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Human induced pluripotent stem cells (hiPSCs) play roles in both disease modelling and
regenerative medicine. It is critical that the genomic integrity of the cells remains intact and
that the DNA repair systems are fully functional. In this article, we focused on the detection of
DNA double-strand breaks (DSBs) by phosphorylated histone H2AX (known as yH2AX) and
p53-binding protein 1 (53BP1) in three distinct lines of hiPSCs, their source cells, and one line
of human embryonic stem cells (hESCs). We measured spontaneously occurring DSBs
throughout the process of fibroblast reprogramming and during long-term in vitro culturing. To
assess the variations in the functionality of the DNA repair system among the samples, the
number of DSBs induced by y-irradiation and the decrease over time was analysed. The foci
number was detected by fluorescence microscopy separately for the G1 and S/G2 cell cycle
phases. We demonstrated that fibroblasts contained a low number of non-replication-related
DSBs, while this number increased after reprogramming into hiPSCs and then decreased again
after long-term in vitro passaging. The artificial induction of DSBs revealed that the repair
mechanisms function well in the source cells and hiPSCs at low passages but fail to recognize
a substantial proportion of DSBs at high passages. Our observations suggest that cellular
reprogramming increases the DSB number but that the repair mechanism functions well.
However, after prolonged in vitro culturing of hiPSCs, the repair capacity decreases.
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New approaches in regenerative medicine and vasculogenesis have generated a demand for
sufficient numbers of human endothelial cells (ECs). ECs and their progenitors reside on the
interior surface of blood and lymphatic vessels or circulate in peripheral blood; however, their
numbers are limited, and they are difficult to expand after isolation. Recent advances in human
induced pluripotent stem cell (hiPSC) research have opened possible avenues to generate
unlimited numbers of ECs from easily accessible cell sources, such as the peripheral blood. In
this study, we reprogrammed peripheral blood mononuclear cells, human umbilical vein
endothelial cells (HUVECSs), and human saphenous vein endothelial cells (HSVECS) into
hiPSCs and differentiated them into ECs. The phenotype profiles, functionality, and genome
stability of all hiPSC-derived ECs were assessed and compared with HUVECs and HSVEC:s.
hiPSC-derived ECs resembled their natural EC counterparts, as shown by the expression of the
endothelial surface markers CD31 and CD144 and the results of the functional analysis. Higher
expression of endothelial progenitor markers CD34 and kinase insert domain receptor (KDR)
was measured in hiPSC-derived ECs. An analysis of phosphorylated histone H2AX (yH2AX)
foci revealed that an increased number of DNA double-strand breaks upon reprogramming into
pluripotent cells. However, differentiation into ECs restored a normal number of yH2AX foci.
Our hiPSCs retained a normal karyotype, with the exception of the HSVEC-derived hiPSC line,
which displayed mosaicism due to a gain of chromosome 1. Peripheral blood from adult donors
is a suitable source for the unlimited production of patient-specific ECs through the hiPSC
interstage. hiPSC-derived ECs are fully functional and comparable to natural ECs. The protocol
is eligible for clinical applications in regenerative medicine if the genomic stability of the
pluripotent cell stage is closely monitored.
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Author’s note

Human induced pluripotent stem cells (hiPSCs) can be induced from tissues of an adult and
they can be differentiated into chosen cell type which gives many possibilities for their use in
both research and medicine.

Stem cells are defined by their abilities to self-renew and differentiate. Depending on the
environment they can divide either to cells of the same cell type as the mother cell, or to more
differentiated cells. Stem cells are natural component of the organism, they are present both
during the development and in an adult individual. In an organism, most of these cells is
quiescent.

Stem cells in vitro are however kept in an environment that forces them to grow and divide
constantly. That allows us to grow large quantity of cells, but it comes with a risk of genome
instability, as cells during the short cell cycle have little time to check for possible damage
and to repair it. That is why monitoring DNA damage is of importance.

In presented studies, DNA damage and response to it was studied via phosphorylated histone
H2AX (yH2AX). This phosphorylation is an early cellular response to DNA damage,
specifically, double strand breaks (DSBs). After immunocytochemical staining, it can be
observed as loci in nucleus, which were counted using image analysis. As these foci can be
formed as a response to replication stress, cells in S or G2 phase of cell cycle were marked
with EdU and only cells in G1 phase were analyzed.

Two papers on this subject are presented. The first study focuses on evaluating DNA damage
in hiPSCs during prolonged culture and the second is comparing DNA damage of source

cells, hiPSCs and hiPSCs-derived epithelial cells.
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Background: Human induced pluripotent stem cells (hiPSCs) play roles in both disease modelling and regenerative
medicine. It is critical that the genomic integrity of the cells remains intact and that the DNA repair systems are
fully functional. In this article, we focused on the detection of DNA double-strand breaks (DSBs) by phosphorylated
histone H2AX (known as yH2AX) and p53-binding protein 1 (53BP1) in three distinct lines of hiPSCs, their source
cells, and one line of human embryonic stem cells (hESCs).

Methods: We measured spontaneously occurring DSBs throughout the process of fibroblast reprogramming and
during long-term in vitro culturing. To assess the variations in the functionality of the DNA repair system among
the samples, the number of DSBs induced by y-irradiation and the decrease over time was analysed. The foci
number was detected by fluorescence microscopy separately for the G1 and S/G2 cell cycle phases.

Results: We demonstrated that fibroblasts contained a low number of non-replication-related DSBs, while this
number increased after reprogramming into hiPSCs and then decreased again after long-term in vitro passaging.
The artificial induction of DSBs revealed that the repair mechanisms function well in the source cells and hiPSCs
at low passages, but fail to recognize a substantial proportion of DSBs at high passages.

Conclusions: Our observations suggest that cellular reprogramming increases the DSB number but that the repair
mechanism functions well. However, after prolonged in vitro culturing of hiPSCs, the repair capacity decreases.

Keywords: Human induced pluripotent stem cells, DNA double-strand breaks, yH2AX, 53BP1, Long-term in vitro

Background

Human induced pluripotent stem cells (hiPSCs) hold
great promise for clinical applications because of their
potential to differentiate into all three embryonic germ
layers [1-3]. To use hiPSCs in cell therapy or disease
modelling [4], it is fundamental that they possess an
intact genome. Much research has been performed in
the field of genome maintenance in mouse and human
embryonic stem cells (hESCs). However, less is known
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about the causes of genomic aberrations and the func-
tionality of repair mechanisms in hiPSCs [5]. In general,
the genomic instabilities in hiPSCs may be introduced:
1) by pre-existing mutations in source cells; 2) during
reprogramming; and 3) during in vitro expansion of the
hiPSCs. It has been reported that at least 50% of the
single-nucleotide variations in hiPSCs pre-existed in the
source cells [6]. The process of reprogramming itself rep-
resents a serious risk of mutation acquisition. Primarily,
deletions of tumour suppressor genes were observed dur-
ing reprogramming [7]. Using episomal vectors may lower
the risk of reprogramming-associated genome changes
[8]. The culturing of pluripotent stem cells (PSCs) in vitro
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is probably the main cause of the accumulation of gen-
omic instabilities, resulting from the adaptation to cul-
ture conditions and clonal selection during passaging.
The data reported by Taapken et al. [9] support this
idea, indicating that the types and frequency of karyo-
typic abnormalities are similar between hESCs and
hiPSCs. In contrast, the results of Laurent et al. [7]
revealed slight differences in the distribution of sub-
chromosomal variations between hESCs and hiPSCs.
Interestingly, in their study [7], prolonged in vitro cul-
turing was associated with oncogene duplication.

One of the key techniques for monitoring DNA integ-
rity is the detection of DNA double-strand breaks
(DSBs). DSBs are a severe type of DNA damage that
may cause irreversible changes in the genomic content
of the cell. They are induced by internal factors such as
the by-products of cell metabolism or replication stress,
or by external factors such as exposure to irradiation or
chemical agents [10]. A damaged cell may arrest the
cell cycle until the lesions are repaired. If the DNA
damage is not successfully repaired, apoptosis is com-
monly induced to prevent the propagation of chromo-
somal aberrations. The repair of DSBs is executed
either by fast non-homologous end-joining (NHE]) or
more precise homologous recombination (HR). Both
mechanisms contribute to DSB repair in a cell cycle-
specific manner. NHE] occurs at all phases of the cell
cycle but is primarily responsible for DSB repair in the
G1 stage. HR occurs predominantly in the late S and
G2 phases [11]. Published data suggest that pluripotent
cells exert stronger genomic protection and can repair
DNA lesions more efficiently than differentiated som-
atic cells [5, 12—14]. However, a strong DNA protective
mechanism may cause the pluripotent cells to be more
prone to apoptosis.

Various DNA damage-response proteins have been
used as markers of DSBs, including phosphorylated
histone H2AX (known as yH2AX) and p53-binding
protein 1 (53BP1) [15]. The generation of yH2AX foci
at the site of DNA lesions precedes the formation of
53BP1 foci [16—18]. Several studies have confirmed that
53BP1 functions exclusively in NHE] and that it inhibits
the 5’ end resection needed for HR [19-21]. In con-
trast, YH2AX influences both NHE] and HR [10]. The
foci formation of yH2AX is dependent on the cell cycle
phase [22-24]. S/G2 phase cells exhibit more YH2AX
foci than do cells in G1 phase because of replication-
related DSBs. Cell-cycle dependency has not been ob-
served for 53BP1 [25].

In the present study, we compared the genomic integ-
rity of fibroblasts and pluripotent stem cells. We used
fluorescence microscopy to visualize the DSBs recog-
nized by YH2AX and 53BP1 in three hiPSC lines and
one hESC line at low or high passage numbers and in
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one line of source cell fibroblasts. Each hiPSC line is
unique and represents a different reprogramming ap-
proach, as described in the Methods. We also aimed to
detect differences in the ability to recognize DSBs artifi-
cially induced by y-irradiation and their decrease over
time. The measurements were conducted with respect
to cell cycle stage, and the data were analysed separately
for the G1 and G2/S phases. Thus, we aimed to eluci-
date genomic stability during hiPSC generation and
in vitro culturing.

Methods

hiPSC generation and cell culture

Human dermal fibroblasts (hDFs; kindly provided by
the National Tissue Centre Inc., Brno, Czech Repub-
lic) and CD34" haematopoietic progenitors (blood
sample kindly provided by the Department of Internal
Medicine, Haematology and Oncology, Masaryk Uni-
versity, and University Hospital Brno, Czech Republic)
were used as source cells for the generation of hiPSCs
as described in Simara et al., 2014 [26, 27]. For this
study, we used the hiPSC line CBIA-3-CD34" haem-
atopoietic progenitors reprogrammed by the Sendai
virus (CytoTuneTM-iPS Reprogramming Kit; Thermo
Fisher Scientific, Waltham, MA, USA), hiPSC line
CBIA-5—fibroblasts reprogrammed by the Sendai
virus, and hiPSC line CBIA-7-fibroblasts repro-
grammed by episomal vectors (Epi5™ Episomal iPSC
Reprogramming Kit; Thermo Fisher Scientific). The
CCTL-14 hESC line [28] was a kind gift from the
Department of Histology and Embryology (Faculty of
Medicine, Masaryk University, Brno, Czech Republic).
All three hiPSC lines and the hESC line were main-
tained in the form of colonies on irradiated mouse
embryonic fibroblast feeder cells (MEFs; 2.5 x 10° cells
per 3.5-cm dish) in DMEM/F12 (1:1) supplemented
with 20% knock-out serum replacement, 2 mM L-glutam-
ine, 100 pM non-essential amino acids, 1% penicillin/
streptomycin, 0.1 mM 2-mercaptoethanol, and 10 ng/ml
basic fibroblast growth factor (bFGF) (all from
Thermo Fisher Scientific). The medium was changed
daily. Markers of pluripotency (Oct-3/4, Sox2, Nanog,
and SSEA4) were detected as described previously
[26], and all three hiPSC lines were positive for all of
these markers (Additional file 1: Figure S1). A teratoma
formation assay confirmed that the hiPSCs could dif-
ferentiate into all three germ layers (Additional file 2:
Figure S2).

