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in the last issue of Cell Cycle, Bortolomai 
et al. isolated cervical stem cells from the 
A431cell line exploiting the capability of these 
cells to form spheres in non-adherent condi-
tions. Following isolation, ALDH enzymatic 
activity and Hoechst dye exclusion were 
employed to further confirm the presence and 
size of the stem-like population. importantly, 
although A431 sphere cells were characterized 
by “stemness” properties such as self-renewal 
and clone forming capability, in adherent con-
ditions they mainly formed differentiated colo-
nies (paraclones) compared to A431 parental 
cells. These data, in spite of the apparent 
contradiction with the assumption that loss 
of anchorage and serum deprivation induce 
anoikis of differentiated cells,5 could underlay 
the  multipotent differentiative potential of 
sphere cells. indeed, A431 sphere cells could 
be considered an experimental strategy to 
select and expand in suspension “holoclones” 
from a heterogenous population of cancer 
cells. it thus became clear that in culture condi-
tions promoting differention, sphere cells gave 
rise to more differentiated colonies. 

Long-term cultures in suspension confirmed 
that sphere cells maintain an higher EGFR stim-
ulation-independent proliferative potential than 
parental cells. Moreover, A431 spheres display 

high expression levels of self-renewal-related 
genes such as NANOG, NESTiN and OCT4, and, 
more importantly, an enrichment of podopla-
nin-positive cells, which were recently described 
as the stem-like population of A431 cells.

Cancer stem cell nature of A431 spheres 
was thus definitely proved by their ability to 
recapitulate the generation of a continuously 
growing tumor, which display a more undif-
ferentiated morphology than original human 
tumor phenotype from the fourth passage 
into immunocompromised mice.

Finally, the global gene expression profile of 
A431 sphere cells analyzed in comparison with 
that of A431 parental and adherent cells re-
derived from A431 spheroids, revealed genes 
encoding for Cytokeratin 6 and Osteopontin, 
were highly upregulated.

From this study, Osteopontin emerges as 
a good stem cell marker for cervical can-
cer. Through its interaction with integrins and 
CD44v, osteopontin is known to induce metal-
loprotease, thus representing an important 
modulator of cell motility.6 Osteopontin sup-
ports the hypothesis that cells with stem-
like properties within the neoplastic mass are 
responsible, apart from tumor initiation, also 
for invasion of surrounding tissues and metas-
tasis. if invasive and metastatic properties are 

typical features of these cells, the newly devel-
oped salinomycin compound, could be effi-
cient to eradicate cervical cancer.7 This agent 
regulates the migration inhibiting potassium 
channels and consequently interfering with 
epithelial-mesenchymal transition.8

Together with the identification of the phe-
notypic characteristics of cervical cancer stem 
cells examined by Bortolomai and coworkers 
a better understanding of metastatic mecha-
nisms intrinsic to CSCs will provide essential 
tools for prediction and successful treatment 
of this malignant tumor.
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When ian Wilmut presented in 1997 his 
remarkable result that a somatic nucleus could 
be reprogrammed when transferred into the 
cytosolic environment of an enucleated oocyte 
(SCNT, somatic cell nuclear transfer) giving rise 
to a full mammalian offspring (the clone sheep 
Dolly)1 the new area of inducing pluripotency 
has been born. it is interesting that it took 
more than a decade to further investigate the 
basis of this observation. Nowadays we learn 
more and more on mechanisms and since the 
notable work of Shinya yamanaka and col-
leagues2,3,4 we can minimize the necessary fac-
tors to four transcription factors or even less.5 
A recent issue of Cell Cycle goes along with this 
development and presents the article by Maria 
A. Lagarkova and coworkers: “induction of 
pluripotency in human endothelial cells resets 
epigenetic profile on genome scale.” Two new 
aspects are demonstrated: The team around 

Prof. Kiselev found that induced pluripotent 
cells (iPS cells) can be generated from human 
umbilical vein endothelial cells (HUvEC) by the 
conventional method of overexpressing oct4, 
sox-2, c-myc and klf4 and secondly using a full 
characterization of their functional and epige-
netic properties they clearly demonstrate that 
iPS cells generated from fully differentiated 
somatic cells reset their epigenetic status to 
pluripotency. From this as well as from other 
studies it becomes now quite evident that 
the clue of reprogramming lies in epigenetic 
mechanisms establishing cellular identity dur-
ing differentiation by (1) DNA cytosine meth-
ylation, (2) covalent histone modifications 
(3) remodeling of other chromatin associated 
proteins such as polycomb group proteins 
and transcription factors, and (4) pre- and 
post-transcriptional gene regulation by small 
non-coding RNAs, such as microRNAs.6 During 

epigenetic reprogramming of the somatic 
nucleus, these modifications, in particular DNA 
methylation must be reset from a fully dif-
ferentiated to a pluripotent state. The work by 
Lagarkova et al. succeeded to obtain human 
iPS cells from human endothelial cell (endo-
iPS) which were similar to human embryonic 
stem cells in morphology and gene expression. 
Using genome-wide methylation profiling the 
group shows in particular that the promoter 
elements of endothelial specific genes were 
methylated following reprogramming. On the 
other side, the pluripotency-related promoters 
were hypomethylated to levels also observed 
in embryonic stem cells. A similarity between 
endo-iPS and ES cells was seen in the genome-
wide methylation analysis of CpG sites located 
in the functional regions of over than 14,000 
genes but it is interesting to mention that the 
methylation levels of 46 genes were found to 
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be different suggesting that these sites rep-
resent endothelial genes which are resistant 
to reprogramming. Overall CpG methylation 
of promoter regions in the pluripotent cells 
was higher than in somatic. Within their work, 
the team around Kiselev also demonstrated 
that during reprogramming female human 
endo-iPS cells the somatically silenced X chro-
mosome are obviously reactivated leading to 
the notion that chromosomal inactivation is 
epigenetically regulated and thus reversible. 
All these data now strongly give us the aim to 
reach more understanding on the underlying 
mechanism occurring after overexpression of 
the “yamanaka-factors.” Why does the before 

