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Abstract: Mesenchymal stromal/stem cells (MSCs) reside in many human tissues and comprise
a heterogeneous population of cells with self-renewal and multi-lineage differentiation potential,
making them useful in regenerative medicine. It remains inconclusive whether MSCs isolated from
different tissue sources exhibit variations in biological features. In this study, we derived MSCs
from adipose tissue (AT-MSC) and compact bone (CB-MSC). We found that early passage of MSCs
was readily expandable ex vivo, whereas the prolonged culture of MSCs showed alteration of cell
morphology to fibroblastoid and reduced proliferation. CB-MSCs and AT-MSCs at passage 3 were
CD29%, CD44*, CD105%, CD106", and Sca-1*; however, passage 7 MSCs showed a reduction of MSC
markers, indicating loss of stem cell population after prolonged culturing. Strikingly, CB-MSC was
found more efficient at undergoing osteogenic differentiation, while AT-MSC was more efficient
to differentiate into adipocytes. The biased differentiation pattern of MSCs from adipogenic or
osteogenic tissue source was accompanied by preferential expression of the corresponding lineage
marker genes. Interestingly, CB-MSCs treated with DNA demethylation agent 5-azacytidine showed
enhanced osteogenic and adipogenic differentiation, whereas the treated AT-MSCs are less competent
to differentiate. Our results suggest that the epigenetic state of MSCs is associated with the biased
differentiation plasticity towards its tissue of origin, proposing a mechanism related to the retention of
epigenetic memory. These findings facilitate the selection of optimal tissue sources of MSCs and the ex
vivo expansion period for therapeutic applications.

Keywords: mesenchymal stromal cell; differentiation; tissue of origin; prolonged culture; epigenetic
memory

1. Introduction

Mesenchymal stromal cells (MSCs), also referred to mesenchymal stem cells [1], represent
a heterogeneous population of cells that can be isolated from a wide range of tissues, including bone
marrow, compact bone, placenta and adipose tissue [2—-6]. MSC was first isolated from mouse bone
marrow as fibroblast colony-forming units, which were distinguished by their ability to adhere to
plastic culture dishes [2]. They display fibroblastic morphology and are capable of differentiation
to chondrocytes, adipocytes, and osteoblasts in vitro [1,7]. Differentiation to other non-mesodermal
cell types, such as neurons, muscles, endothelial cells, and hepatocytes, has also been reported [8-11].
MSCs are intensely studied in clinical research because of their multi-lineage potential and ease of
isolation and culture [1,12]. In addition, their ability to evade the host immune system by suppressing
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T cells, B cells, and natural killer cells [13], and releasing anti-inflammatory proteins [14,15] have
made them an important tool for disease treatment. Clinical trials using MSCs for the treatment of
osteoarthritis, degenerative disc disease, ischemic heart disease, and stroke are currently undergoing
to explore their therapeutic applications [12].

Harvesting MSCs from the non-bone marrow tissue sources can be done by less invasive methods
and the primary isolated MSCs can be expanded ex vivo to yield a larger number. Therefore, these
non-bone marrow-derived MSCs are considered as an attractive repertoire for stem cell and regenerative
medicine. In light of the broad potentials for therapeutic applications and the variety of sources
for MSCs, it has been reported that MSCs, regardless of their tissue of origins, displayed similar
characteristics in the differentiation to adipocytes, chondrocytes and osteocytes [16-18]. However, other
studies comparing MSCs from human bone marrow, skin and adipose tissues showed considerable
differences in their growth rate and differentiation potentials [19,20], supporting the hypothesis of
preferential differentiation hierarchies [21,22]. It, therefore, remains inconclusive on the characteristics
and the differentiation potentials of MSCs obtained from various tissue sources.

With such variability in mind, a better understanding of the differences between MSCs from
different tissue origins can help identify the most suitable cell source for specific clinical purposes.
Here we compared and characterized murine MSCs obtained from the adipose tissues (AT-MSC)
and compact bone (CB-MSC) using standard isolation methods and expanded ex vivo at early and late
cell passages. Both MSCs cultured for an extended period of time showed morphological changes
and a decline in cell proliferation. We also demonstrated the tissue origin of MSC is associated
with the alterations of cell surface marker patterns and differentiation potential towards osteogenic
and adipogenic lineages. Removal of DNA methylation by pharmacological agent can alter the biased
differentiation potential of MSCs dependent on the tissue source.

2. Materials and Methods

2.1. MSC Isolation and Culture

MSCs were harvested from 8-week old C57BL/6 mice (Laboratory Animal Unit, The University
of Hong Kong). Written informed consent to use the animals was approved by the Committee on
the Use of Live Animals in Teaching and Research of the University of Hong Kong (Reference no.:
2416-11). Three mice were used for the MSC isolation experiment and a total of five experiments
were performed. The male to female ratio was 2:1. Mice were sacrificed by over-dosage of isoflurane
inhalation. The MSC isolation procedures were described previously [5,23]. For CB-MSC isolation,
muscles from femur, humerus, and tibia were removed. The epiphyseal ends of the bone were cut
and discarded. Bone marrow was released by gently crushing the bones in cold PBS with 2% FBS
(Gibco, Invitrogen, Grand Island, NY, USA) and 1 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA).
The cleaned bone fragments were digested in 0.25% collagenase I (Gibco) with 20% FBS for 5 min
at 37 °C. The bone fragments were further chopped into 1-2 mm bits and digested for another 45 min
at 37 °C. CB-MSCs were separated from the bone fragments by filtering the cell suspension through
a 70 um cell strainer (BD Biosciences, Franklin Lakes, NJ, USA). For AT-MSC isolation, adipose tissue
dissected from inguinal and subcutaneous sites was digested in 5% collagenase I (Gibco) for 1 h at 37 °C.
Cells were released from the adipose tissue by centrifuging for 5 min at 500x g. The released cells were
treated with ammonium-chloride-potassium (ACK) lysing buffer (Sigma-Aldrich) for 3 min at room
temperature to lyse red blood cells. The cell suspension was washed twice with x-MEM and tissue
debris was removed by filtering through a 70 pum cell strainer. The isolated cell suspension (5 x 10°)
were cultured in «-MEM with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and 1x
penicillin-streptomycin-glutamine (Gibco) on a 100 mm culture dish at 37 °C with 5% CO,. MSCs were
adhered within 48 h. The culture medium was changed every 2 days. MSCs were passaged in a 1:4
ratio when reaching 80% confluence by Accutase (Gibco) for 5 min at 37 °C.
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2.2. Cell Proliferation and Immunophenotypic Analysis

AT-MSCs and CB-MSCs (2 x 10* cells) were seeded into 6-well plates on day 0. The total number of
expanded cells were counted at day 1, 3 and 5. Cell doubling time (DT) was calculated by the following
formula: DT =T X In2/In x (Xe/Xb), where T is the incubation time in any units; Xb is the cell number
at the beginning of the incubation time; Xe is the cell number at the end of the incubation time.

