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A B S T R A C T

Vascular calcification displays a major cause of death worldwide, which involve mainly vascular smooth muscle cells (VSMCs). Since 2007, there are increasing
numbers of protocols to obtain different cell types from human induced-pluripotent stem cells (iPSCs), however a protocol for calcification is missing.

Few protocols exist today for the differentiation of iPSCs towards VSMCs and none are known for their calcification. Here we present a protocol for the calci-
fication of iPSC-derived VSMCs. We successfully differentiated iPSCs into VSMCs based on a modified protocol. Calcification in VSMCs is induced by a commercial
StemXVivo™ osteogenic medium. Calcification was verified using Calcein and Alizarin Red S staining or Calcium assays, and molecular analyses showed enhanced
expression of calcification-associated genes.

The presented method could help to study genetic risk variants, using the CRISPR/Cas technology through the introduction of Knockouts or Knockins of risk
variants. Finally, this method can be applied for drug screening.

1. Introduction

Vascular diseases increase the risk for coronary artery diseases
(CAD), which are characterized by atherosclerosis and calcification
deposits within the vessels. These pathogenic deposits lead to a nar-
rowing of vessel lumen and subsequent decrease in oxygen supply re-
sulting in myocardial infarction (MI) of the surrounding area, clinically
known as heart attack. Hyperlipidaemia, hypertension, diabetes,
chronic renal insufficiency, obesity, smoking, and increasing age favour
the development of CAD (Torpy et al., 2009; Wilson et al., 1998).

In addition to these traditional risk factors, genetic components also
play an important role in the development of CAD. Genetic variants
increase the risk of predisposition to CAD (Webb et al., 2017). Our
group contributed largely to the identification of 164 genetic loci that
are significantly associated with CAD using genome-wide association
studies (GWAS) (Samani et al., 2007; Schunkert et al., 2011;
CARDIoGRAMplusC4D Consortium, 2013). Among these identified
CAD risk loci, five loci show also significant association with coronary
artery calcification (CAC) including 9p21, ADAMTS7, PHACTR1,

MRAS, and COL4a1/COL4a2 (Webb et al., 2017). Our group reported
very recently that PHACTR1 modulates the severity of calcification in
mouse embryonic stem cell-derived SMCs, and its gene expression in-
creases with calcification in human SMCs (Aherrahrou et al., 2017).

Vascular calcification is described as the deposition of CaP mineral,
usually as hydroxyapatite or inorganic phosphate (Pi), in cardiovas-
cular tissues, like arteries, heart valves and the cardiac muscle (Jono
et al., 2000a). It is associated with the development of atherosclerotic
intimal lesions and a common consequence of aging (Jono et al.,
2000b). Vascular calcification is associated with a three- to four-fold
increase in the risk of cardiovascular morbidity and mortality (Alam
et al., 2009). One of the major cell types involved in vascular calcifi-
cation are vascular smooth muscle cells (VSMCs). Calcifying VSMCs
lose their expression of SMC-typical genes like Transgelin (TAGLN),
Calponin (CNN1), or Caldesmon 1 (CALD1), and start expressing os-
teogenic markers, such as CTSK and ALP (Alam et al., 2009; Doherty
et al., 2003; Drake et al., 1996; Lutgens et al., 2007; Thompson and
Towler, 2012). Consequently, they deposit bone-like minerals like CaP
in the extracellular matrix (ECM) (Alam et al., 2009; Balderman et al.,
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2012; Byon et al., 2008; Tintut et al., 2003), that contributes to the
calcification of blood vessels. It is known, that primary VSMCs quickly
lose their phenotypic properties in vitro that rises various complications
for their use in long term experiments in vitro, and requires verification
of the results in vivo (Alexander and Owens, 2012). Further, primary
VSMCs lose their proliferative activity with increasing donor age, and
puts donors at high risks for the isolation of cells, as a surgical inter-
vention is necessary to access primary VSMCs (Dash et al., 2015).
Therefore, iPSC-derived VSMCs are an alternative to study genetic and
pathogenic processes without the need of primary cells.

