted via iron regulatory proteins (RBPs)/ iron regulatory elements
(IREs) system™3144 |RP1 and IRP2 (iron regulatory protein 2, also known as IREB2)
can bind to IREs located at the 5’ UTR IREs of ferritin and ferroportin mMRNAs to prevent
their translation, and 5 UTR IREs of the TFR1 mRNA to inhibit its degradation at low

iron levels'44.145,

Mitochondria are major recipients of iron in the cell'®'47 and require iron for electron
transport in the mitochondrial respiratory chain as well as oxygen transport™®. Iron
imbalance particularly in the mitochondria is deleterious as their essential functions
require a fine balance of mitochondrial iron'’. Mice lacking TfR 1 in the heart have
severely reduced iron levels in the cardiomyocytes, resulting in poor cardiac function
and failure of mitochondrial respiration'®. This phenotype can only be rescued by a
substantial iron supplementation'. Studies in human cardiomyocytes indicates iron
deficiency is accompanied by impaired contractility, while re-supplication of iron

rescues cardiomyocyte contractility'°.
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Figure 6: Schematic illustrating the fate of iron at cellular levels.

Iron can enter cardiomyocytes by binding to TfR1 and CME of transferrin receptor. Other ion
channels and transporters can assist cells to uptake iron. The acidic environment of the
endosomes liberates the iron from the transferrin (Tf)-TfR1 complexes and reduces ferric iron
(Fe®') to ferrous iron (Fe?*). The ferrous iron is then transported across the endosomal
membrane and becomes part of labile iron pool (LIP) in the cytosol. Storage is conducted by
ferritin. Mitochondria are the major destination for iron utilization. lron is crucial for the
biogenesis of heme and Fe-S clusters, which are key elements for mitochondrial function.
Excessive iron is exported by ferroportin (FPN). Adapted after D J R Lane et al. Biochim
Biophys Acta. 2015 May;1853(5):1130-44.102

1.14 Human iPSC-CMs as alternative model for molecular functional studies in

DCM
Despite deep insights into the disease mechanism of DCM provided by animal models,
significant species differences are considered to present a limitation to these data'’.
In addition, human adult cardiomyocytes are a limited resource and not available in

sufficient amounts to fulfil the needs of research. This gap may be bridged by additional
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human disease models to better understand the molecular and cellular pathogenesis
of DCM. Yamanaka and his colleagues identified 4 factors (Oct3/4, Sox2, Klf4, and c-
Myc) that are sufficient for reprogramming of somatic cells into iPSCs'%2. Human iPSCs
can proliferate unlimitedly and have the potential to generate in principle cells of all
three germ layers'®3. An additional advantage of this system is to allow the application
of gene editing technologies which enhances its potential for applications in
biotechnology and translational medicine. iPSCs can be cultured and maintained in a
defined medium consisting of eight components (E8)'%*. Highly efficient differentiation
methods have been established to drive cardiomyocyte differentiation from iPSCs by
modulating the Wnt signaling pathway, which is essential for cardiogenesis in vivo and
in vitro'™%1%¢_ Induction of canonical Wnt signaling at early stages combined with
suppression of canonical Wnt signaling at later stages of differentiation achieves a high

yield of cardiomyocytes'951%,

A number of gene editing techniques have been discovered, including the RNA-guided
CRISPR (clustered regularly interspaced short palindromic repeats)/Cas nuclease
system™”1%8 CRISPR/Cas is part of an adaptive immune system defence against
foreign nucleic acids in bacteria such as archaea'®. Foreign DNA (protospacers) are
acquired and integrated into the CRISPR locus. Cas proteins use the short CRISPR
RNAs (crRNAs) transcribed from the CRISPR locus and are cleaved by a protein or
protein complex to target the invading DNA™%'%° Three types (I-lll) of CRISPR
systems have been identified, among which the type Il utilizing Cas9 nuclease is one
of the best characterized ones™?'%". The Cas9 nuclease can target genomic DNA via
a single-guide RNAs (sgRNAs)'™%16  Cas9-sgRNA complexes conduct genome
editing by binding to the target DNA sequence and creating a double-stranded break
(DSB) at around 3 bp upstream of the protospacer adjacent motif (PAM)'™.
Subsequently, both strands of the targeted DNA sequence are repaired by one of two
major pathways: the error-prone non-homologous end joining (NHEJ) or the high-
fidelity homology-directed repair (HDR) pathway'%8.162-1¢4 |n the absence of a repair
template, the NHEJ pathway can introduce random deletions or insertions at the
DSB'62165 This can lead to knock-out mutations in the gene of interest/targeted gene.
The HDR pathway enables the genomic knock-in of mutations such as single amino

acid changes in presence of an exogenously introduced repair template6164,

Model systems employed for studying heart diseases comprise in vivo and in vitro

models. In vivo models include small animal models such as mouse and rat, and big
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animal models such as swine. In vitro models include engineered heart muscle (EHM)
approaches, 2D tissue culture and so on'®®. Genetic models of DCM'®" have been
employed to discover molecular dysfunctions in the presence of DCM mutations, such
as sarcomere protein misalignment, defective contractility and abnormal Ca?*
handling'®'"". Human iPSC-CMs have been used to elucidate causes of cellular
disease phenotypes and pathogenesis of DCM38'7.172 Using CRISPR/Cas9 genome
editing, mutation-introduced and mutation corrected iPSC-CMs were created and
utilized to introduce and reverse the molecular pathway’s dysfunctions, respectively.
Previous studies have shown that DCM iPSC-CMs recapitulate cellular disease
phenotypes such as disrupted sarcomere protein organization, defective contractility,
and Ca?* handling®® 7173, B-adrenergic signaling is blunted in iPSC-CMs carrying the
DCM mutation TnT-R173W. Inhibition of PDE2A and PDE3A restores cAMP levels and
rescues the impaired B-adrenergic signaling of DCM iPSC-CMs*. The TnT-R141W
mutation decreases the Ca?* sensitivity of contraction, resulting in DCM"4175,
Mutations in the gene encoding the large protein titin result in sarcomere insufficiency,
defective force generation and impaired B-adrenergic signaling’’®. TPM, which anchors
the troponin complex on thin filaments, is critical for cross-bridge formation and force
generation in cardiomyocytes'®18177.178 |t has been shown that TPM1 mutations
reduce force generation and Ca?* sensitivity in cardiomyocytes?" 17918 TPM1-L185F,
a TPM1 mutation, is located in a region where the troponin complex interacts with
tropomyosin'®®, Therefore, it is possible that sarcomeric mutations such as TnT-
R173W, TnT-R141W or TPM1-L185F may disrupt sarcomere organization and filament
stability’”"173-175, Here, a human iPSC model for sarcomeric DCM mutations, such as
TnT-R173W, TnT-R141W or TPM1-L185F, was employed to discover further
consequences of disorganised sarcomere protein organization. This study showed that
sarcomere disorganization led to dysfunction of sarcomere microdomains, as well as
defective interactions with the cytoskeleton and the PM. Consequently, this disturbed
the uptake of cargoes such as transferrin which is necessary for the maintenance of
proper cellular functions. Impaired transferrin uptake was shown to contribute to
reduced iron levels in mitochondria in presence of sarcomeric mutations. Overall, iron
deficiency negatively affected cardiomyocyte functions and could be modulated and
partially rescued by supplementation of iron or small peptide treatments. Thereby, this
study contributed new insights into molecular functional (patho-) mechanisms in

human cardiomyocytes carrying DCM mutations.
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2 Aims of this study
The goals listed below comprise central parts of this work and will be addressed in the
next chapter by articles that are published or presently submitted to the journal,

Circulation Research.

1. Sarcomeric DCM mutations cause sarcomere misalignment and impaired
contractility in cardiomyocytes. However, how sarcomere disorganization contributes
to the dysfunction of sarcomeric microdomains is not yet clear. Interactions at local
sarcomeric domains, such as PKA-mediated Tnl phosphorylation upon stimulation of
B-AR, play an essential role for cardiomyocyte functions. Additionally, sarcomeres
interact closely with other cytoskeleton proteins, such as filamin C, for signaling and
mechano-transduction. Therefore, this study aims to characterize the protein
interactions at sarcomeric microdomains in presence of sarcomeric DCM mutations,

and their effects on cardiomyocyte functions.

2. Sarcomeric protein-protein interactions play an essential role in linking the
cytoskeleton to the plasma membrane. In presence of sarcomeric DCM mutations,
sarcomere interactions with the plasma membrane may be disturbed. Moreover, in
DCM cardiomyocytes, additional consequences of disturbed sarcomere-cytoskeleton
interactions with the PM on cardiomyocyte signaling pathways are not yet fully clear.
Therefore, this study aimed to elucidate related patho-mechanisms using DCM patient-
specific and CRISPR/Cas-edited iPSC-CMs. Functional effects that were to be studied
include cytoskeleton interactions and signaling at the plasma membrane relevant for
cargo uptake as well as cargo distribution. This study aims to provide insights into
disease mechanisms at the cellular level and provide a basis for potential directions

for future translational strategies.
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Troponin destabilization
Impairs sarcomere-cytoskeleton
interactions in IPSC-derived
cardiomyocytes from dilated
cardiomyopathy patients

Yuanyuan Dai’3, Asset Amenov(®'3, Nadezda Ignatyeva’3, Andreas Koschinski®>, Hang Xu®3,
Poh Loong Soong?3, Malte Tiburcy?*3, Wolfgang A. Linke ®-**, Manuela Zaccolo®,
Gerd Hasenfuss'3, Wolfram-Hubertus Zimmermann®?2? & Antje Ebert’-3"

The sarcomeric troponin-tropomyosin complex s a critical mediator of excitation-contraction coupling,
sarcomeric stability and force generation. We previously reported that induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CMs) from patients with a dilated cardiomyopathy (DCM) mutation,
troponinT (TnT)-R173W, display sarcomere protein misalignment and impaired contractility. Yet

itis not known how TnT mutation causes dysfunction of sarcomere microdomains and how these
events contribute to misalignment of sarcomeric proteins in presence of DCM TnT-R173W. Using a
human iPSC-CM model combined with CRISPR/Cas9-engineered isogenic controls, we uncovered that
TnT-R173W destabilizes molecular interactions of troponin with tropomyosin, and limits binding of
PKA to local sarcomere microdomains. This attenuates troponin phosphorylation and dysregulates
local sarcomeric microdomains in DCM iPSC-CMs. Disrupted microdomain signaling impairs MYH7-
mediated, AMPK-dependent sarcomere-cytoskeleton filament interactions and plasma membrane
attachment. Small molecule-based activation of AMPK can restore TnT microdomain interactions,

and partially recovers sarcomere protein misalignment as well as impaired contractility in DCM TnT-
R173W iPSC-CMs. Our findings suggest a novel therapeutic direction targeting sarcomere- cytoskeleton
interactions to induce sarcomere re-organization and contractile recovery in DCM.

Sarcomeres are the basic contractile unit of cardiac cells, whose particularly specialized function depends on a
highly organized structure. The troponin-tropomyosin (Tn-Tm) complex at sarcomeric thin filaments is a crit-
ical component for excitation-contraction coupling. Stability and anchoring of the Tn-Tm complex on sarco-
meres is provided by binding of the troponin T (TnT) subunit to Tm and the troponin I subunit (TnI) on actin
myofilaments. Tropomyosin (TPM) together with TnlI regulates actin/myosin binding and ATPase function in
presence of micromolar, cytocolic Ca**, which is bound by the troponin C subunit (TnC). This highly sensitive
mechanisms is fine- tuned by post-translational modifications, such as PKA-mediated phosphorylation of Tnl.
Mutations in the Tn-Tm complex lead to severe disease, such as dilated cardiomyopathy (DCM). DCM is featured
by left ventricular dilatation, contractile dysfunction, and arrhythmias' and represents a frequent cause of heart
failure. More than 25% of DCM cases are caused by inherited mutations, particularly in sarcomeric proteins®.
Recently, human iPSC-derived cardiomyocytes (iPSC-CMs) have been utilized for human genetic disease mod-
eling®® and drug testing’. Here, we analyze a sarcomeric mutation in cardiac troponin T (TnT), TnT-R173W.
This mutation is located within one of the two tropomyosin binding regions of TnT, the T1 domain® and was
the first DCM mutation reported in a human patient-specific iPSC-derived cardiomyocyte model’. This report
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University of Goettingen, Robert-Koch-Str. 40, 37075, Goettingen, Germany. 3DZHK (German Center for
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Muenster, Germany. *Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, OX1 3PT, UK.
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demonstrated DCM patient-specific iPSC-CMs to display molecular disease-specific phenotypes such as abnor-
mal sarcomeric structure, dysregulated Ca® signaling, and impaired contractility’. More recently, disturbed
beta-adrenergic signaling due to epigenetic modulation has been attributed as a source for PDE2A and PDE3A
upregulation, as well as dysregulated Ca?* handling'®. These and other studies!!~** show that sarcomeric micro-
domain organization plays an important role in maintenance of cardiomyocyte structure and function. Likewise,
sarcomeric microdomains are critical for cytoskeleton filament integrity and mediate attachment with the plasma
membrane’. Previously, cytoskeletal interactions with caveolin-enriched plasma membrane domains have been
implied in sarcomere attachment as well as in signal transduction during heart failure'®. Novel proteins contrib-
uting to these processes have been recently characterized, such as AMP-activated protein kinase (AMPK)!”'8. The
regulation of metabolism by AMPK in various cell types is well recognized, as well as the ability of AMPK to sense
ATP levels'®-2°. Of note, AMPK has been shown to also act as a cytoskeleton remodeling protein*'-2*. Despite
this progress, the contribution of cardiomyopathy mutations, such as DCM TnT-R173W, to dysfunction of local
sarcomeric microdomains and their cytoskeleton/plasma membrane interactions is not yet clear.

Here, we uncover novel mechanistic features underlying disorganization of sarcomeric protein- and micro-
domain array, as well as reduced contractility in DCM patient-specific iPSC- CMs. We generated CRISPR/
Cas9 gene edited troponin T knock-out (TnT-KO) iPSC-CMs as an isogenic control for specificity. We report
disturbed molecular interactions of troponin and tropomyosin in patient-specific iPSC-CMs carrying the
DCM-TnT-R173W mutation, compared to gene edited TnT-KO iPSC-CMs and healthy controls (TnT-WT).
Importantly, the DCM mutation TnT-R173W destabilizes TnT interactions with PKA, resulting in diminished
troponin I (TnI) phosphorylation. This contributes to impaired force generation as well as reduced contractility,
which we validated in a 3D engineered heart muscle (EHM) model. A Foerster Resonance Electron Transfer
(FRET)-based molecular sensor and interrogation of sarcomeric PDE activity revealed dysregulation of local
TnT microdomains in presence of DCM-TnT-R173W, which results in impaired interactions with cytoskeleton
filaments as well as reduced plasma membrane attachment. We identified AMPXK to assist in cytoskeleton filament
interactions with both sarcomere- and plasma membrane junctions via myosin heavy chain 7 (MYH?7) in DCM
iPSC-CMs. We showed that AMPK activation can in part overcome destabilized microdomain interactions, as
well as sarcomere protein misalignment and impaired contractility in presence of the TnT-R173W mutation. Our
studies present new information regarding disturbed troponin complex interactions in patient-specific iPSC-CMs
carrying an inherited DCM mutation. We contribute to novel understanding of local signal regulation in sar-
comeric microdomains as well as sarcomere interactions with other cytoskeleton filament proteins and plasma
membrane compartments. These findings may be exploited in the future for therapeutic manipulation of molec-
ular disease mechanisms.

Results

Patient-specific iPSC-CMs and engineered heart muscle (EHM) recapitulate sarcomere protein
misalignment and impaired contractility in presence of DCM-TnT-R173W. We employed DCM
patient-specific iPSCs from a family cohort carrying an inherited DCM mutation, TnT-R173W (Fig. 1A)’ as
well as healthy control (WT) iPSCs. We generated an isogenic TnT knock-out iPSC line as a negative control,
using site-specific CRISPR- Cas9 gene editing to induce a frameshift mutation at exon 2 (Fig. 1A, Supplementary
Fig. 1A,B). Human iPSC lines displayed regular expression of pluripotency markers (Supplementary Fig. 1C).
Next, TnT-KO as well as DCM TnT-R173W and WT iPSCs were differentiated to iPSC-CMs using a small mole-
cule-based monolayer protocol described earlier**-? (Fig. 1, Supplementary Fig. 1D,E).

While beating iPSC-CMs were observed for healthy control and DCM TnT-R173W patient- specific iPSC-CM
lines, differentiated iPSC-CMs from TnT-KO iPSCs did not express TnT (Fig. 1A) and did not display any beat-
ing (Movies S1-3. To establish DCM-specific phenotypic features in DCM TnT-R173W iPSC-CMs compared
to TnT-KO and healthy controls, we first analyzed sarcomere protein arrangement. The number of cells with
severely abnormal sarcomeres was significantly increased in DCM TnT-R173W iPSC-CMs compared to healthy
controls (Fig. 1A,B). No cells with organized sarcomeres were found in TnT-KO iPSC-CMs (Fig. 1A,B). Of note,
DCM TnT-R173W iPSC-CMs showed significantly reduced sarcomere length (Fig. 1C) and a less negative corre-
lation coefficient corresponding to diminished sarcomere protein regularity (Supplementary Fig. 1F), compared
to healthy controls.

Contractility of DCM TnT-R173W iPSC-CMs was analyzed by an automated high-speed imaging platform,
MuscleMotion?” (Fig. 1D-F). DCM TnT-R173W iPSC-CMs displayed significantly prolonged contraction dura-
tion (Fig. 1D), reduced amplitude (Fig. 1E) and increased time-to-peak (Fig. 1F), compared to healthy control
(TnT-WT) iPSC-CMs. Contractility analysis confirmed TnT-KO iPSC-CM:s to be unable to contract. To further
corroborate that destabilization of TnT complex interactions in presence of TnT-R173W results in reduced con-
tractile force, we utilized a 3D model of contracting human engineered heart muscle (Fig. 1G-]). EHMs from
both DCM TnT-R173W iPSC-CMs and healthy control iPSC-CMs (TnT-WT) stained in cross-sections for car-
diac marker proteins such as sarcomeric alpha-actinin (Fig. 1G,H). TnT-KO iPSC-CMs were unable to condense
into EHM rings, likely due to poor stability and integrity of TnT-KO iPSC-CM sarcomeres. Therefore, TnT-KO
EHM:s could not be generated. The contraction force in EHMs was determined over a range of Ca?* concentra-
tions (Fig. 11,]) EHMs from DCM TnT-R173W iPSC-CMs showed significantly reduced force of contraction,
compared to WT controls (Fig. 1I), and the response to electrical stimulation was slightly lower in DCM EHMs
versus WT control EHMs following pacing at 1 Hz (Fig. 1]).

Interactions of the TnT complex are disturbed in DCMTnT-R173W iPSC-CMs.  We next compared
consequences of the disease-specific mutation TnT-R173W versus TnT- KO for the expression of the troponin
complex subunits in iPSC-CMs at the gene and protein levels. First, we confirmed that mRNA expression of
TNNT?2, TNNI3, TNNC1 and TPM1 in DCM TnT-R173W iPSC-CMs was not significantly different from WT
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Figure 1. DCM iPSC-CMs display impaired sarcomeric protein alignment and reduced contractility. (A,B)
Analysis of sarcomere protein alignment in DCM and TnT KO iPSC-CMs, compared to healthy controls. (A)
Immunohistochemistry for sarcomeric alpha-actinin (SAA) and cardiac troponin T (TnT), followed by confocal
imaging (scale bar, 20 um). Line scans show striation patterns for SAA and TnT sarcomeric distributions (y-axis,
fluorescence intensity in arbitrary units; x-axis, distance in pm). (B) Quantification of disorganized iPSC-CMs
using confocal images as shown in Fig. 1A. Control, n=70 cells, 3 cell lines; DCM, n =92 cells, 3 cell lines;

TnT KO, n=36 cells, 1 cell line. **P < 0.01, ***P < 0.001 (one-way ANOVA and Sidak’s multiple comparisons
test). (C) DCM TnT-R173W iPSC-CMs display significantly reduced sarcomere length, compared to healthy
controls. Data are expressed as mean =£ s.e.m. Control (WT), n=3 cell lines and 39 images were analyzed;

DCM (TnT-R173W), n =3 cell lines and 42 images were analyzed. (D-F) Motion-based contractility analysis of
iPSC-CMs revealed significantly prolonged contraction duration (D), P=0.01; reduced contraction amplitude
(E), P=0.01; and prolonged time to peak (F), ***P < 0.001. Data are expressed as mean + sem. Control (WT),
n=3 cell lines; DCM, n =3 cell lines. **P < 0.01 as calculated by Student’s t-test. (G-J) TnT- R173W results in
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impaired contraction force in human iPSC-derived engineered heart muscle (EHM) from DCM iPSC-CMs and
healthy controls. (G) Mechanical loading of control and DCM EHMs on PDMS stretchers before force testing
(scale bars: 2mm). (H) Immunofluorescence images of EHMs show distribution and alignment of iPSC-CMs
(sarcomeric alpha-actinin) for healthy control and DCM (scale bars: 20 pm; inset: 100 um). (I) EHMs were
attached to force transducers and pre-stretched to reach optimal sarcomere length (maximal isometric active
tension according to Frank-Starling-mechanism). DCM EHMs demonstrate reduced force of contraction
(FOC) under isometric conditions and addition of increasing Ca?* concentrations (P < 0.05). (J) Shown is

the response to electrical stimulation for control- and DCM EHMs (P=ns). n=_8 EHMs per group. Data are
expressed as mean £ sem. *P <0.05 and ns, not significant as calculated by two-way ANOVA and Tukey’s post-
hoc test.

controls (Supplementary Fig. 2A-D). In contrast, TNNT2 KO iPSC-CM:s were found to not express TNNT2.
In line with previous publications®, we found TNNT2 KO to result in loss of Tnl expression at both mRNA
and protein levels (Supplementary Fig. 2,D-H). TnT-KO iPSC-CMs also displayed a substantial loss of TnC
(Supplementary Fig. 2,B-F)? and Tm (Supplementary Fig. 2C-G) at mRNA and protein levels. On the other
hand, protein expression levels of TnI, TnC and Tm were not significantly altered in DCM patient-specific
iPSC-CMs versus controls (Supplementary Fig. 2E-H).

We next probed if the troponin complex subunits and tropomyosin would interact in presence of the
TnT-R173W mutation and following TnT-KO in the same manner as in healthy control iPSC-CMs (TnT-WT).
Co-immunoprecipitation experiments indicated reduced binding capacity of TnT-R173W towards Tm, compared
to iPSC-CMs (Supplementary Fig. 3A-C). TnT-KO iPSC-CMs were utilized as a control for binding specificity
(Supplementary Fig. 3,A-D). To further corroborate these findings, we employed in-vitro interaction studies with
recombinant flag (DYK)-tagged TnT-WT and TnT-R173W. TnT-WT-DYK, TnT-R173W-DYK or DYK as a nega-
tive control were expressed in HEK 293 T cells, immobilized on flag-decorated beads (Fig. 2A) and incubated with
iPSC-CM lysate from healthy controls (Supplementary Fig. 4A). Binding of TnC, TnI and Tm was determined in
bound fractions via immunoblot (Fig. 2B-D, Supplementary Fig. 4A). A flag-tag encoding vector was utilized as a
negative control for overexpression- and binding studies (Fig. 2A-E, Supplementary Fig. 4A). Of note, TnT- bind-
ing to Tm, which anchors the troponin complex on the actin myofilaments, was significantly reduced in presence
of the TnT-R173W mutation, compared to TnT-WT (Fig. 2B). Particularly, tropomyosin binding is critical for
force transduction by gate-keeping the myosin-binding site on actin, as well as sarcomere stability?®. Our findings
suggest that the DCM TnT-R173W mutation destabilizes the troponin-tropomyosin interaction.

