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Abstract

Background Knowledge about regulating transcription factors (TFs) for osteoblastogenesis from mesenchymal stem
cells (MSCs) is limited. Therefore, we investigated the relationship between genomic regions subject to DNA-methyla-
tion changes during osteoblastogenesis and the TFs known to directly interact with these regulatory regions.

Results The genome-wide DNA-methylation signature of MSCs differentiated to osteoblasts and adipocytes was
determined using the lllumina HumanMethylation450 BeadChip array. During adipogenesis no CpGs passed our test
for significant methylation changes. Oppositely, during osteoblastogenesis we identified 2462 differently significantly
methylated CpGs (adj. p < 0.05). These resided outside of CpGs islands and were significantly enriched in enhancer
regions. We confirmed the correlation between DNA-methylation and gene expression. Accordingly, we developed
a bioinformatic tool to analyse differentially methylated regions and the TFs interacting with them. By overlaying our
osteoblastogenesis differentially methylated regions with ENCODE TF ChiP-seq data we obtained a set of candidate
TFs associated to DNA-methylation changes. Among them, ZEB1 TF was highly related with DNA-methylation. Using
RNA interference, we confirmed that ZEB1, and ZEB2, played a key role in adipogenesis and osteoblastogenesis pro-
cesses. For clinical relevance, ZEBT mRNA expression in human bone samples was evaluated. This expression posi-
tively correlated with weight, body mass index, and PPARy expression.

Conclusions In this work we describe an osteoblastogenesis-associated DNA-methylation profile and, using these
data, validate a novel computational tool to identify key TFs associated to age-related disease processes. By means
of this tool we identified and confirmed ZEB TFs as mediators involved in the MSCs differentiation to osteoblasts and
adipocytes, and obesity-related bone adiposity.
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Introduction
Musculoskeletal disorders (MSD) are a set of patholo-
gies that affect the locomotor system (bones, joints,
peri-articular structures, and muscles). Research inter-
est in these diseases has increased due to their elevated
prevalence because of an ageing demographic resulting
in a burgeoning economic cost to national health systems
[1, 2]. In fact, 20% of Europeans undergo treatment or
take supplements to help them cope with their MSD [3].
Besides ageing, the increase in the prevalence of major
MSD conditions is also associated with an increase in
obesity [4, 5] and a sedentary lifestyle [6, 7]. A common
link amongst major MSDs are alterations to bone, such as
osteoporosis and osteopenia, which have been associated
with an increase in patient fragility [8] and in turn to a
reduced life expectancy [9]. Bone alterations are also pre-
sent in other MSDs, such as osteoarthritis where osteo-
porotic and sclerotic bone regions co-exist and both are
linked to disease progression [10]. Likewise, in rheuma-
toid arthritis, as well as in other inflammatory arthropa-
thies, there are local and systemic bone alterations [11].
Approximately 15% of the human skeleton is renewed
every year [12]. This means that maintenance of an opti-
mal bone mass depends on the precise balance between
bone resorption and bone formation. When this bal-
ance is altered pathological conditions such as osteopo-
rosis or osteopetrosis occur. Bone formation is carried
out by osteoblasts, which share with adipocytes, their
mesenchymal origin [12]. Therefore, the process of
bone formation in turn depends on the balance between
the differentiation of mesenchymal stem cells (MSCs)
towards osteoblast or adipocyte cell fates [12]. It is con-
sidered that both processes, osteoblastogenesis and adi-
pogenesis, are competing and reciprocal [12, 13]. In fact,
bone marrow adiposity has been associated with bone
loss in several MSDs as well as in other associated pathol-
ogies or conditions such as obesity and ageing [12, 14].
The commitment of the MSC towards osteoblast or
adipocyte cell fate is controlled by certain transcrip-
tion factors (TFs) such as runt related TF 2 (Runx2)
and SP7 for osteoblastogenesis, and peroxisome prolif-
erator activated receptor gamma (PPARy) and C/EBPs
[13] for adipogenesis. These TFs integrate the cell envi-
ronment and the signalling of diverse pathways helping
to initiate or block the differentiation process [13]. This
can potentially have clinical implications for example,
long-term pharmacological activation of PPARy, which
promotes adipogenesis and inhibits osteoblastogenesis,
increases fracture rates among patients with diabetes
[15]. Advances have been made investigating the role of
TFs and their associated signalling networks in osteo-
blastogenesis and adipogenesis, however, despite the
well-established transcriptional cascade associated with
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adipocyte differentiation [16] a better understanding of
the TF network involved in osteoblast differentiation is
required.

TF activity can be inhibited by DNA methylation
through the blockade of their interaction with the DNA
[17]. This inhibition has been associated with repression
of gene expression, which supports the key role of DNA
methylation in multiple processes, including develop-
ment and tumorigenesis [17, 18]. DNA methylation is
considered a heritable repressive epigenetic mark that
consists of the covalent addition of a methyl group in the
5’ position of a cytosine in a CpG dinucleotide [18]. The
abundance of these CpGs in the genome is not homoge-
neous, with more CpG-rich regions being present at TF-
binding sites [17]. As a result DNA methylation has been
proposed as a major regulator of TF activity [17].

There is limited information about the TFs that regu-
late the osteoblastogenesis process. Therefore, by means
of a combined genome-wide methylation analysis and
bioinformatic approach and using the link between DNA
methylation and TF activity, we identified the TFs poten-
tially affected by the changes in the DNA methylation
during osteoblastogenesis. Our analysis suggested the
DNA binding sites for the TF ZEB1/ZEB2 (Zinc Finger
E-Box Binding Homeobox 1/2) were hyper-methylated
due to the process of osteoblast differentiation. Func-
tional data confirmed the role of these TFs on both oste-
oblastogenesis and adipogenesis processes, emphasising
the relevance of DNA methylation on the activity of key
TFs during cellular differentiation. Consistent with this,
ZEB1 expression in human pathological bone samples
revealed a potential link between this TF and metabolic-
mediated bone alterations.