The technology of reprogramming adult, somatic cells into an em-
bryonic stem cell-like state, resulting in so called iPSCs is a rather young
technology, opening various possibilities for in vitro studies. In contrast
to primary cell isolation, iPSCs can be generated from almost every cell
type of the human body and does not require surgery in order to isolate
cells, as a small skin biopsy is sufficient (Chen et al., 2016). Further,
iPSCs are an almost unlimited source of target cells due to an unlimited
replicative capacity (Chen et al., 2016). Patient-specific or disease-
specific iPSCs of different donors reflect a more realistic population
with a varying genetic background (Chen et al., 2016; MacArthur et al.,
2012). In vitro iPSCs can be differentiated into virtually any cell type of
the human body (Wobus and Boheler, 2005). Pluripotent stem cells
typically express transcription factors such as Octamer-binding tran-
scription factor 4 (OCT4), Nanog homeobox (NANOG), and sex de-
termining region Y-box 2 (SOX2). The high differentiation capability of
iPSCs enables investigations of vascular cell types in vitro. Therefore,
the iPSC technology displays a good tool for identifying the function of
VSMCs/vascular endothelial cells play in the development of cardio-
vascular diseases. Until today, only a few methods are published
showing possibilities to differentiate VSMCs out of iPSCs. Older proto-
cols, as published by Xie and colleagues in 2008, use simple but un-
defined methods, like adding retinoic acid to the pluripotent stem cells
(PSCs) (Xie et al., 2008). Within the last years, more complex protocols
for the generation of human iPSC-derived VSMCs have been published,
that allow lineage specific differentiation (Cheung et al., 2014).
Nevertheless, no protocol for the differentiation of human iPSC-derived
calcifying vascular cells has been published until today.

2. Results

2.1. Differentiation of iPSCs into VSMCs

The following protocol was established using HFF iPSCs as a healthy
control iPSC line (Zanon et al., 2017). We initially used the protocol
published by Cheung and colleagues in 2014 to generate lateral me-
soderm-originated VSMCs out of human pluripotent stem cells. This
protocol proved less efficient to produce higher numbers of VSMCs than
reported. Therefore, slight changes and new adaptions were introduced
into the original protocol. Human iPSCs were grown until 80% con-
fluency in T175 flasks. One day prior to induction of differentiation (d-
1) the medium was changed from mTeSR1 to CDM-BSA supplemented
with 12 ng/ml FGF2 and 10 ng/ml Activin A. For induction (d0) of
differentiation into VSMCs cells were replated in a ratio of 1:3 on ge-
latin-coated, MEF-conditioned T75 flasks in CDM-PVA supplemented
with 20 ng/ml FGF2, 10 uM LY294002 and 10 ng/ml BMP4. Following,
the complete medium was exchanged on d1.5 and d3 supplemented
with 20 ng/ml FGF2 and 50 ng/ml BMP4, as suggested by Cheung and
co-workers. After specification of lateral mesoderm (d5) cells were re-
plated at a density of 25,000 cells/cm2. Cells were kept in CDM-BSA
medium for only 1d (d-1) until replated at a ratio of 1:3 from T175 to
T75 flasks to ensure high confluency at the start of differentiation (d0).
In contrast to the original protocol, cells were replated at a density of
25,000 cells/cm2 on d5 in our hands, resulting in a much higher overall
cell number, as well as a better dead to viable ratio (Fig. 1). This
seeding density for replating on d5 was determined in a seeding assay,
checking for different cell densities in a running differentiation. The use

of Nunc® well plates proved non-efficient, as cells died after replating
on day 5 (d5). Therefore, the whole differentiation procedure was
carried out on T75/T175 tissue culture flasks from Sarstedt. Starting
from d5 until d18, Cheung and colleagues recommended to perform
only changes of 50% of the medium every other day (Cheung et al.,
2014). We instead found out that a complete medium exchange every
second day, in order to wash out all dead cells, notably improved cell
viability. For specification of lateral-mesoderm derived VSMCs medium
was supplemented with 10 ng/ml PDGF-BB and 2 ng/ml TGFβ1. After
18 days, generated iPSC-derived VSMCs were cryopreserved in liquid
nitrogen or further cultured in SMC-medium for calcification assays and
other analyses. During differentiation we did not experience the ne-
cessity to passage the cells.

In addition to the HFF cell line, the iPSC line 18i-3-6 was used and
differentiated as described above. Both iPSC lines were checked for
correct morphology and expression of pluripotency markers such as
NANOG in immunofluorescence stainings (Fig. 2). Both cells lines dis-
played typical iPSC morphologies and expressed NANOG in the nucleus.
No differences in the expression between the iPSC lines were noticed.