thought irreversible epigenetic inactivation 
of the female X chromosome comes out to 
be reversible while other genes obviously are 
not reverted? Are there additional mecha-
nisms controlling the inactivation of genes 
which are not subject to reprogramming? is 
this a limitation of the iPS-strategy for a later 
clinical usage of these cells? is the function 
affected as recently demonstrated in electro-
physiological studies?7 Do we need more suf-
ficient reprogramming techniques based on a 
deeper insight into the genetic programming 
and reprogramming? How does this relate to 
possible dedifferentiation and carcinogenesis? 
After Dolly, which obviously resulted from a 

complete reprogramming of a somatic cell 
into the pluripotency, we have reached a lot 
but we still need more experimental data 
to get insights into processes of epigenetic 
memory and genetic regulation of the cell fate 
to a specific phenotype. 
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Cellular reprogramming has been achieved by direct transfer of 
somatic nucleus to the cytoplasm of pluripotent cell and by fusion 
of somatic and pluripotent cells.1-4 The first report of genetic 
reprogramming involved overexpression of the transcription fac-
tor MyoD into fibroblast cells, this forced overexpression was 
sufficient to convert fibroblasts into muscle cells.5 More recently 
four key factors Oct4 (Pou5f1), Sox2, cMyc and Klf4 have been 
shown to re-establish the pluripotent state in adult fibroblasts.6 
This technique has been modified and improved in subsequent 
studies.7-9 Several reports have demonstrated that some of these 
four factors can be replaced or omitted, although this leads to a 
slight decrease in reprogramming efficacy.10-13 Originally induced 
pluripotency stem (iPS) cells were generated using viral meth-
ods of gene delivery, leading to the integration of the transgene. 
Subsequently, nonintegrating approaches exploiting adenovi-
ruses, plasmids or transgene removal or even protein transduc-
tion have been developed.14,15

Since the first report of induced pluripotency in mouse 
embryonic fibroblasts, a number of cell types have been shown 
to be amenable to reprogramming. For example, iPS cells have 
been generated from multiple mouse cell types.14 Pluripotency 
has also been induced in human fibroblasts, keratinocytes and 
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blood cells.16-19 These studies have suggested a strong influence 
of cell type on the reprogramming efficiency and timing.7,18 
Additionally, choice of cell type is also important in terms of the 
therapeutic usefulness of reprogrammed cells. For example, cell 
accessibility or availability as well as cell age might be the criti-
cal factors in determining the optimal cell type for therapeutic 
use. Although adult skin cells are readily accessible and easy to 
manipulate these are exposed to UV and may thus accumulate 
mutations limiting their therapeutic application. Additional pas-
saging in vitro or growth factor application required to expand 
the starting amount of cells prior to iPS generation could fur-
ther contribute to epigenetic and genetic alterations in parental 
cells.20,21 The choice of cell type to be used for reprogramming is 
therefore important to minimize accumulation of DNA damage 
and to obtain complete reprogramming.

Reprogramming of somatic cells into iPS cells is accompa-
nied by gradual loss of somatic markers followed by the reacti-
vation of the pluripotency markers.22,23 However, some clonally 
derived cells in iPS colonies were able to reactivate the Oct4-GFP 
reporter earlier while some did not express it at all.9 Hence, even 
though iPS cells are genetically identical and display characteris-
tic features of ESCs, their transcriptional profiles can differ. To 

Reprogramming of a limited number of human cell types has been achieved through ectopic expression of four 
transcription factors to yield induced pluripotent stem (ipS) cells that closely resemble human embryonic stem cells 
(eSCs). Here, we determined functional and epigenetic properties of ipS cells generated from human umbilical 
vein endothelial cells (HUVeC) by conventional method of direct reprogramming. Retroviral overexpression of four 
transcription factors resets HUVeC to the pluripotency. Human endothelial cell-derived ipS (endo-ipS) cells were similar to 
human eSCs in morphology, gene expression, in vitro and in vivo differentiation capacity. endo-ipS cells were efficiently 
differentiated in vitro into endothelial cells. Using genome-wide methylation profiling we show that promoter elements 
of endothelial specific genes were methylated following reprogramming whereas pluripotency-related gene promoters 
were hypomethylated similar to levels observed in eSCs. Genome-wide methylation analysis of CpG sites located in the 
functional regions of over than 14,000 genes indicated that human endo-ipS cells were highly similar to human eS cells, 
although differences in methylation levels of 46 genes were found. overall CpG methylation of promoter regions in the 
pluripotent cells was higher than in somatic. We also show that during reprogramming female human endo-ipS cells 
exhibited reactivation of the somatically silenced X chromosome. our findings demonstrate that ipS cells can be generated 
from human endothelial cells and reprogramming resets epigenetic status of endothelial cells to pluripotency.



938 Cell Cycle Volume 9 Issue 5

passage cells became almost undistinguishable from hESCs, they 
formed compact flat colonies, cells within the colony exhibited 
morphology similar to that of hESCs (Fig. 1I–K). All selected 
colonies were maintained on Matrigel in mTeSR1 medium from 
the first passage because this medium better preserved cells in 
undifferentiated state. A total of 12 expanded iPS-like cell lines 
were obtained from 5 x 105 HUVECs.