Dysregulated sarcomeric PKA function and elevated sarcomeric cCAMP are consequences of the
DCM mutation TnT-R173W.  The troponin complex is a key regulator of calcium binding and contractility
in cardiomyocytes, to which PKA-mediated phosphorylation contributes. TnT acts as an A-kinase anchoring
protein (AKAP)*. We thus investigated if the DCM TnT-R173W mutation impairs PKA binding on sarcomeric
myofilaments. Immunoprecipitation studies showed that TnT-R173W binds significantly less PKA than WT-TnT
(Fig. 2E, Supplementary Fig. 4A). Moreover, these data are in line with a previous study reporting lower PKA
activity in DCM TnT-R173W iPSC-CMs™.

These findings pointed to a local modulation of sarcomeric functions at the TnT complex in presence of the
DCM mutation TnT-R173W. As PKA directly interacts with the troponin complex and phosphorylates Tnl,
we considered that altered PKA levels at the sarcomere would affect phosphorylation levels of TnI, which in
turn contributes to regulating contractility®!. We therefore tested phosphorylation of TnI-Ser 23/24 in DCM
patient-specific TnT-R173W iPSC- CMs, compared to healthy control iPSC-CMs and TnT-KO iPSC-CMs. In
DCM iPSC-CMs, substantially reduced phosphorylation of TnI was detected (Fig. 3A, Supplementary Fig. 4B). In
TnT-KO iPSC-CMs, low phosphorylation of TnlI-Ser 23/24 was observed (Fig. 3A), in line with very low baseline
expression of TnI in TnT-KO iPSC-CMs (Supplementary Fig. 2H). Of note, reduced sarcomeric target phos-
phorylation was not a ubiquitous effect. PKA-dependent phosphorylation of phospholamban (Pln) was not sig-
nificantly altered in presence of TnT-R173W in DCM patient-specific iPSC-CMs, compared to WT iPSC-CM:s
(Fig. 3B).

To further explore local regulation of TnT complex function in relation to PKA, we next tested if DCM-TnT-R173W
leads to alterations in local cAMP levels at the sarcomere in comparison to cytosolic cAMP. We employed a
FRET (Foerster Resonance Electron Transfer)-based readout for detection of locus-specific cAMP levels at the
TnT complex. A targeted cAMP FRET-biosensor, CUTie, which has the PKA cyclic nucleoside binding domain
fused to TnI (TnI-CUTie)™ was utilized for measurement of cAMP at sarcomeric myofilaments. The TnI-CUTie
sensor recapitulated correctly targeted TnI-CUTie biosensor in patient-specific and healthy control iPSC- CMs
(Fig. 3C-E) while in contrast, severely disorganized sarcomeric structure was detected in TnT-KO iPSC-CMs
(Supplementary Fig. 4C,D). Investigation of local sarcomeric cAMP levels in DCM TnT-R173W iPSC-CM:s versus
healthy controls revealed a slight increase of sarcomeric cAMP (Fig. 3D,E). This may present a local compensa-
tory reaction in DCM iPSC-CMs to increase PKA activity and Tnl phosphorylation. However, given diminished
PKA anchoring and resulting reduced phosphorylation of Tnl in presence of TnT-R173W, slightly elevated sarco-
meric cAMP is not sufficient to activate the remaining AKAP-bound sarcomeric PKA. These findings highlight
local microdomain regulation of PKA function at the sarcomere in presence of the DCM TnT-R173W mutation.

Local dysfunction at the TnT complex in presence of TnT-R173W results in disrupted
sarcomere-cytoskeleton filament- and plasma membrane interactions. In line with a previous
report'® we found increased phosphodiesterase PDE3A in TnT-R173W iPSC-CMs, compared to healthy con-
trols (Fig. 4A). Adenylyl cyclase (AC) expression levels were not significantly altered between DCM iPSC-CMs
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Figure 2. Troponin complex interactions are disturbed in presence of DCM-TnT-R173W. (A-D) Co-
immunoprecipitation showed reduced capacity of TnT-R173W to bind to tropomyosin, compared to TnT-W'T.
Human TnT-R173W-DYK, TnT-WT-DYK or DYK (negative control) was overexpressed in HEK cells and
immobilized on DYK-antibody-decorated beads. Human iPSC- CM lysate from healthy controls was used for
co-immunoprecipitation to test the binding capacity of TnT-WT or TnT-R173W towards troponin complex
subunits and tropomyosin. (A) Binding of TnT-WT-DYK and TnT-R173W-DYK to DYK-coated beads is
comparable. TnT-R173W binding to tropomyosin (Tm) (B) is significantly reduced compared to TnT-W'T.

(C) Binding of TnT-DYK to TnC (D) Binding of TnT-DYK to Tnl. (E) PKA binding is significantly reduced

in TnT- R173W-DYK, compared to TnT-WT-DYK. Representative membrane scans are shown. Bargraphs
show averages of n = 8 experiments for TnT-DYK; n =5 experiments for Tm; n =6 experiments for TnC;n=5
experiments for Tnl; n =4 experiments for PKA. Groups in (A-E) are shown following subtraction of respective
DYK negative controls. Bound protein was normalized by immobilized TnT-WT-DYK or TnT-R173W-DYK
(see also Supplementary Fig. 4A,B). Data are expressed as mean & sem. *P < 0.05 (one sample t- and Wilcoxon
test).

and healthy controls (Supplementary Fig. 5A). We speculated that upregulation of sarcomeric cAMP in DCM
TnT-R173W iPSC-CMs may be mediated by local regulation at sarcomeric microdomains due to disrupted sarco-
mere protein alignment. To test this hypothesis, we first assessed sarcomeric PDE enzymatic activity by measuring
5’ AMP released in DCM TnT-R173W iPSC-CMs as well as healthy controls and TnT-KO (Fig. 4B, Supplementary
Fig. 5B). Overall sarcomeric (Fig. 4B) PDE activity was significantly increased in DCM TnT-R173W iPSC-CMs,
compared to healthy controls (Figure 4B), while cytosolic PDE activity was not found to be significantly altered
(Supplementary Figure. 6C). These experiments reveal that beta-adrenergic responsiveness in DCM iPSC-CM:s
is not only limited by generic cellular cAMP levels. Importantly, DCM TnT-R173W results in reduced binding of
PKA to TnT-R173W as well as lower Tnl phosphorylation'! and causes impaired sarcomeric microdomain func-
tion in DCM iPSC-CMs. This cannot be overcome by a compensatory minor increase of local sarcomeric cAMP

SCIENTIFICREPORTS |

(2020) 10:209 | https://doi.org/10.1038/s41598-019-56597-3


https://doi.org/10.1038/s41598-019-56597-3

www.nature.com/scientificreports/

A *%% B *%

*% ns
1.2 o 12
7 1.0 =810
=N 08 F®08
@g 06 S E06
25 04 |'L| ] g.g
€ 02 .
0.0 4 ‘ - 0.0 4 ‘ .
Control DCM TnT KO Control DCM TnT KO
1
IB: p-Tnl 25w s i | IB: p-PLN 10_l — — |
IB: GAPDH 37—| |:| | IB: GAPDH 37—|

C

D TPNI-CUTie

Control DCM
(WT) -, (TnT-R173W)
‘ )

*%k%

(YFPICFP)
N
oo o,

o ==N
o

o

B

TPNI-CUTie

Basal FRET ratio [T1
[¢]

Control DCM

Figure 3. Reduced PKA-mediated TnlI phosphorylation in TnT-R173W iPSC-CMs cannot be compensated

by local sarcomeric cAMP modulation. (A) PKA-mediated phosphorylation of Tnl at Ser 23/24 is reduced

in DCM iPSC-CMs, as well as TnT KO iPSC-CMs. Bargraph presents averages of n =5 experiments for

control (WT, n=23 cell lines), DCM (TnT-R173W, n = 3 cell lines), and TnT KO (n =1 cell line); shown below
are representative immunoblots. Data are expressed as mean =+ sem. **P < 0.01, ***P < 0.001 and ns, not
significant (one sample t- and Wilcoxon test). (B) Phosphorylation of PLN is not altered in DCM iPSC-CMs
compared to healthy controls. Bar graph presents averages of n =6 experiments for control (WT, n=3 cell
lines), DCM (TnT-R173W, n =3 cell lines), and TnT KO (n=1 cell line); representative immunoblots are shown
below. Data are expressed as mean & sem. **P < 0.01 and ns, not significant (one sample t- and Wilcoxon

test). (C-E) TPNI-FRET-sensor-based detection of cAMP levels in TnT-WT and TnT-R173W iPSC-CMs.
Shown are basal FRET ratios (emission YFP/emission CFP following background subtraction). (C) Sarcomeric
localization of the TPNI-CUTie FRET-sensor in iPSC-CMs. TPNI-FRET signal co-localizes with Tnl co-
staining in immunohistochemistry. Co-staining for sarcomeric alpha-actinin is shown. Scale bar, 10 pm. (D,E)
Detection of local cAMP upregulation at the Tn complex via the TPNI-FRET-sensor in DCM-TnT- R173W
iPSC-CMs, compared to control iPSC-CMs (WT). (D) Representative images are shown; scale bar, 10 um. (E)
Quantification of (D). WT iPSC-CMs (healthy control), n =45 cells; TnT-R173 iPSC-CMs (DCM), n =45 cells.
#*%P < (0.001 (Student’s t- test). Data are shown as mean = sem.

(Fig. 3C,D). Moreover, these findings are in line with a previous report confirming that elevated PDE2A/3A
caused impaired beta- adrenergic signaling in DCM iPSC-CMs!°. We speculated that altered sarcomeric micro-
domain function in DCM TnT-R173W iPSC-CMs could affect sarcomere protein alignment and interactions with
other cytoskeleton filament proteins as well as the plasma membrane (PM). We therefore assessed interactions
of sarcomere microdomains with cytoskeleton filament proteins and the PM in more detail. Of note, we found
impaired integrity of sarcomere-cytoskeleton filament junctions in DCM TnT-R173W iPSC-CMs versus healthy
controls (Fig. 4C-I). Immunoprecipitation studies revealed an interaction of the cytoskeleton attachment protein,
filamin-C, with TnT in healthy control (WT) iPSC-CM:s (Fig. 4C-E, Supplementary Fig. 6A-C). Filamin-C local-
izes to the sarcomeric z-disc but also to other subcellular sites, such as cytoskeleton filament microdomains and is
suggested to be involved in cytoskeleton signaling and remodeling'¢. The dynamic distribution of filamin-C sug-
gests it is exposed to TnT at z-disc interaction zones with TnT-decorated actin filaments. Interestingly, the interac-
tion of filamin-C with TnT- R173W was significantly reduced in DCM iPSC-CMs, compared to TnT-WT controls
(Fig. 4C-E, Supplementary Fig. 6A-C). We also confirmed reduced co-localization of TnT and filamin-C in DCM
TnT-R173W iPSC-CMs, compared to TnT-W'T controls (Fig. 4F,G). No significant difference in filamin-C expres-
sion was observed in DCM iPSC-CMs compared to healthy controls and TnT KO-iPSC-CMs (Supplementary
Fig. 6B,C).
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Figure 4. Sarcomeric microdomain regulation and interactions with cytoskeleton filament proteins are
disturbed in DCM-TnT-R173W iPSC-CMs. (A) PDE3A protein expression levels are increased in DCM iPSC-
CMs compared to healthy controls. (B) Total sarcomeric PDE activity is significantly increased in DCM- and
TnT KO iPSC-CMs, compared to healthy controls. (A,B) Averages of 3 experiments are shown for control

(n=2 cell lines), DCM (n=2 cell lines) and TnT- KO (n=1 cell line). Representative membrane scans are
shown. Data are shown as mean + sem. *P < 0.05, ***P < 0.01, **P < 0.001, ns = not significant as calculated by
Kruskal-Wallis test and Dunn’s multiple comparisons test. (C-E) Interactions of sarcomeric TnT with the z-disc
and cytoskeleton protein, filamin-C, were assessed by immunoprecipitation using a TnT-specific antibody. (C)
Representative membrane scans for immunoprecipitation of filamin-C with TnT are shown. (D) Equal amounts
of TnT-WT and TnT- R173W were immunoprecipitated from lysates of healthy control and DCM iPSC-CMs.
(E) Binding of filamin-C to DCM-TnT-R173W is reduced, compared to healthy control WT-TnT. Bargraphs
shown averages of n =2 experiments for control (WT, n=2 cell lines), DCM (TnT- R173W, n=3 cell lines),
and TnT KO (n=1 cell line). Bound TnT was normalized by input and GAPDH (see also Supplementary

Fig. 6A). *P < 0.05, **P < 0.01, ***P < 0.001 and ns, not significant (one sample t- and Wilcoxon test). Data are
expressed as mean £ sem. (F-I) Co-localization of TnT with the z-disc and cytoskeleton attachment protein,
filamin-C, and caveolin-3 is reduced in DCM iPSC-CM:s compared to healthy controls. Immunostainings,
confocal images and corresponding Image]J-based quantifications are shown. Line scans show striation patterns
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for sarcomeric distribution of TnT (y-axis, fluorescence intensity in arbitrary units; x-axis, distance in pm). (F)
Co-localization of filamin-C with TnT and (G) Quantification of (F). Analysis was done for WT healthy control,
n=1cell line and n=17 cells, 16 images, as well as DCM, n=1 cell line and n =48 cells, 25 images. (H) Co-
localization of TnT with caveolin-3 and (I) Quantification of (H). Analysis was done for WT healthy control,
n=2 cell lines and n=138 cells, 31 images, and DCM, n=2 cell lines and n =44 cells, 35 images. Data are shown
as mean + sem. **P < 0.01, ***P < 0.001, as calculated by Students t-test.

Together, these data indicate in presence of DCM TnT-R173W impaired interactions of cytoskeleton filaments
with TnT-enriched sarcomere microdomains. These junctions also contribute to attachment of sarcomere- and
other cytoskeleton elements to the plasma membrane, which contains caveolin-3-enriched microdomains'®.
Co-localization of caveolin-3 with filamin-C at plasma membrane microdomains has been previously reported'.
Therefore, we compared co- localization of TnT with caveolin-3 (Fig. 4H,I) in DCM TnT-R173W iPSC-CM:s ver-
sus TnT- WT controls. Interestingly, TnT-caveolin-3 co-localization was significantly reduced in DCM iPSC-CM
compared to healthy controls (Fig. 4H,I). Overall, these data suggest reduced attachment of sarcomere microdo-
mains with cytoskeleton filaments as well as the plasma membrane in DCM TnT-R173W iPSC-CMs. Disturbed
sarcomere microdomain attachment is likely a consequence of the impaired interaction of TnT with tropomyosin
in presence of TnT- R173W (Fig. 2A,B,E) and the resulting disrupted sarcomere protein alignment (Fig. 1A-C,
Supplementary Fig. 1F).

AMPK activation improves sarcomere-cytoskeleton attachment as well as sarcomere protein
alignment. To further investigate the impaired sarcomere-cytoskeleton filament microdomain interactions
in presence of the TnT-R173W mutation, we assessed molecular factors known to regulate sarcomere interac-
tions with cytoskeleton filament proteins. AMP-activated protein kinase (AMPK) is an established modulator of
cytoskeleton filament interactions, which is known to regulate cardiomyocyte metabolism***2. AMPK-mediated
metabolic regulation has been recently studied also in iPSC-CMs*. Of note, AMPK has been shown to act as a
cytoskeleton remodeling factor mediating cytoskeleton rearrangement and polarity, via interaction with myosin
heavy chain proteins (MYH7-9)7**32, As myosin heavy chain 7 (MYH7) could also interact with troponin®,
we speculated that the presence of the DCM mutation TnT-R173W may impair TnT interaction with MYH?7.
Destabilization of the TnT-MYH? interaction could in turn affect AMPK-mediated regulation of cytoskeleton fila-
ments. To probe integrity of MYH7 binding to TnT in DCM and control iPSC-CMs, we used immunoprecipitation
from iPSC-CM cell lysates (Fig. 5A-C, Supplementary Fig. 7A). In presence of DCM TnT-R173W, MYH?7 binding
to TnT was significantly reduced, compared to WT controls (Fig. 5A-C, Supplementary Fig. 7A), confirming
that the DCM TnT-R173W mutation causes disruption of sarcomere-cytoskeleton filament interactions. We next
sought to test if this would affect AMPK-mediated regulation of cytoskeleton stability and integrity. To explore if
sarcomere-cytoskeleton attachment would respond to AMPK modulation, we cultured DCM iPSC-CMs in pres-
ence of a small-molecule AMPK activator, A-769662%, or control vehicle (Fig. 5D,E). Interestingly, while AMPK
activation via A-769662 increased AMPK activity in both healthy control and DCM iPSC-CMs, the increase of
AMPK activity was substantially higher in DCM iPSC-CMs than in healthy controls (DCM control vehicle vs.
DCM A-769662, 14.6-fold and healthy control A-769662 vs. DCM A-769662, 2.1-fold, Fig. 5D,E). AMPK protein
expression was comparable in DCM TnT- R173W iPSC-CMs and healthy controls (Supplementary Fig. 7B).

We next probed if increased AMPK activation in DCM iPSC-CMs could contribute to sarcomere microdo-
main organization as well as cytoskeleton-plasma membrane attachment in human iPSC-CMs. Interestingly,
quantitative immunohistochemistry studies showed significantly reduced co-localization of MYH7 and AMPK
in DCM iPSC-CMs compared to healthy controls (Fig. 5E,G). Following activation of AMPK via A-769662 in
DCM iPSC-CMs, MYH7-AMPK co-localization was recovered (Fig. 5F,G). In addition, co-localization of the
cytoskeleton intermediate filament protein vimentin with AMPK was significantly reduced in DCM TnT-R173W
iPSC-CMs versus controls (Fig. 5H,I) and was restored by small molecule-based AMPK activation in DCM
iPSC-CMs (Fig. 5H,I). These findings are in line with the diminished interaction of TnT-R173W with MYH7
(Fig. 5A-C) in DCM iPSC-CMs. We thus speculated that in DCM iPSC-CMs, the substantial increase in AMPK
activity following activation via A-769662 may convene recovery of reduced sarcomere-cytoskeleton attachment.
We found that following A-769662 treatment, co-localization of TnT with filamin-C (Fig. 6A,B) and caveolin-3
(Fig. 6C,D) in DCM iPSC-CMs was significantly increased, suggesting that AMPK activation supports recovery
of both sarcomere-cytoskeleton- and sarcomere-PM attachment.

We next tested if AMPK activation could also recover the impaired contractility in DCM iPSC-CMs (Fig. 1D-F).
Following small molecule-based activation of AMPK, we observed significantly improved contraction duration
as well as amplitude and time-to-peak (Fig. 6E-G). In addition, AMPK activation recovered disrupted sarco-
mere protein alignment in DCM iPSC- CM:s (Fig. 6H,I). Conversely, AMPK inhibition via BML-275% in WT
iPSC-CMs (Supplementary Fig. 8A-C) phenocopied contractile parameters observed in DCM iPSC-CMs
(Fig. 1D-F), such as significantly reduced contraction amplitude, increased time-to-peak and prolonged con-
traction duration.

Together, our data suggest that in DCM iPSC-CMs with a sarcomeric mutation, TnT-R173W, loss of sar-
comere organization due to reduced Tm and PKA binding contributes to disrupted cytoskeleton- and plasma
membrane interactions in iPSC-CMs (Fig. 7). We identified AMPK as a cytoskeleton organization protein which
regulates stability of cytoskeleton filament-sarcomere interactions via MYH7. Activation of AMPK can ame-
liorate disrupted sarcomeric microdomain interactions in DCM patient-derived iPSC-CMs. Importantly, this
recovers also DCM disease phenotypes such as reduced sarcomere protein alignment and impaired contractility
in presence of a DCM mutation, TnT-R173W.
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Figure 5. AMPK is a positive regulator of sarcomere-cytoskeleton filament interactions. (A-C)
Immunoprecipitation of MYH7 with TnT is shown, using cell lysates from DCM iPSC-CMs, healthy controls
and TnT KO. Interaction of TnT with MYH?7 was assessed by immunoprecipitation using a TnT-specific
antibody. (A) Representative membrane scans for immunoprecipitation of TnT and MYH?7 are shown. (B)
Comparable amounts of TnT-WT and TnT- R173W were immunoprecipitated from lysates of healthy control
and DCM iPSC-CM:s. (C) Binding of MYH?7 to DCM-TnT-R173W is reduced, compared to healthy controls.
Bargraphs show signal from bound IP fractions following normalization for input in each group for input and
loading control. Shown are averages of 2 experiments for control (WT, n =3 cell lines), DCM (TnT-R173W,

n =23 cell lines) and TnT KO (n=1 cell line); input and loading control are shown in Supplementary Fig. 7A.
*P<0.05, **P < 0.01 (one sample t- and Wilcoxon test). Data are expressed as mean & sem. (D-E) AMPK
activity in DCM versus healthy control iPSC-CMs measured via a phospho-AMPKa (Thr172)-specific
antibody. Following treatment with A-769662, AMPK activity in DCM iPSC-CMs is significantly increased,
compared to control vehicle (DMSO). (D) Representative membrane scans are shown. (E) Quantification

of (D). Shown are averages of 4 experiments for control (WT, n=3 cell lines), DCM (TnT-R173W, n=3 cell
lines) and TnT KO (n=1 cell line); **P < 0.01 and ns, not significant (one-way ANOVA and Sidak’s multiple
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comparison test) data are expressed as mean £ sem. (F-I) Co-localization of AMPK with MYH?7 and vimentin
is reduced in DCM iPSC-CMs compared to healthy controls and is recovered following AMPK activation via
A-769662. Immunostaining and confocal images (scale bar, 20 um) as well as corresponding Image]J-based
quantifications are shown. Line scans show striation patterns for sarcomeric distribution of TnT (y-axis,
fluorescence intensity in arbitrary units; x-axis, distance in pm). (F) Co-localization of AMPK with MYH?7 and
(G) Quantification of (F), ***P < 0.001 for WT control vehicle vs. DCM control vehicle, **P < 0.01 for DCM
control vehicle vs. DCM-A-769662 and WT control vehicle vs. DCM-A-769662, P = not significant (one-way
ANOVA and Sidak multiple comparison test). Analysis was performed for WT healthy control, n =2 cell lines
and n =68 cells; DCM, n =1 cell line and n =49 cells; and DCM A-769662, n =2 cell lines and n =74 cells. (H)
Co-localization of AMPK with vimentin. Scale bar, 20 pm. (I) Quantification of (H), ***P < 0.001 for DCM
control vehicle versus DCM-A-769662 (one-way ANOVA and Sidak multiple comparison test) WT healthy
control, n =2 cell lines and n =38 cells; DCM, n=1 cell line and n = 23 cells; and DCM A-769662, n=1 cell
line and n = 14 cells. Data are shown as mean =+ sem.

Discussion

The molecular consequences of inherited mutations causing familial dilated cardiomyopathy (DCM) have been
studied previously>*’. Human iPSC-CM:s have been utilized for disease modeling and have revealed cellular phe-
notypic features of DCM in patient-derived models®*. Specifically, these phenotypes comprise disrupted sarco-
meric structure and abnormal calcium handling, as published earlier in a human iPSC-CM model for the DCM
mutation TnT-R173W>!. Moreover, impaired beta-adrenergic signaling has been characterized as an impor-
tant molecular mechanism in cardiomyopathy'®**. A previous study reconstituted myofilaments containing
TnT-WT or TnT-R173W and found depressed ATPase rates in presence of TnT-R173W*!. Moreover, TnT-R173W
iPSC-CMs treated with the sarcomere activator omecamtiv mecarbil*? showed recovered sarcomere shortening?!.
Despite this progress, many features of the molecular basis underlying these phenotypes at the sarcomere protein
level are not fully understood.

