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Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare genetic disorder that

causes accelerated aging and a high risk of cardiovascular complications.

However, the underlying mechanisms of cardiac complications of this

syndrome are not fully understood. This study modeled HGPS using

cardiomyocytes (CM) derived from induced pluripotent stem cells (iPSC)

derived from a patient with HGPS and characterized the biophysical,

morphological, and molecular changes found in these CM compared to CM

derived from a healthy donor. Electrophysiological recordings suggest that the

HGPS-CM was functional and had normal electrophysiological properties.

Electron tomography showed nuclear morphology alteration, and the 3D

reconstruction of electron tomography images suggests structural

abnormalities in HGPS-CM mitochondria, however, there was no difference

in mitochondrial content as measured by Mitotracker. Immunofluorescence

indicates nuclear morphological alteration and confirms the presence of

Troponin T. Telomere length was measured using qRT-PCR, and no

difference was found in the CM from HGPS when compared to the control.

Proteomic analysis was carried out in a high-resolution system using Liquid

Chromatography Tandem Mass Spectrometry (LC-MS/MS). The proteomics

data show distinct group separations and protein expression differences

between HGPS and control-CM, highlighting changes in ribosomal, TCA

cycle, and amino acid biosynthesis, among other modifications. Our findings

show that iPSC-derived cardiomyocytes from a Progeria Syndrome patient
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have significant changes in mitochondrial morphology and protein expression,

implying novel mechanisms underlying premature cardiac aging.

KEYWORDS

aging, progeria, proteomics, pluripotent stem cell (PSC), cardiology, metabolism,mass
spectrometery (MS)

1 Introduction

Hutchinson-Gilford Progeria Syndrome (HGPS) is an

extremely rare genetic disorder. Patients with HGPS

present severe cardiovascular complications associated with

a premature process of aging (Hennekam, 2006; Capell et al.,

2008; Merideth et al., 2008). At the genetic level, HGPS is

caused by a single mutation in the Lamin A (LMNA) gene,

leading to the expression of a mutant protein isoform. The

mutated protein, also known as Progerin (isoform 6), is

accumulated in the cells, promoting several effects, such as

nuclear blebbing and stiffness, mitochondrial dysfunction,

and epigenomic alterations, leading to disturbed protein

homeostasis and accelerated senescence (Capell et al., 2007;

Merideth et al., 2008; Olive et al., 2010; Liu et al., 2011;

Bonello-Palot et al., 2014; Gordon et al., 2018; Hamczyk

et al., 2018).

The phenomenon of aging is a biological process of

progressive accumulation of physiologic changes, decreasing

the ability to maintain the body’s homeostasis (Kenyon,

2010). Aging is not a disease, but it dramatically increases the

risk of developing chronic cardiovascular (North and Sinclair,

2012) and metabolic diseases (Barzilai et al., 2012; Bonomini

et al., 2015). The aging process varies greatly among organisms,

differing more than 100-fold among species (Ma et al., 2015), but

the reasons for this large variation are not fully understood.

Initially, one of the main mechanisms suggested as responsible

for aging was DNA damage accumulation associated with

decreased activity of telomerase (Harley et al., 1990).

Currently, additional mechanisms are discussed, such as

mitochondrial dysfunction and ROS generation (Chen et al.,

2017), metabolic alterations (Monnerat et al., 2018b) and

alterations in protein expression of key pathways, which could

regulate aging (Rando, 2006; Kenyon, 2010; López-Otín et al.,

2013).

Investigation of cardiac diseases at the cellular and

molecular level is complicated due to the invasiveness of

obtaining cardiac tissue samples and maintaining functional

primary cardiac cells under culture conditions. Nowadays,

however, functional cardiomyocytes (CM) can be obtained

with in vitro based on cell reprogramming using induced

pluripotent stem cells (iPSC) (Takahashi et al., 2007; Zhang

et al., 2009). The aim of the present study was to generate CM

from an HGPS patient using iPSCs in order to investigate the

underlying cellular and molecular mechanisms of cardiac

premature aging.

