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中文摘要
間葉幹細胞促使組織再生及免疫調節的功能使其成為細胞療法很有潛力的生物性
材料，但由於取得數量稀少，通常在細胞移植前需進行體外培養以拓增數量。然
而，在體外培養的過程中，間葉幹細胞會逐漸喪失其幹細胞特性 (stemness)，並且
阻礙了其對於細胞療法的進步。原則上，體外培養下重新建構幹細胞龕 (stem cell
niche) 可以保持幹細胞的特性，但是目前對於間葉幹細胞的生理特性，包括其幹
細胞龕的了解很有限。越來越多的推測認為棲息在內皮細胞旁邊的周圍細胞
(pericytes) 應是較原始的間葉幹細胞的來源之一。因此，我們推測間葉幹細胞龕的
維持需要內皮細胞的參與。本研究利用大動脈內皮細胞跟 MS1 內皮細胞株的衍生
物質，包括細胞外基質 (extracellular matrix) 跟由條件培養液 (conditioned medium)
所取得的可溶性因子 (soluble factors) 探討其對於維持間葉幹細胞幹細胞特性的
潛力。當間葉幹細胞培養在內皮細胞所衍生的細胞外基質時，相較於標準培養、
培養在間葉幹細胞衍生的胞外基質還有內皮細胞的條件培養液，其間葉幹細胞有
較年輕的外觀，並且也保持了緩慢的細胞周期，符合普遍對於較原始間葉幹細胞
的特徵描述。除此之外，繼代過程中培養在 MS1 細胞株胞外基質上的間葉幹細胞，
經過適當的刺激後，有較佳的硬骨、脂肪和軟骨的分化潛力。這些結果指出 MS1
細胞株的胞外基質可以維持間葉幹細胞的幹細胞特性。接著我們發現培養在 MS1
細胞株胞外基質上的間葉幹細胞，其染色質在 H3K27 有較高的三甲基化表現
(H3K27me3)，而係導因於較低的 Kdm6b 表現。較高的 H3K27me3 代表著轉譯不活
躍的狀態，可能解釋了為何養在 MS1 細胞株胞外基質上的 MSCs 保持緩慢的細胞
周期及不分化的狀態。根據上述研究，MS1 細胞株的胞外基質調控間葉幹細胞表
現較低的 Kdm6b (一個 H3K27 的專一去甲基化酵素)，進而將染色質轉錄作用保持
在較不活化的狀態，而得以維持間葉幹細胞的幹細胞特性。本研究不僅提供支持
性的證據顯示間葉幹細胞可以棲息在內皮細胞構成的微環境
(microenvironment)，也提供體外培養間葉幹細胞更佳的方法。關於細胞外環境如
何傳遞訊號調控細胞內染色質調控需要更深入的研究。

關鍵字：間葉幹細胞、內皮細胞、周圍細胞、幹細胞龕、細胞外基質
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ABSTRACT
Mesenchymal stem cells (MSCs) hold great potential in cell therapies by virtue of the
regenerative effects and immunomodulatory properties, but the scarce nature of MSCs
makes ex vivo expansion indispensable prior to transplantation purposes. However,
potential loss of stemness ensuing culture expansion has hindered the advancements in
MSCs-based treatments. In principles, stemness can be preserved by reconstructing the
stem cell niche, but the physiological nature including the endogenous stem cell niche
of MSCs remains elusive. Emerging hypotheses suggested that pericytes residing
subendothelium might be one of the primitive origins of MSCs, and accordingly, we
speculated that endothelial cells (ECs) might participate in the constitution of the stem
cell niche for MSCs. In this study, ECs derivatives including extracellular matrix (ECM)
and paracrine factors collected from conditioned medium (CM) of aortic endothelial
cells (AECs) and Mile Sven 1 endothelial cell line (MS1) were investigated for the
potential to maintain MSCs stemness. When compared with MSCs cultured alone, on
MSCECM and in endothelial CMs, MSCs on endothelial ECMs especially on
MS1ECM possessed the morphology of more juvenile cells, showed quiescence in
proliferation, in agreement with general description of primitive MSCs. Besides, MSCs
expanded on MS1ECM possess greater osteogenic, adipogenic and chondrogenic
potential under proper stimuli. These results indicated that MS1ECM preserved the
stemness of MSCs. We further discovered that the possible mechanism resulted from
MSCs expanded on MS1ECM had significantly higher H3K27me3 mark with
significantly lower expression of Kdm6b, a specific H3K27 demethylase. Higher
H3K27me3 mark in MS1ECM can be interpreted as transcriptional inactivation, and it
probably explained proliferative quiescence and better differentiation plasticity. Taken
iii
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together, MS1ECM retained MSCs stemness by shaping an inhibitory chromatin
signature via maintaining lower expression of Kdm6b. Our work provided not only a
supportive evidence that MSCs can reside in perivascular niche, but also a feasible
novel approach for MSCs ex vivo expansion. The detailed signal between extracellular
environment and intracellular chromatin signature requires further investigation.

Key words: mesenchymal stem cells, endothelial cells, pericytes, stem cell niche,
extracellular matrix
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Chapter 1
1.1

Introduction

Mesenchymal stem cells: the essence and the definition

The discovery of mesenchymal stem cells can be dated back to demonstration of
osteogenic potential of bone marrow cells after heterotopic transplantation. This finding
affirmed the existence of non-hematopoeitic stem cells within the mesenchyme.
Friedestein described these cells as fibroblasts-like, plastic adherent and capable of
forming colonies (Friedenstein et al., 1968). The name “mesenchymal stem cells” was
given after Caplan brought up the idea that this small population of cells involves in
bone and cartilage homeostasis (Caplan, 1991). Afterwards, MSCs were proven
possessing multilineage potential to differentiate into osteoblasts, chondrocytes and
adipocytes (Pittenger et al., 1999). Since then, MSCs were regarded as capable of
self-renewal and contributing to mesodermal cell lineages. In addition to the bone
marrow, multiple origins of MSCs were also revealed, such as adipose tissue (AT),
skeletal muscle, amniotic fluid, etc. (in 'tAnker et al., 2003; Young et al., 2001; Zuk et
al., 2002). A study compared MSCs derived from bone marrow (BM), AT and umbilical
cord blood (UCB) showed that all these MSCs had spindle shape, the ability to form
colonies and shared conventional MSCs markers such as CD44, CD73, CD90 and
CD29. For somehow, MSCs from different origins shared nuanced characterization. For
example, MSCs from UCB had highest cumulative population doublings, while MSCs
from BM had lowest population doublings and shortest culture life span. MSCs from
UCB had lower CD105 expression, while MSCs from AT had lower CD106 expression
(Kern et al., 2006). Due to the heterogeneity of MSCs, minimal criteria for defining
human MSCs were recommended by International Society for Cellular Therapy (ISCT)
as: first, MSCs must be plastic adherent when maintained in standard culture condition;
1
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second, MSCs must be positive for CD73, CD90 and CD105, and be negative for CD34,
CD45, CD11b or CD14, CD79α or CD19 and MHCII; third, with proper induction,
MSCs must be able to differentiate into osteoblasts, chondrocytes and adipocytes in
vitro (Dominici et al., 2006).

1.2

Reappraisal of the definition of MSCs

In spite of the fact that minimal criteria defining MSCs was given out by ISCT in 2006,
previous nomenclature had been found awkward to accord with the new subtypes of
MSCs discovered in the recent years. Emerging researches employed several markers
diverse from ISCT’s criteria to identify MSCs. Stage-specific embryonic antigen-4
(SSEA-4), previously considered as an exclusive marker for early cleavage to blastocyst
stage embryos, successfully isolated mouse and human MSCs (Gang et al., 2007). Gli1
also acted as another marker for MSCs. Gli1 positive cells were responsible for tissue
homeostasis and injury repair in the mouse suture and incisor. Isolated Gli1 positive
cells performed typical MSCs features in vitro, such as colony-forming ability and
tri-lineage differentiation. Gli1 positive cells indeed expressed MSCs markers including
CD90, CD73, CD44, Sca-1 and CD146 in vitro, but didn’t express these markers in vivo.
This described the traditional MSCs in vitro makers are not suitable for MSCs in vivo
identification (Zhao et al., 2015; Zhao et al., 2014). In addition, a subpopulation of bone
marrow-derived MSCs (BMMSCs) failed to adhere to plastic dish and remained
suspended in culture media. This subset of suspended BMMSCs (sBMMSCs) was able
to anchor on MSCs-derived extracellular matrix. The sBMMSCs expressed clonogenic,
osteogenic and adipogenic ability as conventional MSCs. The sBMMSCs also had
similar immunophenotype as BMMSCs. Surprisingly, 23.4% of sBMMSCs expressed
2
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hematopoeitic marker CD34 (Akiyama et al., 2012b). The cell surface markers defining
MSCs referring to ISCT became not so practical and non-plastic adherence of
sBMMSCs had totally contradictory to the definition. As a result, minimal criteria
established 10 years ago has become shaky. The major problems are the heterogeneity
of MSCs and the enigmatic identity of MSCs in vivo. Understanding the in vivo identity
of MSCs could help to redefine MSCs.

Hence, the appeal of reappraisal MSCs

definition has been brought up. In line with this rationale, Keating has provided a
framework to reform the nomenclature, definition and characterization of MSCs. For
example, first, the term “mesenchymal stem cells” should specifically describe cells
with documented self-renewal and differentiation properties; second, the sources,
species and whether primary or cultured MSCs should be categorized; third, the
minimum criteria for surface markers should be revised and are likely to vary among
species; last but not least, the representative transcriptome, proteome and secretome of
MSCs should be characterized and profiling the exclusive signatures (Keating, 2012).

1.3

A rising star in cell therapy: therapeutic effects of
MSCs

MSCs have been contemplated as an “injury drugstore” both in nature and after
transplantation (Caplan and Correa, 2011). The feasible application makes MSCs
potential biomaterials for cell therapies. By virtue of the negligible expression of class
II major histocompatibility complex (MHCII) and costimulatory molecules CD80,
CD86 and CD40 (Chamberlain et al., 2007), MSCs are immunoprivileged, by which
they are difficult to exert immune response after allogenic transplantation. Additionally,
MSCs hold beneficial therapeutic effects. The two pillars of therapeutic effects of MSCs
3
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are the secreted bioactive factors and the immunomodulatory signatures.

1.3.1

Bioactive factors

MSCs secreted trophic factors and cytokines to promote cell proliferation and
angiogenesis as well as inhibiting occurrence of apoptosis. In a rat stroke model, MSCs
transplantation improved proliferation of endogenous neural stem cells in subventricular
zone and prevented apoptosis of new born cells which migrating to ischemic
environment (Yoo et al., 2008). Exosomes containing miR-10a secreted from amniotic
fluid-derived MSCs ameliorated apoptosis of granulosa cells and ovarian follicular
atresia after chemotherapy (Xiao et al., 2016). Human adipose-derived MSCs secreted
vascular endothelial growth factor (VEGF), hepatic growth factor (HGF) and
transforming growth factor-β (TGF-β). Conditioned medium derived from MSCs
facilitated proliferation of endothelial cells, counteracted ECs apoptosis, and
furthermore enhanced perfusion in a mouse ischemic hindlimb model (Rehman et al.,
2004). Another study demonstrated that bone marrow-derived MSCs produced
insulin-like growth factor-1 (IGF-1), epidermal growth factor (EGF), angiopoietin-1
(Ang-1) and stromal derived factor-1 (SDF-1) to promote ECs proliferation and wound
closure (Chen et al., 2008).

4
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1.3.2

Immunomodulatory properties

MSCs casted multiple modulatory effects to immune cells. Here, both innate immune
and adaptive immune response were discussed.
(1) Innate immune response
Dendritic cells
MSCs inhibited both stages of dendritic cells (DCs) maturation: from monocytes to
immature dendritic cells (iDCs) and from iDCs to mature dendritic cells (mDCs). When
co-cultured with MSCs, CD1a and costimulatory factors CD80 and CD83 in CD14+
monocytes failed to be upregulated while CD14 was highly preserved, indicating that
MSCs hampered the differentiation pathway of monocytes to iDCs. MSCs also
prevented iDCs differentiate into mDCs and reduced endocytosis of iDCs. Moreover,
MSCs could even reverse mDCs back into iDCs by downregulation of MHC I and
costimulatory factors. DCs pretreated with MSCs performed impaired stimulation on
allogenic T-cell proliferation by less interleukin-12 (IL-12) secretion (Jiang et al., 2005).
MSCs altered cytokine secretion of type 1 dendritic cells (DC1) and type 2 dendritic
cells (DC2) as well. Co-culturing with MSCs diminished tumor necrosis factor-α
(TNF-α) secretion of activated DC1, and increased IL-10 secretion of activated DC2.
Since TNF-α acts as pro-inflammatory cytokine and IL-10 has an anti-inflammatory
role, MSCs suggestively lead to immunological tolerance state (Aggarwal and Pittenger,
2005).
Nature killer cells
MSCs suppressed proliferation of natural killer (NK) cells and induced apoptosis of NK
cells (Krampera et al., 2006). NK cells downregulated expressions of activating
receptors NKp44, NKp30 and NKG2D when co-cultured with MSCs. As these levels of
surface expressions positively correlated with the functions of NK cells, MSCs inhibited
5
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proper function of NK cells. MSCs also retarded cytotoxic activity of NK cells
(Spaggiari et al., 2008). One of the major function of NK cells is interferon-γ (IFN-γ)
production. When NK cells were cultivated with MSCs, the secretion of IFN-γ
dramatically decreased to render a less pro-inflammatory environment (Aggarwal and
Pittenger, 2005).

(2) Adaptive immune response
T-cells
MSCs inhibited T-cell proliferation in a cell contact-independent manner thus implying
that the inhibition was executed by soluble factors. TGF-β1 and HGF were determined
as important roles to suppress T-cell proliferation since neutralized TGF-β1 and HGF
antibodies abrogated MSCs inhibitory effect on T-cell proliferation (Di Nicola et al.,
2002). Indoleamine 2, 3-dioxygenase (IDO) also served to abolish T-cell proliferation.
IDO is responsible for the conversion of tryptophan to kynurenine and catabolism of
tryptophan suppresses T-cell activities (Munn et al., 1998). IDO impeded the
proliferation of T cells, and this effect was demolished by additional tryptophan and
inhibitors of IDO. It was further confirmed that IDO activity was initiated by IFN-γ
secreted by T cells (Krampera et al., 2006; Meisel et al., 2004). Not only MSCs direct
the inhibition of T-cell proliferation, but also trigger the apoptosis of T cells. MSCs
secreted monocyte chemoattractant protein-1 (MCP-1) to attract T cells, and mediated
apoptosis by FAS ligand/ FAS receptor pathway (Akiyama et al., 2012a). MSCs
modulated effector T cells responses as well. Culturing TH1 effector cells with MSCs
reduced IFN-γ production of TH1 cells. When cultured with MSCs, TH2 effector cells
augmented IL-4 secretion. In the presence of MSCs, the population of CD4+CD25+
regulatory cells (TReg) dramatically increased in the population of peripheral blood
6
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mononuclear cells (PMBCs). MSCs quenched IFN-γ and promoted IL-4 secretion could
be interpreted as shift from pro-inflammatory to anti-inflammatory environment.
(Aggarwal and Pittenger, 2005). Besides, increasing population of TReg was regarded
capable of suppressing activated T cells to prevent further immune response (O'Garra
and Vieira, 2004).
B cells
MSCs also modulate activities of B cells. While not affecting gene expression of
costimulatory molecules of B cells, MSCs suppressed the proliferation by paracrine
communication (Corcione et al., 2006). Another study speculated the proliferating
suppression acquired cell contact by programmed death 1 (PD1) pathway (Augello et al.,
2005). Besides, MSCs also intervened the maturation and differentiation of B cells.
MSCs hindered B cells from differentiating into plasma cells and producing
immunoglobulins (Asari et al., 2009; Corcione et al., 2006).