The following cell passage numbers (p) were used
(low and high): CBIA-3 at p27 and p76, CBIA-5 at p19
and p65, CBIA-7 at p25 and p67, and CCTL-14 at p30
and p302. hDFs were used at p6. No CD34" blood
progenitors used to generate CBIA-3 were available for
DSB analysis.
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y-Irradiation

Prior to irradiation, the hiPSCs and hESCs were feeder
depleted by culturing on a Geltrex® matrix for 3 days.
Essential 8™ medium (Thermo Fisher Scientific) was
changed daily. The cells were then irradiated by ionizing
radiation (IR; 0.5 Gy/min; *’Cs; 1 and 4 Gy) to induce
DSBs and fixed in 4% paraformaldehyde at 0.5, 2, and
6 h after irradiation.

The dose of 1 Gy was selected for the experiments
based on published results [12, 29] and our DSB count
measurement after 1 Gy or 4 Gy irradiation (data not
shown). The peak value of the foci number was recorded
0.5 h after irradiation; therefore, this time point was
selected for the study of the functionality of the repair
system.

Immunocytochemistry

Immunocytochemical staining was used to visualize the
DSBs and distinguish between the cell cycle stages G1
and S/G2. Four hours before fixation, a nucleoside
analogue of thymidine, 5-ethynyl-2’'-deoxyuridine (EdU;
Thermo Fisher Scientific), was added at a final concentra-
tion of 10 puM. The cells were fixed in 4% paraformalde-
hyde and permeabilized in 0.2% Triton-X (both from
Sigma-Aldrich, St. Louis, MO, USA). Overnight incuba-
tion with primary antibodies against yH2AX (Biolegend,
San Diego, CA, USA) and 53BP1 (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) was followed by 1 h of incubation
with a secondary antibody conjugated with Alexa 555
(Cell Signaling Technology, Danvers, MA, USA). The
samples were stained with the Click-iT* EAU Alexa Fluor®
488 Imaging Kit (Thermo Fisher Scientific) to visualize
EdU according to the manufacturer’s instructions. Finally,
the nuclei were stained with Hoechst dye (BisBenzemide
H33342; 1 pg/ml; Sigma-Aldrich).

Fluorescence microscopy and image analysis

Fluorescent signals were detected using the Zeiss Axio-
vert 200 M system (Carl Zeiss, Oberkochen, Germany).
The images were captured using a CoolSNAP HQ2
CCD camera in the wide-field mode (Photometrics,
Tucson, AZ) at —30 °C. Thirty 3-pm slices were acquired
in each field at a resolution of 1392 x 1040 pixels. The
pixel size of the images was 124 x 124 nm. Between 500
and 1000 cells were analysed from each microscopic
slide. Two slides, yH2AX and 53BP1, were prepared
from each sample and each time point.

Acquiarium software, developed by our group, was
used to acquire and analyse the images [30]. Acquiarium
is open source software available for download at our
group’s official website (http://cbia.fimuni.cz/projects/
acquiarium.html). During the analysis, individual cells in
the field of view were first cropped manually. Next, the
nucleus of each cell, stained with Hoechst dye, was
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recognized automatically using the “Find objects (hyster-
esis thresholding)” plugin. We used the Gaussian filter
in the preprocessing phase (with sigma = 1), the thresh-
old was calculated using the two-level Otsu method, and
we defined the minimum size of an object to exclude the
parts of adjacent cells. This plugin defined the area in
which we counted YyH2AX or 53BP1 foci. For this
purpose, we employed the eMax algorithm described in
[31] using the parameters sigma=1, a spot height
threshold of 80, and a maximum spot size of 800, which
we set empirically. The EAU signal was quantified based
on the total intensity calculated in the nucleus. The
threshold for the separation of EdU-negative (G1) and
EdU-positive (S/G2) cells was computed in MATLAB
(Mathworks) using the Otsu method.

Flow cytometry analysis

To assess early apoptosis, cells were stained with
Annexin-V fluorescein isothiocyanate (FITC) and 7-
amino-actinomycin D (7-AAD; BD Via-Probe) in
Annexin-V binding buffer (Miltenyi Biotec, Bergisch
Gladbach, Germany). From each sample, approximately
1 x10° cells were processed. All of the samples were
measured using a BD FACS Canto II flow cytometer
(Becton-Dickinson). BD FACSDiva (Becton-Dickinson)
software was used for the data analysis.

Western blotting

For each time point, approximately 1x 10° cells were
lysed in RIPA buffer. The total protein concentration
was assessed using a Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific). Laemmli buffer was added,
and the samples were separated by SDS-PAGE. The pro-
teins were transferred onto polyvinylidene fluoride
membranes, and the membranes were blocked with 5%
milk in TBS-Tween for 1 h. The membranes were then
incubated with a 1:1000 dilution of PARP and GAPDH
primary antibodies (both from Cell Signaling Technol-
ogy) in TBS-Tween with 5% milk at 4 °C overnight.
Subsequently, the membranes were incubated with the
secondary antibody (1:5000 anti-rabbit HRP; Cell Signal-
ing Technology) for 1 h at room temperature, and the
blots were developed using the Clarity™ Western ECL
Substrate (Bio-Rad Laboratories, Hercules, CA, USA)
according to the manufacturer’s instructions.

Statistical analysis

Comparison of two data sets was performed using
Student’s ¢ test. Multi-group assays were analysed by a
one-way analysis of variance (ANOVA) in conjunction
with Tukey’s test. A level of P < 0.05 was considered to
be statistically significant.
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Results

Discrimination between the cell cycle phases using EAU
increases the accuracy of analysing DNA lesions

The overall goal of our study was to use the numbers
of YH2AX and 53BP1 foci as a measure of DNA repair
in hiPSCs and in their somatic founders. However, as
described above, it has been previously shown that the
numbers of YH2AX foci are influenced by the cell cycle
phase, with more foci being present in the S/G2 nuclei
than in the G1 nuclei [22-24]. Obviously, different
types of cells (somatic versus pluripotent) as well as
cells in different states of culture (early versus late)
most likely differ in the lengths of the individual phases
of their cell cycle. Therefore, we first determined to
what extent the numbers of foci are influenced by cell
cycle speed and may thus distort the overall picture ob-
tained by the foci analysis. To do so, we labelled newly
synthesized DNA with EdU, visualized the accumula-
tion of YH2AX and 53BP1 proteins on chromatin (foci),
and then used an automated analysis. This approach is
shown in Fig. la. Figure 1b and c¢ exemplify the situ-
ation when an EdU-positive cell (nucleus) contains a
larger number of yH2AX foci compared to EdU-
negative cells (nuclei). Before we counted the numbers
of YH2AX and 53BP1 foci, we analysed the EdU signal
distribution among the cell samples and separated the
EdU-negative (G1 phase) and EdU-positive (S/G2 phase)
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nuclei. The EdU signal strength in particular cells in each
sample was then expressed as a histogram (with a calcu-
lated threshold for EdU negativity) for maximum clar-
ity and reproducibility in separating G1 and S/G2
cells. Histograms of all analysed samples are shown in
Additional file 3 (Figure S3). Our data revealed a sta-
tistically significant difference in cell cycle phase dis-
tribution between hDFs, representing a somatic cell
type, and all pluripotent stem cells, irrespective of
their type and passage number (Fig. 2). The high pro-
portion (87.2%) of EdU-negative cells in the hDF
sample suggests that the vast majority of these cells
remain in G1 phase. By contrast, only between 49.5
and 57.0% of the pluripotent cells were EdU negative,
confirming their high proliferation activity and short
cell cycle.

Taken together, this series of experiments demon-
strates the robustness of the approach that we have de-
veloped to visually discriminate between G1 and S/G2
cells in situ. Our data show that, using this technique,
we can identify changes in cell cycle progression. In the
context of cell cycle-associated differences in numbers of
YH2AX and 53BP1 foci, this approach is extremely use-
ful and was employed for all the following analyses in
this study. The Acquiarium software also represents an
extremely valuable tool for complex and automated
microscope image analysis.

Scale bar=5 um. EdU 5-ethynyl-2'-deoxyuridine

Fig. 1 Image analysis in three dimensions using Acquiarium software. a Automatic detection of the cell nucleus (blue) marked with a yellow
border line and counting of 21 yH2AX foci (red) inside the cell nucleus, visualized by yellow dots. The green regions emerge as EdU is newly
incorporated during DNA synthesis. b A significantly higher count of yH2AX foci is seen in the nucleus of the cell in the middle of the field than
in the adjacent cells. ¢ The cell in the middle is strongly positive for EdU (green), suggesting that the cell passes through the S or G2 phase, and
YH2AX foci result from replication stress. The hiPSC line CBIA-5 at low passage, non-irradiated control, yH2AX. A merge of 30 3-um slices is shown.
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CCTL-14 CBIA-3

CBIA-5 CBIA-7 CCTL-14

Fig. 2 Distribution of EdU-negative cells in the samples. Comparison of fibroblasts (hDF), hiPSCs (CBIA-3, CBIA-5, and CBIA-7), and hESCs (CCTL-14)
at low or high passage number. The mean value of the percentage of EdU-negative cells calculated from six histograms is shown (£ SEM). A
massive disproportion in the EdU-negative cell group was observed between hDF somatic cells and pluripotent stem cells. *P < 0.05 by one-way
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Reprogramming is accompanied by increased numbers of
YH2AX and 53BP1 foci, but this trend is reversed with
prolonged in vitro culturing

First, we wanted to determine whether reprogramming to
pluripotency influences the numbers of DSBs as revealed
by the presence of YH2AX and 53BP1 foci. To do so, we
counted these foci in the parent fibroblasts (hDFs) and in
cells of three independent hiPSC lines (CBIA-3, CBIA-5,

and CBIA-7) at an early stage after their establishment (up
to passage 27; further referred to as low-passage hiPSCs).
As shown in Fig. 3a and b, the numbers of both types of
foci in EdU-negative hiPSCs were higher than those
observed in EdU-negative hDFs. Specifically, in hDFs, the
average number of foci per cell was only 1.1 for yH2AX
and 1.5 for 53BP1. In hiPSCs, however, these numbers
ranged from 5.6 to 5.9 for yH2AX and from 2.1 to 4.0
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Fig. 3 DSBs recognized by yH2AX (a,c) and p53-binding protein 1 (538P7) (b,d) in non-irradiated control cells (Ctrl) (ab) or 0.5 h after y-irradiation
with 1 Gy (¢,d). Comparison of fibroblasts (human dermal fibroblast; hDF), hiPSCs (CBIA-3, CBIA-5, and CBIA-7) and hESCs (CCTL-14) at low or high
passage number. The number of foci in each cell is visualized as a dot, and the mean value is shown as a black line for each sample. The results
are shown in the EdU-negative population. *P < 0.05 between hDF and iPSCs in low passage, and between low and high passages, by one-way
ANOVA and Tukey's multiple comparison test
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for 53BP1. It needs to be stressed that the CBIA-5 and
CBIA-7 cells produced about the same numbers of
YH2AX foci (5.69 and 5.89, respectively) despite the dif-
ferent reprogramming method used to generate these
cells (Sendai virus versus episomal vectors). The next
question was whether prolonged passaging of hiPSCs
may further affect the number of DSBs. To obtain this
information, we evaluated foci in hiPSCs (all three lines
as above) that were cultured for a minimum of 65
passages (further referred to as high-passage cells). In
these high-passage hiPSCs, the numbers of foci de-
creased (compared to low-passage cells), reaching levels
of only 2.6 to 4.4 foci per cell for yH2AX and 1.5 to 1.6
foci per cell for 53BP1.