Here, we utilized human patient-specific iPSC-CMs to characterize sarcomere microdomain interactions in
presence of the DCM TnT-R173W mutation. We discovered binding of TnT- R173W to Tm to be reduced, which
limits troponin anchoring on sarcomere filaments and destabilizes sarcomere protein alignment. A previous study
which used recombinant pyrene-labeled tropomyosin did not detect any differences in the binding affinity of
recombinant TnT-R173W compared to WT*. To our best knowledge, this is the first time a cell-based assay with
iPSC-CMs is used to examine TnT binding in presence of the TnT-R173W mutation. We found in this experimen-
tal system significantly reduced binding of TnT-R173W to tropomyosin compared to WT. In addition, we found
lower PKA binding at sarcomeric microdomains in presence of TnT-R173W, resulting in diminished TnI phos-
phorylation. Moreover, presence of the TnT-R173W mutation disturbed sarcomere microdomain-cytoskeleton
filament interactions via MYH7 and AMPK, contributing to disrupted sarcomere protein alignment and impaired
contractility.

Firstly, biochemical assessment revealed reduced binding of mutated TnT-R173W with Tm, which stabi-
lizes the troponin complex on sarcomeric myofilaments. This may directly lead to the disrupted sarcomere pro-
tein alignment and regularity observed in DCM iPSC-CMs, compared to healthy controls. Moreover, reduced
force generation may be an important consequence of limited TnT-Tm interaction since Tm occupies the
myosin-binding site on actin filaments under low intracellular [Ca?*]. Reduced interaction with TnT in presence
of DCM-TnT-R173W may affect correct relocation of Tm following Ca*>" binding to TnC as well as complete
freeing of myosin- binding sites on actin, thereby limiting the initiation of contraction. We confirmed impaired
force generation and contractility in presence of the DCM mutation using automated high-speed imaging-based
analysis of contractility as well as a 3D engineered heart muscle (EHM) model.

Secondly, we discovered that the DCM mutation TnT-R173W contributes to dysregulation of local sarcomeric
microdomains by limiting PKA binding and resulting in decreased PKA-mediated TnI phosphorylation at Ser-
23/24. PKA-mediated phosphorylation is a critical regulatory switch for modulation of cardiac contraction**.
Previously, TnT was identified as an A-kinase anchoring protein (AKAP) which brings PKA at the thin filaments
into close proximity with its sarcomeric substrates, including TnI*’. Generally, beta-adrenergic stimulation leads
to a cell- wide increase of cAMP, which is important for local regulation of cAMP-PKA responses'. Using a
sarcomeric Tnl-localized FRET biosensor, we determined dysregulation of local sarcomeric cAMP/PKA pools
in presence of the TnT-R173W mutation. DCM iPSC-CMs attempt an upregulation of local sarcomeric cAMP,
likely to compensate for reduced PKA binding in presence of the TnT-R173W mutation, which limits TnI phos-
phorylation at local sarcomere microdomains, thereby diminishing contractility. On the other hand, we found a
substantial upregulation of sarcomeric PDE activity in DCM TnT-R173W iPSC-CMs, in line with a recent report
proposing upregulation of PDE isoform expression as a basis for deficient beta-adrenergic activation in DCM
iPSC-CMs'". Thus, the observed slight increase in sarcomeric cAMP levels in DCM TnT-R173W iPSC-CMs may
present a compensatory reaction and long- term-adaptation of cardiomyocyte signaling. Importantly, sarcomeric
cAMP alterations could not counterbalance reduced PKA binding to TnT in presence of TnT-R173W, which may
contribute to the impaired contractility observed in DCM TnT-R173W iPSC-CMs.

Together, these findings indicate a highly sensitive balance of sarcomere microdomain regulation, which is
disrupted in presence of DCM TnT-R173W. Consequently, as our results show, sarcomere-cytoskeleton filament
attachment is mediated via MYH7 and AMPK and is impaired in DCM iPSC-CMs. Binding of cytoskeleton
attachment proteins, such as MYH7 and filamin-C, with TnT was significantly diminished in presence of the
TnT-R173W mutation. Also, sarcomere attachment with plasma membrane junctions appears to be impaired
in DCM iPSC-CMs compared to healthy controls. Particularly, TnT binding to MYH7 implies a critical link
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Figure 6. Activation of AMPK improves cytoskeleton attachment as well as sarcomere length in DCM TnT-
R173W iPSC-CMs. (A-D) Immunostaining and confocal imaging are shown for sarcomere-cytoskeleton
filament proteins in DCM iPSC-CMs following treatment with A-769662 (3 uM) or control vehicle (DMSO).
Line scans show striation patterns for sarcomeric distribution of TnT (y-axis, fluorescence intensity in arbitrary
units; x-axis, distance in pm). (A) Shown is co-localization of TnT and filamin-C. (B) Quantification of (A).
Analysis was performed for DCM control vehicle, n =2 cell lines and n =75 cells; and DCM A-769662, n =2
cell lines and n =35 cells. ***P < 0.001 as calculated by Students t-test. Data are shown as mean =+ sem. (C)
Co- localization of TnT and caveolin-3. Scale bar, 20 um. (D) Quantification of (C). Analysis was performed
for DCM control vehicle, n =2 cell lines and n =44 cells; and DCM A-769662, n =2 cell lines and n =23

cells. Data are shown as mean =+ sem. **P < 0.01, as calculated by Student’s t-test. (E-G) Motion-based
contractility analysis of iPSC-CMs revealed following A-769662 treatment in DCM iPSC-CMs significantly
reduced contraction duration (E), P=0.01; increased contraction amplitude (F); ***P < 0.001; and decreased
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time to peak (G), P=0.01. Data are expressed as mean £ sem. Control (WT), n=3 cell lines; DCM, n=3

cell lines. *P < 0.05, and ***P < 0.001 as calculated by Student’s t-test. (H,I) Analysis of sarcomere protein
regularity is shown for confocal images of immunohistochemistry performed for DCM iPSC-CMs following
7 days of culture in presence of A-769662 or control vehicle. Line scans show striation patterns for sarcomeric
distribution of TnT and SAA (y-axis, fluorescence intensity in arbitrary units; x-axis, distance in pm). (H)
Representative confocal images are shown. Scale bar, 20 um. (I) Analysis of TnT and SAA signals via Fast
Fourier transformation show following A-769662 treatment improved regularity of sarcomere protein
arrangement (H) in DCM iPSC-CMs. Analyzed were n =31 cells for control vehicle and n = 31 cells for
A-769662, n =2 cell lines per group. Data are shown as mean &= sem. *P < 0.05 as calculated by Student’s t-test.

of sarcomere protein alignment and organization to cytoskeleton filament stability and function. Our data
suggest that disturbed binding of TnT-R173W to MYH?7 directly destabilizes MYH7-AMPK interactions and
AMPK-mediated modulation of cytoskeleton integrity. AMPK, a protein which assists cytoskeleton remodeling,
was found to regulate sarcomere-cytoskeleton filament interactions in iPSC-CMs. Small molecule-based AMPK
activation could ameliorate disruption of sarcomere-cytoskeleton protein interaction sites in DCM TnT-R173W
iPSC-CMs. Importantly, activation of AMPK leads to improved contractility and sarcomeric protein alignment
in DCM iPSC-CMs. Our findings suggest that in DCM TnT-R173W iPSC-CMs, disturbed interactions of TnT
and resulting reduced sarcomere protein alignment and interactions require a substantial activation of AMPK to
overcome the consequences of the TnT-R173W mutation. In line with a previous publication*¢, we observe that
AMPK activation improves contractility in cardiomyocytes. In our study, we utilize a recently developed, direct
AMPK activator, A-769662, which is not expected to exert side-effects on e.g. metabolism-related enzymes®>#74,

Figuratively, these signaling events resemble a “molecular seesaw”, in which the DCM mutation causes dis-
turbed binding of TnT-R173W to MYH7, which in turn directly translates into impaired MYH7-AMPK inter-
actions and AMPK-mediated modulation of cytoskeleton integrity. Conversely, activation of AMPK causes a
recovery shift in the opposite “seesaw” direction, by restoring cytoskeleton-sarcomere interactions and thus
partially recovering sarcomere protein alignment as well as contractility. Overall, our study reveals impaired
sarcomere microdomain regulation in DCM iPSC-CMs such as disrupted binding of mutated TnT-R173W with
tropomyosin as well as PKA, affecting sarcomeric protein alignment and local sarcomeric cAMP/PKA regulation.
These molecular functions are modulated by AMPK and contribute to reduced sarcomere protein regularity and
defective force generation observed in DCM iPSC-CMs. Moreover, our findings provide novel insight into the
tightly regulated interplay of sarcomeric microdomains with cytoskeleton- as well as plasma membrane junctions
in iPSC-CMs from DCM patients. Further studies of these molecular functions may assist the development of
novel therapeutic strategies exploiting these regulatory mechanisms to combat cardiac disease.

Materials and Methods

Cardiac differentiation of iPSCs. Human iPSCs were grown to 80-90% confluence using matrigel-coat-
ing and chemically defined E8 medium?®**’. Subsequently, iPSCs were differentiated into beating cardiomyo-
cytes with a small molecule-based monolayer method described previously?*?. In short, a GSK inhibitor,
Chir (Selleckchem) was applied for 48 h, followed by addition of the canonical Wnt-signaling inhibitor, IWR2
(Selleckchem). Beating iPSC-derived cardiomyocytes (iPSC-CMs) were observed from day 7-10 onwards.
Following differentiation, human iPSC-CMs were cultured in RPMI medium plus B-27 Supplement (Life
Technologies). Human iPSC-CMs expressed typical cardiac markers such as cardiac troponin T (TNNT2), sarco-
meric a-actinin (SAA), and myosin light chain 2a (MYL2a). Following 25 days of cardiac differentiation, beating
iPSC-CM monolayers were dissociated using Accutase and plated in the required assay format. All protocols
required for this study were approved by the Goettingen University Ethical Board. Informed consent was obtained
from all participants and all research was performed in accordance with relevant guidelines and regulations.

CRISPR/Cas9 genetic engineering and plasmid generation. CRISPR/Cas9-mediated gene editing
was performed as described before®*-%%. Briefly, ATG knock-out of troponin T was performed by oligonucleotide
annealing the sgRNA sequences (5'- GACCATGTCTGACATAGAAG-3/, 5'-CTTCTATGTCAGACATGGTC-3),
subcloning into the pSpCas9(BB)-2A-Puro plasmid and subsequent iPSC transfection and single clone isola-
tion. pcDNA 3.1 plasmids carrying the full-length TNNT2-C-terminal-DYK sequence were purchased from
GenScript. The TNNT2-R173W was generated by PCR-based site-directed mutagenesis as described before®.

Immunoprecipitation and immunoblotting. TnT-specific antibody (Thermo Fisher Scientific) was
immobilized on IgG1 Protein G Sepharose beads (GE Healthcare) according to the manufacturer’s instructions.
Subsequently, iPSC-CMs lysates were prepared in immunoprecipitation binding and wash buffer as described
before>* with protease and phosphatase inhibitors. Eluted protein solutions as well as lysate input were sub-
jected to immunoblot. For visualization of phosphorylated TnlI (p-Tnl), a phospho-Tnl- Ser23/24 antibody (Cell
Signaling cat. no. 4004 S) was used. In addition, phos-tag acrylamide was used>¢. Non-phosphorylated and
phosphorylated cTnI species were separated in one- dimensional SDS-PAGE with containing phos-tag acryla-
mide and transferred to Western blots.

Generation of engineered heart muscle (EHM) tissues. Human ESC-CMs (2.5 x 10°) were first gently
mixed on ice with collagen type I and serum-free EHM medium and casted into custom- made molds according
to a previously published protocol®’. Following 5 days condensation in casting molds, EHMs were transferred
onto mechanical stretchers for functional maturation for an additional 12-14 days. EHM media was changed
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Figure 7. Schematic model showing consequences of impaired TnT interactions at sarcomere microdomains in
presence of the DCM mutation TnT-R173W. In DCM iPSC-CMs, reduced TnT-R173W binding to tropomyosin
and PKA destabilizes sarcomere protein alignment, limits TnI phosphorylation and impairs local microdomain
signaling. This disrupts sarcomere-cytoskeleton filament interactions via MYH7 and AMPK, contributing

to sarcomere misalignment and lowered contractility. These molecular disease phenotypes can be partially
overcome by activation of AMPK.

every other day. Contractile forces generated by EHMs were measured in organ baths in Tyrode’s solution con-
taining 1.8 mmol/L calcium under 1.5 Hz field stimulation.

Statistical analysis. Statistical significance was determined using an unpaired Student’s t-test for compar-
ison of two normally distributed data sets. A one-way or two-way ANOVA was used as appropriate to compare
multiple data sets, together with post-hoc tests for pairwise comparisons according to the Sidak or Tukey meth-
ods, depending on the properties of the data sets. For non- parametric tests, Mann-Whitney- or Kruskal-Wallis
tests were used together with Dunn’s post-hoc multiple-comparison test. P-values <0.05 were considered as sta-
tistically significant. Data are presented as mean = standard error of mean (sem).

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

Culture and maintenance of human iPSCs. The human iPSC lines described earlier (1-3) were
grown on Matrigel-coated plates (ES qualified, BD Biosciences, San Diego) as described
previously (4, 5) using chemically defined E8 medium (4). Culture medium for iPSCs was changed
daily. Cells were passaged every 4 days using Accutase (Global Cell Solutions). Healthy control
and DCM iPSCs as published in (1, 2) were a kind gift from Joseph C. Wu (Stanford University,
CA). Protocols for human biomaterial studies required for this study were approved by the

Goettingen University Ethical Board.

Pluripotency marker analysis. Human iPSC colonies were grown in 6-well plate format (Sigma
Aldrich) and stained as described previously (1, 5) for Oct3/4 (Cell Signaling Technology), Tra-
1-60 (Sigma-Aldrich/Chemicon), SSEA4 (Santa Cruz Biotechnology) and Nanog (Santa Cruz

Biotechnology). Images were acquired with a brightfield microscope (Leica).

Flow cytometry. Assessment of TnT expression in human iPSC-CMs by flow cytometry was
performed as described before (6). Briefly, iPSC-CMs were detached as described above, and
subsequently fixed and permeabilized (5, 6). Cells were incubated with a primary anti-cardiac TnT
antibody (Thermo Scientific) for 2 h at 4°C, and a secondary Alexa Fluor-488 antibody (Life
Technologies) for 45 min at 4°C. Cells were washed and analyzed by fluorescent activated cell

sorting (FACS; BD Avria Il), and data were analyzed using FlowJo software.

Immunofluorescence staining and confocal microscopy. Differentiated iIPSC-CMs were

passaged on matrigel-coated glass coverslips. Cells were stained as described before with mouse



anti-human antibodies for cardiac troponin T (Thermo Scientific and Abcam) and sarcomeric
alpha-actinin (Sigma). DAPI was used for staining of nuclei. Coverslips were mounted on glass
slides using Fluoromount-G. Pictures were taken with 10x, 40x (plan apochromat), and 63x (plan
apochromat oil) objectives using an inverted confocal microscope (Carl Zeiss, LSM 710 Meta,

Gottingen, Germany) and ZEN software (Carl Zeiss).

Quantification of protein co-localization. Confocal images generated as described above were
analyzed for protein co-localization analysis using the ImageJ function Coloc2. Background
correction was performed using Fiji-ImageJ. For individual cells, ROls were selected. Coloc2 was
used for background subtraction, and analysis for obtaining Manders” correlation was performed

as described before (7-9).

Co-immunoprecipitation with DYK-tagged TnT and immunoblot. HEK 293T cells
overexpressing in a pcDNA 3.1 backbone either TnT-WT-DYK, TnT-R173W-DYK or DYK tag
alone as a negative control were lysed and input was kept for analysis. Cell lysates were bound
with DYK-antibody-decorated magnetic beads and subsequently, immobilized TnT-DYK was
incubated for co-immunoprecipitation (10) with cell lysate from healthy control iPSC-CMs. The
bound fraction was analyzed by immunoblot. The following antibodies were purchased from
Abcam: Tropomyosin (ab7785), troponin C (ab137130), troponin | (ab52862), phospholamban

(ab2865). Myosin heavy chain antibody was purchased from DSHB.

PDE activity assay. Human iPSC-CM lysates were prepared as described (5). Sarcomere-

containing fractions were obtained by pelleting pre-cleared lysates (10). The cytosolic supernatant



was transferred to a new tube and analyzed separately. Both cytosolic and sarcomere-containing
fractions were subsequently analyzed using a PDE activity assay kit (Abcam, ab139460) according

to the manufacturer’s instructions.

Analysis of AMPK activity via phosphorylation of T172. Human iPSC-CM lysates were
prepared as described (5) from healthy control (n=2 cell lines) and DCM (n=3 cell lines) groups.
To determine AMPK activity based on phosphorylation of Thr-172 in the AMPK catalytic subunit,
cell lysates were incubated with A-769662 or control vehicle (DMSQ) and subsequently subjected

to immunoblot analysis.

Fluorescent resonance energy transfer (FRET) measurements and analysis. All FRET-
measurements were performed with a Nikon Eclipse FN-1 microscope. An Opto-Led fluorescent
light source (Cairn-Research) was used for excitation at 436 + 25 nm, the excitation / emission
dichroic was 455 nm (long pass). Emitted light was split with a Dual-View beam splitter (Optical
Insights) and recorded with a CoolSnap HQ? camera (Photometrix). Emission light was split with
a 505 nm longpass dichroic and was then filtered at 480 £ 15 nm for CFP emission and 535 + 20
nm for YFP emission. Extracellular buffer for the measurements was a modified and CO;
supplemented Ringer-solution with NaCl (140 mM), KCI (3 mM), MgCl, (2 mM), CaCl; (2 mM),
Glucose (15 mM), HEPES (10 mM), pre-adjusted to pH 7.2 with NaOH, then supplemented with
NaHCO3z (10 mM) and finally pH-adjusted to pH 7.2. Acquisition and analysis were performed
using Optofluor software (Cairn Research). All ratios were calculated as emission at 535 nm /
emission at 480 nm. The TPNI-CUTie FRET-sensor was developed before (11). Adenoviruses

were used to infect cells 24-48h before the measurements.



SUPPLEMENTAL FIGURE LEGENDS

Supplementary Figure 1: Characterization of DCM and TnT-KO iPSC-CMs. (A) Sanger
sequencing chromatogram of genomic DNA from healthy control and DCM-TnT-R173W iPSCs.
Arrow indicates site of mutation. (B) Strategy for generation of a troponin T knock-out in iPSC
via CRISPR/Cas9-mediated targeting of TNNT2 exon 2. Underlined corresponds to sequence of
the sgRNA employed for targeting of exon 2 (red highlight, ATG). (C) Immunohistochemistry
and wide-field imaging show expression of the indicated pluripotency markers. (D) Healthy
control and DCM iPSC-CMs express standard sarcomeric marker proteins. Expression of MYL2
(MYL) and MYHY is reduced in TnT-KO iPSC-CMs. *P<0.05, **P<0.01, ***P<0.001 and ns,
not significant, as calculated by Kruskal-Wallis test and Dunn's multiple comparisons test. (E)
Representative analysis of TnT expression in human iPSC-CMs via flow cytometry. (F)
Immunohistochemistry for sarcomeric alpha-actinin and cardiac troponin T, followed by confocal
imaging was performed (shown in Fig 1A) and sarcomeric alpha-actinin and TnT signals were
analyzed by Pearson’s correlation and Fast Fourier transformation, to obtain correlation
coefficients in DCM iPSC-CMs (94 cells) than in healthy controls (n=78 cells). The difference
between the groups is not statistically significant as calculated by Mann-Whitney test. TnT KO
iPSC-CMs could not be reliably analyzed due to lack of signal for TnT. Data are expressed as

mean £ sem.

Supplementary Figure 2: Expression levels of TNNT2, TNNC1, TNNI3 and TPM1 are not
significantly altered in TnT-R173W iPSC-CMs. (A-D) Expression of TNNT2 (A), TNNC1(B),
TPM1 (C) and TNNI3 (D) was determined at the mRNA level via quantitative real-time PCR

(QRTPCR). WT control vs DCM, not significant (ns) and ***P<0.001 towards all other groups, as



calculated by Kruskal-Wallis test and Dunn's multiple comparisons test. (E-H) Expression levels
of the troponin complex were comparable in DCM-R173W iPSC-CMs and healthy controls.
Immunoblot analysis for protein expression of troponin T (TnT) (E), troponin C (TnC) (F),
tropomyosin (Tm) (G), and troponin | (Tnl) (H) was performed for DCM R173W iPSC-CMs
compared to healthy control- (WT) and TnT KO iPSC-CMs. Control (WT), n=3 cell lines; DCM
(TnT-R173W), n=3 cell lines; TnT KO, n=1 cell line. Bargraphs display averages of n=3
experiments and shown below are representative immunoblots; ns, not significant as calculated by
one-way ANOVA and multiple comparisons tests (Dunn and Sidak methods). Data are expressed

as mean * sem.

Supplementary Figure 3, relating to Figure 2: Interactions within the troponin complex are
affected by the DCM mutation TnT-R173W. (A-C) Protein-protein interactions within the
troponin-tropomyosin complex were assessed by immunoprecipitation using a TnT-specific
antibody. (A) Equal amounts of TnT-WT and TnT-R173W were immunoprecipitated from lysates
of healthy control and DCM. No substantial binding is detected for TnT-KO iPSC-CMs (negative
control). TnC (B), Tm (C) and Tnl (D) binding to TnT is shown. Tm-binding to TnT-R173W is
reduced in DCM TnT-R173W iPSC-CMs, compared to WT controls. TnT KO iPSC-CMs are
employed as negative control. Bargraphs are shown for control (WT, n= 3 cell lines), DCM (TnT-
R173W, n=3 cell lines), and TnT KO (n=1 cell line). TnT, averages of n=8 experiments; TnC,
averages of n=8 experiments; Tm, averages of n=7 experiments; and Tnl, averages of n=2
experiments. Representative immunoblots are shown. ns=not significant as calculated by one-way

ANOVA and Dunn’s multiple comparison test. Data are expressed as mean + sem.



Supplementary Figure 4, relating to Figure 2-3: Disturbed interactions within the troponin
complex in presence of DCM-TnT-R173W. (A) Input for TnT-WT-DYK and TnT-R173W-
DYK (MUT) as well as DYK-negative control (NC) from HEK cell lysates prior to coupling to
DYK-decorated beads; and input for human iPSC-CM WT cell lysate used for co-
immunoprecipitation of TnC, Tm, Tnl as well as PKA. GAPDH was used as a loading control. (B)
Phos-tag gel analysis of DCM- and healthy control iPSC-CM cell lysates is shown. Tnl
phosphorylation in DCM TnT-R173W is reduced compared to healthy control iPSC-CMs. Shown
is 2-P-phosphorylated Tnl as reported previously (50). Averages of 3 independent experiments are
shown for control (n=3 cell lines), DCM (n=3 cell lines); ***P<0.001 (Mann-Whitney test). Data
are shown as mean + sem. Representative membrane scans are shown. Reduced PKA-mediated
Tnl phosphorylation was also analyzed with a Tnl-Ser 23/24 specific antibody (Figure 3A). (C-D)
FRET-based analysis of cAMP levels in TnT-KO iPSC-CMs versus WT controls. (C)
Disorganized sarcomeric structure in TnT-KO iPSC-CMs results in corresponding mislocalization
of the sarcomeric FRET-sensor TPNI-CUTie. Respectively, no significant difference in
sarcomeric CAMP levels is detected in TnT-KO iPSC-CMs, compared to WT. Representative
images are shown; scale bar, 10 um. (D) Quantification of TPNI-CUTie FRET analysis shown in
(C). No significant difference is detected between WT control and TnT-KO (P =0.0981). WT
IPSC-CMs (healthy control), n=45 cells; TnT-KO iPSC-CMs, n=89 cells. ns = not significant

(Student’s t-test). Data are shown as mean £ sem.