1.3.3

MSCs-based cell therapies

Promising as showed, abundant MSCs-based clinical trials have been launched for
therapies targeting orthopedic therapies, tissue repair, wound care, autoimmune
disorders, cardiovascular diseases and complications after transplantations (Murphy et
al., 2013). Numerous trials certificated that MSCs transplantation had rather positive
improvements with rare rejections. Take graft-versus-host disease (GvHD) as an
epitome, which is a lethal complication after hematopoietic stem cells transplantation or
donor lymphocyte infusion. The primary treatment is steroid administration.
Unfortunately, steroid responsive rates lies only between 30-50%, and high mortality
has been reported for steroid-resistant GvHD patients. In a phase II trial, MSCs were
infused into steroid-resistant GvHD patients. After transplantation, a significant lower
7
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1-year mortality rate (37%) was reported compared with non-complete response patients
(72%). Also, complete response patients had higher 2-year survival rate (53% versus
16%) (Le Blanc et al., 2008).

1.4

Stemness loss of MSCs: a mountain to climb

MSCs have become favorable and widely used in regenerative medicine, but population
of MSCs within tissues and organs is scarce. It is believed that MSCs only account for
approximately 0.001% to 0.01% of whole nucleated cells isolated from bone marrow
aspirates (Pittenger et al., 1999). One study showed that the mean nucleated cells of
bone marrow aspirate from each patient ranged from 1.3×107 to 9×107 per milliliter
(Muschler et al., 1997). Another reported the concentration of nucleated cells from iliac
crest was 1.7×107 per milliliter (Narbona-Carceles et al., 2014). Accordingly, there were
approximately only 130 to 9000 of MSCs from each milliliter of freshly isolated bone
marrow aspirates. In a couple of clinical trials targeting GvHD, the MSCs infusion
number ranged from 0.4×106 to 9×106 cells per kg, and more than one infusion was
executed (Kebriaei et al., 2009; Le Blanc et al., 2008). Consequently, the number of
MSCs from fresh isolated marrow was far less sufficient for cell therapies. Thus, in
order for transplantation purposes, ex vivo expansion is indispensable. Unfortunately,
MSCs gradually loss the core stem cells property during passaging. The core stem cell
property, also known as “stemness”, refers to the ability to self-renew and to generate
differentiated progenies (Ramalho-Santos et al., 2002). In MSCs, progressive loss of
stemness could be observed by morphological change and decrease in proliferation and
differentiation plasticity. Juvenile MSCs have spindle shape appearance with prominent
long-short axis, but senescent cells flatten, enlarge in size and accumulate cell debris
8
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(Wagner et al., 2008). Late passages of MSCs severely lost the numbers of population
doubling (Bonab et al., 2006). MSCs from aged donors also showed profound loss in
colony-forming efficiency, and loss in population doublings accompanied with slower
growth rate before reaching growth arrest (Baxter et al., 2004; Stolzing et al., 2008).
Abolishment of stemness inevitably diminishes differentiation potential of MSCs.
Senescent passage was reported with reduced adipogenic, osteogenic, and chondrogenic
differentiation. Also, expanded MSCs have feeble bone-forming efficiency compared to
freshly isolated MSCs (Banfi et al., 2000; Wagner et al., 2008). Apart from changes of
stem cells property, loss of stemness was accompanied with senescence during
passaging. Long-term culture of MSCs increased the activity of senescence-associated
β-galactosidase (SA-β-gal), a specific galactosidase presenting only in senescent cells
(Galderisi et al., 2009). Senescence concerned also cessation of cell cycle, which was
closely related with telomere length and tumor-suppressor protein p53/cell-cycle
regulation protein p21 pathway (Herbig et al., 2004). Repetitive passaging shortened
mean telomere restriction fragment (mTRF) length of MSCs. MSCs from higher
population doublings lost approximately 1.0 kb of mTRF compared with primary
passage (Baxter et al., 2004). MSCs from aged donors had higher percentage of p53 and
p21 positives cells in concert with fewer colony formation (Stolzing et al., 2008).
Another important regulator in senescence was p16INK4A. As an inhibitor of
cyclin-dependent kinase-4/cyclin D, p16INK4A has been proved negatively regulate cell
cycles (Serrano et al., 1993). Rigorous duplication causing senescence of MSCs
enhanced both mRNA and protein levels of p16INK4A. However, knockdown of p16INK4A
could restore cell proliferation, demonstrating p16INK4A plays an important role in cell
cessation (Shibata et al., 2007). It is worth concerning that loss of stemness might
hinder MSCs-based therapy owing to insufficient cells and premature commitment.
9
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Studies also revealed the influence of passage on MSCs immunomoludatory properties.
MSCs progressively decreased secretion of IL-6, IL-10, VEGF and basic fibroblast
growth factor (FGF-2) during passaging, suggesting a decline of immunosuppressive
and angiogenesis characterization (Choi et al., 2010). Persistent passaging and
cryopreserved MSCs had weaker competence on inhibition of peripheral blood
mononuclear cells proliferation and lower IDO enzyme activity compared to fresh and
low passaged MSCs (Moll et al., 2014). In GvHD patients, patients infused with late
passage (passage 3-4) MSCs developed lower complete response rate (38%), while
patients infused with early passage (passage 1-2) MSCs had 86% of response rate.
Patients receiving early passage MSCs had significantly higher 1-year survival rate
(75%) compared to late passage MSCs (21%) demonstrating that the treatment of
GvHD favored MSCs from earlier passage (von Bahr et al., 2012).

1.5

The stem cell niche: how to keep stem cells as stem
cells?

In 1978, Schofield brought out the stem cell niche hypothesis stating that proper
stemness maintenance relies on specific microenvironment constituting with other cells
(Schofield, 1978). Neighboring non-stem cells in the niche interact with stem cells, and
by which, stem cells remain their very characteristics, that is, self-renewable and
undifferentiated. Inside the niche, stem cells normally stay in quiescence with slow cell
cycle. The niche allows stem cells to defy proliferation and differentiation factors until
stem cells lose the niche or signals such as injury-derived cytokines attracting stem cells
migrating away from the niche (Fuchs et al., 2004). By the idea of stem cell niche,
several studies intended to mimic stem cells niche by immobilizing growth factors,
10
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and/or mimicking juxtacrine cell interaction and ECM to increase stem cells properties
ex vivo (Dellatore et al., 2008). For example, covalently bound of FGFs on nanofibrillar
surfaces simulated the stabilization from heparin sulfate proteoglycans (HSPGs) on
ECM to prevent FGF from degradation. Covalently bond FGFs promoted proliferation
of human embryonic stem cells (Nur et al., 2008). Modification of growth plate using
ECM derived laminin peptide Ile-Lys-Val-Ala-Val (IKVAV) enhanced the proliferation
of human adipose-derived stem cells (Santiago et al., 2006). Hence, on the aspect to
preserve MSCs stemness, it is reasonable to reconstitute endogenous niche of MSCs
during passaging. In dismay, the physiology nature of MSCs including their stem cell
niche remains enigmatic.

1.6

A perivascular origin of MSCs

Emerging evidence insinuated that MSCs might occupy perivascular origins. On the
other hand, hypotheses suggested that pericytes might serve as the primitive origins of
MSCs. These notions indicate that MSCs are closely associated with endothelial cells.
Pericytes, also known as Rouget cells, mural cells and perivascular cells, were first
discribed

by

French

scientist

Charles-Marie

Rouget.

Rouget

cells

resided

subendothelium hence the term “pericytes” was given based on the physiological
proximity to ECs. In the bone marrow (BM), human CD146 labeling MSCs were
reported organizing hematopoiesis microenvironment after transplantation. These cells
were discovered naturally residing adventitial layer of sinusoid. Also, the CD146+
MSCs expressed conventional pericytes markers, such as α-smooth muscle actin
(α-SMA), neuron-glial-2 (NG2) and platelet-derived growth factor receptor-β (PDGFRβ)
(Sacchetti et al., 2007). In another study, CD146+/ Stro-1+ MSCs were also reported
11
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anchored perivascular region in BM as well as in dental pulp (Shi and Gronthos, 2003).
Human adipose-derived CD34+ MSCs also expressed conventional pericytes makers in
vitro, and instinctively perched around vasculature. These CD34+ adipose-derived
MSCs engaged in proliferation and migration of ECs as well as stabilizing ECs network
(Traktuev et al., 2008). In addition, an adult mouse incisor study demonstrated that
H2BGFP label-retaining slow cycling MSCs circumvented arteries and nerve bundles.
These quiescent stem cells were proved responsible for homeostasis and tissue repair of
incisor mesenchyme (Zhao et al., 2014). The above studies have been preaching that
MSCs from multiple origins displayed pericytes characterization, and more importantly,
they virtually dwelled adjacent to ECs. On the other aspect, multiple human organs
including skeletal muscle, pancreas, white adipose tissue (WAT), BM, heart, lung, and
brain were abundant with pericytes situating proximal to ECs. After immnosorting of
pericytes markers, surprisingly, these perivascular cells expressed general MSCs
immmunophenotype as positive for CD44, CD73, CD90, CD105 and CD140b in vitro.
Cultured pericytes could differentiate into osteoblasts, adipocytes, and chondrocytes as
MSCs do. Furthermore, tissue dissection confirmed that perivascular cells innately
express MSCs markers (Crisan et al., 2008). Conclusively, the close relationship
between pericytes/MSCs and ECs substantiates that ECs might play an important role in
orchestrating MSCs niche.

1.7

Pericytes and endothelial cells: intimacy shared

Several studies have concentrated on the interaction between pericytes and ECs.
Pericytes share the basement membrane (Fig. 1), a thin layer of extracellular matrix
with ECs.

Also, the two cells establish direct contact with junctional complexes
12
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(Armulik et al., 2005). Active crosstalks reciprocally regulate the two types of cells. For
example, nascent vessels require pericytes coating for stabilization. The recruitment of
pericytes relies on PDGF-B/PDGFR-β communication. PDGF-B deficient mice were
found not able to stimulate migration of PDGFR-β positive pericytes and thus absent for
microvessels pericytes, which caused vascular abnormalities (Lindahl et al., 1997).
Pericytes not only stabilized vessels, but they also promoted the survival of ECs by
autocrine VEGF-A pathway and anti-apoptotic protein bcl-w expression (Franco et al.,
2011). Though numerous studies have focused on the effects of pericytes to ECs, rare
studies targeted the influence of ECs to pericytes. On the notion of cell niche hypothesis,
it is likely that ECs guide proper functions of pericytes. Since MSCs occupy a
perivascular niche, the interaction can probably analogize to MSCs and ECs. Thus it is
reasonable to speculate that ECM and soluble factors derived from ECs could alter
mesenchymal stem cells fate.

1.8

Home sweet home: large or small vessels endothelial
cells?

Throughout the vasculature including arteries, veins, microvessels and capillaries,
pericytes were found situated the inner intima layer, closely associated with ECs
(Andreeva et al., 1998). On the concept that pericytes have been considered the origins
of MSCs, which raises a question about whether perivascular niche from large vessels
or small vessels resembles more as MSCs niche? In spite of the fact that MSCs could be
isolated from large vessels including vena cava and saphenous vein (Covas et al., 2005;
da Silva Meirelles et al., 2006), previous study demonstrated ubiquitous existence of
pericytes surrounding capillaries (< 10 μm) and arterioles (10 – 100 μm), of these
13
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pericytes expressed MSCs characterization (Crisan et al., 2008). Cultured MSCs from
bone marrow seemed to dwell in perivascular location of small vessels. The nature of
MSCs in bone marrow might correspond to CXCL12-abundant reticular (CAR) cells.
CAR cells surrounded sinusoidal endothelial cells or located near the endosteum and
could maintained hematopoietic stem cells (Sugiyama et al., 2006). CD 146-labeled
BMMSCs were also found surrounded sinusoidal endothelial cells, located in the
adventitial layer (Sacchetti et al., 2007). Sinusoidal ECs associated closely with
BMMSCs referring that the microenvironment created by small vessels ECs rather than
large vessels ECs serves as BMMSCs niche in vivo.

1.9

Extracellular matrix: a cozy bedding for stem cells

Physical interaction with the ECM have been proved controlling the stem cell fate or
stem cell properties. The ECM elasticity, mechanical signals transduction,
glycosaminoglycans (GAGs) and morphogens on ECM influence stem cells (Dellatore
et al., 2008; Guilak et al., 2009). Tension of ECM and nanotopography alter the focal
adhesion ensuing changes in cell shape. Cell shape has been proven affecting MSCs
osteogenic differentiation. The slenderer the cells are, the more osteogenic potential
they own (Kim et al., 2013). ECM stiffness can also act as a regulator on MSCs fate.
The stiffness of growing surface determines the quiescence and commitment of MSCs.
MSCs cultured on soft matrix mimicking bone marrow (250-pa) remained quiescent,
and could re-enter cell cycle when exposed to stiffer surface. Besides, quiescent MSCs
still preserved osteogenic and adipogenic plasticity with proper stimuli (Winer et al.,
2009). Another study had found out that MSCs introduced to different stiffness substrate
exerted variable differentiation potential (Engler et al., 2006). ECM components include
14
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a great deal of collagen, fibronectin, laminin and GAGs, it is considered that ECM
structures can trap morphogens and prevent stem cell commitment. For example, bone
marrow cells-derived ECM facilitated MSCs expansion and both osteogenic and
adipogenic differentiation after induction, while restricted spontaneous osteogenic
differentiation in long-term culture. This was carried out by sequestered bone
morphogenic protein-2 (BMP-2) within the ECM (Chen et al., 2007). In conclusion,
extracellular matrix has been proved governing the stem cells properties. Hypothetically,
endothelial ECM might state as a pivotal role to maintain MSCs stemness.