2 Materials and methods

2.1 Cell culture and cardiomyocyte
differentiation

Induced pluripotent stem cells derived cardiomyocytes were

generated as summarized in Figure 1A. Two iPSC lineages (we

used four independent clones for each cell line investigated) were

used in this work, one derived from a healthy donor previously

described by our group (Mesquita et al., 2015), used as control,

and the other, obtained from The Progeria Research Foundation/

Cell and Tissue Bank, derived from a patient with HPGS. The

experimental protocol was approved by the research ethics

committee (IRB) of the National Institute of Cardiology under

number 24138414.1.0000.5272. The iPSC from the Progeria

patient presented the classical HGPS LMNA Exon 11,

heterozygous c.1824C>T (p.Gly608Gly) mutation (PRF-Cell

line: HGADFN167 iPS1J that was previously characterized

(Atchison et al., 2020). The mutation was confirmed in the

cardiomyocytes by Sanger sequencing (Supplementary Figure

S1). The iPSCs were cultivated under feeder-free conditions using

mTeSR™1 medium (cat. 85851, STEMCELL Technologies,

Vancouver, BC, Canada). For cardiac differentiation, the

iPSCs were plated at high-density (3 × 105 iPSCs/well) for

72 h in 48-well culture plates covered with an hESC-qualified

BDMatrigel™ matrix (cat. no. 354277, BD Biosciences, San Jose,

CA, United States ) diluted 1:100 in PBS. On day 0, iPSCs were

treated with 12 µM of GSK3 inhibitor, CHIR99021 (cat. 4,423,

Tocris, Minneapolis, MN, United States ) in RPMI 1640 medium

(cat.22400-021, ThermoFisher Scientific, Waltham, MA,

United States ) with B-27 minus insulin supplement (cat.

A189561, ThermoFischer Scientific, Waltham, MA,

United States ) for 24 h. During days 1 and 2, the iPSCs were

cultivated with RPMI 1640 medium supplemented with B-27

minus insulin. To achieve cardiac mesoderm specification, on

day 3, 10 µM of XAV 939 (cat. 3,748, Tocris, Minneapolis, MN,

United States ) were added to the culture medium (RPMI + B-27

minus insulin) and on day 4 this medium was replaced by fresh

medium with 5 µM of XAV 939. RPMI + B-27 minus insulin

medium was replaced daily on days 5 and 6. On day 7, RPMI was

supplemented with B-27 with insulin (cat. 17504044,

ThermoFischer Scientific, Waltham, MA, United States ) and

spontaneous beating cells were observed. The RPMI medium

supplemented with B-27 with insulin was replaced daily until day

10. After day 10, the medium was replaced twice a week until day

30, followed by a 4-day duration metabolic selection to enrich

Frontiers in Physiology frontiersin.org02

Monnerat et al. 10.3389/fphys.2022.1007418

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007418


FIGURE 1
Study design and iPSC-derived cardiomyocyte generation (A) Schematic representation of the study design. (B) Gate strategy is shown in flow
cytometry analysis of Troponin T (TnT) expression on cardiomyocytes derived from iPS cells. First, cells were gated by the scattering light pattern
(forward scatter–FSC and side scatter–SSC), then single cells were selected and finally, the intensity of fluorescence was determined by the
secondary antibody staining. Cardiomyocytes stained only with secondary antibody (Alexa-Fluor 647). Cardiomyocytes stained with anti-TnT
primary antibody followed by secondary antibody staining (Alexa-Fluor 647). Histogram overlap of secondary-stained (grey curve) and TnT-stained
cells (blue curve). The x-axis shows the intensity of fluorescence for TnT. (C) The efficiency of cardiomyocyte generation in consecutive paired
cellular differentiations. The columns represent the percentage of cardiac troponin T positive cells after differentiation, and the bars represent SEM,
and non-parametric Mann-Whitney test was applied (CM-Control n = 4; CM-Prog n = 4).
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cultures in cardiomyocytes. Cultured cells were treated with

4 mM lactate (cat. 71718-10g, Sigma Aldrich, St. Louis, MO,

United States ) diluted in DMEM no glucose (cat. 11966-025,

ThermoFischer Scientific, Waltham, MA, United States ). In

order to evaluate the efficiency of cardiomyocyte

differentiation and enrichment, cardiac Troponin-T positive

cells were quantified by flow cytometry after the metabolic

selection. Cardiomyocytes were detached from cell plates

using Trypsin-EDTA (cat. 25200-72, Gibco, ThermoFischer

Scientific, Waltham, MA, United States ). The cells were then

fixed with 4% formaldehyde (cat. 158127-300, Sigma-Aldrich, St.

Louis, MO, United States ) for 20 min at room temperature

followed by membrane permeabilization with 0.3% Triton X-100

(cat.9284, Sigma Aldrich, St. Louis, MO, United States ) for

20 min at room temperature. The cells were then stained for

30 min at 4°C with anti-Troponin T cardiac isoform antibody

(cat. MS-295-P1, ThermoFischer Scientific, Waltham, MA,

United States ) diluted 1:100 in buffer solution (PBS with

0.5% BSA). After washing, the cells were stained for 20 min at

4°C, in the dark, with Alexa Fluor 647 goat anti-mouse IgG (H +

L) secondary antibody (cat. A- 21236, ThermoFisher Scientific,

Waltham, MA, United States ) diluted 1:400 in buffer solution.

The cells stained only with secondary antibody were used as

unspecific stained control. The acquisition was performed in a

BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA,

United States ) and the data were analyzed by FlowJo software

version X.1. Only cultures with more than 70% cardiomyocytes

were used to perform the experiments.

