
 

 

 University of Groningen

Studying cardiac diseases using human stem cell-derived cardiomyocytes
Hoes, Martinus Franciscus Gerardus Adrianus

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hoes, M. F. G. A. (2019). Studying cardiac diseases using human stem cell-derived cardiomyocytes.
[Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/ef40e940-aee9-44ac-9d34-da85c3fdce0c


Chapter 7
Sterol metabolism is differentially 

regulated in human induced pluripotent 
stem cell-derived cardiomyocytes of 

peripartum cardiomyopathy patients.

Martijn F. Hoes1*, Nils Bomer1*, Tristan V. de Jong2, Melanie Ricke-Hoch3, 
Martina Kasten3, Victor Guryev2, Denise Hilfiker-Kleiner3, Peter van der Meer1.

*Equal contribution.
1Department of Cardiology, University Medical Center Groningen, University of 

Groningen, Groningen, the Netherlands.
2European Research Institute for the Biology of Ageing, University Medical Center 

Groningen, University of Groningen, Groningen, The Netherlands.
3Department of Cardiology and Angiology, Hannover Medical School, Hannover, 

Germany

Manuscript in preparation.



Chapter 7

140

ABStRACt

Background
Peripartum cardiomyopathy (PPCM) is a rare form of heart failure that occurs at the end of 
the pregnancy or in the first months after delivery. PPCM diagnosis is based on exclusion 
and is therefore difficult to diagnose and characterize.

objective
This study aims to determine which underlying pathways are differentially regulated in 
PPCM patients compared to familial controls.

Methods
Cardiomyocytes were generated from three PPCM patient-derived induced pluripotent 
stem cell (iPSC) clones, and from of two iPSC clones derived from her healthy sister. 
Pregnancy-associated wall stress was simulated by the application of equiaxial mechani-
cal stretch for 48 hours on these cardiomyocytes. RNA sequencing was performed on 
cardiomyocytes derived from a PPCM patient and a healthy sister after mechanical stretch 
compared to static conditions. Sequencing results have been replicated in stem cell-
derived cardiomyocytes from a second patient and a familial control using real time qPCR. 
Pathway and transcription factor enrichment analyses have been performed to identify 
affected pathways.

Results
Pathway analysis of differentially expressed genes in patient-derived cardiomyocytes 
widely indicated that major sterol and lipid metabolic pathways were reduced in PPCM, 
regardless of mechanical stretch. Additionally, pathways related to adaptive immune 
response, regulation of multicellular organismal process, and cofactor metabolism were 
significantly affected in PPCM. Further analysis revealed that SP1 and NF-Y were central 
transcription factors involved in nearly all identified pathways related to lipid metabo-
lism. Strikingly, these results could be reproduced in a second patient and in mice with a 
cardiac-specific knockout of the STAT3 gene.

Conclusions
The present study mainly identified pathways related to sterol and lipid metabolism to 
be aberrantly regulated in PPCM. These data provide new insights into the underlying 
mechanisms and are indicative for novel pathways associated with PPCM.
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IntRoduCtIon

Peripartum cardiomyopathy (PPCM) is a rare but severe form of heart failure that occurs 
in the last trimester of pregnancy or in the first 6 months following delivery1. PPCM has a 
varying incidence of about 1:3000 pregnancies in western countries to 1:300 pregnancies 
in Haiti1,2. Various mechanisms have been proposed to lead to PPCM, among which are 
cathepsin D-mediated cleavage of prolactin in the circulation, contributing to angiogenic 
imbalance, and disrupted metabolism due to microRNA-146a production3-9. While this 
disease has been extensively studied, key aspects remain unknown, the most prominent 
of which is the contribution of genetic predisposition to develop PPCM. While mouse 
models were used that harbored conditional deletion of signal transducer and activator 
of transcription 3 (STAT3) or PPARG coactivator 1 alpha (PGC-1a), none of these genetic 
variants have been associated with PPCM in patients3,6,10. A previously published genome-
wide association study identified a polymorphism near the PTHLH gene, but the impact of 
this finding remains ambiguous10. Indeed, identifying specific genetic variations that result 
in PPCM is imperative for improved patient diagnosis and prognosis. To this end, we have 
generated induced pluripotent stem cell-derived cardiomyocytes from a PPCM patient 
and her healthy sister, which we subjected to mechanical stretch in order to simulate 
pregnancy-associated wall stress. By using a familial control, we ensure significant similar-
ity in genetic background. Subsequently, we employed RNA sequencing to determine 
differential gene expression as part of the response to mechanical stretch in control car-
diomyocytes compared to PPCM patient-derived cardiomyocytes. We hypothesize that 
patient-derived cardiomyocytes respond differently to stretch compared to cardiomyo-
cytes derived from a healthy control individual. Ultimately, we expect that this approach 
will provide an unbiased insight into cardiomyocyte-specific PPCM pathogenesis.