1.10 Endothelial microenvironment: guidance for MSCs
quiescence
On the notion that perivascular microenvironment could be MSCs niche, several studies
embarked on investigating the effects of ECs to MSCs. In a three-dimensional (3D)
culture model, human MSCs were co-cultured with human umbilical vein endothelial
cells (HUVECs). The study reported that MSCs and HUVECs self-assembled in
spheroids with organized partitioning. The organized distribution was not observed in
MSCs/ human dermal fibroblasts (HDFs) co-culture system. HUVECs directed
quiescence of MSCs, which is a common feature of niche-residing stem cells. Besides,
HUVECs enhanced osteogenic differentiation of MSCs after induction (Saleh et al.,
2011b). These discoveries gave evidence that endothelial micronenvironment
maintained MSCs stemness, but in which manner remains unknown. These substantiates
that ECs could possibly orchestrate the MSC niche.
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1.11 Histone modification on MSCs identity
Post-translational histone modification has a center role on chromatin structures and
transcriptional states. The distinct histone modifications compose sophisticated “histone
code” and generate interactional affinities for chromatin-associated proteins, which
decipher as transcriptionally active or inactive chromatin states (Jenuwein and Allis,
2001). Histone modifications include methylation, acetylation, phosphorylation,
ubiquitination…etc. Among which, methylation has been widely investigated.
Methylation and demethylation take place dynamically on lysine residue and are carried
out by two families of histone methyltransferases (HMTases) and histone demethylases
(HDMases), respectively. (Lachner and Jenuwein, 2002; Shi and Whetstine, 2007).
Trimethylation of histone H3 on lysine 27 (H3K27me3) is usually regarded as
transcriptionally silencing and plays a critical role in maintenance of pluripotency in
embryonic stem cells (ESCs) (Boyer et al., 2006). Trimethylation of H3K27 is catalyzed
by polycomb repressor complexes 2 (PRC2), a complex consists of the HMTase EZH2
(enhancer of zeste homologue 2) (Kuzmichev et al., 2002). Demethylation is performed
by KDM6A (lysine (K)-specific demethylase 6A, also known as UTX) and KDM6B
(lysine (K)-specific demethylase 6B, also known as JMJD3). The two demethylases
work specifically and independently to “erase” methyl mark on lysine 27 residue of
histone H3 (Agger et al., 2007). While H3K27me3 mark is indispensable for ESCs
stemness, the regulation of H3K27 mark has been proved crucial for the lineage
commitment of MSCs. BMP-driven osteogenic differentiation upregulated KDM6B
expression alongside with higher KDM4B (a specific H3K9 HDMase) expression.
Knockdown of KDM6B disrupted in vitro mineralization and lowered osteogenic genes.
Conversely, overexpression of KDM6B augmented mineralization. It was further
16
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confirmed that KDM6B removed H3K27me3 at the promoter region of osteogenic
related genes, such as HOX, BMP-2 and BMP-4 (Ye et al., 2012). The study
demonstrated that the removal of H3K27me3 mark played an important role in
osteogenic commintment. In addition, H3K27 methylation/demethylation has been
reported as a switch of MSCs lineage specification. Overexpression of EZH2
contributed to higher adipogenic potential in concert with higher adipogenic genes like
PPAR-γ, C/EBP-α and adipsin, while giving rise to lower osteogenic potential and
transcription levels of osteogenic genes like RUNX2, ostepontin and osteocalcin. In
contrast, knockdown of EZH2 inhibited adipogenic differentiation while promoted
osteogenic differentiation. Overexpression of KDM6A, the enzyme antagonizes EZH2
activity, resulted in adipogenesis suppression and enhancement of osteogenesis.
Knockdown experiments showed reversed outcome (Hemming et al., 2014). These
studies demonstrated that H3K27 stood as a hallmark of MSC lineage determination.

1.12 The pericyte hypothesis
MSCs gradually lose stemness during in vitro culture, which explicates they are not
self-sustainable to maintain their very own microenvironment. On the other hand, the
perivascular origins of MSCs found in multiple tissues and organs deliberated that
pericytes might serve as primitive origins of MSCs. On the concept of the stem cell
niche theory, the neighboring ECs could constitute the stem cell niche of MSCs. MSCs
were found mostly located near small vessel ECs rather than large vessels ECs, it is
possible that derivatives from small vessels ECs have more influential impact to
maintain MScs stemness. Endothelial environment conducted quiescence of MSCs, and
also enhanced osteogenic differentiation in a 3D culture system (Saleh et al., 2011b).
17
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The mechanism resulted from which kinds of endothelial derivatives, such as ECM or
soluble factors, remained unclear. It’s is likely that endothelial ECM plays an role in
preserving stemness since the matrix stiffness and sequestration of morphogens were
both proven beneficial to stem cell properties (Chen et al., 2007; Winer et al., 2009).
Previous study examined merely osteogenic differentiation upon culture with ECs
(Guerrero et al., 2013; Kaigler et al., 2005; Kim et al., 2013; Thebaud et al., 2012). On
the account of the deliberation of stemness, adipogenic and chondrogenic potential
should also be evaluated upon MSCs cultured supplemented with ECs or their
derivatives since “differentiation plasticity” includes tri-lineage differentiation rather
than solely osteogenic potential. MSCs commitment has been demonstrated related with
histone modification. We speculated that when MSCs cultured on endothelial ECM, the
stemness could be conserved and the possible mechanism is that endothelial ECM could
shape chromatin memory to prevent spontaneous commitment.

18
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Chapter 2

Specific aim

Pericytes not only embed in the basement membrane of endothelial cells and
communicate with endothelial cells via soluble factors, but they also contact with each
other directly by gap junctions and adherens junctions, and indirectly with
hemidesmosomes such as integrins (Fig. 1). Based on the hypothesis that pericytes
serve as primitive MSCs, the first aim of this study is to investigate whether endothelial
derivatives, including ECM and soluble factors, are able to preserve MSCs stemness.
Stemness evaluation was effectuated by morphology, proliferation potential and
tri-lineage differentiation. The second aim is to understanding the underlying
mechanism on how endothelial derivatives maintain the stemness. This study can
potentially provide not only a supportive evidence that MSCs reside in a perivascular
niche, but also a novel approach for MSCs in vitro expansion.
Mesenchymal stem cells in this study were derived from mouse bone marrow. To
understand the different effects of ECs from large vessels and small vessels, two types
of ECs were utilized in this study. Primary mouse aortic endothelial cells (AECs)
provide a source of large vessel-derived ECs, whereas Mile Sven 1 endothelial cell line
(MS1) originally derived from islet of Langerhans represented small vessel ECs. In each
type of endothelial cells, both ECM and soluble factors (acquired from conditioned
medium) were examined on their effects to BMMSCs. Thus, leading to 6
niche-mimicking culture conditions narrated as followed (Fig. 2): (1) control: standard
culture condition; (2) MSCECM: MSCs cultured on MSCs-derived ECM as another
control for ECM groups; (3) AECECM: MSCs cultured on AECs-derived extracellular
matrix; (4) MS1ECM: MSCs cultured on MS1-derived extracellular matrix; (5)
AECCM: MSCs cultured on standard culture condition supplemented with
19
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AECs-derived conditioned medium and (6) MS1CM: MSCs cultured on standard
culture condition supplemented with MS1-derived conditioned medium. MSCs were
maintained on individual niche-mimicking condition during passaging, and were only
parted from niche mimicry for further analysis (i.e. proliferation and differentiation
assay) to deplete interference from each niche.
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Fig. 1 Physiological nature of pericytes and endothelial cells.
Pericytes (labeled in yellow) inhabit close to ECs (labeled in pink), anchoring on the
basement membrane. The two cells also contact directly with tight junctions and
communicate with soluble factors.

Fig. 2 In vitro niche-mimicking culture condition.
MSCs were passaged on 6 different niche-mimicking culture conditions. ECs
derivatives were utilized for niche mimicry. For analysis, MSCs were detached from
culture environment and settled in standard culture condition for ongoing assessments.
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Chapter 3
3.1

Material and Methods

Animals

All mice were purchased from Laboratory Animal Center of National Taiwan University.
Male mice aged from 6-12 weeks were euthanized to harvest MSCs for experiments. All
experimental procedures on animals were approved by the Institutional Animal Care
and Use Committee (IACUC) of National Taiwan University (NTU-100-EL-1).

3.2

Isolation of bone marrow mesenchymal stem cells

Femur and tibia were separated from mouse after euthanasia. Muscle and connective
tissue were quickly removed by forceps and scissors. Twenty-three gauge needle with
12 mL of culture medium [(]Dulbecco's modified Eagle's medium (DMEM; 31600,
Gibco, Grand Island, NY, US) supplemented with 3.7 g of sodium bicarbonate
(NaHCO3; S5761, Sigma-Aldrich, St. Louis, MO, US), 20% of fetal bovine serum (FBS;
SH30070, Hyclone, Logan, UT, US) and antibiotics (100 U/mL of penicillin and 100
μg/mL of streptomycin; Gibco) were used to flush out femur bone marrow. A similar
procedure was done with 26-gauge needle and 6 mL of culture medium to acquire tibia
bone marrow. Bone marrow flush out and minced femur and tibia were cultured on 100
mm petri dish (93100, TPP, Trasadingen, CH). After 9 days of culture with medium
change every 3 days in order to deplete non-adherent cells, adherent cells were then
detached with 0.25% of trypsin (25200, Gibco) reacting for 5 minutes in incubator.
Cells were then transferred to a 70 μm nylon cell strainer (352350, Falcon, Corning, NY,
US) to remove cell clumps. MSCs were isolated by Magnetic-activated cell sorting
system (MACS; Miltenyi Biotec, Teterow, DE) using CD11b (130-049-601, Miltenyi
Biotec) and CD45 (130-052-301, Miltenyi Biotec) microbeads antibody double negative
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selection according to manufacturer’s protocol to avoid hematopoietic lineage
contamination. Briefly, each 1×107 cells were resuspending with 10 μL of CD11b
antibody, 10 μL of CD45 antibody and 180 μL of MACS® running buffer (130-091-221,
Miltenyi Biotec), and cells were left to react for 15 minutes under 4˚C. One mL of
running buffer was added to stop the reaction, and cells were centrifuged for 5 minutes
at 1200 rpm. The supernatant was removed and another 1 mL of running buffer was
added to resuspend cells. MACS® LD column (130-042-901, Miltenyi Biotec) was
inserted into MidiMACS™ separator (130-042-302, Miltenyi Biotec) and a collection
tube was placed under the column to harvest MSCs. The column was rinsed with 2 mL
of running buffer. Afterwards, cells were transferred into the column. When the column
was about to dry out, 1 mL of running buffer was added to wash out unlabeled cells (i.e.
non-hematopoeitic cells). The procedure was repeated again and purified MSCs were
harvested from the effluent. After 5 minutes of centrifugation at 1200 rpm, running
buffer was driven off and replaced with culture medium. MSCs were seeded at a density
of 5×104 cells per cm2.

3.3

Establishment of mouse aortic endothelial cells (AECs)

The procedure was modified from Kobayashi (Kobayashi et al., 2005). After
anesthetization, thorax was opened to expose lungs and heart. While abdominal aorta
was cut to release blood, 1 mL of phosphate-buffered saline (PBS; 0780, Amresco,
Solon, US) containing 1000 U/mL of heparin was injected into the left ventricle. The
aorta was dissected from aorta arch to abdominal aorta, and was immersed in 20%
FBS-DMEM containing 1000 U/mL of heparin. After insertion of a 26-gauge needle
into the distal side of aorta, lumen was washed with serum-free DMEM. Ligation of
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proximal aorta was performed with silk thread, subsequently, lumen was perfused with
type II collagenase (2 mg/mL in serum-free DMEM) (C6885, Sigma-Aldrich). After 45
minutes of digestion under 37˚C, cells were flushed out and centrifuged at 1200 rpm for
5 minutes. Cells were resuspended with DMEM containing 20% of FBS and were
seeded on 35 mm petri dish (93040, TPP) pre-coated with collagen I (C9791,
Sigma-Aldrich). After 90 minutes of incubation, the medium was replaced by Medium
G [(]DMEM containing 3.7 g of sodium bicarbonate, 20% of fetal bovine serum, 100
U/mL of penicillin, 100 μg/mL of streptomycin, 1× non-essential amino acid (M7145,
Sigma-Aldrich), 25 mM HEPES buffer (H0887, Sigma-Aldrich), 100 μg/mL heparin
and 100 μg/mL endothelial cells growth supplement (ECGS; 02-102, Millipore,
Billerica, MA, US) to remove smooth muscle cells. AECs reached confluence with 9
days of culture with medium change every 3 days.

3.4

Culture of Mile Sven 1 (MS1) cell line

MS1 pancreatic islet endothelial cell line was purchased from Bioresource Collection
and Research Center (Hsinchu, TW). Cells were cultured with high glucose DMEM
(12800, Gibco) supplementing 5% FBS, 1.5 g of NaHCO3, 100 U/mL of penicillin and
100 μg/mL of streptomycin with a 1:4 to 1:6 passaging ratio. Cells were passaged every
2-3 days.

3.5

Cell passaging

All MSCs among different niche-mimicking groups were cultured with Medium E (1:1
mixture of 20% FBS in DMEM and Medium G) on the consideration that collecting
conditioned medium (CM) of AEC required endothelial cell growth supplement. Cells
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were all seeded with a density of 5×104 cells per cm2. Confluence could occur after 2
days and ready for passaging. In short, cells were trypsinized for 2 minutes in incubator,
then equal volume of medium were added to cease the reaction. Total cell number was
calculated with 0.4% trypan blue stain (15250, Gibco). After centrifugation, cells were
resuspended with medium and cultured with same seeding density. With similar
procedure, AECs and MS1 cell line were passaged with a 1:2 ratio and 1:4-6 ratio,
respectively.

3.6

Cryopreservation and thawing of cells

For cryopreservation, 1×106 cells were suspended in 1 mL of cryoprotective agent
composed of 90% of FBS and 10% of dimethyl sulfoxide (DMSO; D2650,
Sigma-Aldrich). Cells were transferred into polypropylene cryogenic vials (430659,
Corning). Controlled freezing rate of 1°C/minute was necessary to retain optimal
viability. Dropped down to -80˚C, cells were transferred and preserved in liquid
nitrogen. As for thawing, cells were retracted from liquid nitrogen and were water
bathed for 2 minutes under 37˚C. Whilst gentle pipetting, cells were mixed with 9 mL
of culture medium. After centrifugation at 1200 rpm for 5 minutes, remaining
cryoprotective agent was removed by suction. Cells were resuspended with culture
medium and seed on 35 mm petri dish. Normally, cells reached confluence the next day.

3.7

Preparation for collagen I-coated 6 well plate

Collagen I was dissolved in 0.1 M acetic acid (100063, Merck, Darmstadt, DE) to
obtain 0.1% (w/v) stock. The working concentration (0.01%) was obtained after 10 fold
dilution with ultrapure water. Plated were coated with 6-10 μg of collagen I per cm2
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then allowed protein binding under 37˚C for 3 hours. Excessive collagen I solution was
discarded and plates were exposed under UV light for sterilization. Before introducing
to cells, plates were washed once with PBS.