2.2 Electrophysiology and action potential
recordings

35-mm plates with 1 × 105 iPSCs derived cardiomyocytes

were transferred to a recording chamber as described previously

(Silva Dos Santos et al., 2018). Action potentials were recorded as

described elsewhere (José et al., 2017). CM preparations were

superfused with Tyrode’s solution containing (in mM):

150.8 NaCl, 5.4 KCl, 1.8 CaCl2, 1.0 MgCl2, 11.0 D-glucose,

10.0 HEPES (pH 7.4 adjusted with NaOH) saturated with

oxygen at a perfusion flow rate of 0.5 ml/min (Miniplus 3,

Gilson, Middleton, WI, United States ) and 37.0 ± 0.5 °C

using Temperature Controller (Harvard Apparatus, Holliston,

MA, United States ). Transmembrane potential was recorded

using glass microelectrodes (40–80 MΩDC resistance) filled with

2.7 MKCl connected to aMicroelectrode Amplifier (MultiClamp

700B, Molecular Devices, San Jose, CA, United States ).

Amplified signals were digitized (1,440 digidata A/D interface,

Axon Instruments, Molecular Devices, San Jose, CA,

United States ) and stored in a computer for later analysis

using LabChart 7.3 software (ADInstruments, Bella Vista,

NSW, Australia). The following parameters were analyzed:

resting potential, maximum upstroke velocity, and action

potential duration at 90% (APD90) repolarization, from three

consecutive action potentials from each cell.

2.3 Electron tomography and 3D
reconstruction

Cells were washed in Dulbecco’s PBS, pH 7.2, fixed for 1 h in

a solution containing 2.5% glutaraldehyde, 4% freshly prepared

formaldehyde in 0.1 M Sodium cacodylate buffer. Cells were then

washed in the same buffer and postfixed in 1% OsO4 plus 0.8%

ferrocyanide and 5 mMCaCl2 in 0.1 M cacodylate buffer, pH 7.2,

for 1 h, dehydrated in ascending concentrations of ethanol and

embedded in Polybed 812 epoxide resin. Two hundred-

nanometer ribbons of serial sections of iPSCs derived CM

were collected on Formvar-coated slot copper grids. Samples

were poststained with uranyl acetate and lead citrate and

incubated with 10 nm colloidal gold on both sides for 5 min

and washed in distilled water as described previously (Wendt

et al., 2016). Sections were observed in a 200 kV FEI Tecnai

G2 transmission electron microscope (Tecnai G2, FEI Company,

Eindhoven, Netherlands) equipped with a 4k CCD camera

(Eagle, FEI Company, Eindhoven, Netherlands). Tilt series

were acquired using Xplore 3D (FEI Company, Eindhoven,

Netherlands). Tomograms were recorded between - 65 and

+65 with an angular increment of 1°. Alignments were applied

using fiducial markers and weighted back projections with the

MOD software package. The IMOD package was used for

segmentation and data analysis. Mitochondrial volume and

the number of cristae were calculated from a total of

48 mitochondria (CM-Control n = 19; CM-Prog n = 29) in

tomographic reconstructions obtained from at least six fields,

assuming a sample thickness of 200 nm. Representative images

for nucleus morphology were also obtained in the same prepared

samples. Three cells were analyzed in control and in Progeria

cardiomyocytes from different differentiations.

2.4 Immunofluorescence

The cells were fixed with 4% paraformaldehyde for 20 min at

room temperature. Then they were washed three times with PBS

1x for 5 min. Next, the cells were permeabilized with 0.3% Triton

diluted in 1x PBS for 15 min. Subsequently, blocking was done

using a 5% BSA solution diluted in PBS 1x for 60 min. We then

placed the primary antibody in question in PBS-BSA 3% at 1:100

(LMNA, cat. MA3-1,000, ThermoFisher scientific) for Lamin

A/C; and 1:200 (Troponin T, cat. MS-295-P1, ThermoFisher

scientific) for Troponin T, cardiac isoform, dilutions, and

incubated overnight at 4°C. The following day, we washed 3x

with 1x PBS for 5 min. After the washes, we placed the secondary

antibody Cy™3 AffiniPure Donkey Anti-Mouse IgG (H + L) (cat.

715150, Jackson ImmunoResearch) diluted in PBS-BSA 3% at a
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1:400 ratio for 2 h at room temperature. After incubation, we

washed 3x with 1x PBS for 5 min. Finally, we placed DAPI (cat.

D9542, Sigma-Aldrich) for 5 min and washed 3x times with PBS

1x for 5 min. The coverslips were sealed using 13 µL of

Fluoroumont (ThermoFisher scientific). Images were taken

with the ×100 objective on the Elyra PS.1 confocal microscope

(Carl Zeiss), ZEN 2012 SP5 software (Carl Zeiss), at the

Advanced Microscopy Unit (UMA) of the National Center for

Structural Biology and Bioimaging (UFRJ, Rio de Janeiro).