2.2. Differentiation of iPSC-derived VSMCs into calcifying cells

For the generation of calcifying vascular cells, VSMCs were plated
on gelatin-coated Nunc® 24-well plates for calcification at a density of
52,000 cells/cm2 in SMC-medium for at least 24 h. Calcification was
initiated by adding osteogenic medium to the cells and change com-
plete medium twice a week (Fig. 3). Calcification was terminated after
additional 30 days of treatment with osteogenic medium. Control cells
were kept in SMC-medium during the course of calcification. All in all,
the differentiation of iPSCs into calcifying VSMCs takes 49 days.

2.3. Characterization of iPSC-derived VSMCs

The differentiated cells at crucial stages of the protocol were char-
acterized in order to ensure the right cell type in each step.
Characterization was performed via immunofluorescence staining for
CNN1 and TAGLN (Fig. 4), qPCR analyses for cell type specific gene
expression markers (Fig. 6A), as well as Western Blot (WB) analyses
(Fig. 6B) for cell type-corresponding protein expression. In order to
ensure differentiated cells are maintaining VSMC character immuno-
fluorescence stainings for CNN1 and TAGLN were performed (Fig. 4)
showing that all VSMC-lines express both SMC-specific proteins. In
order to estimate the differentiation efficiency, immunofluorescence

Fig. 1. Seeding density assay: On d5 of differentiation HFF cells were reseeded
in different densities between 15,000 and 35,000 cells/cm2 to determine the
optimum cell density for a high amount of living cells at the end of the dif-
ferentiation with a small amount of dead cells. n=1.
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stainings of iPSC-VSMCs stained against CNN1 and TAGLN were ana-
lyzed for the expression of TAGLN and CNN1 in relation to DAPI. The
analysis showed that almost all cells that express TAGLN also express
CNN1. The differentiation efficiency therefore is above 90% for both
cell lines (Fig. 5). No significant differences could be seen between the
tested cell lines. RNA analyses of pluripotency-associated markers
NANOG, OCT4, and SOX2 showed significant downregulation of gene
expression in iPSC-derived VSMCs as well as in calcifying cells
(Fig. 6A). SMC marker genes CALD1, CNN1, and TAGLN on the other
hand displayed a significant upregulation in iPSC-derived VSMCs and
calcifying cells up to 10-fold compared with iPSCs (Fig. 6A). Similarly,
on protein level (Fig. 6B) no OCT4 expression was detected in VSMCs.
The SMC marker TAGLN was found to be highly expressed in iPSC-
derived VSMCs (3.5-times higher expression in iPSC-derived VSMCs
than in iPSCs).

The same tendency was seen for the additional iPSC line tested with
this differentiation protocol. The 18i-3-6 line also showed a significant
downregulation of pluripotency-associated markers NANOG, OCT4, and

SOX2 in iPSC-derived VSMCs, whilst SMC-associated markers CALD1,
CNN1, and TAGLN were significantly upregulated (Fig. 7A). The protein
expression of OCT4 was significantly downregulated in iPSC-derived
VSMCs of the 18i-3-6 iPSC line. TAGLN protein expression was upre-
gulated in iPSC-derived VSMCs (Fig. 7B).

2.4. Characterization of iPSC-derived calcifying VSMCs

After proving that the differentiation was successful, we further
investigated the calcification of iPSC-derived VSMCs, analyzing their
amount of CaP deposits using standard techniques such as Calcein and
Alizarin Red S staining (Fig. 8A). Clearly, cells treated with osteogenic
medium show high amounts of CaP deposits, represented by bright
Calcein staining, whereas control cells kept in SMC-medium show no
Calcein staining signal (Fig. 8A). Alizarin Red S staining shows bright
red colour in calcified, osteogenic medium-treated cells, while VSMCs
kept in SMC-medium appear in fade red to yellow (Fig. 8A). Calcifying
events were mainly detected in the ECM, as calcifying cells excrete