3.8

Preparation of cell-free extracellular matrix-coated
plate

The procedure was adapted from previous report (Chen et al., 2007). Cells were seeded
on collagen I-coated 6 well plate. Seeding density for MSCs and AECs was 2×104 cells
per cm2. As for MS1 cell line, cells were seeded with 1:10 dilution. Cells were cultured
for 15 days with change of medium twice a week. In the last 8 days of culture,
additional 50 μM of ascorbic acid (A4544, Sigma-Aldrich) was added in culture
medium. De-cellularization was carried out by 0.5% of Triton X-100 (0694, Amresco)
containing 20 mM of NH4OH (05002, Riedel-de Haën, Seelze, DE) in PBS for 2 minute
under room temperature. After PBS wash, 20-50 μg/mL DNase (DN25, Sigma-Aldrich)
was introduced and reacted for 30 minutes under room temperature to remove nucleic
acid. After PBS rinse for twice, the ECM coated plates were stored with PBS containing
100 U/mL of penicillin, 100 μg/mL of streptomycin and 0.25 μg/mL of fungizone
(A9528, Sigma-Aldrich) under 4˚C. The plates were rinsed with PBS once before
introducing cells.
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3.9

Harvest of conditioned medium

For preparation of CM, 5×105 AECs were seeded on 35 mm petri dish with Medium G
for 1 day. Medium was replaced by medium E and cultured for additional 2 days. MS1
cells were seeded at 1:6 dilution with Medium E for 1 day. CM was collected in tubes
and preserved at -80˚C.

3.10 Quantification of long/short axis ratio
For quantification of long/short axis ratio, 20 cells in each group with clear and
unmasked contour were chosen as representatives. For each cell, the long and short axes
were calculated to acquire the ratio. Extreme values (the greatest and the smallest value)
were eliminated, and thus remaining 18 samples for statistical assessments.

3.11 MTT assay
For the observation of cell proliferation and viability, 1.5×103 of MSCs in 100 μL of
culture medium were seeded into 96 well plate (92096, TPP). Cells were incubated for 1,
5, 9, 12, 15 and 18 days respectively. 10 μL of 3-(4, 5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT, Sigma) reagent (5 mg/mL) were added and
incubated for 2 hours at 37˚C. MTT solvent was carefully removed and replaced by 100
μL of DMSO (D5879, Sigma-Aldrich). Absorbance at 570 nm was recorded with
ELISA reader (SpectraMAX 190, Molecular Devices, Sunnyvale, CA, US) and
converted to cell cumber by creating an optimal standard cell count curve.
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3.12 Osteogenic differentiation
Osteogenic induction medium was comprised of 10% FBS-DMEM with 0.1 μM
dexamethasone (D4902, Sigma-Aldrich), 10 mM β-Glycerophosphate (G9422,
Sigma-Aldrich) and 50 μM L-ascorbic acid 2-phosphate (A8960, Sigma-Aldrich)
(Jaiswal et al., 1997). Each 5×104 Cells per cm2 were seeded into 6 well plate. When
reached confluence in 2 days, cells were introduced to osteogenic induction medium.
Medium was changed every 3 days and analysis took place after 14 and 21 days of
induction respectively. To accomplish calcium precipitation assessment, medium was
driven off and cells were washed with PBS once. Cells were fixed with 10% of
formaldehyde (HT50-1-128, Sigma-Aldrich) for 10 minutes with gentle shaking.
Washed with PBS again, cells were stained with 500 μL of 2% Alizarin Red S (pH
4.1-4.3) (ARS; A5533, Sigma-Aldrich) for 15 minutes. After extensive PBS irrigation,
precipitation was dissolved in 500 μL of 10% cetylpyridinium chloride (C0732,
Sigma-Aldrich) in 8 mM Na2PO4 (S5136, Sigma-Aldrich) and 1.5 mM KH2PO4 (P5655,
Sigma-Aldrich). Absorbance of 570 nm was recorded and quantification of calcium
could be determined using optimal ARS standard curve. Optimal dilution was executed
to require sample absorbance lied in standard curve.

3.13 Adipogenic differentiation
The composition of adipogenic differentiation cocktail was 10% FBS-DMEM
supplemented with 10 μg/mL insulin (I6634, Sigma-Aldrich), 1 μM dexamethasone, 0.5
μM isobutyl-methylxanthine (I5879, Sigma-Aldrich) and 100 μM indomethacin (I7378,
Sigma-Aldrich) (Pittenger et al., 1999). Similar to osteogenic induction, same seeding
density of cells were introduced to 12 well plate (92012, TPP) for 7 days of adipogenic
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differentiation along with medium renewal every 3 days. Cells were fixed with same
procedure as described above. 1 mL of propylene glycol (9402, J.T.Baker, Center
Valley, PA, US) was added and left for 2 minutes under room temperature. Propylene
glycol was replaced with 300 μL of 0.5% Oil Red O (O9755, Sigma-Aldrich) for neutral
lipid staining. After 15 minutes, cells were first immersed in 60% of Propylene glycol
(in water) then washed with ultrapure water once. In the determination of neutral lipid
accumulation, 200 μL of DMSO were added to dissolve Oil Red O. Quantification
could be carried out by optimal standard curve.

3.14 Chondrogenic differentiation
The formula for chondrogenic induction medium was described as followed: DMEM
containing 1% of FBS, 10 ng/mL of transforming growth factor beta 1 (TGF-β1; 240-B,
R&D Systems, Minneapolis, MN, US), 6.25 μg/mL of insulin and 50 nM of L-ascorbic
acid 2-phosphate (Johnstone et al., 1998). Each 2.5×105 cells were collected in tube and
were suspended with chondrogenic medium. After centrifugation at 1200 rpm for 5
minutes, cells were incubated for 21 days with medium change every 3 days. Cell
aggregate could be observed after 3 days of culture. After 21 days of culture, aggregate
was fixed with 10% of formalin and ready for paraffin section for glycosaminoglycan
(GAG) accumulation observation. For section rehydration, first, the slides were
immersed in xylenes (9490-01, J. T. Baker) twice, for 10 minutes each. Slides were then
transferred to 100% ethanol for 10 minutes. Afterwards, slides were introduced to 95%,
80%, 70% and 50% of ethanol accordingly for 5 minutes in each solution. Slides were
then immersed in PBS for 5 minutes and dried off. To observe GAG accumulation
within cell aggregates, slides were stained with 0.1% of Toluidine Blue O (198161,
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Sigma-Aldrich) for 5 minutes then washed with PBS. 1-3 drops of mounting medium
(3801730, Leica Biosystems, Richmond, IL, USA) were added, then slip was covered
carefully to avoid air bubble. GAG can be seen under microscope with violet hue.

3.15 Total RNA extraction
500 of μL of TRIzol® Reagent (15596018, Invitrogen, Carlsbad, CA, US) was
introduced to culture dish. Cells were lysed by several pipetting and then samples were
transferred to a 1.5 mL microcentrifuge tube. Homogenization was carried out by 1
minute of vortex. Purification was accomplished by GENEzol TriRNA Pure Kit
(TRP100, Geneaid, New Taipei City, TW). To sum up the steps, same volume of
absolute ethanol was added then vortex for 1 minute. A 2 mL collection tube was placed
under RB column. Sample was transferred to the RB column. Following, centrifugation
took place at 16000 × g for 1 minute then flow-through was discarded. The 2 mL
collection tube was replaced by a new one. The following step was “in column DNase I
digestion” which was carried out by RNase-Free DNase 1 Set (DNS050, Geneaid). In
short, 400 μL of wash buffer (from TriRNA Pure Kit) was added into the RB column
and was centrifugated at 16000 × g for 1 minute to discard the flow-through. DNase I
solution was prepared with 5 μL of DNase I (2 U/μL) and 45 μL of DNase I reaction
buffer. 50 μL of DNase I solution was added into the center of the column, and reacted
for 15 minutes under room temperature. 400 μL of pre-wash buffer (from TriRNA Pure
Kit) was added into the column, then sample was centrifuged at 16000 × g for 1 minute.
Flow-through was discarded. 600 μL of wash buffer was added and sample was
centriguged at 16000 × g for 1 minutes then discard the flow-through. This step was
repeated once. The column was dried by centrifugation at 16000 × g for 3 minutes. A
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1.5 mL microcentrifuge tube was placed under the column. 25 μL of RNase-Free Water
(from the kit) was added into the center of the column and was left standing for 3
minutes to ensure total absorption by the matrix. Sample was centrifuged at 16000 × g
for 1 minute. Purified RNA was eluded into the microcentrifuge tube. For RNA quality
test, 1 μL of sample was loaded on Nanodrop spectrophotometer (NP-1000, NanoDrop,
Wilmington, DE, US). RNA was stored at -80˚C.

3.16 Reverse transcription PCR
150 ng of total RNA was used for cDNA preparation. In summary, 1 μL of 50 ng
random primers (48190-011, Invitrogen) and 1 μL of 10 mM dNTP (18427-013,
Invitrogen) were added to RNA sample then ultra-pure water was added to reach 13 μL
of total volume. After gentle mixing, sample was heated to 65˚C for 5 minutes in
thermal cycler (Gene Amp® PCR system 2700, Applied Biosystem, Carlsbad, CA, US).
Following, 4 μL of 5 × FS buffer, 1 μL of 0.1 M DTT, 1 μL of SuperScript® III reverse
transcriptase (all from 18080-044, Invitrogen) and 1 μL of 40 U/μL RNAseOUT™
recombinant ribonuclease inhibitor (10777-019, Invitrogen) were added and reacted in
thermal cycler with program listed as followed: 25˚C for 5 minutes, then 50˚C for 60
minutes, 70˚C for 15 minutes and hold in 4˚C. cDNA was stored at -20˚C.

3.17 Quantitative PCR
All procedures were performed on ice. cDNA sample was diluted to 10 fold with
ultrapure water. Forward and reverse primers of target genes were diluted to 20 fold as 5
μM working concentration. (Primer sequences were listed in Table 1.) Ready to use
primer solution and iQ™ SYBR® Green Supermix (170-8882AP, BIO-RAD, Hercules,
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CA, US) were mixed with 1:5 ratio. 4 μL of cDNA solution and 6 μL of
primer/supermix were loaded on PCR® MICROPLATE (321-68-051, Axygen, Union
City, CA, US). Subsequently, plate was carefully sealed with Microseal® ‘B’ seal
(MSB1001A, BIO-RAD) and was spun down by Mini Plate Spinner (MPS 1000,
Labnet, Atlanta, GA, US). Cycle quantification was determined by thermal cycler
(CFX96™ Real-Time System, BIO-RAD). Target genes were calibrated with Gapdh
and normalized with control group using ΔΔCq method.
Table 1 Primer Sequences for quantitative PCR

Gene
Gapdh
Runx2
Alp
Bglap1
Spp1
Sparc
Ezh2
Kdm6a
Kdm6b

Sequence (5’→ 3’)
Forward: CATGGCCTTCCGTGTTCCTA
Reverse: GCGGCACGTCAGATCCA
Forward: GCTTTCATTAGGCAGGGCCAACAA
Reverse: AGGGCTGGATCTCAAACTCACACA
Forward: CCTTAAGGGCCAGCTACACC
Reverse: TGGATGTGACCTCATTGCCC
Forward: TCATGTCCAAGCAGGAGGGCAATA
Reverse: TGATAGCTCGTCACAAGCAGGGTT
Forward: TCAGCTGGATGAACCAAGTCTGGA
Reverse: ACTAGCTTGTCCTTGTGGCTGTGA
Forward: AACACTCACCCAGACTCTGTGCTT
Reverse: AGACTTGCCATGTGGGTTCTGACT
Forward: AAGCACAATGCAACACCAAA
Reverse: AGACGGTGCCAGCAGTAAGT
Forward: ATCCCAGCTCAGCAGAAGTT
Reverse: GGAGGAAAGAAAGCATCACG
Forward: CCCCCATTTCAGCTGACTAA
Reverse: CTGGACCAAGGGGTGTGTT

Product Tm
size (bp) (˚C)
55

60

87

60

233

60

134

60

159

60

164

60

169

60

196

60

199

60
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3.18 Protein quantification
Cells or ECM sample were added with 200 or 100 μL of RIPA buffer (RIP001,
BIOMAN SCIENTIFIC, New Taipei City, TW), respectively. Cells were thoroughly
lysed with the aid of spatula. Sample was collected into microcentrifuge tube and was
vortexed for 30 seconds. Afterwards, sample was centrifuged at 16000 × g for 15
minutes. Pierce® BCA Protein Assay Kit (23225, Thermo SCIENTIFIC, Rockford, IL,
USA) was used for protein quantification following manufacturer’s protocol. First,
working reagent was prepared by 50:1 mixing of reagent A and B. 200 μL of working
reagent was loaded accompanied with 10 μL of sample or albumin standard (2 replicates)
on 96 well plate. Plate was shaken gently for 30 seconds, then plate was incubated at
37˚C for 30 minutes. Absorbance at 562 nm was measured and protein concentration
can be determined by standard albumin curve.

3.19 Dot blot
After protein quantification, sample was diluted with RIPA buffer to 0.03 μg/μL on ice.
Amersham Hybond™-PVDF membrane (GE Healthcare, Little Chalfont, GB) was
trimmed properly and pre-wetted with methanol (32213, Sigma-Aldrich) for 30 seconds
then immersed for at least 1 minute in TBST buffer composed of 2.4 g of
Tris-Hydrochloride (0234, Amresco), 8.806 g of sodium chloride (0241, Amresco) and
0.56 g of Trizma® Base (T-6066, Sigma-Aldrich) and 1 mL of Tween® 20 (0777,
Amresco) in 1000 mL of distilled water with pH 7.6. Membrane was taken out from
buffer and left the surface to dry. 2 μL of sample was loaded on membrane with 2
replicates. After sample was totally absorbed by the membrane, blocking could take
place with 3% of bovine serum albumin (BSA, A9647, Sigma-Aldrich) in TBST for 1
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hour under room temperature with gentle shaking. Afterwards, blocking buffer was
replaced by primary antibody. Membrane was incubated with primary antibody
overnight at 4˚C with gentle shaking. Primary antibodies were listed as below: 10E4
epitome (1:200; HS1890, US Biological, Salem, MA, US), CS-56 (1:500; Ab11570,
Abcam, Cambridge, GB) and C-4-S (1:4000; C5067-01, US Biological) were used for
heparin sulfate, total chondroitin sulfate and chondroitin-4-sulfate analysis, respectively.
The membrane was thus washed with TBST for 5 times and 5 minutes each. Membrane
was incubated with goat anti-mouse IgG+IgM HRP (1:2000; ab47827, Abcam) as
secondary antibody for 1 hour under room temperature. After 5 times of wash with 5
minutes each, membrane was covered with chemiluminescence HRP substrate
(WBKLS0500, Millipore). The excessive fluid was removed from the surface and ready
for exposure. Signal intensity was detected by ChemiDoc™ Touch Imaging System
(BIORAD) following manufacturer’s instruction.