Material and methods

Reagents

IGF-1 was purchased from Peprotech (Rocky Hill, NJ,
USA). DMEM, Foetal bovine serum, p-Glycerol Phos-
phate, dexamethasone, ascorbic acid 2-phosphate, insulin,
3-Isobutyl-1-methylxanthine, indomethacin, rosiglitazone,
Cetylpyridinium, Oil Red, Alizarin Red were purchased
from Sigma-Aldrich (St. Louise, MO, USA). Other products
were also purchased from Sigma-Aldrich unless otherwise
indicated.

Cell culture

MSCs were purchased from Lonza (BAS, Switzerland).
All the cells came from women donors, MSCs were cul-
tured, characterized, and their trilineage potential was
determined as previously described [19, 20]. The proce-
dure for their culture and differentiation to osteoblast or

adipocytes was performed as we previously described
[21].
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Cytological staining

Cells undergoing osteoblast differentiation were fixed
in 70% cold ethanol (5 min, — 20 °C). After drying the
wells, to reveal calcium-rich mineralisation deposits the
cells were incubated at room temperature with a solution
of Alizarin Red (40 mM, pH 4.2) for 20-30 min. Prior to
acquiring the images, the cells were gently washed with
distilled water to avoid unspecific staining. For quantita-
tion, the staining was eluted with 10% (w/v) Cetylpyridin-
ium solubilized in 10 mM sodium phosphate buffer (pH
7.0), and the absorbance measured at 570 nm.

Cells undergoing adipogenesis were fixed with formalin
for 1 h. After washing the wells with distilled water and
60% isopropanol the wells were dried. To reveal the pres-
ence of lipid droplets the cells were stained with a 21%
(w/v) solution of Oil Red O for 10 min. Prior to acquiring
the images, the wells were gently washed with distilled
water to avoid unspecific staining. Staining images were
quantified using the image analysis software Image].

Bone samples
Bone samples from patients were obtained after total
knee/hip replacement surgery for osteoarthritic and
osteoporotic conditions. Healthy bone was from cadav-
ers. Both healthy and pathological bone samples were
comparable in terms of age and sex. The Ethics Commit-
tee for Research at Santiago-Lugo Area approved the pro-
tocol. Informed consent was obtained from all patients
or patients’ families. Clinical data regarding weight and
height was obtained from the clinical records, where
available. BMI was calculated as weight (kg)/height (m)>2.
To isolate bone RNA, bone explants were obtained
assuring only trabecular bone was processed, thus with-
out fat, cartilage, nor other fibroblastic or stromal tissues.
Bone was repeatedly washed with Phosphate Buffered
Saline until clean, frozen to — 80 °C, and pulverised using
a CellCrusher (Cellcrusher, Co. Cork, Ireland) following
the manufacturer instructions. Per each 500 ul of bone
powder, 1 ml of TriReagent was added to perform RNA
extraction.

RNA extraction and real-time reverse transcription PCR
Cell cultures were disrupted, and RNA extraction was
performed using Qiagen RNeasy mini kit (Qiagen, Craw-
ley, UK) following manufacturer instructions. Alterna-
tively, when the experiments were performed in 96-well
plates cell cultures were disrupted in Ambion Cells-to-
cDNA 1I Cell Lysis buffer (Life Technologies, Carlsbad,
CA, USA). Total RNA was then extracted and converted
to cDNA using M-MLYV reverse transcriptase (Invitrogen,
Waltham, MA, USA) and RT-PCR was performed using
TagMan® probes. Changes in gene expression levels were
calculated as described previously [21].
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DNA methylation and RNA expression arrays

Global DNA methylation analysis was performed using
the Illumina Infinium HumanMethylation450K Bead-
Chip array using DNA from three donor samples for
each condition analysed (undifferentiated MSCs, MSCs
differentiated to adipocytes, and MSCs differentiated to
osteoblasts). All the samples were derived from the same
donor to reduce variability. DNA, isolated using DNeasy
Blood & Tissue Kit (Qiagen GmbH, Hilden, Germany),
was bisulphite converted using the EpiTect® 96 Bisul-
phite Kit (Qiagen GmbH, Hilden, Germany), and 200 ng
of bisulfite converted DNA was analysed using the array
by the service provider Edinburgh Clinical Research
Facility. The raw data were extracted using GenomeStu-
dio (Illumina, San Diego, CA, USA) which provides the
methylation data as B values: B=M/(M+ U), where M
and U represent the fluorescent signal of the methylation
and unmethylated probes respectively.  values range
from 0 (no methylation) to 1 (100% methylation).

For gene expression, an Illumina HumanHT-12 v4
Expression BeadChip array was performed using 200 ng
of RNA [with an RNA integrity score>7 (Agilent bio-
analyzer 2100)] for each sample. Three samples from dif-
ferent donors and for each condition (undifferentiated
MSCs, and MSCs differentiated to osteoblasts) were ana-
lysed. The RNA samples were processed according to the
manufacturer’s protocol and the array was performed by
Central Biotechnology Services, Cardiff University. Gene
expression data were analysed essentially as previously
described [19]. All data are available on request.

