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Abstract Adult stem cells have more restricted differ-

entiation potential than embryonic stem cells (ESCs), but

upon appropriate stimulation can differentiate into cells of

different germ layers. Epigenetic factors, including DNA

modifications, take a significant part in regulation of

pluripotency and differentiation of ESCs. Less is known

about the epigenetic regulation of these processes in adult

stem cells. Gene expression profile and location of DNA

modifications in adipose-derived stem cells (ADSCs) and

their osteogenically differentiated lineages were analyzed

using Agilent microarrays. Methylation-specific PCR and

restriction-based quantitative PCR were applied for

5-methylcytosine (5mC) and 5-hydroxymethylcytosine

(5hmC) detection in selected loci. The level of DNA

modifications in the POU5F1 locus was quantified with

deep sequencing. Expression levels of selected genes were

assayed by real-time PCR. ADSCs differentiation into

osteogenic lineages involved marked changes in both 5mC

and 5hmC profiles, but 5hmC changes were more abun-

dant. 5mC losses and 5hmC gains were the main events

observed during ADSCs differentiation, and were accom-

panied by increased expression of TET1 (P = 0.009). In

ADSCs, POU5F1 was better expressed than NANOG or

SOX2 (P B 0.001). Both 5mC and 5hmC marks were

present in the POU5F1 locus, but only hydroxymethylation

of specific cytosine showed significant effect on the gene

expression. In summary, the data of our study suggest

significant involvement of changes in 5hmC profile during

the differentiation of human adult stem cells.

Keywords Adipose-derived stem cells � 5-
hydroxymethylcytosine � POU5F1

Introduction

Human adipose tissue harbors a significant number of

multipotent adult stem cells of mesenchymal origin known

as adipose-derived stromal/stem cells (ADSCs). ADSCs

can be induced to differentiate into mesodermal lineages

(adipocytes, osteoblasts, myocytes, and chondrocytes), but

upon certain conditions can differentiate into cells of other

germ layers [1, 2]. Broad differentiation potential and

convenient accessibility of ADSCs make them an attractive

source of adult mesenchymal stem cells (MSCs) for

regenerative medicine and cell developmental plasticity

research.

Epigenetic mechanisms play a significant role in deter-

mination of developmental plasticity and cell fate specifi-

cation. During cell differentiation, the pluripotency genes

are epigenetically silenced, while the tissue-specific genes

become differently activated in various tissues [3]. DNA
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methylation is a powerful mechanism of gene expression

regulation. DNA methylation of promoter regions has been

shown to silence gene expression, while the loss of

methylation can restore transcription. Passive loss of DNA

methylation can occur due to the reduced activity of DNA

methyltransferases. In addition, the mechanism of active

DNA demethylation was recently identified in embryonic

stem cells (ESCs) [4, 5]. It was shown that TET enzymes

catalyze oxidation of 5-methylcytosine (5mC) to 5-hy-

droxymethylcytosine (5hmC) and later derivatives, and in

this way drive the process of DNA demethylation [4, 5].

Important role of Tet1 was identified in the maintenance of

mouse ESC pluripotency through regulation of DNA

methylation status of Nanog promoter [5]. Later it was

shown that the silencing of Tet1 and Tet2 causes down-

regulation of several pluripotency-related genes and pre-

mature differentiation of ESCs [6], suggesting significant

involvement of 5hmC and TET enzymes in the mainte-

nance of pluripotent state of ESCs. Moreover, recent

studies reported dynamic redistribution of 5hmC marks [7,

8] during ESCs differentiation, indicating important role of

this product of DNA demethylation in formation of gene

expression pattern of differentiated cells. In comparison to

ESCs, much less is known about the epigenetic profile of

adult stem cells, including the distribution of 5hmC marks

and the status of TET enzymes.