Supplementary Figure 5: Total cytosolic PDE activity is elevated in DCM TnT-R173W iPSC-
CMis. (A) Adenylyl cyclase protein expression levels are not significantly changed in DCM iPSC-

CMs and healthy controls as well as TnT-KO iPSC-CMs. Bargraphs indicate averages of n=2



experiments for n=2 cell lines (WT, DCM) and n=1 cell line (TnT-KO), representative
immunoblots are shown below. Differences are not statistically significant (one-way ANOVA and
Dunn’s multiple comparison test). (B-C) Measurements of cytosolic PDE activity in DCM iPSC-
CMs compared to healthy controls as well as TnT-KO iPSC-CMs, using a PDE activity assay kit
(Abcam). (B) Measurement of PDE activity via 5" AMP release, using a standard curve for
absorbance at 620 nm. (C) Differences in total cytosolic PDE activity were not significantly altered
between DCM- and TnT-KO iPSC-CMs, compared to healthy controls. Averages of n=2
experiments for n=2 cell lines (WT, DCM) and n=1 cell line (TnT-KO) are shown. Differences
are not statistically significant, as calculated by Kruskal-Wallis test and Dunn's multiple

comparisons test. Data are shown as mean + sem.

Supplementary Figure 6, relating to Figure 4: Interaction of TnT with cytoskeleton filament
proteins. Input for TnT IP from healthy control (WT), DCM (TnT-R173W) and TnT-KO iPSC-
CMs is shown. Input was collected from cell lysates prior to coupling to TnT antibody-decorated
beads (A) mouse TnT, relating to Figure 4C-E and (B) Immunoblot analysis for filamin-C
expression in DCM-TnT-R173W IPSC-CMs and WT controls using input fractions from
immunoprecipitation of TnT with filamin-C shown in Fig 4C-E. A representative membrane scan
is shown. (C) Quantification of (B), n=3 experiments. P= not significant (one-way ANOVA and

Dunn's multiple comparisons test). Data are shown as mean + sem.

Supplementary Figure 7, relating to Fig. 5: Interaction of TnT with cytoskeleton filament
proteins. (A) Input for relevant proteins in TnT IP with MYH?7 is shown for healthy control (WT),

DCM (TnT-R173W) and TnT-KO iPSC-CM cell lysates. Input was collected from cell lysates



prior to coupling to TnT antibody-decorated beads (mouse TnT). GAPDH was used as a loading
control. (B) Western blot indicates total protein expression levels of AMPK to be comparable in
DCM and healthy control iPSC-CMs. Quantification of 2 experiments is shown. Control, n=2 cell
lines; DCM, n=3 cell lines. P = not significant (Mann-Whitney test); data are shown as mean *

sem.

Supplementary Figure 8, relating to Fig. 6: AMPK inhibition in WT iPSC-CMs results in
impaired contractility as observed in DCM iPSC-CMs. Motion-traction analysis of WT iPSC-
CMs treated for 24h with an AMPK inhibitor, BML-275. (A) Time-to-peak; (B) Contraction
amplitude; (C) Contraction duration. Quantification is shown for n=2 cell lines; **P<0.01 and

***P<(.001 as calculated by Student’s t-test. Data are shown as mean + sem.

Supplementary Table 1, relating to Fig. 1: Numerical values represented in the error bars in Fig.
11 (standard error of mean) showing force-of-contraction measurements in EHMs from WT control
and DCM TnT-R173W iPSC-CMs. n=8 EHMSs per group. *P < 0.05 and ns, not significant as

calculated by two-way ANOVA and Tukey’s post-hoc test.
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Supplementary Table 1

Caz* [mmol/l]
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ABSTRACT

Systemic defects in intestinal iron absorption, circulation, and retention cause iron deficiency
in 50% of patients with heart failure (HF). Defective subcellular iron uptake mechanisms that
are independent of systemic absorption are incompletely understood. We investigated these
mechanisms in patient-derived and CRISPR/Cas-edited induced pluripotent stem cell-derived
cardiomyocytes (iPSC-CMs) as well as patient-derived heart tissue using an integrated
platform of MS-SWATH-based proteomics and signaling pathway interrogation. We employed
a genetic iPSC model of two inherited mutations (troponin T, TnT-R141W and tropomyosin,
TPM1-L185F) that lead to dilated cardiomyopathy (DCM), a frequent cause of HF, to study
the underlying molecular dysfunctions of DCM mutations. We identified a molecular patho-
mechanism of impaired subcellular iron deficiency that is independent of systemic iron
metabolism. Clathrin-mediated endocytosis (CME) defects as well as impaired endosome
distribution and cargo transfer were identified as a basis for subcellular iron deficiency in DCM
iPSC-CMs. The CME defects were also confirmed in the hearts of DCM patients with end-
stage HF. Correction of the TPM1-L185F mutation in DCM patient-derived iPSCs, treatment
with a small compound, RhoA activator II, or iron supplementation rescued the molecular
disease pathway and recovered contractility. Pheno-copying the effects of the TPM1-L185F
mutation into WT iPSC-CMs could be ameliorated by iron supplementation. Our findings
suggest that impaired endocytosis and cargo transport resulting in subcellular iron deficiency
could be a relevant patho-mechanism for DCM patients carrying inherited mutations. Insight
into this molecular mechanism may contribute to the development of treatment strategies and

risk management in HF.



INTRODUCTION

Iron deficiency is a frequent co-morbidity in heart failure affecting 50% of patients with HF
(1, 2) and has been linked to cardiovascular disease as well (3-5). The physiological basis of
iron deficiency has been described by duodenal blockage of iron absorption, iron retention in
the reticuloendothelial system, as well as circulation-related absorption defects (2, 6). Long-
term intravenous iron therapy showed beneficial effects to patients with heart failure in clinical
trials (4, 7-10) and compensation of iron levels reduces morbidity and mortality. In contrast,
the subcellular iron uptake mechanisms that are independent of systemic absorption, as well as
the adverse consequences of defects in these processes were previously not examined in
patient-derived cardiomyocytes. Subcellular iron uptake occurs by clathrin-mediated
endocytosis (CME) of the iron carrier protein transferrin (/1, /2). An essential step for initiation
of CME events is the formation of plasma membrane (PM) microdomain hubs enriched for
phosphatidylinositol 4,5-bisphosphate (PIP2) and F-actin (/3, /4). Importantly, decreased F-
actin content at the PM of cardiomyocytes from dilated cardiomyopathy (DCM) patients with
end-stage heart failure has been highlighted as a critical disease feature in myocardial
dysfunction (/5). Moreover, loss-of-function mutations in cytoskeletal proteins are known to
contribute to alteration of the actin cytoskeleton and the progression of DCM and heart failure
in humans (/6-18). Nevertheless, the understanding of subcellular dysfunctions in presence of
inherited DCM mutations remains incomplete.

To better understand the molecular disease mechanisms associated with DCM mutations, we
employed a genetic iPSC model of two inherited mutations in recognized DCM genes, troponin

T (R141W) and tropomyosin (TPM1, L185F). Interestingly, we found defective intracellular
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iron uptake in iPSC-derived cardiomyocytes from DCM patients with inherited mutations. The
defective iron uptake was due to disrupted sarcomere organization in DCM cardiomyocytes
which impaired the linkage and formation of F-actin-enriched PM microdomains as a basis for
CME-mediated iron uptake.

DCM is a major cause of heart failure and characterized clinically by ventricular dilation and
contractile dysfunction (/9). Inherited mutations, frequent causes of DCM affecting 30% of
patients (20), presented a basis for disease modelling using human induced pluripotent stem
cell-derived cardiomyocytes (iPSC-CMs). Human iPSC-CMs have been employed to study
causes of subcellular disease phenotypes in DCM (2/-23) such as disrupted sarcomere protein
organization and defective contractility. Goal of this study was to identify druggable pathogenic
molecular signalling defects altered in the presence of DCM mutations due to defective
sarcomere organization and function. We utilized two different DCM iPSC models, the
troponin mutation TnT-R141W (24-26) and a novel DCM-causing variant, tropomyosin
(TPM1)-L185F. TPM1, a critical regulator of force generation in cardiomyocytes, anchors the
troponin complex on actin myofilaments (27-30). Previous reports demonstrated the
pathogenicity of TPM1 mutations in DCM, which reduce force generation and Ca** sensitivity
of cardiomyocytes (37/-33). TPM1-L185F is located in a mutational hot spot of TPM1 within
the troponin complex-interacting region (27, 30). Due to their location, the DCM mutations
TPM1-L185F as well as TnT-R141W were likely to disrupt sarcomere function. Accordingly,
the DCM TPM1-L185F patient-specific and CRISPR/Cas9 mutation-introduced iPSC-CMs
displayed altered sarcomere organization, contractility, and force generation as well as

cytoskeleton filament interactions.



Here, we identified a molecular pathway altered in DCM cardiomyocytes due to defective
sarcomere organization and function, which is present in DCM models but also in the heart
tissues of patients suffering from other forms of systolic HF. We show a new mechanistic defect
in iron uptake in DCM cardiomyocytes, which results in subcellular iron deficiency and
mitochondrial iron-depletion dysfunctions. This pathway is not related to physiological and
systemic iron absorption defects in heart failure.

Our findings show that sarcomere disorganization in DCM cardiomyocytes disrupted vinculin-
based linkage and formation of plasma membrane (PM) hubs enriched for F-actin and PIP2.
Consequently, disruption of PM microdomains limited the initiation of endocytosis and thereby
reduced the uptake of critical cargo such as transferrin-bound iron. Particularly in the
mitochondria, iron imbalance is deleterious as mitochondrial functions require fine-balanced
iron levels (34). Both the inappropriate elevation as well as reduction of iron levels are
associated with cardiac disease (34, 35). Previous studies showed that in the murine heart, lack
of transferrin receptor 1 (TfR1), the key iron transport protein, resulted in severely reduced
iron levels in cardiomyocytes, causing poor cardiac function and failure of mitochondrial
respiration (36). In this study, we describe a molecular regulatory patho-mechanism which
depletes intracellular iron levels in cardiomyocytes carrying DCM mutations. We employed
CRISPR/Cas9 genome editing together with whole-proteome mapping technologies and
delivered genetic and pharmacological rescue strategies to reverse the molecular pathway’s
dysfunction. CRIPSR/Cas9-based correction of the DCM mutation, re-supplementation of iron,
or treatment with a small peptide molecule (Rho A activator II) rescued endosome distribution,

mitochondrial iron levels, contractility, and sarcomere protein organization in iPSC-CMs.
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We confirmed that this molecular disease pathway is not limited to DCM iPSC-CMs but occurs
also in the heart tissue of DCM patients with end-stage heart failure. Therefore, defective
endocytosis and impaired endosome distribution may present pathogenic and functional defects
that are more generally representative of DCM and systolic heart failure. Our approach to
therapeutically target the molecular defects in this pathway may suggest an alternative
opportunity for development of future treatment directions in patients with DCM and HF due

to inherited mutations.



RESULTS

A TPM1 mutation causes defective contractility, force generation and sarcomere
connections with the plasma membrane in DCM patient-specific iPSC-CMs

We recruited a family cohort of DCM patients carrying the point mutation TPM1-L185F which
caused ventricular dilatation, sinus rhythm abnormalities, and non-sustained ventricular
tachycardia in the patients (Fig. 1A, Fig. S1A to C). We generated iPSCs from a 15-year-old
male carrier, I1I-5 (DCM patient, MUT/WT) who received a heart transplantation due to end-
stage heart failure, as well as from a non-affected family member, 1I-4 (healthy donor, HD,
WT/WT) (Fig. 1A, Fig. S1 A to C). WT/WT and WT/MUT iPSCs displayed regular expression
of pluripotency markers (Fig. S2A to E). We differentiated iPSCs into beating iPSC-CMs and
found patient-specific (MUT/WT) and HD control (WT/WT) iPSC-CMs to express
comparable levels of TPM1 and other cardiac markers at the gene expression and protein
expression levels (Fig. S3A to K). Patient-specific (MUT/WT) iPSC-CMs recapitulated
significantly reduced sarcomere length, beating force, and contractility, compared to HD
control (WT/WT) iPSC-CMs (Fig. 2B to E, Fig. S4A to E). We also noted reduced field
potential duration and amplitude in the presence of TPM1-L185F (Fig. S4F to G).

To determine differential regulation of signaling pathways altered in the presence of TPM1-
L185F, we utilized label-free SWATH-MS whole-proteome analysis (Fig. 1B to G). Between
HD (WT) control and DCM patient-specific iPSC-CMs, 1206 proteins were found to be
upregulated and 1357 proteins to be downregulated (Fig. 1B). Venn diagram of differentially
expressed protein profiles for HD control and DCM iPSC-CM groups (Fig. 1C). Principal

component analysis (PCA) demonstrated distinct segregation of DCM and WT groups (Fig.
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1D). The proteomic profiling for 2563 proteins displayed differences between WT control and
DCM iPSC-CMs (Fig. 1E). Protein enrichment assessment and signaling pathway mapping
showed among the top 15 significantly changed pathways mitochondrial dysfunction and,
interestingly, clathrin-mediated endocytosis (Fig. 1F). This prompted us to investigate the
molecular mechanisms underlying endocytosis in the presence of DCM-TPM1-L185F in more
detail. Of note, subsequent bioinformatic analysis revealed in DCM iPSC-CMs differentially
regulated protein expression profiles in the signaling pathways controlling actin cytoskeleton
functions, clathrin-mediated endocytosis , as well as iron homeostasis in addition to DCM (Fig.
1G).

To assess the molecular dysfunctions in endocytosis and iron homeostasis in the presence of
the DCM mutation TPM1-L185F in more detail, we generated mutation-introduced iPSCs.
Isogenic iPSC lines with genetically identical background present substantial advantages for
assessing genotype-phenotype relationships in human model systems. We used CRISPR-Cas9
gene editing to introduce the TPM1-L185F mutation into WT iPSCs, producing an isogenic
MUT-introduced iPSC line (MUT-int/MUT-int) (Fig. 2A). MUT-int/MUT-int iPSCs express
regular levels of pluripotency markers (Fig. S2A to E) and following cardiac differentiation,
regular expression of cardiac markers (Fig. S3A to K). Like DCM TPM1-L185F patient-
derived iIPSC-CMs, the isogenic mutation-introduced iPSC-CMs displayed significantly
reduced sarcomere length, beating force, and contractility, as well as field potential duration
and amplitude, compared to HD control (WT/WT) iPSC-CMs (Fig. 2B to E, Fig. S4A to G).

Disrupted sarcomere organization is a key phenotype in presence of DCM mutations (23, 37,

38). We tested if impaired sarcomere regularity in presence of TPM1-L185F interrupted
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sarcomere interactions with the plasma membrane via vinculin, a plasma membrane-associated
protein critical for normal cardiac function (39-4/). Vinculin is known to interact with
sarcomeric alpha-actinin (SAA) at the sarcomeres and mediates a connection to F-actin-
organizing hubs at the plasma membrane (42-44). We performed immunoprecipitation of SAA
and vinculin using WT/MUT, MUT-int/MUT-int versus WT/WT iPSC-CMs and Igg as a
negative control (Fig. 2F to H, Fig. S5A to C). In presence of TPM1-L185F, we identified a
reduced interaction of SAA and vinculin (Fig. 2F to H, Fig. S5D to G) as well as disturbance
of additional sarcomere-plasma membrane interactions, such as vinculin-TPM and vinculin-
troponin T (TnT) (Fig. 2F to L, Fig. S5D to L). To test if disrupted sarcomere-plasma
membrane interactions are observed in presence of different DCM mutations, we employed a
isogenic iPSC line carrying the DCM mutation TnT-R141W (MUT2-int/MUT2-int) described
earlier (26). We established significantly reduced co-localization of vinculin and sarcomeric
TnT (Fig. 2M to N) in patient-specific iPSC-CMs (MUT1/WT) and mutation-introduced iPSC-
CMs carrying TPM1-L185F (MUT 1-int/MUT 1-int) or TnT-R141W (MUT2-int/MUT2-int) as
well as isogenic WT controls (WT/WT). Taken together, our data demonstrate that in presence
of two different DCM mutations, TPM1-L185F and TnT-R141W, sarcomere interactions with

the plasma membrane are significantly disrupted.

Impaired F-actin polymerization is linked to defective clathrin-mediated endocytosis and
endosome distribution in presence of DCM mutations
We speculated that disrupted vinculin interactions in DCM iPSC-CMs might be accompanied

by disfunction of the vinculin/F-actin interface, a major hub for organization of F-actin
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filaments and phosphatidylinositol 4,5-bisphosphate (PIP2)-enriched microdomains at the PM.
To test if actin microfilament polymerization was altered, we measured the ratio of polymerized
F-actin and monomeric G-actin. In DCM iPSC-CMs (patient-specific WT/MUT and Cas9-
mutation-introduced MUT-int/MUT-int), reduced F/G actin ratios were detected, compared to
WT/WT controls (Fig. 3A) while total beta-actin protein levels were not significantly changed
between the groups (Fig. S6A). As PIP2-enriched microdomains at the PM are critical for actin
polymerization (45-47), we quantified PIP2 levels in the presence of the two DCM mutations,
TPM1-L185F and TnT-R141W. DCM patient-specific and Cas9-mutation-introduced iPSC-
CMs contained a reduced amount of PM-localized PIP2, compared to WT/WT iPSC-CMs (Fig.
3B and C). To confirm our findings, we next sought to introduce the molecular phenotype
observed in DCM iPSC-CMs, reduced PIP2 levels, into WT/WT iPSC-CMs. We utilized
chemical inhibition of PIPSK, a major PIP2 synthesizing enzyme at the PM (48), via UNC3230,
a PIP5K- specific inhibitor (49). UNC3230-treated WT/WT iPSC-CMs showed reduced PIP2
levels at the PM (Fig. S6B and C). As expected, UNC3230 treatment resulted also in reduced
F-actin levels in WT/WT iPSC-CMs (Fig. S6D and E), thereby recapitulating the molecular
phenotype observed in DCM iPSC-CMs. These findings demonstrate decreased actin
polymerization and PM-localized PIP2 levels in DCM patient-specific and Cas9 mutation-
introduced iPSC-CMs. This is yet more relevant as a main route for cellular cargo import,
clathrin-mediated endocytosis (CME), is regulated at actin-assembling plasma membrane hubs
controlling PIP2 synthesis and turnover (50-52). In cardiomyocytes, critical cargo such as iron
(Fe III+) is internalized via the transferrin receptor by CME and distributed by endosomes (34).

Considering the importance of PIP2-mediated F-actin assembly for CME, we assessed if CME-
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dependent cargo uptake was altered in the presence of DCM mutations. We examined
continuous uptake of transferrin-bound iron in live iPSC-CMs and observed a significant
reduction of CME-based transferrin uptake in DCM patient-specific and Cas9-mutation-
introduced iPSC-CMs (Fig. 3D and E, Fig. S6F) while expression levels of the transferrin
receptor were not significantly changed between groups (Fig. S6G). To exclude the possibility
that the observed reduction of CME-dependent cargo uptake was limited to the transferrin
receptor, we analysed internalization of low-density lipoprotein (LDL) receptor, which was
also significantly reduced in DCM iPSC-CMs (Fig. STA and B). LDL receptor expression
levels were not significantly altered between groups (Fig. S7C). Next, we tested if endosome-
dependent distribution of CME-internalized cargo, such as transferrin-bound iron, was altered
in iPSC-CMs carrying DCM mutations. To first test if endosome distribution is affected by
impaired actin polymerization, spatial localization of endosomes was tracked using the early
endosome (EE) marker EEA1. While in WT iPSC-CMs, early endosome cargo carriers were
evenly distributed throughout the cells, no regular distribution of EEs was observed in DCM
iPSC-CMs (patient-specific WT/MUT and Cas9-edited MUT-int/MUT-int). Instead, in the
presence of DCM mutations, cargo-carrying EEs arrested at the plasma membrane (Fig. 3F
and G, Fig. S7D). Moreover, this new DCM disease phenotype, defective distribution of cargo-
carrying early endosomes, could be successfully introduced into WT iPSC-CMs via a potent
inhibitor of actin polymerization, latrunculin A (Lat-A). Lat-A treatment resulted in a reduced
F/G actin ratio (Fig. S8A) as well as accumulation of EEs at the PM in WT iPSC-CMs (Fig.
S8B and C), thereby phenocopying the presentation of DCM iPSC-CMs (Fig. 3F and G). Our

data demonstrate defective cargo uptake and distribution in DCM patient-specific iPSC-CMs
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as well as isogenic controls carrying two different DCM mutations, TPM1-L185F and TnT-

R141W.

Iron deficiency in the presence of DCM mutations causes mitochondrial dysfunction and
reduced contractility in DCM iPSC-CMs

Mitochondria, a major recipient of iron (Fe) in the cell (34, 53) require Fe for electron transport
in the mitochondrial respiratory chain as well as oxygen transport (54). Iron imbalance
specifically in the mitochondria is deleterious as its critical functions require a fine balance of
mitochondrial iron (34). Iron deficiency has been associated with cardiovascular disease and
heart failure (5). Therefore, we assessed the effects of impaired uptake of transferrin-bound
iron and impaired early endosome distribution on mitochondria function. We examined Fe
levels in mitochondria in live cells and found that mitochondria of DCM iPSC-CMs (patient-
specific WT/MUT and Cas9-mutation-introduced MUT-int/MUT-int) display significantly
depleted iron levels, compared to control (Fig. 4A and B). This was true for both DCM
mutations, TPM1-L185F and TnT-R141W (Fig. 4A and B) and was accompanied by a
reduction of mitochondrial membrane potential, supporting reduced function of iron-deficient
mitochondria in DCM iPSC-CMs (Fig. S9A and B).

Clinical trials demonstrated increased iron supply in iron-deficient heart failure patients to be
beneficial for cardiac function (&). We thus first confirmed that iron supplementation recovered
reduced mitochondrial iron levels in DCM iPSC-CMs (patient-specific WT/MUT and Cas9-
engineered MUT-Iint/MUT-int) (Fig. S10D to G). Importantly, replenishing iron levels rescued
impaired contractility in DCM patient-specific iPSC-CMs (WT/MUT) as well as in Cas9-
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mutation-introduced iPSC-CMs carrying two different DCM mutations, TPM1-L185F and
TnT-R141W (Fig. 4C to E). To confirm that iron deficiency due to impaired endocytosis and
endosome distribution is linked to actin polymerization defects in the presence of DCM
mutations, we quantified Fe levels of Lat-A-treated WT iPSC-CMs. Our data show that Lat-A-
induced actin polymerization defects can introduce imbalance of Fe levels into WT control
iPSC-CMs (Fig. S9H) which could be recovered by subsequent Fe treatment (Fig. S9H).

Fe deficiency has been associated with increased reactive oxygen species (ROS) production in
heart failure (55). To test if this molecular disease phenotype is recapitulated in DCM iPSC-
CMs, we measured total ROS levels in live iPSC-CMs. As expected, we observed elevated
mitochondrial superoxide levels in DCM iPSC-CMs (WT/MUT and MUT1-int/MUT1-int)
(Fig. S9C) which could be rescued by Fe supplementation (Fig. S91 and J). This confirmed
that Fe deficiency may result in elevated ROS levels in the presence of DCM mutations.