Expression of hESC markers. Concomitant with the mor-
phological changes observed, HUVEC-derived iPS cell lines 
exhibited changes in gene expression. Although morphologi-
cally iPS colonies were very similar to hESC, RT-PCR revealed 
that HUVEC-derived iPS cell lines expressed different levels of 
pluripotency-related genes (Fig. 1L). Upregulation of pluripo-
tency-related genes (FoxD3, Hesx1, Nanog) was accompanied by 
a decrease in levels of endothelial cell-specific gene expression. 
We did not detect PECAM (CD31) and VE-cadherin expression 
in some clones, although cells in other clones expressed differ-
ent levels of endothelial cell-specific genes. Immunoflourescent 
staining revealed expression of nuclearly localized Oct3/4 
and Nanog in all clones (Fig. 2A–C and Suppl. Table S3). 
However, differences in expression of hESC surface antigens 
such as SSEA-4 and TRA1-60 were observed between iPS cell 
lines. Some iPS lines expressed these antigens in a manner 
similar to hESCs (Fig. 2D and E). CD30 expression was also 
detected on these iPS clones (Suppl. Fig. S2).27 In contrast, the 
other clones exhibited heterogeneous expression of hESC sur-
face antigens (data not shown), suggesting a mixed population 
of ES-like cells.

We also performed immunostaining of iPS clones with 
endothelial cell-specific antibodies. Despite the presence of trace 
amount of mRNA for PECAM in some iPS clones we were unable 
to detect PECAN protein (Suppl. Fig. S2B). CD105 expression 
was also lost in all iPS clones examined (Suppl. Fig. S2C and 
Suppl. Table S3). These observations indicate that HUVECs 
acquired not only ESC-like morphology but also expression of 
pluripotency markers and lost endothelial cell markers during 
reprogramming.

Proliferation rate and karyotype analysis of human endo-
iPS cells. Proliferation and karyotype stability are important 
requirements for growth and expansion of iPS cells in vitro. 
Isolated endo-iPS clones were subdivided into two groups based 
on the expression of ESC markers. Two endo-iPS lines (hereafter 
referred to as endo-iPS 10 and endo-iPS 12) closely resembled 
hESCs, while other clones did not possess all features of com-
pletely reprogrammed iPS (Suppl. Table 3) and did not show 
transgenes expression (data not shown). The endo-iPS 10 and 
endo-iPS 12 were grown on Matrigel in mTeSR1 and exhibited 
similar growth kinetics than hESC lines grown in the same con-
ditions. Population doubling time was 31–34 h for endo-iPS cells 
and 30–36 h for hESCs. These iPS clones were passaged at the 
same ratio (1:6) and frequency (every 5–6 days) as human ES 
cells and did not exhibit any dramatic changes in proliferation 
rate for 21 passages. Next we examined the karyotype of endo-iPS 
cells 5 and 20 weeks after derivation by standard GTG-banding 
techniques. Both endo-iPS cell lines demonstrated normal XX 
karyotype (Fig. 1M, Suppl. Fig. S2D).

obtain genuine iPS cells, appropriate gene activation or silencing 
must be accompanied by epigenetic events leading to the repro-
gramming consolidation. During reprogramming, promoters of 
genes expressed in differentiated cell types should be silenced by 
methylation, whereas promoters of pluripotency genes should 
become hypomethylated.24 Global changes in histone methy-
lation, reactivation of a somatically silenced X chromosome in 
female cells, and demethylation at the promoters of key pluri-
potency genes have all been observed during reprogramming of 
mouse embryonic fibroblasts.25 Although human iPS cells are 
very similar to hESCs transcriptionally their epigenome is still 
largely unknown.17

Here, we present the first report of generation of iPS cells from 
human umbilical vein endothelial cells (HUVECs). We estab-
lished endo-iPS cell lines that could be maintained in defined 
culture conditions without karyotype changes and exhibit pluri-
potency in vitro and in vivo. Our data demonstrate that ecto-
pic expression of four transcription factors is sufficient to revert 
endothelial cells to an embryonic state, to reset somatic cells 
genome-wide DNA methylation, and to start the reactivation of 
the silenced X chromosome in female cells.

Results

Generation of endo-iPS cells from HUVECs. We introduced 
the retroviruses expressing human Oct3/4, Sox2, Klf4 and c-Myc 
into genetically unmodified, diploid HUVECs derived from the 
umbilical vein of a female newborn. The homogeneity and iden-
tity of HUVECs were characterized by flow cytometry analy-
sis using CD31 and VE Cadherin antibodies; CD90 antibodies 
were used to detect possible fibroblast contamination (Suppl. 
Fig. S1).26 Additionally homogeneity of cell population was 
confirmed by immunohistochemical analysis with antibodies to 
vWF, CD-105, CD-34, CD31 (data not shown).

Our protocol for iPS cells generation is summarized in Figure 
1A. On days 3 and 5 post-infection, cells from parallel plates were 
harvested to analyze induction of Nanog and FoxD3 expression 
(Fig. 1B). These transcription factors, not normally expressed in 
HUVECs, were detected as early as on the third day after viral 
infection. Cells were maintained in HUVEC medium for five 
days, and then plated onto mitomycin-treated mouse embryonic 
fibroblasts (MEFs) at a density 3 x 105 per 100 mm dish or left on 
Matrigel. On the next day, cell culture medium was replaced with 
KO-DMEM/KSR or mTeSR1 medium respectively. Around day 
12 of infection, the first colonies that were distinct from feeder 
fibroblasts and endothelial cells appeared (Fig. 1C–K). On day 
16, colonies acquired a hESC-like morphology that became even 
more pronounced by day 20 (Fig. 1F and G).