Cultured cells were stained with FITC-conjugated anti-CD29 or anti-c-kit, PE-conjugated
anti-CD44, anti-CD45, anti-CD106 or anti-Sca-1, APC-conjugated anti-CD105, and APC-Cy7-conjugated
anti-CD11b (all from Biolegend, San Diego, CA, USA) at a concentration of 0.5 ug/mL for 30 min
at 4 °C. The corresponding fluorophore-conjugated isotype controls were used for the gating of
the positive-stained cells. Immunophenotypic analysis of 5000-10,000 cells of each sample was
performed using FACSCanto II flow cytometer (BD Biosciences). The flow cytometry data were
analyzed using Flowjo software (Tree Star, Ashland, OR, USA, ver. 10.0.7). Both assays were performed
three times with duplicated samples.

2.3. MSC Differentiation Assays

MSCs at passage 3 or 7 (6 x 10* cells) were seeded into 24-well plates. One group of MSCs was
treated with 0.5 pM 5-azacytidine (5-aza, Sigma-Aldrich) for 48 h prior to differentiation. For osteogenic
differentiation, MSCs were differentiated in «-MEM with 10% FBS and StemXVivo Mouse/Rat
Osteogenic Supplement (R&D Systems, Minneapolis, MN, USA) for 18 days. Differentiated cells
were fixed in 4% formaldehyde (Sigma-Aldrich) for 10 min at room temperature and stained with
2% Alizarin Red solution (Chemicon, Merck Millipore, Billerica, MA, USA) for 15 min at room
temperature. For adipogenic differentiation, MSCs were differentiated in o«-MEM with 10% FBS
and StemXVivo Adipogenic Supplement (R&D Systems) for 14 days. Differentiated cells were fixed in
4% formaldehyde (Sigma-Aldrich) for 10 min at room temperature and stained with 0.5% Oil Red O
solution (Sigma-Aldrich) for 15 min at room temperature. For chondrogenic differentiation, MSCs
were centrifuged for 5 min at 200X ¢ in a 1.5 mL tube and differentiated in DMEM /F-12 with 1x
Insulin-Transferrin-Selenium (Gibco) and StemXVivo Human/Mouse Chondrogenic Supplement (R&D
Systems) for 21 days. Chondrocyte spheroids were fixed in 4% formaldehyde (Sigma-Aldrich) for 1 h
at room temperature and stained with Alcian Blue 8GX solution (Sigma-Aldrich) for 30 min at room
temperature. MSCs cultured in the differentiation medium without supplements were served as
controls. The differentiation assay was performed three times with duplicated samples.

2.4. RNA Extraction and Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from the differentiated MSCs using MiniBEST Universal RNA Extraction
Kit (Takara, Kusatsu, Japan). Genomic DNA eraser column and DNasel treatment were used to remove
genomic DNA. cDNA was synthesized using PrimeScriptTM RT reagent kit with gDNA Eraser (Takara)
according to the manufacturer’s protocol. qRT-PCR was performed with the 7900HT Fast Real-Time
PCR System (Applied Biosystems, Waltham, MA, USA) using SYBR Premix Ex TaqTM (Takara) with
the oligo primers listed in Supplementary Table S1. Gapdh and -Actin served as house-keeping genes
for normalization of gene expression. All samples were analyzed in triplicate. Three independent
experiments were performed and relative gene expression was calculated using 2-22¢T method.

2.5. Statistical Analysis

A statistically significant difference was calculated by two-tailed unpaired Student’s t-test.
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3. Results

3.1. Ex Vivo Expansion of MSC Isolated from Compact Bone and Adipose Tissue

Murine MSCs isolated from the adipose tissue (AT) and compact bone (CB) were expanded ex
vivo. Both AT-MSCs and CB-MSCs displayed spindle-like to fibroblastoid cell morphology [4,5,23].
It was observed that cells at passage one (P1) contain a small number of cells with spherical shape,
which were presumably dividing cells or non-MSCs (Figure 1a,e). However, continuous passaging
of cells to the third passage (P3), which is one week of culture, gradually eliminated the non-MSC
populations and enriched for MSCs (Figure 1b,f). From passage three (P3) onwards, cell morphology
changed from elongated to fibroblastoid in both cultures (Figure 1b—d,f-h).

Passage 1 Passage 3 Passage 5 Passage 7

AT-MSC

CB-MSC

Figure 1. Cell morphology of AT-MSC and CB-MSC. Morphologies of MSCs at (a,e) passage 1,
(b,f) passage 3, (c,g) passage 5, and (d,h) passage 7 were shown. Cell morphology changed gradually
from spindle-like to flat and fibroblastoid with increasing passage number. Representative images were
taken at 20x magnification. Scale bars: 100 um.

Ex vivo culture of AT-MSC and CB-MSC at P3 or P7 for 5 days demonstrated cell number
expansion. P3 and P7 AT-MSC showed limited expansion by 2.2- and 1.5-fold, respectively; whereas
P3 and P7 CB-MSC were expanded 4.3- and 3.3-fold, respectively (Figure 2a,b). Besides, it was found
that the doubling time of CB-MSC was comparable between both passages (2.4 days and 2.8 days
for P4 and P7, respectively); however, AT-MSC demonstrated a significant increase in doubling time
from P4 (4.3 days) to P7 (8.9 days) (Figure 2c). These results demonstrated different cell proliferation
patterns between MSCs isolated from different tissue origins. Nevertheless, prolonged culture of both
types of MSCs gradually reduced proliferation rate beyond passage 7.

