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BACKGROUND: Systemic defects in intestinal iron absorption, circulation, and retention cause iron deficiency in 50% of patients
with heart failure. Defective subcellular iron uptake mechanisms that are independent of systemic absorption are incompletely
understood. The main intracellular route for iron uptake in cardiomyocytes is clathrin-mediated endocytosis.

METHODS: We investigated subcellular iron uptake mechanisms in patient-derived and CRISPR/Cas—edited induced
pluripotent stem cell—derived cardiomyocytes as well as patient-derived heart tissue. We used an integrated platform of DIA-
MA (mass spectrometry data-independent acquisition)—based proteomics and signaling pathway interrogation. We employed
a genetic induced pluripotent stem cell model of 2 inherited mutations (TnT [troponin TI-R141W and TPM1 [tropomyosin
7]-L185F) that lead to dilated cardiomyopathy (DCM), a frequent cause of heart failure, to study the underlying molecular
dysfunctions of DCM mutations.

RESULTS: We identified a druggable molecular pathomechanism of impaired subcellular iron deficiency that is independent of
systemic iron metabolism. Clathrin-mediated endocytosis defects as well as impaired endosome distribution and cargo transfer
were identified as a basis for subcellular iron deficiency in DCM-induced pluripotent stem cell-derived cardiomyocytes. The clathrin-
mediated endocytosis defects were also confirmed in the hearts of patients with DCM with end-stage heart failure. Correction of
the TPM1-L 185F mutation in DCM patient—derived induced pluripotent stem cells, treatment with a peptide, Rho activator Il, or
iron supplementation rescued the molecular disease pathway and recovered contractility. Phenocopying the effects of the TPM1-
L 185F mutation into WT induced pluripotent stem cell-derived cardiomyocytes could be ameliorated by iron supplementation.

CONCLUSIONS: Our findings suggest that impaired endocytosis and cargo transport resulting in subcellular iron deficiency could
be a relevant pathomechanism for patients with DCM carrying inherited mutations. Insight into this molecular mechanism
may contribute to the development of treatment strategies and risk management in heart failure.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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(HF) affecting 50% of patients with HF'2 and has been

linked to cardiovascular disease as well3® The physi-
ological 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.?® Long-term intravenous iron therapy
showed beneficial effects to patients with HF in clinical

Iron deficiency is a frequent comorbidity in heart failure

trials*™"'° and compensation of iron levels reduces mor-
bidity 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 are incompletely understood. Subcellular iron
uptake occurs by clathrin-mediated endocytosis (CME)
of the iron carrier protein transferrin.'"'? An essential step
for initiation of CME events is the formation of plasma
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Therapeutic Targeting of Endocytosis Defects in DCM

Novelty and Significance

What Is Known?

* lron deficiency due to systemic defects in intestinal
iron absorption, circulation, and retention occurs fre-
quently in heart failure.

+ Clathrin-mediated endocytosis (CME) is the main
route for uptake of critical subcellular cargo, such as
transferrin-bound iron, into cardiomyocytes.

+ Sarcomere protein mutations frequently lead to dilated
cardiomyopathy (DCM); the underlying molecular dys-
functions are incompletely understood.

What New Information Does This Article
Contribute?

¢ We applied a multi-layered, integrational molecular
platform for signaling pathway interrogation to deci-
pher molecular dysfunctions of DCM mutations in sar-
comere proteins.

+ We identified a druggable molecular pathomecha-
nism, specifically, defective CME-dependent signal-
ing resulting in impaired subcellular iron uptake, that
is independent of systemic iron metabolism. These
molecular defects were recapitulated in the hearts of
patients with DCM with end-stage heart failure.

« Correction of the TPM1 (tropomyosin 1)-L 185F muta-
tion in DCM patient—derived iPSCs, treatment with a
small peptide, RhoA I, or iron supplementation res-
cued the molecular disease pathway and recovered
contractility.

Utilizing label-free DIA-MS (mass spectrometry data-
independent  acquisition)  whole-proteome  analysis
enabled us to perform pathway mapping for a novel DCM
mutation, TPM1-L185F, in DCM patient—derived and
CRISPR/Cas genome edited induced pluripotent stem
cell-derived cardiomyocytes. We identified CME defects
as well as impaired endosome distribution and cargo
transfer as a new basis for mitochondrial iron deficiency in
the presence of different DCM mutations. Isogenic muta-
tion-introduced induced pluripotent stem cell—derived
cardiomyocytes  recapitulated endocytosis  defects,
impaired endosome distribution, and mitochondrial iron
deficiency as well as mitochondrial dysfunction. We could
also confirm the CME defects in the hearts of patients
with DCM with end-stage heart failure. CRISPR/Cas—
based genomic correction of the TPM1-L 185F mutation
in DCM patient—derived iPSCs rescued the molecular
disease pathway in isogenic induced pluripotent stem
cell-derived cardiomyocytes. Phenocopying the effects of
the TPM1-L185F mutation into WT induced pluripotent
stem cell—derived cardiomyocytes could be ameliorated
by iron supplication and treatment with a small peptide,
RhoA II. We found that therapeutic targeting of defec-
tive endocytosis and iron levels recovered contractility to
the levels observed in healthy donors. Therefore, RhoA |
and other drug treatments targeting endocytosis defects
that cause iron deficiency could be considered promising
therapeutic directions for DCM and heart failure.

Nonstandard Abbreviations and Acronyms

CME clathrin-mediated endocytosis
DCM dilated cardiomyopathy
DMT1 divalent metal transporter 1
EE early endosome

HD healthy donor

iPSC-CMs induced pluripotent stem cell-derived
cardiomyocytes

IRP/IRE iron-responsive protein/iron-responsive
element

Lat-A latrunculin A

Mut-cor  mutation-corrected

PIP2 phosphatidylinositol 4,5-bisphosphate

PM plasma membrane

RhoA Il  Rho activator Il

SAA sarcomeric alpha-actinin
TfR1 transferrin receptor 1
nT troponin T

TPM tropomyosin
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membrane (PM) microdomain hubs enriched for phos-
phatidylinositol 4,5-bisphosphate (PIP2) and fibrous actin
(F-actin).’®'* Importantly, decreased F-actin content at the
PM of cardiomyocytes from patients with dilated cardiomy-
opathy (DCM) with end-stage HF has been highlighted as
a critical disease feature in myocardial dysfunction.’™ More-
over, loss-of-function mutations in cytoskeletal proteins are
known to contribute to alteration of the actin cytoskeleton
and the progression of DCM and HF in humans.'®"'® Nev-
ertheless, the understanding of subcellular dysfunctions in
presence of inherited DCM mutations remains incomplete.

To better understand the molecular disease mecha-
nisms associated with DCM mutations, we employed a
genetic induced pluripotent stem cell (iPSC) model of
2 inherited mutations in recognized DCM genes, TnT
(troponin T, TNNT2, R141W) and TPM1 (tropomyosin 1,
L 185F). Interestingly, we found defective intracellular iron
uptake in iPSC-derived cardiomyocytes from patients
with DCM 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.
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DCM is a major cause of HF and is characterized clin-
ically by ventricular dilation and contractile dysfunction.”
Inherited mutations, frequent causes of DCM affecting
30% of patients,? presented a basis for disease modeling
using human iPSC—derived cardiomyocytes (HiPSCs).
Human iPSC-CMs have been employed to study causes
of subcellular disease phenotypes in DCM?'"23 such as
disrupted sarcomere protein organization and defective
contractility. Goal of this study was to identify druggable
pathogenic molecular signaling defects altered in the
presence of DCM mutations due to defective sarcomere
organization and function. We utilized 2 different DCM
iPSC models, the troponin mutation TnT-R14 1W?*% and
a novel DCM-causing variant, TPM1-L185F. TPM1, a
critical regulator of force generation in cardiomyocytes,
anchors the troponin complex on actin myofilaments.2"-%°
Previous reports demonstrated the pathogenicity of
TPM1 mutations in DCM, which reduce force genera-
tion and Ca?* sensitivity of cardiomyocytes3'~3 TPM1-
L185F is located in a mutational hot spot of TPM1 within
the troponin complex-interacting region.?™*° 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 orga-
nization and function, which is present in DCM models
but also in the heart tissues of patients with other forms
of systolic HF. We show a new mechanistic defect in iron
uptake in DCM cardiomyocytes, which results in sub-
cellular iron deficiency and mitochondrial iron-depletion
dysfunctions. This pathway is not related to physiological
and systemic iron absorption defects in H-.

Our findings show that sarcomere disorganization in
DCM cardiomyocytes disrupted vinculin-based linkage
and formation of 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. Particu-
larly in the mitochondria, iron imbalance is deleterious as
mitochondrial functions require fine-balanced iron lev-
els.3* Both the inappropriate elevation as well as reduc-
tion of iron levels are associated with cardiac disease.3*3°
Previous studies showed that in the murine heart, lack
of TfR1 (transferrin receptor 1), the key iron transport
protein, resulted in severely reduced iron levels in car-
diomyocytes, causing poor cardiac function and failure
of mitochondrial respiration.®® In this study, we describe
a molecular regulatory pathomechanism that depletes
intracellular iron levels in cardiomyocytes carrying DCM
mutations. We employed CRISPR/Cas9 genome edit-
ing together with whole-proteome mapping technologies
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and delivered genetic and pharmacological rescue strat-
egies to reverse the molecular pathway’s dysfunction.
CRISPR/Cas9—based correction of the DCM muta-
tion, resupplementation of iron, or treatment with a small
peptide molecule (RhoA activator Il) rescued endosome
distribution, mitochondrial iron levels, contractility, and
sarcomere protein organization in iPSC-CMs.

We confirmed that this molecular disease pathway
is not limited to DCM iPSC-CMs but occurs also in the
heart tissue of patients with DCM with end-stage HF.
Therefore, defective endocytosis and impaired endo-
some distribution may present pathogenic and functional
defects that are more generally representative of DCM
and systolic HF. Our approach to therapeutically target
the molecular defects in this pathway may suggest an
alternative opportunity for development of future treat-
ment directions in patients with DCM and HF due to
inherited mutations.

METHODS
Data Availability

The authors declare that all supporting data are available within
the article and in the Supplemental Material. A detailed descrip-
tion of the Methods is available in the Supplemental Material.
The data supporting the findings of this study and analytical
tools are available from the corresponding author upon rea-
sonable request. Please see the Major Resources Table in the
Supplemental Material.

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-L 185F,
was recruited. Human fibroblasts from 5 mutation carriers
and 4 healthy donors from this family were reprogrammed to
hiPSCs using the CytoTune-iPS 2.0 Sendai Reprogramming
Kit (Thermo Fisher Scientific). Human iPSCs were grown on
Matrigel-coated plates (ES qualified, BD Biosciences) using
chemically defined E8 medium as described previously.®*®
The culture medium was changed every day, and iPSCs were
passaged every 4 days using EDTA (Life Technologies). The
iPSC lines have been deposited at the Goettingen University
Medical Center Biobank or the Stanford Cardiovascular
Institute Biobank. For cardiac differentiation of iPSCs, a small
molecule-based monolayer protocol based on previous reports
was utilized. 34 At day 20 to 25 of cardiac differentiation,
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beating iPSC-CM cultures were dissociated using trypleE (Life
Technologies) and plated in the required assay format. Human
iPSC-CMs were cultured in Roswell Park Memorial Institute
(RPMI; Life Technologies) complemented with B27 supple-
ment (Life Technologies) before experimental analysis.

Liquid Chromatography/MS/MS DIA Analysis

Fifty micrograms of protein per sample were loaded onto a 4%
to 12% NuPAGE Novex Bis-Tris Minigels (Invitrogen) and run
into the gel for 1.5 cm. Following Coomassie staining, the pro-
tein areas were cut out, diced, and subjected to reduction with
dithiothreitol, alkylation with iodoacetamide, and finally over-
night digestion with trypsin. Tryptic peptides were extracted
from the gel, the solution dried in a Speedvac, and kept at
—20°C for further analysis.*!

Protein digests were analyzed on a nanoflow chroma-
tography system (Eksigent nanolLC425) hyphenated to a
hybrid triple quadrupole time-of-flight mass spectrometer
(TripleTOF 5600+) equipped with a Nanospray |1l ion source
(lonspray Voltage 2400 V, Interface Heater Temperature
150°C, Sheath Gas Setting 12) and controlled by Analyst
TF 1.7.1 software build 1163 (all AB Sciex). In brief, pep-
tides were dissolved in loading buffer (2% acetonitrile, 0.1%
formic acid in water) to a concentration of 0.3 pg/uL. For
each analysis, 1.5 pg protein were enriched on a self-packed
precolumn (0.15 mm IDx20 mm, Reprosil-Pur120 C18-AQ 5
pm, Dr Maisch, Ammerbuch-Entringen, Germany) and sepa-
rated on an analytical RP-C18 column (0.075 mm IDx200
mm, Reprosil-Pur 120 C18-AQ, 3 pm, Dr Maisch) using a
100-minute linear gradient of 5% to 35% acetonitrile/0.1%
formic acid (v:v) at 300 nL min™".