Data analysis

HumanMethylation450K BeadChip data were normal-
ised and analysed using the R language and the Tost
analysis pipeline [22]. Further analyses to identify dif-
ferentially methylated CpGs during differentiation were
performed essentially using our own scripts developed
from the limma package [23]. Data were transformed
from P values to the more statistically valid M-values
[24]. To explore the relationship between the distribu-
tion of differentially methylated CpGs and TEF-binding
and thus activity during the differentiation process we
created an R-script, Regulatory Element Interrogation
Script (REINS), available as an R Markdown document
(Additional file 1). This script allows the download, man-
agement and overlap of the information provided by the
ENCODE database [25], essentially ChIP-seq informa-
tion about the genome-wide binding sites for 161 TFs in
91 different cell types, and differently methylated CpGs
from any source including HumanMethylation450K
BeadChip arrays. The script normalizes as a percentage
the number of CpGs associated to a TF with the total
number of CpGs. This allows the comparison of the
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overlap among different TFs with both hypo- or hyper-
methylated CpGs. This normalization, “TF Relevance”
(TFR), was performed using the following equations:

no of hypomethylated CpGs overlapping the TF
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using Fisher exact tests. Correlations were assessed
with Spearman tests. Statistical analysis was performed
using Prism software (GraphPad Software Inc), p <0.05

TER hypomethylation =

x 100

Total no of hypomethylated CpGs

TER hypermethylation =

no of hypermethylated CpGs overlapping the TF
X
Total no of hypermethylated CpGs

100

Finally, for the same TF, an unbalance in its ratio
between TFRs for the hypo- and hyper-methylation
(RRT, Relative Relevance of a TF) was calculated.

was considered significant. The statistical analysis of
the array was performed using R software and Biocon-
ductor R-packages [23].

TER h thylati
RRT(Relative Relevance of a Transcription Factor) = JPOTIErya z?n
TFR hypermethylation
Computational modelling Results

A computational model of BMP2 signalling was con-
structed to evaluate ALPL induction in the context of
ZEB TFs activity. The design and construction of this
model is described in Additional file 2.

RNA-mediated interference (ZEBs expression inhibition)
For siRNA transfection 50 nM siRNA was transfected
into 50% confluent MSCs using Dharmafect " 1 lipid rea-
gent (Thermo Fisher, Waltham, MA, USA). MSC were
plated at a density of 5000 cells/well in 96-well plates for
24 h then media were replaced with osteogenic or adipo-
genic medium. After day 7 of differentiation the expres-
sion of key marker genes of differentiation was evaluated
by RT-PCR. Cell cultures were cultured for 14 or 21 days
to evaluate lipid accumulation or mineral deposition,
respectively. Dharmacon siRNA SMARTpools® (Thermo
Fisher, Waltham, MA, USA) of 4 specific siRNA duplexes
(total of 50 nM siRNA) were used to target ZEB1 and
ZEB2 TFs. Depletion of gene-specific mRNA levels was
calculated by comparison of expression levels with cells
transfected with 50 nM siCONTROL (non-targeting
siRNA 2, cat. 001210-02; Dharmacon, Lafayette, CO,
USA).

Statistical analysis

Data are expressed as mean=standard error of the
mean (SEM) for at least 3 independent experiments.
Statistical differences were determined using a one-way
analysis of variance or Kruskal-Wallis test, followed by
a Bonferoni or Dunn’s post-hoc test, respectively, or
Student’s t test or Mann—Whitney when appropriate.
Contingency table statistical analysis was performed

Phenotypical characterization of MSC differentiation

to osteoblasts and adipocytes

We examined the DNA methylation profile associated
with the differentiation of human MSC to osteoblasts
and adipocytes.

MSCs were differentiated in adipogenic or osteo-
blastogenic media for 14 or 21 days, respectively. Dif-
ferentiation was confirmed by cytological staining with
alizarin red for osteoblast and oil red for adipocytes
(Fig. 1A). To further confirm the differentiation well-
characterised osteoblast and adipocyte differentiation
marker genes were measured by RT-PCR with expres-
sion consistent with the expected differentiation status
and staining (Fig. 1B and C).

Global DNA methylation of MSC differentiation

DNA was extracted from MSC and differentiated cells
and their global CpG methylation profile was assayed.
For osteoblastogenesis, 2462 CpGs (1984 hypo-meth-
ylated and 478 hyper-methylated) showed a signifi-
cant (adjusted p<0.05) change in their methylation
(Fig. 2A) (Additional file 3). The overlapping genes of
these CpGs (Additional file 3) included many in oste-
oblast metabolism such as RUNX2, GPNMB, CTSK,
WNTS5A, COLIAI and PTHIR. However, surprisingly,
only significant changes in CpG methylation were
observed for osteoblastogenic differentiation (Fig. 2B),
which involves a limited role for DNA methylation in
establishing and maintaining the adipogenic phenotype
(Additional file 4) (Fig. 2B).
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Fig. 1 MSCs differentiation to osteoblasts and adipocytes. A Three donors MSCs differentiated to osteoblasts (21 days) and adipocytes (14 days)
were stained with alizarin red and oil red, respectively. B Expression of osteoblast marker genes in MSCs differentiated to osteoblasts. C Expression of
adipocyte marker genes in MSCs differentiated to osteoblasts. All the experiments were performed at least in 3 different donors. Data is expressed
as mean £ SEM. * p <0.05, **p <0.01. All gene expression data were normalised to the reference gene, GAPDH, and expressed as fold relative to the

control samples

(See figure on next page.)
Fig. 2 Analysis of the differently methylated CpGs. A Volcano plot representing the differentially methylated CpGs (M-values) associated

with the differentiation of MSCs to osteoblasts. Significant (adjusted p <0.05) changes in CpG methylation (red). B Heatmap and clustering