As described in the previous section, EdU-positive
(S/G2) cells are characterized by many more DSBs than
EdU-negative (G1 phase) cells, possibly as a result of
replicative stress-associated amplification of DNA lesions
during the progression of the cell cycle. Accordingly, the
numbers of both YH2AX and 53BP1 foci were increased
in EdU-positive cells compared to EdU-negative cells in
all cell lines and passage categories (low and high) ana-
lysed in this experiment (Fig. 4). Interestingly, this S/
G2-linked increase was the highest in hDFs, with the
mean numbers of foci per EdU-positive cell being 29.9
for YH2AX and 19.6 for 53BP1, probably reflecting
their highly effective “healthy” repair machinery. In the
low-passage hiPSCs, the respective mean numbers were
slightly lower than in hDFs, 23.0-25.1 for yH2AX and
8.8-15.3 for 53BP1, while in high-passage hiPSCs these
numbers dropped down to 11.0-17.9 for yH2AX and
4.7-6.5 for 53BP1. It is also of note that the mean num-
bers of YH2AX foci were always (in all cell lines as well
as passage categories) higher than those of 53BP1 foci
(Fig. 4a).

Since we hypothesized that increased DSBs are due to
reprogramming rather than being associated with pluri-
potency, we thought that hESCs would have a rather low
basal level of DSBs, possibly about the same as in hDFs.
To address this issue, we also analysed a reference line
of hESCs (CCTL-14) that we have shown in our previ-
ous work to conform in all aspects to hESC standards
[28]. Contrary to our expectation, the numbers of DSB-
associated foci in new, low-passage hESCs were much
closer to those in hiPSCs than in hDFs. This held true
for both EdU-negative and EdU-positive cells. Specific-
ally, in EdU-negative cells the numbers averaged 4.5 for
YH2AX and 2.7 for 53BP1 foci, and in EdU-positive cells
they averaged 12.8 for yH2AX and 10.3 for 53BP1 foci.
Clearly, the numbers of foci in hESCs follow the same
trend as in hDFs and hiPSCs, being dramatically in-
creased in S/G2 cells compared to the cells in G1 phase.
Additionally, as in hDFs and hiPSCs, the numbers of
YH2AX foci in hESCs were always higher than those of
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53BP1 foci. Surprisingly, however, in hESCs the numbers
of YH2AX- and 53BP1-associated foci further increased
with their prolonged culturing, which was in strict
contrast to what we observed in hiPSCs (see above).
Specifically, the numbers of foci per cell in high-passage
hESCs were as follows: in the EdU-negative cells, 6.7 for
YH2AX and 4.8 for 53BP1 foci; in the EdU-positive cells,
19.3 for yH2AX and 14.3 for 53BP1 foci. The complete
set of foci numbers is shown in Table 1.

hiPSCs lose their DNA repair capacity after prolonged
maintenance in vitro

The above experiments demonstrated that, under nor-
mal culture conditions, hDFs, hiPSCs, and hESCs all
have characteristic numbers of yH2AX and 53BP1 foci.
However, based on these measurements we cannot
resolve whether this is due to differences in the level of
“spontaneous” DNA damage, DNA repair capability
(recognition of DNA lesions), or both. It is understood
that the amount of DSBs in cultured cells caused by y-
irradiation is about the same for the same dose of
irradiation, regardless of the type of cell. With this
holding true, the numbers of yH2AX and 53BP1 foci
detected in cells irradiated by the same dose of y-rays
should then reflect the capability of the DNA repair
machinery to recognize DSBs rather than the level of
DNA damage. In the following series of experiments,
we built on this presumption to study the DNA repair
efficiency of human pluripotent stem cells. We irradi-
ated the respective cells (hDFs, hiPSCs, and hESCs)
with the same dose of y-rays (1 Gy) and then deter-
mined the number of yH2AX and 53BP1 foci at three
different time points after irradiation (0.5, 2, and 6 h).
It has previously been shown that the levels of yH2AX
and 53BP1 loaded onto chromatin usually reach a max-
imum at approximately 15-30 min after ionizing irradi-
ation [32-34]. Based on this data, we used 30 min as
the starting point. Two additional time points (2 and
6 h) then provided information on how DNA repair is
sustained.

Figure 3c and d show the numbers of yH2AX and
53BP1 foci 30 min after y-irradiation in EdU-negative
cells. As expected for normal cells, hDFs exhibited a
dramatic increase to 19.9 and 15.6, respectively. This
represents an 18-fold (for yH2AX) and 10-fold (for
53BP1) increase over their numbers in non-irradiated
controls, which indeed mirrors a massive initiation of
DNA repair pathways (Fig. 4b). Surprisingly, although
the numbers of both types of foci were higher in non-
irradiated hiPSCs (irrespective of their passage number)
than in hDFs (see the previous section), this was not the
case for irradiated hiPSCs. Specifically, at 30 min after ir-
radiation, low-passage hiPSCs produced 21.9 to 28.6
YH2AX foci and 17.8 to 20.1 53BP1 foci, thus always
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Fig. 4 Cell cycle-dependent changes in the yH2AX and p53-binding protein 1 (53BPT) foci number. A comparison of the foci number between
the G1 phase (Edu negative; black column) and S/G2 phase (EdU positive; grey column) was performed in one fibroblast line (human dermal fibroblast;
hDF), three hiPSC lines (CBIA-3, CBIA-5, and CBIA-7) and one hESC line (CCTL-14) at high or low passage number. a The number of foci per cell is
shown in non-irradiated control cells (Ctr/) and irradiated cells (1 Gy; 0.5 h after irradiation). b Percentage of increase in yH2AX and 53BP1 foci after
1 Gy treatment. The mean + SEM is shown. *P < 0.05 by t test

exceeding the corresponding numbers observed in hDFs.
In contrast, high-passage hiPSCs produced only 8.0 to
12.4 yH2AX foci and 8.0 to 16.9 53BP1 foci. In other
words, in hiPSCs, their prolonged passaging dramatically
diminished the numbers yH2AX and 53BP1 foci induced
by y-rays to levels below or similar to those observed in
hDFs.

As described in the previous section, the numbers of
“spontaneous” YH2AX and 53BP1 foci were, for all cell
types and categories studied here, always higher in S/G2
(EdU-positive) then in G1 (EdU-negative) cells. In hiPSCs,

the fold-increase ranged from three-times in high-passage
CBIA-5 cells (53BP1) to 4.6-times in high-passage CBIA-7
cells (yH2AX), and the changes were consistently statisti-
cally significant (Fig. 4a). This overall trend was also
retained in y-irradiated cells (at 30 min after irradiation);
however, the actual fold-increase (S/G2 versus G1) was
much lower, in four cases showing either no changes or
statistically insignificant changes (for both yH2AX and
53BP1 foci in high-passage CBIA-3 and CBIA-7 hiPSCs)
(Fig. 4a). Specifically, for hiPSCs, the fold-increase ranged
from none to 2.1-times (24.6/11.6) for yH2AX foci in
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Table 1 Number of foci per cell
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Non-irradiated control cells

Irradiated cells (1Gy)

G1 (EdU-negative cells) S/G2 (EdU-positive cells)

G1 (EdU-negative cells) S/G2 (EdU-positive cells)

No. of foci £ SEM  No. of cells ~ No. of foci= SEM  No. of cells  No. of foci+ SEM  No. of cells  No. of foci+ SEM  No. of cells

hDF

YH2AX  1.13+£0.11 463 299+132 60 19.89+0.36 485 4549 £0.88 97

53BP1 149+0.07 486 19.64+123 80 15.55+0.22 501 19.20+ 091 69
CBIA-3 low

YH2AX 556 +0.22 464 2298 £0.38 523 21.87+£034 612 28.71£0.34 554

53BP1 213+£0.12 445 876+0.35 407 19.01 +£0.31 552 23.1+£042 496
CBIA-3 high

YH2AX 442 +0.20 483 1791+ 041 337 8.01+£0.27 594 797 £0.35 480

53BP1 146 +0.07 625 473+0.18 510 1445 +0.29 551 13.66+0.31 447
CBIA-5 low

YH2AX ~ 569+0.23 542 25.1+047 415 286+0.52 437 41.00+0.55 421

53BP1 403+0.18 445 153049 425 17.84+0.26 613 2332+030 642
CBIA-5 high

YH2AX 298 +£0.13 520 10.98 £ 0.26 508 11.57+£027 445 2445+ 039 480

53BP1 156 +0.07 608 471+021 461 8.04+£0.17 490 10.84+0.20 514
CBIA-7 low

YH2AX  589+0.25 382 2377 £045 414 2648 £ 044 511 36.71+0.52 444

53BP1 2.73£0.13 487 1042 £ 031 421 20.05+0.35 591 21.94+0.38 560
CBIA-7 high

YH2AX  256+0.13 547 11.78+0.25 534 12414026 580 12.73+0.30 452

53BP1 151+007 586 65+027 415 169+0.32 556 1762+034 415
CCTL-14 low

YH2AX  445+0.20 554 1283+ 031 544 2099 +£0.34 634 3037+057 378

53BP1 273£0.14 629 1028036 508 16.77 £0.27 681 19.13+0.39 452
CCTL-14 high

YH2AX  6.66£0.29 510 1930+ 049 427 1626 £0.28 642 1938 £0.34 423

53BP1 475021 576 1434+ 052 402 21.49+030 653 2420+ 042 425

The number of foci per cell and the number of analysed cells are shown for non-irradiated control cells and cells 0.5 h after irradiation with 1 Gy. Five samples
were analysed: a fibroblast line (hDF), three hiPSC lines (CBIA-3, CBIA-5, and CBIA-7) and one hESC line (CCTL-14) at high or low passage number. The values are

shown for the separated cell cycle phases G1 (EdU-negative) or S/G2 (EdU-positive)

EdU 5-ethynyl-2'-deoxyuridine, hDF human dermal fibroblast

high-passage CBIA-5 cells. The percent increase of foci
(both YH2AX and 53BP1) after treatment with 1 Gy was
higher in the cells in G1 phase than in those in S/G2
phase (Fig. 4b). Taken together, this set of data reveals that
a high level of spontaneous DNA damage (replicative
stress occurring in S/G2 phase) dramatically distorts the
outcome of y-irradiation as measured by the numbers of
yYH2AX and 53BP1 foci.

As detailed above, we have found that irradiated high-
passage hiPSCs load their DNA with much lower amounts
of YH2AX and 53BP1 than irradiated hDFs and low-
passage hiPSCs, suggesting that high-passage hiPSCs are
somewhat less proficient at initiating DNA repair. To

further examine this issue, we also determined the num-
bers of yH2AX and 53BP1 foci at 2 and 6 h after y-
irradiation and then analysed the shapes of the resulting
time-course curves. The steepness of the resulting curves,
which are shown in Fig. 5a and b, collectively confirm our
initial notion. The curves representing hDFs and low-
passage hiPSCs decline more steeply, indicating a faster
decrease in DSBs, while the curves representing high-
passage hiPSCs decline more gradually, indicating slower
recovery from DSBs.