3.2. Alterations of MSC Immunophenotypes by Prolonged Culture

Previous studies have shown that prolonged culture of MSC altered their immunophenotypes [24].
This prompt us to examine the expression of a panel of mesenchymal stromal cell surface markers,
including CD29, CD44, CD105, CD106, and stem cell antigen-1 (Sca-1) [25-28], in the ex vivo expanded
cells. Hematopoietic markers c-kit, CD11b, and CD45 were served as negative markers for the detection
of contamination of hematopoietic cells from the MSC isolation procedures [27,29]. c-kit* and CD11b*
populations were generally low in both types of MSCs, particularly for the late passage culture
(Figure S1). It was observed that 38.4% of CD45* populations were present in P3 CB-MSC, suggesting
a low degree of hematopoietic cell contamination from compact bone during MSC isolation.
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Figure 2. Ex vivo expansion of MSCs at different passage numbers. Cell proliferation assay was
performed to determine the growth rate of early (Passage 3) and late passage (Passage 7) of (a) AT-MSC
and (b) CB-MSC. Cells were counted on day 1, 3 and 5 (1 = 3). (c) Doubling times of MSCs were
calculated over 5 days of culture. CB-MSCs demonstrated a higher cell proliferation rate than AT-MSCs.
The doubling time of AT-MSC was significantly increased at late passage. Experiments were performed
with three replicates. Data represent mean + SD; *p < 0.05, ** p < 0.01 and *** p < 0.001.

Nevertheless, the CD45* hematopoietic cells were gradually lost when cells passaging to P7.
Both AT-MSCs and CB-MSCs demonstrated high expression of most of the MSC markers at passage
3. It was noted that CD29*, CD44*, and CD106™ populations showed further increased in passage
7 (Table 1, Figure 3). However, CD105" population was reduced significantly at late passage MSCs.
While a significant portion of the AT-MSC population retained as CD105" (33.6 + 4.3%) at P7, the CD105*
population in CB-MSC reduced drastically from 34.2% at P3 to 7.5% at P7. In contrast, CB-MSC
consisted of over 83% Sca-1" cells at P3 and P7, whereas the Sca-1* population dropped from 98.5%
to 26.3% in AT-MSC from P3 to P7. These immunophenotypic results demonstrated the alteration
of MSC surface marker pattern during ex vivo culture, suggesting that prolonged culture of MSC is
accompanied by the loss of MSC identity.

Table 1. Percentage of cell populations in AT-MSC and CB-MSC.

Sample  Passage CD29 CD44 CD105 CD106 Sca-1 c-kit CD11b CD45

AT-MSC P3 99.8+0.1 183+ 1.3 50.1+24 38.1+3.2 98.5+0.7 21+06 099+02 071+0.2
) P7 999+00 41.8+34* 336+43* 543+£36* 263+44* 18+10 011+£01* 01+00*

CB-MSC P3 89.6+42 879+26 342+33 602 £4.1 839 +54 67+13 084+04 384+36
- P7 999+01  945+27 75+1.7*  991+£05* 970+18* 03+02* 051+03 1.1+03*

*p < 0.05 and ** p < 0.01 in the comparison between P3 and P7.
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Figure 3. Immunophenotypes of MSCs. Cell surface markers for MSCs, CD29, CD44, CD105,
CD106, and Sca-1 were used to characterize (a) AT-MSC and (b) CB-MSC at passage 3 (P3) and 7
(P7), respectively. Representative flow cytometry patterns were shown. Shaded peaks represent
antibody-labeled population; blank peaks represented isotype controls.

3.3. Biased Differentiation Towards the Tissue Origin

A defining feature of MSC is their ability to differentiate into multiple mesodermal lineages.
To examine the multi-lineage differentiation potentials of MSCs derived from different tissue origins,
we induced in vitro differentiation of early and late passage (P3 and P7) AT-MSC and CB-MSC into
the osteogenic, adipogenic, and chondrogenic lineages. We observed that both AT-MSCs and CB-MSCs
were able to differentiate into the three lineages (Figure 4), indicating that MSCs from adipose tissue or
compact bone are multipotent in nature. However, although both types of MSCs were able to form
the positive Alcian Blue stained chondrocyte spheroids efficiently (Figure 4i-1), we observed that fewer
cells stained positive with Alizarin Red in the AT-MSC sample (Figure 4a—d) and lower number of Oil
Red O stained cells from CB-MSC sample (Figure 4e-h). Besides, the P7 MSCs of both types appeared to
have weaker positive staining patterns when compared to the early P3 samples. These results suggest
that MSCs derived from different tissue origins exhibit differentiation bias and their differentiation
capacities reduce after prolonged culture.

To further elucidate the differentiation bias associated with the tissue origin of MSCs, we
examined the expression of osteogenic (Ocn and Opn), adipogenic (Adipoq and Pparg) and chondrogenic
(S0x9 and Col2al) markers in the differentiated MSC samples. Induction of Ocn and Opn were high in
the osteogenic differentiation of P3 CB-MSC when compared to the P7 CB-MSC (over 4-fold for both
genes). Importantly, osteogenic differentiated AT-MSC demonstrated significantly lower expression of
these two osteogenic markers, regardless of the length of culture (Figure 5a, Figure S2a).
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Osteogenic differentiation Adipogenic differentiation Chondrogenic differentiation

Passage 3 Passage 7 Passage 3 Passage 7 Passage 3 Passage 7

AT-MSC

CB-MSC

Figure 4. Osteogenic and adipogenic differentiation of MSCs. AT-MSCs and CB-MSCs underwent
18-day of osteogenic, 14-day of adipogenic, or 21-days of chondrogenic differentiation conditions.
(a—d) Alizarin red staining, (e-h) Oil Red O staining, and (i-1) Alcian blue staining were used to assess
osteogenic, adipogenic and chondrogenic differentiation, respectively. Passage 3 of CB-MSCs displayed
stronger staining for Alizarin red; whereas passage 3 of AT-MSCs displayed stronger Oil-Red-O
staining. Late passage MSCs showed weaker staining in both lineage differentiations. Chondrogenic
differentiation is comparable in both types of MSCs. The white arrows indicate the stained chondrocyte
spheroids. Representative images were taken at 20x (a-h) or 5x (i-1) magnification. Scale bars:
(a-h) 100 pm; (i-1) 1 mm.
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Figure 5. Expression of lineage marker genes in the differentiated MSCs. (a) Osteogenic markers,
Ocn and Opn, (b) adipogenic markers, Adipoq and Pparg, and (c) chondrogenic markers, Sox9 and Col2a1,
were used to determine the multi-lineage differentiation of AT-MSCs and CB-MSCs. MSCs cultured
in basic medium without differentiation agents for the same period of time were served as controls.
Gene expressions were normalized with housekeeping gene Gapdh. Experiments were performed with
three replicates. Data represent mean + SD; *p < 0.05 and ** p < 0.01.