of the methylation values (M-values) of 2 462 CpGs differently methylated for MSCs differentiated to osteoblast. yellow: hypomethylated; red:
hypermethylated. C Distribution of CpGs according to their location in relation to CpG islands. The number of CpGs were normalised according
to the total CpGs in the array and the total amount of significant CpGs in each group (hypo- and hyper-methylated). Green line represents the
percentage of hypo-methylated CpGs. Red line represents the percentage of hyper-methylated CpGs. Boxes identify a significant relationship
between methylation and location. Broken grey line represents the expected distribution of the CpGs. ** p <0.01, **** p <0.0001. D Distribution
of the differentially methylated CpGs according to the different chromatin states. The bars represent the percentage of significantly hypo- (green)
and hyper- (red) differentially methylated CpGs normalised according to the number of CpGs present in each state (on the array). E Analysis of the
methylation profile of all the CpGs studied in the array that overlap different chromatin states. Violin plots representing the 15 different chromatin
states with methylation level represented from O to 1. For the statistical analysis a cut off of 0.1% in the difference of methylation was applied.
The insulator state (p=2.78E—2) and the heterochromatin state (p =6.33E—37) were more methylated in OB than in MSC. The TXF elongation
(p=9.82E—30), TXF transition (p=1.31E—09), and weak enhancer (p = 2.45E—06) states were less methylated in OB than in MSC. *** p<0.001
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Genomic topology of the differentially methylated CpGs
during osteoblastogenesis

We examined the distribution of the 2462 differentially
methylated CpGs within the genome and in relation to
CpG island features. We found that osteoblastogenesis-
dependent methylation remodelling was significantly
associated with “open sea regions” In contrast, methyla-
tion remodelling was less frequent than expected at CpG
islands and their shores (Fig. 2C). Interestingly, only at
“open sea regions” were the proportion of hypo-methyl-
ated CpGs higher than those hyper-methylated (Fig. 2C).

Chromatin profiling is a powerful tool to detect regu-
latory features within the underlying DNA [26]. There-
fore, we overlapped the location of the osteoblastogenesis
differentially hypo- or hyper-methylated CpGs with the
location of the fifteen chromatin states used to segment
the genome by ENCODE for the mesoderm cell-line
GM12878 [26], normalising for CpG location frequency
bias from the array. A significantly higher frequency of
differentially methylated CpGs were located at enhancer,
active transcription, and heterochromatin chromatin
states (Additional file 6). CpGs defined to be located
within insulator, poised promoter or polycomb-repressed
states were more frequently hyper-methylated, while the
reciprocal was evident at transcription elongation state
where CpGs were more frequently hypo-methylated
(Fig. 2D).

Next, we determined the methylation levels of all CpGs
for each chromatin state in either the initial MSCs or
following differentiation into osteoblasts. As predicted,
promoter regions were very hypo-methylated while
regions associated with transcription elongation or het-
erochromatin were hyper-methylated. When compar-
ing CpG methylation levels for the two cell states, MSC
and osteoblasts, data revealed that the methylation of the
CpGs that overlapped with the insulator state and with
the heterochromatin state were significantly higher in
the osteoblasts than MSCs whilst those associated with
chromatin states for transcription transition and elonga-
tion, and weak enhancer activity were lower (cut off 0.1%
value; p<0.001) (Fig. 2E).

(See figure on next page.)
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Correlation of DNA methylation and gene expression

To correlate DNA methylation with gene expression, we
performed whole genome transcriptome analysis of RNA
from the donor MSCs and differentiated osteoblasts. This
analysis identified 2315 genes/transcripts as significantly
differentially expressed (adjusted p<0.05) during the
differentiation process (Fig. 3A) (Additional file 5). The
analysis of this gene list using Ingenuity Pathway Analy-
sis (IPA) identified that the major bone related pathways
were significantly enriched (osteoblast differentiation,
WNT pathway activation) (Table 1), (Additional file 7).
Interestingly, there was also a significant enrichment in
genes associated with adipogenesis inhibition (Table 1),
supporting the fact that osteoblastogenesis and adipo-
genesis are opposing cell fates.

Next, we explored whether gene expression and DNA
methylation levels correlated in both MSCs and dif-
ferentiated osteoblast. Using the methylation level of
the significantly differentially methylated CpGs we
observed a significant negative correlation only in osteo-
blasts (MSCs: r=— 0.0242, p=0.6055 vs Osteoblasts:
r=-— 0.377, p=0.0031). Furthermore, when focus-
sing on the methylation level of significantly differen-
tially methylated CpGs that occur in 5’'UTR regions,
the negative correlation with gene expression improved
for osteoblasts (r= — 0.2500; p=0.0499), in line with
data for other cell-types [27]. This correlation further
improved when analysing genes above a robust expres-
sion level threshold (>1/3 of the maximum expression)
(r=— 0.6289; p=0.0013) (Fig. 3B).

Osteoblastogenesis DNA methylation changes and POL
ll-chromatin interaction loci

DNA methylation changes do not correlate with the gene
expression and biochemical changes that occur during
adipogenesis. Similarly, though DNA methylation did
associate with osteoblastogenesis the correlation with
gene expression was low, except for the described 5UTR
gene region CpGs and genes with a robust expression
level. Using Chromatin Interaction Analysis by Paired-
End Tag Sequencing (ChIA-PET), Li et al. [28] defined

Fig. 3 Relationship among methylation, gene expression and TFs. A Volcano plot representing the differentially expressed genes (adj. p <0.05,

red) associated with the differentiation of MSCs to osteoblasts. B Lowess curve representing the correlation between the expression of genes

in arbitrary units that had CpGs differently methylated in their 5'UTR and the methylation of these CpGs (M values). C Association of Hypo- and
Hyper methylated CpGs to the chromatin interactions mediated by the RNA polymerase Il (POL Il). Data from chromatin Interaction Analysis by
Paired-End Tag Sequencing (ChIA-PET) was obtained from ENCODE repository. Bars represent the number of CpGs that overlap (or not) to the POL
lI-mediated interactions. The methylation of CpGs overlapping or not POL Il regions is significantly different p=0.0436 (Fisher’s exact test). D Output
of the REINS algorithm that overlaps hypo- of hypermethylated CpGs and TFs to suggest potential activity. Bars represent the metric RRT (Relative
Relevance of a TF). RRT is the ratio of the percentage enrichment in hypomethylated CpGs vs the percentage enrichment in hypermethylated CpGs

for a given TF. Bars represent the log2 of the RRT for all the TF studied
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Table 1. Enrichment of the major bone related pathways