Fig. 2. Characterization of two independent iPSC-lines on cellular level: Both iPSC lines show normal colony growth as shown in brightfield images (PhC). Scale bars
100 μm; Immunofluorescence staining show DAPI (blue) localization in the nuclei, and specific nucleolar localization of the pluripotency-associated protein NANOG
(green). The overlay (Merge) confirms the localization in the nuclei. Scale bars 50 μm. n=2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. Schematic view of differentiation and calcification protocol (adapted from Cheung et al., 2014): IPSCs were cultured until they were 80% confluent in T175
flasks and, subsequently, switched to CDM-BSA for 24 h (d-1). At the start of differentiation (d0) cells were replated at a ratio of 1:3 in T75 flasks in CDM-PVA
medium including inductors according to the original protocol. On d5, cells were replated at a density of 25,000 cells/cm2. Complete medium was exchanged every
second day until d18. For calcification, cells were seeded at a density of 52,000 cells/cm2 on gelatin-coated 24-well plates. Treated cells were kept in osteogenic
medium for 30d, while untreated controls were kept in SMC-medium. n=3.
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more matrix and precipitate CaP into the ECM. Additionally, the degree
of calcification was quantified using a Randox Calcium quantification
kit. Differences between treated and untreated cells observed in the
Calcein and Alizarin Red S staining were confirmed by this quantifi-
cation, showing increased CaP levels in treated cells up to 5.5 times
higher than in control cells (Fig. 8B).

In order to confirm the molecular regulation of the cellular calcifi-
cation, qPCR for RNA and WB analyses for protein expression of the
calcification markers ALP and CTSK was performed (Fig. 9). Both, qPCR
and WB show the upregulation of calcification markers in calcified cells
compared to untreated controls (SMC).

ALP expression is significantly upregulated on RNA level up to six-
fold, while CTSK expression shows expression fold change up to 10-fold
higher in calcifying, osteogenic medium-treated cells compared to the
untreated control, iPSC-derived VSMCs (Fig. 9A). Additionally, upre-
gulated expression of the calcification markers ALP and CTSK was also
confirmed in WB analyses (Fig. 9B).

Conclusively, we were able to establish a protocol for the differ-
entiation of human iPSCs towards lateral plate mesoderm-derived
VSMCs. The successful differentiation, using an adapted protocol for-
merly published by Cheung and colleagues, was confirmed by IF
staining for SMC markers CNN1 and TAGLN, as well as qPCR and WB
analyses showing significant downregulation of the iPSC markers SOX2,
NANOG, and OCT4, and a simultaneous upregulation of SMC markers
CALD1, CNN1, and TAGLN. Additionally, the morphology of the cells
was appropriate to the expected cell type. The subsequent calcification
of iPSC-derived VSMCs using osteogenic medium was also successful as
confirmed by Calcein and Alizarin Red S staining, as well as a Calcium
assay for the quantification of CaP deposits. Both, staining and quan-
tification, showed high levels of CaP in osteogenic medium-treated cells
and very low to no CaP deposits in untreated controls. Similarly, mo-
lecular analyses on mRNA and protein level showed upregulation of
calcification-specific markers ALP and CTSK, validating the findings
from the staining. These results show that human iPSC-derived VSMCs
were successfully transformed into calcifying vascular cells after in-
duction with osteogenic medium.

3. Discussion

Vascular calcification is known as the deposition of CaP mineral in
cardiovascular tissues like arteries and heart valves (Jono et al., 2000a).
Pathological calcification goes hand in hand with the formation of
atherosclerotic lesions (Aherrahrou and Schunkert, 2013). As a con-
sequence, vascular calcification leads to a three- to four-fold increase in
the risk of cardiovascular morbidity and mortality (Alam et al., 2009).
Various risk variants have been identified within the last years to be
associated with calcification through GWA studies, making it necessary
to go beyond GWAS and find relevant in vitro assays to first functionally
link the risk variants with calcification or atherosclerosis. This may help
thereafter, at long term, to identify novel pathways that can be targeted
by drugs. Very recently we reported successful drug treatment for the
cardiac calcification causing gene Abcc6 with Etidronate (Pomozi et al.,
2017; Bauer et al., submitted). As primary vascular cells are hardly
accessible and quickly lose their typical properties, thus less dynamic,
these cells are less suitable for in vitro studies (Alexander and Owens,
2012). The iPSC-technology enables such studies in vitro without put-
ting patients at risk for the extraction of cells. Differentiation protocols
of iPSCs towards vascular cells have been published before (Cheung