2.5 Telomere length by quantitative PCR
(qPCR)

DNeasy Blood & Tissue Kit (Qiagen, Venlo, Netherlands)

was used in DNA extraction according to the manufacturer’s

instructions. The genomic DNA integrity was verified by

electrophoresis using 50 ng of DNA in 1.5% agarose gel at

200 V for 45 min. DNA samples were frozen at -20 °C until

qPCR analysis. Telomere length measurement was based on the

protocol previously described (Gutierrez-Rodrigues et al., 2014).

Briefly, qPCR was performed in 24 µL final volume reactions

including 1.6 ng of genomic DNA, 2x RotorGene SYBR Green

PCR Master Mix (Qiagen, Venlo, Netherlands), 300 nM of

primer Tel forward (CGGTTTGTTTGGGTTTGGGTTTGG

GTTTGGGTTTGGGTT) and 300 nM of primerTel reverse

(GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT)

or 300 nM of primer 36B4 single gene forward (CAGCAAGTG

GGAAGGTGTAATCC) and 500 nM of primer 36B4 single gene

reverse (CCCATTCTATCATCAACGGGTACAA).

Amplification cycling was conducted in Step One System

(Qiagen, Venlo, Netherlands) as follow: 5 min at 95°C followed

by 25 cycles of 7 s at 98°C and 10 s at 60°C for telomere reactions

or 5 min at 95 °C followed by 35 cycles of 7 s at 98°C and 10 s at

58°C for single gene reactions. Telomere length (x) was calculated

as telomere to single copy gene ratio (T/S ratio) and based on the

calculation of the ΔCt [Ct (telomeres)/Ct (single gene)].

Telomere length was expressed as the relative T/S ratio, which

was normalized to the average T/S ratio of reference sample

[2−(ΔCtx − ΔCtr) = 2−ΔΔCT]. The linear regression equation used

to convert T/S ratio values in kilobases was: telomere length

(kb) = 4.330x+5.07, based on the correlation with Southern blot

analyses, where x corresponds to the T/S ratio value.

2.6 Intracellular ROS by DCF assay

The cells were dissociated with TrypLE™ express (Gibco,

ThermoFischer Scientific, Waltham, MA, United States ) and 1 ×

105 control or HGPS cells (iPSC or CM) were incubated with

10 µM of CM-H2DCFDA (cat. C6827, Invitrogen, Carlsbad, CA,

United States ) for 30 min at 37°C. The samples were centrifuged

at 4°C, resuspended in PBS and fluorescence was immediately

measured with excitation and emission wavelengths of 490 and

525 nm, respectively, in Victor™ X5 microplate reader to

determine intracellular generation of ROS. The results were

expressed as Mean Fluorescence intensity per 1 × 105 cells.

Unstained cells were used for determining autofluorescence.

2.7 Mitochondria staining by mitotracker
assay

The cells were dissociated with TrypLE™ express (Gibco,

ThermoFischer Scientific, Waltham, MA, United States ) and 1 ×

105 control or HGPS cells (iPSC or CM) were incubated with

0.5 µM of MitoTracker® Red FM (cat. M22425, Invitrogen,

Carlsbad, CA, United States ) for 30 min at 37 °C. The

samples were centrifuged at 4 °C, resuspended in PBS and

fluorescence was immediately measured with excitation and

emission wavelengths of 581 and 644 nm, respectively, in

Victor™ X5 microplate reader (PerkinElmer, Waltham, MA,

United States ) to indirectly determine mitochondria content.

The results were expressed as Mean Fluorescence intensity per

1 × 105 cells. Unstained cells were used for determining

autofluorescence.

2.8 Proteomics

2.8.1 Sample preparation
Briefly, protein samples from iPSCs derived cardiomyocytes

were precipitated with 10% (1:4 v/v) trichloroacetic acid (Sigma-

Aldrich, St. Louis, MO, United States ) in acetone (Sigma-

Aldrich, St. Louis, MO, United States ) by incubation on ice

overnight followed by centrifugation for 15 min at 4°C and

15,000 rpm. Samples were washed three times with cold

acetone and air dried. Proteins were suspended in 15 μL of

7 M urea/2 M thiourea (Sigma-Aldrich, St. Louis, MO,

United States ) and were quantified using a Quibit Protein

Assay Kit (Thermo Scientific, Thermo Scientific, Waltham,

MA, United States ). Proteins were reduced with 10 mM

dithiothreitol (DTT; Sigma-Aldrich, St. Louis, MO,

United States ) by incubation for 1 h at 30 °C followed by

alkylation by incubation with 55 mM iodoacetamide (IAM;

Sigma-Aldrich, St. Louis, MO, United States ) for 30 min in

the dark at room temperature. After alkylation, 50 mM

NH4HCO3 (10:1 v/v; Sigma-Aldrich, St. Louis, MO,

United States ) and mass spectrometry-grade trypsin

(Promega, Madison, WI, United States ) at a ratio of 50:1

(protein:trypsin) were added to the proteins, and were

incubated overnight at 35°C. After digestion, the samples were

acidified using 0.1% trifluoroacetic acid (TFA; Sigma-Aldrich, St.