Together, our data indicated reduced iron levels in DCM iPSC-CMs due to defective actin
polymerization, impaired endocytosis, and defective endosome distribution. These molecular

causes of iron deficiency exacerbate defective contractility in the presence of DCM mutations.

Recovering actin polymerization via RhoA activation rescues PM-localized PIP2 levels
and uptake of transferrin-bound iron

To rescue the molecular DCM disease phenotypes resulting in mitochondrial iron deficiency
in DCM iPSC-CMs, we turned to RhoA, a Rho GTPase which regulates PIP2 production via
PIP5K activation and F-actin polymerization (56, 57). Under chronic stress, loss of RhoA in

cardiomyocytes leads to decreased contractility (58). We applied a RhoA activating peptide,
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Rho activator II (RhoA II), which has been shown previously to increase PIP2 production in
mammalian cells (59). Following RhoA II treatment, PIP2 levels at the PM were significantly
increased in DCM iPSC-CMs (patient-specific WT/MUT and Cas9-mutation-introduced
MUT-int/MUT-int) (Fig. S10A to C). Moreover, RhoA activation increased endocytosis-
dependent uptake of the transferrin receptor (Fig. 5A and B) and rescued endosome
distribution in mutation-introduced iPSC-CMs to the levels observed in WT control (WT/WT)
iPSC-CMs (Fig. 5C and D). Importantly, treatment with RhoA II rescued mitochondrial iron
levels in DCM iPSC-CMs (Fig. 5E to G) as well as sarcomere-plasma membrane interactions
such as TnT-vinculin (Fig. S10D to F). This highlights the critical role PIP2 plays at the
sarcomere/F-actin/PM regulatory hub. Consequently, Rho activator II treatment improved
contractility in DCM iPSC-CMs, such as amplitude and maximal decay (Fig. 5H, Fig. S10G
to I) and significantly recovered sarcomere protein organization in DCM iPSC-CMs (patient-
specific WT/MUT and Cas9-engineered MUT-int/MUT-int) (Fig. 51 to K). Our findings stress
the intricate molecular mechanisms controlled by sarcomere interactions with F-actin and PM-

localized PIP2 and their dysfunction in DCM iPSC-CMs.

CRISPR/Cas9-correction of the patient-specific DCM mutation TPM1-L185F rescues
endosome distribution and mitochondrial iron levels in DCM-corrected iPSC-CMs

Isogenic cell lines are a valuable tool to ascertain molecular disease mechanisms and genotype-
phenotype correlations. To further demonstrate that the DCM mutation TPM1-L185F causes
defective uptake and distribution of transferrin-bound iron, resulting in mitochondrial iron

deficiency and reduced contractility, we corrected the DCM mutation via CRISPR/Cas9 gene
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editing. We generated an isogenic mutation-corrected (WT-cor/ WT-cor) iPSC line, using site-
specific CRISPR-Cas9 gene editing (Fig. 6A and Fig. S11A to E) and differentiated the
mutation-corrected iPSCs (WT-cor/ WT-cor) into iPSC-CMs (Fig. S11F to P). Firstly, we
confirmed that actin polymerization was recovered in mutation-corrected iPSC-CMs (WT-cor/
WT-cor) compared to DCM patient-specific iPSC-CMs (Fig. 6B). Importantly, compared to
DCM patient-specific iPSC-CMs, uptake of the transferrin receptor (Fig. 6C and D) as well as
distribution of endosomes was rescued in isogenic mutation-corrected iPSC-CMs (Fig. 6E and
F). Consequently, we noted mitochondrial iron levels to be more than 2-fold increased (DCM
patient: 0.21+0.01 vs mutation-corrected:0.52+0.03) following correction of the DCM
mutation (Fig. 6G and H). In line with this, mutation-corrected iPSC-CMs displayed
significantly improved sarcomere protein organization (Fig. 61 and J) as well as recovered

beating force (Fig. 6K), compared to DCM patient-specific iPSC-CMs.

Heart tissues from DCM patients with end-stage heart failure display defective endosome
distribution

We considered that the mitochondrial iron deficiency due to defective endocytosis and
endosome distribution observed in DCM iPSC-CMs may be present more generally in patients
with heart failure (HF). To test this, we analyzed vinculin-positive plasma membrane (PM)
junctions, the sites of CME initiation and endosome formation, in cardiomyocytes of left
ventricular tissues from patients with end-stage HF due to DCM versus patients with preserved
systolic left-ventricular function in the control group (Fig. 7A to C and Fig. S12 provide

detailed clinical patient information). We found the vinculin-positive PM domains in DCM
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patients with end-stage HF to be significantly more disorganized and less regular than in the
controls (Fig. 7C). Moreover, we quantified the endosome distribution in cardiomyocytes of
left ventricular tissues from DCM patients with end-stage HF versus patients with preserved
systolic left-ventricular function in the control group. We utilized as an endosome marker
CCDC53, a subunit of the WASH complex localized on endosomes (60) . In heart tissues from
both patient groups, standard expression of TnT and CCDC53 was observed (Fig. S13A and
B). Strikingly, cardiomyocytes in left-ventricular tissues from HF patients were characterized
by significantly higher levels of PM-localized endosomes, compared to controls with preserved
left-ventricular function (Fig. 7D to F and Fig. S14A to E). Hence, these data closely
recapitulate both the disrupted PM-localized microdomains that present the basis for endosome
formation, as well as the ectopic PM-localized endosome distribution in the heart tissue of HF
patients. Thus, these findings suggest that the molecular dysfunctions caused by defective
endocytosis and iron deficiency in the presence of DCM mutations may present a more general
feature in patients with heart failure. Overall, our findings suggest a new patho-mechanism in
patients with DCM due to inherited mutations as well as in DCM patients with systolic HF.
Sarcomere protein misalignment may destabilize protein-protein interactions linking
sarcomeres and other cytoskeleton filaments to the plasma membrane and contribute to
defective functions of PIP2-enriched PM microdomains critical for CME. Consequently,
endosome formation and distribution are impaired, resulting in reduced uptake of critical cargo
such as transferrin-bound iron and lower mitochondrial iron levels (Fig. 8). These molecular
defects can contribute to reduced energy supply and impaired contractility of cardiomyocytes
in patients with DCM and heart failure.
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DISCUSSION

Iron deficiency is a co-morbidity in 50% of patients with heart failure (/) and may present a
therapeutic target (6). Main causes for iron deficiency at the organ level are intestinal iron
absorption and circulation-related defects as well as impaired iron retention in heart failure. In
addition, despite insights into molecular disease mechanisms at the cellular level, DCM
remains a main cause of heart failure and new therapeutic directions are needed. Mutations in
genes encoding sarcomere proteins have been identified to cause 30% of DCM cases (20, 61).
Genetic models of DCM (62-64) have been employed to elucidate the molecular causes of
primary dysfunctions observed in the presence of DCM mutations, such as disrupted sarcomere
protein organization and defective contractility (23, 64-66). Recently, impaired protein-based
interactions of the sarcomeres with other cytoskeleton filaments have been shown to contribute
to DCM disease phenotypes in patient-specific iPSC-CMs (23, 40). However, the subcellular
dysfunctions in presence of DCM mutations at the molecular and signalling levels are to date
still incompletely understood. Based on this, we generated here a human iPSC-CM model of
the new DCM-causing mutation TPM1-L185F, combined with CRISPR/Cas9-based gene
editing to elucidate molecular dysfunctions in the presence of DCM mutations, such as
consequences of defective sarcomere organization and functions. We identified sarcomere
interactions via the stabilizing plasma membrane-binding protein vinculin to be disrupted in
the presence of two different DCM mutations, TPM1-L185F and TnT-R141W. Consequently,
this disrupted vinculin-containing and F-actin-organizing PM hubs enriched for PIP2 in DCM
1iPSC-CMs. Altered F-actin-binding PIP2 microdomains at the PM, in turn, resulted in defective

clathrin-mediated endocytosis (CME) of critical cargo such as transferrin-bound iron in DCM
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iPSC-CMs. These findings establish defective endocytosis and impaired distribution of
endosome cargo carries as a molecular basis for mitochondrial iron deficiency in the presence
of DCM mutations. Importantly, we could rescue this pathogenic mechanism in a three-fold
way in our human iPSC-CM model: Firstly, by treatment with RhoA activator II (57) which
replenished plasma membrane PIP2 levels and rescued CME, endosome distribution, as well
as mitochondrial iron levels and DCM iPSC-CM contractility. Secondly, supplying iron
externally could overcome depletion of mitochondrial iron deficiency and rescued contractility
in DCM iPSC-CMs. Thirdly, these phenotypic dysfunctions were recovered in iPSC-CMs
following CRISPR/Cas9-based correction of the inherited DCM mutation, TPM1-L185F, in
patient-specific iPSCs. Moreover, we pheno-copied the patho-mechanistic defects found in
presence of the TPMI1-L185F mutation into WT control iPSC-CMs via drug treatments
targeting the disease pathway: Application of a small molecule inhibitor of actin
polymerization (latrunculin-A, Lat-A) introduced defective endosome distribution in WT
control iPSC-CMs. Furthermore, treatment with a PIPSK inhibitor (UNC3230) introduced in
WT control iPSC-CMs disruption of F-actin/PIP2-containing PM microdomains, the sites of
CME and endosome formation

Interestingly, cardiac-specific overexpression of RhoA ultimately induces DCM with impaired
contractility (67) and treatment with an inhibitor of the well-characterized downstream effector
of RhoA, ROCK, protected the heart against ischemia/reperfusion (I/R) injury (68). Treatment
with an inhibitor of ROCK benefited patients with cardiac hypertrophy in clinical trials (69,
70). However, the complete deletion of RhoA from cardiomyocytes results in accelerated DCM

and increases the severity of heart failure outcome following chronic pressure overload (58).
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These reports indicate the critical need for fine-tuned modulation of RhoA activity as a basis
for cardiomyocyte homeostasis and recovery in disease models. In line with this, low levels of
constitutively active RhoA in cardiomyocytes protected mouse hearts against I/R injury and
improved contractile function (77). Consistently, our findings showed that low-dose activation
of RhoA improved sarcomere-PM interactions via vinculin and F-actin. Concomitantly, RhoA
treatment replenished PIP2 content at the PM and recovered CME and endosome distribution
in DCM iPSC-CMs.

The signalling mechanisms associated with systemic iron deficiency in heart failure due to
absorption defects are complex (2, 6, 7, 72). It should be noted that both the inappropriate
elevation and reduction of iron levels are associated with cardiac disease (34, 35), indicating
the importance of intact iron homeostasis. Abnormally high iron levels lead to iron overload
cardiomyopathy (35) while abnormally low levels of iron were linked to cardiovascular disease
as well (3-5). Iron homeostasis at the systemic level, including the storage and export of excess
iron, is mediated by ferritin, ferroportin, and iron regulatory proteins IRP1 (ACO1) and IRP2
(IREB2) (3, 73-75). Low iron levels have been shown to induce IRP1/2-modulated increase of
iron uptake via stabilization of TfR1-encoding mRNAs, while IRP-dependent repression of
ferritin and ferroportin mRNA translation reduces iron sequestration as well as export (76).
Mitochondria utilize a major amount of intracellular iron in Fe/S clusters as well as heme
groups essential for the function of electron transport chain complexes (77). Insufficient iron
levels impair mitochondrial function in cardiomyocytes (3, 78) which may occur by enhanced
degradation of mRNAs encoding mitochondrial Fe/S-cluster-containing proteins (78) (79). In

line with this, we found iron supplementation to rescue both mitochondrial iron levels as well
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as iPSC-CM contractility in DCM iPSC-CMs. Importantly, clinical trials demonstrated
intravenous iron administration to improve endpoint outcomes in heart failure patients,
including improvement of NYHA class, increased 6-minute-walking distance and improved
quality of life (8-10, 80). These results were independent of the presence of anaemia.

Here, we describe a new molecular iron uptake defect in cardiomyocytes unrelated to systemic
iron absorption defects: the impaired subcellular uptake of transferrin-bound iron. This
molecular patho-mechanism is linked to the sarcomere disorganization observed in presence
of DCM mutations but also in the heart tissues of patients suffering from other forms of systolic
HF. Our findings show that sarcomere disorganization results in disrupted vinculin-based
linkage and formation of plasma membrane (PM) hubs enriched for F-actin and PIP2. These
PM microdomain hubs are critical for initiation of endocytosis and uptake of cargo such as
transferrin-bound iron. Indeed, it could be expected that other patho-physiological dysfunctions
may also interfere with endocytosis and cargo uptake, e.g., by causing defective formation
and/or function of F-actin and PIP2-enriched PM microdomains in other ways.

The majority of cardiomyocyte iron demand is served by TfR1-mediated internalization of the
iron-carrier transferrin. We observed in DCM iPSC-CMs defective F-actin/PIP2-enriched
microdomains at the PM, resulting in impaired endocytosis of transferrin-bound iron and,
ultimately, reduced mitochondria iron levels. This patho-mechanism could be reversed by
rescue of F-actin/PIP2 microdomain function via Rho activator II treatment, which
consequently recovered uptake of transferrin and distribution of endosomes. This resulted in

significantly improved mitochondrial iron levels as well as contractility in DCM iPSC-CMs.
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Moreover, this disease mechanism was confirmed by introducing defective F-actin/PIP2-
dependent microdomain function via Lat-A treatment into WT iPSC-CMs. Concomitantly, Lat-
A treatment induced impaired endosome distribution and decreased mitochondrial iron levels
in the healthy donor-derived iPSC-CMs.

Of note, supplementation of iron also improved contractility in DCM iPSC-CMs while
expression levels of transferrin receptor and gene products regulating iron homeostasis, such
as ferritin (FTH1), were not significantly changed. These results might suggest that DCM
patients carrying inherited mutations could profit from iron supplementation also if their blood
levels of transferrin and ferritin are not abnormal. Yet it should be noted that iron
supplementation may not completely recover phenotypic consequences of heart failure in cases
where the defects are located further downstream of the patho-mechanism described here.
Moreover, and in line with previous findings, our data support a balanced intracellular iron
homeostasis in cardiomyocytes to be essential for proper cardiovascular functions. Beyond this
study, it is possible that mechanisms exist which link sarcomeric mutations to regulation of
iron homeostasis genes. While the investigation of such mechanisms exceeds the frame of this
study, this could be an interesting topic for future research.

We showed that RhoA treatment significantly improved contractility as well as sarcomere
protein organization and interactions as well as PM microdomain function in DCM iPSC-CMs.
These findings suggest a potential benefit of fine-tuned therapeutic modulation of RhoA
activity for patients carrying inherited DCM mutations. Subsequent studies to validate
therapeutic targeting of CME and endosome cargo distribution defects should include animal

models of sarcomeric DCM mutations.
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We also showed that heart tissues from DCM patients with end-stage heart failure display
abnormal distribution of endosome cargo carriers as well. These data suggest that iron
deficiency due to defective endocytosis might be present more generally in DCM patients with
heart failure. Together, the patho-mechanism of defective CME and endosome cargo
distribution described here may possibly play a role in the pathophysiology of cardiomyopathy
and heart failure and might be a prevalent mechanism in presence of DCM mutations. Based
on these findings, it will be relevant to explore if this disease mechanism may be true also for
other forms of systolic heart failure. Overall, drug treatments addressing defects in this
molecular mechanistic pathway may present promising future therapeutic directions for DCM

patients with inherited sarcomeric mutations.
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MATERIALS AND METHODS

A detailed description of the Methods is available in the Supplementary Materials.

Study design

The objective of the study was to investigate molecular patho-mechanisms in presence of
inherited DCM mutations causing disturbed sarcomere organization and function. We
employed a combined model of patient-derived and CRISPR/Cas-edited induced pluripotent
stem cell-derived cardiomyocytes (iPSC-CMs) as well as patient-derived heart tissue. We used
an integrated platform of MS-SWATH-based proteomics and signaling pathway interrogation
and identified from this analysis a molecular patho-mechanism, impaired subcellular iron
deficiency. We next confirmed this molecular disease mechanism in both DCM iPSC-CMs and
clinical specimens from DCM patients with end-stage HF. To rescue the molecular disease
pathway, we employed correction of the TPM1-L185F mutation in DCM patient-derived iPSCs
or treatment with a small compound, RhoA activator II, recovering PM-localized PIP2 levels,
uptake of transferrin-bound iron, endosome distribution, mitochondrial iron levels, sarcomere
length, and/or contractility. Moreover, we pheno-copied the effects of the TPMI1-L185F
mutation (abnormal F/G actin ratio, reduced PIP2 levels, endosome distribution defects) into
WT iPSC-CMs by treatment with lat-A or UNC3230. Biochemical and cell biology
experiments (Western blotting, immunoprecipitation, uptake assay, image analysis) were
conducted in an unblinded fashion for >2 independent experiments to ensure reproducibility,
and end points were determined from the literature and pilot studies, respectively. The numbers

of independent experiments performed for each figure are listed in Supplementary Table 1. We
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employed an iPSC model covering n=2 inherited mutations in different proteins that lead to
dilated cardiomyopathy (DCM), troponin T (TnT-R141W) and tropomyosin (TPM1-L185F).
Clinical specimens were employed from n=5 patients with DCM and end-stage heart failure
and n=4 patients with preserved LV function that underwent aortic valve replacement (severe

valve stenosis) and coronary artery bypass graft surgery in the control group.

Generation, culture, and cardiac differentiation of human iPSCs

The protocols for studies with iPSC were approved by the Goettingen University Ethical Board
(15/2/20 and 20/9/16An) and the Odense University Ethical Board (Projekt ID S-
20140073HLP). Informed consent was obtained from all participants and all research was
performed in accordance with relevant guidelines and regulations. Approval for the study of
human myocardial samples was granted by the Goettingen University Ethical Board (No.
21/10/00 and 31/9/00), and written informed consent was obtained from all patients. The
procedures used in this study adhere to the tenets of the Declaration of Helsinki. A family
cohort with carriers of the novel pathogenic variant within the TPM1 gene, TPM1-L185F, was
recruited. Human fibroblasts from five mutation carriers and four healthy donors from this
family were reprogrammed to hiPSCs using the CytoTune™-iPS 2.0 Sendai Reprogramming
Kit (Thermo Fisher Scientific). Human induced pluripotent stem cells (iPSCs) were grown on
Matrigel-coated plates (ES qualified, BD Biosciences) using chemically defined E8 medium
as described previously(81, 82). The culture medium was changed every day, and iPSCs were
passaged every four days using EDTA (Life Technologies). The iPSC lines have been
deposited at the Goettingen University Medical Center Biobank (WT1, DCM) or the Stanford
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Cardiovascular Institute Biobank (WT2). For cardiac differentiation of iPSCs, a small
molecule-based monolayer protocol based on previous reports was utilized(83, 84). At day 20-
25 of cardiac differentiation, beating iPSC-CM cultures were dissociated using trypleE (Life
Technologies) and plated in the required assay format. Human iPSC-CMs were cultured in
RPMI (Life Technologies) complemented with B27 supplement (Life Technologies) prior to

experimental analysis.

LC/MS/MS SWATH analysis. Tryptic gel-extracted peptides were prepared as described(85).
Proteomics Protein digests were analyzed on a nanoflow chromatography system (Eksigent
nanoLC425) hyphenated to a hybrid triple quadrupole-TOF mass spectrometer (TripleTOF
5600+) equipped with a Nanospray I11 ion source and controlled by Analyst TF 1.7.1 software
build 1163 (all AB Sciex). Qualitative LC/MS/MS SWATH (Sequential Window Acquisition
of all Theoretical Mass Spectra) analysis was performed using a Top30 data-dependent
acquisition method and two biological replicates per sample were analyzed. MS/MS data were
acquired as described(86, 87) and analyzed using ProteinPilot Software version 5.0 build 4304

(AB Sciex) and PeakView Software version 2.1 build 11041 (AB Sciex) was used.

F/G-actin measurements. Human iPSC-CMs were fixed in 4% PFA for 20 min at room
temperature (RT) following a PBS wash. Cells were incubated with 0.2 % triton X-100 at RT
for 60 min followed by a blocking step with 5% BSA. Subsequently, cells were incubated with

Dnasel-488 (Thermo Fisher Scientific), Phalloidin-488 (Thermo Fisher Scientific), DAPI-405
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(Thermo Fisher Scientific) according to the manufacturer’s description. Fluorescence was

measured via a Cytation 3 reader (BioTek).

Atomic force microscopy (AFM) and contractility measurements. iPSC-CMs were seeded
on coverslips 2-3 days before AFM or contractility measurements. AFM recordings were
performed using a NanoWizard 3 (JPK Instruments) as described previously(26). Briefly, the
cantilever mounted on a glass block was dipped in cell medium for 30 - 60min to equilibrate.
A calibration was done to measure the spring constant and sensitivity of the used cantilever.
The cells were probed with a nonconductive silicon nitride cantilever (Bruker). Contractility
measurements were performed using an Olympus microscope with Olympus 1X2-UCB

software as described earlier(23, 26).

Drug treatments. Human iPSC-CMs were treated with 3uM Latrunculin A (Cayman) for
20min, UNC3230 (Cayman) 10uM for 24h, SAR405 (Cayman) 10uM for 24h, 3ug/mL Rho

activator Il (Cytoskeleton) for 3 hours or overnight.

Human heart tissue. Clinical data for patients are presented in Fig. S12. LV heart tissue from
patients with dilated cardiomyopathy who received a heart transplantation due to end-stage
heart failure (indicated as “heart failure”, HF, or heart transplantation) was analyzed. In
comparison, LV heart tissue from patients with preserved LV function that underwent aortic
valve replacement (severe valve stenosis) and coronary artery bypass graft surgery was used in

the control group (“control”). Human heart tissue slides were prepared and stained based on a
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previously published protocol (88, 89). Slides were incubated with primary antibodies
overnight, such as TnT (Thermo Fisher Scientific), vinculin (Sigma) or CCDC53
(ProteinTech). Wheat germ agglutinin (WGA, Alexa Fluor™ 594 Conjugate, Thermo Fisher
Scientific), DAPI and secondary antibodies such as Alexa Fluor 488 goat anti-Rabbit antibody
(Thermo Fisher Scientific), Alexa Fluor 568 goat anti-Rabbit antibody (Thermo), Alexa Fluor
488 goat anti-mouse antibody (Thermo Fisher Scientific) were applied afterwards. Slides were
mounted with FluroMount mounting medium (Thermo Fisher Scientific). Images were taken
with 63x (plan apochromat oil) objectives from a confocal microscope (Carl Zeiss, LSM 710,
Gottingen, Germany) and ZEN software (Carl Zeiss). Relative controls for staining specificity
were performed (Fig. S14). ImageJ-based analysis was used for image analysis. ImageJ was
used to calculate the regularity of orientation for vinculin-positive structures. Data display the
standard error of mean of angles from vinculin-positive areas in each image. To analyze the
location of CCDC53, automated threshold setting in WGA staining was used to define PM-

localized ROIs. Data were normalized by the total CCDC53 signal per image.

Statistical analysis

Statistical significance was processed using GraphPad Prism v.8.4.2 (GraphPad). An unpaired
Student’s t-test is used for comparison of two normally distributed data sets. Ordinary one-way
ANOVA together with Sidak's multiple comparisons test were employed for comparison of
three or more normally distributed data sets. For non-parametric tests, Mann-Whitney or one-
way ANOVA and Dunn's multiple comparisons test were used. P-values < 0.05 were

considered as statistically significant. Data are presented as mean + standard error of mean
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(sem). The numbers of independent experiments performed for each figure are listed in
Supplementary Table 1. Unless indicated otherwise, number of independent experiments

equals number of independent iPSC cardiac differentiation.