In contrast, AT-MSCs were able to express a high level of Adipog and Pparg when compared to
the CB-MSCs in adipogenic differentiation (over 4-fold for both genes) (Figure 5b and Figure S2b).
The expression of adipogenic markers was less pronounced between different passages of MSCs.
We also noticed that the expression of Sox9 and Col2al was high in both types of differentiated
MSCs (Figure 5¢ and Figure S2¢), which implies comparable chondrogenic differentiation efficiency.
Taken together, the differential expressions of osteogenic and adipogenic markers are in agreement with
the Alizarin red and Oil Red O staining patterns (Figure 4), suggesting that MSCs, although harboring
multi-lineage differentiation potential, have a preference to differentiate towards their tissues of origin.

3.4. Inhibition of DNA Methylation Alters MSC Multipotency

MSCs derived from different tissues could be modulated by the microenvironment which confers
a differential epigenetic state associated with stem cell multipotency. To determine whether DNA
methylation, a well-known epigenetic modification, is involved in the differentiation bias of CB-MSC
and AT-MSC, we treated MSCs with the DNA methylation inhibitor, 5-azacytidine (5-aza), for 48 h
prior in vitro differentiation. The 48-h treatment period was chosen based on the rationale that
the epigenetic function of 5-aza as a DNA methylation inhibitor is dependent on cell division [30],
which takes roughly 2 days (determined by the doubling time in Figure 2c) for both types of MSCs.
Both types of MSCs under 5-aza treatment were able to differentiate into osteogenic and adipogenic
lineages (Figure 6a). Interestingly, we observed that there were more osteogenic differentiated cells
stained with Alizarin red from the 5-aza-treated CB-MSCs when comparing to the untreated sample.
However, the number of osteogenic differentiated AT-MSCs remains low by the 5-aza treatment.
This observation is in agreement with the qRT-PCR results of the osteogenic marker expression,
which showed a significant increase in Ocn and Opn expression in the 5-aza-treated CB-MSCs (Figure 6b
and Figure S3a). Unexpectedly, although the AT-MSCs are more competent to undergo adipogenic
differentiation, the 5-aza treatment resulted in a lower number of Oil Red O stained cells (Figure 6a),
with a significant decrease in the expression of adipogenic markers Adipog and Pparg (Figure 6b
and Figure S3b). By contrast, the treated CB-MSCs showed enhanced adipogenic differentiation with
a comparable level of adipogenic marker gene expression to the untreated AT-MSCs. These results
suggest that inhibition of DNA methylation can restore the biased differentiation capacity of CB-MSC
to the adipogenic lineage, whereas AT-MSC loses its multipotency under the same epigenetic condition.
It thus implies a differential epigenetic effect of 5-aza on the MSCs derived from different tissue sources.
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Figure 6. Osteogenic and adipogenic differentiation of the 5-aza-treated MSCs. (a) AT-MSCs

and CB-MSCs were pre-treated with 5-aza for 48 h prior to osteogenic (Alizarin red staining)

or adipogenic differentiation (Oil Red O staining). Representative images were taken at 20x. Scale bars:

100 pm. (b) The expression of osteocyte markers (Ocn and Opn) and adipocyte markers (Adipog and Pparg)
were determined by qRT-PCR. MSCs cultured in basic medium without differentiation agents for
the same period of time were served as controls. Gene expressions were normalized with housekeeping

gene Gapdh. Experiments were performed with three replicates. Data represent mean + SD; * p < 0.05
and ** p < 0.01.

4. Discussion

In this study, murine MSCs were isolated from compact bone and adipose tissue. Our results
showed that prolonged culture of MSC leads to changes in cell morphology and cell surface marker
patterns, and cell proliferation rate. Importantly, the tissue origins of MSC have impact on their
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differentiation capacity towards the corresponding cell lineages, indicating the presence of epigenetic
memory in the MSCs. The multipotency of CB-MSC, but not AT-MSC, can be enhanced through
inhibition of DNA methylation prior differentiation, which suggests a possible strategy to erase
the epigenetic memory in certain tissue-derived MSCs. Although we were using murine MSCs in our
study, cross-species comparisons of MSC corroborated that the surface markers [31] and biological
functions [32] of MSC are similar, even though not identical, between different species. There are
numerous studies of the therapeutic applications of MSCs using mouse models for the investigation of
the molecular mechanisms and the safety concerns prior to human clinical trials [33]. With the findings of
preferential differentiation of murine MSCs derived from different tissues and the possible manipulation
of the epigenetic memory in MSCs, we propose that our findings can be applied to human MSCs for
the selection of optimal tissue source and the strategy to enhance the multipotency of human MSCs for
therapeutic applications.

The immunophenotype of MSCs is dynamic over the culture period. MSCs isolated from
various tissues were reported to express a common set of cell surface markers, such as CD105, CD90,
CD73, CD29, and CD44, with a lack of CD34, CD45, CD11b, and major histocompatibility complex
(MHC) class II expression [25]. The MSC isolation protocols retained the plastic adherent cells from
the tissue, which invariably consist of a heterogeneous cell population including hematopoietic
cells and other tissue cells. Nevertheless, the non-MSC populations presumably undergo depletion
gradually in the MSC culture condition, resulting in a more homogeneous MSC population. In our
study, we observed that nearly all the early passage MSCs from both compact bone and adipose
tissue expressed CD29 and Sca-1, but only 34-50% are CD105" and 38-60% are CD106™, suggesting
the heterogeneity of MSC immunophenotypes. Prolonged culture of MSCs leads to loss of Sca-1
and CD105 expression, which is particularly obvious in the AT-MSCs and CB-MSCs, respectively.
Similar observation for the loss of CD15, CD90, and CD309 was also reported in the neoplastic
transformation of bone marrow-derived MSCs after numerous passages [34]. The loss of MSC
immunophenotype is correlated with the findings of fibroblastoid morphology change, reduced cell
proliferation and differentiation potentials of the late passage MSCs, suggesting that the “stemness” of
MSCs cannot be maintained by prolonged culture. This is in agreement with the previous study of
the prolonged culture of human bone marrow-derived MSCs with a loss of osteogenic potential [35].
However, the loss of stemness could be less prominent in other tissue-derived MSCs, for example,
umbilical cord MSCs, which retained comparable growth rate and osteogenic capacity after 16 passages
when compared to the freshly isolated one [36]. Although the MSC culture condition used in this study
follows a common protocol in the field, the alterations of MSC phenotypes and cell functions owing
to the prolonged culture might reflect a suboptimal condition that needs to be further optimized for
better maintenance of the stemness of MSCs. In addition, it has been reported that a subpopulation of
MSC is CD105 negative [37,38], which varies in the differentiation potentials and modulation of CD4*
T cell proliferation when comparing to the CD105" counterpart. Interestingly, the CD105 expression
in the CD105" MSCs can be altered by the culture condition, such as passage number, cell density,
and medium composition [37,39]. Being a component of the TGF-f3 receptor, CD105 also serves as
a proliferation marker of endothelial cells [40]. As we observed a reduction of MSC proliferation upon
prolonged culturing, we speculate that this could be associated with the loss of CD105 expression in
the P7 MSCs.

