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Abstract: Cardiovascular diseases are the leading cause of mortality worldwide. This group of disorders, 
including myocardial infraction (MI), arises from the widely and irreversible loss of viable and functional 
cardiac muscle, which is replaced by a fibrotic tissue mainly composed by activated cardiac fibroblasts. 
Alternative therapies have been focusing on the direct cardiac muscle tissue regeneration through cell-free 
approaches, thus making crucial to identify key molecules and signaling pathways acting on the cardiac 
microenvironment. In this context, CCBE1 (collagen and calcium-EGF biding domain 1) was identified 
being expressed in the epicardium during the mouse embryonic development. However, its functional role 
during cardiac fibroblasts (CF) specification and functionality is still unknown. Therefore, the main aim of 
this thesis was to unveil CCBE1 role in CF specification, by using a modified hiPSC line displaying the 
CRISPR interference technology (CRISPRi) to selectively knockdown (KD) CCBE1 gene expression. Both 
wild-type and modified CRISPRi cell lines were differentiated into CF, showing clear morphological and 
phenotypical changes throughout the differentiation process. Daily doxycycline addition from iPSC to CF 
was identified to affect the cells’ growth, but not their morphology, viability and phenotype. Using a 
fibroblast-specific medium combined with a TGF-β inhibitor impacted on the differentiation yield and 
allowed to generate a higher number of quiescent fibroblasts. The derived CF were able to maintain their 
phenotype for up to 50 days in culture, to be activated into myofibroblasts and to migrate towards a wound. 
By unveiling the CCBE1 key role on CF differentiation and activation (mimicking MI) we expect to provide 
new insights towards the development of CCBE1-targeted regenerative therapies. 
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1. Introduction 

Cardiovascular diseases comprise a group of 
disorders that affect the heart and circulatory system, 
being accountable for 17.9 million deaths worldwide 
per year, a number that is expected to rise to more 
than 23.6 million, by 20301,2. Within the past decades, 
the leading cause of mortality has been the Ischaemic 
Heart Disease, which is commonly manifested through 
cardiac arrhythmias, stable or unstable angina 
pectoris and myocardial infarction (MI)3. Particularly in 
MI, also known as heart attack, the prolonged 
ischemia and lack of nutrients caused by the occlusion 
of a coronary artery causes the death of more than a 
billion of cardiomyocytes (CMs) on myocardium, either 
by cell necrosis or apoptosis. This large-scale loss, 
together with the increased loading conditions, 
activates a signaling cascade responsible for 
modulating the heart regeneration after the injury4,5. 
Since an adult human heart has a reduced 
regenerative capacity, during this activated healing 

process the necrotic and damaged myocytes are 
replaced with fibrotic tissue. Consequently, some 
pathological changes can arise from this scar 
formation and impair the heart’s normal function, 
ultimately leading to heart failure (HF)5. 

Most of MI therapeutic approaches available 
nowadays are mainly focused on preventing the 
disease progression and improving patient’s welfare. 
In the case of end-stage HF patients, the heart 
transplantation still remains as the best long-term 
medical treatment capable of completely reestablish 
the normal heart function6. However, the high costs, 
surgical complexity and potential organ rejection 
associated to it, along with the reduced number of 
available donors worldwide, hamper the possibility of 
performing it as a standard therapy7. Therefore, 
scientists have been focused on alternative therapies; 
different approaches to promote heart regeneration 
have been discovered and they can be cell-based (e.g. 
using non-cardiac cells, cardiac derived cells and 
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pluripotent stem cells) or cell-free (e.g. using growth 
factors, microRNAs, and extracellular vesicles 
including exosomes)7. Thus, it becomes crucial to 
identify key molecules and signaling pathways acting 
on the cardiac microenvironment. 

CCBE1 has been mainly studied for its essential 
role on the VEGF-C maturation process during 
embryonic and adult lymphangiogenesis8,9. Due to 
the close relationship between the lymphatic and 
cardiovascular systems, some recent studies have 
also been exploring its potential role along the 
mammalian cardiogenesis. Indeed, CCBE1 was 
identified to be expressed in the First Heart Field 
(FHF), Second Heart Field (SHF) and proepicardium 
(PE) of the developing heart on mice and chick 
embryos10,11. Nevertheless, despite the existing 
evidence of a potential involvement in cardiac 
commitment, little is known about CCBE1 function in 
the cardiac fibroblasts (CF). Since CF are crucial 
effectors during the heart remodeling post-MI, 
responsible for modulating the inflammatory reaction 
and for the secretion of a large quantity of ECM 
proteins for the fibrotic scar, such research would 
help to better understand CCBE1 role on the cardiac 
fibrosis microenvironment. 