We also analysed hESCs in parallel to hiPSCs to deter-
mine whether the studied phenomena are associated with
de-differentiation to pluripotency or with the pluripotency
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per se. Overall, the differences between irradiated low-
and high-passage hESCs were much less pronounced
than those in hiPSCs. This conclusion is substantiated
by the numbers of: 1) yH2AX foci in low- and high-
passage EdU-negative hESCs (21.0 versus 16.3); 2)
53BP1 foci in low- and high-passage EdU-negative
hESCs (16.8 versus 21.5) (Fig. 3c and d); 3) YH2AX
foci in low- and high-passage EdU-positive hESCs
(30.4 versus 19.4); and 4) 53BP1 foci in low- and
high-passage EdU-positive hESCs (19.1 versus 24.2)
(Fig. 4a). It is of note that in high-passage hESCs
(both EdU-negative and EdU-positive) the numbers of
53BP1 foci (but not of yH2AX foci) even increased
compared to those typical for low-passage hESCs.
Finally, the steepness of the time-course curves indi-
cated that the decrease was more similar to hDFs
than to hiPSCs (Fig. 5c and d).

To test possible differences in the sensitivity of par-
ticular cell types to apoptotic signals, we investigated
the cleavage of PARP, an indirect marker of DNA
damage, and early apoptosis using Annexin-V/7-AAD
assay. A Western blotting analysis of PARP in hiPSC
lines demonstrated that the highest cleavage occurred
at 2 h after y-irradiation (Fig. 6a and b). No differ-
ence was observed between low and high passages.
The PARP cleavage was later accompanied by a de-
crease in cell viability at the 6-h time-point in all
hiPSC lines with the exception of high-passage CBIA-
5 cells. Interestingly, hDFs and hESCs did not display
as much sensitivity to 1 Gy y-irradiation as hiPSCs
(Fig. 60).

Discussion

A DNA molecule is unstable and subject to internal
and external harmful factors. Correct functioning of the
DNA repair mechanisms is, therefore, essential for the
maintenance of genomic integrity. In the field of hiPSC
research, only cells with an intact genome can be used
for clinical application. Unfortunately, the generation
and expansion of hiPSCs in vitro causes genomic in-
stability. In our research, we monitored the amount of
DSBs, either spontaneous or irradiation-induced, in
three lines of hiPSCs (CBIA-3, CBIA-5, and CBIA-7) at
low or high passage numbers, as well as in original
source cell fibroblasts (hDFs). One hESC line (CCTL-
14) was also examined. Our goal was to shed light on
the reaction of the cells to reprogramming and on the
prolonged in vitro culturing of pluripotent cells. Here,
we focused specifically on the kinetics of DSB gener-
ation and repair, cell cycle speed changes, triggering of
apoptosis, and cell viability. Special attention was paid
to the cell cycle phase of individual cells.

We selected two markers of DSBs—the phosphory-
lated histone variant YH2AX and its binding partner, the
DNA repair mediator 53BP1. Fluorescence microscopy
was chosen to detect these proteins because it offers two
main advantages over other methods such as Western
blotting. First, the expression of 53BP1 does not change;
only its localization at DNA damage sites is affected.
Second, analysis at the single-cell level assures a higher
sensitivity and allows for the discrimination between
cells at various cell cycle phases. We employed EdU
staining, which discriminates between the G1 and S/G2



Simara et al. Stem Cell Research & Therapy (2017) 8:73

Page 10 of 13

a low passage high passage b
Ctrl 0.5h 2h 6h Ctrl 0.5h 2h 6h CBIA-3 low CBIA-3 high
PARP i — s — —— - 200 200
[42]
<_'z c-PARP — — 100 H 100
8 a 0 |_I — 1 0 | - 1
GAPDH " — — gt: Ctrl 05h 2h  6h ctrl 05h 2h  6h
— % CBIA-5 low CBIA-5 high
PARP | w _— - e - 8 60 - I~
wn
& C-PARP g 20
é S 2 10
GAPDH | " s S S A —— s O &roshznen O Cul0SR Zh T Eh
AR | . G — . —_— CBIA-7 low CBIA-7 high
N 60 ]
© c-PARP 200
< © 40
bS] 2 100
GAPDH | " e am— - W — —
ot Ll o
Ctrl 0.5h 2h  6h Ctrl 05h 2h 6h
C
» 100 * W crl
o N N N Oosh
S 80 Y- BN N . . \ 2h
_‘é’ § § § N % N § Osh
® 60 % § % % § § §
9 N BN BN BN RN BN BN
g N N N N N N N
c N N N N \ N N
N N N N N N N
> 40 N BN (BN IEN (BN BN (BN
5 N (BN BN (BN BN (BN RN
5 N BN (BN BN (BN BN (BN
g N (BN (BN (BN (BN (RN (BN
2 2 NEN (BN BN BN BN (BN
£ N (BN (BN BN (BN BN BN
hDF  CBIA-3  CBIA-5 CBIA-7 CCTL-14 CBIA-3  CBIA-5 CBIA-7 CCTL-14
low passage high passage
Fig. 6 PARP expression and early apoptosis. Cells were exposed to 1 Gy radiation and analysed by Western blotting and flow cytometry after 0.5,
2, and 6 h. a Western blotting of PARP, cleaved PARP (c-PARP), and GAPDH. b Densitometric analysis shows the ratio of cleaved PARP to uncleaved
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hDF human dermal fibroblast

phases of the cell cycle. By incorporating a nucleoside
analogue of thymidine (EdU) into the DNA during repli-
cation, only cells in the S or G2 stage are labelled posi-
tive [35]. The images were analysed using Acquiarium
software. This software allows us to reliably determine
the foci number together with the intensity of the EAU
signal for each individual cell and to analyse the data
from hundreds of cells per sample on a large scale. Our
method for separating EdU-negative (G1 phase) cells
from EdU-positive (S/G2 phase) cells is based on plot-
ting the EdU intensity levels in histograms and using the
Otsu method to find the threshold. Using this method,
we revealed a longer cell cycle in somatic cells compared
to pluripotent cells, which is in accordance with previously
published data [36—39] and justifies the use of this method
for cell cycle discrimination on the single-cell level. This
approach also assures consistency among samples.

While counting the numbers of YH2AX and 53BP1
foci, it is of utmost importance to know exactly which
phase of the cell cycle each individual cell is in at the

moment. Our data show that cells in S/G2 phase contain
more YH2AX and 53BP1 foci than cells in G1 phase and
that this difference is more pronounced in non-
irradiated controls. These foci emerge due to replication
stress during S phase [12, 22, 23, 40]. The replication-
related foci play a critical role in the comparison of DSB
numbers, especially between different cell types. As long
as the cells have a similar cell-cycle length (e.g. pluripo-
tent cells at a similar passage number), the number of
DSBs could be compared relatively well without using
cell cycle discrimination. However, the following factors
influence the cell cycle speed and should be considered: 1)
pluripotent cells have been reported to have a shorter cell
cycle than differentiated somatic cells [36—39]; 2) pluripo-
tent cells at high passages may have an increased rate of
proliferation [39, 41, 42]; and 3) irradiation induces cell
cycle arrest through checkpoints [43-45]. We analysed
the foci number separately for the EdU-negative and EdU-
positive groups to eliminate the replication stress bias.
Our data indicate a higher percent increase of foci upon
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y-irradiation of cells in G1 phase, which are not burdened
by replication-related foci. The cell-cycle dependency
was confirmed for both yH2AX and 53BP1 markers. In
general, fewer foci were detected for 53BP1 than for
YH2AX, suggesting that 53BP1 is a less sensitive DSB
marker with a lower capacity to recognize DSBs than
yYH2AX. It is known that the HR pathway plays a piv-
otal role during hiPSC generation [46], and 53BP1 pro-
motes the NHE] repair pathway while inhibiting the HR
pathway [19-21]. In contrast, YH2AX influences both
the NHE] and HR pathways, and 53BP1 does not bind
to all of the yH2AX foci [10, 11, 18].

Similar research was performed by Suchinkovd et al.
[25], who measured the formation of yH2AX- and
53BP1-positive nuclear bodies in relation to cell cycle
stages. They used genetically modified HeLa-Fucci cells,
which are able to express RFP-Cdtl in the G1 phase
and GFP-geminin in the S/G2/M phases to discriminate
among the cell cycle phases. They observed a higher
number of yH2AX-positive repair foci in the G2 phase
than in the G1 phase for both non-irradiated and y-
irradiated (5 Gy) HeLa cells. In contrast to our work, they
did not observe such a difference for 53BP1. It is of note
that different cell types as well as a different radiation dose
(1 GQy) were used in our study compared to Suchankova
et al., and it has been previously published that foci forma-
tion upon ionizing radiation may vary between cell types
and is radiation-dose dependent [32, 34, 47, 48].

In our study, we worked with three unique hiPSC
lines that were derived from two independent cell types
(dermal fibroblasts and blood cells) and reprogrammed
either by the Sendai virus or episomal vectors. This se-
lection of samples enables us to generalize our conclu-
sions for hiPSCs to a certain extent. To avoid bias
caused by replication-related foci, we further analysed
YH2AX and 53BP1 foci numbers only in the G1 (EdU-
negative) subgroup. Our results indicate that spontan-
eously occurring DSBs are best recognized by both
markers in hiPSCs at low passage, while fewer foci were
observed in hiPSCs at high passage and in source fibro-
blasts. A low foci number in fibroblasts, therefore, is in-
creased significantly after reprogramming into hiPSCs
(either by Sendai virus or episomal vectors) and then
decreases again after long-term in vitro passaging. Our
results are consistent with recently reported data show-
ing that H2AX plays a critical role in iPSC generation.
Gonzales et al. reported an increase in YH2AX during
the cellular reprogramming of mouse embryonic fibro-
blasts independent of viral integration [46]. The HR
pathway was confirmed to be essential for the error-
free repair of DSBs in both genome-integrating and
non-integrating reprogramming. The importance of
H2AX at the early stage of reprogramming was also
suggested by Wu et al. [49]. Our observations markedly
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resemble the results of copy number variation (CNV)
measurements by Hussein et al. [50]. They concluded
that most de novo-formed CNVs are present in early-
passage hiPSCs, while fewer CNVs are found in late-
passage hiPSCs and fibroblasts. There is a strong
connection between CNVs and DSBs because deletions
in subtelomeric regions have been shown to be highly
sensitive to DSBs and are the major cause of chromo-
somal instability [51, 52]. Similar results were published
by Laurent et al. [7] who reported a higher frequency of
CNVs in pluripotent samples than in non-pluripotent
samples and noticed that some of the deletions receded
from the population over long-term passaging. Taken
together, their data suggest that genomic instability is
highest in low-passage hiPSCs, and CNVs vanish during
multiple clonal-based passages because most of the
mutations do not provide any advantage. However,
certain growth-advantageous mutations—for example,
defects in genes controlling the cell cycle—may be fixed
in the population [5].

The abovementioned findings imply that more DSBs
at low passages are detected as a consequence of repro-
gramming stress and disappear as the hiPSCs are
adapted to in vitro conditions and clonally selected.
However, the irradiation experiments revealed that the
high-passage hiPSCs cannot recognize DSBs as effect-
ively as hDF source cells, particularly by yH2AX. The
lack of ability to recognize the irradiation-induced
DSBs was also obvious in all three high-passage hiPSCs
lines in the time-course study. These data suggest that
hiPSCs lose their repair capacity over multiple passages
in vitro. Similar results were published by Zhang et al.
on one mouse iPSC line [29]. They confirmed the com-
promised DNA damage repair capacity of iPSCs com-
pared with the respective source cells after y-irradiation
treatment but did not focus on the length of the
in vitro culturing of iPSCs. For potential clinical appli-
cations, the length of in vitro culturing time should be
reduced to as short as possible. However, a certain
amount of time in vitro is unavoidable because of the
reprogramming process itself, cell expansion, and clear-
ance of the remaining reprogramming factors (viral
particles or vectors).