Data Availability

A detailed description of the Methods is available in the Supplemental Materials section.

The data, analytic methods, and study materials are available to other researchers for purposes
of reproducing the results or replicating the procedures on request. Because of the sensitive
nature of the data collected for this study, requests to access the dataset from qualified

researchers may be sent to the corresponding author.
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FIGURE LEGENDS

Fig. 1. TPM1-L185F causes defective contractility and force generation in DCM patient-
specific iPSC-CMs

(A) Pedigree of the family carrying the DCM-associated variant TPM1-L185F variant. Human
iPSCs were generated for four mutation carriers and four healthy donors. Squares, male and
circles, female gender; filled symbols, affected; cross bars, deceased individuals; arrow,
proband; *, skin biopsy obtained. Ages at time of diagnosis and last follow-up for gene carriers
and age at evaluation for genotype negative control are shown. The healthy donor, individual
I1-4 (L185F -/-, 55 yr*) as well as patient III-5 (L185F +/-, (HTx) /27 yr*) analyzed in this
study are indicated (blue and red, respectively). HTx, heart transplantation. *, age at first and
last evaluation, death, or heart transplantation. (B) Label-free SWATH-MS whole-proteome
analysis was used to analyze significantly differently expressed proteins in healthy donor (HD)
control iPSC-CMs (WT/WT) (WT) vs DCM patient-derived iPSC-CMs (WT/MUT) (Pat).
1206 proteins were found to be upregulated and 1357 proteins to be downregulated. (C) Venn
diagram of differentially expressed protein profiles for HD control and DCM iPSC-CM groups.
(D) Principal component analysis (PCA) for proteomic expression profiling detected for WT
control and DCM iPSC-CMs. (E) Heatmap of proteomic profiling for WT control and DCM
iPSC-CMs (n=4 replicates each). Cluster analysis was performed for 2563 proteins (rows) via
Euclidean distance assessment by clustermap (Seaborn). (F) Bargraph for the top 15
significantly changed pathways between WT control and DCM iPSC-CMs retrieved via
ingenuity pathway analysis (IPA). (G) Volcano plot showing up- vs. down-regulated protein

expression profiles in the signaling pathways for actin cytoskeleton (purple), clathrin-mediated
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endocytosis (blue), iron homeostasis (green), as well as DCM (yellow) between WT (healthy

donor) and DCM groups.

Fig. 2. TPMI1-L185F disrupts sarcomere connections with plasma membrane
microdomains in DCM patient-specific iPSC-CMs

(A) CRISPR-Cas genome editing to generate TPM1-L185F MUT-introduced iPSCs. (B-C)
Reduced sarcomere length in patient and MUT-int/MUT-int compared with WT iPSC-CMs.
(B) Representative images from cells stained with TnT and SAA antibodies. (C) Quantification
of (B). ***P<0.001 for WT vs. patient (Pat) and WT vs. Mut-intl (one-way ANOVA and
Dunn's multiple comparisons test). (D) Reduced beating force in WT/MUT and TPM1-L185F
MUT-introduced iPSC-CMs. **P<0.01 for WT vs. patient (Pat); ***P<0.001 WT vs. Mut-int1
(one-way ANOVA and Dunn's multiple comparisons test). (E) WI/MUT and TPMI1-L185F
MUT-introduced iPSC-CMs display impaired contractility indicated by reduced delta F/FO.
*P<0.05 for WT vs. patient (Pat); ***P<0.001 WT vs. Mut-intl (one-way ANOVA and Dunn's
multiple comparisons test). (F-I) In presence of TPM1-L185F, a lower amount of sarcomeric
alpha-actinin (SAA, ACTN2) and TPM (TPM1) bind to vinculin. (F) Representative images of
immunoblot membranes are shown. (G) No significant difference was observed in the amount
of vinculin bound with beads. ns, not significant for WT vs. patient (Pat) and WT vs. Mut-int1.
(H) Reduced binding of SAA to vinculin in presence of TPM1-L185F. Data were normalized
by bound vinculin from corresponding groups, respectively. *P<0.05 for WT vs. patient (Pat),
**¥P<0.01 WT vs. Mut-intl. (I) Reduced binding of TPM to vinculin in presence of TPM1-

L185F. Data were normalized by bound vinculin from corresponding groups, respectively.
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*#%p<(0.001 for WT vs. patient (Pat) and WT vs. Mut-intl calculated by one-way ANOVA and
Sidak's multiple comparisons test. Data were normalized by WT (WT1, WT2). (J-L) Reduced
binding of TnT to vinculin in presence of TPM1-L185F. (J) Representative images of
immunoblot membranes. (K) The amount of vinculin bound to anti-vinculin-antibody
decorated beads was comparable between groups. ns, not significant for WT vs. patient (Pat)
and WT vs. Mut-intl. (L) Reduced binding of TnT to vinculin in presence of TPM1-L185F.
Bound TnT was normalized by corresponding amount of bound vinculin for the respective
groups. *P<0.05 for WT vs. patient (Pat), **P<0.01 for WT vs. Mut-intl. Statistics were
calculated by one-way ANOVA and Sidak's multiple comparisons test. Data were normalized
by WT (WT1, WT2). (M-N) Reduced amount of TnT-localized vinculin localized in presence
of sarcomeric mutations, TPM1-L185F (Mut-int 1) and TnT-R141W (Mut-int 2). (M)
Representative confocal images following immunostaining for vinculin and TnT. Scale bar, 20
um. (N) Quantification of (M). **P<0.01 for WT1 vs. patient (Pat) and WT1 vs. Mut-intl,
*#%P<0.001 for WT2 vs. Mut-int2 (one-way ANOVA and Dunn's multiple comparisons test).

Data are shown as mean + sem.

Fig. 3. Impaired F-actin polymerization is linked to defective clathrin-mediated
endocytosis and endosome distribution in presence of DCM mutations

(A) Reduced F-actin content in WT/MUT and MUT-int/MUT-int iPSC-CMs. Actin
polymerization was measured via detection of phalloidin (F-actin) and DNase I (G-actin)
immunostaining using a high-content plate reader. DAPI was used to normalize total cell

numbers. ***P<(0.001 for WT1 vs. patient (Pat) and WT1 vs. Mut-intl; *P<0.05 for WT2 vs.
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Mut-int2 (one-way ANOVA and Sidak's multiple comparisons test). (B, C) Reduced PIP2
levels on the PM in WT/MUT and MUT-int/MUT-int iPSC-CMs. (B) Representative confocal
images following PIP2-specific immunostaining. (C) Quantification of (B). ***P<0.001 WT1
vs. patient (Pat), WT1 vs. Mut-intl and WT2 vs. Mut-int2 (one-way ANOVA and Dunn's
multiple comparisons test). (D-E) Impaired transferrin uptake in WI/MUT and MUT-int/ MUT-
int iPSC-CMs. (D) Representative 63x confocal images of continuous transferrin uptake at
Smin. Scale bar, 20 um. (E) Quantification of 20x confocal Z stack images of continuous
transferrin uptake at 5 min normalized by uptake at 0 min. ***P<0.001 for WT1 vs. patient
(Pat), WT1 vs. Mut-intl, and WT2 vs. Mut-int2 (one-way ANOVA and Dunn’s multiple
comparisons test). (F-G) Abnormal early endosome distribution in WT/MUT and MUT-
int/MUT-int iPSC-CMs. (F) Representative 63x confocal images and (G) quantification of
confocal images following immunostaining with an anti-EEA1 antibody. Scale bar, 20 pum.
**¥*%p<(0.001 for WT1 vs. patient (Pat), WT1 vs. Mut-intl and WT2 vs. Mut-int2 (one-way

ANOVA and Sidak's multiple comparisons test). Data are shown as mean + sem.

Fig. 4. Iron deficiency in the presence of DCM mutations causes mitochondrial
dysfunction and reduced contractility in DCM iPSC-CMs

(A-B) Mitochondrial Fe (IT) levels are reduced in WT/MUT and MUT-int/MUT-int iPSC-CMs.
Representative 63x confocal images (A) and ROI based quantification (B) following
Mitotracker and FerroOrange labelling. Scale bar, 20 pm. *P<0.05 for WT1 vs. patient (Pat);
***P<0.001 for WT1 vs. Mut-intl and WT2 vs. Mut-int2 (one-way ANOVA and Dunn's

multiple comparisons test). (C-E) Fe (II) treatment rescued the contraction amplitude in
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WT/MUT and MUT-int/MUT-int iPSC-CMs. Contractility was measured via video-based
motion-traction analysis. ***P<(.001 for control vehicle (CV) vs. Fe (II) in DCM patient (Pat)
iPSC-CMs, CV vs. Fe(I) in Mut-intl iPSC-CMs and CV vs. Fe(Il) Mut-int2, calculated by

Mann-Whitney test. Data are shown as mean + sem.

Fig. 5. Recovering actin polymerization via RhoA activation rescues PM-localized PIP2
levels and uptake of transferrin-bound iron

(A-B) Rho activator II treatment assists transferrin uptake in Mut-intl iPSC-CMs. (A)
Representative confocal images of Mut-intl iPSC-CMs after control vehicle (CV) and RhoA
II (3ug/mL, 3 h) treatment followed by incubation with Alexa 488 labeled transferrin (20
pug/mL, Smin). (B) Quantification of (A). Data are normalized by Omin; scale bar, 20 pm.
**#P<0.01 for CV vs. RhoA II in Mut-intl iPSC-CMs. (C-D) Abnormal early endosome
distribution is rescued by RhoA II treatment in Mut-int1 iPSC-CMs. Confocal images (C) and
quantification (D) of immuno-staining with an anti-EEA1 antibody following CV and RhoA II
(Bpug/mL, 3 h) treatment. Scale bar, 20 pm. ***P<0.001 for CV vs. RhoA II. (E-G)
Mitochondrial Fe (II) levels in DCM patient-derived WT/MUT (Pat) and TPM1-L185F MUT-
int/MUT-int iPSC-CMs were replenished following RhoA II treatment. (E) CV or RhoA II
(3pg/mL, 3 h) treatment followed by Mitotracker and FerroOrange staining. Representative
63x confocal images are shown; scale bar, 20 um. (F-G) ROI based quantification of (E).
*#%P<0.001 for control vehicle (CV) vs. RhoA Il in DCM patient-derived iPSC-CMs (Pat) and
CV vs. RhoA II in Mut-intl iPSC-CMs. (H) Contractility in TPM1-L185F MUT-int/MUT-int

iPSC-CMs. Delta F/FO are improved by RhoA II treatment was recovered after RhoA II
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treatment (3pug/mL, 3 h ). ¥***P<0.001, CV vs. RhoA II in Mut-intl iPSC-CMs. (I-K) RhoA II
treatment results in increased sarcomere length in DCM patient-derived WT/MUT (Pat) iPSC-
CMs and MUT-int/MUT-int TPM1-L185F iPSC-CMs, compared to respective control vehicle
(CV); scale bar, 20 um. (I) Representative 63X confocal images of DCM patient-derived
WT/MUT (Pat) and TPM1-L185F MUT-int/MUT-int iPSC-CMs treated with CV and RhoA 11
(Bpg/mL, 16 h) followed by co-immunostaining with TnT and SAA antibodies. (J-K)
Quantification of (I). ¥*P<0.05, CV vs. RhoA Il in patient and CV vs. RhoA I in Mut-int1 iPSC-

CMs as calculated by Mann-Whitney test. Data are shown as mean + sem.

Fig. 6. CRISPR/Cas9-correction of the patient-specific DCM mutation TPM1-L185F
rescues endosome distribution and mitochondrial iron levels in DCM-corrected iPSC-
CMs

(A) CRISPR/Cas9 gene editing strategy to generate TPM1-L185F MUT-corrected iPSCs (WT-
cor/WT-cor) iPSCs. (B) Increased F-actin content in WT-cor/WT-cor iPSC-CMs compared to
DCM TPM1-L185F patient-derived WT/MUT (Pat) iPSC-CMs. Actin polymerization was
measured via phalloidin (to stain F-actin) and DNase I (to stain G-actin) labelling in a high-
content plate reader. Normalization to cell numbers labeled by DAPI is performed. ***P<0.001
for DCM patient-derived (Pat) vs. mutation-corrected (mut-cor) iPSC-CMs (unpaired t test).
Data of mutation-corrected (mut-cor) iPSC-CMs were compared to data from DCM patient-
derived (Pat) group in Fig. 3A. (C-D) Increased transferrin uptake in WT-cor/WT-cor iPSC-
CMs. (C) Representative images of DCM patient-derived (Pat, WT/MUT) and patient-derived,

Cas9-mutation-corrected (WT-cor/WT-cor) iPSC-CMs after incubation with Alexa 488-
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labeled transferrin (20 pg/mL, Smin). (D) Quantification of (C). Data are normalized by uptake
at 0 min; scale bar, 20 pm. ***P<0.001 for DCM patient-derived (Pat) vs. mutation-corrected
mut-cor iPSC-CMs (Mann-Whitney test). Data of mutation-corrected (mut-cor) iPSC-CMs
were compared to data from DCM patient-derived (Pat) group in Fig. 3E. (E-F) Abnormal early
endosome distribution is rescued mutation-corrected iPSC-CMs. Confocal images (E) and
quantification (F) of cells immuno-stained with an anti-EEA1 antibody. Scale bar, 20 pm.
*#%P<0.001 for DCM patient-derived (Pat) vs. mutation-corrected (mut-cor) iPSC-CMs
(unpaired t test). Data of mutation-corrected (mut-cor) iPSC-CMs were compared to data from
DCM patient-derived (Pat) group in Fig. 3G. (G-H) Increased mitochondrial Fe (IT) levels in
mutation-corrected iPSC-CMs. (G) Representative 63x confocal images following Mitotracker
and FerroOrange staining; scale bar, 20 pm. (H) ROI-based quantification of (G). ***P<0.001
for DCM patient-derived (Pat) vs. mutation-corrected (mut-cor) iPSC-CMs (Mann-Whitney
test). (I-J) Increased sarcomere length observed in mutation-corrected iPSC-CMs (WT-
cor/WT-cor) compared to DCM patient-derived (WT/MUT) iPSC-CMs. (I) Representative 63x
confocal images of DCM patient-derived (WT/MUT) and mutation-corrected iPSC-CMs
following immunostaining with anti-TnT and anti-SAA antibodies. (J) Quantification of (I).
Scale bar, 20 um. **P<0.01 for DCM patient-derived (Pat) vs. mutation-corrected (mut-cor)
iPSC-CMs (Mann-Whitney test). Data of mutation-corrected (mut-cor) iPSC-CMs were
compared to data from DCM patient-derived (Pat) group in Fig. 2C (K) Increased contractile
force in mutation-corrected (WT-cor/WT-cor) compared to DCM patient-derived (WT/MUT)
iPSC-CMs. ***P<(.001 for DCM patient-derived (Pat) vs. mutation-corrected (mut-cor) iPSC-

CMs (Mann-Whitney test). Data of mutation-corrected (mut-cor) iPSC-CMs were compared
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to data from DCM patient-derived (Pat) group in Fig. 2D. Data are shown as mean + sem.

Fig. 7. Heart tissues from DCM patients with end-stage heart failure display defective
endosome distribution

Assessment of vinculin-positive plasma membrane (PM) junctions that are sites of CME
initiation and endosome formation, as well as analysis of the intracellular distribution of
endosomes by immunostaining were performed in human heart tissue. LV heart tissue from
patients with dilated cardiomyopathy who received a heart transplantation due to severe heart
failure (indicated as “heart failure”, HF, or heart transplantation) was analyzed. In comparison,
LV heart tissue from patients with preserved LV function that underwent aortic valve
replacement (severe valve stenosis) and coronary artery bypass graft surgery was used in the
control group (“control”). (A-C) Left-ventricular tissues from DCM patients with HF show
disorganized PM-localized vinculin structures compared to controls. Representative 63x
confocal images of tissues from control (A) versus HF (B) stained with wheat germ agglutinin
(WGA, Alexa Fluor™ 594 Conjugate) and a vinculin antibody. Scale bar, 20 um. (C)
Quantification of (A-B) using ImagelJ. Data display the standard error of mean of angles from
vinculin-positive areas in each image. Control, n=45 images, n=4 patients; HF, n=52 images,
n=5 patients. (D-F) Left-ventricular tissues from DCM patients with HF show abnormal early
endosome (EE) distribution with the EEs localizing to the PM compared to controls.
Representative 63x confocal images of tissues from control (D) versus HF (E) stained with
wheat germ agglutinin (WGA, Alexa Fluor™ 594 Conjugate) and a CCDC53 antibody. Scale

bar, 20 um (scale bar in enlarged sections, 5 um). (F) Quantification of immunostaining and
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confocal images as described in (D-E) using ROI-based image quantification via Imagel.
Control, n=61 images, n=4 patients; HF, n=76 images, n=5 patients. **P<0.01 for control vs.

HF (Mann-Whitney test). Data are shown as mean + sem.

Fig. 8. Defective endocytosis and endosome distribution result in mitochondrial iron
deficiency in presence of DCM mutations.

Schematic indicating patho-mechanisms associated with dysfunctional sarcomere links via
vinculin to F-actin/PIP2-enriched PM microdomains, resulting in impaired clathrin-mediated
endocytosis (CME) of cargo such as transferrin-bound iron, as well as altered endosome
distribution. These molecular dysfunctions cause lower mitochondrial iron levels and reduced
mitochondrial function, as well as impaired contractility and force generation. Disrupted
sarcomere organization and function is observed in presence of sarcomeric DCM mutations as
well as in cardiomyocytes from patients with systolic heart failure. IF, intermediate filaments;
MF, actin filaments around the PM (red); PM, plasma membrane; PIP2, PIP2-enriched PM

microdomains; green circles, endosomes containing transferrin-bound iron.
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Fig. S8
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Fig. S11
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Fig. S12

A

ID Conditions of patients
severe aortic valve stenosis with compensated LV function that
Control 1 Nr.19 .
underwent surgical valve replacement
Control 2 Nr.19-3 severe aortic valve stenosis_with compensated LV function that
underwent surgical valve replacement
severe aortic valve stenosis with compensated LV function that
Control 3 Nr.20 .
underwent surgical valve replacement
severe aortic valve stenosis with compensated LV function that
Control 4 Nr.31 .
underwent surgical valve replacement
HE 1 NI.60-4 heart transplantatio_n because_ of severe heart failure due to
dilated cardiomyopathy
HE 2 Nr.62-1 heart transplantatio_n because_ of severe heart failure due to
dilated cardiomyopathy
HE 3 Nr.73-2 heart transplantatio_n because_ of severe heart failure due to
dilated cardiomyopathy
HE 4 NI 74-2 heart transplantatio_n becausel of severe heart failure due to
dilated cardiomyopathy
HE 5 NI 68-2 heart transplantatio_n becausel of severe heart failure due to
dilated cardiomyopathy
Control HF
Indication for heart surgery Aortic valve implantation Heart transplantation
+ CABG
Count (n) 4 5
Clinical characteristics
Age (years) 73.8+£3.0 58.6 £ 6.9
Sex, female, n (%) 1(25) 1 (20)
Body mass index (kg/m?) 24.3+£0.7 24.2+3.9
LV ejection fraction (%) 585+7.4 19.3+9.3
LV assist device, n (%) 0(0) 2 (40)
ICD, n (%) 0(0) 3 (60)
Coronary artery disease, n (%) 4 (100) 0 (0)
Prior myocardial infarction, n (%) 2 (50) 0 (0)
Prior CABG, n (%) 0(0) 0 (0)
Hypertension, n (%) 3 (75) 1 (20)
Hyperlipidemia, n (%) 3 (75) 0 (0)
Diabetes, n (%) 1(25) 0 (0)
Atrial fibrillation, n (%) 2 (50) 4 (80)
Peripheral vascular disease, n (%) 0 (0) 0 (0)
Prior cerebral ischemia event, n (%) 0 (0) 0 (0)
Chronic pulmonary disease, n (%) 1(25) 1(20
Medication
ACE inhibitors 2 (50) 3 (60)
AT1 blockers 2 (50) 1 (20)
Beta-blockers 2 (50) 5 (100)
Calcium channel inhibitors 2 (50) 0(0)
Digitalis 0(0) 0 (0)
Lipid-lowering drugs 3 (75) 0 (0)
Mineralocorticoid-receptor antagonists 0 (0) 4 (80)
Other diuretics 1 (25) 4 (80)




Fig. S13

A Controll Control2 Control3 Control4
ControlX Control2 Control3 Control4

‘antrollQ Control2 Qc‘)myp{; 7 j ,Control4v

£




Fig. S14

A CCDCb53(Rabbit)+Alexa Fluor 488 anti-mouse antibody B TnT(mouse) and Alexa Fluor 561 anti-rabbit antibody
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DETAILED METHODS

Human iPSC reprogramming and culture. The protocols for the studies with iIPSC were
approved by the Goettingen University Ethical Board (15/2/20 and 20/9/16An) and the Odense
University Ethical Board (Projekt ID S-20140073HLP). Informed consent was obtained from
all participants and all research was performed in accordance with relevant guidelines and
regulations. Approval for the study of human myocardial samples was granted by the
Goettingen University Ethical Board (No. 21/10/00 and 31/9/00), and written informed consent
was obtained from all patients. The procedures used in this study adhere to the tenets of the
Declaration of Helsinki. A TPM1-L185F family cohort was recruited for this study and five
mutation carriers as well as four healthy donors donated a skin biopsy. From all skin biopsies,
fibroblasts were derived and employed for iPSC reprogramming. The skin punch biopsies were
dissociated, and isolated skin fibroblasts were kept in Dulbecco’s modified Eagle’s medium
(Life Technologies) supplied with 10% fetal bovine serum (Gibco) under sterile culture
conditions at 37°C. For generation of the human iPSC lines, human fibroblasts from skin
biopsies were reprogrammed to hiPSCs using the CytoTune™-iPS 2.0 Sendai Reprogramming
Kit (Thermo Fisher Scientific) and colonies with stem cell-like morphology were picked and
expanded (1-4). Individuals 11-4 and I11-5 and the corresponding human iPSC lines control WT
1 (WT/WT) and DCM patient-specific TPM1-L185F (WT/MUT) were selected for this study.
Individual 11-4 is a 55-year-old male who presented with no phenotype or symptoms and was
negative for the TPM1-L185F mutation (WT/WT). Individual 111-5 is a 27-year-old female
patient with severe DCM who presented with non-sustained ventricular tachycardia and
received a heart transplantation when 15 years old due to end-stage heart failure. Patient 111-5
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genotyped positive for the TPM1-L185F mutation (WT/MUT). WT/WT iPSCs from control
WT 1 and DCM patient-specific TPM1-L185F iPSCs (WT/MUT) were utilized to generate a
set of isogenic control lines that diverge from the respective parental line only in the site of the
TPM1-L185F mutation. WT/WT iPSCs were used as parental line to generate TPM1-L185F
MUT-introduced iPSCs (MUT-int/MUT-int). WT/MUT patient-specific iPSCs were employed
to generate TPM1-L185F MUT-corrected iPSCs (WT-cor/WT-cor). The iPSC line control WT
2, a kind gift by Joseph C. Wu (Stanford University, CA), was reported and characterized
previously (1, 5, 6). The derivation of the TnT-R141W CRISPR/Cas9 mutation-introduced
IPSC line, TnT-R141W MUT-int/MUT-int, has been described before (6). The isogenic
parental line for TnT-R141W MUT-int/MUT-int is the iPSC line control WT 2 (6). The iPSC
lines have been deposited at the Goettingen University Medical Center Biobank (control WT
1, DCM patient-specific TPM1-L185F) or the Stanford Cardiovascular Institute Biobank
(control WT 2). Human iPSCs were grown as described previously on Matrigel-coated plates
(ES qualified, BD Biosciences) using chemically defined E8 medium (3, 7, 8). The culture
medium was changed daily, and iPSCs were passaged every four days using EDTA (Life

Technologies).