Differentiation potential of ESCs is regulated by the

network of genes coordinated by key transcription factors

POU5F1, NANOG, and SOX2. MSCs show lower

expression of pluripotency genes [9] and more restricted

differentiation potential than ESCs. However, similarly to

ESCs, POU5F1, and NANOG are involved in regulation of

developmental plasticity of MSCs [10, 11], and the list of

POU5F1-regulated genes in MSCs is quite similar to that in

ESCs [11]. Recent studies [12, 13] showed that differen-

tiation potential of MSCs can be improved by DNA

demethylating agents. ADSCs exposure to demethylating

agent 5-azacytidine increased production of main pluripo-

tency genes and improved differentiation spectrum of the

cells, enabling generation of hepatocyte-like cells [12].

Moreover, occurrence of active demethylation during

osteogenic differentiation of mouse ADSCs has been sug-

gested [14], although no further investigations were done in

this field.

For better characterization of epigenetic mechanisms

occurring during differentiation of MSCs, gene expression

profile and epigenetic DNA modifications (5mC and

5hmC) were analyzed in human ADSCs and their differ-

entiated counterparts by genome-wide and locus-specific

approaches. Expression levels of key epigenetic regulators

TET1, TET2, and EZH2, and main pluripotency genes

POU5F1, NANOG, and SOX2 were also analyzed.

Methods

Cell cultivation and in vitro differentiation

Four ADSC lines were derived from plastic surgery

residual material of three anonymous middle-aged healthy

donors. Adipose tissues were collected at two study centers

(Vilnius, Lithuania and Toulouse, France) according to the

protocols approved by the Bioethics Committee in

Lithuania (No. 6B-10-22) and by the Ministry of Education

and Research in France (No. DC-2008-515). Informed

consent was obtained from all individual participants

included in the study.

Isolation and initial cultivation of ADSCs were per-

formed according to standard protocols, established at the

both study centers [15, 16], while further steps of cell

cultivation and differentiation were performed according to

the unified protocol as reported previously [16]. Briefly,

cells were transferred to DMEM, supplemented with 10 %

FCS and antibiotics, cultured in a humidified atmosphere

with 5 % CO2 at 37 �C, and passaged at subconfluence of

75–90 %. For characterization of MSC phenotype, cells

were subjected for the cell surface marker analysis as

previously described [15]. All cultured cells showed typical

immunophenotype for ADSCs: the cells were positive for

CD73, CD90, and CD105 surface markers, expressed low

levels of CD34, and were negative for hematopoietic

markers CD14 and CD45. Multilineage differentiation

potential of ADSCs was confirmed through the induction of

differentiation into osteogenic, adipogenic, and chondro-

genic lineages at third passage according to standard pro-

tocols [16].

For genetic analyses, only cells of osteogenic differen-

tiation were used together with their undifferentiated

counterparts. ADSCs of the third passage were osteogeni-

cally induced by seeding at density 5 9 103/cm2 and cul-

turing in DMEM with 4.5 g/L glucose, containing 10 %

FCS, 1 % antibiotics, 1 9 10-7 M dexamethasone, and

50 lg/mL ascorbic acid, for 21 days. Osteogenic differ-

entiation was evaluated by staining with alizarin red S

(Fig. 1a, b) according to standard protocols and addition-

ally controlled by gene (RUNX2 and ALPL) expression

analysis.

RNA extraction

Total RNA was extracted from 2 9 106 cells on average

with mirVana Kit according to manufacturer’s protocol

(Life Technologies, Forster City, CA, USA). RNA integrity

number (RIN) was C9.4, as measured with 2100 Bioana-

lyzer system using RNA 6000 Nano Kit (Agilent Tech-

nologies, Santa Clara, CA, USA).
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Global gene expression profiling

For global gene expression profiling, three pairs (undif-

ferentiated and osteogenically induced) of ADSC lines

from three donors were used. Microarray hybridization

was performed according to manufacturer’s protocol for

One-Color Microarray-Based Gene Expression Analysis

v6.5 (Agilent Technologies). Briefly, 200 ng of total

RNA was labeled and amplified with Low Input Quick

Amp Labeling Kit, One-Color and using RNA Spike-In

Kit, One-Color (Agilent Technologies). After purification

with RNeasy Mini Kit (Qiagen, Valencia, CA, USA),

samples were hybridized onto Human Gene Expression

(v2) 8 9 60 K microarrays, design ID 039494 (Agilent

Technologies), for 17 h at 65 �C. Microarrays were

scanned using SureScan microarray scanner and images

were analyzed with Feature Extraction software v10.7

(Agilent Technologies). Data have been submitted to

Gene Expression Omnibus repository, record number

GSE63754 [17].