We also observed a number of colonies that were distinct from 
hESCs in their morphology. In spite of induction of Nanog and 
FoxD3 expression HUVECs plated on Matrigel and grown in 
mTeSR1 medium did not form ES-like colonies. On day 21 we 
picked single hES cell-like colonies from MEFs, mechanically 
disaggregated them into small clumps without enzymatic diges-
tion and replated these individually on inactivated MEFs and 
Matrigel with the addition of the respective medium. During this 
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endo-iPS cells that could be stably maintained in defined medium 
under feeder-free conditions.

Differentiation potential of human endo-iPS cells. Analyses 
of cell morphology and expression of molecular markers have 
demonstrated that lines 10 and 12 closely resemble hESCs. To 
determine differentiation potential of these lines we analyzed 
embryoid body (EB) formation in suspension culture. After 6 

To confirm that endo-iPS clones were derived from HUVECs 
we performed DNA fingerprinting analyses with short tandem 
repeat (STR) markers (Suppl. Table S4). The patterns of 18 
STRs were completely matched between human endo-iPS clones 
and the parental HUVEC line, although these patterns differed 
from hESC lines we used in the laboratory. Taking together our 
data indicate that we succeeded in generating of ES-like human 

Figure 1. Generation and characterization of human endo-ipS cells. (A) Scheme of the ipS cells generation. ipS colonies were picked based on heSC-
like morphology. (B) Rt-pCR analysis of Nanog and FoxD3 genes expression after viral infection. on the days indicated RNA was isolated for the analysis 
of the endogenously expressed genes. (C–K) Morphological changes during direct reprogramming. For details see Supplemental Methods. Represen-
tative colonies are shown: (C) HUVeC cells after viral infection, (D and e) after transfer on feeder majority of HUVeCs died or became indistinguishable 
from feeder cells, first colonies of reprogrammed cells appeared on day 16, (F and G) eS-like colonies before passaging on day 20, after passaging 
some colonies still had distinctive from heSC morphology (H), other acquired indistinguishable from heSC morphology (clone 10 grown on feeder) 
(I). examples of morphology of ipS colony (clone 12, passage 2) (J) and heSC line (heSM01) (K). grown on Matrigel are shown. (L) Rt-pCR analysis of 
pluripotency (FoxD3, Nanog, Oct3/4, Hesx1) and endothelial-specific (PECAM, VE-cadh, GATA2, GATA3) markers expression in ipS clones, heSCs (positive 
control), as well as the parental HUVeCs (negative control). GApDH was used as a loading control. (M) Karyotype analysis of endo-ipS clone 12 grown 
on Matrigel in mteSR1 at passage 20 is shown.
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days in suspension endo-iPS cells have formed 
spherical EB-like structures (Fig. 2F). Prolonged 
culture resulted in the appearance of a typi-
cal cystic morphology (Suppl. Fig. S2E). EBs 
derived from both iPS clones expressed markers 
of the three germ layers. Immunohistological 
examination of EBs revealed clusters of cells 
positive for MOC-31, cytokeratin-7, vimentin 
and nestin (Suppl. Fig. S2F–I). Characteristic 
localization of these antigens within EB allowed 
us to distinguish an extraembryonic endoderm 
layer, an inner cystic epithelium, neural progeni-
tor cells, and other indications of first steps of 
differentiation.

In order to determine whether iPS cell lines 
could differentiate into lineage-committed 
populations of the three germ layers, including 
endoderm, mesoderm and ectoderm, we trans-
ferred EBs to gelatin-coated plates and con-
tinued cultivation as described (Material and 
Methods). Attached cells showed a variety of cell 
morphologies (Fig. 2J, G and M). Multilineage 
differentiation of iPS cells into derivatives of the 
three germ layers was confirmed by immunos-
taining with respective antibodies. Ectodermal 
cells were stained for GFAP and neuron-specific 
enolase, mesodermal fibroblast-like cells were 
stained for prolyl 4-hydroxylase (Fig. 2J–I and 
Suppl. Fig. S2K and L). Endothelial cells gener-
ated from endo-iPS cells were stained for vWF 
and CD31 (Fig. 2J–L). CD31 positive cells, sep-
arated on magnetic beads, were subjected to the 
functional tests on Matrigel (Suppl. Fig. S2M). 
Endodermal differentiation was confirmed by 
alpha fetoprotein and GATA-6 staining (Fig. 
2M–O).

To investigate the pluripotency of the endo-
iPS cells in vivo we used well established test of 
the teratoma formation upon human pluripotent 
stem cells injection into immunodeficient mice.14 
We transplanted human endo-iPS cells into the 
dorsal flanks of immunodeficient (nu/nu) mice. 
Six to eight weeks after injection, we detected 
tumors containing differentiated tissues of all 
three embryonic germ layers (Fig. 2P). These 
results demonstrated the ability of human endo-
iPS cells to differentiate in vitro and in vivo into 
the cells of all three embryonic germ layers, thus 
validating their pluripotent status.

Gene-specific and genome-wide DNA meth-
ylation of CpG loci is similar between iPS cells 
and ES cells. Reprogramming was previously 
shown to be associated with global changes in 
chromatin remodeling and DNA methylation.25 
Permanent silencing of pluripotency genes is 
achieved in part by DNA methylation during 