Of note, low- and high-passage hiPSCs displayed
similar apoptotic responses upon y-irradiation. PARP
cleavage peaked 2 h after irradiation, which led to an
increase in early apoptosis after an additional 4 h in
most of the hiPSC lines. These data suggest that,
despite differences in DSB recognition, both low- and
high-passage hiPSCs exert DNA protection mecha-
nisms that trigger apoptosis in reaction to y-irradiation.
Increased apoptosis was not observed in somatic hDFs
or in the hESC line CCTL-14, suggesting their lower
sensitivity to DNA damage.
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Conclusions

This study addresses the question of hiPSC capability to
repair their DNA using three independent lines of hiPSCs.
It shows for the first time that: 1) reprogramming to pluri-
potency increases the number of DNA double-strand
breaks (DSBs) as recognized by the yH2AX and 53BP1
proteins; 2) these DSBs are not due to replicative stress to
DNA; and 3) their numbers become reduced during
prolonged propagation after reprogramming. It also
shows that prolonged passaging of hiPSCs is associated
with a decrease in their DNA repair capacity and that
this is not the case for the hESC line CCTL-14. From a
technical point of view, this study documents that solid
accuracy in analysing numbers of DSBs requires discrim-
ination between the cells in G1 and S/G2 phases of their
cell cycle. Collectively, hiPSCs at low passage contain
more DSBs than hiPSCs at high passage, but they can re-
pair them more efficiently.

Additional files

Additional file 1: Figure S1. Immunocytochemistry of pluripotency
markers. The pluripotency markers Oct-3/4, Sox2, Nanog, and SSEA4 are
highly expressed in all three hiPSC lines used in this study (CBIA-3, CBIA-
5, and CBIA-7). An anti-mouse secondary antibody conjugated with Alexa
Fluor® 488 was used to detect Oct-3/4, Sox2, and SSEA4. An anti-rabbit
secondary antibody conjugated with Alexa Fluor® 488 was used to detect
Nanog. Scale bar=100 pm. (PPTX 384 kb)

Additional file 2: Figure S2. Histological staining of a teratoma. Cell
types representative of the three germ layers were detected by histological
analysis in the CBIA-7 hiPSC cell line at passage number 26. (A) Glandular
structures with secretory cells (endoderm); (B) mesenchymal cells
(mesoderm); (C) cells with melanin (ectoderm); (D) glomerulus-like
cells (mesoderm). (PPTX 32103 kb)

Additional file 3: Figure S3. Histograms of EdU signal intensity. The
distribution of the EdU-negative and EdU-positive populations in hDF
source cells, hiPSCs (CBIA-3, CBIA-5, and CBIA-7) and hESCs (CCTL-14) at
low or high passage is shown. The samples were fixed 0.5 h, 2 h, and 6 h
after 1 Gy of y-irradiation. The thresholds for the EdU-negative population
were calculated as described in the Methods section and are marked
with a dotted line. (PPTX 251 kb)
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New approaches in regenerative medicine and vasculogenesis have generated a demand for sufficient numbers of
human endothelial cells (ECs). ECs and their progenitors reside on the interior surface of blood and lymphatic
vessels or circulate in peripheral blood; however, their numbers are limited, and they are difficult to expand after
isolation. Recent advances in human induced pluripotent stem cell (hiPSC) research have opened possible avenues
to generate unlimited numbers of ECs from easily accessible cell sources, such as the peripheral blood. In this
study, we reprogrammed peripheral blood mononuclear cells, human umbilical vein endothelial cells (HUVECs:),
and human saphenous vein endothelial cells (HSVECs) into hiPSCs and differentiated them into ECs. The
phenotype profiles, functionality, and genome stability of all hiPSC-derived ECs were assessed and compared with
HUVECSs and HSVECs. hiPSC-derived ECs resembled their natural EC counterparts, as shown by the expression
of the endothelial surface markers CD31 and CD144 and the results of the functional analysis. Higher expression of
endothelial progenitor markers CD34 and kinase insert domain receptor (KDR) was measured in hiPSC-derived
ECs. An analysis of phosphorylated histone H2AX (YH2AX) foci revealed that an increased number of DNA
double-strand breaks upon reprogramming into pluripotent cells. However, differentiation into ECs restored a
normal number of YH2AX foci. Our hiPSCs retained a normal karyotype, with the exception of the HSVEC-
derived hiPSC line, which displayed mosaicism due to a gain of chromosome 1. Peripheral blood from adult donors
is a suitable source for the unlimited production of patient-specific ECs through the hiPSC interstage. hiPSC-
derived ECs are fully functional and comparable to natural ECs. The protocol is eligible for clinical applications in
regenerative medicine, if the genomic stability of the pluripotent cell stage is closely monitored.

Keywords: induced pluripotent stem cells, endothelial differentiation, peripheral blood mononuclear cells

Introduction

ENDOTHELIAL CELLS (ECs) form a thin layer on the inte-
rior surface of blood and lymphatic vessels. They regulate
various physiological processes, such as blood hemostasis,
vascular tone, interaction of the vessel wall with blood ele-
ments, and the formation of new blood vessels [1]. On the
contrary, ECs are involved in pathological states, such as
cancer, atherosclerosis, and other diseases [2,3]. Therefore,
ECs represent an important in vitro model for studies of
vascular development and drug screens [4,5]. In regenerative
medicine, ECs have been used to generate the cellular lining
of vascular grafts [6,7]. Currently, several clinical trials are

being conducted on endothelial progenitor cells (EPCs),
mainly as myocardial infarction and peripheral vascular dis-
ease treatments (reviewed in Chong et al. [8]).

The first human ECs were isolated from umbilical cord
[human umbilical vein endothelial cells (HUVECs)] [9] and
became a popular model for vascular research. Adult ECs
are also commonly isolated from saphenous vein [human
saphenous vein endothelial cells (HSVECs)] [10], usually
from patients undergoing bypass or varicose vein surgery.
ECs used for the treatment of ischemic conditions or other
diseases are mainly populations of circulating EPCs that are
usually positive for CD34 surface marker alone or in com-
bination with kinase insert domain receptor (KDR; also
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known as vascular endothelial growth factor receptor 2;
VEGFR-2) or CDI133 [11-13]. However, ECs from blood
vessels or peripheral blood can be obtained in limited numbers
and are difficult to expand. To overcome these hurdles, plu-
ripotent stem cells (PSCs) can be used. In vitro methods for
EC production from PSCs have been recently introduced. This
approach ensures a consistent and potentially unlimited source
of ECs for in vitro studies and regenerative medicine.

The key question to be addressed is if PSC-derived ECs are
comparable to ECs isolated from human tissues and safe for
future clinical applications. Both human embryonic stem cells
(hESCs) and human induced pluripotent stem cells (hiPSCs)
have the capacity to differentiate into ECs [14-21]. In contrast
to hESCs, hiPSCs are easier to obtain and do not generate
ethical controversy. The first hiPSCs were created from skin
fibroblasts [22,23], and this cell type is still among the most
frequently used source of hiPSC. However, uncomfortable
procedures for harvesting skin biopsies and the time require-
ments for establishing fibroblast cell lines limit the use of
fibroblasts for reprogramming.

Peripheral blood overcomes these issues and the quality
of hiPSC derived from mononuclear cells [peripheral blood
mononuclear cells (PBMCs)] and those derived from fibro-
blasts is equivalent, indistinguishable from hESCs [24]. Sev-
eral methods for PBMCs reprogramming have been published
[24-30], varying mainly in the type of reprogramming vectors
and media used for ex vivo PBMCs expansion. The compo-
sition of the expansion media containing the optimal cocktail
of cytokines is the crucial factor for successful reprogramming.
Preferential induction of the proliferation of hematopoietic
progenitor cells, as described in Shah et al. [31], may be the key
factor in highly efficient routine PBMCs reprogramming.

The potential of hiPSC-based therapies in regenerative
medicine is hindered by genomic instability. The processes
of cellular reprogramming and subsequent in vitro culture of
hiPSCs have been reported to compromise genomic stabil-
ity, particularly through introduction of DNA double-strand
breaks (DSBs) [32-35]. The genome instability in PSCs may
eventually result in karyotypic abnormalities, such as chro-
mosomal and subchromosomal aberrations. Gains of chro-
mosomes 1, 12, 17, 20, and X represent the most common
events observed in hESCs and hiPSCs (summarized in
Weissbein et al. [36]).

In our study, we reprogrammed PBMCs, HUVECs, and
HSVECs with episomal vectors and subsequently created
hiPSC-derived ECs. Our goal was to verify that hiPSC-
derived ECs are phenotypically and functionally comparable
to HUVECs and HSVECs. Genomic stability was a high
priority during the reprogramming/differentiation process;
therefore, the numbers of DSBs were measured by counting
phosphorylated histone H2AX (YH2AX) foci, together with a
karyotype analysis. Experiments were conducted in a virus-
free and DNA nonintegrating setting without feeder cells,
which are the main criteria for future clinical applications.

Materials and Methods
Ethics approval and consent to participate

Studies were performed according to the amended Declara-
tion of Helsinki. Institutional Review Board of the St. Anne’s
University Hospital Brno and the Faculty of Medicine, Masaryk
University Brno approved the protocol used in our study,

including the use of human PSCs. All patients gave written
informed consent. Protocols for teratoma studies in animals
were reviewed and approved by the Institutional Review Board
at the Faculty of Medicine, Masaryk University Brmo and
conformed to the national guidelines of the Czech Republic.

Cell isolation and culture

Peripheral blood samples and pieces of saphenous vein
were collected from patients undergoing varicose vein sur-
gery. PBMCs were isolated from 6 mL of peripheral blood
using Histopaque-1077 density gradient centrifugation (Sigma-
Aldrich, St. Louis, MO). The total count of isolated PBMCs
was 7.4x 10°. Before reprogramming, PBMCs were cul-
tured on low-attachment culture dish in complete PBMC
medium (cPBMC) consisting of StemPro®-34 serum-free
medium, supplemented with 2 mM L-Glutamine (both from
Thermo Fisher Scientific, Waltham, MA), ZellShield® (Mi-
nerva Biolabs, Berlin, Germany) and the growth factors stem
cell factor (SCF), fit-3 Ligand (FIt-3L; both 100 ng/mL), in-
terleukin (IL)-3 (20ng/mL), and IL-6 (10ng/mL; all from
Peprotech, Rocky Hill, NJ) for 3 days. The initial seeding
density was 2x 10° cells/cm?.

An ~10cm-long piece of human saphenous vein was
washed with phosphate-buffered saline (PBS) and cut into
1.5-2 cm-long pieces. Vein samples were incubated with
0.3% Collagenase II (Thermo Fisher Scientific) in Hank’s
medium (Sigma-Aldrich) for 50 min in a humidified 37°C
incubator with an atmosphere of 5% (v/v) CO,. The cells from
the digested tissue were washed with medium, centrifuged and
seeded on T25 EasYFlasks (Thermo Fisher Scientific) in
Endothelial Growth Medium-2 (EGM-2; Lonza, Basel, Swit-
zerland) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich) and ZellShield (Minerva Biolabs) at a den-
sity of 3.5x 10 cells/cm®. After the first passage, the cells
were cultured on tissue-culture plates coated with 0.1% gelatin.
Passaging was performed using trypsin/EDTA (0.5 mg/mL
trypsin with 0.2mg/mL EDTA; Sigma-Aldrich) when cells
reached ~90% confluence. HUVECs were purchased from
Thermo Fisher Scientific and maintained under the same
conditions as HSVEC:s.