Fig. 4. Characterization of two independent iPSC-derived VSMC lines in immunofluorescence staining: All iPSC-VSMCs show the expression of VSMC marker proteins
TAGLN (green) and CNN1 (red) in the cytoplasmic compartment of the cells. Nuclei are stained with DAPI (blue). The overlay (Merge) shows the colocalization of
CNN1 and TAGLN in all cells. Scale bars 50 μM. n=2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. Estimated differentiation efficiency in two iPSC-VSMC lines.
Immunofluorescence images of the iPSC-derived VSMCs stained against CNN1
and TAGLN were analyzed regarding their percentage of fluorescent cells. Both
iPSC-derived VSMCs lines show between 90 and 100% TAGLN (green) and
CNN1 (red) positive cells. n=5 per line. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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et al., 2014; Xie et al., 2008), but there are no protocols for the calci-
fication of human iPSC-derived VSMCs in vitro until today.

The differentiation protocol for iPSCs into lateral mesoderm-derived
VSMCs was adapted from Cheung et al., 2014. In order to adapt the
protocol for our cell line, various changes were performed, including
higher cell seeding densities and complete medium exchange instead of
50%. IPSCs and differentiated cells were checked on RNA and protein
level regarding cell type specific marker expression, proving the correct
properties of the respective cell type. Overall, we were successful in
adapting the protocol originally published by Cheung et al., 2014 for
our cell line. Nonetheless, various changes were introduced in order to
accomplish high differentiation efficiencies. In fact, it has been reported
previously, that iPSC lines of different donors or even clones of the
same line display a high variability regarding their differentiation
susceptibility and efficiency (Hu et al., 2010; Ramos-Mejia et al., 2010).
Therefore, it is likely that the necessity to adapt the original differ-
entiation protocol to our cell line is caused by this PSC variability. After
applying this differentiation method to another iPSC donor line we
observed similar reactions to the differentiation protocol, implying it
works for other donor cell lines as well.

To enhance calcification in iPSC-derived VSMCs, the differentiation
protocol was extended with an additional calcification period, during
which cells were treated with osteogenic medium for further 30d. As
published previously, various methods exist today to calcify or miner-
alize primary human, murine or bovine VSMCs such as supplementa-
tion with β-glycerophosphate, L- ascorbic acid or inorganic phosphate
(Pi, ≥2mM) (Byon et al., 2008; Tintut et al., 2003; Wada et al., 1999;
Yang et al., 2004). All methods showed calcification in vitro in a

concentration- as well as time-dependent manner. For our study, we
initially used Pi and β-glycerophosphate based media. Pi turned out to
be inappropriate for our experiments, as massive cell death and de-
taching of cells appeared during the first days of calcification. There-
fore, we decided to use StemXVivo® human osteogenic medium that
uses β-glycerophosphate as calcification agent and is serum-free. Papers
dealing with in vitro calcification reported clear increase of calcium
depositions shown by quantifications. Additionally, stainings like von
Kossa or Alizarin Red S were used to demonstrate increased calcifica-
tion (Jono et al., 2000b; Reynolds et al., 2004; Wada et al., 1999). In
order to verify successful calcifications in our experiments we used si-
milar standard methods, including Alizarin Red S and Calcein staining,
calcium quantification and osteogenic marker gene expression analyses.
In the end, we were able to show concurrent results as obtained with
primary human, bovine or murine cells, such as increased calcium de-
positions in staining, as well as upregulation of calcification-associated
gene and protein expressions.

Finally, the differentiation of the HFF iPSC line (Zanon et al., 2017)
into lateral-plate mesoderm-derived VSMCs as well as calcifying vas-
cular cells is a stable working process, enabling the in vitro study of
atherosclerosis with easily-accessible, phenotypically more consistent
VSMCs. For future studies, somatic cells, such as skin cells, from pa-
tients carrying CAD risk variants, as well as healthy controls, will be
isolated and reprogrammed into iPSCs (Fig. 10). Afterwards, iPSCs will
be differentiated into calcifying VSMCs following the protocol we have
presented here. Cells from risk patients will then be compared with
healthy controls. In this way, we will be able to clarify how the risk
variants contribute to the development of CAD and calcification in