Figure 2. Immunohistochemical characterization of human endo-ipS cells and their 
differentiated derivatives. (A–e) Undifferentiated endo-ipS clones expressed markers 
common to heSCs. (A) 4,6-Diamidino-2-phenylindole (DApI) staining indicates the total 
cell content per field. Immunostaining with specific antibodies for oCt3/4 (B), NANoG (C), 
tra-1-81 (D), SSeA4 (e). Representative colonies of endo-ipS-10 and 12 cell lines are shown. 
eB differentiation of endo-ipS cells. on day 6 eB consisted of tight clusters of differentiat-
ing cells (F) later becoming cystic by day 12 (Suppl. Fig. S2e). Adherent eB showed various 
types of morphologies (G, J and M). Immunostaining with specific antibodies confirmed 
differentiation of endo-ipS cells into derivatives of three germ layers in vitro. (G–I) ectoder-
mal (neurons and glia) differentiation. (G) Bright field, (H) staining with antibodies against 
GFAp (red), (I) staining with antibodies against neuron-specific enolase. (J–L) Mesodermal 
differentiation. (J) Bright field image of endothelial cells, (K) endothelial cells stained for 
vWF, (L) endothelial cells forming cord-like structures stained with antibodies against CD31 
(red). (M–o) endodermal (primitive endoderm-like cells) differentiation. (M) Bright field, 
(N) staining with antibodies against alpha-fetoprotein, (o) staining with antibodies against 
GAtA-6. Representative eBs formed by ipS-10, 12 cell lines are shown. (p) Hematoxylin and 
eosin staining of teratoma-like structures derived from immunodeficient mice injected 
with human endo-ipS cells (clone 12). Shown tissues represent all three embryonic germ 
layers including neural tissue (ectoderm), cartilage (mesoderm), intestinal epithelium 
(endoderm).
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< 0.05) (Fig. 3C). Remarkably, only CpG of Oct3/4 (also know 
as POU5F1) met our most stringent statistical criteria (p < 0.001, 
positive B) as a differentially methylated gene between somatic 
and iPS cells.

Next, we evaluated genome-wide level of CpG promoter 
methylation, which showed that most (61%) of the genes were 
undermethylated (average Beta value <0.2) and only 10% were 
hypermethylated (average Beta value >0.8) among the whole 
set of analyzed cell lines. However, global methylation of both 
types of pluripotent cells was higher than in somatic cells, with 
endo-iPS cells exhibiting slightly higher methylation than ESCs 
as represented in the Quantile-Quantile plot (Fig. 3D). A close 
relationship between individual endo-iPS and hESC lines was 
demonstrated by Pearson correlation coefficient analysis and 
hierarchical clustering analysis (Suppl. Table S8 and Fig. 3E).

To establish similarities of endo-iPS and hESC lines and dif-
ferences between these pluripotent cells and somatic cells, we 

differentiation from embryonic to 
somatic cells.28,29 Cell type specific 
genes are methylated in hESCs 
and undergo demethylation during 
ESCs differentiation.30 Based on this 
observation, we hypothesized that 
the CpG islands within promoter 
elements of endothelial cell-specific 
genes should become epigenetically 
silenced during reprogramming 
thus “locking in” reprogramming 
events. To test this hypothesis we 
performed genome-wide DNA 
methylation analysis using the 
Illumina HumanMethylation27 
BeadChip assay that enables analysis 
of approximately 27,000 high-value 
methylation sites of the promoter 
regions or methylation hotspots of 
more than 14,000 genes at single-
nucleotide resolution. Genomic 
DNA isolated from two human 
ESC lines, two endo-iPS cell lines, 
parental HUVEC and non-related 
human PBMC was used for bisulfite 
conversion and hybridization to the 
BeadChip.

We first examined CpG methyla-
tion profiles of 25 endothelial cell-
specific genes represented in the 
array (Suppl. Table S5). Promoter 
elements of two genes were hyper-
methylated in all cell lines exam-
ined (Fig. 3A), while ten genes 
were weakly methylated. Notably, 
approximately half of endothelial 
cell-specific genes underwent meth-
ylation during reprogramming to a 
level observed in hESCs. Therefore 
the majority of HUVEC lineage-specific genes examined became 
epigenetically silenced during reprogramming. These data are 
consistent with the observation that expression of PECAM, ENG 
(CD105) and CDH-5 (VE-cadherin) genes was silenced during 
reprogramming (Fig. 1L).

Demethylation of promoters of pluripotency genes, such as 
Oct3/4 and Nanog, has been described to occur during repro-
gramming.17,24 We therefore examined methylation levels of pro-
moter elements of pluripotency-related genes represented by the 
array (Suppl. Table S6). Almost 60% of CpGs within promoter 
elements of pluripotency genes were weakly methylated, while 
less than 30% were highly methylated. To identify differentially 
methylated genes we compared methylation levels of individual 
CpGs of somatic cells comprising of HUVEC and PBMC, two 
endo-iPS cell lines, and two hESC lines (Fig. 3B and Suppl. 
Table S7). We found that differences between somatic and pluri-
potent cells were statistically significant for 9 out of 33 genes (p 

Figure 3. Genome wide and gene specific promoter CpG methylation analysis in somatic and pluri-
potent cells. HeatMap image of CpG methylation in 25 well-known endothelial specific genes (A) and 
33 well-known pluripotency-related genes (B). (C) List of pluripotency-related genes with statistically 
significant reduced methylation level in pluripotent cell lines. (D) Comparison of CpG methylation level 
between somatic and pluripotent cells at genome scale. ipS cells are shown in red, heSCs in green. 
Distance from the black line indicates the level of CpG methylation in ipS and eS cells. (e) Classification of 
cell lines based on methylation signature. Dendrogram, as a representation of genome-wide hierarchical 
clustering is shown. two groups of cell lines (somatic and pluripotent) are evidenced by clustering. For 
details see Supplemental Methods.
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on the X chromosome.34 Methylated H3K27 in endo-iPS cells 
was concentrated only on one X chromosome, while no significant 
methylation was observed on the other. Furthermore H3meK27 
staining was substantially higher than in parental HUVECs. We 
observed two different patterns of histone methylation along the 
X chromosome length. In some endo-iPS cells the staining inten-
sity was similar between both arms while in others the p arm was 
markedly enriched in methylated H3K27 (Fig. 4C). With this 
exception the H3me3K27 X chromosome staining in endo-iPS 
cells closely resembled that of the hESM04 cell line (Fig. 4C). In 
endo-iPS cells, both X chromosomes exhibited H3me2K4 stain-
ing, although one chromosome was stained less intensely (Fig. 
4B). Enrichment of H3me2K4 was detected over the extent of 
the X chromosome, with more profound staining on the distal 
part of p and 2 bands in q arms (Fig. 4C). The overall staining 
intensity was similar to that observed in the hESMK05 cell line 
where both X chromosomes were active. Thus, our findings sug-
gest that in human female endo-iPS cells, Xi silenced in parental 
cells underwent significant chromatin modifications resembling 
a reactivated state.