3.20 Western blot
3.20.1 Buffer preparation
For 1 liter of 10 × running buffer, 30.3 g (250 mM) of Trizma® base (T6066,
Sigma-Aldrich), 144 g (1920 mM) of glycine (0167, Amresco) and 10 g (1%) of sodium
dodecyl sulfate (SDS; 1.13760, Merck) were dissolved in 1000 mL of purified water.
For working buffer, 10 × running buffer was directly diluted to 10 fold with water. For
1 liter of 10× transfer buffer, 30.3 g (250 mM) of Trizma® base (T6066, Sigma-Aldrich)
and 144 g (1920 mM) of glycine (0167, Amresco) were dissolve in 1000 mL of water.
For working solution, 100 mL of stock and 200 mL of methanol were added in to 700
mL of water.
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3.20.2 Preparation of SDS-PAGE gel
The spacer plate and short plate were rinsed and wiped with 70% ethanol. The plates
were set on the rack. For 10 ml of 15% polyacrylamide bottom gel, 5 mL of 30%
acrylamide/ bis solution (161-0158, BIO-RAD), 2.5 mL of distilled water, 2.5 mL of 4 ×
bottom stock, 100 μL of 10% ammonium persulfate (APS; 161-0700, BIO-RAD) and 8
μL of TEMED (161-0800, BIO-RAD) were mixed well and carefully poured into the
plates. 500 μL of 2-propanol (1.09634.1000. Merck) were added on top of the gel to
prevent uneven gel. After the gel was polymerized, 2-propanol was depleted and ready
for upper gel preparation. To prepare 10 mL of upper gel, 5.54 mL of water, 1.66 mL of
30% acrylamide/ bis solution, 2.52 mL of 0.5 M Tris-HCL (pH 6.8), 100 μL of 10% of
SDS, 100 μL of 10% APS and 10 μL of TEMED were mixed then was poured between
the plates. A 15-well comb was inserted and left the gel for polymerization.

3.20.3 Sample loading
Sample lysates were previously collected and quantified by BCA protein assay. Sample
was mixed with 5 × loading buffer with 4:1 ratio. Sample was denatured by heating up
to 95˚C for 5 minutes. Eight microliter of prestained protein marker (PT-PS03,
PROTECH TECHNOLOGY, Taipei, TW) was loaded in the first lane of gel, following
by loading samples in the gel.

3.20.4 Electrophoresis
Running apparatus was placed on ice and was filled with running buffer.
Electrophoresis was first executed by constant 60V for 20 minutes. After samples were
all equally at the boundary between upper and bottom gel, the voltage was elevated to
100V and ran for 3 hours.
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3.20.5 Transferring protein samples
The gel and the 0.2 μm PVDF membrane (ISEQ00010, Millipore) were trimmed into
desired size. The membrane was activated by methanol for 30 seconds and transferred
into transfer buffer. The black side of the cassette was placed on the bottom. To
assemble a sandwich, the sponge, the filter paper, the gel, the membrane, the filter paper
and the sponge again were placed onto to the cassette in an orderly fashion. The
sandwich was clamped to avoid air bubble. The white side of the cassette was placed
toward positively-charged electrode and the black side on negatively-charged electrode.
Protein transfer was accomplished by running under constant 0.35 A for 90 minutes on
ice.

3.20.6 Antibody staining
Blocking could take place with 3% BSA in TBST for one hour. All primary antibodies
were diluted with 1:1000 in 3% of BSA in PBST and listed as below: anti-lamin B
antibody (sc-6216, Santa Cruz Biotechnology, Dallas, TX, US) and anti-trimethyl
histone H3 (Lys27) antibody (05-1951, Millipore). Membrane was incubated with
primary antibody overnight at 4˚C with gentle shaking. Afterwards, membrane was
washed with TBST for 5 times and 5 minutes each. Membrane was incubated with
anti-goat IgG HRP (1:5000) and with goat anti-mouse IgG+ IgM HRP (1:2000;
ab47827, Abcam) respectively for lamin B and H3K27me3 as secondary antibody for 1
hour under room temperature. After 5 times of wash with 5 minutes each, membrane
was covered with chemiluminescence HRP substrate (WBKLS0500, Millipore) and
ready for exposure. Signal intensity was detected by ChemiDoc™ Touch Imaging
System (BIORAD) followed by manufacturer’s instruction.
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3.21 Statistical analysis
Statistical analysis was brought out by GraphPad Prism 5 software. Data was assessed
generally by One-way ANOVA with Tukey post-test. Alternative analysis, such as
Student’s t-test, will be specifically mentioned in the legend of the figures. All data was
displayed as mean ± SEM. * signifies p < 0.05, ** signifies p < 0.01 and *** signifies p
< 0.001.

37

doi:10.6342/NTU201601819

Chapter 4
4.1

Results

MSCs maintained on endothelial ECM appeared
morphologically juvenile

After MACS sorting purification to deplete hematopoietic cell lineage, MSCs were
cultured on 6 different niche-mimicking culture conditions. That is: standard culture
condition (control), MSCs cultured on MSCs-derived extracellular matrix (MSCECM),
MSCs cultured on AECs-derived extracellular matrix (AECECM), MSCs cultured on
MS1-derived extracellular matrix (MS1ECM), MSCs cultured with AECs-derived
conditioned medium (AECCM) and MSCs cultured with MS1-derived conditioned
medium (MS1CM). MSCs maintained on different niches expressed different
morphologies. In passage 2, MSCs on AECECM and MS1ECM appeared spindle shape
with apparent contrast of long and short axis with accordant orientation. Whereas in
standard condition, MSCs showed disoriented (Fig. 3A). In passage 4, MSCs on both
endothelial ECMs still maintained spindle shape with occasional flattened cells (arrows
in Fig. 3B), while several cells started to increase in size and flatten in other groups
especially in standard culture condition (Fig. 3B). It is previously studied that MSCs
lost stemness with the occurrence of loss of their spindle shape (Shibata et al., 2007;
Stolzing et al., 2008; Wagner et al., 2008). During passaging, MSCs among all groups
continuously lost the spindle shape, but both endothelial ECMs tended to postpone this
process. One of the criteria to assess the juvenility of MSCs is by the morphology. In
general, juvenile MSCs have obvious long and short axis, while senescent MSCs loss
the polarity with flat and round shape. To understand the juvenility among all groups,
quantification of long/short axis ratio was calculated (Fig. 4A). In passage 2, all ECM
groups had significantly (p < 0.001) greater ratio compared to standard condition.
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Besides, cells on MS1ECM had greatest ratio which is significantly different compared
to all groups except for MSCECM group, while cells in AECCM and MS1CM had no
difference compared to the control group (Fig. 4B). In passage 4, both AECECM and
MS1ECM groups had significance (p < 0.01 and p < 0.001, respectively) compared to
control group, while other groups showed no significance compared to control group
(Fig. 4B). Although MSCECM had significance compared to control group in passage 2,
the long/short ratio rapidly declined after 2 passages and left no significance compared
to control (Fig. 4B and 4C). This indicated that MSCs were not self-sustainable for
stemness maintenance. In passage 2 and 4, both conditioned medium groups showed no
effect since no statistical significance was reported. On the contrary, both endothelial
ECM could maintain the spindle shape of MSCs. Especially the MS1ECM group, the
ratio of the MSCs in this group remained greatest in both passage 2 and passage 4 (Fig.
4C).
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A. Passage 2

B. Passage 4

Fig. 3 MSCs on endothelial ECM appeared more spindle-like morphology.
(A) Passage 2 and (B) passage 4 of MSCs on each group showed various morphology.
MSCs on both AECECM and MS1ECM remained slender with organized orientation.
Flattened MSCs were observable at passage 4 (yellow arrows). Scale bar: 200 μm.
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A

B

C

Fig. 4 MSCs on endothelial ECM possessed greatest long/short axis ratio.
(A) Demonstration of axis calculation. Within each group, 20 cells were chosen to
determine the ratio after calculating both long and short axis. L: long axis. S: short axis.
R: ratio (long axis/ short axis). Unit: μm. (B) Quantification of long/ short axis ratio in
passage 2 and 4. The ratio of 18 cells in each group were determined (extreme values
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were stroke out). MS1ECM and AECECM had significantly greater ratio compared to
standard culture condition, while AECCM and MS1CM remained comparative. (C)
Comparison of p2 and p4 within the group. MSCECM showed drastic decrease of ratio
from p2 to p4 (p < 0.001), leaving no significance compared to control. MS1ECM also
showed declined ratio (p<0.01). (Student’s t-test, n=18; * p < 0.05, ** p < 0.01 and ***
p < 0.001)

4.2

MSCs on endothelial ECM remained quiescent

Next, proliferation of MSCs on different groups was assessed by MTT assay. Cells were
passaged on individual culture condition and seeded on standard condition for analysis.
1500 cells were seeded into 96-well with 8 replicates. The numbers of cells were
calculated at 6 checkpoints, which were after 1, 5, 9, 12, 15 and 18 days of incubation.
In passage 2, during the first 9 days of incubation, MSCs on both AECECM and
MS1ECM showed slower cell cycle and the cell numbers were significantly lower when
compared to all other groups (p < 0.001 on both day 5 and 9). By contrast, MSCs
cultured with both AECCM and MS1CM duplicated rapidly. After 9 days of incubation,
CM groups have significantly higher cell numbers compared to MSCECM (p < 0.01)
and both endothelial ECMs (p < 0.001) suggesting a stimulative effect of CMs to MSCs
proliferation. On day 18, the cell count of AECCM was significantly greater than
MSCECM (p < 0.05). During day 9 to 12, MSCs on AECECM and MS1ECM
underwent excessive proliferation, resulting in cell counts comparable to other groups.
In general, starting from day 12, endothelial ECMs had no significance compared to
others except MS1ECM to MSCECM on day 12 (p < 0.01) (Fig. 5A). These results
indicated that endothelial ECMs didn’t disrupt the proliferative potential of MSCs while
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maintaining cells in slow cell cycle, which is a critical feature of stem cells. Similar
phenomenon could be observed in passage 4. Both endothelial ECMs kept MSCs in
slow cell cycle in the first 9 days, and entered progressive doubling afterwards. The
stimulative effects of proliferation from CM seemed regressed at passage 4.
Significance only existed on day 5 of AECCM compared to other groups. In similar
pattern, there was no significance reported after 12 days of culture among all groups.
Interestingly, all groups aside from AECECM and MS1ECM reached plateau after 12
days of culture, and no prominent increase of population was discovered. By contrast,
the population of AECECM and MS1ECM continued to rise during 18 days of
incubation. Furthermore, MSCs count in MS1ECM was significantly greater than
MSCECM on day 15 (p < 0.01). On day 18, One-way ANOVA showed at least one
significant difference among all groups (p < 0.05), but no significance was detected in
column-paired post-test (Fig. 5B). On day 18, the cell number comparing passage 2 and
passage 4 of each group were all statistically significant, except MSCECM from
passage 2 showed no significance to AECECM and MS1ECM from passage 4,
suggesting mild loss of proliferative capacity in both endothelial ECMs. Endothelial
ECMs seemed push through the boundary of MSCs proliferation compared to other
groups demonstrated by greater population. Endothelial derivatives might have different
effects on MSCs proliferation. Soluble factors promoted cells into active cell cycle
while ECM had opposite influence. After disengaged from endothelial ECM, MSCs
endured quiescence for 9 days before entering into rapid cell cycle. Possibly, the cell
memory of endothelial ECM giving to MSCs could preserve up to at least 9 days whilst
the proliferative capability was intact or even advanced.

43

doi:10.6342/NTU201601819

Fig. 5 Endothelial ECM sustained MSCs quiescence.
MTT assay showed that in both (A) passage 2 and (B) passage 4, MSCs maintained on
AECECM and MS1ECM expressed inactive cell cycle. Meanwhile, the proliferative
capacity was not compromised. (Data from day 1 was not statistically analyzed. n=8; *
p < 0.05, ** p < 0.01, *** p < 0.001 and # p < 0.05 stated no significance in paired
post-test but in One-way ANOVA.)
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4.3

Endothelial ECM aggrandized the harvest of MSCs

Since MSCs previously expanded on AECECM and MS1ECM showed slow cell cycle
in MTT assay, MSCs might undergo slow duplication when maintained on endothelial
ECMs as well. During passaging, MSCs were cultured on individual niche-mimicking
conditions. The seeding density was 5×104 cells per cm2, approximately 50% of
confluence, and passaging took place every 48 hours to standardize the time of MSCs
contacting on each culture condition. In general, MSCs reached confluence after 48
hours among all groups. Cell count data demonstrated that more MSCs were harvested
from both AECECM and MS1ECM than standard culture condition (p < 0.05), despite
the fact that MSCs formerly expanded on endothelial ECM retained quiescent (Table 2
and Fig. 6). These findings suggested that MSCs probably had different replicative
dynamic when cultured on endothelial ECM and after segregating from endothelial
ECM.

Table 2 Harvested MSCs on each culture condition
Group

harvested cells (104 cells)

control
MSCECM
AECECM
MS1ECM

149 ± 4
202 ± 24
230 ± 15
224 ± 46

Total number of harvested MSCs (passage 2) maintained on control, MSCECM,
AECECM and MS1ECM. The total harvested cells was normalized with the initial
seeding number was 100 ×104 cells. Data was presented as mean ± SEM.