Qualitative liquid chromatography/MS/MS analysis was
performed using a Top 30 data-dependent acquisition method
with an MS survey scan of m/z 380 to 1250 accumulated for
250 ms at a resolution of 35000 full width at half maximum.
MS/MS scans of m/z 180 to 1500 were accumulated for 100
ms at a resolution of 17500 full width at half maximum and
a precursor isolation width of 0.7 full width at half maximum,
resulting in a total cycle time of 3.4 s. Precursors above a
threshold MS intensity of 200 cps with charge states 2+, 3+,
and 4+ were selected for MS/MS, the dynamic exclusion time
was set to 15 s. MS/MS activation was achieved by CID using
nitrogen as a collision gas and the manufacturer's default roll-
ing collision energy settings. Two technical replicates per WT
[wild type] and MUT [mutation] each were analyzed to construct
a spectral library.

For quantitative DIA analysis, MS/MS data were acquired
using 100 variable size windows*? across the 400 to 1200 m/z
range. Fragments were produced using rolling collision energy
settings for charge state 2+, and fragments were acquired over
an m/z range of 180 to 1500 for 40 ms per segment. Including
a 250 ms survey scan, this resulted in an overall cycle time of
4.3 s. For WT and MUT groups, 2 technical replicates each
were processed, and 2 replicated injection per sample were
acquired, resulting in 4 samples per group.

Protein identification was achieved using ProteinPilot
Software version 5.0 build 4304 (AB Sciex) at thorough settings.
A total of 436865 MS/MS spectra from the combined quali-
tative analyses were searched against the UniProtKB Homo
sapiens reference proteome (revision 04-2016) augmented
with a set of 51 known common laboratory contaminants.
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Therapeutic Targeting of Endocytosis Defects in DCM

DIA peak extraction was achieved in PeakView Software
version 2.1 build 11041 (AB Sciex) using the DIA quantita-
tion microApp version 2.0 build 2003. Following retention time
correction on endogenous peptides spanning the entire reten-
tion time range, peak areas were extracted using information
from the MS/MS library.*® The resulting peak areas were then
summed to peptide and finally protein area values, which were
used for further statistical analysis. A nonparametric, Mann-
Whitney U test was performed to establish statistical signifi-
cance, as described earlier.**

F/G-Actin Measurements

Human iPSC-CMs were fixed in 4% paraformaldehyde for 20
minutes at room temperature following a PBS wash. Cells were
incubated with 0.2% triton X-100 at room temperature for 60
minutes followed by a blocking step with 5% bovine serum albu-
min (BSA). Subsequently, cells were incubated with Dnasel-488
(Thermo Fisher Scientific), Phalloidin-488 (Thermo Fisher
Scientific), DAPI (4,6-diamidino-2-phenylindole)-405 (Thermo
Fisher Scientific) according to the manufacturer’s description.
Fluorescence was measured via a Cytation 3 reader (BioTek).

Atomic Force Microscopy and Contractility
Measurements

iPSC-CMs were seeded on coverslips 2-3 days before atomic
force microscopy or contractility measurements. Atomic force
microscopy recordings were performed using a NanoWizard 3
(JPK Instruments) as described previously.?® Briefly, the cantilever
mounted on a glass block was dipped in cell medium for 30 to 60
minutes. 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 IX2-UCB software as described earlier.232

Drug Treatments

Human iPSC-CMs were treated with 3 umol/L Latrunculin A
(Cayman) for 20 minutes, UNC3230 (Cayman) 10 pmol/L for
24 hours, 3 pg/mL Rho activator Il (Cytoskeleton) for 3 hours
or overnight, and deferoxamine (Sigma-Aldrich) 80 pmol/L for
24 hours.

Sarcomere Length Analysis

iPSC-CMs were plated on coverslips and allowed to recover
for 2 to 3 days. Cells were fixed by 4% paraformaldehyde and
stained with TnT (rabbit; Thermo Fisher Scientific) and alpha-
actinin (mouse, Sigma-Aldrich) as primary antibodies overnight
at 4 °C. Anti-Mouse IgG1 Alexa Fluor 488 and anti-Rabbit IgG
(H+L; heavy light chain) Alexa Fluor 568 were used as second-
ary antibodies to stain coverslips. Images were acquired under
a x63 objective (oil-immersed) at a confocal LSM710 micro-
scope for the relevant channels. Image analysis was performed
by ImageJ as described before232¢

Contractility Measurements

iPSC-CMs were plated matrigel-coated 10 mm coverslips fol-
lowed by recovery for 3 to 4 days. Analysis was done using a
protocol described earlier?32¢ Movies were recorded under a
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x40 objective using an Olympus microscope with Olympus [X2-
UCB software or a Basler camera with Pylon viewer software.

Colocalization Analysis of Vinculin and TnT
Human iPSC-CMs were plated on coverslips and allowed to
recover for 2 to 3 days. Cells were fixed with 4% parafor-
maldehyde and stained with vinculin (mouse, Sigma-Aldrich)
and TnT (rabbit, Abcam) primary antibodies overnight at 4 °C.
Anti-Mouse IgG1 Alexa Fluor 488 and anti-Rabbit IgG (H+L)
Alexa Fluor 568 were used as secondary antibodies to stain
coverslips. Images were acquired under x63 objective (oil-
immersed) of a confocal LSM710 microscope for the relevant
channels. The ImageJ plugin analyze particle was used to cre-
ate regions of interest (ROIls) after setting automated thresh-
olds within the TnT channel. ROIs were applied to the vinculin
channel to measure mean fluorescence. Data were normalized
for the vinculin-positive area in each cell.

PIP2 Quantification

Human iPSC-CMs were plated on coverslips and allowed to
recover for 2 to 3 days. Fixed cells were stained with a PIP2-
specific antibody (mouse, Echelon Biosciences) overnight
at 4°C and stained with secondary antibodies as described
before.*® Images were acquired under a x63 objective at a
confocal LSM710 microscope for the relevant channels. Line
ROls were drawn on the edge of cells using Imaged, and mean
fluorescence of the ROls was quantified.

Immunohistochemistry of Adult Human Heart

Tissue

The investigation conforms to the principles outlined in the
Declaration of Helsinki. The institutional ethics committee
approved the study, and all patients provided written informed
consent for the use of cardiac tissue samples. Clinical data
for patients are presented in Tables S2 and S3. Heart tissues
from patients with dilated cardiomyopathy who received a heart
transplantation due to end-stage heart failure (indicated as HF
or heart transplantation) were analyzed. In comparison, LV heart
tissue obtained during open-heart surgery from patients with
preserved LV function that underwent aortic valve replacement
(severe valve stenosis) and coronary artery bypass grafting
was used in the control group (control). Explanted hearts or LV
myocardial biopsies were directly put in precooled cardiopro-
tective solution (Custodiol, Dr Franz Kéhler Chemie, Bensheim,
Germany; in mmol/L: NaCl 15, KCI 9, MgCI2 4, histidine hydro-
chloride monohydrate 18, histidine 180, tryptophan 2, mannitol
30, CaCl, 0.015, and potassium hydrogen 2-oxopentandiate
1). Subsequently, LV tissue samples were excised with scal-
pels and fixed in 4% paraformaldehyde overnight (Roti-Histofix
4 %, Carl Roth, Germany) before embedding in paraffin for
immunohistology, or snap-frozen in liquid nitrogen before tis-
sue lysis for immunoblotting (please see below). Human heart
tissue slides were prepared and stained equally based on a
previously published protocol.*®4" Slides were incubated with
primary antibodies overnight, such as TnT (rabbit; Thermo
Fisher Scientific), vinculin (mouse, Sigma-Aldrich), or CCDC53
(rabbit; ProteinTech). WGA (Wheat germ agglutinin, Alexa Fluor
594 Conjugate; Thermo Fisher Scientific), 4’,6-diamidino-
2-phenylindole (Thermo Fisher Scientific), and secondary
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antibodies such as Alexa Fluor 488 goat anti-Rabbit antibody
(Thermo Fisher Scientific), Alexa Fluor 568 goat anti-Rabbit
antibody (Thermo Fisher Scientific), Alexa Fluor 488 goat anti-
mouse antibody (Thermo Fisher Scientific), were applied after-
wards. Slides were mounted with FluroMount mounting medium
(Thermo Fisher Scientific). Images were taken with x63 (plan
apochromat oil) objectives from a confocal microscope (Carl
Zeiss, LSM 710, Gottingen, Germany) and ZEN software (Carl
Zeiss). Controls for staining specificity were performed (Figure
S14A through S14E). ImageJ-based analysis was used for
image analysis. ImageJ was used to calculate the regularity
of orientation for vinculin-positive structures. Data display the
SEM of angles from vinculin-positive areas in each image. To
analyze the location of CCDCbB3, automated threshold setting
in WGA staining was used to define PM-localized ROls. Data
were normalized by the total CCDCB3 signal per image.

Immunoblotting of Adult Human Heart Tissue
The investigation conforms to the principles outlined in the
Declaration of Helsinki. The institutional ethics committee
approved the study, and all patients provided written informed
consent for the use of cardiac tissue samples. Human LV heart
tissue (healthy controls) was obtained from freshly explanted
hearts of 5 donor hearts that could not be transplanted due to
clinical reasons.*® Clinical data for 8 patients with DCM are pre-
sented in Tables S2 and S3. Lysates were obtained by homogeniz-
ing tissues at 4°C for 5 minutes at 50 Hz in RIPA buffer (Thermo
Fisher Scientific) with a metal bead (QIAGEN). Subsequently,
lysates were incubated for 1 hour at 4°C and supernatant was
boiled at 100°C for 10 minutes in sample buffer followed by
SDS-PAGE and immunoblot analysis for WASL (WASP like actin
nucleation promoting factor; rabbit, ProteinTech).

Tissue Procurement and Human Atrial Myocyte
Isolation

For all patient samples, all experimental protocols were autho-
rized by the ethics committee of the University Medical Center
Gottingen (No. 4/11/18) and performed following the Declaration
of Helsinki. Right atrial appendages were resected during routine
cannulation of the right atrium (for extracorporeal circulation) of
patients undergoing open-heart coronary bypass cardiac surgery.
Excised tissues were immediately transported in a cardioplegic-
based sterile transport solution (30 mM 2,3-butanedione monox-
ime, 20 mM glucose, 10 mM KCl, 1.2 mM KH,PO,, 5 mM MgSO,,
5 mM MOPS, 100 mM NaCl, 50 mM taurine; pH 7.0) to the labora-
tory for atrial myocyte isolation using a previously described pro-
tocol.*® Briefly, obtained atrial tissues were carefully timmed of fat
and minced into small pieces of x1 mm? in prechilled Ca?*-free
solution (20 mM glucose, 10 mM KCl, 1.2 mM KH,PO,, 5 mM
MgSO,, 5 mM MOPS, 100 mM NaCl, 50 mM taurine; pH 74).
Minced tissues were then digested in Ca2+-free solution contain-
ing 286 U/mL collagenase type | (Worthington) and 5 U/mL pro-
tease XXIV (Sigma-Aldrich) enzymes for 45 minutes in a jacketed
beaker with constant 100% O2 bubbling at 37 °C. After 10 minutes
of digestion, CaCl, was introduced to attain a final concentration
of 20 uM. After 45 minutes, a second digestion step was initiated
using a new 20 mL Ca?*-free solution containing 286 U/mL col-
lagenase type | (Worthington) and 20 uM CaCl,. Five minutes into
tissue digestion, the supernatant was visualized under the micro-
scope to detect dissociated myocytes. This process was repeated
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every 3 minutes until dissociated myocytes were detected. Upon
detection of myocytes, tissue chunks were retrieved and subjected
to gentle mechanical trituration in a storage solution to dislodge
myocytes. The resulting supernatant containing dissociated myo-
cytes was strained with a nylon mesh and centrifugated at 90 g
for 7 minutes to pellet the cells. Cell pellets were resuspended in
fresh storage solution (1% w/v albumin, 10 mM glucose, 10 mM
B-hydroxybutyric acid, 70 mM L-glutamic acid, 20 mM KCl, 10 mM
KH2PO4, 10 mM taurine; pH 74 adjusted with 1 M KOH) and
used for subsequent downstream experiments.

Statistical Analysis

Statistical significance was processed using GraphPad Prism
v84.2 (GraphPad) as well as Python scripts. Nonparametric
tests including Mann-Whitney U test, Wilcoxon test, Kruskal-
Wallis test, and Dunn multiple comparisons tests were applied to
establish statistical significance. For 2 groups, a Mann-Whitney
U test and Wilcoxon test (Figure 1G; Figure S7E) were used.
For >3 groups, Kruskal-Wallis test and Dunn multiple compari-
sons tests were applied. A<0.05 were considered statistically
significant. Data are presented as meantSEM. Further informa-
tion on statistical analysis, including the numbers of independent
experiments performed for each figure, can be found in Table
Sb. However, the Mann-Whitney U test, Kruskal-Wallis, and Dunn
multiple comparisons tests assume independent data sampling.
These tests are not suitable to measure the statistical signifi-
cance of data sets with dependent data sampling such as taking
multiple measurements from independent rounds of iPSC car-
diac differentiations. To address this limitation, in addition, a sen-
sitivity analysis was performed in a lower-powered system, that
is, nonparametric tests were carried out on averaged data points
from independent cardiac differentiations to evaluate dependent
data sampling. The results show a trend in the direction observed
in the main analysis and are presented in Table Sb. Unless indi-
cated otherwise, the number of independent experiments used
equals the number of independent iPSC cardiac differentiations.

Data Availability

A detailed description of the Methods is available in the
Supplemental Material. The proteomics data can be found in
the PRIDE (PRoteomics IDEntifications) repository under the
project accession PXD040863.