Pathway p value
Cell differentiation 1.11E—-26
Increased osteoblasts differentia- ~ 9.80E—11
tion

Increase differentiation of bone 3.94E—13
Increased alkaline phosphatase 2.17E—05
WNT pathway activation 6.46E—04
Inhibition of MMPs 141E-03

Inhibition of accumulation of lipids  8.56E—12

Inhibition of synthesis of lipid 1.07E—09
Upstream regulator p value

TGFB1 inhibited 3.73E-26
ERBB2 inhibited 3.15E—-23

regions of the genome, essentially enhancers, topolog-
ically-associated with RNA polymerase II (RNAPII).
Following the same approach, we determined, using
ENCODE data for the cell-line MCF?7, if the genomic loci
of our significantly differentially methylated CpGs during
osteoblastogenesis were RNAPII bound regions -indica-
tive of active transcription. We observed that there was
a significantly different (p =0.0436) association of hypo-
versus hyper-methylated CpGs with RNAPII regions,
with a greater overlap for hypo-methylated CpGs.
(Fig. 3C)—implying that hypo-methylation of CpGs
during osteoblastogenesis correlates with active gene
expression.

Identifying a link between DNA methylation

and TF-binding sites

We investigated whether our DNA methylation signa-
ture could identify key TFs that drive or elicit MSC dif-
ferentiation towards osteoblasts. To do this we designed
an R script named REINS that overlaps and normal-
izes changes in DNA methylation with the TF-binding
sites determined by ChIP-seq. For our analysis we used
ChIP-seq data derived from the ENCODE project (161
TFs studied across 91 different cell-types). To validate
the script we used publicly available data of DNA meth-
ylation from different tissues and cells, namely; adipose
tissue, muscle, pancreas, thymus, and human pluripo-
tent stem cells (hPSCs) [29]. The polycomb repressive
complex 2 (PRC2) related TFs (EZH2, SUZ12, CTBP2)
have been tightly associated with the epigenetic repres-
sion of stem cell genes during cell differentiation [30].
Thus, the identification of the differential activation
state of these TFs [30, 31] on hPSCs (hypo-methyl-
ated > hyper-methylated) in comparison with other

Page 9 of 17

tissues (hyper-methylated > hypo-methylated) was con-
sidered a positive validation (Additional file 8A—C). Like-
wise, the prediction of the potential critical role of the
transcription factor ZEB1 on the thymus (hypo-methyl-
ated > hyper-methylated) was also considered a positive
validation (Additional file 8D). After the validation, we
used REINS with the DNA methylation data of MSCs
differentiated to osteoblasts. TFs were sorted according
to their normalized ratio of enrichment for binding sites
for hypo-/hyper-differentially methylated CpGs, with val-
ues>0 more enriched for de-methylation and<0 more
enriched for methylation (Fig. 3D). The top significant
(p<0.001) TFs enriched, whose binding sites were rela-
tively more hypo-methylated, included the bone anabo-
lism related TFs SMARCC1, MAFK, JUNB, FOS, JUN
and STAT3 [32]. Factors that promote osteoblast differ-
entiation are frequently inhibitors of adipocyte differen-
tiation, and vice versa [13]. Accordingly, we noted that
a significant proportion of the top significant (p <0.001)
TFs whose binding sites were hyper-methylated were
associated with the promotion of adipogenesis (EZH2,
ZEB1, NFY, ZNF143, SIN3A, SREBP1, SUZ12, SAP30
and CTBP2) [33-39].

Expression of ZEB TFs during MSC differentiation

to osteoblasts

To validate the data obtained with REINS, we picked the
TF most associated to DNA hyper-methylation during
osteoblastogenesis, ZEB1 (log,RRT=-— 3.053). Thus,
we evaluated the expression of ZEBI during our in vitro
differentiation model. Counterintuitively, based on the
methylation data, ZEBI mRNA expression increased
during osteoblastogenesis (Fig. 4A), which was also
positively correlated with the induction of ALPL expres-
sion, a differentiation marker (Fig. 4B). Interestingly,
ZEBI1 consensus binding sites can also be occupied by a
related TF with repressor activity, ZEB2. ZEB2 mRNA
(ACt value) expression (data not shown) was relatively
higher than ZEBI in MSC but showed a similar increase
during osteoblastogenesis (Fig. 4C). However, early in
the osteoblastogenesis the kinetics of ZEBI and ZEB2
induction differed, as evidenced by the significantly dif-
ferent induction ratio ZEB1/ZEB2 at day 3 (Fig. 4D). To
examine how the induction of both ZEB factors, and
their different induction-kinetics, could be involved
in osteoblastogenesis we constructed a computational
model, which included known functions of ZEB1/ZEB2
in bone morphogenic protein (BMP) signalling [40]
(Additional file 9). Since we only wanted to investigate
the coexistence and interaction of both ZEB TFs in this
model, we did not include other signalling pathways rel-
evant for differentiation. Confirming the experimental
data, in the model ALPL expression was induced during
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differentiation despite the presence of the repressor activ-
ity of ZEB2 (Fig. 4E, F), mainly due to the change in the
induction kinetics of ZEB1 and ZEB2.