45

doi:10.6342/NTU201601819

Fig. 6 Endothelial ECM amplified the population of total harvested MSCs.
After 48 hours of incubation, cell numbers harvested from individual culture conditions
were quantified. MSCs cultured on AECECM and MS1ECM rendered statistically
greater population compared to standard culture condition. Data was normalized as the
initial seeding number was 100 ×104 cells. (* p < 0.05)

4.4

MS1ECM exerted osteogenic potential of MSCs

Under proper stimulation, MSCs should be able to become osteogenic, adipogenic and
chondrogenic progeny. Osteogenic induction promoted MSCs to deposit inorganic
minerals. Calcium precipitation can be regarded as functional state of osteogenic
differentiation. MSCs were previously maintained on individual niche-mimicking
conditions for two passages, and were introduced to osteogenic stimuli after separated
from the niche and cultured on standard culture condition. After 14 and 21 days of
induction, calcium precipitation was visualized by ARS staining. (Fig. 7A and B).
Quantification data showed that after 14 days of stimulation, while MSCECM had no
effect on enhancing calcium precipitation compared to control, endothelial ECM and
CM significantly augmented osteogenic potential. Comparing between endothelial
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groups, MS1ECM had the best osteogenic performance, albeit significant difference lied
only between MS1ECM and AECCM (p < 0.05) (Fig. 7C). After 21 days of induction,
MS1ECM had significantly higher calcium precipitation comparing with all other
groups (p < 0.001). On the other hand, the osteogenic potential of aortic endothelial
derivatives groups seemed saturated since there was no significance compared to
control (Fig. 7D). Interestingly, there was no difference among AECECM, MS1ECM
and MS1CM on day 14, but with further one week of induction, MS1ECM had greatest
performance among the three. In the early 14 days of culture, endothelial derivatives
could enhance osteogenic differentiation. By 21 days, only MSCs previously maintained
on MS1 cell line-derived factors but not aortic endothelial derivatives could further arise
osteogenic differentiation. MSCs cultured on MS1ECM and MS1CM profoundly
retained osteogenic potential which implying that small vessels-derived ECs could
effectively preserve MSCs osteogenic potential rather than large vessels-derived ECs.
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Fig. 7 MSCs on MS1ECM performed privileged osteogenic differentiation.
MSCs from passage 3 were introduced to ostegenic induction medium for (A) 14 and (B)
21 days and underwent ARS stain for calcium precipitation. Calcium precipitation was
quantified after (C) 14 days and (D) 21 days of induction. MS1ECM significantly
enhance osteogenic differentiation after 14 days of stimulation. MS1ECM had the most
striking calcium precipitation after 21 days of induction. (a: control, b: MSCECM, c:
AECECM, d: MS1ECM, e: AECCM and f: MS1CM; * p < 0.05, ** p < 0.01,*** p <
0.001)
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4.5

Endothelial derivatives enhanced osteogenic genes
expression of MSCs after induction

To understand the underlying mechanism on how MSCs could performed better
osteogenic differentiation when maintained on the endothelial derivatives especially
MS1ECM, the expression level of osteogenic genes was investigated, such as Runx2
(runt-related transcription factor 2), Alp (alkaline phosphatase), Bglap1 (bone
gamma-carboxyglutamic acid-containing protein 1, also known as osteocalcin), Spp1
(secreted phosphoprotein 1, also known as osteopontin) and Sparc (secreted protein
acidic and rich in cysteine, also known as osteonecin). 4 check points, on day 0, 3, 7 and
14, were designed to dissect the dynamic regulation during differentiation. Each gene
expression profile from each group was demonstrated by normalizing to the control
group on day 0. Groups were subdivided into ECM group and CM group for optimal
visualization. The ECM group contained control, MSCECM, AECECM and MS1ECM
group. The CM group was composed of control, AECCM and MS1CM group. Runx2 is
a key factor during osteoblast development. Runx2 mutant mice have been found lack of
ossification, consequently lack of mature bone and osteoblasts (Otto et al., 1997). Act as
a pivotal transcription factor also as an early maker, Runx2 exerted multiple osteogenic
genes like alkaline phosphatase, osteocalcin, osteopontin and collagen I (Harada et al.,
1999). MS1ECM had significantly higher Runx2 expression on day 3 compared to both
control (p < 0.001) and MSCECM (p < 0.01). While on day 14, AECECM had highest
Runx2 expression compared to control (p < 0.001), MSCECM (p < 0.01) and MS1ECM
(p < 0.05). Same pattern was observed in CM group. Both AECCM and MS1CM
remained high expression of Runx2. It is worth mentioning that in control group, Runx2
expression climax didn’t occur until day 7. Even though it peaked, the expression level
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remained comparative to other groups. On the contrary, AECECM and MS1ECM
consummated on day 3 in concert with much higher expression profile. Another early
maker, Alp, expresses in hard and mineralized tissues. Alp is an ectoenzyme who
localizes outside of the plasma membrane and concentrates in the matrix vesicles. At
alkaline pH, Alp hydrolyzes monophosphate ester to release inorganic phosphate which
promotes mineralization (Orimo, 2010). AECECM had higher Alp expression on day 7
and 14, while no significance was reported on MS1ECM compared to other groups. But
the peak of both AECECM and MS1ECM took place on day 3, earlier than control
group who reached summit on day 7. Though Alp expression in MS1ECM wasn’t
prominent, the preceding expression apex might facilitate the whole process of
osteogenesis. Similar with Runx2 expression, both AECCM and MS1CM had
significantly greater Alp expression than control group. Bglap1, Spp1 and Sparc are late
makers of osteogenic differentiation (Weinreb et al., 1990). Higher Bglap1 level was
observed when MSCs were maintained on AECs-derivatives. On day 3, higher Bglap1
expression of AECCM became evident than control (p < 0.001) and MS1CM (p < 0.01).
On day 7, AECECM had higher Bglap1 expression than both MS1ECM (p < 0.05) and
control (p < 0.01). The level of Bglap1 of MS1CM continued to rise and reached its
peak on day 14. Although AECCM had high Bglap1 level on day 3, Bglap1 dropped
rapidly after day 3. On day 14, MS1CM had greater RNA level than AECCM (p < 0.05)
on day 14. Interestingly, Bglap1 is usually regarded as a late maker of osteogenic
differentiation, but AECCM soared to maximum on day 3 and maintained high level
until day 7. On the contrary, in ECM group, Bglap1 showed rather consistent expression
pattern. MSCECM had higher Spp1 level on day 3 compared to AECECM (p < 0.05)
and control (p < 0.01), but the dominance was replaced by AECECM on day 7
compared to control (p < 0.05). In CM groups, Spp1 maintained high level throughout
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induction. Sparc, another late maker, significantly elevated in CM groups at whole
checkpoints in general. Besides, AECCM had higher expression than MS1CM on day 3
(p < 0.05). Sparc remained comparable in ECM group. The only significance could be
observed between AECECM and control on day 14 (Fig. 8). When MSCs maintained on
endothelial ECM and CM, osteogenic genes were upregulated after induction. The level
of early makers like Runx2 and Alp not only escalated but also reached the apex faster
than standard culture condition. Endothelial conditioned medium markedly enhanced all
osteogenic genes. Meanwhile, aortic endothelial-derived CM induced higher gene
expression than MS1-derived CM, which was demonstrated by Runx2 and Alp
expression on day 3 and day 7, Spp1 expression on day 7 and Sparc on day3. Same
pattern has been observed on ECM group with Runx2 on day3, Alp on day 7 and 14 and
Bglap1 on day7. It was likely that MSCs previously expanded on AECs had tendency to
induce osteogenic commitment than previously expanded on pancreatic islet-derived
ECs, but the functional state analysis told different stories. Overall, the outcome
indicated that MSCs maintained on endothelial derivatives possessed greater osteogenic
potential and facilitated the whole ostoegenic process when stimuli was introduced.
Which in turn explained why MSCs cultured on endothelial derivatives had better
calcium precipitation.
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Fig. 8 MSCs previously cultured with ECs-derivatives upregulated osteogenic genes.
Osteogenic genes expression including Runx2 (runt-related transcription factor 2), Alp
(alkaline phosphatase), Bglap1 (bone gamma-carboxyglutamic acid-containing protein
1), Spp1 (secreted phosphoprotein 1) and Sparc (secreted protein acidic and rich in
cysteine 1) were profiled. After osteogenic induction, endothelial derivatives not only
induced Runx2, Alp, Bglap1, Spp1 and Sparc expression, but also introduced earlier
expression peak. These could be explained as ECs-derivatives facilitated osteogenic
process. Quantification was carried out by reverse transcription PCR. Target gene
expression was first calibrated by Gapdh, then secondary calibration was carried out by
target gene of control group on day 0. (* p < 0.05, ** p < 0.01, *** p < 0.001)
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4.6

MSCs on MS1ECM retained adipogenic plasticity

Another monumental characterization of MSCs is their ability to differentiate into
adipogenic lineage. With the administration of induction medium, MSCs accumulate
lipid droplets inside cells. Similar to osteogenic induction, MSCs expanded on each
niche mimicry for two passages were seeded in standard culture condition with
adipogenic stimuli. After 7 days of induction, Oil Red O staining exhibited neutral lipids
accumulation inside cells (Fig. 9A). Total neutral lipids quantification showed no
significance among all groups except MS1CM had greater lipids accumulation
compared to AECECM (p < 0.05) (Fig. 9B). The commitment of adipogenic lineage is
sporadic for MSCs, which means albeit MSCs are introduced to adipogenic stimulation
synchronously, the initiation time of fate determination varies. Since MSCs were all in
different stages of adipogenic maturation same as lipid accumulation process, total lipid
quantification was not an applicable approach for adipogenic potential evaluation.
Alternatively, it was more reasonable to assess the population of MSCs that were able to
commit to adipo-lineage. Oil Red O positive cells were defined as MSCs with
adipogenic commitment. Despite the fact that total lipid accumulation was comparable,
MSCs cultured on MS1ECM had significantly higher Oil Red O positive cells
compared to control (p < 0.01), MSCECM, AECECM and AECCM (p < 0.05) while no
significance compared to MS1CM (Fig. 9C). This strongly stated that the ECM of MS1,
a small vessels derived ECs rather than ECs from large vessels, could preserved
adipogenic potential of MSCs.
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Fig. 9 MS1ECM reserved adipogenic plasticity of MSCs.
(A) Lipid droplets could be observed after 7 days of induction. (B) Oil Red O staining
demonstrated each group had similar amount of neutral lipid accumulation. Only
MS1CM had greater lipid accumulation than AECECM. (C) MS1ECM had higher
population of cells with adipogenic potential. (* p < 0.05 and ** p < 0.01) Scale bar:
200 μm.
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4.7

Endothelial

derivatives

altered

chondrogenic

commitment
GAGs are general indicators to evaluate chondrogenic differentiation (Mackay et al.,
1998). After centrifugation, MSCs self-aggregated into spheres and were incubated in
chondrogenic medium. After 21 days, the sizes of aggregates were calculated (Fig. 10A
& B). MS1ECM and AECCM showed no difference on the size of aggregates compared
to standard culture condition though both group had slightly bigger spheres. MS1ECM
had the largest aggregates with significance compared to MSCECM (p < 0.01),
AECECM (p < 0.01) and MS1CM (p < 0.001). On the other hand, the size of AECECM
and MS1CM group were significantly smaller than control (p < 0.05 and p < 0.01,
respectively) (Fig. 10B). Based on the sizes of aggregates, the endothelial derivatives
had variable effects on chondrogenic differentiation. The ECM of MS1 had beneficial
effects on sphere size, but the CM of MS1 reduced the size. In contrast, the ECM of
AECs shrank the size of the sphere, while the CM could enlarge the size. The two types
of derivatives from two different ECs had opposite influence on sphere sizes. The
maturation of chondrocytes should take GAGs composition into account. Toluidine Blue
O staining is a blue reagent with high affinity to acidic molecules and turned pink to red
when encountered with GAGs. Paraffin sections of aggregates were stained with
Toluidine Blue O to evaluate GAGs component within the sphere. In the control group,
several parts of the sphere showed cracked gaps with loosely connection between cells
demonstrating that the condensation of cells was not well executed. In addition, the
section showed large distribution of blue stain with little purple dispersed around the
center, elucidating that little GAGs had accumulated during the induction. By contrast,
when take a close look on MS1ECM, the sphere was compact with intact border.
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Abundant purple stains could be observed scattering throughout the sphere with scarce
blue hues representing that there were more GAGs accumulation inside the aggregates
(Fig. 10A). Although Toluidine Blue O staining had difficulty in providing quantitative
data of GAGs accumulation, it was sufficient to give first glimpse of GAGs distribution
of each group. In standard culture condition, the size of aggregates was comparative to
MS1ECM, but the integrity of the sphere and GAGs accumulation indicated that MSCs
maintained on MS1ECM had better chondrogenic differentiation.
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Fig. 10 Endothelial derivative altered chondrogenic potential.
(A) Bright field photos of cell aggregates and Toluidine Blue O staining for GAGs.
Purple stains stood for GAGs. MS1ECM had more purple clusters while control group
had little purple stains. (B) The projected area of spheres were calculated. Endothelial
derivatives showed variable effects on chondrogenic potential. (* p < 0.05, ** p < 0.01
and *** p < 0.001) Scale bar: 500 and 200 μm, respectively.
58

doi:10.6342/NTU201601819

4.8

MSCs on MS1ECM preserved stemness

As a summary, MSCs cultured on both AECECM and MS1ECM remained slender with
explicit long-short axis, indicating MSCs were more juvenile. Besides, AECECM and
MS1ECM kept MSCs quiescence in proliferation without compromising proliferative
capacity, which indicates that it was ECM rather than CM that kept MSCs in slow cell
cycle. Under osteogenic, adipogenic and chondrogenic induction, MSCs previously
expanded on MS1ECM paraded outstanding differentiation plasticity. MSCs expanded
on MS1ECM had highest calcium precipitation, and the mechanism was possibly
directed by higher and earlier osteogenic genes expression. Despite the fact that total
neutral lipid remained comparative, more Oil Red O positive cells were observed
indicating higher population of MSCs resolved for adipogenic lineage. Also, greater
GAGs accumulation in chondrogenic aggregates was observed. In contrast, MSCs from
AECECM reached osteogenic saturation after 21 days of induction, with no significance
on Oil Red O positive cells and smaller chondrogenic spheres. As an interpretation,
MS1ECM took charge in quiescence of MSCs while maintained cell in undifferentiated
state. Based on the morphology, proliferation curve and tri-lineage differentiation
profiles, MS1ECM effectively preserved MSCs stemness (Fig. 11).
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Fig. 11 MS1ECM preserved MSCs stemness during in vitro culture.
According to criteria involving in morphology, proliferation and differentiation
assessments, MS1ECM prevented loss of stemness during passaging.
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4.9

MSCs on MS1ECM had higher H3K27me3

It has been revealed that histone H3 modification has huge impact on stem
cell-activities (Spivakov and Fisher, 2007). One example is that H3K27me3 usually
represents gene inactivation and is closely related with stemness (Bernstein et al., 2006).
Thus, the expression level of H3K27me3 was assessed. MSCs maintained on MS1ECM
had significantly higher global H3K27me3 compared to control and MSCECM (p <
0.001) (Fig. 12). Higher global H3K27me3 represented general suppression in gene
transcription, which could explain the proliferative quiescence of MSCs. Commitment
of MSCs required activation of certain genes. Possibly, globally gene inhibition by
H3K27me3 could also explain the reason MSCs on MS1ECM had greater
differentiation plasticity.