Cardiac differentiation of human iPSC. Human iPSCs were grown to 80-90% confluence
using matrigel-coating and chemically defined E8 medium (7). Subsequently, iPSCs were
differentiated into beating cardiomyocytes with a small molecule—based monolayer method
described previously (9, 10). Briefly, a GSK inhibitor, Chir (Selleckchem) was applied for 24-
48 h, followed by addition of a canonical Wnt-signaling inhibitor, IWR1 (Selleckchem). From
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day 7-10 onward, beating IPSC-derived cardiomyocytes (iPSC-CMs) were observed.
Subsequently (from day 7 onward), human iPSC-CMs were cultured in RPMI medium plus B-
27 Supplement (Life Technologies). Following 20-22 days of cardiac differentiation, beating
IPSC-CM monolayers were dissociated using TrypleE (Life Technologies) and plated in

suitable assay formats.

CRISPR/Cas9 genetic engineering, molecular cloning, and plasmid sources.
CRISPR/Cas9-mediated gene editing via homology-directed repair to introduce the TPM1-
L185F mutation into WT/WT iPSCs or correct this mutation in the DCM patient-specific
TPM1-L185F WT/MUT iPSCs was performed as described before (6, 7/-13). In brief, the
sgRNA sequence (5'-CCTGGAACGTGCAGAGGAGC-3') was subcloned into the
pSpCas9(BB)-2A-Puro plasmid. Subsequently, to produce TPM1-L185F MUT-introduced
iIPSCs (MUT-int/MUT-int), sgRNA and the new sequence (5'-
CTAGAGCGCGCTGAAGAACGTGCAGAATTC-3" in a pUC vector backbone) containing
the single nucleotide exchange C to T, which results in TPM1-L185F, were transfected into
iPSCs via electroporation. Likewise, to generate TPM1-L185F MUT-corrected iPSCs (WT-
cor/WT-cor), the sgRNA and respective new sequence (5'-
CTAGAGCGCGCTGAAGAACGTGCAGAACTC-3" in a pUC vector backbone), were

transfected into iPSCs. Single clones were isolated and sequence verified.

Nanion CardioExcyte 96 measurements. Human iPSC-CMs on day 17-19 of differentiation
were washed with PBS and dissociated using TrypleE (Life Technologies). After spinning
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IPSC-CMs for 5min at 200g, 37°C, cells were resuspended in culture medium supplemented
with 5% FBS and seeded on Nanion CardioExcyte 96 Plates. Cells were allowed to recover
from the passage for 6-7 days. Plates were recorded using a Nanion CardioExcyte 96
instrument with temperature control. Data were acquired and analyzed via CardioExcyte

Control software.

Immunoprecipitation and immunoblotting. Vinculin-specific antibody (Thermo Fisher
Scientific) was immobilized on Dyna beads (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Lysates from WT and patient iPSC-CMs were prepared for
immunoprecipitation binding with washing buffer (25 mM Tris, NaCl 150 mM, EDTA 1mM,
pH=7.5). Eluted protein solutions as well as lysate input were subjected to SDS-PAGE and
transferred to PVDF membranes. Membranes were scanned in LI-COR machine after
incubated with primary and secondary antibodies (L1-COR). Quantification was done by Image

Studio Lite Ver 5.2.

Confocal live imaging, Fe measurements, continuous transferrin uptake, and LDL
uptake. Human iPSC-CMs were plated into imaging chambers 2-3 days before the experiments
and with Mitotracker Green (Cell Signaling Technology) at 37°C as by the manufacturer’s
instructions, then incubated cells with 100 uM ammonium Fe?* (Santa Cruz) and subsequently
incubated with FerroOrange (Dojindo EU GmbH) as by the manufacturer’s instructions.
Images were acquired using a confocal microscope (Carl Zeiss, LSM 710 Meta, Gottingen,
Germany). To measure transferrin uptake, iPSC-CMs were starved for 1h at 37°C in RPMI
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medium containing human albumin and ascorbic acid as described before (4). Cells were
incubated with 20pug/mL transferrin (Alexa Fluor™ 488 Conjugate, Thermo Fisher Scientific)
for indicated times at 37°C. Following a PBS wash, cells were fixed for 20 min at room
temperature for each individual time point. Z-stack images were taken under a 20x (plan
apochromat) confocal objective (Carl Zeiss, LSM 710 Meta, Gottingen, Germany). Mean
fluorescence from each time point is normalized by the data acquired at 0 min. To measure
LDL uptake, cells were incubated with LDL-BODIPY (Thermo Fisher Scientific) as by the
manufacturer’s instructions for 0 min or 10 min at 37°C. Subsequently, cells were washed with
PBS and fixed for 20 min at room temperature. Images were acquired under a 63x (plan
apochromat oil) objective from a confocal microscope (Carl Zeiss, LSM 710 Meta, Gottingen,

Germany) and ZEN software (Carl Zeiss) as well as ICY software was used for data analysis.

Immunohistochemistry (IHC) staining and confocal microscopy. Cells were grown on
glass coverslips (Thermo Fisher Scientific), fixed with 4% glyoxal (17) or 4% PFA,
permeabilized in 0.01% digitonin 20min or 0.2% TritonX-100 60min at room temperature
(RT). Afterwards cells were incubated with primary antibodies: POUSF1 (Cell Signaling
Technology), TRA-1-60 (Chemicon), SSEA4 (R&D systems), EEAl (Cell signaling
Technology), PI3P (Echelon Biosciences), TnT (Thermo Fisher Scientific), SAA (Sigma),
TPM (Abcam), vinculin (Sigma), PIP2 (Echelon Biosciences), CCDC53 (ProteinTech)
overnight at 4°C and secondary antibodies (Alexa Fluor dyes, Thermo Fisher Scientific) at RT
2 hours. Coverslips were mounted onto a glass slide in FluroMount mounting medium (Thermo
Fisher Scientific). Images were taken with 63x (plan apochromat oil) objectives from a
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confocal microscope (Carl Zeiss, LSM 710 Meta, Gottingen, Germany) and ZEN software

(Carl Zeiss).



SUPPLEMENTAL FIGURE LEGENDS

Fig. S1. Clinical data of individuals from the recruited family carrying the TPM1-L185F
variant

(A) Clinical data from family carrying TPM1-L185F mutation. BSA, body surface area;
LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; ECG,
electrocardiogram; NYHA, New York Heart Association. ARB, angiotensin receptor blocker;
BB, beta receptor blocker; MRA, mineralocorticoid receptor blocker; D, diuretic; DI, digoxin;
ICD, implantable cardioverter defibrillator; SR, sinus rhythm; LVH, left ventricular
hypertrophy; nsVT, non-sustained ventricular tachycardia; PVC, premature ventricular
contractions; HTx, heart transplantation. §, died nine months old of dilated cardiomyopathy. #,
ICD for primary prevention. No therapies for ventricular tachycardia or -fibrillation delivered
at follow up. ©, underwent subacute heart transplantation following diagnosis. (B-C)
Electrocardiograms (ECGs) for a healthy sibling of II-4 (healthy donor, HD) (B) and patient
ITI-5, a 15-year-old male carrier who received a heart transplantation. ECG displayed non-

sustained ventricular tachycardia and poor precordial R-wave progression (C).

Fig. S2. Characterization of iPSCs

(A-E) iPSCs show regular expression of stem cell marker, such as POUSF1, TRA-1-81, SOX2
and SSEA-4. (A-B) Representative 20x confocal images of human iPSC following immuno-
staining for pluripotency markers (A) 20x confocal images of human iPSCs clones stained with
POUSF1 and TRA-1-81 antibodies; scale bar, 40um. (B) Representative 20x confocal images

of human iPSCs clones stained with SOX2 and SSEA-4 antibodies. Scale bar, 40pm. (C-E)



iPSCs show regular expression of pluripotency markers at mRNA levels, such as Nanog (C),
Pou5fl1 (D) and Sox2 (E). (C) ***P<0.001 for WT control (WT1, WT/WT) vs. DCM patient-
derived (Pat) iPSC-CMs; ns, not significant for WT1 vs. TPM1-L185F mutation-introduced
iPSC-CMs (Mut-intl, MUT-int/MUT-int) iPSC-CMs (one-way ANOVA and Dunn's multiple
comparisons test). (D) ***P<0.001 for WT1 vs. patient; ns, not significant for WT1 vs. Mut-
intl iPSC-CMs (one-way ANOVA and Sidak's multiple comparisons test). (E); ns, not
significant for WT1 vs. patient and WT1 vs. Mut-intl iPSC-CMs (one-way ANOVA and

Dunn's multiple comparisons test). Data are shown as mean + sem.

Fig. S3. Expression levels of cardiac markers are comparable in iPSC-CMs carrying the
TPM1-L185F mutation versus WT

(A-D) Human iPSC-CMs displayed regular expression of cardiac markers at mRNA levels,
such as (A) TPM, (B) TnT, (C) MYH6 and (D) MYH?7. (A, C) ns, not significant for WT control
(WT1, WT/WT) vs. DCM patient-derived (Pat, WT/MUT) and WT1 vs. TPMI-L185F
mutation-introduced iPSC-CMs (Mut-intl, MUT-int/MUT-int) iPSC-CMs (one-way ANOVA
and Dunn's multiple comparison test). (B, D) ns, not significant for WT1 vs. patient and WT1
vs. TPM1-L185F Mut-intl iPSC-CMs (one-way ANOVA and Sidak's multiple comparisons
test). (E-G) iPSC-CMs displayed regular expression of cardiac markers. (E) Representative
63x confocal images of iPSC-CMs following immunostaining with MLC2a and TnT antibodies.
(F) Representative 63x confocal images of iPSC-CMs following immunostaining with MYH?7
and TnT antibodies. (G) Representative 63x confocal images of iPSC-CMs following
immunostaining with MYBPC3 and TnT antibodies; scale bar, 20um. (H-K) iPSC-CMs
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display regular expression of cardiac markers at protein levels. Representative scans of
immunoblots and quantification from cardiac markers, such as (H) TPM, (I) TnT, (J) TnC and
(K) SAA. Bargraphs displayed averages of n=3 experiments and representative immunoblots
were shown below; ns, not significant for WT1 vs. patient and WT1 vs. Mut-int 1 iPSC-CMs

(one-way ANOVA and Sidak's multiple comparisons test). Data are shown as mean + sem.

Fig. S4. The TPM1-L185F mutation results in defective contractility as well as reduced
field potential duration and amplitude

(A-E) Reduced contractility in DCM patient-derived (Pat, WT/MUT) and TPM1-L185F
mutation-introduced iPSC-CMs (Mut-intl, MUT-int/MUT-int). (A-C) Representative
recordings from each group. TPM1-L185F mutation-introduced iPSC-CMs (Mut-intl)
showed reduced time to maximum (D) and maximal decay (E). (D) ns, not significant for WT1
vs. patient; **P<0.01 WT1 vs. Mut-intl. (E) ns, not significant for WT1 vs. patient;
*¥**%¥p<0.001 WT1 vs. Mut-intl. (FG) Nanion electrophysiology analysis. (F) Reduced
amplitude in patient and TPM1-L185F MUT-intl iPSC-CMs. ***P<0.001 for WT1 vs. patient
and WT1 vs. Mut-intl. (G) Reduced field potential duration in patient and TPM1-L185F
mutation-introduced iPSC-CMs (Mut-int1). ***P<(0.001 for WT1 vs. patient and WT1 vs. Mut-
intl. One-way ANOVA and Dunn's multiple comparisons test was used to calculate the

statistics. Data are shown as mean + sem.

Fig. S5. Relative controls for immunoprecipitation of vinculin for interactions with

sarcomeric proteins (relating to main figure 2)
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(A) The protein levels of vinculin were not significantly different among groups.
Representative membrane scans of blots and quantification were shown. Data were normalized
by GAPDH. ns, not significant for WT1 vs. DCM patient-derived (Pat) t and WT control (WT]1,
WT/WT) vs. TPM1-L185F mutation-introduced iPSC-CMs (Mut-intl, MUT-intl/MUT-int)
(one-way ANOVA and Sidak's multiple comparisons test). (B-C) IgG control showed
significantly reduced binding ability with vinculin compared to WT groups. (B) Representative
membrane scans were shown. (C) Quantification of (B). ***P<0.001 for WT vs. IgG (unpaired
t test). (D-G) The protein levels of vinculin (E), SAA (F) and TPM (G) were not significantly
different in DCM patient-derived (Pat, WI/MUT) and TPM1-L185F mutation-introduced
iPSC-CMs (Mut-intl, MUT-int1/MUT-int) compared to WT group in input fractions. (D)
Representative membrane scans of membranes from input samples. (E) ns, not significant for
WT vs. patient, WT vs. Mut-intl iPSC-CMs and WT vs. IgG. (F) ns, not significant for WT vs.
patient and WT vs. Mut-int1. *P<0.05 for WT vs. IgG. (G) ns, not significant for WT vs. patient,
WT vs. Mut-intl and WT vs. IgG (one-way ANOVA and Sidak's multiple comparisons test).
Data were normalized by GAPDH. (H-I) IgG control showed significantly reduced binding
ability with vinculin compared to WT group. (H) Representative membrane scans were shown.
(D) Quantification of (H). ***P<0.001 for WT vs. IgG (unpaired t test). (J-L) Protein levels for
vinculin (K) and TnT (L) were not significantly different between groups. (J) Representative
membrane scans of input samples were shown. (K) ns, not significant for WT vs. patient, WT
vs. Mut-intl and WT vs IgG (one-way ANOVA and Sidak's multiple comparisons test). (L) ns,
not significant for WT vs. patient, WT vs. Mut-intl and WT vs igg. Statistics were calculated
by one-way ANOVA and Dunn's multiple comparisons test unless indicated otherwise. Data
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were normalized by GAPDH. Data are shown as mean + sem.

Fig. S6. Plasma membrane-PIP2 levels are critical for F-actin polymerization

(A) Quantification of protein levels for beta-actin showed no significant difference between
groups. Representative images of immunoblots were shown. ns, not significant for WT1 vs.
DCM patient-derived (Pat) and WT1 vs. Mut-intl iPSC-CMs (one-way ANOVA and Sidak's
multiple comparisons test). (B-C) Reduction of PIP2 levels around the PM in WT2 iPSC-CMs
treated with UNC3230, a PIP5SK inhibitor. (B) 63x confocal images of WT2 iPSC-CMs treated
with CV and UNC3230 (10uM, 24 h) followed by a PIP2-specific immunostaining. (C)
Quantification of (B), ***P<0.001 for CV vs. UNC323 WT2 iPSC-CMs (Mann-Whitney test).
(D) Reduction of F-actin content in UNC3230 treated WT1 iPSC-CMs compared with CV. **
P<0.01 for CV WT1 vs. UNC323 WT1 (Mann-Whitney test). (E) Reduction of F-actin content
in UNC3230-treated WT2 iPSC-CMs compared with CV. * P<0.05 for CV vs. UNC323 WT2
iPSC-CMs (Mann-Whitney test). (F) Kinetics of continuous transferrin uptake. Quantification
of 20x confocal Z stack images acquired from individual time point. Data were normalized by
number from 0 min. (G) Protein levels of transferrin receptor were not significantly different
among groups. Representative membrane scans of blots and quantification were shown. ns, not
significant for WT1 vs. patient and WT1 vs. Mut-intl iPSC-CMs (one-way ANOVA and

Sidak's multiple comparisons test). Data are shown as mean + sem.

Fig. S7. Supplemental Figure VII: TPM1-L185F mutation-introduced iPSC-CMs are
characterized by impaired LDL uptake
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(A-B) LDL-BODIPY uptake was impaired in TPM1-L185F mutation-introduced iPSC-CMs
(Mut-intl, MUT-int]/MUT-int) vs. WT control (WT1). (A) Representative 63x confocal
images of continuous LDL-BODIPY uptake. (B) Quantification of (A), quantification is done
using spot detection plugin in ICY software with 63x confocal images. **P<0.01 for WT1 vs.
Mut-int 1 iPSC-CMs (Unpaired t test). (C-D) LDL receptor (C) and EEA1 (D) protein
expression levels were not significantly different between groups. Representative membrane
scans of blots and quantification were shown. ns, not significant for WT1 vs. DCM patient-
derived (Pat) and WT1 vs. Mut-intl iPSC-CMs (one-way ANOVA and Sidak's multiple

comparisons test). Data are shown as mean + sem.

Fig. S8. Supplemental Figure VIII: Actin polymerization is critical for proper early
endosome distribution.

(A) Reduction of F-actin content in Lat-A treated WT control (WT1, WT/WT) iPSC-CMs
compared with CV. * P<0.05 for CV vs. Lat-A WT1. (B-C) Inhibition of actin polymerization
via Lat-A treatment results in abnormal EE distribution in WT control (WT2, WT/WT) iPSC-
CMs. Confocal images(B) and quantification(C) of WT2 cells treated with Lat-A (3uM)
followed by immunostaining with an anti-EEA1 antibody; scale bar, 20um. ***P<0.001 for
CV WT2 vs. Lat-A WT2. Statistics were calculated by a Mann-Whitney test. Data are shown

as mean + sem.

Fig. S9. Supplemental Figure IX: Mitochondrial dysfunction and increased oxidative
stress in DCM patient-derived and TPM1-L185F mutation-introduced iPSC-CMs

14



(A) Protein expression levels of a mitochondrial marker, Tom20, were not significantly altered
between groups. Representative membrane scans of blots and quantification are shown. ns, not
significant for WT1 vs. DCM patient-derived (Pat) and WT control (WT1, WT/WT) vs. TPM1-
L185F mutation-introduced iPSC-CMs (Mut-int1, MUT-int1/MUT-int) (one-way ANOVA and
Sidak's multiple comparisons test). (B) Mitochondrial membrane potential (MMP) was
measured via JC-1 staining using a multi-well plate reader. Data were calculated as the
red/green JC-1 fluorescence intensity ratio. In patient and TPM1-L185F mutation-introduced
iPSC-CMs (Mut-intl), a reduced MMP was detected. *** P<0.001 for WT1 vs. Patient, **
P<0.01 for WT1 vs Mut-intl iPSC-CMs (one-way ANOVA and Dunn's multiple comparisons
test). (C) Mitochondrial superoxide levels were increased in patient (WT/MUT) and TPM1-
L185F mutation-introduced iPSC-CMs (Mut-intl) measured via MitoSox staining in a high-
content plate reader. **P<0.01 for WT1 vs. patient and WT1 vs. Mut-intl iPSC-CMs (one-way
ANOVA and Dunn's multiple comparisons test). (D-G) Fe(Il) treatment can replenish
mitochondrial Fe levels in patient (WT/MUT) and TPM1-L185F mutation-introduced iPSC-
CMs (Mut-intl). Representative 63x confocal images (D, F) and quantification (E, G)
Mitotracker and FerroOrange labelling following treatment with CV or ammonium Fe (II)
sulfate (100uM, 30min). Scale bar, 20 um. (D-E) ***P<0.001 for CV vs. Fe(Il) patient and
CV vs. Fe(IT) Mut-intl iPSC-CMs (Mann-Whitney test). (H) Fe(Il) treatment rescued reduced
mitochondrial Fe(Il) levels induced by Lat-A treatment (1uM, 1 hours) in WT1 iPSC-CMs.
*#%P<0.001 for CV vs. Lat-A and Lat-A vs. Lat-A+ Fe(I); ns, not significant for CV vs. Lat-
A + Fe(Il) (one-way ANOVA and Dunn's multiple comparisons test). (I-J) Fe(Il) treatment
reduced mitochondrial superoxide levels in patient (WT/MUT) and TPM1-L185F mutation-
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introduced iPSC-CMs (Mut-intl). **P<0.01 for CV vs. Fe(Il) patient iPSC-CMs (unpaired t-
test) and ***P<(0.001 for CV vs. Fe(Il) Mut-intl iPSC-CMs (Mann-Whitney test). Data are

shown as mean + sem.

Fig. S10. Recovering actin polymerization via RhoA activation rescues PM-localized PIP2
levels and sarcomere connections with the plasma membrane

(A-C) Increased PIP2 around the PM after Rho activator II treatment in both DCM patient-
derived (Pat) and TPM1-L185F mutation-introduced iPSC-CMs (Mut-intl, MUT-int1/MUT-
int). (A) Representative 63X confocal images of Patient and TPM1-L185F mutation-introduced
(Mut-int1) iPSC-CMs treated with CV and Rho activator II (3ug/mL, 3 hours) followed by an
immunostaining with a PIP2 antibody. (B-C) Quantification of (A); scale bar, 20 um. ***P <
0.001 for CV vs. RhoA II Patient and CV vs. Rho A II Mut-int 1 iPSC-CMs (Mann-Whitney
test). (D-F) RhoA 1II treatment facilitates TnT-vinculin interaction in patient and TPM1-L185F
mutation-introduced (Mut-intl) iPSC-CMs. (D) Representative 63X confocal images of
TPM1-L185FMut-intl iPSC-CMs treated with CV and RhoA II (3ug/mL, 16 hours) followed
by immunostaining with vinculin and TnT antibodies; scale bar, 20 um. (E-F) ROI based
quantification of (D). **P<0.01 for CV vs. RhoAll Patient and ***P<0.001 for CV vs. RhoA
IT Mut-intl iPSC-CMs (Mann-Whitney test). (G-I) Rho activator II treatment improved the
contractility in TPMI1-L185F mutation-introduced (Mut-intl) iPSC-CMs. (G-H)
Representative recordings are shown for each group. Maximal decay (I) improvement
following Rho activator II treatment (3ug/mL, 3 hours). ***P<0.001, CV vs. RhoA II Mut-int
1 iPSC-CMs (Mann-Whitney test). Data are shown as mean + sem.
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Fig. S11. Characterization of TPM1-L185F MUT-corrected iPSCs and iPSC-CMs

(A-E) DCM patient-derived (Pat) and mutation-corrected (mut-cor, WT-cor/WT-cor) iPSCs
showed regular expression of stem cell marker, such as OCT3/4, TRA-1-81, Sox2 and SSEA4.
(A-B) Representative 20x images of human iPSC clones immuno-stained with pluripotency
markers. (A) Representative 20x confocal images of human iPSCs co-stained with POUSF1and
TRA-1-81 antibodies; scale bar, 40um. (B) Representative 20x confocal images of DCM
patient-derived (Pat) and mutation-corrected (mut-cor) iPSCs clones co-stained with Sox2 and
SSEA4 antibodies; scale bar, 40um. (C-E) DCM patient-derived (Pat) and mutation-corrected
(mut-cor) iPSCs showed regular expression of pluripotency markers at mRNA levels, such as
Nanog (C), Pou5fl (D) and Sox2 (E). ns, not significant for Pat vs. mut-cor iPSC-CMsas
calculated by unpaired t test. (F-I) Patient and Mut-cor iPSC-CMs display regular expression
of cardiac markers at mRNA levels, such as (F) TPM, (G) TnT, (H) MYH6 and (I) MYH7. (F,
I) ns, not significant for Patient vs. Mut-cor (Mann Whitney test). (G) *P < 0.05, for Patient vs.
Mut-cor iPSC-CMs (H) ***P<0.001, for Patient vs. Mut-cor iPSC-CMs (unpaired t test).
Statistics were calculated by Mann Whitney test unless indicated otherwise. (J-L) DCM
patient-derived (Pat) and mutation-corrected (mut-cor) iPSC-CMs display regular expression
of cardiac markers. (J) Representative 63x confocal images of iPSC-CMs stained with MLC2a
and TnT antibodies; scale bar, 20um. (K) Representative 63x confocal images of iPSC-CMs
stained with MYH7 and TnT antibodies. (L) Representative 63x confocal images of iPSC-CMs
stained with MYBPC3 and TnT antibodies; scale bar, 20um. (M-P) DCM patient-derived (Pat)
and mutation-corrected (mut-cor) iPSC-CMs displayed regular expression of cardiac markers
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at protein levels, such as (M) TPM, (N) TnT, (O) TnC and (P) SAA. Representative scans of
immunoblots and quantification were shown. (M, N, P) ns, not significant for patient vs. Mut-
cor iPSC-CMs (unpaired t test). (O) ns, not significant for patient vs. Mut-cor iPSC-CMs

(Mann Whitney test). Data are shown as mean + sem.