Generation of hiPSCs

hiPSCs were generated from PBMCs (hiPSC-PB; line ID
CBIA-26), HUVECs (hiPSC-HU; line ID CBIA-19), and
HSVECs (hiPSC-HS; line ID CBIA-25), using genome non-
integrating episomal vectors (EpiS  Episomal hiPSC Repro-
gramming Kit; Thermo Fisher Scientific), according to the
manufacturer’s instructions. In brief, reprogramming factors
(Oct3/4, Sox2, Klf4, Lin28, and c-Myc) were delivered in
episomal vectors with an oriP/EBNA-1 (Epstein—Barr nuclear
antigen-1) backbone [37]. Electroporation was performed at
1,600V in three pulses for 10ms for 2 x 10° cells in the Neon
electroporator (Thermo Fisher Scientific).

Reprogrammed cells were then seeded at a density of
2x10* cells/cm? on plates that had been precoated with the
MatrigelTM matrix (Thermo Fisher Scientific) in cPBMC me-
dium for PBMCs or in EGM-2 for HUVECs and HSVECs.
At day 7 after reprogramming, the medium was changed
to mTeSR™1 (Stemcell Technologies, Vancouver, Canada).
hiPSC colonies were mechanically picked from days 17 to 25
and transferred to separate wells of a 12-well plate.
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Subsequent passaging was performed using 0.5 mM EDTA
(Thermo Fisher Scientific). One hour before passaging, the
cells were pretreated with 10 uM Y-27632 (ROCK inhibitor;
Selleckchem, Houston, TX). hiPSCs were maintained on
tissue-culture plates that had been precoated with Matrigel in
mTeSR1 medium supplemented with ZellShield. The me-
dium was changed daily.

Immunocytochemistry

Pluripotency markers were detected with primary anti-
bodies against Oct3/4 (Santa Cruz Biotechnology, Dallas,
TX), Sox2 (R&D Systems, Minneapolis, MN), and Nanog
(Cell Signaling Technology, Danvers, MA) as previously
described [38]. In brief, cells on plates were fixed with 4%
paraformaldehyde and permeabilized with 0.2% Triton X-100
(both from Sigma-Aldrich). Cells were incubated with pri-
mary antibodies overnight at 4°C, followed by 2-h incubation
with secondary antibody conjugated with Alexa 488 (Cell
Signaling Technology). Nuclei were stained with Hoechst dye
(bisbenzimide H33258; 1 ug/mL; Sigma-Aldrich). Fluorescent
signals were detected under an inverted Olympus IX71 mi-
croscope (Olympus, Hamburg, Germany).

Flow cytometry

Flow cytometry was used to determine the expression of
cell surface antigens. Specifically, antibodies against the
pluripotency markers SSEA-4 (Phycoerythrin-conjugated
antibody; PE; clone MC-813-70; R&D Systems) as well as
Tra-1-60 and Tra-1-81 (both PE; REA157, resp. REA246;
both from Miltenyi Biotec, Bergisch Gladbach, Germany)
were used. The expression of CD31 (Allophycocyanin-
conjugated antibody; APC; AC128; Miltenyi Biotec), CD34
(PE; AC136; Miltenyi Biotec), CD144 (PE; REA199; Mil-
tenyi Biotec), and KDR (PE; ES8-20E6; Miltenyi Biotec) and
the uptake of dil-labeled and acetylated low-density lipopro-
tein (Dil-Ac-LDL; Alpha Diagnostics, San Antonio, TX) were
measured to characterize ECs. For isotype controls were used
antibodies Mouse IgG3 (PE; 133316; R&D Systems), REA
Control (PE; REA293; Miltenyi Biotec), and Mouse IgGl
(APC; IS5-21F5; Miltenyi Biotec).

Cells were harvested as a single-cell suspension using
trypsin/EDTA and resuspended in PBS containing 0.5% bo-
vine serum albumin and 2mM EDTA. Cells were incubated
with fluorochrome-conjugated antibodies for 30 min at 4°C,
followed by washes with PBS. Cells were incubated with
10 pg/mL Dil-Ac-LDL for 4h to assess low-density lipopro-
tein (LDL) uptake. Samples were measured on a BD FACS
Canto II flow cytometer (Becton—Dickinson, Heidelberg,
Germany). BD FACSDiva (Becton-Dickinson) and Flowing
Software (Cell Imaging Core, Turku Centre for Biotech-
nology, Turku, Finland) were used to analyze the data.

Detection of immunoglobulin and T-cell receptor
gene recombinations

Genomic DNA was isolated from (1) hiPSC-PB, (2) PBMCs
from healthy donor, and (3) human dermal neonatal fibro-
blasts (HDFn; Thermo Fisher Scientific) using DNeasy Blood
& Tissue Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. DNA concentration was deter-
mined spectrophotometrically (NanoDrop ND-1000; NanoDrop
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Technologies, Wilmington, DE). Rearranged immunoglob-
ulin (Ig) and T-cell receptor (TCR) genes were analyzed by
polymerase chain reaction (PCR) assays developed by Eu-
ropean BIOMED-2 collaborative study [39]. Sixty-three
primers were used in seven multiplex PCR tubes to detect
(1) complete VH-JH rearrangement of immunoglobulin
heavy chain (IGH) gene (three tubes), (2) complete VB-If
rearrangement of TRB gene (two tubes), and (3) TRG gene
rearrangements (two tubes).

The PCR cocktail, final volume 50 pL., contained 100 ng of
genomic DNA, 25pmol of each primer, 1xGreen GoTaq®
Reaction Buffer (Promega, Madison, WI), 0.2 mM dNTP, and
1-2U of GoTaq G2 DNA Polymerase (Promega). PCR was
performed in a DNA Engine (PTC-200) Peltier Thermal
Cycler (Bio-Rad Laboratories, Hercules, CA) and the cy-
cling conditions were preactivation at 95°C for 7 min, followed
by 35 cycles of denaturation at 95°C for 30s, annealing at
60°C for 30s, and extension at 73°C for 30s, and a final
extension at 74°C for 7min. The PCR products of Ig/TCR
genes were ultraviolet-visualized on 2% ethidium bromide-
stained agarose gel. The presence of the expected size product
was checked based on a 100bp DNA Ladder (New England
Biolabs, Ipswich, MA).

Endothelial differentiation

Our protocol for the endothelial differentiation of hiPSCs
was adapted from a method published by Orlova et al. [40].
In brief, hiPSCs were differentiated on Matrigel in BPEL
medium [41] supplemented with the following growth factors:
25ng/mL Activin A, 30 ng/mL BMP4, 50ng/mL. VEGF165,
and 1.5mM CHIR99021, a small molecule inhibitor. On
the 3rd and 7th days, the medium was replaced with BPEL
medium supplemented with 50 ng/mL. VEGF and 10 mM
SB43152. On the 10th day, cells were harvested, analyzed
using flow cytometry and immunomagnetically separated
using CD31-Microbeads (Miltenyi Biotec). The differentia-
tion procedure generated 10%—45% CD31-positive cells. After
separation, hiPSC-derived ECs were cultured on fibronectin-
coated dishes in EGM-2 supplemented with 50 ng/mL. VEGF.

Tube formation assay

A 96-well p-plate for angiogenesis (Ibidi, Planegg, Ger-
many) was coated with 50 uL/well of growth factor-reduced
Geltrex (Thermo Fisher Scientific) and incubated at 37°C
for 1h. Cells were seeded at density of 5,000 cells/well in
EGM-2 supplemented with 50 ng/mL VEGF and incubated
in a 37°C incubator with a 5% CO, atmosphere for 24 h to
allow tubes to form.

The number of complete rings formed during tube forma-
tion assay (TFA) was used to quantify the capability of ECs to
form tubes. To count the number of rings in each well, we
applied the following procedure. First, we subsampled the
original images by a factor of four to reduce the size of images
and still have the analyzed structures (rings) in a sufficient
detail. The subsampling also reduced the noise in images, and
therefore no further noise suppression was needed. Second, we
calculated local standard deviation of intensity pixels in
windows of size 3x3 because the cells as well as their con-
nections had much larger standard deviation from the local
mean intensity than the background. It helped us to use a
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single threshold to segment pixels belonging to cells and their
connections. We used a minimum error method to set the
appropriate threshold [42]. To remove small background as
well as foreground structures in the segmented images, we
applied the alternating sequential filter based on area closings
and openings [43]. To count the number of rings we calculated
the number of salient maxima of the Euclidian distance
transform. As the salient maxima, we considered all maxima
with a distance smaller than 200 pixels from the segmented
structures (cells and their connections). It means that only
rings with a radius smaller than ~400 um were counted. The
centers of the detected rings are visualized by the black cross.

Chemotaxis migration assay

The cells were grown in Millicell® hanging cell culture
inserts (Merck Millipore, Billerica, MA) in 24-well plates.
hiPSC-derived ECs, HUVECs, and HSVECs were seeded
onto the inside of the insert in EGM-2 without VEGF at
density of 2.5x10° cells per insert. Control HDFn were
seeded in Fibroblast medium (DMEM medium, supple-
mented with 20% FBS, 2 mM L-glutamine, and 100 uM
nonessential amino acids; all from Life Technologies).
Basolateral side was filled with EGM-2 or fibroblast me-
dium containing 50 ng/mL. VEGF. Cells were incubated in a
37°C incubator with a 5% CO, atmosphere for 18 h to allow
the cells to migrate through the membrane. Cells on inserts
were fixed with 4% paraformaldehyde (Sigma-Aldrich), per-
meabilized with 100% methanol (Lach-Ner, Neratovice,
Czech Republic), and stained with 20x diluted Giemsa
stain (Sigma-Aldrich). Inner side of the insert was scraped
with cotton swab and only cells on the outer side were
counted under the microscope. For each cell culture insert,
three representative images were counted. Each cell line was
grown in three independent inserts.

Karyotype analysis

Karyotype analyses were performed by Cytogenetic
Laboratory Brno (Cytogeneticka Laboratof Brno, s.r.o.,
Brno, Czech Republic). In brief, hiPSCs at passage 16 or
higher were grown to ~90% confluence and exposed to
10 pg/mL colcemid for 1h. Harvested cells were exposed
to a hypotonic solution (culture media diluted with deio-
nized water at a 1:3 ratio) and fixed four times with
methanol/acetic acid (3:1). Cells were then dropped onto
glass slide and incubated at room temperature overnight.
For Giemsa-banding, glass slides were incubated at 95°C for
10 min, washed with Sorensen’s phosphate buffer at 50°C,
and stained with Wright’s stain for 1.5 min. After washing,
the karyotype was determined by microscopic examina-
tion. Fifty mitosis events per sample were analyzed using
“LUCIA Cytogenetics” software (Laboratory Imaging,
Prague, Czech Republic).

DSB visualization by quantifying yH2AX
foci and analyzing images

Cells were first seeded onto microscope slides coated with
Matrigel or gelatin in four-well plates to analyze the number
of YH2AX foci in G1 phase of the cell cycle. Four hours
before fixation, a nucleoside analog of thymidine, EdU
(5-ethynyl-2’-deoxyuridine; Thermo Fisher Scientific), was

added at a final concentration of 10 uM to visualize cells in
S/G2 phase of the cell cycle.

The cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.2% Triton X-100. An overnight incuba-
tion with a primary antibody against YH2AX (BioLegend,
San Diego, CA) was followed by a 1h incubation with a
secondary antibody conjugated with Alexa Fluor 555 (Cell
Signaling Technology). Samples were stained with the
Click-iT® EdU Alexa Fluor® 488 Imaging Kit (Thermo Fisher
Scientific) to visualize EdU, according to the manufacturer’s
instructions. Finally, the nuclei were stained with Hoechst
dye. Fluorescent signals were detected using the Zeiss Ax-
iovert 200M system (Carl Zeiss, Oberkochen, Germany).
Images were captured using a CoolSNAP HQ2 CCD camera
in the wide-field mode (Photometrics, Tucson, AZ) at —30°C.
Images of thirty slices at 0.3 pm intervals were acquired in
each field at a resolution of 1,392x 1,040 pixels. The pixel
size of the images was 124 X 124 nm.

The open-source software Acquiarium [44] was used
to acquire and analyze the images (http://cbia.fi.muni.cz/
projects/acquiarium.html), as previously described in de-
tail [35]. In brief, the nucleus of each cell, which was
stained with Hoechst dye, was automatically recognized
and defined the area, in which we counted YH2AX foci
and assessed the intensity of the EdU signal. We used the
eMax algorithm developed by Stépka et al. to identify the
YH2AX foci [45]. The EdU signal was quantified based on
the total intensity calculated in the nucleus. The threshold
for the separation of EdU-negative (G1) and EdU-positive
(S/G2) cells was computed in MATLAB (Mathworks,
Natick, MA) using the Otsu method.

Teratoma formation

The in vivo differentiation experiments were performed
in duplicate for each hiPSC line. Six NOD SCID GAMMA
mice were injected (three intramuscularly and three subcu-
taneously), and all mice developed teratomas after ~8
weeks. In brief, hiPSCs were grown to near confluency on
6 cm Petri dishes and harvested with 0.5 mM EDTA. Cells
were washed with PBS and resuspended in 40 pL. of cold
PBS. An equal volume (40 pL) of Matrigel was added. The
suspension was maintained on ice until it was injected into a
mouse. The histological analysis of the teratomas was per-
formed by Dr. Eva Mecova from the Department of His-
tology and Embryology, Masaryk University Brno.

Statistical analysis

Data sets were compared using Student’s #-test or the
Mann—Whitney test. P<0.05 was considered statistically
significant.

Results
Generation of hiPSCs

This study was performed on human cells that originated
from the peripheral blood and endothelial tissue. PBMCs and
HSVECs were isolated from adult tissue donors, whereas
HUVEC:s represents a neonatal cell type. PBMCs, HUVECs,
and HSVECs were reprogrammed into hiPSCs using epi-
somal vectors [37]. Figure 1A illustrates the timeline of the
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FIG. 1. hiPSC reprogramming and characterization. (A) Experimental timeline for the reprogramming of PBMCs and
ECs into hiPSCs. Cell morphology observed during the reprogramming of PBMCs at days 4, 9, and 17 (scale bar= 100 pm).
(B) Immunofluorescence staining for the pluripotency markers Oct3/4, Sox2, and Nanog in hiPSCs (scale bar =200 um). (C)
Flow cytometry-based detection of the pluripotency markers SSEA-4, Tra-1-60, and Tra-1-81 in hiPSCs. (D) Teratoma
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ECs, endothelial cells; hiPSC, human induced pluripotent stem cell; PBMCs, peripheral blood mononuclear cells. Color
images are available online at www.libeberpub.com/scd
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reprogramming process, including the appropriate media for
each cell type. The first attached cells with an elongated
morphology were observed on day 4 after transfection. Small
hiPSC colonies developed from these cells at approximately
day 9. More than 15 hiPSC colonies emerged in each well on
day 17, and these clones were mechanically passaged. At
least 10 clones from each cell type were expanded and stored
in liquid nitrogen.

The pluripotency of the generated hiPSC lines—hiPSC-PB,
hiPSC-HU, and hiPSC-HS—was characterized. These hiPSCs
displayed a typical hESC-like morphology and expressed the
pluripotency markers Oct3/4, Sox2 and Nanog (Fig. 1B). Flow
cytometry confirmed the expression of the surface pluripotency
markers SSEA-4, Tra-1-60, and Tra-1-81 (Fig. 1C). In vivo
teratoma formation revealed cell types representative of the
three germ layers (Fig. 1D). To reveal which specific sub-
population of PBMCs was reprogrammed, we performed PCR
assays with seven multiplex PCR tubes (Fig. 2). No re-
arrangements in IGH gene (B lymphocytes), TRB gene, or
TRG gene (T lymphocytes) were detected, suggesting that
nonlymphoid mononuclear cell fraction was reprogrammed.
The hiPSC-PB line therefore arose either from hematopoietic
progenitor cell or from the monocyte fraction.

All the characterization methods confirmed that PBMCs,
HUVECs, and HSVECs were reprogrammed into pluripo-
tent cells that closely resembled hESCs.
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Endothelial differentiation of hiPSCs

The main goal of our research was to compare ECs that
had differentiated from hiPSCs with somatic ECs isolated
from human donors and to prove that these cells are closely
related in terms of their phenotype profiles and functionality.
Three hiPSC lines, hiPSC-PB, hiPSC-HU, and hiPSC-HS,
were differentiated in vitro using a previously published
protocol [40], and the derived ECs were purified using
CD31" microbeads.

The isolated ECs displayed an endothelial morphology and
expressed typical endothelial surface markers within at least
four passages following isolation (Fig. 3A). The phenotype
profile of hiPSC-derived ECs generally resembled the control
EC types, HUVECs and HSVECs, based on the expression
of the endothelial surface markers CD31 and CD144. Spe-
cifically, as visualized in the graph shown in Fig. 3B, the
percentage of the CD31-positive cells among hiPSC-derived
ECs ranged from 84% to 95%, whereas their somatic EC
counterparts, HUVECs and HSVECs, averaged more than
98% CD31-positive cells. Between 84% and 94% of hiPSC-
ECs expressed CD144, whereas ~ 100% of HUVECs and
HSVECs expressed CD144. For the markers CD34 and KDR,
we observed high expression in the EC populations that had
differentiated from hiPSCs, in contrast to the HUVEC and
HSVEC controls. Approximately 81%, 95%, and 67% of
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FIG. 2. Detection of Ig
and TCR gene recombina-
tions in hiPSC-PB. Genomic
DNA from PBMCs is pro-
vided as a positive control,
while fibroblast line (HDFn)
serves as a negative control.
Sixty-three primers were used
in seven multiplex PCR tubes.
(A) Complete VH-JH re-
arrangement of IGH gene.
Three tubes were used with
valid sizes of amplicon (1)
310-360bp, (2) 250-295bp,
and (3) 100-170bp. (B)
Complete VB-JP rearrange-
ment of TRB gene. Two tubes
were used with valid sizes
(4) 240-285bp and (5) 240-
285bp. (C) TRG gene re-
arrangements. Two tubes were
used with valid sizes (6) 145—
255bp and (7) 80-220bp.
MwM, molecular weight mar-
ker. HDFn, human dermal
neonatal fibroblast; hiPSC-PB,
hiPSC derived from PBMCs;
Ig, immunoglobulin; PCR,
polymerase chain reaction;
TCR, T-cell receptor.
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EC-PB, EC-HU, and EC-HS expressed CD34, respectively,
but <6% of their somatic EC counterparts were CD34-
positive. A similar trend was observed for KDR: 76%, 95%,
and 73% of hiPSC-derived ECs were positive compared with
40% and 59% of HUVECs and HSVECsS, respectively.
Three elementary tests were performed to verify the
functional properties of the ECs—(1) an LDL uptake assay,
(2) a TFA, and (3) a chemotaxis migration assay. ECs de-
rived from all three hiPSC lines displayed increased LDL
uptake (Fig. 3A, B). More than 90% of cells in all measured
EC samples were LDL-positive 4 h after the administration
of the substance. Our hiPSC-ECs also formed tubes of the
similar quality as the control ECs, HUVECs and HSVECs
(Fig. 4A, B). The number of complete rings formed during
the TFA averaged between 29 and 47 for hiPSC-derived
ECs. Mean number of rings for HUVEC and HSVEC were
42 and 29, respectively. No rings were formed in HDFn
sample. Finally, chemotaxis migration assay was performed
to show the function of our hiPSC-derived ECs. Figure 4C
and D illustrate that hiPSC-derived ECs are attracted by
VEGEF in the similar manner (between 268 and 373 cells per

A hiPSC-PB-derived EC  hiPSC-HU-derived EC

hiPSC-HS-derived EC

N

HDFn

r

hiPSC-HS-derived EC

one field of view) as HUVEC and HSVEC (363 and 344,
respectively). Substantially less migrating cells were ob-
served in control fibroblast sample (98 HDFn cells).

Based on these results, the directed in vitro differentia-
tion of hiPSCs produced ECs that resembled HUVECs and
HSVECs.

Reprogramming and differentiation affect the cell
cycle speed and DSB number

Cellular reprogramming introduces serious changes into
the genome and alters the cell fate. If hiPSC-derived cells are
used in the clinic, their genomic stability must be monitored.
Therefore, we next focused on detecting possible genomic
abnormalities in our cells.

We analyzed the cell cycle speed, DSB numbers, and
karyotypes. The number of YH2AX foci, a measure of DSB,
was counted in (1) hiPSCs derived from PBMC, HUVEC,
and HSVEC somatic founders, (2) ECs differentiated from
all three hiPSCs lines, and finally (3) control somatic ECs
(HUVECs and HSVECs). The numbers of yH2AX foci
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FIG. 4. Functional characterization of ECs derived from hiPSC-PB, hiPSC-HU, and hiPSC-HS. HUVEC and HSVEC serve
as positive controls, while HDFn are provided as negative controls. (A) Tube formation assay. The number of complete rings
was assessed by image analysis described in Materials and Methods section and labeled by black cross. Scale bar=200 um.
(B) Quantification of the tube formation assay. Each column indicates mean number of complete rings counted in three
independent wells of 96-well plate (XSEM). Asterisk indicates statistically significant (P <0.05) difference in the HDFn ring
count compared with the ECs ring counts, as detected using Student’s #-test. (C) Chemotaxis migration assay. Only the cells on
the outer side of the membrane which were attracted by VEGF (50 ng/mL) are shown. Scale bar =100 um. (D) Quantification
of the chemotaxis migration assay. Each column indicates mean number of cells counted in three independent cell culture
inserts (SEM). For each insert, three images were manually counted. Asterisk indicates statistically significant (P <0.05)
difference in the HDFn cell count compared with the ECs cell counts, as detected using Student’s #-test.



18

depend on the cell cycle phase, as substantially more foci are
observed in the nuclei of cells in S/G2 phases than in cells in
G1 phase due to the presence of replication-related DSBs. In
this study, we compared somatic ECs with PSCs, cell types
that differ in the lengths of their cell cycle phases. We used a
highly sensitive method that was previously published by our
team to obtain the most precise results [35].

Individual cells were first separated according to their
actual cell cycle phase by labeling newly synthesized DNA
with EAU. The EdU signal strength in each cell was plotted
on a histogram, which allowed us to calculate the threshold
for the number of cells in G1 phase as described in the
Materials and Methods section. Figure SA illustrates the
distribution of EdU-negative (G1 phase) cells among sam-
ples. Reprogramming into pluripotent cells speeds up the
cell cycle, as manifested by the decrease in the number of
cells in G1 phase in all hiPSC lines. In somatic EC controls,
the percentages of HUVECs and HSVECs in G1 phase were
67% and 81%, respectively, and decreased to 52%, 59%,
and 68% for hiPSC-PB, hiPSC-HU, and hiPSC HS, re-
spectively. As expected, the differentiation of hiPSCs into
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ECs had the opposite effect and slowed the cell cycle again.
Approximately 89% of ECs derived from hiPSC-PB, 80% of
ECs derived from hiPSCs-HU, and 86% of ECs derived
from hiPSC-HS were in G1 phase. Only the EdU-negative
groups (G1 phase) were used for the subsequent analysis to
exclude replication-related DSBs (S/G2 phase).