Fig. 12 MSCs on MS1ECM had higher trimethyl lysine 27 on histone 3.
(A) H3K27me3 level of control, MSCECM and MS1ECM were investigated. (B)
Quantification of H3K27me3 expression level calibrated with lamin B. MS1ECM had
significantly higher H3K27me3 compared to control and MSCECM. (*** p < 0.001)
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4.10 Higher H3K27me3 mark was conducted by lower
KDM6B expression
Globally greater H3K27me3 mark was observed in MS1ECM group. Enzymatic genes
expression profile was dissected to unravel the possible mechanism. The methylation of
H3K27 was carried out by Ezh2, a methyltransferase recognizes specifically for H3K27.
By contrast, the demethylation was accomplished specifically by Kdm6a and Kdm6b.
Both demethylases work independently to erase methyl marks on H3K27 (Fig. 13A).
MS1ECM maintained greater H3K27me3 mark compared to control and MSCECM
(Fig 12). Ezh2, Kdm6a and Kdm6b expression of freshly isolated MSCs (marked as
“fresh”) alongside with control, MSCECM and MS1ECM were analyzed. Freshly
isolated MSCs didn’t undergo passaging (passage 0) and cells from other group were
passaged for twice (passage 3). Ezh2 was downregulated in both control group and
MS1ECM, but no significance was reported. Downregulation of Ezh2 implying the loss
of H3K27me3 mark and thus loss of chromatin inhibition. The expression level of
Kdm6b had drastic changes, while no significance was found in Kdm6a. Control and
MSCECM had greater Kdm6b expression compared to purified group (p < 0.01) and
MS1ECM (p < 0.05) suggesting MSCs possibly underwent vigorous demethylation.
Albeit Kdm6b slightly upregulated in MS1ECM, no significance was found compared
to purified group (Fig. 13B). According to enzymatic genes expression levels, higher
H3K27me3 mark in MS1ECM was probably not owing to the methylation activity, but
to the alteration of demethylation since Ezh2 was comparable compared to control.
While Kdm6a showed no clear difference, lower Kdm6b expression in MS1ECM might
result in weaker demethylation activity thus remained more methyl mark on H3K27.
Freshly purified MSCs had higher Ezh2 and relative higher Kdm6a level compared to
62

doi:10.6342/NTU201601819

MS1ECM, indicating a more dynamic regulation of methylation and demethylation.
Interestingly, Kdm6b level of MS1ECM was in between of purified group versus control
and MSCECM group showing a transient state of MS1ECM. It is likely that the
extracellular matrix of MS1 cell line counteracted the inevitable upregulation of Kdm6b
during standard culture condition. Consequently, higher H3K27me3 mark was
conserved and higherH3K27me3 mark substantially conducted cell quiescence and
differentiation plasticity. The critical effector within the ECM however requires further
investigation.
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Fig. 13 MS1ECM had lower Kdm6b RNA level.
(A) Schematic demonstration on regulation of H3K27 mark. On lysine 27 residue of
histone H3, Ezh2 transfers methyl group. The demethylases Kdm6a and Kdm6b have
antagonistic effect where methyl mark was erased by the two demethylase
independently. (B) Quantitative RNA expression level of Ezh2, Kdm6a and Kdm6b.
MS1ECM had significantly lower Kdm6b expression than control, whilst Ezh2 and
Kdm6a remained comparable. Higher global H3K27me3 mark could possibly resulted
from lower Kdm6b expression level. Data was calibrated with Gapdh then standardized
with expression level of fresh MSCs. Abbreviation listed as below: H3: histone H3;
Ezh2: Enhancer of zeste homolog 2; Kdm6a: Lysine (K)-Specific Demethylase 6A;
Kdm6b: Lysine (K)-Specific Demethylase 6B. Red asterisk stands for methyl group. (*
p < 0.05, ** p < 0.01)
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Chapter 5
5.1

Discussion

MSCs-derived ECM only partially construct their own
stem cell niche

Previous studies have successfully improved MSCs proliferation and osteogenic
differentiation with MSCs-derived ECM. MSCs cultured on freshly isolated
MSCs-derived ECM had more colonies compared to standard plastic dish or dish coated
with either fibronectin or collagen I. MSCs cultured on MSCECM exerted higher
osteogenic genes and greater osteoblast colonies. One of the possible mechanism is that
ECM sequestered BMPs and prevent spontaneous commitment during in vitro culture
(Chen et al., 2007). Another study coated MSCs-derived ECM on porous titanium fiber
scaffold (marked as Ti/ECM) to culture MSCs. MSCs cultured on Ti/ECM significantly
enhanced proliferation and osteogenic potential compared to cultured either only on
scaffold or only on ECM (Datta et al., 2005). When aged MSCs maintained on young
MSCs-derived ECM, the deteriorating proliferation and osteogenic capacity in concert
with telomerase activity could be rescued (Sun et al., 2011). Co-transplantation of
MSCs and MSCs-derived MSCs facilitated wound healing and osteoregeneration in a
mouse calvarial bone fracture model (Zeitouni et al., 2012). While MSCs self-derived
ECM preserved proliferation and osteogenic differentiation in other studies, our study
showed that no significance has been found in proliferation (Fig. 5), day 14 of
osteogenic differentiation (Fig. 6C), adipogenic differentiation (Fig. 8) and
chondrogenic differentiation (Fig. 9B) compared to standard culture procedure. MTT
assay even pointed out that MSCECM had slightly fewer cell count compared to control.
The discrepancy was possibly due to the fact that the preparation of MSCs-derived
ECM of other studies was from freshly isolated MSCs (passage 1), and the cells for
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preparation of ECM in this study were from passage 2 or 3. The advanced exposure to
later passage derived ECM turned out showing no positive effects on maintaining MSCs
stemness. It demonstrated that MSCs-derived ECM could only partially orchestrate their
very own stem cell niche since stemness could be preserved only if the ECM is
constituted by fresh MSCs. Using MSCs-derived ECM to expand cells is not an
appropriate approach on the prospect of cell therapies. One thing is that the scarce
nature of MSCs is the fundamental reason why ex vivo expansion is obligatory. The
paradox lies between that it is extravagant to exploit freshly isolated MSCs to prepare
ECM, but meanwhile late passage derived-ECM fails to maintain stemness.

5.2

Contradiction

of

endothelial

ECM

on

MSCs

proliferation
When MSCs were separated from endothelial ECM, the MTT assay reported that MSCs
remained quiescent and did not enter excessive replications until 9 days. It is likely that
MSCs cultured on endothelial ECM remained replicative dormancy, which may bring
adverse impact to this study since the original purpose was to provide a feasible
approach to expand MSCs. Contradictory to MTT assay, cell count during passaging
demonstrated more MSCs were harvested on endothelial ECM than conventional
culture condition. Assuming that endothelial ECM gave a quiescent guide to MSCs,
thus even the guide was secluded from MSCs, they could still remain quiescent. Why
would quiescent signals end up contributing more cells? The seeding density during
passaging in our study was 5×104 cells per cm2, approximately 50% of confluence.
Passaging took place after 48 hours of culture and generally MSCs from all groups
reached confluence. Previous study reported that population doubling of BMMSCs
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ranges between 20 to 40 hours (Cheng et al., 2012). Thus, MSCs possibly went on more
than one time of replication in our study. If the passaging occurs when the first groups is
confluent, then cell number in endothelial ECM probably might be same or even fewer
compared to other groups. Since MSCs on endothelial ECM appeared slenderer with
organized orientation, the petri dish was capable of accommodating more cells. This is
the possible reason why more MSCs were harvested on endothelial ECM, and it could
be a more efficient way to amplify MSCs without undergo excessive passaging. Another
possible reason is different plating density between MTT assay and expansion
procedure. Cells expressed variable growth kinetics with different initial seeding density.
Optimal plating density guaranteed cells with proper proliferation. For example, diluted
or overcrowded plating density reduced population doublings of fibroblasts (Balin et al.,
2002). In MTT assay, the seeding density is 1650 cells per cm2. During passaging, the
seeding density is 5×104 cells per cm2. The diluted seeding density might affect the
growth kinetics, but in the end of the day, the proliferative potential was not
compromised in endothelial ECM.

5.3

Endothelial ECM and CM expressed diverse influences
on MSCs proliferation.

Our study reported that both AECCM and MS1CM promoted MSCs proliferation in the
first 9 days of culture in MTT assay. By contrast, MSCs retained slow cell cycle if
previously cultured on endothelial ECM (Fig. 5). It is interesting that different
derivatives from the same type of cells have opposite influence on MSCs. A previous
study cultured MSCs with HUVECs-derived CM reported colonies increased in size and
number (Saleh et al., 2011a). In accordance with our discoveries, the study reported that
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endothelial-derived CM stimulated the replication of MSCs. Same group cultured MSCs
directly with HUVECs and found out that MSCs remained quiescent reported by lower
Ki-67 expression (Saleh et al., 2011b). Since endothelial soluble factors promoted
MSCs proliferation, the quiescence was either caused by direct cell contact or cell-ECM
contact or both. Combining our study, endothelial ECM orchestrated MSCs dormancy
as primitive stem cells regardless whether direct cell contact has impact on it. Based on
the observation, it seems that endothelial CM asserts to be more efficient on population
amplification, but one thing to take into account is whether the population of cells in
endothelial CM still remain as stem cells. On the transit amplifying cell theory, cells in
the transition state between stem cells and terminally differentiated cells undergo
progressive duplication but already committed to certain lineage (Potten and Loeffler,
1990). It is probable that endothelial CM drives MSCs into commitment state and hence
promotes proliferation. In other words, the differentiation plasticity should take into
consideration. Our study demonstrated both ECs-derived ECM and soluble factors
increased osteogenesis in agreement with other studies (Fig. 7). However, MSCs
previously cultured on AECCM didn’t enhance adipogenic potential (Fig. 9), and MSCs
expanded on MS1CM had weaker chondrogenesis (Fig. 10). The compromised
differentiation ability insinuated that soluble factors-facilitated population amplification
was possibly due to transit amplifying osteo-committed cells.
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5.4

Small vessels-derived ECs conserved MSCs lineage
plasticity

Previous studies demonstrated that bone marrow-derived MSCs cultured with ECs
improved osteogenesis (Guerrero et al., 2013; Thebaud et al., 2012). However, when
BMMSCs cultured with HUVECs or HUVECs-derived CM, the adipogenic potential
reduced or maintained comparable (Saleh et al., 2011a; Saleh et al., 2011b). These
studies demonstrated that HUVECs were not able to increase the differentiation
plasticity of BMMSCs. One possible reason is that the origins of MSCs predispose the
differentiation preferences. It is reported that periosteum-derived MSCs and
adipose-derived MSCs expressed diverse lineage specification. Periosteum-derived
MSCs had greater osteogenic and chondrogenic potential with weaker adipogenic
potential. On the other hand, adipose-derived MSCs had superior adipogenic
differentiation with feeble osteogenic and chondrogenic differentiation (Yoshimura et al.,
2007). The differentiation preferences of MSCs based on the origins explained why
BMMSCs couldn’t preserve adipogenic potential when cultured with HUVECs in the
previous studies. In our study, aside from the fact that all endothelial derivatives
enhanced osteogenesis, MS1CM elevated total neutral lipid accumulation compared to
AECECM, while MS1ECM had highest Oil Red O-stained population (Fig. 9B and C).
MSCs maintained on MS1ECM also showed better chondrogenic differentiation. These
findings indicated that small vessels-derived ECs counteracted the limited commitment
specification and conserved differentiation plasticity while AECs and HUVECs couldn’t.
Since MSCs expanded on MS1ECM duplicated more times than standard culture
condition (Table 2 and Fig. 6), the preservation of differentiation plasticity was not
because MSCs underwent fewer replications on MS1ECM, and instead, it was because
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of signals given from MS1ECM. The above findings explained that ECM derived from
small vessels ECs but not large vessels ECs helped preserve MSCs stemness, which was
cohesive with previous studies that BMMSCs anchored on vascular wall of sinusoidal
ECs (Sacchetti et al., 2007; Sugiyama et al., 2006). ECs from large and small vessels
had diverse gene expression patterns. Large vessels ECs tended to express genes
involving in biosynthesis of ECM including fibronectin, collagen 5α1, collagen 5α2 and
osteonectin, which were likely related to thick wall structures around the endothelial
cells of large vessels. On the other hand, small vessels ECs inclined to express genes
concerning basement membrane proteins, such as laminin, collagen 4α1, collagen 4α2
and ECM-interacting proteins like a collection of integrins. It was probably resulted
from intimate association with basement membrane and ECM layer of microvascular
ECs (Chi et al., 2003). The difference in gene expression profile might contribute to
variable composition between ECM from large vessels ECs and small vessels ECs.
Furthermore, the diverse components of ECM from different ECs possibly affects
MSCs stemness in our study.

5.5

Aortic endothelial cells triggered MSCs osteogenesis

In our study, MSCs expressed higher osteogenic genes in aortic derivatives than MS1
derivatives. For example, Runx2 and Alp expression on day 3 and day 7, Spp1
expression on day 7 and Sparc on day 3 in CM group. Runx2 on day 3, Alp on day 7 and
14 and Bglap1 on day7 in ECM group (Fig. 8). Aortic endothelial cells are likely
exerted more profound osteogenesis than islet of Langerhans-derived endothelial cells.
This phenomenon corresponds to pathological calcification usually takes place in
arteries. Mineral deposition in major arteries is prevalent in aged people, which reduces
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arterial elasticity and correlates with substantial risk factors for calcified atherosclerosis
(Allison et al., 2004). Patients with chronic renal diseases also found calcified vessels
but only restricted to arteries (Amann, 2008). Evidence has been given that calcification
tends to occur in arteries, and the arterial calcification was carried out by pericytes. In
human calcified atherosclerotic plaque, BMP-2a expression was detected. Cells cultured
from the aortic wall, which formed calcified nodules were also expressed BMP-2a.
These cells had similar characterization as pericytes (Bostrom et al., 1993). 3G5 labeled
pericytes situating adventitial location were found colocolized with osteopontin, an
important protein for osteogenesis, demonstrating it was pericytes but not endothelial
cells that were responsible for arterial calcification (Watson et al., 1994). The fact that
pericytes undergoing calcification in arteries in turn coheres with our result that
AECs-derivatives induces higher transcript level of osteogenesis genes.

5.6

Other histone modifications on MSCs identity

Histone modifications are far more than just on the H3K27 residues. There are at least 8
types of modifications while on different histones and residues. Methylation and
acetylation have been extensively studied on active or inactive transcription state.
Trimethylation on histone H3 lysine 4 (H3K4me3), histone H3 lysine 36 (H3K36me3)
and histone H3 lysine 79 (H3K79me3) represent actively transcribed euchromatin,
whereas trimethylated histone H3 lysine 9 (H3K9me3), histone H3 lysine 27
(H3K27me3) and histone H4 lysine 20 (H4K20me3) correlate with silent
heterochromatin state (Kouzarides, 2007). Acetylation generally renders a loose
chromatin structure which allows more accessibility for transcription factors to bind on
DNA, and consequently results in active transcription state (Lee et al., 1993). ESCs
71

doi:10.6342/NTU201601819

have been found holding bivalent H3K4me3/H3K27me3 bond to silence developmental
genes, meanwhile poised for activation. The bivalent modification marked as
pluripotency maintenance (Azuara et al., 2006; Bernstein et al., 2006). H3K9me3 acted
as another repressive mark concerning heterochromatin formation (Rea et al., 2000).
While H3K4me3/H3K27me3 bivalent bond was found in ESCs, MSCs adapted
alternative bivalent signatures. Lineage committed MSCs paired H3K4me3/H3K9me3
bivalent chromatin signature and poised for activation of adipogenic master regulatory
genes (Matsumura et al., 2015). Thus, in addition to global H3K27me3 signature, it is
interesting to profile other global histone modifications such as H3K4me3, H3K9me3
and histone acetylation among control, MSCECM and MS1ECM as well as freshly
isolated MSCs to understand full picture of the influence of MS1ECM on MSC
chromatin signature.