The data, analytic methods, and study materials are avail-
able to other researchers for purposes of reproducing the
results or replicating the procedures upon reasonable requests.
Because of the sensitive nature of the data collected for this
study, requests to access the dataset from qualified research-
ers may be sent to the corresponding author.

RESULTS

A TPM1 Mutation Causes Defective
Contractility, Force Generation, and Sarcomere
Connections with the PM in DCM Patient-
Specific iPSC-CMs

We recruited a family cohort of patients with DCM car-

rying the point mutation TPM1-L185F which caused
ventricular dilatation, sinus rhythm abnormalities, and
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nonsustained ventricular tachycardia in the patients
(Figure 1A; Figure STA through S1C). We generated
iPSCs from a 15-year-old male carrier, I1I-5 (patient with
DCM, MUT [mutation]/WT [wild type]) who received a
heart transplantation due to end-stage HF, as well as
from a nonaffected family member, II-4 (healthy donor,
HD, WT/WT; Figure 1A; Figure S1A through S1C). WT/
WT and WT/MUT iPSCs displayed regular expression
of pluripotency markers (Figure S2A through S2E). We
differentiated iPSCs into beating iPSC-CMs and found
patient-specific (WT/MUT) 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 (Figure S3A through S3K). Patient-
specific (WT/MUT) iPSC-CMs recapitulated reduced
sarcomere length, beating force, and contractility, com-
pared to HD control (WT/WT) iPSC-CMs (Figure 2B
through 2E; Figure S4A through S4E). We also noted
reduced field potential duration and amplitude in the
presence of TPM1-L185F (Figure S4F through S4G).
To determine differential regulation of signaling
pathways altered in the presence of TPM1-L185F, we
utilized label-free DIA-MS whole-proteome analysis (Fig-
ure 1B through 1G). Between HD (WT) control and DCM
patient-specific iPSC-CMs, 1206 proteins were found
to be upregulated and 1357 proteins to be downregu-
lated (Figure 1B). Differentially expressed protein pro-
files for HD (WT) control and DCM iPSC-CM groups are
shown in a Venn diagram (Figure 1C). Principal compo-
nent analysis (PCA) demonstrated distinct segregation
of DCM and WT groups (Figure 1D). Proteomic profil-
ing revealed differential expression of 2563 proteins
between WT control and DCM iPSC-CMs (Figure 1E).
Using protein enrichment assessment and signaling
pathway mapping, we found among the top 15 changed
pathways mitochondrial dysfunction and, interestingly,
CME (Figure 1F). This prompted us to investigate the
molecular mechanisms underlying endocytosis in the
presence of DCM mutations such as TPM1-L185F in
more detail. Of note, our subsequent bioinformatic analy-
sis revealed differentially regulated protein expression
profiles in the signaling pathways controlling actin cyto-
skeleton functions, CME, as well as iron homeostasis in
DCM iPSC-CMs (Figure 1G). To validate these findings,
protein expression levels of key proteins involved in the
CME pathway were quantified via independent meth-
ods. Employing 3 independent batches of iPSC cardiac
differentiations, we found a downregulation of APOA1
(apolipoprotein Al) in DCM patient—derived iPSC-CMs
versus WT controls in immunoblot analysis (Figure S3L
through S3M), which is consistent with the proteomics
data derived by DIA-MS (Figure 1C through 1G). More-
over, we employed another quantitative method, in-cell-
western, reported earlier®™® to confirm the differential
expression of proteins of the CME pathway as detected
previously by DIA-MS. We confirmed a upregulation of

Circulation Research. 2023;133:e19-e46. DOI: 10.1161/CIRCRESAHA.122.321157


https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.321157

€202 ‘TT AInc uo Aq Bio'seusnofeye//:dny wouy papeojumoq

Dai et al

Therapeutic Targeting of Endocytosis Defects in DCM

-1 1-2
‘ 11-2 -3 11-4 11-5 11-6 -7
-1 m-2 -3 -4 -5
——
N
I ~
20 | \\ VN
11 \ | \
[ \ | ‘\
| | |
! , '@ |
10 | | I 1 |
| | 1 |
| 1 i |
| 1 | |
[ ] | 1‘
i 1 |
(] 0 | 1 1 |
&) | ] \ ]
a I | \ ll
I ) \
-10 |/ / \ !
[ | \ |
I / \ |
[ / \
I / \ ’l
| \,
20 ) |owr
| /
@/ @DCM
20 0 20
PC1
sirtuin{ @
Actin Cytoskeleton Signaling )
Integrin [ )
Clathrin-mediated Endocytosis [ ]
Mitochondrial Dysfunction )
Huntington's Disease [ )
mTOR [ ]
Protein Ubiquitination [ ]
Inhibition of ARE-Mediated mRNA Degradation o
Regulation of elF4 and p70S6K [ ]
EIF2 [ ]
Remodeling of Epithelial Adherens Junctions .
Polyamine Regulation in Colon Cancer
BAG2 L]
FAT10 )
03 05 06 07 0.8
ProteinRatio

B C
1500 - 1357

1206

0w

£

[ 4

2 1000

o

2

o

£ 500 -

€

F]

-4

0 WT

upP DOWN

DCM

——
DCM
Color key mmmmm—" ! ) .
-10 -05 00 05 10 15 20
Row z-score
G
1 Downregulated Upregulated
palue 0,9 - O OoHE OActin cytoskeleton
1023 0,8 | signaling pathway
1e-32 0 7
a7 oClathrin mediated
tes0 3 0,6 - @) am © o endocytosis
§ signaling pathway
2 0,5
count g 0.4 e) @ @®O O olron homeostasis
© 40 2 041 signaling pathway
® -
@ 0 v 0,3 4
@ 00 0,2 - (@ (())) ) Dilated
! cardiomyopathy
0,1 | )0 signaling pathway
0 S 7
-4 -2 0 2 4
Log2FC

Figure 1. TPM1 (tropomyosin 1)-L185F causes defective contractility and force generation in dilated cardiomyopathy (DCM)
patient-specific induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs).
A, Pedigree of the family carrying the DCM-associated variant TPM7-L 185F variant. Human iPSCs were generated for 4 mutation carriers and

4 healthy donors. Squares, male and circles, female gender; filled symbols, affected; cross bars, deceased individuals; arrow, proband. 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

lI-4 (L185F~~, 65 years®) as well as patient III-5 (L185F%

, [HTx (heart transplantation)]/27 years*) analyzed in this study are indicated (blue

and red, respectively). "Age at first and last evaluation, death, or heart transplantation. B, Whole-proteome analysis by label-free DIA-MS (mass
spectrometry data-independent acquisition) was used to analyze differently expressed proteins in healthy control iPSC-CMs (Continued)
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the CME pathway proteins, AP1B1 (adaptor related pro-
tein complex 1 subunit beta 1) and DNML1 (dynamin-
like protein 1), in DCM (MUT) iPSC-CMs, compared
with WT controls (Figure S3N and S30), in line with our
results from the DIA-MS analysis (Figure 1C through
1G). A strong intraindividual and experimental variation
was observed in the human iPSC-based model system.®
To assess the molecular dysfunctions in endocyto-
sis and iron homeostasis in the presence of the DCM
mutation TPM71-L185F in more detail, we generated
mutation-introduced iPSCs. Isogenic iPSC lines with
genetically identical background present substantial
advantages for assessing genotype-phenotype relation-
ships in human model systems. We used CRISPR-Cas9
gene editing to introduce the TPM7-L185F mutation
into WT iPSCs, producing an isogenic MUT-introduced
iPSC line (MUT-int/MUT-int; Figure 2A). MUT-int/MUT-
int iPSCs express regular levels of pluripotency markers
(Figure S2A to S2E) and following cardiac differentia-
tion, regular expression of cardiac markers (Figure S3A
through S3K). Like DCM TPM1-L185F patient-derived
iPSC-CMs, the isogenic mutation-introduced iPSC-CMs
displayed reduced sarcomere length, beating force, and
contractility, as well as field potential duration and ampli-
tude, compared with HD control (WT/WT) iPSC-CMs
(Figure 2B through 2E; Figure S4A through S4G).
Disrupted sarcomere organization is a key phenotype
in presence of DCM mutations.?*%25% We tested if impaired
sarcomere regularity in presence of TPM1-L185F inter-
rupted sarcomere interactions with the PM via vinculin,
a PM-associated protein critical for normal cardiac func-
tion.>*%6 Vinculin is known to interact with SAA (sarco-
meric alpha-actinin) at the sarcomeres and mediates a
connection to F-actin—organizing hubs at the PM."-%°
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 (Figure 2F through
2P, Figure SBA through S5C). In presence of TPM1-
L185F, we identified a reduced interaction of SAA and
vinculin (Figure 2F through 2H) as well as disturbance

Therapeutic Targeting of Endocytosis Defects in DCM

of additional sarcomere-PM interactions, such as vincu-
lin-TPM and vinculin-TnT (Figure 2F through 2P; Figure
SBB through Sbl). To further confirm the immunoprecipi-
tation results indicating a reduced interaction of vinculin
with TnT, we performed the IP vice-versa and incubated
beads decorated with anti-TnT antibody with cell lysates
from WT (healthy control) and MUT (DCM patient-spe-
cific TnT-R173W iPSC-CMs) groups. Next, eluted frac-
tions were subjected to nanoliquid chromatography/liquid
chromatography MS-based analysis. Results show that
TnT interacts with vinculin in the WT group, as well as a
reduced interaction of TnT and vinculin in the DCM (MUT)
group (Figure S5J and S5K; Table S1). Negative controls
included a no-antibody-control as well as iPSC-CMs
from a CRISPR/Cas9—edited TnT knockout iPSC-CM
line?® (Figure SBJ and SbK; Table S1). Together, these
findings support that interactions of sarcomere proteins
such as TnT with vinculin are impaired in iPSC-CMs car-
rying mutations in sarcomere proteins. To further con-
firm disrupted sarcomere-PM interactions in presence
of different DCM mutations, we employed CRISPR/
Cas9 generated, mutation-introduced iPSC-CMs carry-
ing the DCM mutation ThT-R141W (MUT2-int/MUT2-int)
described earlier.?® We established reduced colocalization
of vinculin and sarcomeric TnT (Figure 2Q through 2R)
in patient-specific iPSC-CMs (WT/MUT) and mutation-
introduced iPSC-CMs carrying TPM1-L185F (MUT 1-int/
MUT1-in) or TnT-R141W (MUTZ2-int/MUT2-in?) as well
as isogenic WT controls (WT/WT). Taken together, our
data demonstrate that in presence of 2 different DCM
mutations, TPM1-L185F and TnT-R141W, sarcomere
interactions with the PM are disrupted.

Impaired F-Actin Polymerization Is Linked to
Defective CME and Endosome Distribution in
Presence of DCM Mutations

We speculated that disrupted vinculin interactions in

DCM iPSC-CMs might be accompanied by dysfunc-
tion of the vinculin/F-actin interface, a major hub for

Figure 1 Continued. (WT/WT; WT [wild type]) vs DCM patient—derived iPSC-CMs (WT/MUT [mutation]; patient). 1206 proteins were found

to be upregulated with a threshold of log2(foldchange [FC] [WT/DCM]) > 0. Moreover, 1357 proteins were found to be downregulated with a
threshold of log2(FC [WT/DCM])<O. C, Venn diagram of differentially expressed protein profiles for healthy donor (WT control) and DCM iPSC-CM
groups. To identify commonly expressed proteins, a cutoff for the Pvalue (0.05) was used. 1856 proteins were found commonly expressed in both
groups with a £>0.05. Three hundred thirty proteins were found highly expressed in the WT iPSC-CM group with a threshold of log2(FC [WT/
DCM]>0, and 377 proteins were highly expressed in the DCM iPSC-CM group with a threshold of log2(FC [WT/DCM]<O0; for both groups, all P
values were <0.05. D, Principal component analysis 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). Four hundred forty-five proteins were found when applying a threshold of log2(FC [WT/
DCM]) >1 and <—1 to filter for proteins that were highly expressed in WT or DCM groups. F, A dot plot for the top 15 changed pathways between
WT control and DCM iPSC-CMs is shown. Pathways were ranked according to protein ratios, represented by dots color-coded according to the
Pvalues. The size of the dots corresponds to the number of proteins that were differently expressed between WT control and DCM iPSC-CMs.
Pathways were retrieved using ingenuity pathway analysis. G, Volcano plot showing upregulated vs downregulated protein expression profiles in
the signaling pathways for actin cytoskeleton (purple), clathrin-mediated endocytosis (blue), iron homeostasis (green), as well as the DCM signaling
pathway (yellow) between WT (healthy donor) and DCM groups. A nonparametric, Wilcoxon signed-rank test was employed to establish statistical
significance. AT10 indicates human leukocyte antigen-F adjacent transcript 10; BAG2, Bcl2-associated athanogene 2; ELF2, ETS transcription
factor 2; eLF4, ETS transcription factor 4; mTOR, mammalian target of rapamycin; and PC, principal component.
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Figure 2. TPM1 (tropomyosin 1)-L185F disrupts sarcomere connections with plasma membrane microdomains in dilated
cardiomyopathy (DCM) patient-specific induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs).