Fig. 6. Molecular analyses of HFF iPSCs, iPSC-VSMCs and calcified cells: A) RNA expression analyses show downregulation of the pluripotency markers NANOG,
OCT4, and SOX2 in treated and untreated iPSC-derived VSMCs compared to iPSCs. The SMC-marker genes CALD1, CNN1, and TAGLN were upregulated in both,
treated and untreated iPSC-derived VSMCs compared to iPSCs. All expression levels were normalized to ß-Actin and iPSCs. Data are presented as mean+SD. n=9;
B) Protein expression analyses confirm downregulation of the pluripotency marker OCT4 in iPSC-derived VSMCs and upregulation of the SMC-marker TAGLN in
iPSC-derived VSMCs. Representative Blots are displayed above. OCT4 was normalized to GAPDH, TAGLN was normalized to β-Actin. Quantification of WB is shown
below. Data are presented as mean+ SD. n= 3 (OCT4); n=4 (TAGLN).
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Fig. 7. Molecular characterization of 18i-3-6 iPSC-derived VSMCs.
RNA expression of NANOG, OCT4, and SOX2 show significant downregulation in iPSC-derived VSMCs compared to iPSCs. RNA expression of SMC markers CALD1,
CNN1, and TAGLN is upregulated in iPSCs. n=1. Protein expression analyses show the downregulation of OCT4 in VSMCs and upregulation of TAGLN expression for
VSMCs. n= 1.

Fig. 8. Colorimetric localization and quantification of cellular calcification: A) Calcification was shown via Calcein staining (left), where nuclei are counterstained
with DAPI (blue) and calcium deposits are stained with calcein (green). Alizarin Red S staining (right) displays calcium deposits in red, while non-calcified cells
appear pale. Control cells were maintained in SMC-medium (VSMC), treated cells were kept in osteogenic medium (Calcified VSMCs) for 30 d. n=4. B) Calcification
was quantified with the help of a colorimetric Calcium assay. Control cells were maintained in SMC-medium (VSMC), treated cells were kept in osteogenic medium
(Calcified VSMCs) for 30d. Calcification levels were normalized to untreated controls (n= 4). Data are presented as mean+ SD. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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particular.
Furthermore, thanks to the CRISPR/Cas9 technology it is easily

achievable to create knockout (KO) cell lines for various athero-
sclerosis- or calcification-associated genes or loci, like 9p21, PHACTR1,
ADAMTS7, MRAS, and COL4a1/a2 (Webb et al., 2017) to determine
their functional link to vascular calcification and better understand the
respective underlying mechanisms. Moreover, gene editing may be
applied using CRISPR/Cas, giving the opportunity to specifically ex-
amine the GWAS risk variants identified in patients in regard to
atherosclerosis and CAD.

4. Experimental procedures

4.1. Cell culture, VSMC differentiation and calcification

Human foreskin fibroblasts were isolated as described previously
(Zanon et al., 2017). Briefly, for reprogramming of the fibroblasts they
were transfected with pMIG vectors containing the pluripotency factors
OCT4, SOX2, c-MYC, and KLF4 (Zanon et al., 2017). The human iPSC
line, iPS-HFF-wt (Zanon et al., 2017), was kindly provided by the In-
stitute of Neurogenetics, University of Luebeck, and was adapted to
Geltrex® (Thermo Fisher, #A1569601) coating and maintained in
mTeSR™1 (Stemcell Technologies, #05850) medium. Cells were pas-
saged enzymatically with StemPro® Accutase® Cell Dissociation Re-
agent (Thermo Fisher Scientific, #A1110501) once a week at a ratio of

1:6 to 1:10. Further, the iPSC line USCD018i-3-6 (referred to as 18i-3-6;
WiCell) was used to prove the diffeentiation protocols' successful ap-
plication to other iPSC lines. The 18i-3-6 are reprogrammed from skin
fibroblasts with the use of Sendai virus. The 18i-3-6 iPSC line was
maintained as described above.

For VSMC differentiation, the protocol published by Cheung and co-
workers was adapted and changed slightly, in order to increase effi-
ciency (Cheung et al., 2014). For details please see the Results section.
The differentiation media were composed as published previously
(Cheung et al., 2014). Differentiated VSMCs were cultivated in SMC-
medium composed of Dulbecco's Modified Eagle Medium with high
glucose and GlutaMAX (Thermo Fisher Scientific, #10566016), sup-
plemented with 10% fetal bovine serum (FBS; Pan Biotech) and 1%
Penicillin/Streptomycin.