Target gene expression profiling by RT-qPCR

For cDNA synthesis, High Capacity cDNA Reverse Tran-

scription Kit with RNase Inhibitor was used according to

manufacturer’s protocol (Life Technologies). Expression

levels of selected genes—POU5F1, NANOG, SOX2, TET1,

TET2, EZH2, RUNX2, ALPL, and endogenous control

EEF1A1—were evaluated in all 4 pairs of cell lines using

TaqMan Gene Expression Assays (Hs_00999632_g1,

Hs_04260366_g1, Hs_04260357_g1, Hs_00286756_m1,

Hs_00325999_m1, Hs_00544833_m1, Hs_00231692_m1,

Hs_01029144_m1, and Hs_00265885_g1, respectively) by

reverse transcription qPCR (RT-qPCR) in triplicates

according to manufacturer’s protocol (Life Technologies).

Fig. 1 Characterization of

adipose-derived stem cells

(ADSCs). Undifferentiated

(a) and differentiated into

osteogenic lineage (b) ADSCs
stained with alizarin red S.

c profile of genes that were

significantly deregulated

(N = 455) during osteogenic

differentiation of ADSCs

obtained by microarray analysis.

Relative expression of

pluripotency genes (d) and
osteoblastic differentiation

markers (e) in undifferentiated

(Control) and osteogenically

induced (Osteo) ADSCs was

evaluated by means of RT-

qPCR. Bars in photos indicate

100 lm
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DNA extraction

Genomic DNA was extracted by digestion with proteinase-

K followed by standard phenol/chloroform purification and

ethanol precipitation. At least 1 9 106 of cells were used

for DNA extraction.

MeDIP-chip and hMeDIP-chip

Methylated and hydroxymethylated DNA immunoprecipi-

tation and microarray hybridization (MeDIP-Chip and

hMeDIP-Chip, respectively) were performed following the

guidelines of Agilent Microarray Analysis of Methylated

DNA Immunoprecipitation v2.1 (Agilent Technologies).

Briefly, 5 lg of DNA from three pairs of ADSCs used in

gene expression profiling was sonicated with Bioruptor

(Diagenode, Liege, Belgium) to fragments of 150–900 bp in

size. One-fifth of sheared DNA was immunoprecipitated

using 50 lL of Dynabeads Pan Mouse IgG (Life Tech-

nologies) and 5 lg of 5mC or 5hmC monoclonal antibody

(Diagenode). DNA was then purified with phenol/chloro-

form using MaXtract High Density gel-filled tubes (Qiagen)

and labeled using SureTag DNA Labeling Kit (Agilent

Technologies). Cy5- and Cy3-labeled immunoprecipitated

and reference samples were combined in a single mixture

and hybridized onto Human CpG Island 244 K microarrays,

design ID 014791 (Agilent Technologies), for 40 h at 67 �C.

Microarray data analysis

All microarray datasets were normalized using the same

procedure starting from the raw data. Individual probe

signals marked as saturated, non-uniform, or outlier were

marked NA. Probes having an NA within at least one

sample were removed from the analysis. The raw signal

was log2 transformed and quantile normalized. Next, per-

son effect was removed using residuals from a probe-wise

linear model fit. Probe annotations were extracted from

eArray platform [https://earray.chem.agilent.com] accord-

ing to corresponding microarray design identifier. Promoter

region was defined as ±500 bp around transcription start

site, while the probes located downstream this point were

assigned to intragenic region. Random annotations of

(h)MeDIP-chip probes that showed significant differences

between groups were checked manually. For each probe,

T test was applied to compare two groups. Resulting

p values were corrected for multiple testing using false

discovery rate (FDR).