The biased differentiation capacity of MSCs derived from different tissues remains controversial.
While several studies have reported that bone marrow-derived MSCs were more prone to
osteogenic differentiation [17,41,42] and adipose tissue-derived MSCs showed decreased chondrogenic
differentiation capacity [43,44], others demonstrated no significant differences in differentiation
potentials of MSCs derived from various tissues [16-18]. In our study, we observed that both types of
MSCs showed comparable chondrogenic differentiation, but preferential differentiation of AT-MSCs
to adipo-lineage and CB-MSCs to osteo-lineage. It is proposed that the isolation procedures, culture
condition, such as with serum or serum-free, and the heterogeneity of MSC populations may account for
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the preferential differentiation to certain lineages through enrichment of distinct MSC subpopulations.
In addition, MSCs resided in different tissues are subjected to the distinct cellular microenvironments,
e.g., signaling molecules, extracellular matrix components, metabolites, etc. These extrinsic factors
can induce alterations of the MSC epigenome, leading to potential variations in transcriptomes
and biological responses related to stemness [45]. This is indeed supported by the global transcriptomic
and proteomic studies which demonstrated substantial differences in the expression of genes or proteins
between MSCs derived from bone marrow and adipose tissue [17,20,46,47]. The biased differentiation of
CB-MSC and AT-MSC also suggests that the altered epigenome is retained as the “epigenetic memory”
of tissue origin. It is reported that the reprogrammed stem cells showed preferential differentiation

y

towards their somatic lineage origins. The epigenetic memory of donor cell origin was found in Xenopus
nuclear transplanted embryos [48] and early passage of induced pluripotent stem cells (iPSCs) [49,50].
It has been shown that blood-derived iPSCs were preferentially differentiated towards blood lineages
and were defective to osteogenic differentiation, whereas bone marrow-derived iPSC demonstrated
the opposite [50]. Although the derivation of MSCs does not involve cellular reprogramming, MSCs
located at different tissues might be epigenetically reprogrammed by the tissue niche environment.
Previous studies reported that the memory status in iPSC can be erased by extensive cell culture
passages [49] or by epigenetic modifying agents, such as DNA methylation inhibitor [50]. It remains
a challenge to test if the memory status of MSCs can be erased by prolonged culture because late
passage MSCs undergo senescence and reduced overall differentiation capacity. Interestingly, our
data showed that inhibition of DNA methylation can partially restore the adipogenic differentiation
capacity of CB-MSCs, suggesting a possible way to erase the epigenetic memory in MSCs. However,
we noticed that AT-MSCs failed to restore osteogenic differentiation after 5-aza treatment, suggesting
the involvement of other types of epigenetic modifications, e.g., histone protein methylation or
acetylation. Therefore, it is worth evaluating the effects of other epigenetic inhibitors, such as histone
deacetylase inhibitors, on the multipotency of MSCs derived from other tissues.

5. Conclusions

We have demonstrated that early passage MSCs derived from compact bone or adipose tissue
are highly proliferative and retain multipotent nature. The tissue origin of the MSCs results in
epigenetic memory which implicates a preference for lineage differentiation. A better understanding
of the molecular nature of such tissue origin memory can facilitate the choice of optimal sources of
MSCs for tissue engineering and regenerative medicine.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/756/s1,
Figure S1: Immunophenotypes of hematopoietic markers on MSCs, Figure S2: Expression of lineage marker
genes in the differentiated MSCs with reference to f-Actin gene, Figure S3: Expression of lineage marker genes in
the differentiated 5-aza-treated MSCs with reference to f-Actin gene, Table S1: Primer sequences for qRT-PCR.

Author Contributions: Conceptualization, T.T.N. and R.K.N.; methodology, T.T.N.; validation, T.T.N., KH.-M.M.
and C.P..; formal analysis, T.T.N., R K.N.; investigation, T.T.N.; data curation, KH.-M.M., C.P,; writing—original
draft preparation, T.T.N.; writing—review and editing, R K.N.; supervision, R K.N.; project administration, R K.N.;
funding acquisition, R.K.N. All authors have read and agreed to the published version of the manuscript

Funding: This research was funded by Research Grants Council General Research Fund, grant number
HKU774712M, and Theme-based Research Scheme, grant number T12-708/12-N. The APC was funded by
National Natural Science Foundation of China (NSFC) - Science Fund for Young Scholars, grant number 026-NG
KIT_81200341, and NSFC-Shenzhen Matching Fund 2013, grant number 121-NG KIT_SIRI/04/04/2014/22.

Acknowledgments: The authors thank the Faculty Core Facility of the University of Hong Kong Li Ka Shing
Faculty of Medicine for assistance with the flow cytometry analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish
the results.


http://www.mdpi.com/2073-4409/9/3/756/s1

Cells 2020, 9, 756 12 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Nombela-Arrieta, C.; Ritz, J.; Silberstein, L.E. The elusive nature and function of mesenchymal stem cells.
Nat. Rev. Mol. Cell Biol. 2011, 12, 126-131. [CrossRef] [PubMed]

Friedenstein, A.J.; Chailakhyan, R.K.; Latsinik, N.V,; Panasyuk, A.F; Keiliss-Borok, L.V. Stromal
cells responsible for transferring the microenvironment of the hemopoietic tissues. Cloning in vitro
and retransplantation in vivo. Transplantation 1974, 17, 331-340. [CrossRef] [PubMed]