MetHodS

Patient selection
Patients at the age of 18 or above were eligible for the study if they have been diagnosed 
with PPCM according to the European Society of Cardiology guidelines 2012 as previously 
described11. A total of 2 patients have been included. A sister or mother of each patient 
were included as control subjects. Both control subjects have been pregnant at least once 
without cardiac complications. All participants have provided informed consent. This 
study was approved by the Medical Ethical Committee of the University Medical Center 
Groningen (application number: METc 2014.104). Patients were additionally screened 
using a genotyping-panel for known genetic variants associated with cardiomyopathies 
(e.g. DCM) to exclude pleiotropy. Next generation sequencing (short-read sequencing; 
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Illumina) was used to screen for genetic variations in any of the following genes: ABCC9, 
ACTC1, ACTN2, ALPK3, ANKRD1, ANO5, BAG3, CALR3, CAV3, CRYAB, CSRP3, CTNNA3, 
DES, DMD, DSC2, DSG2, DSP, DTNA, EMD, FHL1, FKTN, GLA, HCN4, ILK, JPH2, JUP, LAMA4, 
LAMP2, LDB3, LMNA, MIB1, MYBPC3, MYH6, MYH7, MYL2, MYL3, MYLK2, MYPN, MYOZ1, 
MYOZ2, NEXN, PKP2, PLN, PRDM16, PRKAG2, RBM20, RYR2, SCN5A, SGCD, TAZ, TBX20, 
TCAP, TMEM43, TNNC1, TNNI3, TNNT2, TPM1, TTN, TTR, TXNRD2, VCL.

hiPSC generation
Skin biopsies were collected by punch biopsy (4 mm in diameter) from the inside of 
the upper arm. After manually cutting the biopsies to smaller pieces, fibroblasts were 
allowed to grow out of the pieces of skin by culturing in fibroblast medium consisting of 
DMEM supplemented with 15% fetal bovine serum (F7524, Sigma-Aldrich), 10% sodium 
pyruvate (11360070, Thermo Fisher Scientific), 10% non-essential amino acids (11140076, 
Thermo Fisher Scientific), 10% GlutaMAX (35050061, Thermo Fisher Scientific) and 10% 
penicillin/streptomycin (15070063, Thermo Fisher Scientific). Once enough fibroblasts 
were obtained, reprogramming was performed using an Amaxa Nucleofector and a NHDF 
nucleofection kit (VPD-1001, Lonza). Episomal vectors pCXLE-hOCT3/4, pCXLE-hSK, and 
pCXLE-hMLN were obtained from Addgene and were a gift from Shinya Yamanaka (Ad-
dgene numbers 27076, 27078, and 27079 respectively). Vectors were mixed in a 2:3:2 
ratio in a nucleofection mix with 3 μg plasmids in total. Nucleofected fibroblasts were 
cultured in fibroblast medium until cultures reached 70-80% confluency. Then, medium 
was switched to Essential 6 medium (A1516401, Thermo Fisher Scientific). When the first 
hiPSC colonies were observed, 10 ng/ml basic fibroblast growth factor (bFGF; 100-18B, 
Peprotech) was added to the Essential 6 medium. At day 24 after nucleofection, me-
dium was switched to Essential 8 medium (A1517001, Thermo Fisher Scientific). HiPS cell 
colonies were excised from the fibroblast monolayer between days 26-32 after nucleofec-
tion. Newly generated hiPS cell colonies were initially cultured in Essential 8 medium on 
vitronectin-coated surfaces (07180, Stem Cell Technologies). After several passages, the 
culturing surface was switched to Geltrex (A1413301, Thermo Fisher Scientific). Passaging 
was done by accutase-mediated (A6964, Sigma Aldrich) enzymatic dissociation.