Locus-specific 5mC analysis

Four pairs of ADSC lines were involved in locus-specific

5mC analysis. Genomic DNA (400 ng) was exposed to

bisulfite modification using EZ DNA Methylation kit

(Zymo Research, Irvine, CA). Methylation-specific PCR

(MSP) was used for the analysis of the methylation

pattern in the regulatory 50 regions of selected genes.

The pairs of primers were designed using Methyl Primer

Express v1.0 software (Life Technologies) or selected

from publications (Online Resource 1). MSP assays were

carried out in a reaction volume of 25 lL, consisting of

1 lL of bisulfite-modified DNA, 1 lM of each primer,

and components of Maxima Hot Start Taq DNA poly-

merase kit (Thermo Fisher Scientific Baltics, Vilnius,

Lithuania). The details of thermocycling are provided in

Online Resource 1. Bisulfite-modified DNA from human

brain (Zymo Research), as well as leukocytes of healthy

donors, was used as the wild-type control. In vitro

methylated leukocyte DNA (CpG methylase, Zymo

Research) was used as a methylated control. Non-tem-

plate (water) controls were always included in MSP.

Locus-specific 5hmC analysis

DNA from the same four cell lines involved in MSP

analysis was also used for 5hmC quantification with Epi-

JET 5-hmC Analysis Kit according to manufacturer’s

protocol (Thermo Fisher Scientific Baltics). The analysis

involved DNA glucosylation and subsequent treatment

with MspI, which digests genomic DNA when C, 5mC, or

5hmC is present within its recognition site (C;CGG), but
its activity is blocked when 5hmC is glucosylated

(5ghmC). Products were then analyzed by qPCR with

primers flanking particular MspI recognition sites. For each

gene, two CCGG sites were analyzed: one located within 50

regulatory region (promoter) and another in intragenic

region (Online Resource 1).

5hmC-specific qPCR (5hmC-qPCR) was carried out on

Mx3005P system (Agilent Technologies) in a reaction

volume of 20 lL consisting of 19 Maxima SYBR Green

qPCR Master Mix (29), 10 nM of ROX (Thermo Fisher

Scientific Baltics), 300 nM of each primer, and 10 ng of

treated DNA. Each sample was run in duplicate and mul-

tiple non-template controls were included in each assay.

The level of 5hmC (%), as compared to the total C, at a

particular CpG was calculated based on 2-DCq method

(DCq = CqX - CqN, where X is the analyzed sample

exposed to glucosylation and digestion, and N is the same

sample not exposed to the enzymes). The reactions show-

ing DCq values lower than three cycles were not included

into further calculations. Non-glucosylated but digested

product was also used to control the difference between

MspI exposed and nonexposed products. The specificity of

amplification was always controlled by melting curve

analysis.
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BS-seq and TAB-seq

For quantitative evaluation of 5mC and 5hmC levels in the

POU5F1 locus, high throughput sequencing was used.

Bisulfite sequencing (BS-seq) was applied to estimate the

sum of 5mC and 5hmC levels, whereas TET-assisted

bisulfite sequencing (TAB-seq) was used to distinguish

5hmC at a single-base resolution. For TAB-seq, 2 lg of

genomic DNA was sonicated and further processed using

5hmC TAB-seq kit (Wisegene, Chicago, IL, USA). For

BS-seq, DNA was treated with bisulfite as described above

(Zymo Research).