XCI occurs during ESCs differentiation in vitro.32,35 We 
next examined whether endo-iPS cells could change the X 
chromosome chromatin status during spontaneous differentia-
tion. Immunostaining demonstrated enrichment of methylated 
H3me3K27 and loss of H3me2K4 staining in differentiating 
hESCs and endo-iPS cells (Fig. 4D), suggestive of XCI. Although 
the X chromosome inactivation status of hESC is not as clear 
as in mouse and appears to exhibit cell line-specific differences, 
endo-iPS cells clearly underwent XCI during differentiation. 
Taken together, our results demonstrate that transcription factor-
induced conversion to pluripotent state globally resets the epi-
genetic state of HUVECs including X chromosome reactivation 
process.

Discussion

The choice of human cell types that have been successfully 
reprogrammed is still very limited. Our results show that human 
endothelial cells can be reprogrammed to pluripotency using 
genetic modifications. Individual HUVECs are easy to isolate 
and require little or no manipulation in culture, which could 
minimize acquisition of DNA damage. Moreover HUVECs can 
be collected by umbilical cord blood banks and stored for the 
future use. Endo-iPS cell lines were similar to hESCs in many 
respects, including morphology, proliferation, feeder-indepen-
dence, surface markers, gene expression, DNA methylation sta-
tus, in vitro and in vivo differentiation, and XCI. Although the 
overall efficiency of HUVEC reprogramming was relatively low 
(approximately 0.03%), the intrinsic sensitivity of HUVECs to 
ESCs culture medium provided a convenient means of iPS lines 
isolation without drug selection.

The dynamics of reprogramming of endo-iPS cells was simi-
lar to other iPS lines published. The first ES-like colonies were 
detected approximately at the same time point as iPS generated 
from CD34+ cells and complete reprogramming was achieved 
within 3 weeks.19 In endo-IPS lines, expression of the Oct4 

examined genome-wide gene-specific methylation pattern by dif-
ferential analysis. We identified of a total of 2,226 genes that 
were differentially methylated between pluripotent and somatic 
cell types (8.4% of 26210 CpGs entered the analysis, p < 0.05) 
(Suppl. Fig. S3). Using a more stringent significance level (p < 
0.001, positive B value), we detected 378 differentially methy-
lated CpGs (1.4% of 26210), of which 306 CpGs were signifi-
cantly differentially methylated between iPS and somatic cells, 
372 between hESCs and somatic cells, and only 46 genes were 
differentially methylated between iPS and ESC lines. The inter-
section of differentially methylated CpGs of somatic/iPS and 
somatic/hESCs allowed us to identify 282 CpG loci different 
between somatic cells and both sets of pluripotent cells. Overall, 
our analysis confirmed a high degree of similarity between endo-
iPS and hESC lines, as well as significant differences with somatic 
cells comprising of HUVEC and PBMC.

X chromosome reactivation in female human endo-iPS cells. 
X chromosome inactivation (XCI) is required for dosage com-
pensation of X-linked genes in female cells.31-33 It has been shown 
recently that in female mouse iPS cells chromatin modifications 
specific to inactive X (Xi) are erased and both X chromosomes are 
active. In turn, during differentiation of these cells reactivated X 
undergoes random inactivation.25 Thus it makes mouse iPS cells 
very similar to mouse ES cells in respect of X chromosome status. 
However, no consensus on XCI status in undifferentiated human 
ESCs has been reached so far. Some hESC lines did not show any 
signs of X inactivation, in others XCI had been already achieved 
prior to differentiation.34,35 We therefore examined whether reac-
tivation of Xi occurs in human endo-iPS cells. We first studied 
levels of expression of Xist in endo-iPS and our hESCs lines. All 
cell lines except hESMK05 expressed moderate to high level of 
Xist (Fig. 4A).

In the mouse, upregulation of Xist expression and XCI 
are accompanied by trimethylation of histone H3 Lys-27 
(H3me3K27) on Xi.36 In contrast, methylation of H3 Lys-4 
(H3me2K4) is generally associated with active chromatin.37 We 
therefore used immunostaining to study chromatin modifica-
tions in hESCs, iPS cells and parental line HUVECs. To avoid 
possible influence of culture conditions pluripotent cells were 
grown under feeder free conditions in mTeSR1 medium. Female 
hESC lines showed different patterns of H3me3K27 staining. 
Xist-expressing hESC line hESM04 exhibited intense X chromo-
some staining of H3meK27 (Fig. 4B), while active chromatin 
marker H3me2K4 was depleted from Xi chromosome in these 
cells. In contrast, the hESMK05 cell line which did not express 
Xist, showed no prominent staining of H3me3K27 (Fig. 4B and 
C) on either X chromosome. To distinguish X chromosomes in 
this cell line we preformed FISH with an X chromosome-specific 
centromeric probe. However both X chromosomes exhibited 
abundant staining for the marker of active chromatin H3me2K4 
in the hESMK05 cell line. In differentiated ESCs and in somatic 
cells, H3me3K27 methylation appears highly specific to Xi.38-40 
In agreement with these observations, H3me3K27 staining was 
detected at low to moderate levels in female HUVECs (Fig. 4B 
and C). Consistent with previously published data low level of 
H3me2K4 methylation was observed only as a few distinct spots 
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genes.14 In mouse female iPS both X chromosomes are active.25 
Three states of X-inactivation in cultured female hESCs: active, 
inactive and partially reactivated have been described.35,41-43 In 
our iPS cells, we observed appearance intense immunostaining of 
the X chromosome with H3me3K27 and H3me2K4 in overlap-
ping domains, indicating that at least partial reactivation of X has 
occurred. Some genes, including developmentally regulated, con-
tain regions consisting of overlapping histone modifications that 
have opposing roles. These so-called bivalent chromatin modi-
fications (H3me3K27 + H3me2K4) are positioned in relatively 