Louis, MO, United States ). Peptides were cleaned with an in-

house prepared C-18 column and eluted in 50 μL of 50%

acetonitrile (ACN)/0.1% TFA followed by 50 μL of 70% ACN/
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0.1% TFA, dried in a SpeedVac concentrator (Thermo Scientific,

Waltham, MA, United States ) and resuspended in 15 μL of 0.1%

formic acid (Sigma-Aldrich, St. Louis, MO, United States ).

Peptides were quantified using a Quibit Protein Assay Kit and

suspended to a final concentration of 0.25 μg/μL in 0.1%

formic acid.

2.9 Sample and data analysis

Samples were analyzed in three technical replicates by liquid

chromatography-tandem mass spectrometry (LC-MS/MS).

Briefly, 4 μL of the diluted samples were applied to an EASY-

nLC 1,000 system (Thermo Scientific, Waltham, MA,

United States ) coupled online to an nESI-Q-Exactive Plus

mass spectrometer (Thermo Scientific, Waltham, MA,

United States ). Peptides were loaded into a trap column

(EASY-ColumnTM, 2cm, ID100μm, 5um, 120A, C18-A1

-Thermo Scientific, Waltham, MA, United States ) and eluted

in an analytical column (75 μm × 25 cm) packed in-house with

ReproSil-Pur 120 C18-AQ, 3 µm (Dr. Maisch, Ammerbuch,

Germany). Peptide separations were performed using a gradient

from 95% solution A (0.1% formic acid, 5% acetonitrile) to 5–20%

solution B (0.1% formic acid, 95% acetonitrile; Sigma-Aldrich, St.

Louis, MO, United States ) over 120 min followed by 20–40%

solution B over 40 min, followed by 40–95% solution B over 7 min

and were maintained in 95% solution B for 13 min. MS1 spectra

were acquired in a positive mode using the data-dependent

automatic (DDA). Each DDA consisted of a survey scan in the

m/z range of 350–2000 and a resolution of 70,000 (atm/z 200)with

automatic gain control (AGC) target value of 1 × 10–6 ions. The

20most intense ions were subjected toMS2 acquisition usingHCD

normalized dissociation (HCD) of previously selected ions, a

resolution of 17,500 and AGC of 1 × 10–6 ions.

MS data were analyzed with Proteome Discoverer (version

2.1.0.81, Thermo Scientific, Waltham, MA, United States ) using a

UniprotHomo sapiens database and Sequest HT algorithm. Search

parameters were for tryptic peptides, two missed cleavages,

FIGURE 2
Nuclear morphology of iPSC-derived cardiomyocytes by electron tomography. (A–C) Images correspond to the CM-Control, and (D–F) to the
CM-Prog. The scale bar on the images is 2 um and in the inserts it is 1 um.
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oxidation of methionine, n-terminal protein acetylation, as

variable modification, and carbamidomethylation as static

modifications, and a precursor mass tolerance of 10 ppm and

fragment mass tolerance of 0.05 Da. A cutoff score was established

to accept a false discovery rate (FDR) of 1%, using Percolator.

Proteins were grouped according to the maximum parsimony

approach. To be considered as identified, the protein had to be

identified in at least in three LC-MS/MS runs per group. The

identified proteins were submitted to the GeneOntology Biological

Process in the STRING online database, and biological processes

and protein map interaction was carried out (Szklarczyk et al.,

2017). Label free quantification was performed as previously

described (Nogueira et al., 2018). Multivariate analysis was

performed using principal component analysis (PCA) and

univariate statistics with volcano plot considering FDR<0.1, as
previously described (Roumeliotis et al., 2017), with Perseus

software platform (Tyanova et al., 2016).

The mass spectrometry proteomics data have been deposited

to the ProteomeXchange Consortium via the PRIDE (Perez-

Riverol et al., 2022) partner repository with the dataset identifier

PXD036557.

2.10 Statistical analysis

The data are shown as mean values ±SEM. Shapiro-Wilk test

normality test was performed in the data. Multiple comparisons

between groups were performed using Student’s t-test and non-

parametric Mann-Whitney test.

Values of p < 0.05 were considered statistically significant.

The statistics performed for proteomics is described above. All

analyses were made using GraphPad Prism 9.0 (GraphPad

Software, San Diego, CA, United States ).

3 Results

3.1 Efficiency of cardiomyocyte
differentiation

The iPSCs were differentiated into CM as summarized in

Figure 1A. In order to evaluate CM differentiation efficiency, the

expression of Troponin-T was quantified. Figure 1B shows the

gate strategy in flow cytometry analysis of Troponin T (TnT)

FIGURE 3
Electrophysiological characterization of iPSC-derived cardiomyocytes (A) Representative traces of action potential recordings in
spontaneously contracting ventricular-like cardiomyocytes, from both control (CM-Control) and HGPS (CM-Prog) from three distinct cellular
differentiations. (B) Action potential duration at 90% of repolarization (APD90). Scatter plot shows values from individual cells, where horizontal bars
represent mean values with SEM. Each dot represents the action potential of a different cell and student’s t-test was applied (CM-Control n= 11;
CM-Prog n = 14).
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expression on cardiomyocytes derived from iPS cells. As shown

in Figure 1C, our method was able to generate an average of 80%

CM and there were no differences in differentiation efficiency

after metabolic selection (see Methods) between CM derived

from the healthy donor (CM-Control) and from the HGPS

patient (CM-Prog) in three independent paired cellular

differentiation protocols. Troponin-T staining confirmed the

presence of troponin-T in the generated cardiomyocytes

(Supplementary Figure S2).