Cardiac differentiation
Differentiation to cardiomyocytes was achieved based on a modified protocol as described 
previously12. Briefly, hiPS cells were dissociated with accutase for 3 minutes and plated as 
single cells in Essential 8 medium containing 10 μM Y26732 (S1049, Selleck Chemicals), 
Essential 8 medium (without Y26732) was refreshed daily. Once cultures reached 80% con-
fluency, cells were washed with PBS and differentiation was initiated (day 0) by culturing 
cells in CDM3 medium (as described by Burridge et al.13) supplemented with 5% KnockOut 
Serum Replacement (KOSR; 10828028, Thermo Fisher Scientific), 6 μM CHIR99021 (13122, 
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Cayman Chemical) and 50 ng/ml Activin A (120-14E, Peprotech). At day 2, cells were 
washed with PBS and medium was refreshed with CDM3 medium supplemented with 5% 
KOSR, 2 μM Wnt-C59 (5148, Tocris Bioscience) and 5 ng/ml bone morphogenic protein 
4 (BMP4; SRP3016, Sigma Aldrich). From day 4, medium was changed to CDM3 medium 
and was refreshed every other day as cardiomyocyte maintenance medium. This resulted 
in cultures with >90% spontaneously contracting cardiomyocytes at day 8-10. To further 
enrich these cultures, starting from day 12, differentiated cardiomyocytes were cultured 
in glucose-free RPMI1640-based (11879, Thermo Fisher Scientific) CDM3 medium supple-
mented with 5 mM sodium DL-lactate (CDM3L; L4263, Sigma-Aldrich) for 4 days13. This 
resulted in >99% pure spontaneously beating cardiomyocytes. Experiments were typically 
started at day 28.

Animal experiments
The generation of mice with cardiomyocyte-restricted deletion of STAT3 αMHC-Cretg-/- ; 
STAT3fl/fl mice (STAT3-CKO) was described previously4,14. Echocardiography was performed 
in sedated mice before the first pregnancy and after ending of the second nursing period 
(2% isoflurane inhalation, connected to a rodent ventilator) using a Vevo 770 (Visual Son-
ics) as described4,14,15. Cardiac tissue samples were collected prior to pregnancy or after 
2 pregnancies of STAT3-CKO mice or from wild type (WT) litter mates. All animal studies 
were undertaken in accordance with German Animal Welfare legislation and with the Eu-
ropean Communities Council Directive 2010/63/EU for the protection of animals used for 
experimental purposes. All experiments were approved by the Local Institutional Animal 
Care and Research Advisory Committee and permitted by the relevant local authority for 
animal protection.

Immunocytochemistry
Cells on coverslips were washed twice with cold PBS, and fixed with 4% paraformaldehyde 
on ice during 10 minutes. Fixed cells were washed three times with PBS, followed by 
permeabilization with PBS + 0.3% Triton-X100 (T9284, Sigma-Aldrich) on ice during 5 
minutes. Samples were blocked for 1 hour at room temperature with PBS/Tween (0.1%; 
P1379, Sigma-Aldrich) containing 3% BSA (11930, Serva) and 2% goat serum (G9023, 
Sigma). Cells were subsequently incubated with monoclonal anti-α-actinin IgG1 (1:100; 
A7811, Sigma-Aldrich) and polyclonal anti-cardiac troponin T IgG (1:100; ab45932, Abcam) 
diluted in the blocking mix during 1 hour. After washing, cells were incubated with Alexa 
Fluor 488 donkey-anti-mouse IgG (1:1000; A21202, Thermo Fisher Scientific) and Alexa 
Fluor 555 donkey-anti-rabbit IgG (1:1000; A31572, Thermo Fisher Scientific). Coverslips 
were mounted with Vectashield mounting medium containing DAPI (H-1200, Vector labs) 
and images were obtained with a Leica AF-6000 microscope.
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nt-proBnP determination in medium
Medium samples were collected and centrifuged at 12.000x g to remove cellular debris. 
NT-proBNP was determined in the supernatant by enzyme-linked immunosorbent assay 
(ELISA) according to manufacturer protocols (DY3604-05, R&D Systems).