Fusion primers, used to generate amplicon libraries for

BS-seq and TAB-seq, were designed with IDT 454 Fusion

Primers online tool (Integrated DNA Technologies, Cor-

alville, IA, USA). PCR was performed using high fidelity

Phusion U Hot Start DNA Polymerase (Thermo Fisher

Scientific Baltics) in a 25 lL reaction volume containing:

1 9 Phusion GC buffer, 500 nM fusion primers, 30 ng

DNA, 200 lM of each dNTP, and 0.5 U of Phusion U Hot

Start DNA polymerase. Amplification was performed as

follows: 30 s at 98 �C, followed by 35 cycles of 10 s at

98 �C, 20 s at 62 �C, and 30 s at 72 �C; and 5 min at

72 �C. PCR products were analyzed with QIAxcel capil-

lary electrophoresis system (Qiagen, Valencia, CA, USA)

and further purified with Agencourt AMPure XP beads

(Beckman Coulter, Barcelona, Spain). Amplicons were

quantified fluorometrically using the Quant-iT PicoGreen

dsDNA Assay kit (Life Technologies) and equimolarly

pooled to create the multiplexed TAB-seq and BS-seq

libraries at 1 9 106 molecules/lL. Emulsion PCR of each

combined library was carried out using the GS Junior

Titanium emPCR Kit (Lib-A) and sequenced onto a Tita-

nium PicoTiterPlate (PTP) with Titanium reagents on the

GS Junior 454 platform (all from Roche). The amplicons

were sequenced bidirectionally with the average coverage

of 23959.

Results

Gene expression profile of ADSCs

Microarray-based gene expression profiling identified 455

unique genes that were significantly (P\ 0.05) deregu-

lated during osteogenic differentiation of ADSCs with fold

change C1.5, of which 229 were up- and 226 down-regu-

lated (Fig. 1c). Functional annotation analysis indicated

that both up- and down-regulated genes were significantly

(P\ 0.05) represented by gene ontology (GO) terms like

regulation of signaling and regulation of response to

stimulus (Online Resource 2). Overexpressed genes were

significantly involved in regulation of ossification and bone

mineralization (e.g. AXIN2, PTGER4, ADRB2, and

P2RX7). An indicator of osteogenesis alkaline phosphatase

(ALPL) was also significantly up-regulated during osteo-

genic differentiation as well as genes encoding components

of extracellular matrix, including laminins and collagens.

For additional characterization of ADSCs, the expres-

sion level of the key pluripotency genes POU5F1,

NANOG, and SOX2 was evaluated. The cells were char-

acterized by a relatively high expression of the POU5F1

transcript as compared to NANOG (2.259, P = 0.001) or

SOX2 (11.09, P\ 0.001). Similar expression pattern

remained after induced differentiation, and only NANOG

showed 1.59 reduction (P = 0.122) of expression

(Fig. 1d). Besides, osteogenically induced ADSCs showed

marked upregulation of the main regulators of osteogene-

sis—ALPL (48.09, P = 0.002) and RUNX2 (2.89,

P = 0.087; Fig. 1e).

Epigenetic profile of ADSCs

To elucidate the extent of epigenetic changes during

ADSCs differentiation, genome-wide methylation and

hydroxymethylation analyses were performed. Global 5mC

profiling identified significant C1.5-fold change of 5mC

level in 394 genes, of which 130 genes were hyperme-

thylated, while 267 were hypomethylated (including three

redundant genes; Fig. 2a, b). More numerous changes

occurred in the 5hmC profile (2.69 of 5mC changes), and

the latter mark varied C1.5-fold in 1032 genes with the

significant increase identified in 627 genes and reduction in

414 genes (including 9 redundant genes). Significant vari-

ation of the 5mC and 5hmC level was also observed in

intergenic regions (N = 126 and N = 309 events, respec-

tively; Fig. 2a). GO analysis showed that genes with 5mC

and 5hmC changes were significantly (P\ 0.05) repre-

sented by terms like cell fate commitment and regulation of

transcription (Online Resource 2).