3.2 Nuclear morphology of cardiomyocytes
derived from HGPS

A hallmark of Progeria syndrome is the nuclear morphology

alteration in somatic cells. Aiming to evaluate if cardiomyocytes

derived from HGPS, an electro tomography imaging model was

applied for morphological evaluation. As illustrated with a

representative image in Figure 2, the CM generated from a

healthy donor presented a normal nuclear morphology

(Figures 2A–C). However, the CM derived from the HGPS

patient presented a clear morphological abnormality (Figures

2D–F). Furthermore, these results were further confirmed with

confocal microscopy using DAPI and Lamin A/C staining

(Supplementary Figure S3).

3.3 Functional cardiomyocyte
characterization

Cellular electrophysiology was analyzed in order to

investigate whether the generated cardiomyocytes were

functional. As demonstrated in Figure 3A, CM-Control and

CM-Prog showed typical ventricle-like action potentials.

Furthermore, we analyzed action potential duration at 90%

(APD90) repolarization in spontaneously beating

FIGURE 4
Electron tomography and mitochondrial 3D model in cardiomyocytes (A) Virtual z-slices obtained from tomograms, merged image and
representative 3Dmodel of control andHGPS cardiomyocytes. Mitochondria presenting an absence of cristae (arrowhead) or cristae running parallel
to the main axis of the organelle (arrow) were observed in the CM-Prog condition. Scale bar: 300 nm. (B) Mitochondrial volume quantification. (C)
Total number ofmitochondrial cristae. Scatter plot shows values from individualmitochondria; horizontal bars representmean values with SEM.
* indicates p < 0.05 and **p < 0.01 between groups with student’s t-test (CM-Control n = 19; CM-Prog n = 29).
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cardiomyocytes and found no difference between groups

(Figure 3B). Furthermore, resting potential amplitude and

maximal upstroke velocity were also similar in CM-Control

and CM-Prog (Supplementary Table S1).

3.4 Cardiac mitochondrial morphologic
and functional evaluation

Mitochondrial alterations are one of the hallmarks of aging

and HGPS. The structural organization of mitochondria in

control and progeria iPSCs derived cardiomyocytes was

assessed by electron tomography and 3D reconstruction.

Results showed that CM-Prog mitochondria presented some

abnormalities, such as the absence of cristae (Figure 4A,

arrowhead) or cristae running parallel to the main axis of the

organelle (Figure 4A, arrow). Three-dimensional morphometry

showed that HGPS derived CM presented a decreased

mitochondrial volume and a lower number of cristae/

mitochondrion (Figure 4B,C).

We next analyzed the mitochondrial content using

Mitotracker in the iPSCs and the generated CM. As

summarized in Figure 5A, there was no difference in

mitochondrial content between control and HGPS iPSC.

Furthermore, the generated CM presented similar

mitochondrial content (Figure 5B), from three paired

independent cellular differentiation protocols. We further

analyzed ROS generation in the iPSCs and in the CM. As

presented in Figure 6A, no difference was observed in ROS

generation between the iPSCs groups. However, CM derived

from HGPS iPSCs (CM-Prog) presented a significantly lower

FIGURE 5
Mitochondrial content iPSCs and iPSCs derived
cardiomyocytes. Mitochondrial content in iPSCs (A) and iPSCs
derived cardiomyocytes (B) analyzed by Mitotracker Mean
Fluorescence intensity. Columns represent mean values and
bars SEM, and non-parametric Mann-Whitney test was applied
(iPSC-Control n= 3; iPSC-Prog n = 4; CM-Control n= 3; CM-Prog
n = 3). FIGURE 6

Intracellular generation of reactive oxidative species (ROS).
Intracellular ROS production in iPSCs (A) and iPSCs derived
cardiomyocytes (B) from cellular differentiations. Columns
represent mean values and bars SEM. * indicates p <
0.05 between groups with non-parametric Mann-Whitney test
was applied (iPSC-Control n= 3; iPSC-Prog n= 4; CM-Control n =
4; CM-Prog n = 4).
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level of ROS production when compared to CM-Control

(Figure 6B).

3.5 Molecular alterations of the generated
cardiomyocytes

Telomere length is an important biomarker of aging biology.

In this context, we investigated telomere length in CM from

control and HGPS donors. As demonstrated in Figure 7, the CM

presented normal telomere length.