Application of mechanical stretch
Cyclic equiaxial mechanical stretch was induced according a previously published proto-
col16. Briefly, hiPSC-CM were seeded on Geltrex-coated Bioflex 6-well plates (BF-3001C, 
Flexcell). Mechanical stretch was induced at 15% and 1 Hz for 48 hours using a FX-4000 
(FlexCell). Control hiPSC-CM were cultured on the same plates without applying mechani-
cal stretch.

Quantitative real-time PCR
To analyze gene expression, total RNA was isolated using TRI reagent according to the 
provided protocol (T9424, Sigma). RNA concentrations have been determined with a 
Nanodrop 2000 (Thermo Scientific), and cDNA was synthesized using the QuantiTect 
Reverse Transcription kit (205313, Qiagen). Gene expression analysis was performed by 
qRT-PCR using IQ SYBR Green (170-8885, BioRad). The samples were normalized to the 
reference gene ribosomal protein lateral stalk subunit P0 (RPLP0). The primers used can 
be found in Supplementary Table 1.

RnA library preparation
RNA sequencing was performed on 24 control samples from two clones and on 34 samples 
from 3 clones from a PPCM patient. Half of all samples were mechanically stretched prior 
to RNA isolation and were compared to unstretched controls. Total RNA was isolated with 
TRI reagent according to the manufacturer protocol (T9424, Sigma). RNA samples ex-
ceeded a minimum RIN of 8. Consequently, 1 μg of RNA was used for 150 bp RNA library 
sequencing (Illumina TruSeq RNA Library Prep Kit and Illumina HiSeq 2000). The RNA 
library preparation and subsequent sequencing has been performed by the sequencing 
facility at the Genetic Laboratory of the Erasmus MC University Medical Center Rotterdam.

Gene expression analysis
Differentially expressed genes were identified using EdgeR before the data was loaded 
into a DGE list17,18, filtered and normalized to the upper quartile. The following model was 
designed: model(~individual + stretch + individual:stretch). A General Linear Model Quasi 
Likelyhood F-test (GLMQLF-test) was performed to identify differentially expressed genes 
for stretched conditions, PPCM conditions, and for genes that were differently affected 
by mechanical stretch between PPCM samples and control samples. Gene Ontology (GO)-
term enrichment analysis was performed with GOrilla and visualized with REVIGO19,20. 
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Transcription factor enrichment analysis was performed with GeneCodis321-23. The FDR 
cutoff value was set to 0.01.

ReSultS

Selection of patient/healthy control pair and disease induction in iPS-
cardiomyocytes
The patient (aged 49) presenting the most characteristic phenotype of PPCM showing 
all classical signs and symptoms of the disease was selected for RNA-sequencing experi-
ments. A healthy sister (aged 47) was included in the study as a control. All clones had 
normal kayotypes (Figure 1A). Two clones of the control and 3 clones of the PPCM patient 
were used to generate individual-specific cardiomyocytes (Figure 1B). Further handling 
of the data is shown in Supplementary Figure S1. All differentiations were divided into 
groups of static or stretched cardiomyocytes; which enabled us to use the subsequent 
data to pair-wise correct for stretch effects. All clones could be differentiated with similar 
efficiencies, resulting in almost homogenous cardiomyocyte cultures.

In order to verify successful differentiation, immunocytochemical staining of iPS cell-
derived cardiomyocytes showed positive staining for the cardiac markers α-actinin and 
troponin T (Figure 1C). Notably, distinct sarcomeric striated patterns typical for cardio-
myocytes were observed. These morphological hallmarks in combination with observed 
spontaneous contractions confirm successful cardiomyocyte generation from the ob-
tained hiPS cells. To verify the effectiveness of mechanical stretch, as a surrogate for the 
increased myocardial wall stress as observed in pregnant women, medium was collected 
after stretching. NT-proBNP levels in the spent cell culture medium were increased by 
1.72-fold in mechanically stretched control cardiomyocytes (SD = 1.18; p = 0.045) com-
pared to a 2.22-fold increase in PPCM cardiomyocytes (SD = 0.67; p = 7.5E-5), implicating 
the induction of cardiac stress (Figure 1D).