The aim of this work was to unveil the role of 
CCBE1 on CF differentiation, using gene editing tools 
(CRISPR interference) and human induced 
pluripotent stem cells (hiPSC). With this purpose, a 
wild-type (WT) cell line was firstly used to implement a 
differentiation protocol that follows modulation of the 
Wnt/β-catenin signaling pathway to generate CF. 
Then, the protocol was validated in two modified 
hiPSC lines harboring the inducible CRISPRi system, 
and the impact of  knocking down CCBE1 expression 
on morphological and phenotypically cells throughout 
all the commitment stages was studied. In particular, 
by adding Dox throughout distinct phases of the 
differentiation, it was also possible to evaluate the 
impact of Dox on CRISPRi cells’ viability and 
properties, as well as on CCBE1 KD efficiency. 
Afterwards, aiming at generating large numbers of 
quiescent CRISPRi-derived CF at the end of the 
differentiation, a distinct medium formulation was 
tested at the last differentiation stage. Finally, CCBE1 
effect on CF long-maintenance and their activation into 
myofibroblasts was also assessed. 

 

2. Materials and Methods 

Human iPSC lines. Two human induced pluripotent 
stem cells (hiPSC) lines with the same genetic 
background were used: a Wild-type C (hiPSC-WTC) 
and a modified cell line CRISPRi Gen1C (hiPSC- 
CRISPRi), which integrates a Tet ON inducible system 
that modulates the expression of a deactivated Cas9 
(dCas9) fused with the repressor KRAB domain 

(previously derived by Mandegar and colleagues12). In 
previous work from our group, the last-mentioned line 
was transfected, using Neon Transfection System 
(Thermo Fisher Scientific), with a pgRNA-CKB 
expression vector (Addgene plasmid #73501), 
containing mKate2 as a reporter gene and blasticidin 
as antibiotic selection marker. Through this method, 
two cell lines were generated: hiPSC-CRISPRi-KD, 
carrying a CCBE1-specific gRNA to target the gene’s 
transcription start site (TSS) at 37 bp downstream; and 
hiPSC-CRISPRi-Ctrl, with empty pgRNA-CKB vector. 
Both cell lines were cultured with blasticidin, to select 
the nucleofected cells, and its percentage was 
evaluated by mKate2 expression using an inverted 
fluorescence microscope (Leica Microsystems GmbH). 

Human iPSC expansion. hiPSC lines were regularly 
propagated in static culture systems using T25 and T75 
flasks (Falcon™), coated with growth factor reduced 
(GFR) Matrigel®, Phenol Red Free (BD Biosciences), in 
mTeSRTM1 media (STEMCELL Technologies). Cells 
were maintained under humidified atmosphere with 5 
% CO2 at 37°C and the culture media was exchanged 
daily. At 80-90 % of confluence, cells were passaged 
using Accutase (STEMCELL Technologies), and 
seeded at 2-3 × 104 cell/cm2 using mTeSRTM1 
supplemented with ROCK inhibitor (Y-27632; 
TOCRIS). 

Differentiation of hiPSC into CF. hiPSC cultures in 
expansion were detached from monolayers by 
incubation with Accutase for 5 min at 37°C and seeded 
as single cells (2-3 × 105 cell/cm2) on GFR Matrigel- 
coated 12-well plates (Falcon™). Cell differentiation 
was initiated three days after cell seeding (day 0). The 
first stage of differentiation (Cardiac Progenitor Cells 
(CPC) differentiation) was induced by replacing the 
expansion culture media with RPMI 1640 basal 
medium (Thermo Fisher Scientific) supplemented with 
6 µM CHIR99021 (TOCRIS). Twenty-four hours later 
(day 1), the media was replaced by RPMI 1640 basal 
medium. At day 3, cells were incubated with a 
“combined medium”, containing, per well, 1 mL of the 
spent media and 1 mL of freshly prepared RPMI 1640 
basal medium supplemented with 2.5 µM IWP-2 
(TOCRIS). At day 5, the medium was replaced with 
RPMI 1640 medium. At day 6, hiPSC-CPCs were 
passaged, using Accutase for 5 min at 37°C, and 
seeded at a density of 8 × 104 cell/cm2 on Synthemax 
II-SC (Corning®)-coated 12-well plates to induce the 
second stage of differentiation (Pro-epicardium 
differentiation). The dissociated cells were re- 
suspended in LaSR medium (Advanced DMEM/F12 
medium (Thermo Fisher Scientific), supplemented with 
GlutaMAXTM (Thermo Fisher Scientific), 100 mg/mL 
Ascorbic Acid (Sigma-Aldrich)), with 5 µM Y-27632 
(TOCRIS) combined. From day 7 to day 8, medium was 
replaced by LaSR medium supplemented with 3 µM 
CHIR99021 (TOCRIS). From day 9 to day 11, medium 
was exchanged daily by LaSR medium. The last stage 
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of differentiation (CF differentiation) started at day 12. 
hiPSC-pro-epicardial cells were dissociated into single 
cell by incubation with Accutase, for 5 min at 37°C, and 
seeded at a density of 3 × 104 cell/cm2 on 0.1 % (w/v) 
Gelatin (Sigma-Aldrich)-coated 12-well plates with 
LaSR medium supplemented with 5 µM Y-27632, 2 µM 
SB431542 (STEMCELL Technologies) and 1 % (v/v) 
FBS (HyCloneTM). From day 13 until day 18, the 
medium was replaced daily with LaSR medium 
supplemented with 10 ng/mL rh-FGFb (R&D Systems). 
During this last stage, an alternative fibroblasts culture 
medium was also tested, in particular, FibroGROTM 

medium (Millipore Corporation), supplemented with 10 
µg/mL rh-FGFb and 2 µM SB431542. 