Fukuchi, Y.; Nakajima, H.; Sugiyama, D.; Hirose, I.; Kitamura, T.; Tsuji, K. Human placenta-derived cells
have mesenchymal stem/progenitor cell potential. Stem Cells 2004, 22, 649-658. [CrossRef]

Short, B.; Wagey, R. Isolation and culture of mesenchymal stem cells from mouse compact bone.
Methods Mol. Biol. 2013, 946, 335-347. [PubMed]

Zhu, H.; Guo, Z.K,; Jiang, X.X,; Li, H.; Wang, X.Y.; Yao, H.Y.; Zhang, Y.; Mao, N. A protocol for isolation
and culture of mesenchymal stem cells from mouse compact bone. Nat. Protoc. 2010, 5, 550-560. [CrossRef]
[PubMed]

Zhu, Y,; Liu, T,; Song, K,; Fan, X.; Ma, X.; Cui, Z. Adipose-derived stem cell: A better stem cell than BMSC.
Cell Biochem. Funct. 2008, 26, 664—675. [CrossRef]

Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, RK.; Douglas, R.; Mosca, J.D.; Moorman, M.A.;
Simonetti, D.W.; Craig, S.; Marshak, D.R. Multilineage potential of adult human mesenchymal stem
cells. Science 1999, 284, 143-147. [CrossRef]

Anghileri, E.; Marconi, S.; Pignatelli, A.; Cifelli, P; Galie, M.; Sbarbati, A.; Krampera, M.; Belluzzi, O.;
Bonetti, B. Neuronal differentiation potential of human adipose-derived mesenchymal stem cells. Stem Cells
Dev. 2008, 17, 909-916. [CrossRef]

Mizuno, H.; Zuk, P.A; Zhu, M.; Lorenz, H.P,; Benhaim, P.; Hedrick, M.H. Myogenic differentiation by human
processed lipoaspirate cells. Plast. Reconstr. Surg. 2002, 109, 199-209, discussion 210-211. [CrossRef]
Oswald, J.; Boxberger, S.; Jorgensen, B.; Feldmann, S.; Ehninger, G.; Bornhauser, M.; Werner, C. Mesenchymal
stem cells can be differentiated into endothelial cells in vitro. Stem Cells 2004, 22, 377-384. [CrossRef]
Snykers, S.; De Kock, J.; Rogiers, V.; Vanhaecke, T. In vitro differentiation of embryonic and adult stem cells
into hepatocytes: State of the art. Stem Cells 2009, 27, 577-605. [CrossRef] [PubMed]

Trounson, A.; McDonald, C. Stem Cell Therapies in Clinical Trials: Progress and Challenges. Cell Stem Cell
2015, 17, 11-22. [CrossRef] [PubMed]

Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.; Moretta, L. Mesenchymal stem cell-natural
killer cell interactions: Evidence that activated NK cells are capable of killing MSCs, whereas MSCs can
inhibit IL-2-induced NK-cell proliferation. Blood 2006, 107, 1484-1490. [CrossRef] [PubMed]

Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses.
Blood 2005, 105, 1815-1822. [CrossRef] [PubMed]

Beyth, S.; Borovsky, Z.; Mevorach, D.; Liebergall, M.; Gazit, Z.; Aslan, H.; Galun, E.; Rachmilewitz, J.
Human mesenchymal stem cells alter antigen-presenting cell maturation and induce T-cell unresponsiveness.
Blood 2005, 105, 2214-2219. [CrossRef]

Kern, S.; Eichler, H.; Stoeve, J.; Kluter, H.; Bieback, K. Comparative analysis of mesenchymal stem cells from
bone marrow, umbilical cord blood, or adipose tissue. Stem Cells 2006, 24, 1294-1301. [CrossRef]

Noel, D.; Caton, D.; Roche, S.; Bony, C.; Lehmann, S.; Casteilla, L.; Jorgensen, C.; Cousin, B. Cell specific
differences between human adipose-derived and mesenchymal-stromal cells despite similar differentiation
potentials. Exp. Cell Res. 2008, 314, 1575-1584. [CrossRef]

De Ugarte, D.A.; Morizono, K.; Elbarbary, A.; Alfonso, Z.; Zuk, P.A.; Zhu, M.; Dragoo, J.L.; Ashjian, P;
Thomas, B.; Benhaim, P.; et al. Comparison of multi-lineage cells from human adipose tissue and bone
marrow. Cells Tissues Organs 2003, 174, 101-109. [CrossRef]

Al-Nbaheen, M.; Vishnubalaji, R.; Ali, D.; Bouslimi, A.; Al-Jassir, F.; Megges, M.; Prigione, A.; Adjaye, J.;
Kassem, M.; Aldahmash, A. Human stromal (mesenchymal) stem cells from bone marrow, adipose tissue
and skin exhibit differences in molecular phenotype and differentiation potential. Stem Cell Rev. 2013,
9, 32-43. [CrossRef]

Izadpanah, R.; Trygg, C.; Patel, B.; Kriedt, C.; Dufour, J.; Gimble, ].M.; Bunnell, B.A. Biologic properties of
mesenchymal stem cells derived from bone marrow and adipose tissue. J. Cell. Biochem. 2006, 99, 1285-1297.
[CrossRef]


http://dx.doi.org/10.1038/nrm3049
http://www.ncbi.nlm.nih.gov/pubmed/21253000
http://dx.doi.org/10.1097/00007890-197404000-00001
http://www.ncbi.nlm.nih.gov/pubmed/4150881
http://dx.doi.org/10.1634/stemcells.22-5-649
http://www.ncbi.nlm.nih.gov/pubmed/23179842
http://dx.doi.org/10.1038/nprot.2009.238
http://www.ncbi.nlm.nih.gov/pubmed/20203670
http://dx.doi.org/10.1002/cbf.1488
http://dx.doi.org/10.1126/science.284.5411.143
http://dx.doi.org/10.1089/scd.2007.0197
http://dx.doi.org/10.1097/00006534-200201000-00030
http://dx.doi.org/10.1634/stemcells.22-3-377
http://dx.doi.org/10.1634/stemcells.2008-0963
http://www.ncbi.nlm.nih.gov/pubmed/19056906
http://dx.doi.org/10.1016/j.stem.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26140604
http://dx.doi.org/10.1182/blood-2005-07-2775
http://www.ncbi.nlm.nih.gov/pubmed/16239427
http://dx.doi.org/10.1182/blood-2004-04-1559
http://www.ncbi.nlm.nih.gov/pubmed/15494428
http://dx.doi.org/10.1182/blood-2004-07-2921
http://dx.doi.org/10.1634/stemcells.2005-0342
http://dx.doi.org/10.1016/j.yexcr.2007.12.022
http://dx.doi.org/10.1159/000071150
http://dx.doi.org/10.1007/s12015-012-9365-8
http://dx.doi.org/10.1002/jcb.20904