Differential gene expression in human iPSC-derived Cardiomyocytes in a 
model for cardiac wall stress
RNA sequencing data for a total of 52 samples was included based on a gene coverage of 
over 1 fragment per million read counts (FPM > 1). 6 samples did not meet this criterion 
and have been omitted. The 15705 Ensembl gene identifiers detected in our samples 
were subjected to a preliminary analysis in order to gain a general view of differentially 
expressed gene distribution over all conditions, which is visualized in a Venn diagram in 
Figure 2A. In addition, a principle component analysis revealed that samples for each 
condition resulted in the clustering of samples within the respective condition (Figure 2B). 
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Figure 1 - experimental overview and model validation. All iPS cells clones had normal karyotypes (A). 
Two clones were used from the control, while three clones were used from the patient. Half of all differentia-
tion cardiomyocytes of each clone (control and patient) were stretched while the other half was used as a 
static control (B). Cardiomyocytes stained positive for α-actinin (green) and cardiac troponin T (red), coun-
terstained for nuclei with DAPI (blue) (C). NT-proBNP levels were compared between static and stretched 
cardiomyocytes and are shown as fold change (D). Scale bars: 25 μm; *p<0.05, ****p<0.0001.
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However, stretched PPCM showed large variation for both components in comparison to 
other conditions.

To determine the eff ects of mechanical stretch as a model for cardiac wall stress, all 
data from the mechanically stretched samples was pooled and a pair-wise analysis was 
performed with a GLMQLF-test. Mechanical stretch was found to be associated with a 
signifi cant upregulation of 488 genes and the downregulation of 1128 genes (Supple-
mentary Figure S2 and a list of identifi ed genes in Supplementary Table 2; available upon 
request). We found a large overlap with a recent study using a similar protocol and path-
way enrichment analyses showed comparable hits (e.g. GDF15, HOPX, RANBP17, HCN1, 
and CAMKK2).16

Diff erential gene expression in human iPSC-derived Cardiomyocytes 
associating with PPCM
Using the model (~patient + condition + patient:condition), we were able to identify 
specifi c diff erences based on patient versus healthy control analyses, due to the pair-wise 
comparison between mechanically stretched samples. We found that the PPCM pheno-
type associated with signifi cant upregulation of 426 genes and downregulation of 373 
genes (Supplementary Figure S3 and Supplementary Table 3; available upon request). 
Interaction analysis of diff erentially expressed genes between mechanically stretched 
conditions and PPCM cardiomyocytes resulted in the identifi cation of a single gene that 
showed a signifi cant interaction. Small nucleolar RNA, C/D box 3A (SNORD3A) was found 
to be regulated in an opposite fashion between PPCM cardiomyocytes and control car-
diomyocytes (Supplementary Figure S4).
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(A). Samples show overlap for component 1 but show diff erentiation for component 2. Stretched PPCM 
samples show a large degree of variation for both components (B).
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Alternatively, we compared PPCM cardiomyocytes to control cardiomyocytes by 
disregarding the generic eff ects in response to mechanical stretch and we found that 
a plethora of key genes involved in sterol and lipid metabolism were diff erentially ex-
pressed in the PPCM associated diff erential expression (Supplementary Table 3; available 
upon request). Moreover, GO term enrichment analysis confi rmed that sterol and lipid 
metabolism (multiple GO terms with p-value in the range: 9.88E-4 to 7E-8 for 120 genes) 
was greatly aff ected in addition to cell diff erentiation processes (p =1.5E-4 for 54 genes), 
double-strand break repair (p = 4.75E-4 for 5 genes), and antigen processing (p =5.17E-4 
for 3 genes) and presentation of endogenous peptide antigen via MHC class I (p =1.34E-4 
for 3 genes). Among the genes related to lipid and sterol metabolism are SREBF1, SCD, 
ACLY, ACAT2, FADS2, and ABCB4 (Figure 3). In addition, a tree map was generated based 
on the GO terms identifi ed by GOrilla using REVIGO to indicate how the various diff erently 
regulated pathways interact and how these are related to other identifi ed pathways (Fig-
ure 4). Half of the GO clusters were associated with sterol and lipid metabolism, whereas 
the other GO clusters were much less represented.
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Figure 3 - Genes associated with sterol and lipid metabolism aff ected in PPCM cardiomyocytes. Ste-
rol Regulatory Element Binding Transcription Factor 1(SREBF1), Stearoyl-CoA Desaturase (SCD), ATP Citrate 
Lyase (ACLY), Acetyl-CoA Acetyltransferase 2 (ACAT2), Fatty Acid Desaturase 2 (FADS2), and ATP Binding 
Cassette Subfamily B Member 4 (ABCB4) were diff erentially expressed in PPCM compared to control car-
diomyocytes. All results pass a signifi cance threshold of p<0.01 of grouped control samples vs grouped 
PPCM samples.