For calcification, iPSC-derived VSMCs were replated at a density of
52,000 cells/cm2 in Nunc® 24-well cell culture plates and cultured in
StemXVivo® human osteogenic medium (R&D Systems, #CCM008/
CCM007; referred to as osteogenic medium) for another 30 days. All
experiments were carried out in 3 biological replicates and at least 3
technical replicates in independent experiments, unless stated other-
wise.

4.2. Calcium assay

In order to determine the CaP concentration, the cells were washed

Fig. 9. Molecular analysis of cellular calcification: A) VSMCs treated with osteogenic medium (Calcified VSMCs) show significantly increased expression of calci-
fication markers ALP and CTSK on mRNA level. Expression levels were normalized to β-Actin and untreated cells (VSMCs). Data are presented as mean+ SD. n=9.
B) Cells treated with osteogenic medium show increased protein expression of calcification markers ALP and CTSK in WB analysis. Representative WB images are
shown on the left, quantification of WB is shown on the right. Data are presented as mean+ SD. n=3.

Fig. 10. Study design: Cells from patients with CAD risk variants as well as healthy controls are isolated and reprogrammed into iPSCs. Afterwards, iPSCs are
differentiated into VSMCs and calcifying vascular cells.

A. Trillhaase et al. Stem Cell Research 31 (2018) 62–70

68



twice with PBS and incubated with 0.6 N HCl overnight at 4 °C. On the
next day, CaP content in the supernatant was determined following the
protocol of the Randox Calcium quantification assay (Randox,
#CA590).

4.3. Calcein staining

For Calcein staining, cells were fixed in cold 4% PFA for 30min.
PFA was discarded and cells were incubated with Calcein working so-
lution (1:1000, TBS, pH 9) for 30mins in the dark. Following the in-
cubation, cells were washed three times in TBS (pH 9) for 3 mins each.
Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) solu-
tion for 10 mins in the dark. Finally, cells were again washed with TBS
for 3 mins and subsequently coated with TBS for imaging. Fluorescent
images were taken, using a Keyence BZ-9000 microscope.

4.4. Alizarin Red S staining

Cells were fixed in cold 4% PFA for 30min and subsequently wa-
shed with distilled water. Osteogenesis of iPSC-derived calcifying
VSMCs was determined using Alizarin Red S staining (Osteogenesis
Assay Kit, Millipore, #ECM815) following the manufacturers' instruc-
tions. Representative images were taken using a Keyence BZ-9000 mi-
croscope.

4.5. RNA isolation and quantitative PCR (qPCR)

RNA isolation of cells was performed using the Qiagen RNeasy Mini
Plus Kit (Qiagen, #74136) following manufacturers' instructions.
Synthesis of cDNA from RNA templates via reverse transcription was
performed as follows: 10 μl of RNA sample, adjusted to a concentration
of 100 ng/μl in DNase/RNase-free water (Gibco, #10977035), was in-
cubated for 5min at 68 °C. 10 μl of the reaction mix for reverse tran-
scription, containing 4 μl 5× First Strand Buffer (Invitrogen,
#28025021), 2 μl 100mM dithiothreitol (DTT) (Invitrogen,
#28025021), and 1 μl 4 mM dNTPs (Promega, #U1330), Random
Hexamer Primer-Mix (Roth, #HP28.1), RiboLock (40 U/μl) (Thermo
Scientific, #EO0381), and M-MLV RT (200 U/μl) (Invitrogen,
#28025021) each, was added to the RNA and incubated for 1 h at 37 °C,
followed by enzyme inactivation at 95 °C for 5min. Quantitative gene
expression analysis was performed on a 7900HT Fast Real-Time PCR
System (Applied Biosystems, #4329001) using the corresponding SDS
2.2.2 software for analysis. The reaction mix consisted of 3.75 μl
PowerUp™ SYBR® Green Master Mix (Life Technologies, #A25777),
1.125 μl Primer mix (5 pmol/μl) and 1.125 μl DNase/RNase-free water
(Gibco, #10977035), as well as 1.5 μl of cDNA, respectively. Gene ex-
pression was normalized to the internal standard β-Actin (for primer
sequences see Supplementary Material Table S1).