target Nanog appeared as early as day 3 after viral transduction, 
although transfer to ESC culture conditions at this time did 
not result in formation of stable colonies. Rather, ES-like colo-
nies were derived more efficiently when cells were transferred to 
ESC culture medium on day 6. Thus although the expression of 
endogenous pluripotency genes was activated very early, this time 
period was not sufficient to establish reprogramming.

iPS cells must be epigenetically similar to ESCs, demonstrat-
ing X chromosome reactivation in female cells and similar DNA 
methylation pattern at least in the promoter regions of pluripotency 

Figure 4. X chromosome reactivation in endo-ipS cells. (A) Rt-pCR analysis of Xist expression in pluripotent cells. Male human fibroblasts HS27 are 
shown as a negative control. RNA level is normalized to GApDH expression. (B–D) Indirect immunofluorescent analysis of H3me3K27 (green, Alexa488) 
and H3me2K4 (red, Alexa546) distribution on metaphase chromosomes of endo-ipS cells, HUVeC, and two female heSCs lines. Images represent typi-
cal distributions obtained from more than 20 metaphase spreads. Chromosomes were counterstained with DApI (blue). (B) In ipS cells one X chromo-
some is stained for active H3me2K4 and H3me3K27 inactive chromatin markers. Metaphase spreads of undifferentiated ipS, undifferentiated heSCs, 
and HUVeCs are shown. Arrows indicate X chromosomes. DApI is merged with X-alpha-satellite FISH signal (yellow) to distinguish X chromosomes. (C) 
Higher magnification of X chromosomes shown on (B). For heSM05 cell line only one of two active X is shown. For ipS cells two different patterns of 
staining are shown. overlapping signals of H3me3K27 and H3me3K4 could be observed on p and q arms of the X chromosome in ipS-12 cells. (D) Dur-
ing heSCs or ipS cells differentiation X chromosome looses H3me2K4 active chromatin mark. Metaphase chromosomes of differentiated ipS-12 cells 
(upper) and differentiated heSMK05 (lower). Inactivated X chromosome is indicated by arrow.
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(3186).49 Thus, focusing on CpG promoter methylation on the 
genome-wide level is an efficient strategy to analyze effectively a 
large number of samples in order to confirm cell reprogramming.

In conclusion, our study defines easy accessible endothelial 
cells as amenable for reprogramming to pluripotency provid-
ing a valuable experimental model as well as a practical alter-
native of therapeutically applicable pluripotent cells. DNA 
methylation profiling on a genome-wide level offers new criteria 
for establishment of optimally efficient and safe methods of cell 
reprogramming.

Materials and Methods

Lentivirus production and infection. Phoenix cells were trans-
fected with the pMXs-based retroviral vectors encoding the 
cDNA of OCT4, SOX2, C-MYC and KLF4 were obtained from 
Addgene.16

Cell culture. HUVEC cells were derived from umbilical 
vein of newborn Caucasian female which was obtained fol-
lowing informed consent for scientific studies approved by the 
Institutional Ethic Committee. Cells were isolated and cultivated 
according to the previously published protocol.50

hESC lines hESM01, hESM03, hESM04 and hESMK05 
were cultivated in mTeSR1 medium on Petri dishes coated with 
Matrigel according to manufacturer protocol. HS-27 human 
foreskin fibroblasts (ATCC#CRL-1634) were grown in DMEM 
with 10% FBS.28,51

For virus transduction, HUVEC at passage 2 were seeded 
at a density of 3 x 106 cells per 100 mm dish and incubated 
with virus-containing supernatants (MOI 5 for each virus) on 
Matrigel (BD) in DMEM with 20% Fetal Bovine Serum (FBS, 
Hyclone), 5 ng/ml hrbFGF (Peprotech), 1% nonessential amino 
acids, 2 mM L-glutamine, and 50 units/ml penicillin, 50 µg/ml 
streptomycin (all from Invitrogen) (“HUVEC medium”) for 48 
hr. Then the medium was changed every other day. Five days 
later, cells were passaged with 0.25% trypsin to mitomycin C 
treated (10 µg/ml, Sigma) mouse embryonic fibroblasts (MEF) 
on tissue culture plates pre-coated with 0.1% gelatin (Sigma). 
The culture medium consisted of 80% KO DMEM, 20% KO 
SR, 1 mM glutamine, 1% nonessential amino acids, 50 units/
ml penicillin, 50 µg/ml streptomycin (all from Invitrogen), 0.1 
mM beta-mercaptoethanol (Sigma). Alternatively, cells were 
left on Matrigel but on day 6 HUVEC medium was replaced 
on mTeSR1 (StemCell Technologies). The half of medium was 
changed every day. Twenty days after virus transduction, iPS 
colonies were picked up and replated on feeder cells or Matrigel-
coated 24-well plates in “ES medium” or mTeSR1, respectively. 
For early passages, iPS cells were propagated manually, whereas 
subsequent later passaging was performed with collagenase IV (1 
mg/ml) or dispase (1 mg/ml) treatment. hESCs were passaged 
every 5–7 days by exposure to 1 mg/ml dispase (Invitrogen) for 
5–10 minutes at 37°C. For doubling time calculation approxi-
mately 20,000 cells were plated on Matrigel-coated 24-well 
tissue culture plates. At time points 48, 72 and 96 hours after 
plating cells were trypsinized and counted. Each time point was 
evaluated in triplicate.