 
hiPSC-derived CF maintenance. Cells were 
passaged every 4 to 6 days using 0.05 % (v/v) Trypsin- 
EDTA (Thermo Fisher Scientific), at a density of 5800 
cell/cm2, on 0.1% (w/v) gelatin-coated 6- or 12-well 
plates, with LaSR medium supplemented with 10 
µg/mL rh-FGFb or in FibroGROTM medium 
supplemented with 10 µg/mL rh-FGFb and 2 µM 
SB4315424. Cells were maintained under humidified 
atmosphere with 5% CO2 at 37°C and medium was 
replaced every second day. 

Cell proliferation. The Click-iT EdU (5-ethynyl-2´- 
deoxyuridine) Flow Cytometry (FC) Assay Kit (Life 
Technologies) was used following the manufacturer’s 
recommended protocol. Cell cultures were incubated 
with 10 μM EdU in culture media for 24 h at 37°C. For 
the analysis by Flow Cytometry (FC), cells were 
washed once with 1 % (v/v) bovine serum albumin 
(BSA) in DPBS (washing buffer) and fixed with the 
fixative solution (Life Technologies) provided in the Kit 
for 15 min. Then, cells were permeabilized with 1 % 
(v/v) saponin in DPBS (saponin-based working 
reagent) for 15 min. Finally, cells were incubated with 
Click-iT AlexaFluor® 488 azide, for 30 min, and 
washed twice before analysis. All incubations periods 
were performed at room temperature (RT, 20-25°C) 
and protected from the light. Samples were analyzed in 
a CyFlow® space instrument (Partec GmbH, Germany) 
and the quantitative data obtained examined using 
FlowJo software. At least 10,000 events were 
registered per sample. 

Immunocytochemistry. hiPSC-CRISPRi-Ctrl and 
hiPSC-CRISPRi-KD cells were fixed with 4 % (w/v) 
PFA, for 10-15 min, at RT. After fixation, cells were 
blocked and permeabilized using 0.2 % (w/v) gelatin 
from cold water fish skin (FSG) with 0.1 % (w/v) Tx100 
in DPBS (+/+) for 30 min at RT, and then, incubated 
with the primary antibody for 2 hours at RT, protected 
from the light. Cells were washed three times with 
DPBS (+/+) and incubated with the secondary 
antibody, for 1 hr at RT, protected from the light. Finally, 
cells were washed with DPBS (+/+) and cell nuclei were 
counterstained with 4',6-Diamidino-2-Phenylindole 
(DAPI). Preparations were visualized in an inverted 

fluorescence microscope (Leica DMI6000 B; Leica 
Microsystems GmbH). 

Flow Cytometry. Undifferentiated and differentiated 
hiPSC were harvested and dissociated into single cells 
by incubation with Accutase for 5 min at 37°C. For 
extracellular markers detection, cells were washed 
once with 2 % (v/v) FBS in DPBS (washing buffer), and 
then incubated for 1 h at 4°C with the primary antibody. 
After the incubation period, cells were washed twice 
with washing buffer. Regarding the non-conjugated 
primary antibodies, cells were further incubated with 
the suitable secondary antibody for 30 min at 4°C, 
followed by two washes with FACS washing buffer. For 
intracellular markers detection, cells were washed with 
Intra Buffer (phosphate buffered saline, pH 7.2, with 0.5 
% (v/v) BSA and 2 mM EDTA), and fixed using the 
Inside Fix reagent (Inside Stain Kit; Miltenyi Biotec), 
mixed 1:1 with Intra Buffer, for 20 min at RT. Cells were 
incubated with primary antibodies for 30 min in the 
dark, at RT. Cells were permeabilized with 1 % (v/v) 
saponin in DPBS and then incubated with the 
secondary antibody (30 min in the dark at RT). All 
samples were analyzed in a CyFlow® space instrument 
(Partec GmbH, Germany). At least 10,000 events were 
registered per sample. 

mRNA Extraction and RT-qPCR. hiPSC and 
differentiated cells were enzymatically dissociated into 
single cells suspensions, using Accutase and 0.05 % 
Trypsin-EDTA, for 5 min and 15 min at 37°C, 
respectively. Cell pellets were washed with DPBS, 
snap-freezed with liquid nitrogen and stored at -80°C 
until mRNA extraction. mRNA was extracted using a 
High Pure RNA isolation Kit (Roche) according to 
manufacturer’s instructions and quantified in the 
NanoDrop 2000c (Thermo Fisher). Regarding the 
cDNA synthesis, it was carried out using the 
Transcriptor High Fidelity cDNA Synthesis Kit (Roche). 
LightCycler 480 Instrument II 384-well block (Roche) 
was used for RT-qPCR and the program cycles as 
follow: pre-incubation for 10 min at 95ºC; 45 cycles of 
amplification with denaturation at 95ºC for 15 seconds 
and annealing at 60ºC for 1 min; extension at 72ºC for 
5 min. The Cycle threshold (Ct) was determined using 
LightCycler 480 Software version 1.5 (Roche). The 
results were then assessed using the 2-ΔΔCt method for 
relative gene expression analysis. The gene 
expression data was normalized using two 
housekeeping genes, RPLP0 and GADPH, and 
represented relative to a control sample (set at 1). 