Cells 2020, 9, 756 13 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Muraglia, A.; Cancedda, R.; Quarto, R. Clonal mesenchymal progenitors from human bone marrow
differentiate in vitro according to a hierarchical model. J. Cell Sci. 2000, 113, 1161-1166. [PubMed]
Satomura, K.; Krebsbach, P,; Bianco, P.; Gehron Robey, P. Osteogenic imprinting upstream of marrow stromal
cell differentiation. J. Cell. Biochem. 2000, 78, 391-403. [CrossRef]

Bunnell, B.A.; Flaat, M.; Gagliardi, C.; Patel, B.; Ripoll, C. Adipose-derived stem cells: Isolation, expansion
and differentiation. Methods 2008, 45, 115-120. [CrossRef] [PubMed]

Mosna, F.; Sensebe, L.; Krampera, M. Human bone marrow and adipose tissue mesenchymal stem cells:
A user’s guide. Stem Cells Dev. 2010, 19, 1449-1470. [CrossRef]

Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F; Krause, D.; Deans, R,;
Keating, A.; Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal
cells. The International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315-317.
[CrossRef]

Houlihan, D.D.; Mabuchi, Y.; Morikawa, S.; Niibe, K.; Araki, D.; Suzuki, S.; Okano, H.; Matsuzaki, Y. Isolation
of mouse mesenchymal stem cells on the basis of expression of Sca-1 and PDGFR-alpha. Nat. Protoc. 2012,
7,2103-2111. [CrossRef]

Lee, R H.; Kim, B.; Choi, I; Kim, H.; Choi, H.S.; Suh, K,; Bae, Y.C.; Jung, J.S. Characterization and expression
analysis of mesenchymal stem cells from human bone marrow and adipose tissue. Cell. Physiol. Biochem.
2004, 14, 311-324. [CrossRef]

Yamamoto, N.; Akamatsu, H.; Hasegawa, S.; Yamada, T.; Nakata, S.; Ohkuma, M.; Miyachi, E.; Marunouchi, T.;
Matsunaga, K. Isolation of multipotent stem cells from mouse adipose tissue. J. Dermatol. Sci. 2007, 48, 43-52.
[CrossRef]

Sung, ]. H.; Yang, H.M.; Park, ].B.; Choi, G.S.; Joh, ].W.; Kwon, C.H.; Chun, ].M.; Lee, S.K,; Kim, S.J. Isolation
and characterization of mouse mesenchymal stem cells. Transpl. Proc. 2008, 40, 2649-2654. [CrossRef]
Taylor, S.M.; Jones, P.A. Mechanism of action of eukaryotic DNA methyltransferase. =~ Use of
5-azacytosine-containing DNA. J. Mol. Biol. 1982, 162, 679-692. [CrossRef]

Ghaneialvar, H.; Soltani, L.; Rahmani, H.R.; Lotfi, A.S.; Soleimani, M. Characterization and Classification
of Mesenchymal Stem Cells in Several Species Using Surface Markers for Cell Therapy Purposes. Indian J.
Clin. Biochem. 2018, 33, 46-52. [CrossRef] [PubMed]

Laing, A.G.; Fanelli, G.; Ramirez-Valdez, A.; Lechler, R.I; Lombardi, G.; Sharpe, P.T. Mesenchymal stem
cells inhibit T-cell function through conserved induction of cellular stress. PLoS ONE 2019, 14, e0213170.
[CrossRef] [PubMed]

Uder, C.; Bruckner, S.; Winkler, S.; Tautenhahn, H.M.; Christ, B. Mammalian MSC from selected species:
Features and applications. Cytom. Part A 2018, 93, 32-49. [CrossRef]

Miura, M.; Miura, Y.; Padilla-Nash, H.M.; Molinolo, A.A.; Fu, B; Patel, V.; Seo, B.M.; Sonoyama, W.; Zheng, ].].;
Baker, C.C,; et al. Accumulated chromosomal instability in murine bone marrow mesenchymal stem cells
leads to malignant transformation. Stem Cells 2006, 24, 1095-1103. [CrossRef] [PubMed]

Derubeis, A.R.; Cancedda, R. Bone marrow stromal cells (BMSCs) in bone engineering: Limitations and recent
advances. Ann. Biomed. Eng. 2004, 32, 160-165. [CrossRef] [PubMed]

Shi, Z.; Zhao, L.; Qiu, G.; He, R.; Detamore, M.S. The effect of extended passaging on the phenotype
and osteogenic potential of human umbilical cord mesenchymal stem cells. Mol. Cell. Biochem. 2015,
401, 155-164. [CrossRef] [PubMed]

Anderson, P.,; Carrillo-Galvez, A.B.; Garcia-Perez, A.; Cobo, M.; Martin, F. CD105 (endoglin)-negative
murine mesenchymal stromal cells define a new multipotent subpopulation with distinct differentiation
and immunomodulatory capacities. PLoS ONE 2013, 8, e76979. [CrossRef]

Leyva-Leyva, M.; Barrera, L; Lopez-Camarillo, C.; Arriaga-Pizano, L., Orozco-Hoyuela, G.;
Carrillo-Casas, E.M.; Calderon-Perez, ].; Lopez-Diaz, A.; Hernandez-Aguilar, F; Gonzalez-Ramirez, R.; et al.
Characterization of mesenchymal stem cell subpopulations from human amniotic membrane with dissimilar
osteoblastic potential. Stern Cells Dev. 2013, 22, 1275-1287. [CrossRef]