Of 394 genes with significant changes of the 5mC level,

212 genes showed 5mC variation in promoter region and

186 genes—in intragenic, with overlap of 4 genes between

the two groups (Fig. 2b). Changes in the 5hmC level

occurred in 579 gene promoters and 471 intragenic regions,

including 18 redundant genes (Fig. 2b). 5hmC losses and

5mC gains were the most abundant events occurring during

cellular differentiation and similar pattern of the changes

was observed in all genic regions (Fig. 2b).

In order to correlate these frequent 5hmC changes with

the presence of TET transcripts, TET1 and TET2 expression

was assessed. Relatively low levels of both transcripts were

detected in ADSCs, but significant upregulation

(P = 0.009) of the TET1 transcript was observed during

the osteogenic differentiation (Fig. 2c). In addition,

expression of the histone methyltransferase EZH2, usually
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up-regulated in stem cells, was analyzed for comparison

and showed equally high expression both in undifferenti-

ated and differentiated ADSCs.

5mC/5hmC marks and gene expression

For further evaluation of regulatory role of cytosine mod-

ifications, associations with gene expression were analyzed

using less stringent threshold with fold change lowered to

1.2 for cytosine modifications data. Among the genes

deregulated (N = 455) during the osteogenic differentia-

tion of ADSCs, 82 had alterations of epigenetic marks

(5mC and/or 5hmC) in promoter and/or intragenic regions,

including 21 genes that had alterations of both marks.

Of these 82 genes, 41 were up- and 41 down-regulated.

The loss of 5mC in promoter region (15 genes) was

observed among both up- and down-regulated genes;

however, deregulated gene expression was more specifi-

cally marked by changes in intragenic levels of 5hmC (35

genes; Online Resource 3). The gain of 5hmC was frequent

in intragenic regions of up-regulated genes (10 genes),

while the loss of 5hmC—in down-regulated genes (12

genes; Fig. 2d and Online Resource 3). Due to the small

number of significantly deregulated genes with changes of

5mC/5hmC marks, these associations were not statistically

significant. GO analysis showed that most of these 5mC/

5hmC-regulated genes were related to regulation of cell

proliferation, migration, and cellular biosynthetic process

(Online Resource 2).

5mC and 5hmC marks of pluripotency loci

For locus-specific analysis of 5mC and 5hmC, the key

pluripotency genes POU5F1, NANOG, and SOX2 were

selected. These loci are known as epigenetically regulated

in ESCs and MSCs and are expressed in both types of the

cells. In ADSCs, DNA methylation was detected in 50

region of the POU5F1 and NANOG genes, while the SOX2

locus was unmethylated (Fig. 3a). No changes in methy-

lation of these genes occurred during cell differentiation,

except of variation in NANOG methylation observed in one

cell line.

The presence of 5hmC in CCGG context in 50 and

intragenic regions of these loci was measured by 5hmC-

qPCR. Some levels of 5hmC were identified in the

POU5F1 (9.45 ± 1.30 %), NANOG (9.33 ± 0.90 %), and

SOX2 (5.94 ± 0.88 %) loci. Intragenic sequences of the

genes POU5F1 and SOX2 possessed higher amounts of

5hmC than 50 regions (Fig. 3b). Upon osteogenic differ-

entiation significant decrease of 5hmC was observed in the

Fig. 2 Changes of epigenetic marks during adipose-derived stem cell

differentiation into osteogenic lineage. a total 5mC and 5hmC

changes according to genomic regions. b gains and losses of 5mC and

5hmC in different genomic regions. c relative expression of

epigenetic regulator genes in undifferentiated (Control) and

osteogenically induced (Osteo) ADSCs obtained by means of RT-

qPCR. d association of significant epigenetic alterations with gene

upregulation (Up) or down-regulation (Down). Data of 5mC and

5hmC changes were acquired with microarrays
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NANOG locus (Fig. 3c) that was in accordance with

changes in the gene expression (Fig. 1d). As expected, the

highest mean 5hmC level was detected in DNA from

human brain tissue (24.21 ± 7.46 %) as compared to

undifferentiated ADSCs (8.66 ± 0.94 %; P = 0.002).