Role of ZEBs TFs on MSC differentiation
Since ZEB1 is involved in both adipose and bone metab-
olism and the information on the function of ZEB2 is
limited we studied the contribution of both TFs to the
differentiation of MSC to adipocytes and osteoblasts. We
depleted MSC of either ZEBI or ZEB2 by siRNA prior to
their differentiation to osteoblasts or adipocytes (Fig. 5A,
B). After 7 days of differentiation the depletion of ZEBI
expression did not alter the expression of osteoblast dif-
ferentiation markers genes but did significantly reduce
the expression of adipogenic markers (Fig. 5C-F). ZEB2
depletion enhanced ALPL expression (Fig. 5C) but not
RUNX?2 (Fig. 5D) and though adipogenic marker genes
were increased this was not significant (Fig. 5E, F) unless
compared to their expression level following ZEBI loss.
Although the transient depletion of either ZEBI or
ZEB2 did not significantly alter the mineralization in
fully differentiated (day 21) osteoblasts (Fig. 5G), signifi-
cant differences were observed in the lipid accumulation
between fully differentiated adipocytes with an inhibited
expression of ZEB2 compared with ZEBI (Fig. 5H). These
data again pointed that the alteration of ZEB1/ZEB2 rela-
tive levels at the start of differentiation affected the out-
come of the adipogenic process.

Bone ZEB1 expression positively correlates with body
weight and BMI

Regarding the observed implication of ZEB1 in adipo-
genic metabolism, we aimed to determine whether the
expression of this TF was modulated in certain patholo-
gies or physiological situations where bone integrity is
affected. Neither osteoarthritic nor osteoporotic bone
exhibited variations of ZEBI expression in comparison to
healthy bone (Fig. 6A, B).

As previously described, ZEB1 is involved in obe-
sity development. Considering that obesity is defined
as increased fat accumulation, we used body weight to
investigate whether bone ZEBI expression was linked

(See figure on next page.)
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to this pathology, identifying a significant correlation
between the expression of this TF and body weight
(Fig. 6C). Moreover, to discriminate among healthy,
overweight, and obese patients we explored the same
correlation using BMI instead of weight, which further
improved the correlation coefficient (Fig. 6D).

Obesity has been associated with bone adiposity [12].
Likewise, bone adiposity has been linked to the activation
of PPARy [41]. Thus, we aimed to determine whether
PPARG expression correlated with ZEBI expression in
bone samples. Data obtained showed a positive corre-
lation between both genes (Fig. 6E), however PPARG
expression did not correlate with weight nor BMI (Fig. 6F,
@), indicating a relevant role for ZEB1 in obesity-associ-
ated bone alterations.

Discussion

Here we have described the methylation profile of MSCs
undergoing osteoblastogenesis and shown that changes
in DNA-methylation occur outside of CpG islands. Like-
wise, we have associated these methylation changes to
established chromatin states and linked the changes in
DNA-methylation and gene expression. We have also
developed a software tool to investigate the relationship
between TFs and DNA-methylation profiles, which we
used to define a set of candidate TFs potentially linked
to the activation or repression of osteoblastogenesis.
Accordingly, we validated the role of one of these inac-
tivated TFs, ZEB1, and its opposing counterpart, ZEB2,
on the differentiation of MSCs. We observed that mod-
ulating the ratio of these opposing factors affected both
osteo- and adipogenesis, experimentally validating our
bioinformatic tool.

Bone alterations are a common link amongst many
musculoskeletal pathologies and have been associated
with increased patient fragility [8]. Further, bone-mar-
row adiposity increases with age in part because of an
increase in MSC differentiation to adipocytes rather than
osteoblasts [4, 42, 43]. Epigenomic state has been stud-
ied and no significant methylation changes were found in
adipogenesis [44, 45], however, similar osteoblastogenic
information is limited [12]. As a result, we determined

Fig. 5 Expression of osteoblastogenesis and adipogenesis differentiation marker genes. Cells were treated with siRNA to deplete ZEBT and

ZEB2 mRNA expression, or Control non-targeting siRNA. A ZEBT and B ZEB2 gene expression in control MSCs and MSCs treated with siRNA to
knock-down ZEBT or ZEB2 mRNA expression. All experiments were performed in at least in 4 donors. Data are expressed as mean 4 SEM in arbitrary
units. € RUNX2 and D ALPL gene expression in 7 day differentiated MSCs to osteoblast. E FABP4 and F Adiponectin gene expression in 7 day
differentiated MSCs to adipocytes. All the experiments were performed with at least 4 donors. G and H Staining of calcium and lipid deposits in
MSCs differentiated to osteoblasts and adipocytes. G Alizarin red staining of calcium deposits in MSCs differentiated to osteoblasts for 21 days. Cells
were treated or not with siRNA to deplete ZEBT and ZEB2 gene expression. Lower panel: alizarin red staining quantification expressed in arbitrary
units. H Oil red staining of lipid deposits in MSCs differentiated to adipocytes for 14 days. Cells were treated or not with siRNA to deplete ZEBT and
ZEB2 mRNA expression Lower panel: oil red staining quantification expressed in arbitrary units. All the experiments were performed in at least 4
donors. Data are expressed as mean = SEM in arbitrary units. ** p<0.01, *** p <0.001



Gomez et al. Biological Research (2023) 56:9
A ZEB1 Expression
2.0
@15 bs
-
=
2
g 1.0
2 .
< 0.5
0.04 T N T
o°°\@ v't& v~1’&
& &
&£ B
C RUNX2 Expression
1.5
ns ns

Arbitrary units
)

:P&( v:‘?'Q ',1??
F N
& &
E FABP4 Expression
25 il
ns
20
2
<
S5
2
g
= 1.0
.E Fedek
<
0.5:
0.04
S » v
‘Pog 139 Q'
& &
& &
C SiZEB1

B

ZEB2 Expression

2

Arbitrary uni
g

0.04

o

»
o

o i

Arbitrary units

°
o

@15
€ ns
S
§1.0
2
<os
0.0

ok

ALPL Expression

SiZEB2

Alizarin Red

Arbitrary units

Fig. 5 (Seelegend on previous page.)