A, CRISPR-Cas genome editing to generate TPM1-L 185F mutation-introduced (MUT-int1) iPSCs. B and C, Reduced sarcomere length in patient
and MUT-int/MUT-int1 compared with WT iPSC-CMs. B, Representative images from cells stained with TnT (troponin T) and SAA (sarcomeric
alpha-actinin) antibodies. Scale bar, 20 um. Enlarged regions were zoomed in 5x. €, Quantification of B. **F<0.001 for (Continued)
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organization of F-actin filaments and 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 (globular
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 with
WT/WT controls (Figure 3A), whereas total beta-actin
protein levels were not changed between the groups
(Figure SBA). As PIP2-enriched microdomains at the
PM are critical for actin polymerization,°°-%2 we quanti-
fied PIP2 levels in the presence of the 2 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 with
WT/WT iPSC-CMs (Figure 3B and 3C). To confirm
our findings, we next sought to introduce the molecu-
lar phenotype observed in DCM iPSC-CMs, reduced
PIP2 levels, into WT/WT iPSC-CMs. We utilized chem-
ical inhibition of PIPBK (phosphatidylinositol-4-phos-
phate 5-kinase), a major PIP2 synthesizing enzyme
at the PM,®® via UNC3230, a PIPbK-specific inhibi-
tor.8* UNC3230-treated WT/WT iPSC-CMs showed
reduced PIP2 levels at the PM (Figure S6B and S6C).
As expected, UNC3230 treatment resulted also in
reduced F-actin levels in WT/WT iPSC-CMs (Figure
S6D and S6E), thereby recapitulating the molecular

Therapeutic Targeting of Endocytosis Defects in DCM

phenotype observed in DCM iPSC-CMs. These find-
ings demonstrated 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, CME,
is regulated at actin-assembling PM hubs controlling
PIP2 synthesis and turnover®" In cardiomyocytes,
critical cargo such as iron (Fe lll+) is internalized via
the transferrin receptor by CME and distributed by
endosomes.?* Considering the importance of PIP2-
mediated F-actin assembly for CME, we assessed
it CME-dependent cargo uptake was altered in the
presence of DCM mutations. We examined continu-
ous uptake of transferrin-bound iron in live iPSC-CMs
and observed a reduction of CME-based transferrin
uptake in DCM patient—specific and Cas9-mutation-
introduced iPSC-CMs (Figure 3D and 3E; Figure S6F)
while expression levels of the transferrin receptor
were not significantly changed between groups (Fig-
ure S6G). To exclude the possibility that the observed
reduction of CME-dependent cargo uptake was limited
to the transferrin receptor, we analyzed internalization
of LDL (low-density lipoprotein) via the LDL receptor,
which was also reduced in DCM iPSC-CMs (Figure
S7A and S7B). LDL receptor expression levels were
not significantly altered between groups (Figure S7C).
Next, we tested whether a different cellular uptake

Figure 2 Continued. WT1 vs patient (Pat; adjusted P<1x107'%) and WT1 vs Mut-int1 (adjusted P=1.66x10; Kruskal-Wallis test and Dunn
multiple comparisons test). D, Reduced beating force in WT/MUT and TPM1-L 185F MUT-introduced iPSC-CMs. **P<0.01 for WT1 vs Pat
(adjusted P=1.35x10%); **A<0.001 for WT1 vs Mut-int1 (adjusted P=1.36x10*; Kruskal-Wallis test and Dunn multiple comparisons test). E,
WT/MUT and TPM1-L185F MUT-introduced iPSC-CMs display impaired contractility indicated by reduced delta F/FO. *A<0.05 for WT1 vs
patient (Pat; adjusted P=2.65x1072); **£<0.001 for WT1 vs Mut-int1 (adjusted A<1x107'%; Kruskal-Wallis test and Dunn multiple comparisons
test). F through 1, In presence of TPM1-L185F, a lower amount of SAA (ACTN2) and TPM (TPM1) bind to vinculin. F, Representative images of
immunoblot membranes were shown. G, No significant difference was observed in the amount of vinculin bound with beads. Ns for WT vs Pat and
WT vs Mut-int1 (Kruskal-Wallis test and Dunn multiple comparisons test). H, Reduced binding of SAA to vinculin in presence of TPM1-L185F.
Data were normalized by bound vinculin from corresponding groups, respectively. ns, not significant (adjusted A=0.208) for WT vs Pat; *P<0.05
WT vs Mut-int1 (adjusted A=0.0178; Kruskal-Wallis test and Dunn multiple comparisons test). I, Reduced binding of TPM to vinculin in presence
of TPM1-L185F. Data were normalized by bound vinculin from corresponding groups, respectively. *F<0.05 for WT vs Pat (adjusted P=0.0267)
and **F<0.01 for WT vs MUT-int1 (adjusted £=9.36x107?; Kruskal-Wallis test and Dunn multiple comparisons test). Data were normalized by
WT (WT1, WT2). J through M, The protein levels of vinculin (K), SAA (L), and TPM (M) were not significantly different in DCM patient-derived
(Pat, WT/MUT) and TPM1-L 185F mutation-introduced iPSC-CMs (Mut-int1, MUT-int1/MUT-int) compared to WT group in input fractions. J,
Representative membrane scans of membranes from input samples. K, Not significant (ns) for WT vs patient, WT vs Mut-int1 iPSC-CMs, and WT
vs IgG (Kruskal-Wallis test and Dunn multiple comparisons test). L, ns, not significant for WT vs patient and WT vs Mut-int1. *A<0.05 (adjusted
P=0.0418) for WT vs IgG (Kruskal-Wallis test and Dunn multiple comparisons test). M, NS for WT vs patient, WT vs Mut-int1, and WT vs IgG
(Kruskal-Wallis test and Dunn multiple comparisons test). Data were normalized by GAPDH. N through P, Reduced binding of TnT to vinculin

in presence of TPM1-L185F N, Representative images of immunoblot membranes. O, The amount of vinculin bound to anti-vinculin antibody

decorated beads was comparable between groups. ns, not significant for WT vs Pat and WT vs Mut-int1 (Kruskal-Wallis test and Dunn multiple
comparisons test). Per group, n=3 experiments (n=1 independent cardiac differentiation). P, Reduced binding of TnT to vinculin is observed in
presence of the DCM mutation TPM1-L185F. Signal corresponding to bound TnT is normalized for the corresponding amount of bound vinculin
by dividing the signal for bound TnT by the signal for bound vinculin in the respective groups. Bar graph shows normalized signal intensities.

ns, not significant (adjusted P=0.202) for WT vs Pat; *F<0.05 for WT vs MUT-int1 (adjusted P=0.0341; Kruskal-Walllis test and Dunn multiple
comparisons test). Data were normalized by WT (WT1, WT2). Per group, n=3 experiments (n=1 independent cardiac differentiation). Q through
R, Reduced amount of TnT-localized vinculin localized in presence of mutations in sarcomere proteins, TPM1-L185F (Mut-int1) and TnT-R141W
(Mut-int2). Q, Representative confocal images following immunostaining for vinculin and TnT; scale bar, 20 um. Enlarged regions were zoomed in
5x. R, Quantification of Q. **A<0.01 for WT1 vs Pat (adjusted P=3.68x10%); *FA<0.05 for WT1 vs MUT-int1 (adjusted P=0.0122); ***A<0.001
for WT2 vs MUT-int2 (adjusted P=8.47x10; Kruskal-Wallis test and Dunn multiple comparisons test). Data are shown as mean+SEM. Images
shown in figures are representative of the average value of each group. Unless indicated otherwise, the number of independent experiments
equals the number of independent iPSC cardiac differentiations. Data points per experiment are shown as different shapes: # 1 as circles, #2
as triangles, #3 as squares, #4 as diamonds, #5 as crosses. Au indicates arbitrary unit; 1B, immunoblot; Mut-int, mutation-introduced; PAM,
protospacer adjacent motif; Pat, patient; sgRNA, single guide RNA; and WT, wild type.
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Figure 3. Impaired fibrous actin (F-actin) polymerization is linked to defective clathrin-mediated endocytosis and endosome
distribution in presence of dilated cardiomyopathy (DCM) mutations.

A, Reduced F-actin content in WT (wild type)/MUT (mutation) and mutation-introduced (Mut-int1)/MUT-int induced pluripotent stem cell—derived
cardiomyocytes (iPSC-CMs). Actin polymerization was measured via detection of phalloidin (F-actin) and DNase | (G-actin [globular actin])
immunostaining using a high-content plate reader. DAPI (4’,6-diamidino-2-phenylindole) was used to normalize total cell numbers. *A<0.01 for WT1
vs Pat (adjusted P=1.26x10%); **F<0.001 for WT1 vs MUT-int1 (adjusted P=4.77x10%); ns. for WT2 vs MUT-int2 (adjusted A=0.061; (Continued)
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process involving polymerized actin filaments and
lipids at the PM, phagocytosis, would be affected by
DCM mutations in sarcomere proteins. We reasoned
that in phagocytosis, cytoskeleton, and PM lipids work
in a coordinated manner for uptake of large particles®®;
thus this process might be altered in DCM iPSC-CMs
which display a defective PM actin polymerization and
lipid organization. Measurements of phagocytosis in
live iPSC-CMs revealed reduced phagocytosis in DCM
iPSC-CMs (Figure S7D). This indicated that disrupted
actin polymerization and impaired lipid composition at
the PM in presence of DCM mutations result in criti-
cal defects of cellular cargo uptake processes, such
as CME and phagocytosis. This was further supported
by the differential expression of proteins involved
in phagocytosis pathways observed in DCM iPSC-
CMs compared to WT control (Figure S7E and S7F).
Next, we tested if endosome-dependent distribution
of CME-internalized cargo, such as transferrin-bound
iron, was altered in iPSC-CMs carrying DCM muta-
tions. 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 (early endosome antigen 1). While
in WT iPSC-CMs, EE cargo carriers were evenly dis-
tributed 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 PM (Figure 3F and 3G; Figure S7Q).
Moreover, this new DCM disease phenotype, defective
distribution of cargo-carrying EEs, could be success-
fully introduced into WT iPSC-CMs via a potent inhibi-
tor of actin polymerization, Lat-A (latrunculin A). Lat-A
treatment resulted in a reduced F/G-actin ratio (Figure
S8A) as well as accumulation of EEs at the PM in WT
iPSC-CMs (Figure S8B and S8C), thereby phenocopy-
ing the presentation of DCM iPSC-CMs (Figure 3F
and 3G). Our data demonstrate defective cargo uptake
and distribution in DCM patient—specific iPSC-CMs
as well as isogenic controls carrying 2 different DCM
mutations, TPM1-L185F and TnT-R141W.

Therapeutic Targeting of Endocytosis Defects in DCM

Iron Deficiency in the Presence of DCM
Mutations Causes Mitochondrial Dysfunction
and Reduced Contractility in DCM iPSC-CMs

Mitochondria, major recipient of iron (Fe) in the cell34%°
require Fe for electron transport in the mitochondrial
respiratory chain as well as oxygen transport.” Iron imbal-
ance specifically in the mitochondria is deleterious as its
critical functions require a fine balance of mitochondrial
iron3* Iron deficiency has been associated with cardio-
vascular disease and HF® Therefore, we assessed the
effects of impaired uptake of transferrin-bound iron
and impaired EE distribution on mitochondrial function.
We examined Fe levels in mitochondria in live cells and
found that the mitochondria of DCM iPSC-CMs (patient-
specific WT/MUT and Cas9-mutation-introduced MUT-
int/MUT-int) displayed depleted iron levels, compared to
control (Figure 4A and B). This was true for both DCM
mutations, TPM1-L 185F and TnT-R141W (Figure 4A and
B) and was accompanied by a reduction of mitochondrial
membrane potential, supporting reduced function of iron-
deficient mitochondria in DCM iPSC-CMs (Figure S9A
and S9B). Mitochondria are major sites of intracellular
iron consumption, due to their Fe/S clusters and heme
groups which are essential for the function of electron
transport chain complexes | to V"' In cardiomyocytes,
mitochondria provide fuel for processes that demand
high levels of energy, such as contractility. Thus, depleted
mitochondrial iron levels in cardiomyocytes are detrimen-
tal and contribute to defective mitochondrial respiration
as well as impaired contractility in cardiomyocytes, as
shown previously.” To measure mitochondrial respiratory
activity, a Seahorse XF analyzer assay was employed and
revealed the basal oxygen consumption rate of mitochon-
drial respiration to be reduced in presence of DCM muta-
tions (Figure 4C and 4D; Figure S9C and S9D), indicating
impaired mitochondrial function in DCM iPSC-CMs.
Clinical trials demonstrated increased iron supply in
iron-deficient HF patients to be beneficial for cardiac func-
tion® Here, we show that in presence of DCM mutations
in sarcomere proteins, iPSC-CMs fail to perform normal
CME-dependent uptake of transferrin-bound iron via the

Figure 3 Continued. Kruskal-Wallis test and Dunn multiple comparisons test). B and C, Reduced phosphatidylinositol 4,5-bisphosphate (PIP2)
levels on the plasma membrane (PM) in WT/MUT and MUT-int/MUT-int iPSC-CMs. B, Representative confocal images following PIP2-specific
immunostaining. Scale bar, 20 pm. Enlarged regions were zoomed in 6x. €, Quantification of B. **A<0.001 for WT1 vs Pat (adjusted P=4.23x10°
12), WT1 vs Mut-int1 (adjusted P=1.23x10%), and WT2 vs Mut-int2 (adjusted P=6.92x107; Kruskal-Wallis test and Dunn multiple comparisons
test). D and E, Impaired transferrin uptake in WT/MUT and MUT-int/MUT-int iPSC-CMs. D, Representative x63 confocal images of continuous
transferrin uptake at 5 minutes. Scale bar, 20 pm. E, Quantification of x20 confocal Z stack images of continuous transferrin uptake at 5 minutes
normalized by uptake at O minute. **A<0.001 for WT1 vs Pat (adjusted P=2x107%), WT1 vs Mut-int1 (adjusted P=5.88x10%), and WT2 vs
Mut-int2 (adjusted P=2.24x10%; Kruskal-Wallis test and Dunn multiple comparisons test). F and G, Abnormal early endosome distribution in
WT/MUT and MUT-int/MUT-int iPSC-CMs. F, Representative x63 confocal images. Scale bar, 20 um. Enlarged regions were zoomed in x6.5.
G, Quantification of confocal images following immunostaining with an anti-EEA1 antibody; scale bar, 20 pm. *£<0.01 for WT1 vs Pat (adjusted
P=1.347x10%), **F<0.001 forWT1 vs MUT-int1 (adjusted P=8.16x10""); *R<0.01 for WT2 vs MUT-int2 (adjusted P=1.105x10%; Kruskal-
Wallis test and Dunn multiple comparisons test). Data are shown as mean£SEM. Images shown in figures are representative of the average
value of each group. Unless indicated otherwise, the number of independent experiments equals the number of independent iPSC cardiac
differentiations. Data points per experiment are shown as different shapes: # 1 as circles, #2 as triangles, #3 as squares, #4 as diamonds, #5 as
crosses. Au indicates arbitrary unit; EEA1, early endosome antigen 1; and F/G actin, fibrous/globular actin.
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Figure 4. Iron deficiency in the presence of dilated cardiomyopathy (DCM) mutations causes mitochondrial dysfunction and
reduced contractility in DCM induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs).