 
3. Results and Discussion 

Implementation of a differentiation protocol 
from hiPSC into CF. To assess CCBE1 expression 
and explore its functional role during CF commitment, 
a differentiation protocol recently published13 was first 
implemented 



Unveiling the CCBE1 role on human iPSC-derived cardiac fibroblasts differentiation and functionality October 2019 

4 

 

 

Figure 3.1 - Differentiation of WTC into cardiac fibroblasts. (A) Schematic differentiation protocol, using small molecules and growth 
factors for Wnt signaling modulation, in hiPSC lines. (B) Morphology of hiPSC-WTC cell culture, at day 0, 6 (CPC state), 12 (pro-epicardial 
cell state) and 18 (CF state) of differentiation. Scale bar, 100 µm. (C) hiPSC-WTC fold increase in cell concentration, along the differentiation 
protocol. (D) Flow cytometry analysis, in hiPSC-WTC, of pluripotency markers, TRA-1-60 and SSEA4, and mesoderm marker, SSEA1 at 
day 0; of cardiac progenitors’ marker, Nkx2.5, at day 6; of cardiac fibroblasts markers, αSMA and CD90, at day 18. (E) Relative expression 
of CCBE1, cardiac progenitor (Nkx2.5 and GATA4), pro-epicardium (WT1), cardiomyocyte (TNNT2), and cardiac fibroblast (POSTN) genes 
in hiPSC-WTC along the differentiation. Gene expression was quantified using the 2-ΔΔCT method, relatively to day 0, 6 or 12 of differentiation, 
depending on the gene (housekeeping genes: RPLP0 and GAPDH). 

 

 
 

 
 

 

using a wild-type cell line. After being expanded for 
three days, hiPSC-WTC were able to differentiate into 
CF by temporally modulating cells’ Wnt/β-catenin 
signaling pathway via small molecules and growth 
factors: firstly, CHIR99021 and IWP2, to direct cells into 
CPC fate; secondly, CHIR99021, to induce pro- 
epicardial fate; and finally, bFGF, to guide CF 
commitment (for more detail, see Materials and 
Methods) (Figure 3.1A). Throughout the 
differentiation, cells showed clear morphological 
changes and, by the last day of differentiation (day 18), 
displayed a fibroid spindle-like morphology (Figure 
3.1B). The cell concentration at specific stages of the 
differentiation was also assessed. The highest fold 
increase in cell concentration (approximately 8) was 

observed during CPC commitment into pro-epicardial 
fate (Figure 3.1C). However, throughout the first and 
last stage of the differentiation (CPC and CF 
commitment, respectively), the fold-increase observed 
in cell concentration was approximately 1(Figure 3.1C). 

At day 0 , hiPSC-WTC pluripotent phenotype was 
confirmed by 88.9 % and 98.9 % of cells expressing 
stemness markers TRA-1-60 and SSEA-4, 
respectively, together with 0.6 % of cells expressing 
SSEA-1 (early differentiation marker) (Figure 3.1D). 
The commitment into CPC was demonstrated by the 
presence of 35.1 % of Nkx2.5+ cells in culture and the 
significant gene expression of CPC markers (Nkx2.5 
and GATA4) detected on day 6 (Figure 3.1D-E). From 
day 6 to day 12, an upregulation of GATA4 and WT1
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 was evidenced by gene expression analysis, showing 
the differentiation into epicardial lineage rather than 
cardiomyocyte lineage (similar expression levels of 
TNNT2 at day 6 and 12) (Figure 3.1E). When 
comparing to the literature14,15, GATA4 presents a 
contrasting expression profile, detaining a lower 
expression at CPC differentiation stage, that might be 
related to the different genetic backgrounds of the 
distinct cell lines used. Finally, the differentiation into 
CF was confirmed by the expression of fibroblast- 
associated markers, such as GATA4, Periostin 
(POSTN), CD90 and αSMA (Figure 3.1D-E). The 
cardiac transcription factor GATA4 has been reported 
to be expressed in CPC16 and CF10 and we found 
similar expression levels in CPC and differentiated CF 
(Figure 3.1E). Periostin is a secreted protein 
expressed in mouse CF during embryonic 
development and in CF differentiated from iPSC-
epicardial cells17–19. Here, similar levels of POSTN 
were observed at day 12 and day 18 (Figure 3.1E). 
Intriguingly, a recent study showed a different 
expression profile in hiPSC-CF, where CD90 was 
expressed on only a fraction of hiPSC-CF (30 %) 
compared to human dermal fibroblasts (90 %)15. 
Nevertheless, the use of different fibroblast markers, as 
we explored herein, allowed us to have a clear 
identification of CF population20. Thus, at the end of 
differentiation, WTC-derived CF presented 
morphologic and phenotypic properties typical of CF, 
as proved by phase-contrast microscopy, flow 
cytometry, and gene expression analysis (Figure 3.1B- 
E), similar to what has been reported literature13–15. 
Finally, CCBE1 expression profile was also analyzed, 
with the gene showing an upregulation on days 6 and 
12 and a downregulation by day 18, when compared to 
CCBE1 expression level at day 0 (Figure 3.1F). Such 
results are consistent with the literature, since previous 
studies using mice and chicken embryos showed 
CCBE1 is expressed in FHF, SHF and PE, which 
correspond to the CPC phase during the heart 
development10,11. 