Alizarin Red

Oil Red

SiZEB1

Page 12 of 17



Gomez et al. Biological Research

Osteoarthritic bone-|

Heatlthy bone-| I-

(2023) 56:9

ZEB1

T T T T
0 1 2 3 4

ZEB1 Expression

Osteoporotic bone-

ZEB1

Page 13 of 17

5_
< 4- . 's rank correlati
.g D 0.5260988|
» . -
E 34 95% confidence interval
a
3
w o Pvalue
m P (two-tailed) 002492
H 14 Pvalue summary »
0 T T T T 1
50 60 70 80 90 100
Weight
8-
c
2 64 . .
7]
7]
[
=
2 4
w
@
w 2
N
0= T T
0 2 4
PPARG Expression
8+ 's rank
c r 0.1270127
O 6 . 95% interval
7]
2 .
s 44 . Pvalue
] o . * P (two-tailed) 0.6519
g 24 o:’_’,——‘.”.d‘._’.”‘: Pvalue summary
& 0 = T T - T 1
60 70 80 90 100
-2- Weight

Heatlthy bone I- —I
T T T
0 1 2 3
ZEB1 Expression
5] 's rank
4+ r 0.8449887
c .
o 95% confidence interval
w3
@
o
s 2] Pvalue
i P (two-tailed)
E 14 Pvalue hid
w
N 0 T T T 1 1
1 20 25 30 35 40
i BMI
Spearman's rank correlation
r 0.4895161
95% confidence interval
Pvalue
P (two-tailed) 0.005703
Pvalue y had
1
8
's rank
6 4 0.3890595
c . 95% confidence interval
o
2 4
g . Pvalue
s . P (two-tailed) 0.2665
X 24 .
w . Pvalue
[V} * * .
m .
E 0 T - T T 1
o 20 25 30 35 40
2 BMI

Fig. 6 ZEB1 expression in bone correlates with donor weight and BMI, but not disease status. A ZEBT expression in bone from osteoarthritic
patients and patients without bone-related pathologies Healthy bone n =6, Osteoarthritic bone n=7, Osteoporotic bone n=6. Data are expressed
as mean £ SEM in arbitrary units. B ZEBT expression in bone from osteoporotic patients and patients without bone-related pathologies. Data are
expressed as mean £ SEM in arbitrary units. C Correlation of ZEBT expression in bone vs donor weight (kg). D Correlation of ZEBT expression in bone
vs BMI (weight (kg)/height (m)?). E Correlation of ZEBT expression in bone vs expression of PPARG, a major adipogenic inducer. F Correlation of
PPARG expression in bone vs weight (kg). G Correlation of PPARG expression in bone vs BMI. * p <0.05, ** p<0.01



Gomez et al. Biological Research (2023) 56:9

DNA-methylation signature of both processes with an
aim of identifying regulatory elements and TFs involved.

In this work we were able to determine the changes in
the methylation profile associated with MSC osteoblas-
togenesis, which revealed that the methylation remod-
elling occurred outside of the CpG islands, consistent
with previous reports describing methylation differences
between tissues [46], and suggested that DNA methyla-
tion could contribute to, or reinforce, the differentiation
process. Additionally, by overlaying chromatin profiling
data [26], we observed that osteoblastogenic DNA meth-
ylation remodelling (both hypo- and hyper-methylation)
occurred at enhancer chromatin states. Interestingly,
an increase in methylation was evident in the CpGs of
insulator, poised promoter, and polycomb-repressed
states, with the opposite true for transcription elonga-
tion state. This not only added a new layer of evidence to
the involvement of DNA methylation on the regulation
of osteoblastogenesis but also described the insulators
as important points of regulation. DNA-binding of the
well-characterized insulator CCCTC-binding factor is
highly sensitive to DNA methylation [47], which suggests
that osteoblastogenesis-associated methylation changes
could alter CCCTC-binding factor binding, and therefore
alter 3D genome architecture and thus influence function
[47-49].

Unexpectedly, we did not identify any significant
changes in the DNA methylation profile during adipo-
genesis. Supporting this observation, Noer et al. [50]
described that DNA methylation of adipogenic promot-
ers did not reflect transcriptional status, nor potential for
gene expression, in adipocytes differentiated from MSCs.
Likewise, it was determined that DNA methylation
remained stable during adipocyte differentiation, imply-
ing that DNA methylation may not be a determinant of
the adipogenic differentiation process [45]. Conversely,
crude pharmacological inhibition of DNA methylation
(with 5-aza-2’-deoxycytidine) in 3T3-L1 preadipocytes
inhibited adipogenesis but promoted osteoblastogenesis
[51]. MSCs are clearly delicately balanced for their dif-
ferentiation commitment with regards adipo-osteogenic
differentiation of MSCs [12, 13]. Our data suggests that
adipogenesis can be achieved without a substantial modi-
fication of the default methylation profile of MSCs and
that this phenotype is somewhat plastic.