The numbers of YH2AX foci were counted in cells in G1
phase to determine whether the process of reprogramming
to pluripotent cells and subsequent endothelial differenti-
ation influenced the numbers of DSBs. As shown in
Fig. 5B, substantially larger numbers of YH2AX foci were
observed in the EdU-negative groups of hiPSCs lines than
in all ECs, regardless of whether original somatic ECs or
ECs derived from hiPSCs were analyzed. Specifically, in
hiPSCs, the median numbers of foci per cell were 6, 7, and
6 for hiPSC-PB, hiPSC-HU, and hiPSC-HS, respectively.
The median number of YH2AX foci per cell in ECs dif-
ferentiated from these hiPSCs decreased to 1 for all sam-
ples. The numbers of foci in hiPSC-derived ECs more
closely resembled control ECs, in which no foci were
detected in each cell.
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FIG. 5. Cell cycle speed and genome stability during the reprogramming and differentiation processes. (A) Percentage of
EdU-negative (G1 phase) cells among hiPSCs, hiPSC-derived ECs, and EC controls. Mean value (zSEM; n=3). Asterisks
indicate statistically significant (P <0.05) decreases in the percentages of hiPSCs in G1 phase compared with their EC
counterparts, as detected using Student’s t-test. (B) Number of YH2AX foci per cell in hiPSCs, hiPSC-derived ECs and EC
controls. The bar represents the median. Asterisks indicate statistically significant (P <0.05) differences between hiPSCs
and ECs, as confirmed by the Mann—Whitney test. (C) Cytogenetic data from hiPSC lines. Approximately 100% of cells
possess a normal karyotype in hiPSC-PB and hiPSC-HU lines (passages 27 and 16, respectively). Representative aneuploid
karyotype detected in 80% of cells in the hiPSC-HS line, in which a gain of chromosome 1 was observed (passage 17). EAU,
5-ethynyl-2’-deoxyuridine; YH2AX, phosphorylated histone H2AX.
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Finally, we performed a karyotype analysis of all three
hiPSC lines to determine whether a faster cell cycle and
larger number of DSBs in hiPSCs led to chromosomal ab-
normalities (Fig. 5C). A normal karyotype was observed in
the hiPSC-PB (46, xx) and hiPSC-HU (46, xy) cell lines. A
heterogeneous cell population was detected in the hiPSC-HS
line, as 80% of the cells gained chromosome 1 (47, xx).
Thus, the genome stability of hiPSCs is challenged during in
vitro culture and should be closely monitored.

Discussion

ECs are valuable tools in regenerative medicine. Their use
in the de novo regeneration of injured veins and the lining of
vascular grafts is promising. However, the sources of ECs are
limited, and therefore, new methods for ECs production are
being developed. In our study, we produced ECs from hiPSCs
and compared them with ECs isolated from donors (HUVECs
and HSVECs) to confirm that the derived ECs resembled
natural ECs. The hiPSCs used in this project were generated
from three somatic cell types. We focused on the most easily
accessible tissue—peripheral blood—as well as hiPSCs de-
rived from HUVECs and HSVECs.

PBMCs offer several advantages over cell types that are
traditionally used for hiPSC generation, such as dermal fibro-
blasts or, less often, ECs. Surgical removal of the skin tissue is
painful and leaves a scar, which discourages potential donors.
Fibroblasts or ECs are usually collected from donors during a
planned surgery, such as plastic surgery or varicose vein surgery,
which limits the opportunities to obtain tissue sample from pa-
tients with specific diseases, such as rare genetic disorders. In
contrast, the routine collection of a few milliliters of blood is a
minimally invasive procedure. The existence of blood banks is
another argument favoring blood cells as a source for hiPSC
production. The total amount of time needed for the deriva-
tion of the primary cell line is an important factor. A few weeks
are needed to expand cells from skin tissue in vitro, whereas
only 3 days of preculture are sufficient for PBMCs before
reprogramming (Fig. 1A). The establishment of our HSVEC
lines from vein samples usually requires between 2 and 3 weeks.

Several protocols for the expansion and reprogramming of
PBMCs have been published [25-29]. In these studies, hiPSCs
were reprogrammed using different vectors under different
culture conditions. One of the most important issues is the
composition of medium used for preculturing PBMCs before
reprogramming and during the first days after reprogramming.
StemPro-34 medium influences the ratio of particular blood
cell types in the sample and induces the proliferation of
hematopoietic progenitor cells to a greater extent than
terminally differentiated lymphocytes. Various combina-
tions of cytokine cocktails used to support the growth of
hematopoietic progenitors have been proposed, but all
include one or more of the following nine growth fac-
tors: SCF, Flt-3L, IL-6, IL-3, IL-1, erythropoietin (EPO),
thrombopoietin (TPO), granulocyte colony-stimulating fac-
tor (G-CSF), and granulocyte-macrophage CSF (GM-CSF)
(reviewed in Heike and Nakahata [46]).

In our study, we enriched the StemPro-34 medium with a
combination of the growth factors SCF, Flt-3L, IL-3, and IL-
6, which was reported to significantly increase the percentage
of human hematopoietic progenitor cells expressing the CD34
surface marker [31] and should facilitate the reprogramming

process of PBMCs. Similar medium, with addition of TPO,
was used for pre-reprogramming expansion of CD34" cells
by Mack et al. [30].

Our PCR results excluded DNA rearrangements associated
with T- or B-lymphocytes in hiPSC-PB cell line, which implies
that hematopoietic progenitors were reprogrammed without the
need for time-consuming isolation process of CD34™ cells from
peripheral blood or mobilizing the blood as reported by Loh
et al. [24]. Although we cannot exclude the possibility that
monocytes were reprogrammed, it is unlikely because of dif-
ficult ex vivo expansion of this cell type [47,48]. It is of note
that our hiPSC-PB contains unmodified DNA without gene
recombinations introduced during lymphoid maturation.

Two EC types, HUVECs and HSVECs, were used in the
study as EC controls and to complement PBMCs for hiPSC
derivation. HUVECs were purchased from Thermo Fisher
Scientific and HSVECs were isolated from the saphenous vein
of an adult donor. The protocol used to isolate HSVECsS in this
study is simple and effective. Enzymatic digestion with colla-
genase II did not result in contamination with other cell types,
and a pure population of primary HSVECs was successfully
characterized using both surface markers and a functional TFA.
Primary ECs have a relatively short life-span in vitro, dis-
playing signs of dedifferentiation into fibroblasts and senes-
cence after a few passages [49]. We were able to expand
HUVECs and HSVEC:s for up to ~ 10 passages. Although our
hiPSC-ECs did not exceed 10 passages in the majority of
differentiations, hiPSC-derived ECs offer a constant and the-
oretically unlimited source of uniform cells for vascular grafts
and in vitro studies. Robust protocols for the differentiation of
hiPSCs into ECs have been recently published [20,21,40].

In the present study, we did not detect significant differ-
ences in the quality of hiPSCs or hiPSC-derived ECs between
the three tested hiPSC lines derived from PBMCs, HUVECs,
and HSVECs. All hiPSC lines produced hiPSC-derived ECs
that were almost indistinguishable from each other and from
the original ECs, based on their expression of the endothe-
lial markers CD31 and CD144, LDL uptake, ability to form
tubes, and chemotaxis migration.

Unlike the original ECs, hiPSC-derived ECs expressed
higher levels of the endothelial progenitor markers CD34 and
KDR. A substantial effort has attempted by other groups to
identify and isolate EPCs that are capable of producing func-
tional ECs (reviewed in Pelosi et al. [50]). Physiologically, EPCs
are present in the human body as circulating cells that share
common endothelial markers with mature ECs, such as CD31,
but differ in the expression of certain cell surface antigens, such
as CD34 and KDR [51-53]. EPCs are often divided into
two subgroups, termed early- and late-outgrowth EPCs [54,55].
Late-outgrowth EPCs, unlike early-outgrowth EPCs, contribute
to blood vessels formation and reparation by direct incor-
poration into their endothelial lining [56,57]. Based on phe-
notypical profile (CD317CD144"CD34KDR") and ability to
form tubes [56-58], our hiPSC-derived cells resemble late
outgrowth EPCs.

Genomic stability is a key issue in the use of hiPSC-derived
cells in the clinic. For this reason, we studied the effect of in
vitro cellular reprogramming and endothelial differentiation
on the cell cycle speed and number of DSBs. In addition, a
karyotype analysis of three tested hiPSC lines was performed.

The analysis of the cell cycle speed revealed differences
between samples. The lowest percentage of cells in Gl
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phase was observed in hiPSCs, suggesting that these cells
have a higher proliferation rate than their differentiated
counterparts (hiPSC-derived ECs and ECs). This result is
consistent with previously published data [59-62]. The
number of DSBs observed in Gl phase is substantially
increased in S/G2 phases as a consequence of replication
stress [63—67]. Therefore, we used methodology that had
been previously published by our team to reliably compare
DSB counts visualized by YH2AX foci between samples
with different cell cycle speeds [35]. Fluorescence mi-
croscopy enables us to analyze the number of YH2AX foci
in each single cell, assign the cell cycle phase to that
particular cell and only include G1 phase cells in the DSB
analysis. Greater numbers of YH2AX foci were recorded for
the hiPSC group compared to hiPSC-derived ECs and pri-
mary ECs, suggesting that the reprogramming process in-
creases the number of DSBs, but differentiation restores
DSBs to a number typically observed in somatic cells.

High DSB counts in pluripotent cells may increase the risk
of acquiring chromosomal or subchromosomal abnormalities
and challenge the overall genome stability of the cells. Ac-
cording to Laurent et al., hESC and hiPSC cells contain a
greater frequency of subchromosomal copy number variations
than somatic cells or tissues [33]. In our study, hiPSC lines
hiPSC-PB and hiPSC-HU displayed a normal karyotype.
However, the hiPSC-HS culture was mosaic and contained two
populations of cells, one with a normal karyotype and one with
an abnormal karyotype, characterized by a gain of chromo-
some 1. Trisomy of chromosome 1 is a common abnormality
detected in PSCs. Mayshar et al. identified an extra copy of
chromosome 1 in several tested hiPSC lines, but no corre-
sponding aneuploidy was detected in the somatic cells [68].
Amps et al. observed mosaic hESC lines at an early passage,
with extra copies of chromosomes 1, 12, 17, 20, or X [69-72].

The chromosomal abnormality we observed in the subset of
hiPSCs derived from HSVEC probably results from the clonal
selection during passaging and adaptation to culture conditions.
Prolonged in vitro culturing of PSCs is associated with karyo-
typic abnormalities [32,33] and karyotype analysis is a crucial
test for selection of hiPSC clones [73]. Structural alteration,
loss, or gain of a particular chromosome must lead to imme-
diate exclusion of the clone or its derivative from any possible
clinical application. Our results confirm that prolonged in vitro
culturing of hiPSCs should be avoided and the time in culture
before differentiation should be kept on necessary minimum.

Based on our data, PBMCs may serve as a safe and reliable
source for artificial EC production for clinical purposes.
hiPSC-derived ECs are fully functional and comparable with
EC controls. In this protocol, cells pass through a pluripotent
state, during which the number of DSBs increases and ge-
nome stability is challenged. Even if the number of DSBs is
reversed upon endothelial differentiation, close monitoring of
a normal karyotype is crucial for the possible clinical appli-
cation of hiPSC-derived ECs.
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