 
CCBE1 knockdown does not affect the 
differentiation of hiPSC- CRISPRi cells into 
CF. Once the protocol was established, we further 
differentiated two hiPSC-CRISPRi lines into CF, with 
the intention of evaluating how the KD of CCBE1 
expression could affect cells along the commitment, 
as well at the fibroblast fate. Since the CRISPRi 
system harbored in both lines is induced by Dox, 
different  Dox-treatments were pursued at different 
time points along the differentiation. The goal of these 
studies was to assess how different Dox-treatment 
approaches would impact CRISPRi cells’ morphology 
and phenotype throughout CF commitment, as well as 
on CCBE1 KD efficiency. Particularly, hiPSC-CRISPRi 
cultures were differentiated into CF by daily addition  
Dox from day -8 of expansion onwards (Figure 3.2A -  

 - Strategy (1)). 
Here, the two CRISPRi lines displayed a mCherry 

signal of significant intensity on day 0 which 
continuously faded from day 6 onwards (Figure 3.2B – 
Strategy (1)). Despite just a little amount of dCas9-
KRAB protein being needed to induce KD12, the fading 
repeatedly occurred in every differentiation carried out 
with these modified lines, therefore, being necessary to 
perform further investigations on this matter. 
Furthermore, daily addition of Dox from iPSC to CF was 
shown to not impact cell morphology, as both CRISPRi 
cultures presented typical morphological changes 
throughout, as well as a characteristic CF morphology 
on day 18 (Figure 3.2B – Strategy (1)). Nevertheless, 
the Dox- treatment seemed to impact hiPSC-CRISPRi-
Ctrl cells’ growth along the commitment, as these cells 
displayed twice the growth along the pro-epicardial 
differentiation stage (day 6 to 12) than hiPSC-CRISPRi-
KD culture did. Indeed, during the same stage, 
CRISPRi-KD cells presented a similar fold increase in 
cell concentration to the wild-type line (Figure 3.2C). 
Further studies should be performed to validate the 
effect of daily Dox-treatment on CRISPRi populations' 
growth. 

Moreover, hiPSC-CRISPRi-Ctrl and -KD cultures 
were also characterized phenotypically throughout the 
CF differentiation. On day 0, the significant expression 
of pluripotency markers, such as TRA-1-60, SSEA4, 
POU5F1, and NANOG confirmed both cultures 
pluripotency (Figure 3.2D, E). Afterwards, high MESP1 
gene expression levels at day 3 of differentiation 
indicated the cells commitment into the cardiac 
mesoderm, which further entered on the CPC stage by 
day 6, as demonstrated by Nkx2.5 strong gene and 
protein expression (Figure 3.2D, E). WT1 and GATA4 
peak of expression on day 12, together with the 
insignificant expression of TNNT2 gene, further 
indicated CRISPRi CPCs have efficiently differentiated 
into the pro-epicardium fate, rather than into CM 
lineage (Figure 3.2E). Moreover, by day 18 of 
differentiation, several fibroblast-associated markers 
were used to confirm that pro-epicardial cells had 
committed into fibroblasts. One of the biomarkers used, 
CD90, marked more than 90% of CRISPRi populations, 
an observation which is transcendent to all the 
experiments performed (Figure 3.2D). Additionally, 
both CRISPRi cultures also displayed high 
percentages of αSMA+ cells, which taken together with 
the POSTN gene expression and cells’ morphological 
analysis suggested CRISPRi-derived CF were present 
in both cultures at the end of the differentiation (Figure 
3.2D, E). Since no major morphological or phenotypical 
differences where observed for both cultures herein, it 
is worth concluding that the daily addition of Dox from 
day -8 onwards did not impact in any sort of way the 
CF differentiation. 
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Figure 3.2 - Differentiation of hi-PSC-CRISPRi-Ctrl and -KD cells into CF. (A) Schematic representation of the differentiation protocols 
carried out, using small molecules and growth factors for Wnt signaling modulation, in hiPSC-CRISPRi lines. The strategy (1) follows a protocol 
previously published by Bao et al. 13, while the strategy (2) follows a different protocol throughout pro-epicardial cells differentiation into CF, as 
described by Zhang et al.14. Doxycycline (2 µM) was supplemented from day -8 onwards, every day along CF differentiation. (B) Morphology 
of hiPSC-CRISPRi-Ctrl and -KD cell culture, at day 0, 6 (CPC state), 12 (pro-epicardial cell state) and 18 (CF state) of differentiation, following 
strategy (1), and at day 18 of differentiation, following strategy (2). Scale bar, 100 µm. (C) hiPSC-CRISPRi-Ctrl and -KD cultures fold increase 
in cell concentration, along the differentiation protocol. (continue the next page) 
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The CCBE1 gene expression profile was analyzed 