Proteomic analysis of IPSCs derived cardiomyocytes.

To identify molecular patterns and networks altered by

HGPS in cardiac cells, we performed a proteomic analysis

based on liquid chromatography tandem mass spectrometry

(LC-MS/MS) in a high-resolution system-based proteomic

analysis. Principal Component Analysis (PCA) of three

independent differentiation protocols with similar troponin

T expression from a control and an HGPS patient run in

triplicate shows methodological reproducibility and distinct

group separation (Figure 8A). Commonly and exclusively

identified proteins in iPSC-derived cardiomyocytes are

summarized using Venn a diagram (Figure 8B), where a

total of 1,054 proteins were identified; 869 proteins that

were expressed in both groups; 128 proteins only expressed

in HGPS and 57 proteins expressed only in Control (list of

identified proteins is presented in Supplementary Table S2).

Volcano plot analysis of the data shows differentially expressed

proteins in iPS-derived cardiomyocytes from control and

HGPS (Figure 8C), where proteins outside the significance

lines are colored in red (upregulated in HGPS) or blue

(downregulated in HGPS) (line represents FDR < 0.1). The

list and statistical values of proteins identified with statistical

differences between the two groups are presented in

Supplementary Table S3. In order to better understand the

biological role of the altered proteins, pathways analysis using

Gene Ontology Biological Process of proteins differentially

expressed (either down-regulated (blue) or up-regulated (red))

was performed as summarized in Figure 8D and in the

Supplementary Table S4.

4 Discussion

Investigations into rare diseases such as HGPS are normally

neglected due to high cost and low patient/sample availability

(Collins, 2016), leading to poor understanding of disease

pathophysiology, reduced treatment innovations and drug

discovery (Chang et al., 2018) Furthermore, when these

diseases affect tissues or organs that are difficult and risky to

access, the issue of sample availability becomes even more

critical. Therefore, the generation of functional cardiac cells

derived from iPSCs from HGPS, a very rare disease where

children present a high incidence of cardiovascular

complications, opens novel ways to investigate the biological

process of premature cardiac aging, discover new drugs (Mercola

et al., 2013) and fulfill the promise of personalized medicine

(Sharma et al., 2014). Herein we present, for the first time, a

cellular and molecular functional analysis of cardiomyocytes

derived from a Progeria Syndrome iPSCs cell line.

Critical complications in cardiac disease are often caused by

electrical disturbances (Monnerat et al., 2016). Thus, in the

present study, we analyzed the electrophysiological properties

of the generated cardiomyocytes. No electrical abnormalities

were observed in cardiomyocytes derived from HGPS iPSC.

Interestingly, patients with HGPS display normal

electrocardiograms throughout most of the course of the

disease. Nevertheless, in the later stages of the disease, HGPS

patients can present with QT interval prolongation (Merideth

et al., 2008).

The generated cardiomyocytes derived from HGPS-iPSCs

produced lower levels of ROS, however, ROS has been implicated

in aging, and fibroblasts derived from HGPS patients have been

shown to produce more ROS than control fibroblasts (Viteri

et al., 2010; Mateos et al., 2015).We speculate that the diminished

ROS production in cardiomyocytes derived from HGPS-iPSCs

may be related to the lower mitochondrial function related to

their morphological alteration, decreased number of cristae, and

biochemical alterations found in the proteomics. Alterations

found in mitochondria are compatible with altered metabolic

function and capacity found in patients (Viteri et al., 2010;

Gordon et al., 2014).

Besides mitochondrial alterations, the expression of key

proteins is a determinant for energy generation and cellular

homeostasis (Calvo and Mootha, 2010; Stefely et al., 2016).

Using mass spectrometry, we were able to identify more than

1700 proteins in the cardiomyocytes derived from iPSC, many of

FIGURE 7
Telomere length in iPSC-derived cardiomyocytes. Telomere
Length analysis in iPSC-derived cardiomyocytes performed by
qPCR from distinct cellular differentiations. Columns represent
mean values and bars SEM, and non-parametric Mann-
Whitney test was applied (CM-Control n = 4; CM-Prog n = 3).
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them exclusively expressed in HGPS iPSC-derived

cardiomyocytes or presenting significantly altered abundance.