Aberrant metabolism in PPCM patient-derived cardiomyocytes

149

7

Finally, GOrilla was used to identify genes that are known to be associated with sterol 
and lipid metabolism and are diff erentially expressed in PPCM. A total of 120 genes (from 
a total of 799 genes) associated with these pathways were selected (Supplementary Table 
3; available upon request). To explore how these genes might be regulated by transcrip-
tion factors, we performed a transcription factor enrichment analysis and found that these 
genes primarily contain binding sequences for SP1 (p < 0.05 for 81 genes) and NF-Y (p < 
0.05 for 39 genes) (Figure 5 and Supplementary Table 4; available upon request).

top hits can be validated in an independent patient and in StAt3 knockout 
mice.
In order to validate these results, hiPSC-CM were generated from a second (independent 
patient). Like the fi rst hiPSC-CM samples, cardiomyocytes from control and the patient 
were compared under static and mechanically stretched conditions. From the RNA se-
quencing results, the genes with the highest fold change and lowest FDR were selected 
as general validation benchmarks. These top genes showed the same expression patterns 
in both patients (Figure 6A). Furthermore, detailed analysis of RNA sequencing data 
implicated lipid and cholesterol metabolism to be abnormal in PPCM cardiomyocytes. To 
confi rm that cholesterol and lipid metabolism is also aff ected in the second patient, we 
selected relevant genes that were diff erentially expressed in PPCM and could be detected 
by qRT-PCR. These genes showed expression patterns similar to the fi rst patient (Figure 
6B).

Additional determination of gene expression levels in STAT3-CKO mice was performed 
in order to further validate the relevance of genes identifi ed by RNA sequencing. Gene 
expression analysis in cardiac tissue of STAT3-CKO mice revealed that the key regulators 
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of sterol and lipid metabolism ELOVL6, FDFT1 and SREBF1 were diff erentially regulated 
(Figure 7A). ELOVL6 expression was signifi cantly increased after pregnancy, whereas FDFT1 
and SREBF1 failed to be induced following pregnancy. Furthermore, multiple top genes 
identifi ed by RNA sequencing were also found to be diff erentially expressed in STAT3-CKO 
mice after pregnancy (Figure 7B). Several of the top identifi ed genes (PWP2, CTSF, and 
SC5D) were not induced after pregnancy while COX7A1 expression levels decreased in 
response to pregnancy.

dISCuSSIon

In this study we set out to characterize genome wide transcriptomic diff erences between 
PPCM patients paired with a healthy close relative by means of RNA sequencing. To further 
stress possible diff erences, we used a model for cardiac wall stress, mimicking the induced 
volume load on the myocardium as seen in pregnancy. Based on our data we propose 
sterol and lipid metabolism as a putative pathway involved in PPCM pathogenesis, with a 
prominent role for the major metabolism transcription factor SREBF1, which encodes the 
protein SREBP1 (as indicated in Figure 3)24.

To study PPCM pathogenesis as unbiased as possible, we included a PPCM patient paired 
with a healthy sister in order to reduce genetic background variation as much as possible. 
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Figure 5 - Transcription factor enrichment analysis of diff erentially expressed genes in PPCM that are 
related to sterol and lipid metabolism. The majority of genes are transcriptionally controlled by NF-Y and 
SP1. Numbers indicate the number of genes that contain binding sequences for one or more transcription 
factor.
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RNA sequencing data analysis suggests that cardiomyocyte stress responses overlap to 
minor extent between mechanical stretch and PPCM (74 differentially expressed genes). 
Moreover, only SNORD3A was regulated in an opposite fashion in response to mechanical 
stretch between control cardiomyocytes and PPCM cardiomyocytes. SNORD3A is a rather 
unknown transcript which has only been associated with prion disease progression25. The 
precise role of SNORD3A in cardiomyocytes and the occurrence of PPCM therefore needs 
further research.