for both CRISPRi cultures, as well. From day 0 to day 
3, poor expression levels of CCBE1 gene were 
detected on hiPSC-CRISPRi-Ctrl and -KD cells. 
However, an upregulation emerged on day 6 of 
differentiation, which was then followed by a 
continuous decrease of CCBE1 expression until day 18 
(Figure 3.2F). These profiles proved to be identical 
between both modified lines and consistent to what 
Facucho-Oliveira and colleagues had already 
described11,21. Nevertheless, the lower expression 
levels displayed by CRISPRi-KD along the 
differentiation also enabled to conclude that CCBE1 
gene expression was knocked down (Figure 3.2F). 
Despite of presenting a similar KD profile on the earlier 
differentiation stages, CRISPRi-KD cells displayed 
higher percentages of KD from day 6 onwards, with 
38% of CCBE1 KD by the end of differentiation 
(Figure 3.2F). In addition, CCBE1 KD at day 12 was 
also observed at protein level, showing clear 
differences on nuclei and cytosol staining (Figure 
3.2G). Such observations suggest that starting the 
Dox-treatment on day -8 (earlier on iPSC expansion) 
and daily adding Dox uninterruptedly increased the 
CCBE1 KD efficiency throughout the differentiation. 
Nevertheless, further studies need to be carried out to 
validate these results and assess if a higher KD of 
CCBE1 expression could be obtained at day 18. 

 
Differentiation medium formulation impacts 
on the pro-epicardium commitment into CF. 
Within the healthy myocardium, fibroblasts usually 
tend to remain quiescent interstitial cells, however, 
during the remodeling process upon an injury, some of 
the released cytokines trigger the CF 
transdifferentiation into myofibroblasts. Particularly, 
one of those cytokines, TGF-β, activates the Smad3 
signaling cascade accountable for promoting the 
higher α-SMA expression in fibroblasts22. Indeed, 
there have been identified a high number of 
myofibroblasts markedly expressing α-SMA within 
human and animal myocardial scars formed during MI 
healing23,24. As an attempt to generate 
quiescent/resting CF at the end of the differentiation 
(this is, low % of αSMA+ cells), a distinct fibroblast 
growth medium combined with a TGF-β inhibitor was 
used at the CF differentiation stage. A similar protocol 
as described by Zhang and colleagues14 was used. 
CRISPRi-Ctrl and CRISPRi-KD pro-epicardial cells 
were differentiated in the presence of FibroGroTM 

culture medium, daily supplemented with bFGF, 
SB431542 (TGF-β inhibitor) and Dox (Figure 3.2A – 

Strategy (2)). In parallel, as a control experiment, the 
epicardial commitment into CF was also performed 
following the previously implemented protocol (Figure 
3.2A – Strategy (1)). Through phase-contrast 
microscopy, no morphological impact of the fibroblast- 
specific medium combined with the TGFβ inhibitor was 
observed during the pro-epicardium differentiation into 
CF. Indeed, CRISPRi-Ctrl and -KD cells presented a 
fibroid spindle-like morphology on day 18 (Figure 3.2B 
– Strategy (2)). However, this protocol affected both 
cultures' cell growth during the CF commitment. In 
comparison to previous experiments performed using 
LaSR medium, both CRISPRi cultures displayed a 
higher cell growth between the days 12 to 18 of 
differentiation, which can be visually confirmed by 
their higher cell confluence at day 18 (Figure 3.2B – 
Strategy (2), Figure 3.3A). Such observations taken 
together suggest that using a fibroblast-specific 
medium supplemented with a TGFβ inhibitor may 
impact on the cell concentration, without affecting CF 
morphology. 

On day 18, CRISPRi-Ctrl and -KD cultures were 
phenotypically characterized to confirm the presence of 
derived CF within both. As in the previous 
differentiations using LaSR medium, both CRISPRi 
populations showed more than 95 % of their cells 
expressing CD90 (Figure 3.3B). In addition, VIM 
(fibroblast-associated marker) and POSTN appeared 
herein highly expressed, as well. Together with cells’ 
low expression of GATA4 and WT1 genes on day 18, 
these results suggest that both cultures had 
differentiated into CF (Figure 3.3B, C). 