Interestingly, KEGG pathway analysis demonstrated that down-

regulated proteins in HGPS cardiomyocytes are related to the

TCA cycle, a key metabolic process for energy generation

(Sheydina et al., 2011; López-Otín et al., 2013; Tocchi et al.,

2015). In agreement with these findings, using a mouse model of

HGPS, Rivera-Torres and coworkers demonstrated that

metabolic alterations induced by HGPS might be related to a

decreased mitochondrial oxidative capacity. In this study, the

authors demonstrated that proteins necessary for mitochondrial

oxidative phosphorylation are down-regulated in fibroblasts

using a very sensitive mass spectrometry-based proteomics

(Rivera-Torres et al., 2013). Furthermore, proteins related to

the biosynthesis of amino acids were found to be down-regulated

in our work. In this regard, frailty resulting from muscle loss is a

FIGURE 8
Proteomic analysis of Control andHGPS cardiomyocytes (A) Principal Component Analysis (PCA) of three distinct differentiations of iPS-derived
cardiomyocytes from a Control and an HGPS patient run in triplicate. (B) Commonly and exclusively identified proteins in cardiomyocytes: a total of
1,054 proteins were identified; 869 proteins were expressed in both groups; 128 proteins were only expressed in Progeria and 57 proteins only in
control. (C) Volcano plots showing differently expressed proteins: p values vs. the fold change in protein abundance between the two groups,
where proteins above the lines in red are upregulated in Progeria and in blue are downregulated in Progeria) (FDR<0.1). (D)GeneOntology Biological
Process (KEGG Pathways) of differentially expressed proteins (CM-Control n = 3; CM-Prog n = 3; analyzed in triplicate).
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major problem in the aged population. Besides, HGPS patients

present low skeletal development that may be related to the

growth abnormalities observed in HGPS children (Gordon et al.,

2012).

Interestingly, previous publications demonstrated inhibition

of PGC-1α function, a central regulator of mitochondrial

biogenesis (Xiong et al., 2016), in HGPS fibroblasts. From the

therapeutic point of view, drugs targeting this organelle might

provide novel treatments. In this context, the treatment of

fibroblasts from HGPS with metformin, a popular antidiabetic

biguanide used for aging-related complications, is able to restore

several metabolic and molecular alterations induced by

premature aging, through AMPK activation, a key pathway

also related to PGC-1α(Cantó and Auwerx, 2009; Monnerat-

Cahli et al., 2014; Park and Shin, 2017).

Previous studies showed that the telomere is shortened in

HGPS fibroblasts, but normal in hematopoietic cells (Decker

et al., 2009). We observed no differences in telomere length

between cardiomyocytes derived from healthy and HGPS

donors. Telomere length shortening can differ between

proliferative and minimally proliferative tissues, mainly during

early life (Gardner et al., 2007; Daniali et al., 2013). Since iPSC-

derived cells are known to be immature and cardiomyocytes are

not very proliferative even in early developmental stages, the lack

of a difference in telomere shortening between the control and

HGPS cardiomyocytes is not surprising. To date, no study has

measured telomere length in cardiomyocytes from HGPS

patients.

Cellular stress is a major hallmark of cardiac diseases and

aging. Cellular stress in cardiac cells can lead to promoting

changes in several molecular pathways, leading to either

activation or inactivation of key enzymes and other protein

types. Therefore, a non-target proteomic approach is of major

relevance for broad cellular investigation. Cell death, DNA

damage, and abnormal calcium handling can be induced by

cellular stress in cardiomyocytes, which increases the risk of

cardiac diseases and premature aging (Yousefzadeh et al., 2021).

In this context, our proteomics experiments found an increase of

RPS27a in HPGS cardiomyocytes, a protein that plays an

important role in DNA damage response regulated by

p53 and was characterized as a cellular stress sensor (Nosrati

et al., 2015). Furthermore, the heat shock protein 47, also known

as SERPINH1, a protein expressed in the endoplasmic reticulum

that is linked to stress response, was upregulated. Conversely, the

OBSCN protein, from the obscurin proteins, was found to be

decreased in the HGPS cardiomyocytes. Interestingly, different

clinical studies have associated hypertrophic cardiomyopathies

and a higher risk of sudden cardiac death with mutations in the

OBSCN gene (Grogan and Kontrogianni-Konstantopoulos,

2019).

Our data indicate that premature cardiac aging is related to

mitochondrial dysfunction, induced by morphological and

biochemical alterations. Our study, however, has limitations.

First, the use of a single iPSCs cell line from HGPS, and we

are currently working on deriving more iPSCs lines from

different patients. Second, the cardiomyocytes derived from

iPSCs are known to be immature and may not present the

same physiological properties as adult cardiomyocytes. Third,

we used an iPSCs control cell line from a completely non-related

patient line, an isogenic control with a similar genetic

background might influence the experimental results found in

the present study. Nonetheless, significant differences in

cardiomyocyte protein expression, metabolic pathways, and

nuclear and mitochondrial morphology were evident in

cardiomyocytes derived from HGPS iPSCs when compared to

those derived from a normal donor. We believe that these

findings will induce further research using iPSCs derived cells

from extremely rare diseases.

5 Conclusion

Our study modeled cardiac premature aging using

induced pluripotent stem cells from a patient with Progeria

Syndrome, a very rare disease that affects children. Taken

together, our data show distinct mitochondrial properties in

cardiomyocytes derived from HGPS iPSC, including

morphological and biochemical alterations. Our findings

create novel insights for premature cardiac aging and a

platform that may be further explored for in vitro drug

screening, in the search for new drugs to ameliorate the

devastating course of HGPS.
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