A and B, Mitochondrial Fe (II) levels are reduced in WT (wild type)/MUT (mutation) and mutation-introduced (Mut-int1)/MUT-int iPSC-CMs.
Representative x63 confocal images (A) and region of interest (ROl)-based quantification (B) following Mitotracker and FerroOrange labeling.
Scale bar, 20 pm. Enlarged regions were zoomed in x5.8. “F<0.05 for WT1 vs patient (Pat; adjusted P=1.86x1072); **£<0.001 for WT1 vs Mut-
int1 (adjusted P=9.88x107%) and WT2 vs Mut-int2 (adjusted P=2.15x107'%; Kruskal-Wallis test and Dunn multiple comparisons test). € and D, In
presence of DCM mutations, iPSC-CMs display reduced basal oxygen consumption rate (OCR, pmol/min). C, DCM patient—derived and Mut-int1
iPSC-CMs showed defective mitochondrial respiration. D, A complete diagram of mitochondrial respiration recorded via a Seahorse XF analyzer
is shown. **<0.001 for WT1 vs patient (adjusted P=8.17x10°) and WT1 vs mut-int1 (adjusted P=1x10"%) iPSC-CMs. Kruskal-Wallis test and
Dunn multiple comparisons test. E through H, Fe(ll) treatment can replenish mitochondrial Fe levels in patient (WT/MUT) and TPM1 (tropomyosin
1)-L 185F mutation—introduced iPSC-CMs (Mut-int1). Representative x63 confocal images (E and G) and quantification (F and H) of live cells
labeled with Mitotracker and FerroOrange following CV or ammonium Fe (Il) sulfate (100 uM, 30 minutes) treatment; scale bar, 20 ym. Enlarged
regions were zoomed in 6.3x. **F<0.001 for CV vs Fe(ll) patient (P=1.65x10®) and CV vs Fe(ll) Mut-int1 (F<1x107%) iPSC-CMs (Mann-
Whitney U test). I through K, Fe (II) treatment rescued the contraction amplitude in WT/MUT and MUT-int/MUT-int iPSC-CMs. Contractility was
measured via video-based motion-traction analysis. **F<0.001 for control vehicle (CV) vs Fe (II) in DCM patient (Pat) iPSC-CMs (Continued)
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transferrin receptor. We thus confirmed that iron supple-
mentation recovered the reduced mitochondrial iron levels
in DCM iPSC-CMs (patient-specific WT/MUT and Cas9-
engineered MUT-int/MUT-int; Figure 4E through 4H).
Importantly, replenishing iron levels also rescued impaired
contractility in DCM patient—specific iPSC-CMs (WT/MUT)
as well as in 2 Cas9-mutation—introduced iPSC-CM lines
carrying 2 different DCM mutations, TPM1-L 185F and TnT-
R141W (Figure 4l through 4K). Together, these findings
indicated that increased mitochondrial iron levels resulted
in improved contractility in DCM iPSC-CMs. However, as
sarcomere dysfunction due to DCM mutations represents a
serious pathological disruption, the improved mitochondrial
iron levels in presence of iron treatment could only deliver a
partial rescue of contractility in DCM iPSC-CMs.

We next performed control experiments testing the
contribution of DMT1 (divalent metal transporter 1)-based
iron uptake into iIPSC-CMs. While CME-based uptake
of transferrin-bound iron in its ferric form, Fe(lll), covers
the majority of intracellular iron demand, DMT1 enables
efficient uptake of nontransferrin-bound iron, such as
the ferro form, Fe(ll).”® We first measured CME-based
uptake of transferrin-bound iron via the transferrin recep-
tor in presence of ferro iron, Fe(ll), supplementation and
confirmed that Fe(ll) treatment does not increase uptake
of transferrin-bound iron, Fe(lll), in DCM iPSC-CMs
(Mut-int1; Figure S9E and S9F). This indicated that sup-
plemented ferro iron, Fe (1), which enters cells via a CME-
independent pathway, does not affect CME in presence
of DCM mutations in sarcomere proteins. Moreover, we
treated Mut-int1 iIPSC-CMs with ebselen, a DMT1 inhibi-
tor/* in the presence of ferro iron, Fe I, supplementa-
tion. We measured the uptake of transferrin-bound iron
in presence of ebselen and found that ebselen treatment
does not affect the CME-based uptake of ferric iron, Fe
(1), via transferrin (Figure SOE and S9OF). Furthermore, we
confirmed that ebselen treatment in presence of Fe an
supplementation blocked an improvement of mitochon-
drial iron levels delivered by Fe (II) in Mut-int1 iPSC-CMs
(Figure S9G and S9H). This supported that in iPSC-CMs,
supplemented ferro iron, Fe (11, is internalized via DMT1 to
deliver intracellular recovery of iron levels in the mitochon-
dria. Consistently, ebselen treatment in presence of Fe an
supplementation prevented an improvement of contractil-
ity delivered by Fe(ll; Figure S9I). This further corroborated
that internalization of ferro iron, Fe (Il), into iPSC-CMs
occurs via DMT1. This process occurs independent of
CME, as Fe(ll) treatment did not alter transferrin uptake
(Figure S9E and S9F) nor internalization of another CME-
dependent cargo, LDL (Figure S9J and S9K). Moreover,

Therapeutic Targeting of Endocytosis Defects in DCM

DMT 1-dependent uptake of ferro iron, Fe (Il), into iPSC-
CMs did not alter a different cargo internalization process,
phagocytosis, in Mut-int1 iPSC-CMs (Figure SOL). To
confirm that iron deficiency due to impaired endocytosis
and endosome distribution is linked to actin polymeriza-
tion defects in the presence of DCM mutations, we quanti-
fied Fe levels of Lat-A-treated WT iPSC-CMs. Our data
show that Lat-A—induced actin polymerization defects
can introduce an imbalance of iron levels into WT con-
trol iPSC-CMs (Figure S9M) which could be recovered by
subsequent iron supplementation (Figure SOM).

Fe deficiency has been associated with increased pro-
duction of reactive oxygen species in HFE" To test if this
molecular disease phenotype is recapitulated in DCM
iPSC-CMs, we measured total reactive oxygen spe-
cies levels in live iPSC-CMs. As expected, we observed
elevated mitochondrial superoxide levels in DCM iPSC-
CMs (WT/MUT and MUT 1-int/MUT 1-int; Figure SON)
which could be rescued by Fe supplementation (Figure
S90 and S9P). This confirmed that Fe deficiency may
contribute to elevated reactive oxygen species levels in
particular in the mitochondria of DCM iPSC-CMs.

To further corroborate the contribution of the newly
described CME-dependent signaling pathway to the
observed molecular pathophenotypes, such as reduced
mitochondrial activity, we performed chemical phenotype-
introduce experiments. We applied small molecule-based
treatment with UNC3230, inhibiting PI4P5K-dependent
PIP2 production at the PM, a critical step required for initia-
tion of CME. UNC3230 treatment reduced basal mitochon-
drial respiration in WT1 iPSC-CMs, compared with control
vehicle (Figure S9Q and SOR). Likewise, we found upon
treatment of WT1 iPSC-CMs with Lat-A, which blocks actin
polymerization necessary for CME induction, a decrease of
basal mitochondrial respiration (Figure S9S and S9T).

Together, our results indicated mitochondrial iron lev-
els as well as impaired mitochondrial respiration in DCM
iPSC-CMs as a consequence of defective actin polymer-
ization, impaired endocytosis of CME-dependent cargo,
as well as defective intracellular endosome-dependent
cargo distribution. These molecular causes of iron defi-
ciency exacerbate the defective contractility due to sar-
comere dysfunction in DCM iPSC-CMs.

Recovering Actin Polymerization via RhoA
Activation Rescues PM-Localized PIP2 Levels
and Uptake of Transferrin-Bound Iron

To rescue the molecular DCM disease phenotypes result-
ing in mitochondrial iron deficiency in DCM iPSC-CMs,

Figure 4 Continued. (P=8.80x10%), CV vs Fe(ll) in Mut-int1 iPSC-CMs (R<1x107°) and CV vs Fe(ll) Mut-int2 (F=1.60x10), calculated by
Mann-Whitney U test. Data are shown as mean+SEM. Images shown in figures are representative of the average value of each group. Unless
indicated otherwise, the number of independent experiments equals the number of independent iPSC cardiac differentiations. Data points per
experiment are shown as different shapes: # 1 as circles, #2 as triangles, #3 as squares, #4 as diamonds, #5 as crosses, #6 as stars. Au

indicates arbitrary units.
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Figure 5. Recovering actin polymerization via RhoA (Ras homolog family member A) activation rescues plasma membrane
(PM)-localized phosphatidylinositol 4,5-bisphosphate (PIP2) levels and uptake of transferrin-bound iron.

A, RhoA Il (Rho activator Il) treatment (3 pg/mL, 16 hours) increases the expression levels of RhoA GTPase in mutation-introduced (Mut-int1)
induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). ns for CV vs RhoA Il (P=0.100; Mann-Whitney U test). B through D, Increased
PIP2 around the PM after Rho activator Il treatment in both dilated cardiomyopathy (DCM) patient—derived (Pat) and TPM1 (Continued)
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we turned to RhoA (Ras homolog family member A),
a Rho GTPase which regulates PIP2 production via
PIPBK activation and F-actin polymerization.”®”" Under
chronic stress, loss of RhoA in cardiomyocytes leads
to decreased contractility.”® We applied a RhoA activat-
ing peptide, RhoA I (Rho activator II), which has been
shown previously to increase PIP2 production in mam-
malian cells.” We established that RhoA Il treatment
indeed activated the RhoA GTPase in MUT 1-int/MUT 1-
int iPSC-CMs, compared to control vehicle treatment
(Figure BA). Next, we quantified PIP2 levels at the PM
following RhoA Il treatment. We observed an increase
of PM-localized PIP2 in presence of RhoA Il, compared
to control vehicle, in both DCM patient—specific (WT/
MUT) and Cas9-mutation—introduced (MUT-int/MUT-
int) iPSC-CMs (Figure 5B through 5D). Moreover, we
showed that RhoA Il treatment activated actin polymer-
ization in DCM iPSC-CMs (MUT1-int/MUT 1-int), com-
pared to control vehicle (Figure STOA). RhoA activation
also increased the endocytosis-dependent uptake of
transferrin receptor (Figure BE and 5F) and rescued
defective endosome distribution in DCM mutation-intro-
duced iPSC-CMs to the levels observed in WT control
(WT/WT) iPSC-CMs (Figure 5G and 5H). Importantly,
treatment with RhoA Il rescued mitochondrial iron lev-
els in DCM iPSC-CMs (Figure 5l through 5L), mito-
chondrial respiration (Figure 5M through 5P) as well
as sarcomere-PM connections such as the interaction
of TnT with vinculin (Figure S10B through S10D). This
highlights the critical role PIP2 plays at the sarcomere/
F-actin/PM regulatory hub. Consequently, Rho activator