Fig. S12. Clinical data from controls and HF patients

(Corresponding to Figure 7) LV heart tissue from patients with dilated cardiomyopathy who
received a heart transplantation due to end-stage heart failure (indicated as “heart failure”, HF,
or heart transplantation) was analyzed (Figure 7). In comparison, LV heart tissue from patients
with preserved LV function that underwent aortic valve replacement (severe valve stenosis)
and coronary artery bypass graft surgery was used in the control group (“control”). (A)
Conditions of patients in the control and HF groups; (B) Clinical data from controls and HF
patients. Data are represented as mean + sem. ACE, angiotensin-converting enzyme; AT,
angiotensin II receptor type 1; CABG, coronary artery bypass grafting; ICD, implantable

cardioverter defibrillator; LV, left-ventricular.

Fig. S13. Heart tissues show regular expression of CCDC53 and TnT
(A-B) Heart tissues show regular expression of CCDC53 and TnT. Representative 20X
confocal images of tissues from controls and HF patients stained with TnT and CCDC53

antibodies. control, n=4 patients; HF, n=5 patients; scale bar, 40 pm.

Fig. S14. Relative controls in human heart tissue staining
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(A-E) Relative controls in human heart tissue staining. (A) Representative 63x confocal images
from slides stained with CCDCS53 (rabbit) and Alexa Fluor 488 goat anti-mouse antibody, scale
bar, 20 pm. (B) Representative 63x confocal images from slides stained with TnT (mouse) and
Alexa Fluor 561 goat anti-rabbit antibody; scale bar, 20 um. (C) Representative 63x confocal
images from slides stained with Alexa Fluor 488 goat anti-rabbit antibody only; scale bar, 20
um. (D) Representative 63x confocal images from slides stained with Alexa Fluor 488 goat
anti-mouse antibody only; scale bar, 20 um. (E) Representative 63x confocal images from

slides stained with Alexa Fluor 561 goat anti-rabbit antibody only; scale bar, 20 pm.

Supplementary Table 1:
Number of experiments and statistics for each figure

Supplementary Table 2:
Raw data for experiments with sample size less than 20
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Discussion

4 Discussion

To ensure cellular homeostasis, membranes separate the extracellular environment
from define compartments with different functions inside the cell'. Together with the
plasma membrane, cytoskeleton elements perform coordinated nutrient uptake as well
as signal transduction events. One of the processes where membranes and
cytoskeleton work in a coordinated manner is endocytosis?. While endocytic vesicles
bud off the plasma membrane, microfilaments are critical for vesicle formation and
subsequent distribution of cargo transported by vesicles. Inherited mutations, such as
mutations in genes encoding sarcomere proteins have been identified as frequent
causes of cardiac diseases such as DCM™'. DCM is clinically characterized by left
ventricular or biventricular dilation and impaired contraction, excluding the cases due
to abnormal loading conditions'®. In cardiomyocytes, sarcomere misalignment is one
of the key phenotypes caused by DCM mutations'®?. Disrupted interactions between
sarcomeres and other cytoskeleton filaments have been demonstrated as potential
mechanisms of heart failure®'"". In this study, a human iPSC-CM model carrying TnT-
R173W, TnT-R141W or TPM1-L185F mutations combined with CRISPR/Cas9

genome editing was employed to study the underlying disease mechanism.

This study elucidated how mutations in sarcomeric proteins can lead to dysfunction of
sarcomeric microdomains, impaired sarcomere-cytoskeleton-PM interactions, cargo
uptake, and abnormal early endosome distribution. This resulted in iron deficiency and
ultimately impaired cardiomyocyte function. CRIPSR/Cas9-based mutation-introduced
and mutation-corrected iPSC lines were created and used to introduce or rescue
molecular disease phenotypes, respectively. For example, decreased stability of the
Tn-TPM complex was found, indicated by reduced binding of TnT with TPM in
presence of a sarcomeric DCM mutation (TnT-R173W) which further enhanced
disorganisation of sarcomeres. In addition, reduced binding of PKAto TnT in presence
of a contractile mutation caused diminished Tnl phosphorylation at Ser 23/24 locations.
Moreover, sarcomere-cytoskeleton interactions were disturbed in presence of
sarcomeric DCM mutations, indicated by impaired TnT-flamin C and TnT-MYH7
interactions. Importantly, the co-localization of TnT-filamin C was rescued by the AMPK

activator treatment.

Moreover, additional downstream effects resulting from defective sarcomere-
cytoskeleton interactions were discovered. Firstly, DCM-causing mutations, such as

TPM1-L185F or TnT-R141W led to disrupted interactions of the
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sarcomere/cytoskeleton with the PM. This was supported by reduced binding of
sarcomeric proteins including TPM, SAA, and TnT to vinculin in presence of a
sarcomeric mutation. Consequently, vinculin-mediated actin polymerization in PIP2-
enriched microdomains at the PM was impaired in presence of the DCM mutations.
The dysfunction of F-actin/PIP2-enriched microdomains led to defective CME of
cargoes such as transferrin and LDL. Importantly, early endosomes displayed an
abnormal distribution in presence of DCM-causing mutations. Defective CME and
impaired distribution of endosome-transported cargoes resulted in depletion of

mitochondrial iron levels in presence of the DCM mutation.

Secondly, treating WT iPSC-CMs with Lat-A, a small molecule-inhibitor of actin
polymerization, caused defective actin polymerization, defects in early endosome
distribution, and reduced mitochondrial iron levels. Thus, Lat-A treatment in WT iPSC-
CMs introduced the molecular dysfunctions observed previously in DCM iPSC-CMs.
Furthermore, RhoA activation by treatment with Rho activator I, which activates
PIP5K®, replenished PIP2 levels at the PM and rescued CME, early endosome
distribution, and mitochondrial iron levels in DCM iPSC-CMs. Besides, iron
supplementation rescued reduced iron levels in mitochondria as well as cardiomyocyte
contractility in DCM iPSC-CMs.

Thirdly, these phenotypic dysfunctions, such as actin polymerization defects, abnormal
early endosome distribution, reduced iron levels in mitochondria, and decreased
contractile force were recovered following CRISPR/Cas9-based correction of the DCM
mutation TPM1-L185F.

Last but not least, the cardiac myocytes of left ventricular tissues from DCM patients
with end-stage heart failure were found to display abnormal endosome distribution
compared to left ventricular tissues from patients with preserved systolic left-ventricular
function. Therefore, these findings confirm that this phenotype, which had been
observed in DCM iPSC-CMs, may also be present in adult heart tissue from DCM
patients with heart failure. This suggests that abnormal early endosome distribution
may potentially represent a more general mechanism in systolic heart failure due to

DCM, but future studies are needed to ascertain this point.
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4.1 Sarcomeric protein disorganisation results in microdomain dysfunction

As noted, sarcomere disorganization caused by sarcomeric DCM mutations results in
several severe molecular pathogenic events'®. Consistently, in this study, sarcomeric
mutations such as TnT-R173W, TPM1-L185F or TnT-R141W destabilized the troponin
complex on thin filaments, resulting in disrupted sarcomere protein alignment.
Moreover, force generation and contractility were impaired in presence of sarcomeric
DCM mutations. This can be a consequence of impaired Tn-TPM complex interactions
in presence of sarcomeric DCM mutations as those interactions are critical for TPM to

release the actin binding site on the thin filaments and initiate cross-bridge formation.

Moreover, reduced binding of TnT with PKA as observed in DCM iPSC-CMs
contributed to dysregulation of local sarcomeric microdomains such as decreased
PKA-mediated Ser 23/24 phosphorylation of Tnl. This reduction of phosphorylation
could lead to defective B-adrenergic signaling and impaired contractility upon -
adrenergic stimulation. This is in line with published data showing B-adrenergic
signaling is blunted in DCM iPSC-CMs®. In addition, local cAMP levels at sarcomeric
microdomains were increased in DCM iPSC-CMs. This might be a compensatory effect
due to reduced Tnl phosphorylation at Ser 23/24. Moreover, a substantial increase of
PDE protein expression was observed in immunoblot assays, consistent with a
previous study showing that upregulation of PDE expression could be the cause of
impaired B-adrenergic activation in DCM iPSC-CMs®*. Together, sarcomeric cAMP
elevation could not compensate effects due to impaired PKA-sarcomere interactions
in DCM iPSC-CMs, which therefore may contribute to impaired contractility and force

generation (Figure 7).
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Figure 7: Disorganized sarcomeric proteins result in dysfunction of sarcomeric
microdomains.
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A schematic displaying effects of impaired protein-protein interactions at sarcomere
microdomains due to the DCM mutation TnT-R173W. In presence of TnT-R173W, reduced
binding of TnT-R173W to TPM and PKA impairs local microdomain signaling, such as
sarcomere protein misalignment and reduced Tnl phosphorylation at locations Ser 23/24.
Additionally, the DCM mutation causes defective sarcomere-cytoskeleton filament interactions
indicated by defective TnT-filament C and TnT-MYH7 interactions. This further leads to
impaired MYH7-AMPK interaction. Importantly, AMPK activation rescues these molecular
disease phenotypes. This image is adapted after Dai Y et al. Sci Rep. 2020 Jan 14;10(1):209.171

4.2 Sarcomere disorganisation leads to impaired interactions with the PM

It has been shown that sarcomere-cytoskeleton-PM interactions play an essential role
in maintenance of cardiac function and structure'®. Elements including costameres,
IFs, and microfilaments have been well-documented in terms of their functions in
signaling transmission and force transduction between sarcomeres and the PM8°,
Dysfunction of those essential elements causes cardiac diseases including DCM'®°.
The interactions between sarcomere, cytoskeleton-associated proteins (such as
vinculin, MYH7), and IFs (such as filamin-C) were impaired in presence of a sarcomeric
mutation. Here, in presence of a sarcomeric mutation, connections among sarcomere,
cytoskeleton, and the PM were found to be impaired. This was supported by the
disturbed TnT-filament C, TnT-MYH7, and TPM-SAA-vinculin interactions. Both AMPK,
a key intracellular signaling modulator, and sarcomeric TnT can interact with MYH75"
6, The disturbed interaction observed between TnT and MYH7 destabilized the
interaction between MYH7 and AMPK. Consequently, destabilized AMPK further led to
defective AMPK-mediated remodeling of cytoskeleton filaments. Those findings thus
suggested that AMPK, a protein critically involved in regulation of the cytoskeleton
organization, was negatively affected by disturbed sarcomere-cytoskeleton
interactions in DCM iPSC-CMs. Activation of AMPK by a small molecule rescued the
impaired sarcomere-cytoskeleton interactions. This was supported by the recovered
colocalization between TnT and filamin C in DCM iPSC-CMs (Figure 7). Additionally,
AMPK activation improved the contractility and sarcomere protein alignment in
presence of a contractiie DCM mutation, TnT-R173W. This further confirmed the
regulatory connection between AMPK and sarcomeres, and its critical role for

sarcomere-cytoskeleton interactions and cardiomyocyte function.

Vinculin, a key element of costameres in cardiomyocytes, links sarcomeres,
microfilaments, and the PM. In presence contractile DCM mutations, reduced binding
of vinculin with sarcomeric proteins such as SAA, TPM, and TnT demonstrated that
interactions among sarcomeres, microfilaments, and the PM were impaired. Moreover,

colocalization between vinculin and TnT was found to be reduced in DCM iPSC-CMs.
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Those data further confirmed that sarcomere/microfilament interactions with the PM
were impaired. This also provides an additional explanation for defective force
generation in presence of sarcomeric DCM mutations, since proper connections
between the sarcomeres and the PM are essential for force generation and
transduction. Importantly, sarcomere misalignment and impaired force generation
were rescued by genomic correction of the TPM1-L185F mutation by CRISPR/Cas9

gene editing.

4.3 Defective sarcomere-microfilament-PM interactions cause impaired CME

and abnormal early endosome distribution
Proper sarcomere-microfilament-PM interactions are essential for signaling between
sarcomere and the PM as well as function of the cytoskeleton'®. Those interactions
were found to be disturbed in presence of DCM mutations. Interestingly, actin
polymerization was found to be defective, as indicated by reduced F/G actin ratio in
DCM iPSC-CMs carrying a contractile mutation, compared to WT controls. Reduced
F-actin levels were in line with substantially reduced PIP2 levels at the PM in presence
of sarcomeric DCM mutations. PIP2-enriched microdomains are essential for the
initiation of CME®®. Dysfunction of PIP2-enriched microdomains and defective actin
polymerization were previously suggested to lead to defective CME'®187_ |n line with
this, disturbed uptake of cargoes, such as transferrin and LDL through CME, were
observed in DCM iPSC-CMs due to decreased PIP2 levels on the PM and defective
actin polymerization at the PM. Furthermore, actin polymerization as well as cargo
uptake were rescued upon genomic correction of the contractile DCM mutation, TPM1-
L185F. This supported that in DCM iPSC-CMs carrying sarcomeric mutations,
pathogenic downstream signaling disrupted cytoskeleton functions, impairing
processes such as actin polymerization, F-actin connections at the PM, and

consequently cargo uptake via CME.

Interestingly, early endosome cargo carriers accumulated at the PM in DCM iPSC-
CMs, distributing abnormally throughout the cytoplasm. Previously actin
polymerization was suggested to play a role in the distribution of early endosomes’®.
Thus, the abnormal early endosome distribution observed in presence of DCM
mutations could present a consequence of impaired actin polymerization, F-actin
connections at the PM, and defective sarcomere interactions. Importantly, the Lat-A
treatment induced defective early endosome distribution in WT iPSC-CMs, thereby
introducing the phenotype observed in DCM iPSC-CMs. Of note, the abnormal early
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endosome distribution was rescued following CRISPR/Cas9-based genomic
correction of the contractie DCM mutation, TPM1-L185F. This supported that
abnormal early endosome distribution is a consequence of the sarcomeric DCM
mutation. Taken together, impaired sarcomere-microfilament-PM interactions in
presence of sarcomeric mutations led to impaired cargo uptake and abnormal early

endosome distribution (Figure 8).
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Figure 8: Defective endocytosis and endosome distribution result in mitochondrial iron
deficiency in presence of DCM mutations.

A schematic showing effects of disrupted sarcomere protein structure caused by sarcomeric
mutations such as TnT-R173W, TnT-R141W or TPM1-L185F. In WT cells, organized
sarcomeric structure facilitated the proper sarcomere-cytoskeleton-PM interactions. This is
essential for actin polymerization in PIP2-enriched microdomains on the PM. Actin
polymerisation assisted the normal process of CME through which transferrin could enter the
cell. Transferrin uptake contributed to maintaining an adequate amount of iron and thus normal
mitochondrial functions. In contrast, disorganised sarcomeric proteins lost their proper
connections with the cytoskeleton and PM. Defective actin polymerisation due to defective
protein-protein interactions leads to reduced transferrin uptake. This further resulted in reduced
iron levels in mitochondria and impaired cardiac function ultimately. IF, intermediate filaments;
MF, microfilaments around the PM (red lines); PM, plasma membrane; PIP2, PIP2-enriched
PM microdomains; green circles, endosomes containing transferrin-bound iron; grey circles on
sarcomeres, Tn-TPM complexes. This image is adapted after Dai Y et al. Submitted to
Circulation Research.2022."88
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4.4 Sarcomeric mutations result in impaired cargo uptake and depletion of iron

levels in mitochondria
In presence of DCM mutations, dysfunction of PIP2-enriched microdomains and
defective actin polymerization resulted in impaired CME-dependent cargo uptake such
as transferrin and LDL. Transferrin uptake via CME is an essential process for
cardiomyocytes to take up iron'2'®  Mitochondria utilize a major amount of
intracellular iron as Fe/S clusters and heme groups are essential for the function of
electron transport chain complexes |1-IV'®, Here, in DCM iPSC-CMs with sarcomeric
mutations, iron levels in mitochondria were depleted (Figure 8). Importantly, iron
supplementation rescued contractility in iPSC-CMs carrying a DCM-causing mutation,
which was in line with previous studies'®°. This suggested that an adequate amount of
iron was essential to perform normal cardiomyocyte functions, such as contractility,
and insufficient iron levels impaired the mitochondrial function of cardiomyocytes ™19,
Of note, the mitochondrial iron levels were restored in mutation-corrected iPSC-CMs.
Moreover, treatment with Lat-A decreased mitochondrial iron levels in WT iPSC-CMs,
introducing the disease phenotype observed in DCM iPSC-CMs as a consequence of
abnormal early endosome distribution and defective actin polymerization. Those data
indicated that actin polymerization was important for early endosome distribution and
maintenance of adequate iron levels in mitochondria in iPSC-CMs. Importantly,
decreased iron levels in mitochondria due to the Lat-A treatment were rescued by iron
supplementation. This confirmed that iron supplementation helped to recover the

adequate amount of iron required for in mitochondria in DCM iPSC-CMs.

To sum up, depletion of intracellular iron levels was observed in presence of
sarcomeric mutations (Figure 8). This can be a consequence of impaired transferrin
uptake through CME due to defective actin polymerization and dysfunction of PIP2-
enriched microdomains on the PM. In addition, replenishing iron rescued reduced iron
levels in mitochondria and impaired contractility in DCM iPSC-CMs. This indicated that
iron deficiency was linked to defective contractility and an adequate amount of iron
was essential for normal cardiomyocyte functions. Drugs modulating this pathway
present potential therapeutic strategies for treatments of patients with DCM due to

sarcomeric mutations.

4.5 Novel therapeutic implications and directions of this study
It has been reported that omecamtiv mecarbil, a selective and direct cardiac myosin

activator, improves cardiac function in patients with heart failure and reduces the death
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from disease with cardiovascular causes''%2, Omecamtiv mecarbil targets myosin,
increases cardiac actomyosin activity, and stabilizes actin-bound myosin'®'. Here,
A769662'%, an AMPK activator, was found to improve contractility and sarcomere
alignment in presence of a contractile mutation without directly targeting contractile
proteins. This could be due to beneficial signaling mediated by AMPK activation and
presents a direction for further translational research. In line with this, drugs which
activate AMPK and improve cardiac energy supply, such as trimetazidine, have

displayed beneficial effects for patients with idiopathic dilated cardiomyopathy'®.

Previous studies demonstrate that in response to chronic pressure overload,
cardiomyocyte-specific deletion of RhoA results in accelerated DCM and increases the
severity of heart failure outcome®. Low levels of constitutively activated RhoA in
cardiomyocytes exhibits increased tolerance against ischemia/reperfusion (I/R) injury
8_ However, its sustained overactivation could result in pathological consequences®’.
cardiac-specific overexpression of RhoA ultimately induces DCM with impaired
contractility®. Therefore, a basal amount of RhoA activity is required for normal cardiac
function. In this study, RhoA activation via Rho activator Il treatment improved
contractility in presence of a contractile mutation. In addition, RhoA activation
replenished PIP2 levels on the PM and rescued transferrin uptake as well as
mitochondrial iron levels. Activation of RhoA facilitated early endosome distribution
which was a result of restored PIP2 levels and F-actin content around the PM.
Moreover, RhoA activation assisted to recover sarcomere-PM interactions indicated by
increased colocalization between vinculin and TnT. Finally, sarcomere protein
organization was improved by RhoA activation. In addition, iron supplementation
rescued the depleted iron levels in mitochondria as well as contractility in DCM iPSC-
CMs.

Together, these data indicated that the maintenance of proper connections among
sarcomeres, cytoskeleton, and the PM was critical for both sarcomere function directly
and resulting signaling mechanisms affecting other critical cardiomyocyte functions.
RhoA activation in a well-balanced manner might be a potential therapeutic direction

to follow up with in future studies.

4.6 Conclusions and outlook
This study has elucidated that in presence of sarcomeric DCM mutations such as TnT-
R173W, TnT-R141W or TPM1-L185F, sarcomere misalignment led to impaired
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interactions at sarcomeric microdomains and the connected signaling pathways. This
included impaired sarcomere-PKA and sarcomere-MYH7 interactions. Furthermore,
the interaction between sarcomeres, PM, and cytoskeleton were found to be disturbed
in DCM iPSC-CMs. This suggested that disorganised sarcomeres lost their proper
connections with the PM and cytoskeleton, resulting in defective downstream signaling
pathways such as defective actin polymerization and disrupted PIP2-enriched
microdomains at the PM. Further observed consequences were defective CME and
transferrin uptake. This resulted in the depletion of iron levels in mitochondria, because
the CME of transferrin is essential for cardiac myocytes to maintain iron availability
(Figure 8). Importantly, left ventricular tissues from patients with end-stage heart failure
due to DCM displayed abnormal endosome distribution compared to left ventricular
tissues from patients with preserved systolic left-ventricular function. This suggested
that iron deficiency due to defective endocytosis may present a more general
mechanism in patients with systolic heart failure due to DCM. Importantly, AMPK
activation rescued molecular disease phenotypes, including sarcomere
disorganization and sarcomere-cytoskeleton interactions. Of note, Rho activation
rescued disease phenotypes, including the impaired function of F-actin/PIP2 enriched
microdomains, depletion of mitochondrial iron levels, and reduced contractility in DCM
iPSC-CMs. Thus, Rho activation presents a potential therapeutic direction in the future
for the treatment of patients with inherited sarcomeric DCM mutations. This study also
showed that at cellular levels, replenishing iron could restore the depleted iron levels
in mitochondria as well as impaired contractility in DCM iPSC-CMs. This provided
additional evidence for the benefit of applying iron supplementation, which is currently
used as a treatment strategy in patients with heart failure. Here, a human iPSC-CM
model of inherited DCM mutations was used. Subsequent studies in animal models

represent the next steps to further validate the findings of this study.

It has been suggested that cytoskeleton-associated proteins such as filamin C and
vinculin play an important role in sacromere interactions with other cytoskeleton
elements and the PM'®. This work further supported that the link between sarcomeres
and other parts of the cytoskeleton was essential for normal cardiomyocyte functions.
Moreover, as organised sarcomeres ensure proper connections between sarcomeres
and cytoskeleton, the sarcomere protein disorganization observed in presence of DCM
mutations resulted in defective downstream interactions and dysfunctions of signaling
pathways. In addition, this study has proposed a potential new cellular patho-

mechanism contributing to iron deficiency in cardiomyocytes from heart failure
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patients: Impaired CME due to dysfunction of F-actin/PIP2-enriched microdomains
resulted in defects in transferrin uptake and subsequently depletion of iron levels in

mitochondria.

Further studies will be needed to address if iron supplementation and Rho activator Il
treatment can rescue the disease phenotypes described above also in populations of
patients with heart failure due to other reasons than inherited mutations. In addition,
future studies in small animal models and, subsequently, large animal models such as
the swine could further validate the relevance of this patho-mechanism and also their

potential importance as a basis for future translational applications.
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