Platelet-Derived Growth Factor Receptor α 
(PDGFRα; CD140) and αSMA were also analyzed on 
the protein level. PDGFRα is an essential protein in 
CF formation during the heart development, which has 
been also detected iPSC-CF14,25. However, a recent 
study identified that inhibiting PDGFRα signaling could 
induce quiescence and reduced self- renewal to 
fibroblasts26. Given the low expression of CD140 
marker observed herein for both CRISPRi cultures, 
this might suggest that the adapted protocol originated 
a great number of quiescent CF rather than activated 
ones (Figure 3.3B). Moreover, 45% of CRISPRi-Ctrl 
and -KD cells were positive for αSMA, approximately 
30% lower than the observed in previous 
differentiations using LASR medium (Figure 3.2D, 
Figure 3.3B). Such differences were also observed in 
the immunofluorescence images captured, with the 
CFs herein generated showing some α-SMA 
expression but not highly organized fibers of α-SMA

(continue here) (D) Flow cytometry analysis, in both hiPSC-CRISPRi line from Strategy (1), of pluripotency markers, TRA-1-60 and SSEA4, 
and early differentiation marker, SSEA1 at day 0; of cardiac progenitors’ marker, Nkx2.5, at day 6; of cardiac fibroblasts markers, αSMA and 
CD90, at day 18. (E) Relative expression of pluripotency (POU5F1 and NANOG), cardiac mesoderm (MESP1), cardiac progenitor (Nkx2.5 
and GATA4), pro-epicardium (WT1), cardiomyocyte (TNNT2), and cardiac fibroblast (POSTN) genes in hiPSC-CRISPRi lines along the 
differentiation. Gene expression was quantified using the 2-ΔΔCT method, relatively to day 6 or 12 of differentiation, depending on the gene 
(housekeeping genes: RPLP0 and GAPDH). (F) Relative expression of CCBE1 gene in hiPSC-CRISPRi lines, from day 0 to 18 of 
differentiation, along with the percentage of knockdown observed in CCBE1 expression. (G) Detection of CCBE1 protein expression (green), 
at day 18. Nuclei were counterstained with DAPI (blue). Scale bar represent 100 μm. 
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Figure 3.3 - hi-PSC-CRISPRi-Ctrl and -KD pro-epicardial cells differentiated into cardiac fibroblasts, in the presence of a different 
commitment medium. (A) Comparison between the fold increases in cell concentration at the CF commitment stage when using LaSR 
medium and the specific fibroblast medium, FibroGroTM. (B) Flow cytometry analysis, in both hiPSC-CRISPRi line, of cardiac fibroblasts 
markers, VIM, αSMA, CD90, and PDGFRα, at day 18. (C) Relative expression of CCBE1, cardiac progenitor (GATA4), pro-epicardium 
(WT1), and cardiac fibroblast (POSTN) genes in hiPSC-CRISPRi lines on day 18. Gene expression was quantified using the 2-ΔΔCT method, 
relatively to day 6 or 12 of differentiation, depending on the gene (housekeeping genes: RPLP0 and GAPDH). (F) Detection of αSMA marker 
(green), in both the different medium conditions, at day 18. Nuclei were counterstained with DAPI (blue). Scale bar represent 100 μm. (G) 
Detection of Collagen I expression (green), in both different medium conditions, at day 18. Nuclei were counterstained with DAPI (blue). 
Scale bar represent 100 μm. 

 
 

 

(characteristic of myofibroblasts) (Figure 3.3D). These 
observations may indicate  that using fibroblast- 
specific medium supplemented with a TGFβ inhibitor 
can help generating a greater number of quiescent 
CF. Additionally, on day 18 of differentiation, CCBE1 
gene transcription was also analyzed for both cultures, 
with CRISPRi-KD cells displaying CCBE1 expression 
knock downed in 72% (Figure 3.3C). Although this 
observation might suggest that using a distinct 
differentiation medium can affect the CRISPRi 
system’s KD efficiency, further experiments must be 
carried out to confirm and validate such a hypothesis. 
Moreover, CF are a key element during heart 
remodeling post-MI due to their ability to secrete the 
ECM proteins for the scar tissue. Thus, it was 
important to analyze such ability in differentiated 
fibroblasts from both conditions (Strategy (1) and (2)) 
and the impact of a distinct differentiation medium on 
CF functionality. For this purpose, CRISPRi-derived 
CF’s ability to secrete Collagen I (Col I, a structural 
ECM protein) was analyzed by immunocytochemistry. 
On day 18, both hiPSC-CRISPRi differentiated in the  

 

presence of LaSR medium presented high quantities of 
Col I being secreted, although the derived CF were not 
capable of forming an organized structural network, 
characteristic from the fibrotic scar tissue (Figure 3.3E). 
On the other hand, when differentiated in fibroblast-
specific medium, both CRISPRi cultures displayed a 
more organized and homogeneous collagen network. 
However, collagen fibers in CRISPRi-KD cultures were 
less structurally arranged than the observed in 
CRISPRi-Ctrl culture (Figure 3.3E). Considering that 
these CRISPRi-KD cells were also displaying the 
CCBE1 expression highly knock downed on day 18, 
such observations might suggest CCBE1 could have a 
role on regulating fibroblasts’ ability to secrete ECM 
proteins. 