Therapeutic Targeting of Endocytosis Defects in DCM

[l treatment improved contractility in DCM iPSC-CMs,
such as amplitude and maximal decay (Figure 5Q;
Figure S10E through S10G) and recovered sarcomere
protein organization in DCM iPSC-CMs (patient-specific
WT/MUT and Cas9-engineered MUT-int/MUT-int; Fig-
ure BR through 5T). Our findings stress the intricate
molecular mechanisms controlled by sarcomere interac-
tions with F-actin and PM-localized PIP2 and their dys-
function 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 molec-
ular disease mechanisms and genotype-phenotype cor-
relations. To further demonstrate that the DCM mutation
TPM1-L 185F causes defective uptake and distribution of
transferrin-bound iron, resulting in mitochondrial iron defi-
ciency and reduced contractility, we corrected the DCM
mutation via CRISPR/Cas9 gene editing. We generated
an isogenic mutation-corrected (Mut-cor; WT-cor/ WT-
cor) iPSC line, using site-specific CRISPR-Cas9 gene
editing (Figure 6A; Figure ST1A through ST11E) and
differentiated the Mut-cor iPSCs (WT-cor/WT-cor) into
iPSC-CMs (Figure S11F through S11P). First, we con-
firmed that actin polymerization was recovered in Mut-
cor iPSC-CMs (WT-cor/ WT-cor) compared with DCM
patient—specific iPSC-CMs (Figure 6B). Importantly,

Figure 5 Continued. (tropomyosin 1)-L 185F mutation-introduced iPSC-CMs (Mut-int1, MUT-int1/MUT-int). B, Representative x63 confocal
images of patient and TPM1-L185F Mut-int1 iPSC-CMs treated with CV and Rho activator Il (3 pg/mL, 3 hours) followed by immunostaining
with a PIP2 antibody. Scale bar, 20 pm. Enlarged regions were zoomed in 5x. € and D, Quantification of B. **A<0.001 for CV vs RhoA Il Patient
(P=6.36x10) and CV vs Rho A Il Mut-int 1 (P=6.68x107°) iPSC-CMs (Mann-Whitney U test). E and F, Rho activator Il treatment assists the
uptake of transferrin in Mut-int1 iPSC-CMs. E, Representative confocal images of Mut-int1 iPSC-CMs after control vehicle (CV) and RhoA ||

(8 pg/mL, 3 hours) treatment followed by incubation with Alexa 488-labeled transferrin (20 ug/mL, 5 minutes). Scale bar, 20 um. Enlarged
regions were zoomed in 5x. F, Quantification of E. Data are normalized by value from O minute. **£<0.01 (F=2.30x107%) for CV vs RhoA Il in

Mut-int1 iPSC-CMs (Mann-Whitney U test). G and H, Abnormal early endosome distribution is rescued by RhoA Il treatment in Mut-int1 iPSC-
CMs. Confocal images (G) and quantification (H) of immunostaining with an anti-EEA1 antibody following CV and RhoA Il (3 ug/mL, 3 hours)
treatment. Scale bar, 20 pm. Enlarged regions were zoomed in 5x. **F<0.001 for CV vs RhoA Il (F=2.51x107%; Mann-Whitney U test). l and L,
Mitochondrial Fe (II) levels in DCM patient-derived WT (wild type)/MUT (mutation; Pat) and TPM1-L185F MUT-int/MUT-intiPSC-CMs were
replenished following RhoA Il treatment. I and K, CV or RhoA Il (3 ug/mL, 3 hours) treatment followed by Mitotracker and FerroOrange staining.
Representative x63 confocal images are shown. Scale bar, 20 pm. Enlarged regions were zoomed in 5x. J and L, Region of interest (ROl)-based
quantification of I and K. **A<0.001 for control vehicle (CV) vs RhoA Il in DCM patient-derived iPSC-CMs (Pat; P=1.19x10%) and CV vs RhoA
Ilin Mut-int1 (P=6.34x10) iPSC-CMs (Mann-Whitney U test). M through P, RhoA activation (1 pg/mL, 16 hours) improved mitochondrial
respiration in both DCM patient—derived (M and N) and Mut-int1 (O and P) iPSC-CMs. M and O, Basal oxygen consumption rate (OCR)

was improved by RhoA Il treatment. N and P, A complete diagram of mitochondrial respiration recorded via a Seahorse XF analyzer is shown.
*RL0.01 for patient CV vs patient RhoA Il (P=2.44x 104 Mann-Whitney U test). **F<0.001 for Mut-int1 CV vs Mut-int1 RhoA Il (FR<1x107®;
Mann-Whitney U test). Q, Contractility in TPM1-L 1856F MUT-int/MUT-int iPSC-CMs. Delta F/FO was recovered after RhoA Il treatment (3 pg/
mL, 3 hours). “*F<0.001 for CV vs RhoA Il in Mut-int1 (P=5.07x107) iPSC-CMs (Mann-Whitney U test). R through T, RhoA Il treatment resulted
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). R, Representative x63 confocal images of DCM patient—derived WT/MUT (Pat) and TPM1-L 185F MUT-int/
MUT-int iPSC-CMs treated with CV and RhoA Il (3 ug/mL, 16 hours) followed by coimmunostaining with TnT (troponin T) and SAA (sarcomeric
alpha-actinin) antibodies. Scale bar, 20 ym. Enlarged regions were zoomed in 5x. S and T, Quantification of R. *F<0.05 for CV vs RhoA Il in
patient (F=0.0363) and CV vs RhoA Il in Mut-int1 (P=0.0231) iPSC-CMs as calculated by Mann-Whitney U test. Data are shown as mean +
sem. Images shown in figures are representative of the average value of each group. Unless indicated otherwise, the number of independent
experiments equals the number of independent iPSC cardiac differentiations. Data points per experiment are shown as different shapes: # 1 as
circles, #2 as triangles, #3 as squares, #4 as diamonds, #5 as crosses, #6 as stars. Au indicates arbitrary units.
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compared to DCM patient—specific iPSC-CMs, uptake
of the transferrin receptor (Figure 6C and 6D) as well as
distribution of endosomes was rescued in isogenic Mut-
cor iPSC-CMs (Figure 6E and 6F). Consequently, we
noted mitochondrial iron levels to be >2-fold increased
(DCM patient: 0.21+£0.01 versus Mut-cor:0.52+0.03)
following correction of the DCM mutation (Figure 6G
and 6H). Consistently, Mut-cor iPSC-CMs displayed an
increased mitochondrial respiration compared to DCM
patient—derived iPSC-CMs (Figure 61 and 6J). Impor-
tantly, Mut-cor iPSC-CMs displayed improved sarco-
mere protein organization (Figure 6K and 6L) as well as
recovered beating force (Figure 6M), compared to DCM
patient—specific iPSC-CMs. As a control, we tested
if small molecule-based treatment with UNC3230 or
Lat-A could reintroduce disease phenotypes into DCM
patient—derived, CRISPR/Cas9 Mutation-corrected
iPSC-CMs. We measured basal mitochondrial respira-
tion of Mut-cor iPSC-CMs in presence of UNC3230 or
Lat-A, and found the oxygen consumption rate reduced,
compared with control vehicle (Figure S11Q through
S11T), which corroborated our findings.

To further investigate RhoA ll-dependent rescue of
pathophenotypes caused by dysfunction of the CME-
dependent signaling pathway in presence of DCM
mutations, we applied intracellular iron restriction by def-
eroxamine, a strong Fe(lll) chelator.282 As expected, def-
eroxamine treatment resulted in reduced mitochondrial
iron levels in Mut-cor iPSC-CMs compared to control
vehicle (Figure 6N and 60). Of note, RhoA activation by
RhoA Il cotreated with deferoxamine reversed this effect
(Figure BN and 60). Moreover, deferoxamine treatment
decreased the contractility of Mut-cor iPSC-CMs, which
we considered to present a consequence of decreased
mitochondrial iron levels (Figure 6P), due to dysfunction
of the CME-dependent signaling pathway. Importantly,
RhoA activation by RhoA Il delivered in parallel with
deferoxamine treatment reversed this effect, resulting
in improved contractility (Figure 6P). This further sup-
ported that RhoA activation delivered efficient rescue
of molecular pathophenotypes such as reduced mito-
chondrial iron levels due to defective CME-dependent
signaling in DCM iPSC-CMs. To further demonstrate the
beneficial effects of RhoA activation on the CME sig-
naling pathway, we treated Mut-cor iPSC-CMs with TFR
(transferrin receptor) antibody to block the TFR™ which
efficiently blocked transferrin uptake in Mut-cor iPSC-
CMs (Figure S12A and S12B). As expected, TFR anti-
body treatment resulted also in decreased mitochondrial
iron levels, as a consequence of reduced CME-mediated
iron uptake in the presence of TFR antibody (Figure 6Q
and 6R). Cotreatment of RhoA Il together with TFR anti-
body reversed the reduction of mitochondrial iron levels
delivered by TFR antibody treatment (Figure 6Q and 6R).
Moreover, TFR antibody treatment resulted in reduced
contractility (Figure 6S) due to limited mitochondrial

Circulation Research. 2023;133:e19-e46. DOI: 10.1161/CIRCRESAHA.122.321157

Therapeutic Targeting of Endocytosis Defects in DCM

iron levels. As expected, RhoA activation ameliorated
this effect when cotreated together with TFR antibody
(Figure 6S), resulting in increased mitochondrial iron
levels in the presence of TFR antibody. In line with this,
TFR antibody treatment reduced the mitochondrial oxy-
gen consumption rate of WT1 and Mut-cor iPSC-CMs
(Figure S12C through S12F) due to impaired uptake
of transferrin-bound iron and diminished mitochondrial
iron levels in presence of the TFR antibody. Of note,
RhoA IlI-mediated RhoA activation was able to achieve a
robust rescue in presence of moderate concentrations of
TFR antibodies which do not block all transferrin recep-
tor molecules at the PM (Figure 6Q through 6S). Thus,
RhoA Il-dependent activation can boost CME-depen-
dent signaling via the remaining unblocked TFR sites,
while these are blocked in presence of higher concentra-
tions of TFR antibody, diminishing the RhoA lI-mediated
recovery (Figure S12G).

Heart Tissues From Patients With DCM With
End-Stage HF Display Defective Endosome
Distribution

We considered that the mitochondrial iron deficiency
due to defective endocytosis and endosome distribu-
tion observed in DCM iPSC-CMs may be present more
generally in patients with HF. To test this, we analyzed
vinculin-positive PM regions, where CME can initiate and
endosomes can form, in the cardiomyocytes of left ven-
tricular (LV) tissues from patients with end-stage HF due
to DCM versus patients with preserved systolic LV func-
tion in the control group (Figure 7A through 7C; Tables
S2 and S3 provide detailed clinical patient information).
We found the vinculin-positive PM domains in patients
with DCM with end-stage HF to be more disorganized
and less regular than in the controls (Figure 7C). More-
over, we quantified the endosome distribution in cardio-
myocytes of LV tissues from patients with DCM with
end-stage HF versus patients with preserved systolic LV
function in the control group. We utilized as an endo-
some marker CCDC53 (coiled-coil domain-containing
protein 53), a subunit of the WASH (Wiskott-Aldrich syn-
drome protein and scar homolog) complex localized on
endosomes.® In heart tissues from both patient groups,
standard expression of TnT and CCDC53 was observed
(Figure S13A and S13B). Strikingly, cardiomyocytes in
LV tissues from patients with HF were characterized by
higher levels of PM-localized endosomes, compared to
controls with preserved LV function (Figure 7D through
7F; Figure S14A through S14E). Hence, these data
closely recapitulate in the heart tissue of patients with
HF both the disrupted PM-localized microdomains that
present the basis for endosome formation, as well as
the ectopic PM-localized endosome distribution. Thus,
our findings suggest that the molecular dysfunctions
caused by defective endocytosis and iron deficiency in
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Figure 6. CRISPR/Cas9-correction of the patient-specific dilated cardiomyopathy (DCM) mutation TPM1 (tropomyosin
1)-L185F rescues endosome distribution and mitochondrial iron levels in DCM-corrected induced pluripotent stem cell-derived

cardiomyocytes (iPSC-CMs).

A, CRISPR/Cas9 gene editing strategy to generate TPM1-L185F mutation-corrected iPSCs (WT [wild type]-cor/WT-cor) iPSCs. B, Increased
fibrous actin (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 | (to stain G-actin) labeling in a high-content plate reader. (Continued)
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the presence of DCM mutations may present a more
general feature in patients with HF.

We also tested whether the expression levels of key
proteins in the CME pathway in adult human heart tissues
(healthy controls and patients with DCM) were correspond-
ing to our observations made with DIA-MS in iPSC-CMs
(Figure 1) as well as immunoblot assessment of iPSC-
CMs (Figure S3L through S30). Clinical data of healthy
controls and patients with DCM are presented in Tables
S2 and S3 as well as the Materials and Methods section.
We found that protein expression levels of WASL (WASP
like actin nucleation promoting factor) were upregulated in
heart tissues of patients with DCM compared to healthy
controls (Figure S14F through S14H), consistent with
results from the DIA-MS experiments (Figure 1). A strong
intraindividual and experimental variation was observed in
analysis of the human heart tissues from different patients.