Mark, P; Kleinsorge, M.; Gaebel, R.; Lux, C.A.; Toelk, A.; Pittermann, E.; David, R.; Steinhoff, G.; Ma, N.
Human Mesenchymal Stem Cells Display Reduced Expression of CD105 after Culture in Serum-Free Medium.
Stem Cells Int. 2013, 2013, 698076. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/10704367
http://dx.doi.org/10.1002/1097-4644(20000901)78:3&lt;391::AID-JCB5&gt;3.0.CO;2-E
http://dx.doi.org/10.1016/j.ymeth.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18593609
http://dx.doi.org/10.1089/scd.2010.0140
http://dx.doi.org/10.1080/14653240600855905
http://dx.doi.org/10.1038/nprot.2012.125
http://dx.doi.org/10.1159/000080341
http://dx.doi.org/10.1016/j.jdermsci.2007.05.015
http://dx.doi.org/10.1016/j.transproceed.2008.08.009
http://dx.doi.org/10.1016/0022-2836(82)90395-3
http://dx.doi.org/10.1007/s12291-017-0641-x
http://www.ncbi.nlm.nih.gov/pubmed/29371769
http://dx.doi.org/10.1371/journal.pone.0213170
http://www.ncbi.nlm.nih.gov/pubmed/30870462
http://dx.doi.org/10.1002/cyto.a.23239
http://dx.doi.org/10.1634/stemcells.2005-0403
http://www.ncbi.nlm.nih.gov/pubmed/16282438
http://dx.doi.org/10.1023/B:ABME.0000007800.89194.95
http://www.ncbi.nlm.nih.gov/pubmed/14964731
http://dx.doi.org/10.1007/s11010-014-2303-0
http://www.ncbi.nlm.nih.gov/pubmed/25555467
http://dx.doi.org/10.1371/journal.pone.0076979
http://dx.doi.org/10.1089/scd.2012.0359
http://dx.doi.org/10.1155/2013/698076

Cells 2020, 9, 756 14 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Li, C; Guo, B,; Ding, S.; Rius, C.; Langa, C.; Kumar, P; Bernabeu, C.; Kumar, S. TNF alpha down-regulates
CD105 expression in vascular endothelial cells: A comparative study with TGF beta 1. Anticancer Res. 2003,
23,1189-1196.

Sakaguchi, Y.; Sekiya, I.; Yagishita, K.; Muneta, T. Comparison of human stem cells derived from various
mesenchymal tissues: Superiority of synovium as a cell source. Arthritis Rheum. 2005, 52, 2521-2529.
[CrossRef] [PubMed]

Bochev, I; ElImadjian, G.; Kyurkchiev, D.; Tzvetanov, L.; Altankova, I; Tivchev, P.; Kyurkchiev, S. Mesenchymal
stem cells from human bone marrow or adipose tissue differently modulate mitogen-stimulated B-cell
immunoglobulin production in vitro. Cell Biol. Int. 2008, 32, 384-393. [CrossRef] [PubMed]

Winter, A.; Breit, S.; Parsch, D.; Benz, K.; Steck, E.; Hauner, H.; Weber, R.M.; Ewerbeck, V.; Richter, W.
Cartilage-like gene expression in differentiated human stem cell spheroids: A comparison of bone
marrow-derived and adipose tissue-derived stromal cells. Arthritis Rheum. 2003, 48, 418-429. [CrossRef]
[PubMed]

Huang, J.I.; Kazmi, N.; Durbhakula, M.M.; Hering, T.M.; Yoo, J.U.; Johnstone, B. Chondrogenic potential
of progenitor cells derived from human bone marrow and adipose tissue: A patient-matched comparison.
J. Orthop. Res. 2005, 23, 1383-1389. [CrossRef]

Ho, Y.T.; Shimbo, T.; Wijaya, E.; Ouchi, Y.; Takaki, E.; Yamamoto, R.; Kikuchi, Y.; Kaneda, Y.; Tamai, K.
Chromatin accessibility identifies diversity in mesenchymal stem cells from different tissue origins. Sci. Rep.
2018, 8, 17765. [CrossRef]

Park, HW.; Shin, J.S.; Kim, C.W. Proteome of mesenchymal stem cells. Proteomics 2007, 7, 2881-2894.
[CrossRef]

Wagner, W.; Wein, F.; Seckinger, A.; Frankhauser, M.; Wirkner, U.; Krause, U.; Blake, J.; Schwager, C.;
Eckstein, V.; Ansorge, W.; et al. Comparative characteristics of mesenchymal stem cells from human bone
marrow, adipose tissue, and umbilical cord blood. Exp. Hematol. 2005, 33, 1402-1416. [CrossRef]

Ng, RK.; Gurdon, J.B. Epigenetic memory of active gene transcription is inherited through somatic cell
nuclear transfer. Proc. Natl. Acad. Sci. USA 2005, 102, 1957-1962. [CrossRef]

Polo, ].M,; Liu, S.; Figueroa, M.E.; Kulalert, W.; Eminli, S.; Tan, K.Y.; Apostolou, E.; Stadtfeld, M.; Li, Y.;
Shioda, T.; et al. Cell type of origin influences the molecular and functional properties of mouse induced
pluripotent stem cells. Nat. Biotechnol. 2010, 28, 848-855. [CrossRef]

Kim, K.; Doi, A.; Wen, B.; Ng, K.; Zhao, R,; Cahan, P; Kim, J.; Aryee, M.]; Ji, H.; Ehrlich, L.I; et al. Epigenetic
memory in induced pluripotent stem cells. Nature 2010, 467, 285-290. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/art.21212
http://www.ncbi.nlm.nih.gov/pubmed/16052568
http://dx.doi.org/10.1016/j.cellbi.2007.12.007
http://www.ncbi.nlm.nih.gov/pubmed/18262807
http://dx.doi.org/10.1002/art.10767
http://www.ncbi.nlm.nih.gov/pubmed/12571852
http://dx.doi.org/10.1016/j.orthres.2005.03.008.1100230621
http://dx.doi.org/10.1038/s41598-018-36057-0
http://dx.doi.org/10.1002/pmic.200700089
http://dx.doi.org/10.1016/j.exphem.2005.07.003
http://dx.doi.org/10.1073/pnas.0409813102
http://dx.doi.org/10.1038/nbt.1667
http://dx.doi.org/10.1038/nature09342
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	MSC Isolation and Culture 
	Cell Proliferation and Immunophenotypic Analysis 
	MSC Differentiation Assays 
	RNA Extraction and Quantitative RT-PCR (qRT-PCR) 
	Statistical Analysis 

	Results 
	Ex Vivo Expansion of MSC Isolated from Compact Bone and Adipose Tissue 
	Alterations of MSC Immunophenotypes by Prolonged Culture 
	Biased Differentiation Towards the Tissue Origin 
	Inhibition of DNA Methylation Alters MSC Multipotency 

	Discussion 
	Conclusions 
	References