For more precise quantification of 5mC and 5hmC at

each CpG, a fragment covering 10 CpGs of the POU5F1

gene, which showed the highest 5hmC level in undiffer-

entiated ADSCs, was pyrosequenced with high throughput.

A minimum coverage of 15389 (23959 on average) was

obtained for all analyzed samples. Higher mean amount of

5hmC was observed in brain tissue as compared to ADSCs

(20.72 ± 4.11 % and 7.70 ± 1.78 %, P = 0.002), while

5mC level of this region was almost equal in ADSCs and

brain tissue (Fig. 3d). The most intense 5hmC accumula-

tion was determined at CpG position #2 of both ADSCs

and brain tissue. In contrast, positions #6 and #7 were

enriched in 5mC in ADSCs and the levels (over 81 %)

were higher than in brain tissue (P = 0.029 and

P = 0.048). Cytosines at positions #8 and #9 were the least

commonly modified bases in both ADSCs and brain tissue

(Fig. 3d). When the levels of 5mC and 5hmC at each

position were correlated with the gene expression, only the

level of 5hmC at position #2 showed significant positive

association (P = 0.009) with POU5F1 expression in

ADSCs.

Discussion

Accumulating data suggest significant involvement of the

5mC-to-5hmC conversion in various processes of cellular

life that includes global changes in gene expression. In the

present study, we performed a genome-wide profiling of

5hmC and 5mC marks in human adult stem cells and

correlated them with the changes of gene expression

occurring during the osteogenic differentiation. In overall,

our study shows frequent changes in 5hmC profile and

Fig. 3 5mC and 5hmC analysis of pluripotency genes in adipose-

derived stem cells (ADSCs). a DNA methylation status in undiffer-

entiated (Control) and osteogenically induced (Osteo) ADSCs and

human brain (HB). Two fragments of the SOX2 gene were analyzed.

M—methylated sequence, U—unmethylated sequence. b 5hmC dis-

tribution according to the analyzed loci. c 5hmC distribution in

undifferentiated (Control) and osteogenically induced (Osteo)

ADSCs. d high throughput analysis of 5mC and 5hmC in a selected

locus of POU5F1. Arrow shows transcription start site, darker and

lighter boxes depict exons and untranslated regions, respectively.

Vertical crossing lines represent all CpGs in the enlarged fragment
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increased expression of TET1 during osteogenic differen-

tiation of human ADSCs.

5hmC, first detected inmouse ESCs and cerebellar tissues

[4, 18], was later identified in various human tissues [19]. In

ESCs, 5hmC was shown as an important player in mainte-

nance of cell pluripotency through activation of pluripo-

tency-related genes expression [5, 20]. During cell

differentiation, the pluripotency genes are mainly down-

regulated, while the expression of tissue-specific genes

increases. In agreement with this pattern, reduction of 5hmC

and increase of 5mC levels were observed in pluripotency

loci of differentiating cells [5, 20], while the gain of 5hmC

was shown in differentiation-related loci [21]. Genome-wide

analysis of 5hmC redistribution showed abundant changes in

5hmCprofile duringESCs differentiation [7, 8]. The changes

occurred in promoters, exons and enhancers, and differen-

tiation-related genes acquired 5hmC in the gene body and

were up-regulated [8]. Similarly to ESCs, dynamic changes

of 5hmC were demonstrated during adult hematopoietic

stem/progenitor cells differentiation to the erythroid lineage

[22]. We analyzed genome-wide changes of 5mC and 5hmC

profile during osteogenic differentiation of ADSCs and

identified variation in location of both marks. Differently

hydroxymethylated regions were 2.6 times more abundant

than differently methylated regions, which is in a good

agreement with the previous studies in ESCs [7, 8]. 5mC

losses and 5hmCgainswere themain events observed during

ADSCs differentiation, and were accompanied by increased

expression of TET1. Similarly, mouse Tet1, but not Tet2 or

Tet3, were involved in maintenance of ESCs [5]. The com-

parison to gene expression pattern identified predominant

gain of 5hmC in gene body of up-regulated genes, while

inverse pattern was related to down-regulated gene expres-

sion, however, this association was not statistically signifi-

cant. Predominant accumulation of 5hmC marks in the

transcriptionally active loci, especially in gene bodies, was

previously observed in ESCs and adult stem cells [8, 22, 23].