To identify intrinsic disease markers independent of mechanical stretch, the transcrip-
tome of PPCM cardiomyocytes was compared to that of control cardiomyocytes, after 
mathematically disregarding specific stretch effects. Sterol and lipid metabolic pathways 
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Figure 6 - Replication of differentially expressed genes in an independent PPCM patient. Three of the 
most differentially expressed genes in PPCM showed similar expression patterns in a second patient (A). 
Genes associated with lipid metabolism were also found to be regulated differently in a second patient (B). 
*p<0.05, ****p<0.0001
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were found to be amongst the most significantly differentially regulated pathways. 
Interestingly, previously identified genes (including cathepsin D) were not identified as 
differentially expressed genes between all conditions. Interestingly, gene expression 
levels for the major transcription factor in sterol and lipid metabolic pathways SREBP1 
was significantly decreased in PPCM cardiomyocytes. SREBP1 has been shown to regulate 
common pathways with various key metabolic transcription factor like PGC-1α, ERRα, 
and PPARγ26. This is in line with a previous study in which PGC-1α was deleted in mice, 
resulting in impaired fatty acid metabolism and increased susceptibility to develop heart 
failure6,27,28.

It has been widely accepted that the heart reverts to glycolysis as a main source of 
energy production when heart failure is developing, while fatty acid oxidation is repressed 
in parallel29. Paradoxically, this suggests the need for PGC-1α-mediated fatty acid metabo-
lism activation to be minor during cardiac stress. Effectively, cardiac metabolism during 
pregnancy is more dependent on fatty acid oxidation than in physiological conditions. 
Notably, cardiac metabolism is atypically regulated during pregnancy. Pregnancy-related 
hormones (e.g. estrogen, progesterone, prolactin, and cortisol) cause symptoms similar 
to insulin resistance observed in type II diabetic patients29,30. Furthermore, glucose utiliza-
tion is progressively reduced in rats during pregnancy while free fatty acid uptake and 
influx is increased31,32. Interestingly, SREBP1 was found to be a pivotal transcription factor 
in the PGC-1α/LXR/ERRα axis33-36. It may therefore be conceivable that sterol and lipid 
metabolism is impaired due to aberrant upstream regulation of SREBP1, having a par-
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Figure 7 - Top genes identified by RNA-sequencing were also differentially expressed in the hearts of 
STAT3-CKO mice. Major genes involved in lipid metabolism were also found to be differentially expressed 
in the hearts of STAT3-CKO mice (A). STAT3-CKO mice demonstrated differential expression in multiple top 
genes identified by RNA sequencing (B). *p<0.05, **p<0.01, ***p<0.001.
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ticularly detrimental role regarding the needs of a heart during pregnancy. Additionally, 
transcription factor enrichment analysis indicated that SP1 and NF-Y were the primary 
transcription factors involved in transcriptional control of various key genes involved 
in sterol and lipid metabolism. While SP1 is involved in various cellular processes, NF-Y 
is mainly linked to lipid metabolism and related processes. A pivotal study previously 
discovered that SREBF1 was found to occupy the promoters of 1141 target genes and 
extensively interacts with SP1 and NF-Y37. Combined, these findings provide a strong sug-
gestion that this interaction between SREBP1, NF-Y, and SP1 is impaired in PPCM patients 
and may cause aberrant regulation of sterol and lipid metabolism at a specific time that 
might cause onset of the disease.

Our study provides detailed insight into how PPCM patient-derived cardiomyocytes 
function at baseline compared to familial control cardiomyocytes. Additionally, we intro-
duced mechanical stretch to mimic wall stress observed during pregnancy. While the cop-
ing mechanisms in response to mechanical stretch seemed to be a conserved mechanism, 
the comparison between the healthy control individual and the PPCM patient resulted in 
great differences at baseline: primarily sterol and lipid metabolism was impaired in PPCM 
cardiomyocytes. The small number of PPCM patients included in the study are a limitation 
and results were only generated in hiPSC-derived cardiomyocytes. Also, it remains unclear 
to what extent these results are representative for the in vivo pathophysiology. Moreover, 
the results obtained through RNA sequencing should be confirmed in more patients.