hiPSC-derived CF can be cultured for up to 50 days, 
without changes in cell phenotype. To further 
investigate the CF maintenance without losing their 
typical fibroblast phenotype, the cell cultures derived 
under both conditions, Strategy (1) and (2),
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were sub-cultured for several passages. For this, both 
CRISPRi lines were culture in different media: LaSR 
medium supplemented with bFGF or FibroGROTM 

supplemented with bFGF and SB431542 (Figure 
3.4A). The cells cultured in LaSR medium were able to 
maintain their growth profile and fibroid spindle- like 
morphology for 4 passages, while in FibroGROTM 

both cell lines were propagated for 8 passages 
maintaining the fibroblasts phenotype (cell alignment 
and morphology) (Figure 3.4B). 
The percentage of proliferative cells was also 
assessed, in both media conditions at passage 2. 
Both CRISPRi-Ctrl and CRISPRi-KD lines, when 
cultured in FibroGroTM medium, displayed a higher 
percentage of proliferative cells, than in LaSR 
medium condition (Figure 3.4C). These results 
demonstrated that culture medium composition 
strongly influence CF growth and morphology. 
Additionally, the number of population doubling (PDL) 
was also assessed for the CRISPRi-derived CFs 
cultured in FibroGroTM medium. From P1 to P3, both 
cultures presented a similar growth profile; however, 
from P4 onwards, CRISPRi- Ctrl cells displayed a 
higher proliferative capacity than CRISPRi-KD-
derived CF. Indeed, after 8 passages, the CRISPRi-

Ctrl line presented higher cumulative PDL than 
CRISPRi-KD (Figure 3.4D). Such evidences might 
indicate a potential role of CCBE1 on CF proliferative 
capacity, which should be further studied. 

 

4. Conclusions and Future Work 
In this thesis, a protocol for differentiation of hiPSC 
into cardiac fibroblasts (CF) was successfully 
implemented and validated with 3 hiPSC lines. hiPSC 
showed morphological and phenotypical features 
similar to CF at the end of the differentiation. The 
modified hiPSC lines harboring an inducible-dCas9 
system for CCBE1 knockdown (KD) were used to 
evaluate the impact of CCBE1 knockdown throughout 
the differentiation process and on CF phenotype. 
Applying the Doxycycline (Dox)-treatment (used to 
induce the CRISPRi system) at different stages of the 
differentiation process allowed to observe that Dox did 
not affect hiPSC the expression of stemness, cardiac 
progenitor and pro-epicardium markers as well as CF 
properties. Daily addition of Dox from iPSC to CF 
demonstrated to play a crucial impact on increasing 
the CCBE1 knockdown efficiency (up to 82%) 

Figure 3.4 - Long-maintenance of hiPSC-CRISPRi-Ctrl and -KD cardiac fibroblasts in the presence of two different commitment 
medium conditions. (A) Schematic representation of the long-maintenance, throughout the time and passages. (B) Morphology of hiPSC-
CRISPRi-Ctrl and -KD cell culture, at passage 1 (P1), 2 (P2) and 3 (3), for the both medium conditions, and additionally at passage 8 (P8) for 
the FibroGroTM medium condition. Scale bar, 100 µm. (C) Percentage of proliferative cells, for both hiPSC-CRISPRi cell lines, when cultured in 
different (LaSR and FibroGroTM) medium. (D) Cumulative Population Duplication Level (PDL) for hiPSC-CRISPRi-Ctrl and -KD cells cultured in 
FibroGroTM medium. 
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 throughout the differentiation, however further studies 
would be needed to validate these observations.  
A different protocol to differentiate pro-epicardial cells 
into CF was explored as well, to assess the impact of 
the medium formulation on CF commitment. Lower 
percentages of α-smooth muscle actin and PDGFRα 
positive cells suggested that, by using FibroGroTM 
medium combined with a TGF-β inhibitor throughout 
CF differentiation stage, a higher number of quiescent 
fibroblasts were generated. Additionally, a higher 
CCBE1 knockdown efficiency was also obtained (up 
to 72%, on day 18). The functionality of hiPSC-CF 
generated in FibroGroTM medium was also 
evaluated, with cells showing the ability to 
transdifferentiate into myofibroblasts and to migrate 
toward an injured area (wound). This work provides 
new insights regarding the role of CCBE1 on CF 
commitment and functionality. Additional gain-of-
function experiments should be carried out to assess 
the possible impact a recombinant CCBE1 protein118 
could have on cells’ phenotype and functionality, 
whether when provided throughout the commitment or 
to the derived CF alone. Future work must also 
include the establishment and characterization of 3D 
heterotypic cultures of hiPSC-EC and hiPSC-CF, for 
both CCBE1 KD and control (expressing CCBE1) 
conditions. Underlying such experiment is the 
hypothesis that the CCBE1 secreted by CF could 
possibly promote the development of new vascular 
networks from endocardial progenitors. 
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