permissive chromatin, making these loci more accessible for 
remodeling complexes and transcription factors.44-47 In human 
iPS cells we observed painting for both repressive and activating 
markers in the same X chromosome regions. We hypothesize that 
bivalent chromatin modifications are involved in the process of 
reprogramming, and H3me3K27 may be a transient hallmark, 
indicative of further chromatin modifications to follow. This is 
further supported by the observation that during XCI gradual 
enrichment, and then loss of H3me3K27 was detected in dif-
ferentiating mouse ESCs,38,39 suggesting that abundant H3K27 
histone methylation is not important for maintenance of inacti-
vation per se.

DNA methylation is an important mechanism maintaining 
the epigenetic state. During ESCs differentiation, pluripotency 
regulatory genes undergo methylation whereas lineage-specific 
genes that become transcriptionally active during differentiation 
lose their DNA methylation.27,29,30 We focused on functionally 
defined CpG sites of promoter elements throughout the genome. 
We showed that, during genetic reprogramming the decrease 
in expression of endothelial specific genes was associated with 
hypomethylation of their promoter regions. In hESCs promoter 
regions of the same genes were highly methylated, probably indi-
cating that silencing of lineage-specific genes is very important at 
this developmental stage, when cells should maintain their pluri-
potency. Surprisingly, CpG sites in the promoters of the pluri-
potency-related genes were mostly undermethylated in somatic 
cells thus making “gene leakage” more possible. We speculate 
that regulation of gene expression during developmental stages 
is more stringent than at adulthood and it is more difficult to 
differentiate pluripotent cells to particular lineage than con-
vert somatic cells to pluripotent state. Alternatively, taking into 
account common pathways of pluripotency and tumorigenicity, 
such differences may indicate that somatic cells are epigenetically 
predisposed for transformation.

Our study of CpG sites of more than 14,400 gene promoters 
distributed throughout genome demonstrated that almost half of 
tissue-specific genes examined underwent significant methylation 
during reprogramming. In general, gene promoters in iPS and 
ESC lines were hypermethylated on genome scale, however most 
significantly differentially methylated CpGs between somatic 
and pluripotent cells were hypomethylated in these pluripotent 
cell lines. These genes may provide new targets to improve or 
monitor reprogramming efficiency.

Recently two papers describing methylation signature of hES 
and iPS cells were published.48,49 Using limited set of genes both 
groups showed that fibroblasts and pluripotent cells were well 
grouped into two different clusters. However, within pluripotent 
cluster hESCs were more similar in methylation profile to fibro-
blasts, than were iPS cells.49 We did not observe this in our study, 
correlation of endo-iPS with hESCs was very high, although 
endo-iPS were slightly more similar to somatic than hESCs. 
Possibly these differences could be attributed to the cells of origin 
and variations in cell culture conditions. Nevertheless, the num-
ber of experimentally obtained differentially methylated regions 
between pluripotent and somatic cells (2226) was very close to the 
number extrapolated from the study of two human chromosomes 
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using EZ DNA Methylation kit (Zymo Research) according 
to the manufacturer’s recommendations. Hybridization onto 
HumanMethylation27 DNA Analysis BeadChip (Illumina) and 
washing were carried out using Infinium Assay kit (Illumina) 
according to manufacturer’s recommendations. Scanning was 
done on the Bead Array Reader (Illumina), data was extracted 
and normalized with GenomeStudio Methylation Module v1.0 
(Illumina). Average Beta values were computed as quantitative 
measure of DNA methylation ranging from zero, for completely 
unmethylated cytosines, to one, for completely methylated cyto-
sines (see also Suppl. methods).
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Metaphase chromosome preparation, immunocytochemis-
try and FISH. Metaphase chromosomes for immunochemistry 
were prepared by cytocentrifugation as described.52 Primary anti-
bodies were diluted 1:200 and applied overnight at 4°C. Slides 
were washed and visualized by incubation with Alexa Fluor 546 
goat anti-rabbit IgG (Invitrogen) and Alexa Fluor 488 goat anti-
mouse IgG (Invitrogen). Slides were counterstained with DAPI. 
After immunocytochemistry slides were fixed in 4% PFA/PBS 
and FISH was performed with direct (Texas Red) labeled human 
X chromosome alpha satellite probe DXZ1 (Oncor) according to 
the manufacturer’ instruction.

Embryoid bodies formation and in vitro differentiation. iPS 
grown on Matrigel were treated with 1 mg/ml dispase and scraped 
into clumps. Clumps were cultured as suspension in a medium 
consisting of DMEM/F12, 20% FBS, 2 mM L-glutamine, 1% 
MEM nonessential amino acids, and 0.1 mol/L beta-mercapto-
ethanol, 2 ng/ml bFGF for 10–12 days in Ultra low adhesion 
plates (Corning). For further differentiation EB were transferred 
onto gelatin-coated culture dishes in the same medium supple-
mented with ITS, 10 ng/ml bFGF and the attached cells were 
grown for 12–24 days, then morphologically distinct areas were 
subjected to immunohistochemical analysis. Endothelial differ-
entiation was performed as previously described.30

Genome-wide DNA methylation analysis. Genomic DNA 
was extracted from endothelial cells, PBMC, iPS or hES cells 
using Genomic DNA Purification Kit (Fermentas). Bisulfide 
conversion was performed on 1 ug individual DNA samples 
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