When MSC undergo osteogenic differentiation,
the phenotype may be more stable due to its mainte-
nance through a defined DNA methylation programme.
Accordingly, during osteoblastogenesis we observed
a negative correlation between DNA methylation and
medium to highly expressed genes, and a significant
link between DNA hypo-methylation and DNA regions
related to active gene expression (RNAPOLII regions).
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Supporting this hypothesis we observed through our
novel bioinformatic tool “REINS” that DNA hyper-
methylation during osteoblastogenesis was enriched at
binding sites of several pro-adipogenic transcriptional
regulators [33-39, 52-54]—thus having the potential to
inhibit their DNA-binding and therefore activity. Also
enriched in osteoblastogenic hyper-methylated regions
were binding sites for the transcriptional repressor
SETDBI, a H3-K9 histone methyltransferase. SETDB1
binds to methylated DNA via a methyl-CpG-binding
domain [55], thus enrichment of this factor is consist-
ent with its described role as an inhibitor of adipogenesis
[56]. Although REINS was validated because it identified
the inactive epigenetic repression state of PRC2 TFs on
hPSCs, the script is currently limited to the data of the
161 TFs present in the ChIP-seq data from the ENCODE
project. As a result, the analysis is biased against TFs that
regulate osteoblast metabolism and differentiation for
which ChIP-seq data is lacking.

Among the TF potentially inactive or repressed during
the osteoblastogenesis, we studied ZEB1, which had the
largest enrichment in the ratio DNA hyper-methylated/
hypo-methylated predicted by REINS. ZEB1 is a zinc-
finger protein involved in adipocyte differentiation in
mouse, as well as in obesity development in humans [33,
57]. It is also involved in thymus and skeletal develop-
ment [58, 59] with its deletion in mouse being related to
craniofacial abnormalities (shortened jaw), limb defects,
and fusion of ribs [59]. Consistent with these data, REINS
also predicted the potential activation state of this TF on
thymus and adipose tissues (Additional file 8D). However,
the potential inactive state predicted for ZEB1 in osteo-
blastogenesis by the tool was contrary to its reported
activities promoting BMP2-mediated ALPL expres-
sion [40], skeletal abnormalities presented in ZEB1-null
mice [59], and our observed increase in ZEBI mRNA
expression during osteoblastogenesis, which corre-
lated with ALPL mRNA expression. In fact, ZEB1, along
with orthologous ZEB2, are members of the ZEB fam-
ily of transcription factors, and both can bind to E-box
sequences CACCT(G). ZEB2 deficiency in humans has
also been associated with craniofacial abnormalities, such
as the excessive growth of the jaw (Mowat-Wilson syn-
drome) [60]. Interestingly, the functionality of ZEB pro-
teins appear cellular-context dependent and, of relevance
here, ZEB1 and ZEB2 have reported opposing activities
(enhancer and repressor, respectively) upon activation of
osteoblastic TGFP or BMP signalling pathways [40, 61,
62]. Bone marrow has a higher level of ZEB2 expression
compared to ZEB1 expression [63], which is consistent
with their expression levels in our MSCs. Although both
factors increased in mRNA expression during osteoblas-
togenesis, the ratio of these inductions (ZEB1 vs ZEB2)
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significantly increased at day 3 of differentiation. These
data may suggest ZEB1 could be more active in early dif-
ferentiation. At the late stages of differentiation, how-
ever, when ZEB2 would be predicted to dominate, we
found a potential link of ZEB binding sites with hyper-
methylation, which we speculate is to reduce the impact
of ZEB2 acting repressively on osteoblastogenesis or to
regulate the potential ZEB1-mediated adipogenic behav-
iour described previously [33, 57]. In line with this, our
computational model revealed that the presence of the
repressive ZEB2 to be compatible with the induction of
ALPL along the differentiation process.

To examine this hypothesis, we depleted ZEB1 and
ZEB2 in MSCs prior to inducing their differentiation to
osteoblasts and adipocytes. Removal of ZEB2 enhanced
expression of the osteoblast differentiation marker ALPL,
again supporting its role as an osteoblastogenic repressor.
Interestingly, ZEB1 depletion did not affect osteoblast
differentiation or mineralization suggesting that the role
of ZEB1 during the process could be limited or only evi-
dent upon removal of the repressive ZEB2.

To the contrary, ZEB1 depletion in MSCs significantly
reduced the expression of the adipogenic differentia-
tion markers, consistent with its role as an adipogenic
promoter [33]. ZEB1 depletion partially reduced lipid
accumulation, though this did not reach significance
possibly due to the transient nature of siRNA-mediated
depletion after the 14 days of differentiation required
for lipid generation. Meanwhile, ZEB2 depletion
increased adipogenic gene expression and oil staining
when compared with the levels in ZEBI depleted cells,
again suggesting that the modulation of the ratio of the
expression of these TFs in the MSCs regulates the adi-
pogenic process.

Regarding the essential role of ZEB1 in adipogenesis,
we observed a positive correlation between bone ZEBI
expression and body weight or BMI. These data are con-
sistent with the described relation between ZEB1 and
obesity [57] and evidence how this metabolic pathol-
ogy not only affects fat tissue, but also bone. Underpin-
ning these correlations, we have found that ZEBI also
correlated with PPARG in bone samples. In agreement
with this, it has been reported that ZEBI knockdown
diminished PPARG expression in 3T3-L1 cells [33].
Since PPARG is a major adipocytic inducer, and its
activation has been associated with bone adiposity and
fragility [15], the positive correlation of ZEB1 with this
TF could support the role for ZEB1 in bone adiposity.
Interestingly, PPARG expression did not correlate with
weight or BMI, which suggests that the obesity effects
on bone adiposity might imply ZEB1 modulation rather
than major adipogenesis inducer PPARG.
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In conclusion, in this work we have characterised the
DNA-methylation changes that occur during MSC-
osteoblastogenesis. We propose that DNA methylation
may be important for imprinting and maintaining the
osteoblastic phenotype but not that of adipocytes. We
present a script that could help to identify key TFs-
associated with a given process through the analysis
of DNA-methylation. Moreover, we have validated
the algorithm on tissue-specific and osteoblastogenic
DNA-methylation signatures, identifying ZEB TF ratios
as modulators of differentiation of MSCs to osteoblasts
and adipocytes, and ZEBI as a critical TF in obesity-
related bone adiposity.
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