In overall, our data identified marked changes in epigenetic

profile of differentiatingADSCs, and these changes involved

variation in both 5mC and 5hmC marks. Only a small frac-

tion of these epigenetic changes resulted in significant

changes of gene expression, other processes impacted by this

variation remains to be explored.

Cell differentiation potential depends on expression of

the key pluripotency factors POU5F1, NANOG, and

SOX2. Adult stem cells have more restricted differentia-

tion potential than ESCs, and the expression levels of the

pluripotency-related genes are relatively low [9]. How-

ever, in adult stem cells, the key regulators of cell plas-

ticity POU5F1 and NANOG have similar regulatory

functions and target similar promoters like in ESCs [10,

11]. It was shown that, similarly to ESCs, decreased

expression of POU5F1 and NANOG can impair

proliferative capacity and differentiation potential of

MSCs, while overexpression of these factors protects

MSCs from spontaneous differentiation during expansion

in cell culture [10]. In ESCs, the promoters of these genes

are epigenetically regulated. During ESCs differentiation,

POU5F1 and NANOG promoters have been shown to

become repressed by DNA methylation [24, 25], while the

SOX2 promoter can be inactivated through trimethylation

of H3K27 and H3K9 [25]. More recent studies [7, 26, 27]

showed the presence of 5hmC in the POU5F1 and

NANOG loci in reprogrammed cells expressing these

genes. In agreement with previous studies [28–30], which

demonstrated in transcript and protein level the presence

of the main pluripotency factors in ADSCs, we observed

apparent levels of the POU5F1 and NANOG transcripts,

but quite low level of SOX2 in our cell lines. Similarly to

previously reported data [31], the promoters of POU5F1

and NANOG were methylated in ADSCs. More detailed

analysis revealed that at least a fraction of these cytosine

modifications was composed of 5hmC marks, indistin-

guishable by bisulfite-based methods used in previous

studies. In our study, the highest level of 5hmC was

observed in the POU5F1 gene that was consistently

expressed in ADSCs. Moreover, as indicated by deep

sequencing, hydroxymethylation of cytosine at specific

location showed significant association to POU5F1

expression levels.

MSCs are the multipotent adult stem cells of high

importance for regenerative medicine. The therapeutic

usage of MSCs depends on their differentiation potential

which is epigenetically determined [9]. However, the

knowledge of DNA modification profile of MSCs is

mainly limited to the detection of DNA methylation

profile of differentiated or senescent MSCs [32, 33]. Our

study provides first data on genome-wide distribution of

5mC and 5hmC modifications in ADSCs and shows

abundant changes in 5hmC profile during osteogenic

differentiation of the cells. As a limitation, in our study,

only cells of early passages were used and were collected

from 3 mid-aged donors. Further attempts are needed to

clarify the genome-wide 5hmC profile of MSCs in later

passages. Recent study [13] showed significant reduction

of overall 5hmC level, decreased production of POU5F1

and NANOG, and impaired differentiation potential of

ADSCs from aged donors. The osteogenic differentiation

potential of these cells was improved by exposure to

demethylating agent 5-azacytidine, but the mechanism

remained obscure. Our study for the first time shows the

presence of 5hmC in addition to 5mC in cell multipo-

tency-related loci of ADSCs and suggests involvement of

5hmC in maintenance of low but consistent levels of

POU5F1—the significant determinant of differentiation

potential of adult stem cells.
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Conclusion

Our study suggests the involvement of 5hmC in mainte-

nance of small levels of the POU5F1 transcript in ADSCs

and indicates abundant changes in 5hmC profile during

osteogenic differentiation of these adult stem cells.
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