We next tested whether activity of the CME-depen-
dent signaling pathway could be detected also in live

Therapeutic Targeting of Endocytosis Defects in DCM

adult patient—derived cardiomyocytes. Therefore, we
established the measurement of CME-dependent
uptake of transferrin-bound iron in live myocytes isolated
from the right atrium of patients receiving open-heart
coronary bypass cardiac surgery. Clinical data for these
patients are presented in Table S4. Our results confirmed
successful measurement of CME-dependent transferrin
uptake in live adult cardiomyocytes (Figure 8A and 8B).
Subsequently, we sought to test if CME-dependent sig-
naling could be activated in live adult patient cardiomyo-
cytes as well. We performed transferrin uptake assays in
live adult cardiomyocytes from patients that were previ-
ously treated with RhoA Il or control vehicle (Figure 8A
and 8B). Our findings demonstrated increased transfer-
rin uptake in the presence of RhoA ll-dependent activa-
tion of RhoA in live adult cardiomyocytes, compared to
control vehicle (Figure 8A and 8B). These experiments
revealed that strikingly, Rho A activation presents a via-
ble option to modulate CME-dependent signaling in live

Figure 6 Continued. Normalization to cell numbers labeled by DAPI is performed. **A<0.001 (A=9.011x10) for DCM patient—derived (Pat)
vs mutation-corrected (Mut-cor) iPSC-CMs (Mann-Whitney U test). Data of mutation-corrected (Mut-cor) iPSC-CMs were compared to data
from DCM patient—derived (Pat) group in Figure 3A. € and 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-labeled transferrin (20 pg/mL, 5 minutes). Scale bar, 20 pm. Enlarged regions were zoomed in 5x. D, Quantification of C. Data
are normalized by uptake at O minute; scale bar, 20 pm. **F<0.001 (P=1.63x10*) for DCM patient—derived (Pat) vs mutation-corrected mut-
cor iPSC-CMs (Mann-Whitney U test). Data of mutation-corrected (Mut-cor) iPSC-CMs were compared with data from DCM patient—derived
(Pat) group in Figure 3E. E through 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 um. Enlarged regions were zoomed in 5x. **£<0.001
for DCM patient-derived (Pat) vs mutation-corrected (Mut-cor) iPSC-CMs (P=1.308x10®°; Mann-Whitney U test). Data of mutation-corrected
(Mut-cor) iPSC-CMs were compared to data from DCM patient—derived (Pat) group in Figure 3G. G and H, Increased mitochondrial Fe (I1)

levels in mutation-corrected iPSC-CMs. G, Representative x63 confocal images following Mitotracker and FerroOrange staining. Scale bar, 20
pm. Enlarged regions were zoomed in 5x. H, Region of interest (ROl)—based quantification of G. **F<0.001 for DCM patient-derived (Pat) vs
mutation-corrected (Mut-cor) iPSC-CMs (F<1x107'%; Mann-Whitney U test). I and J, Basal oxygen consumption rate (OCR) was rescued by
genomic correction. I, Mut-cor iPSC-CMs display increased basal OCR compared to DCM patient—derived iPSC-CMs. J, A complete diagram of
mitochondrial respiration recorded via a Seahorse XF analyzer is shown. **£<0.001 for patient vs mut-cor iPSC-CMs (P=3.54x10; Mann-
Whitney U test). Data of mutation-corrected (Mut-cor) iPSC-CMs were compared to data from DCM patient—derived (Pat) group in Figure 4C
and 4D. K and L, Increased sarcomere length observed in mutation-corrected iPSC-CMs (WT-cor/WT-cor) compared to DCM patient-derived
(WT/MUT) iPSC-CMs. K, Representative x63 confocal images of DCM patient-derived (WT/MUT) and mutation-corrected iPSC-CMs following
immunostaining with anti- TnT (troponin T) and anti-SAA (sarcomeric alpha-actinin) antibodies. Scale bar, 20 um. Enlarged regions were zoomed
in 5x. L, Quantification of K. **R<0.01 for DCM patient—derived (Pat) vs mutation-corrected (Mut-cor) iPSC-CMs (P=6.62x 1073, Mann-Whitney U
test). Data of mutation-corrected (Mut-cor) iPSC-CMs were compared to data from DCM patient—derived (Pat) group in Figure 2C. M, Increased
contractile force in mutation-corrected (WT-cor/WT-cor) compared to DCM patient—derived (WT/MUT) iPSC-CMs. **F<0.001 for DCM
patient=derived (Pat) vs mutation-corrected (Mut-cor) iPSC-CMs (P=5.36x10%; Mann-Whitney U test). Data of mutation-corrected (Mut-cor)
iPSC-CMs were compared to data from DCM patient—derived (Pat) group in Figure 2D. N and O, Deferoxamine (DFO) treatment in Mut-cor
iPSC-CMs results in reduced mitochondrial iron levels. RhoA Il (Rho activator II) treatment in presence of DFO rescues mitochondrial iron levels
in Mut-cor iPSC-CMs. P, Representative x63 confocal images of live cells stained with Mitotracker Green and FerroOrange. Scale bar, 20 um.
Enlarged regions were zoomed in 5x. O, Quantification of N. **F£<0.001 for control vehicle (CV) vs DFO (P=1.47x10%) and DFO vs DFO+RhoA
11 (P=8.41x10""). ns, not significant for CV vs DFO +RhoA Il (Kruskal-Wallis test and Dunn multiple comparisons test). P, DFO treatment
reduces the contraction amplitude in Mut-cor iPSC-CMs. Cotreatment of RhoA Il in presence of DFO recovers the reduced contraction amplitude
mediated by DFO in Mut-cor iPSC-CMs. **R<0.001 for CV vs DFO (adjusted P=3.47x1072) and DFO vs DFO+RhoA Il (adjusted P<1x107®). ns,
not significant for CV vs DFO+RhoA Il (Kruskal-Wallis test and Dunn multiple comparisons test). Q and R, TFR antibody (Ab) treatment reduces
mitochondrial iron levels in Mut-cor iPSC-CMs. RhoA Il treatment in presence of TFR Ab recovers mitochondrial iron levels in Mut-cor iPSC-CMs.
Q, Representative x63 confocal images of live cells stained with Mitotracker Green and FerroOrange. Scale bar, 20 pm. Enlarged regions were
zoomed in 5x. R, Quantification of Q. **F<0.001 for CV vs TFR Ab (adjusted P=1.19x10%) and TFR Ab vs TFR Ab+RhoA Il (adjusted P=9x 10"
18); *R<0.01 for CV vs TFR Ab+RhoA Il (adjusted P=7.05x10%; Kruskal-Wallis test and Dunn multiple comparisons test). S, TFR Ab treatment
results in a reduced contraction amplitude in Mut-cor iPSC-CMs. RhoA Il treatment in parallel with TFR Ab recovers the contraction amplitude in
Mut-cor iPSC-CMs. **F<0.001 for CV vs TFR Ab (adjusted A<1x107%) and TFR Ab vs TFR Ab+RhoA Il (F<1x107'%); *R<0.05 for CV vs TFR Ab
+RhoA Il (adjusted P=0.047; Kruskal-Wallis test and Dunn multiple comparisons test). Data are shown as meantSEM. Images shown in figures
are representative of the average value of each group. Unless indicated otherwise, the number of independent experiments equals the number

of independent iPSC cardiac differentiations. Data points per experiment are shown as different shapes: #1 as circles, #2 as triangles, #3 as
squares, #4 as diamonds, #5 as crosses, #6 as stars. Au indicates arbitrary units; and F/G actin, fibrous/globular actin.
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myocytes from adult patients. Overall, our findings sug-
gest a new pathomechanism in patients with DCM due to
inherited mutations as well as in patients with DCM with
systolic HF. Sarcomere protein misalignment may desta-
bilize protein-protein interactions linking sarcomeres and
other cytoskeleton filaments to the PM 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 (Figure 8C). These molecular
defects can contribute to reduced energy supply and
impaired contractility of cardiomyocytes in patients with
DCM and HF. Of note, we showed that activity of the
newly described CME-dependent signaling pathway can
be detected and modulated also in live adult cardiomyo-
cytes from patients.

DISCUSSION

Iron deficiency is a comorbidity in 50% of patients with
HF' and may present a therapeutic target.® Main causes
for iron deficiency at the organ level are intestinal iron
absorption and circulation-related defects as well as
impaired iron retention in HF. In addition, despite insights
into molecular disease mechanisms at the cellular level,
DCM remains a main cause of HF and new therapeutic
directions are needed. Mutations in genes encoding sar-
comere proteins have been identified to cause 30% of
DCM cases.?®# Genetic models of DCM®#" have been
employed to elucidate the molecular causes of primary
dysfunctions observed in the presence of DCM muta-
tions, such as disrupted sarcomere protein organiza-
tion and defective contractility.?2#"-89 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%5 However, the subcellular dysfunctions in pres-
ence of DCM mutations at the molecular and signaling
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 muta-
tions, such as consequences of defective sarcomere
organization and functions. We identified sarcomere
interactions via the stabilizing PM-binding protein vincu-
lin to be disrupted in the presence of 2 different DCM
mutations, TPM1-L185F and TnT-R141W. Consequently,
this disrupted vinculin-containing and F-actin—orga-
nizing PM hubs enriched for PIP2 in DCM iPSC-CMs.
Altered F-actin—binding PIP2 microdomains at the PM,
in turn, resulted in defective CME of critical cargo such
as transferrin-bound iron in DCM iPSC-CMs. These
findings establish defective endocytosis and impaired
distribution of endosome cargo carries as a molecular
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basis for mitochondrial iron deficiency in the presence
of DCM mutations. Importantly, we could rescue this
pathogenic mechanism in a 3-fold way in our human
iPSC-CM model: First, by treatment with Rho activa-
tor II"” which replenished PM PIP2 levels and rescued
CME, endosome distribution, as well as mitochondrial
iron levels and DCM iPSC-CM contractility. Second, sup-
plying iron externally could overcome depletion of mito-
chondrial iron deficiency and rescue contractility in DCM
iPSC-CMs. Third, these phenotypic dysfunctions were
recovered in iPSC-CMs following CRISPR/Cas9—based
correction of the inherited DCM mutation, TPM1-L 185F,
in patient-specific iPSCs. Moreover, we phenocopied
the pathomechanistic defects found in presence of the
TPM1-L185F mutation into WT control iPSC-CMs via
drug treatments targeting the disease pathway: Applica-
tion of a small molecule inhibitor of actin polymerization
(Lat-A) introduced defective endosome distribution in WT
control iPSC-CMs. Furthermore, treatment with a PIP5K
inhibitor (UNC3230) introduced in WT control iPSC-
CMs disruption of F-actin/PIP2-containing PM microdo-
mains, the sites of CME and endosome formation.

Interestingly, cardiac-specific overexpression of RhoA
ultimately induces DCM with impaired contractility®® and
treatment with an inhibitor of the well-characterized
downstream effector of RhoA, ROCK (Rho-associated
protein kinase), protected the heart against ischemia/
reperfusion injury.®! Treatment with an inhibitor of ROCK
benefited patients with cardiac hypertrophy in clinical tri-
als.?2% However, the complete deletion of RhoA from car-
diomyocytes results in accelerated DCM and increases
the severity of HF outcome following chronic pressure
overload.”™ These reports indicate the critical need for
fine-tuned modulation of RhoA activity as a basis for car-
diomyocyte homeostasis and recovery in disease models.
In line with this, low levels of constitutively active RhoA
in cardiomyocytes protected mouse hearts against isch-
emia/reperfusion injury and improved contractile func-
tion.%* 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 signaling mechanisms associated with systemic
iron deficiency in HF due to absorption defects are com-
plex.26%9% |t should be noted that both the inappropriate
elevation and reduction of iron levels are associated with
cardiac disease,**® indicating the importance of intact
iron homeostasis. Abnormally high iron levels lead to iron
overload cardiomyopathy® while abnormally low levels of
iron were linked to cardiovascular disease as well.3® Iron
homeostasis at the systemic level, including the storage
and export of excess iron, is mediated by ferritin, ferro-
portin, and iron regulatory proteins IRP1 (iron responsive
protein 1; ACO1 [aconitase 1]) and IRP2 (IREB2 [iron
responsive element binding protein 2]).3%%8 Low iron
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Figure 7. Heart tissues from patients with dilated cardiomyopathy (DCM) with end-stage heart failure (HF) display defective
endosome distribution.

Assessment of vinculin-positive plasma membrane (PM) regions where clathrin-mediated endocytosis (CME) may initiate and endosomes may
form, as well as analysis of the intracellular distribution of endosomes were performed by immunostaining in human heart tissue. Left ventricular
(LV) heart tissue from patients with dilated cardiomyopathy who received a heart transplantation due to severe HF (indicated as 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 through C, LV tissues from patients
with DCM with HF show disorganized PM-localized vinculin-positive regions compared to controls. Representative x63 confocal images of
tissues from control (A) vs HF (B) stained with WGA (wheat germ agglutinin, Alexa Fluor 594 Conjugate) and a vinculin antibody. (Continued)

Circulation Research. 2023;133:e19—-e46. DOI: 10.1161/CIRCRESAHA.122.321157 July 7,2023  e39



-
=]
=
=
Ll
)
(7]
o=
—
=
=
=
=
S

€202 ‘TT Anc uo Aq Bio'seusnofeye//:dny wouy papeojumoq

Dai et al

levels have been shown to induce IRP1/2-modulated
increase of iron uptake via stabilization of TfR1-encod-
ing mRNAs, while IRP-dependent repression of ferritin
and ferroportin mRNA translation reduces iron seques-
tration as well as export®® Mitochondria utilize a major
amount of intracellular iron in Fe/S clusters as well as
heme groups essential for the function of electron trans-
port chain complexes.”" Insufficient iron levels impair
mitochondrial function in cardiomyocytes®'® which may
occur by enhanced degradation of mRNAs encoding
mitochondrial Fe/S-cluster-containing proteins.”'% In
line with this, we found iron supplementation to rescue
both mitochondrial iron levels as well as iPSC-CM con-
tractility in DCM iPSC-CMs. Importantly, clinical trials
demonstrated intravenous iron administration to improve
end point outcomes in HF patients, including improve-
ment of New York Heart Association class, increased
6-minute walking distance, and improved quality of
life.81919T These results were independent of the pres-
ence of anemia. Here, our data demonstrated that iron
deficiency occurs in DCM iPSC-CMs as a consequence
of DCM mutations in sarcomere proteins, which lead to
impaired protein-protein interactions between the sar-
comeric cytoskeleton and the PM. These further result
in defective actin polymerization at the PM, a critical
step for CME-dependent cargo uptake. Consequently,
impaired CME-dependent iron uptake leads to reduced
mitochondrial iron levels. Mitochondria are major con-
sumers of intracellular iron, which they require to pro-
duce Fe/S clusters and heme groups that are essential
for the function of complexes | to IV in the electron trans-
port chain and contribute to oxidative phosphorylation.™
Reduced mitochondrial iron levels impair mitochondrial
respiration and energy production.” Because cardiomyo-
cytes require high amounts of energy to maintain their
essential functions, such as contractile force genera-
tion, impaired mitochondrial function resulting in reduced
energy supply is detrimental for cardiomyocytes and
results in reduced contractility.” Here, we confirmed that
sarcomeric DCM mutations trigger a pathomechanism
that causes defective CME-dependent cargo uptake,
thereby resulting in decreased mitochondrial iron levels
and contributing to impaired contractility in DCM (MUT)
iPSC-CMs. It should be noted that DCM iPSC-CMs dis-
play defective contractility primarily due to the substan-
tial disruption of sarcomeres due to the DCM mutations.