In conclusion, our data show that cholesterol and lipid metabolism is widely affected 
in PPCM patient-derived cardiomyocytes. These data could generally be confirmed in an 
independent control-patient pair, albeit in less detail. Ultimately, our findings substantiate 
the suggested mechanism related to the importance of metabolism as a causal factor for 
PPCM susceptibility.
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Supplementary Figure S1 - Flow diagram of sample collection, culture conditions and data analysis.



Aberrant metabolism in PPCM patient-derived cardiomyocytes

157

7

 Effect of stretch

−3 −1 1 2 3
Z−score

0

1000

2500

Color Key
and Histogram

C
ou

nt

−2 0

Control PPCM
Static Stretch Static Stretch

Supplementary Figure S2 - Heat map of differentially expressed genes after mechanical stretch. All 
stretched samples have been compared to static samples and all conditions of differentially expressed 
genes are mapped. Yellow marks upregulated genes (488) and cyan marks downregulated genes (1128). 
FDR < 0.01.



Chapter 7

158

 Effect of PPCM

Control PPCM
Static Stretch Static Stretch

−3 −1 1 2 3
Z−score

0

1000

1500

Color Key
and Histogram

C
ou

nt

−2 0

500

Supplementary Figure S3 - Heat map of differentially expressed genes between control and PPCM 
patient. All effects due to stretch have been normalized and all samples of the control were compared to 
PPCM patient samples. Yellow marks upregulated genes (426) and cyan marks downregulated genes (373). 
FDR < 0.01.
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Supplementary Figure S4 - SNORD3A is diff erently regulated in control samples compared to PPCM 
samples. Stretch induced SNORD3A, while SNORD3A downregulation was found in PPCM samples.

Supplementary Table 1 - Primer sequences for quantitative real-time PCR.

Species Primer Forward Reverse

Human HLA-C 5’-TGGTTGTCCTAGCTGTCCTTGG-3’ 5’-AGGCAGCTGTCTCAGGCTTT-3’

NLRP2 5’-CGAGCCTCCAGGTCTTTGAA-3’ 5’-GAAGCGCTCCAGCATTTCG-3’

SV2C 5’-ACACCACTCAGGGCAAGGG-3’ 5’-AGCCTCCTTTCAGTGGTTCAG-3’

ASGR2 5’-ACGGACAGTGATGGCTCTTG-3’ 5’-AGAAGTCATCGTTCCAGCGG-3’

FABP1 5’-TCTCCGGCAAGTACCAACTG -3’ 5’-GATTTCCGACACCCCCTTGA -3’

APOA4 5’-CCACGGTGATGTGGGACTAC-3’ 5’-GTTTGTCCTGGAAGAGGGCA-3’

APOB 5’-AGACCATTTCAGCCTTCGGG-3’ 5’-GTGGCGTAGAGACCCATCAC-3’

APOC3 5’-TTACATGAAGCACGCCACCA-3’ 5’-CCTCAGGGTCCAAATCCCAG-3’

Mouse NLRP2 5’-CGAGCCTCCAGGTCTTTGAA-3’ 5’-GAAGCGCTCCAGCATTTCG-3’

SV2C 5’-ACACCACTCAGGGCAAGGG-3’ 5’-AGCCTCCTTTCAGTGGTTCAG-3’

ASGR2 5’-ACGGACAGTGATGGCTCTTG-3’ 5’-AGAAGTCATCGTTCCAGCGG-3’

FABP1 5’-TCTCCGGCAAGTACCAACTG -3’ 5’-GATTTCCGACACCCCCTTGA -3’

APOA4 5’-CCACGGTGATGTGGGACTAC-3’ 5’-GTTTGTCCTGGAAGAGGGCA-3’

APOB 5’-AGACCATTTCAGCCTTCGGG-3’ 5’-GTGGCGTAGAGACCCATCAC-3’

APOC3 5’-TTACATGAAGCACGCCACCA-3’ 5’-CCTCAGGGTCCAAATCCCAG-3’
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