4.6. Protein isolation

Adherent cells were detached by incubation with StemPro
Accutase® Cell Dissociation Reagent (Life Technologies, #A11105–01).
The cell suspension was washed with 1× phosphate buffered saline
(PBS) prior to resuspension in 100–200 μl cell lysis buffer. Complete cell
lysis buffer consists of 10 μl phenylmethane sulfonyl fluoride (PMSF)
(Sigma Aldrich, #P7626), 100 μl 25× Protease Inhibitor (Roche,
#1169749800), 100 μl 10× cell lysis buffer (Cell Signaling, #9803)
and 750 μl DNase/RNase-free water (Gibco, #10977035), supple-
mented with 16.7 μl DNase I (RNase-Free DNase Set, Qiagen, #79254).

4.7. Western Blot (WB)

The polyacrylamide gels were prepared in glass plates fixed in a
casting module (BioRad, Hercules, USA) with a resolving gel of 10 to
12% and 4% stacking gel. 5 μl of 3× SDS Loading Buffer (BioLabs,

#B7703S), supplemented with 1.25M DTT (BioLabs, #B7703S) at a
ratio of 10:1, was added to 10 μl of each sample, containing 10 μg of
total protein. Samples were heated at 95 °C for 5min and placed on ice
until use. Precision Plus Protein Dual Colour Standard (BioRad,
#161–0374) served as a size standard. The proteins were separated for
about 2 h at 100 V. For transfer to a PVDF Immobilon-P Membrane
(Millipore, #IPVH00010), proteins were blotted for 1 h at 120 V. The
detection of specific proteins was performed by antibody staining.
Unspecific binding sites on the membrane were blocked with 5% milk
solution at 4 °C for 1 h. Subsequently, the membrane was incubated
with a primary antibody binding to the target protein (for list of anti-
bodies see Supplementary Material Table S2) at 4 °C overnight. The
membrane was incubated for 1 h with a horseradish peroxidase (HRP)-
coupled secondary antibody in 5% milk (for list of antibodies see
Supplementary Table S2) according to the host of the primary antibody.
For visualization of the antibody staining, ECL Prime Western Blotting
Detection Reagent (GE Healthcare, #RPN2232) was directly added to
the membrane and the chemiluminescence was detected using a Chemi
Doc XRS BioRad imaging system (BioRad, Hercules, USA). Protein ex-
pression was quantified using the Image Lab Software (BioRad,
Hercules, USA). GAPDH, α-Tubulin or β-Actin served as internal stan-
dard for target protein quantification.

4.8. Immunofluorescence staining (IF)

For IF analysis cells were grown on Nunc™ Lab-Tek™ II Chamber
Slides™ (Thermo Scientific, #154534) at a seeding density of 0.5× 104

to 2× 104 cells per cm2. Cells were washed with PBS and then fixed
30min with chilled (−20 °C) methanol:acetone solution (1:1). For an-
tibody staining, cells were permeabilized in PBS containing 0.1%
Triton-X 100 (Sigma Aldrich, #T-8787) and 1% bovine serum albumin
(BSA) and blocked with PBS containing 3.5% BSA. 100 μl primary an-
tibody diluted in blocking solution (for list of antibodies see
Supplementary Material Table S3) or blocking solution alone in case of
the negative control, was applied to each well and incubated overnight
at 4 °C. Slides were incubated with a secondary antibody (1:500) di-
luted in PBS for 1 h at room temperature. To counterstain the nucleus of
the cells they were incubated with DAPI solution for 10 mins in the
dark. The slides were covered using Dako Fluorescence mounting
medium (Dako, #S3023) and cover slips (Menzel, #9161060). The
detection of IF staining was performed with a Keyence BZ-9000 fluor-
escence microscope (Keyence, Neu-Isenburg, Germany).

4.9. Analysis of differentiation efficiency using IF images

IF images of iPSC-derived VSMCs stained against CNN1 and TAGLN
were used for the analysis of differentiation efficiency. DAPI stained
nuclei were counted and used as total number of cells. TAGLN and
CNN1 positive cells in the single fluorescent channels were counted.
Finally, the percentage of CNN1 and TAGLN positive cells compared to
DAPI were estimated, resulting in the differentiation efficiency.

4.10. Statistical analyses

Data are presented as means + SD. Unpaired t-tests were performed
using GraphPad. P < .05 was considered statistically significant. For
all tests: *P < .05, **P < .01, ***P < .001, ****P < .0001 and n.s.
for not significant.
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