Therapeutic Targeting of Endocytosis Defects in DCM

However, the defective contractility is exacerbated in
DCM iPSC-CMs by defective CME-dependent signal-
ing which limits mitochondrial iron levels and mitochon-
drial respiration. Consistently, iron supplementation can
only deliver a partial rescue of the impaired contractility
in DCM iPSC-CMs, which further highlights the impor-
tance of balanced iron levels to maintain cardiomyocyte
contractility. We confirmed that CRISPR/Cas9—based
genomic correction of the DCM mutation TPM1-L185F
rescued mitochondrial iron levels and contractile force
generation. In addition, we found that RhoA activation via
RhoA Il presents another means of rescuing molecular
pathophenotypes in presence of DCM mutations, such
as depleted mitochondria iron levels and impaired con-
tractility. RhoA Il increase the PIP2 production and actin
polymerization at the PM and thereby recovers transfer-
rin uptake, mitochondrial iron levels, and contractility in
DCM iPSC-CMs. This is in line with a previous study
showing that defective RhoA activation leads to severely
impaired transferrin uptake.'®?

Moreover, our experiments using a DMT1 inhibitor,
ebselen™ confirmed that uptake of the major amount of
intracellular iron via CME-based internalization of trans-
ferrin-bound ferric iron, Fe(lll), occurs independently of
DMT1. Likewise, uptake of LDL, another critical intracel-
lular cargo internalized into cardiomyocytes via CME, is
not dependent on supplementation with ferro iron, Fe(ll).
The DMT1 porter, on the other hand, is known to regulate
intracellular uptake of ferro iron, Fe(ll), under the control
of the IRP/IRE (iron-responsive element) post-transla-
tional regulation system.'® The DMT 1-dependent uptake
of ferro iron, Fe(ll), is also independent of other cellular
uptake processes such as phagocytosis, as supplemen-
tation with ferro iron, Fe(ll), does not alter phagocytosis. In
summary, we report that sarcomeric DCM mutations lead
to impaired PIP2 production and reduced actin polym-
erization at the PM, causing defective CME-dependent
signaling and thereby resulting in depleted mitochondrial
iron levels as well as respiration, which enhances defec-
tive contractility in DCM iPSC-CMs. These new findings
are in line with previous reports of animal models with
a titin-truncating DCM variant displaying mitochondrial
dysfunction such as decreased oxygen consumption rate,
and increased levels of reactive oxygen species in cardio-
myocytes.'® Mitochondrial defects were also recorded in
a murine model of a DCM-causing LMNA mutation.®®

Figure 7 Continued. Scale bar, 20 pm. Enlarged regions were zoomed in 5x. C, Quantification of A and B using Imaged. Data display the SE
of mean of angles from vinculin-positive areas in each image. Control, n=45 images, n=4 patients; HF, n=52 images, n=b patients; corresponding
data points were used for analysis. **F<0.01 for control vs HF (P=0.00187; Mann-Whitney U test). D through F, LV tissues from patients with
DCM with HF show abnormal early endosome (EE) distribution with the EEs localizing to the PM compared to controls. Representative x63
confocal images of tissues from control (D) vs HF (E) stained with WGA (Alexa Fluor 594 Conjugate) and a CCDCE3 (coiled-coil domain-
containing protein 53) antibody. Scale bar, 20 pm (scale bar in enlarged sections, 5 ym). Enlarged regions were zoomed in 5x. F, Quantification
of immunostaining and confocal images as described in (D and E) using ROl-based image quantification via Imaged. Control, n=61 images, n=4
patients; HF, n=76 images, n=b patients; corresponding data points were used for analysis. **F<0.01 for control vs HF (P=0.00121; Mann-
Whitney U test). Data are shown as mean+SEM. Images shown in figures are representative of the average value from each group. Au indicates

arbitrary units; and DAPI, 4’,6-diamidino-2-phenylindole.
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Figure 8. Defective endocytosis and endosome distribution result in mitochondrial iron deficiency in the presence of dilated

cardiomyopathy (DCM) mutations.

Activity of the clathrin-mediated endocytosis (CME)—dependent signaling pathway was detected in live atrial cardiomyocytes obtained from tissue
of patients undergoing open-heart coronary bypass cardiac surgery by measuring transferrin uptake. RhoA Il (Rho activator II) treatment activating
RhoA increased CME-dependent transferrin uptake in live adult patient myocytes, compared to control vehicle. A, Representative x63 confocal
images are shown. Scale bar, 20 um. B, Quantification of A. **<0.001 for control vehicle (CV) vs RhoA Il (P=1.21x10%; Mann-Whitney U test).
C, Schematic indicating pathomechanisms associated with dysfunctional sarcomere links via vinculin to fibrous actin (F-actin)/phosphatidylinositol
4.5-bisphosphate (PIP2)—enriched plasma membrane (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 DCM mutations as well as in cardiomyocytes from patients with systolic heart failure. Intermediate filaments (IF); actin filaments
around the PM (MF; red); PIP2 denotes PIP2-enriched PM microdomains; green circles, endosomes containing transferrin-bound iron. Images
shown in figures are representative of the average value of each group. Au indicates arbitrary units; and DAPI, 4’,6-diamidino-2-phenylindole.

Consistently, we found that DCM mutations in sarco-
mere proteins led to mitochondrial dysfunction, such as
reduced oxygen consumption rate and increased levels
of mitochondrial superoxide levels. Importantly, our study
links the defective CME-dependent signaling pathway in
DCM iPSC-CMs to mitochondrial dysfunction and defec-
tive contractility as end point phenotypes in DCM that
are exacerbated by this pathomechanism. These findings
were supported by chemical phenotype-introduce as
well as phenotype-rescue experiments manipulating key
points of the CME-dependent signaling pathway.

Circulation Research. 2023;133:e19-e46. DOI: 10.1161/CIRCRESAHA.122.321157

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 pathomechanism is linked to
the sarcomere disorganization observed not only in the
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 PM
hubs enriched for F-actin and PIP2. These PM micro-
domain hubs are critical for initiation of endocytosis and
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uptake of cargo such as transferrin-bound iron. Indeed,
it could be expected that other pathophysiological dys-
functions may also interfere with endocytosis and cargo
uptake, for example, by causing defective formation and/
or function of F-actin and PIP2-enriched PM microdo-
mains 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 defec-
tive F-actin/PIP2-enriched microdomains at the PM,
resulting in impaired endocytosis of transferrin-bound
iron and, ultimately, reduced mitochondrial iron levels.
This pathomechanism could be reversed by rescue of
F-actin/PIP2 microdomain function via Rho activator
[l treatment, which consequently recovered uptake of
transferrin and distribution of endosomes. This resulted
in improved mitochondrial iron levels as well as contrac-
tility in DCM iPSC-CMs.

Moreover, this disease mechanism was confirmed by
introducing defective F-actin/PIP2-dependent microdo-
main function via Lat-A treatment into WT iPSC-CMs.
Concomitantly, Lat-A treatment induced impaired endo-
some distribution and decreased mitochondrial iron levels
in the healthy donor-derived iPSC-CMs. While impaired
contractility in presence of DCM mutations is primarily
caused by sarcomere dysfunction, we showed this to be
reversed following CRISPR/Cas9—-based genomic cor-
rection of the DCM mutation in patient-derived iPSC-
CMs. Interestingly, chemical and peptide treatments
blocking function of the CME-dependent signaling
pathway (Lat-A and UNC3230) reintroduced contractile
dysfunction into the Mut-cor iPSC-CMs. These findings
support that part of the impaired contractility observed
in presence of DCM mutations could be due to down-
stream consequences resulting from defective sarco-
mere protein organization and function. We consider this
an exciting perspective because secondary causes of
contractile defects may be in some cases more amena-
ble to therapeutic drug-based rescue, such as via RhoA
Il, than the primary sarcomere mutation itself.

Iron supplementation through DMT 1-dependent Fe(ll)
uptake improved contractility in DCM iPSC-CMs which
display defective CME-based uptake of transferrin-
bound iron, Fe(lll). This supported that DMT1 assisted
cells to uptake nontransferrin-bound iron in its ferro form,
Fe(ll). Furthermore, this provided a line of evidence of
treatments targeting DMT1 for patients with iron defi-
ciency. Protein expression levels of the TFR were not
significantly changed, suggesting that patients with
DCM carrying inherited mutations might profit from iron
supplementation also when transferrin levels in their
blood are not abnormal. Yet, it should be noted that iron
supplementation may not completely recover pheno-
typic consequences of HF in cases where the defects
are located further downstream of the pathomecha-
nism described here. Additionally, we found that Fe(ll)
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treatment did not alter LDL uptake in presence of DCM
mutations in sarcomere proteins. This indicated that
Fe(ll) treatment had no effect on CME-dependent cargo
uptake. However, it is possible that enhanced availability
of substrate such as ferric iron, Fe(lll), could boost CME-
based uptake of transferrin-bound ferric iron, Fe(lll), as
the CME pathway might not operate at maximum capac-
ity under steady-state conditions. In vivo experiments in
animal models, such as mice, would allow us to further
address this point. Moreover, Fe(lll) restriction via def-
eroxamine treatment led to reduced mitochondrial iron
levels and impaired contractility. RhoA activation could
rescue the disturbed mitochondrial iron levels and con-
tractility in presence of deferoxamine. Furthermore, TFR
antibody treatment in CRISPR/Cas9 Mut-cor (Mut-cor)
iPSC-CMs, which display functions comparable to WT
control, led to decreased mitochondrial iron levels and
reduced contractility as a consequence of reduced
CME-mediated iron uptake. Consistently, RhoA activa-
tion in Mut-cor iPSC-CMs in presence of TFR antibody
reversed the reduced mitochondrial iron levels as well as
impaired contractility. However, higher concentrations of
TFR antibody increased the blockage of the transferrin
receptor, which depressed the rescue effects delivered
by a parallel RhoA Il treatment. Together, these findings
further supported our conclusions, supporting a balanced
intracellular iron homeostasis in cardiomyocytes to be
essential for proper cardiovascular functions. Currently,
it is not known whether mechanisms may exist that link
mutations in sarcomere proteins to regulation of iron
homeostasis genes. Although the investigation of such
mechanisms exceeds the frame of this study, this could
be an interesting topic for future research. Subsequent
studies could include animal models such as mouse
models. Animal models are needed to investigate if fer-
ric iron, Fe(lll), supplementation could enhance CME-
dependent iron uptake in vivo. Moreover, animal models
would allow us to test if RhoA activation in presence of
DCM mutations rescues defective CME-dependent sig-
naling, impaired endosomal cargo distribution, and iron
deficiency in vivo.

We showed that RhoA treatment improved contractil-
ity as well as sarcomere protein organization and inter-
actions 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. Interestingly,
we demonstrated that heart tissues from patients with
DCM with end-stage HF display an abnormal distribution
of endosome cargo carriers as well. These data suggest
that iron deficiency due to defective endocytosis might
present a more general dysfunction in patients with DCM
with HF. Together, the pathomechanism of defective CME
and endosome cargo distribution described here may
possibly play a role in the pathophysiology of cardiomy-
opathy and HF and might be a prevalent mechanism in
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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 HF Of note, we
established an assay for measuring CME-dependent
cargo uptake of transferrin-bound iron also in live cardio-
myocytes from adult patients. We demonstrated that the
CME-dependent signaling pathway is active also in live
cardiomyocytes from adult patients. Moreover, we showed
that CME-dependent signaling can be activated by RhoA
Il treatment in live adult cardiomyocytes, suggesting that
RhoA activation could constitute a potential druggable tar-
get in patients with DCM and HF. Overall, drug treatments
addressing defects in this molecular mechanistic pathway
may present promising future therapeutic directions for
patients with DCM with inherited sarcomeric mutations.
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