5.7

Consecutive

passaging

downregulated

enzymatic

dynamic on H3K27
Quantitative PCR revealed downregulation of Ezh2 and Kdm6a in both control and
MS1ECM (both from passage 3) compared to freshly isolated MSCs (passage 0) (Fig.
13B). The decreased transcript levels of both methyltransferase and demethylase
implied that the dynamics of histone regulation declined during passaging. Surprisingly,
the expression level of Ezh2 and Kdm6a were slightly upregulated in MSCECM
(passage 3). The actual mechanism relies on further study.
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5.8

ECM as a critical effector on MSCs stemness

ECM from small vessels-derived ECs had better outcome on MSCs stemness
preservation than MSCs-derived ECM and AECs-derived ECM. It is likely that ECM
physical and chemical signatures might play a critical role on it. ECM stiffness has been
proved regulating cell proliferation and differentiation. Fibroblasts cultured on stiffer
matrix showed better proliferation (Hadjipanayi et al., 2009). Also, matrix stiffness
directly determined lineage specification MSCs (Engler et al., 2006). Whether stiffness
of MSCECM, AECECM and MS1ECM are different and whether the differences alter
MSCs stemness require further research. The composition of ECM could possibly play
an important role. ECM consists of fibronectins, collagens, laminin, HSPGs and
chondroitin sulfate proteoglycans (CSPGs). Our preliminary data showed higher HSPGs
content in AECECM compared to MSCECM and MS1ECM (data not shown). HSPGs
bind to multiple growth factors such as FGF-2, TGF-β and HGF (Butzow et al., 1993;
Faham et al., 1996; Lyon et al., 1994). The binging of multiple morphogens might
influence MSCs. What’s more, it is likely that ECM-derived from different cells have
distinct compositions, and might also direct MSCs activities. This speculation requires
further investigation, but the insoluble components of mesh network and soluble
bioactive factors but sequestered in the small vessels-derived ECM might be the key
effectors to preserve MSCs stemness.
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5.9

Is ratio of axis a sufficient indicator for juvenility?

It is well acknowledged that juvenile MSCs have obvious spindle-shape appearance and
lose this characteristic in senile cells. Hence, in this study, ration of long-short axis was
quantified to deliberate the extent of the juvenility. However, the assessment based on
morphology was a bit short to be solely convincing to describe the juvenility of MSCs.
It is recommended that more criteria of senescence grading should be enrolled,
including SA-β-gal, mTRF length and expression level of p53, p16 and p21 (Baxter et
al., 2004; Galderisi et al., 2009; Serrano et al., 1993; Stolzing et al., 2008). Albeit this
study focused on stemness evaluation which mainly embodies proliferative capability
and differentiation elasticity rather than assessing extent of senescence, it is interesting
to take more senescence-related markers into consideration for more complete depiction
on both stemness and senescence.

5.10 What if the improved performance was conducted by
pre-coated collagen I rather than cell-derived ECM?
In all ECM groups, cells were introduced to collagen I plate to prepare ECM-coated
plate. This might led to potential bias that improved performance on ECM groups was
actually due to collagen I rather than cell-derived ECM. One reason to overrule this bias
is that all statistical analyses compared in ECM groups, MSCECM acted as a standard
control. Since all ECM plates were coated with collagen I, the possible bias was no
longer valid. Another explanation is that when compared with standard culture
condition (no collagen I coated) and MSCECM (plates were pre-coated with collagen I),
proliferation and differentiation assays remained comparable between the two, which
demonstrated that collagen I had little effects on stemness enhancement. Our discovery
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also correspond to previous study. When MSCs were cultured on ECM prepared by
MSCs and collagen I coated plates, MSCs cultured on self-derived ECM had
significantly greater colony forming units (CFU) counts and osteogenic differentiation
(Chen et al., 2007). In conclusion, the effects of MS1ECM on MSCs stemness
preservation was not conducted by pre-coated collagen I rather than MS1 cell
line-derived ECM.

5.11 Is Kdm6b/ H3k27 mark the key to MSCs stemness?
Our data demonstrated that MSCs cultured on MS1ECM had profoundly lower Kdm6b
transcript level compared to standard culture and MSCs cultured on MSCECM, while
no significance was reported compared to freshly isolated MSCs which have never been
passaged before (Fig. 13B). It seemed like that MS1ECM could prevent the reluctant
upregulation of Kdm6b and thus kept higher H3K27me3 mark (Fig 12). Although the
transcript level of Kdb6b was lower, whether Kdb6b protein level or enzymatic activity
also remained lower when cultured on MS1ECM relied further investigation to solidify
the declaration that higher H3K27me3 was directed by lower Kdb6b expression.
Correlative evidence pointed out that high H3K27me3 mark with low Kdm6b
expression and preserved stemness in MS1ECM group. Consequently, it was possible
that the very inhibitory chromatin signature resulted in inactivated transcription and
conservation of MSCs stemness. To strengthen the statement, gain-of-function and
loss-of-function assay of H3K27me3 mark and Kdm6b were required. For example,
enhanced expression level of Kdm6b which leads to low H3K27me3 mark might
abolished the proliferative quiescence and differentiation plasticity observed in
MS1ECM, and decreased expression level of Kdm6b which leads to high H3K27me3
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mark might restore the proliferative quiescence and differentiation plasticity in standard
culture condition. With gain and loss-of-function analysis, a more striking interpretation
could be given.

5.12 Epigenetic changes before and after MSCs commitment
Epigenetic change has been prove crucial for MSCs commitment. For example, removal
of H3K27me3 mark at the promoter region of osteogenic related genes, such as HOX,
BMP-2 and BMP-4 was necessary for osteogenic differentiation (Ye et al., 2012). Also,
adipogenic commitment required elimination of H3K9me3 mark at the promoter
regions of master regulatory genes C/EBPα and PPARγ (Matsumura et al., 2015). In our
study, MSCs had higher H3K27me3 mark when cultured on MS1ECM (Fig. 12). Once
induced, MSC cultured on MS1ECM had higher Runx2 expression and other osteogenic
genes in response (Fig. 8). It is likely that the high level of repression mark H3K27me3
could quench spontaneous commitment of MSCs but the inactivation marks on certain
lineage commitment genes could be rapidly erased when stimuli were introduced. It will
be interesting to unveil the change of H3K27me3 mark in concert with Kdm6b level
before and after differentiation induction. In addition, chromatin immunoprecipitation
coupled with quantitative PCR detection (ChIP-qPCR) could reveal the change of
H3K27me3 mark at the promoter regions of lineage specific genes like Runx2, Pparγ
before and after administration of induction to further confirm that better differentiation
plasticity is contributed by prevention of random commitment.
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5.13 Epigenetic changes of MSCs from quiescence to
excessive cell cycle.
In our MTT assay, MSCs remained dormant and didn’t enter active replication after 9
days of incubation (Fig. 5). It will be interesting to understand what caused the dramatic
change. One possible mechanism is that the epigenetic memory given by endothelial
ECM was no longer sufficient and thus cells entered excessive cell cycle. Since
H3K27me3 and H3K9me3 mark were all interpreted as transcriptional inactivation
signals, it is likely the change of these marks result in shift of cell cycle. Further
investigation was required on assessments of global H3K27me3 and H3K9me3 mark
and immunochemistry locating marks within cells.
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Chapter 6

Conclusion

Based on this study, we reported small vessels-derived ECM (MS1ECM) preserves
juvenile morphology, quiescence, differentiation plasticity of MSCs, elucidating that
MS1ECM preserves MSCs stemness. The possible mechanism is that MS1ECM shaped
MSCs a transcriptional inactivation chromatin signature with higher H3K27me3 mark.
Greater H3K27me3 mark was conducted by lower Kdm6b expression (Fig. 14). This
study potentially provides not only a supportive evidence that MSCs reside in a
perivascular niche, but also a novel approach for MSCs in vitro expansion.

Fig. 14 Depiction of MS1ECM preserves MSCs stemness and possible mechanism.

78

doi:10.6342/NTU201601819

REFERENCE
Aggarwal, S., and Pittenger, M.F. (2005). Human mesenchymal stem cells modulate
allogeneic immune cell responses. Blood 105, 1815-1822.
Agger, K., Cloos, P.A., Christensen, J., Pasini, D., Rose, S., Rappsilber, J., Issaeva, I.,
Canaani, E., Salcini, A.E., and Helin, K. (2007). UTX and JMJD3 are histone
H3K27 demethylases involved in HOX gene regulation and development.
Nature 449, 731-734.
Akiyama, K., Chen, C., Wang, D., Xu, X., Qu, C., Yamaza, T., Cai, T., Chen, W., Sun,
L., and Shi, S. (2012a). Mesenchymal-stem-cell-induced immunoregulation
involves FAS-ligand-/FAS-mediated T cell apoptosis. Cell stem cell 10,
544-555.
Akiyama, K., You, Y.O., Yamaza, T., Chen, C., Tang, L., Jin, Y., Chen, X.D., Gronthos,
S., and Shi, S. (2012b). Characterization of bone marrow derived mesenchymal
stem cells in suspension. Stem Cell Res Ther 3, 40.
Allison, M.A., Criqui, M.H., and Wright, C.M. (2004). Patterns and risk factors for
systemic calcified atherosclerosis. Arterioscler Thromb Vasc Biol 24, 331-336.
Amann, K. (2008). Media calcification and intima calcification are distinct entities in
chronic kidney disease. Clin J Am Soc Nephrol 3, 1599-1605.
Andreeva, E.R., Pugach, I.M., Gordon, D., and Orekhov, A.N. (1998). Continuous
subendothelial network formed by pericyte-like cells in human vascular bed.
Tissue Cell 30, 127-135.
Armulik, A., Abramsson, A., and Betsholtz, C. (2005). Endothelial/pericyte interactions.
Circulation research 97, 512-523.
Asari, S., Itakura, S., Ferreri, K., Liu, C.P., Kuroda, Y., Kandeel, F., and Mullen, Y.
79

doi:10.6342/NTU201601819

(2009). Mesenchymal stem cells suppress B-cell terminal differentiation. Exp
Hematol 37, 604-615.
Augello, A., Tasso, R., Negrini, S.M., Amateis, A., Indiveri, F., Cancedda, R., and
Pennesi, G. (2005). Bone marrow mesenchymal progenitor cells inhibit
lymphocyte proliferation by activation of the programmed death 1 pathway. Eur
J Immunol 35, 1482-1490.
Azuara, V., Perry, P., Sauer, S., Spivakov, M., Jorgensen, H.F., John, R.M., Gouti, M.,
Casanova, M., Warnes, G., Merkenschlager, M., et al. (2006). Chromatin
signatures of pluripotent cell lines. Nat Cell Biol 8, 532-538.
Balin, A.K., Fisher, A.J., Anzelone, M., Leong, I., and Allen, R.G. (2002). Effects of
establishing cell cultures and cell culture conditions on the proliferative life span
of human fibroblasts isolated from different tissues and donors of different ages.
Exp Cell Res 274, 275-287.
Banfi, A., Muraglia, A., Dozin, B., Mastrogiacomo, M., Cancedda, R., and Quarto, R.
(2000). Proliferation kinetics and differentiation potential of ex vivo expanded
human bone marrow stromal cells: Implications for their use in cell therapy. Exp
Hematol 28, 707-715.
Baxter, M.A., Wynn, R.F., Jowitt, S.N., Wraith, J.E., Fairbairn, L.J., and Bellantuono, I.
(2004). Study of telomere length reveals rapid aging of human marrow stromal
cells following in vitro expansion. Stem cells 22, 675-682.
Bernstein, B.E., Mikkelsen, T.S., Xie, X., Kamal, M., Huebert, D.J., Cuff, J., Fry, B.,
Meissner, A., Wernig, M., Plath, K., et al. (2006). A bivalent chromatin structure
marks key developmental genes in embryonic stem cells. Cell 125, 315-326.
Bonab, M.M., Alimoghaddam, K., Talebian, F., Ghaffari, S.H., Ghavamzadeh, A., and
Nikbin, B. (2006). Aging of mesenchymal stem cell in vitro. BMC Cell Biol 7,
80

doi:10.6342/NTU201601819

14.
Bostrom, K., Watson, K.E., Horn, S., Wortham, C., Herman, I.M., and Demer, L.L.
(1993). Bone morphogenetic protein expression in human atherosclerotic lesions.
J Clin Invest 91, 1800-1809.
Boyer, L.A., Plath, K., Zeitlinger, J., Brambrink, T., Medeiros, L.A., Lee, T.I., Levine,
S.S., Wernig, M., Tajonar, A., Ray, M.K., et al. (2006). Polycomb complexes
repress developmental regulators in murine embryonic stem cells. Nature 441,
349-353.
Butzow, R., Fukushima, D., Twardzik, D.R., and Ruoslahti, E. (1993). A 60-kD protein
mediates the binding of transforming growth factor-beta to cell surface and
extracellular matrix proteoglycans. J Cell Biol 122, 721-727.
Caplan, A.I. (1991). Mesenchymal stem cells. J Orthop Res 9, 641-650.
Caplan, A.I., and Correa, D. (2011). The MSC: an injury drugstore. Cell stem cell 9,
11-15.
Chamberlain, G., Fox, J., Ashton, B., and Middleton, J. (2007). Concise review:
Mesenchymal

stem

cells:

Their

phenotype,

differentiation

capacity,

immunological features, and potential for homing. Stem cells 25, 2739-2749.
Chen, L., Tredget, E.E., Wu, P.Y., and Wu, Y. (2008). Paracrine factors of mesenchymal
stem cells recruit macrophages and endothelial lineage cells and enhance wound
healing. PloS one 3, e1886.
Chen, X.D., Dusevich, V., Feng, J.Q., Manolagas, S.C., and Jilka, R.L. (2007).
Extracellular matrix made by bone marrow cells facilitates expansion of
marrow-derived mesenchymal progenitor cells and prevents their differentiation
into osteoblasts. J Bone Miner Res 22, 1943-1956.
Cheng, C.C., Lian, W.S., Hsiao, F.S., Liu, I.H., Lin, S.P., Lee, Y.H., Chang, C.C., Xiao,
81

doi:10.6342/NTU201601819

G.Y., Huang, H.Y., Cheng, C.F., et al. (2012). Isolation and characterization of
novel murine epiphysis derived mesenchymal stem cells. PloS one 7, e36085.
Chi, J.T., Chang, H.Y., Haraldsen, G., Jahnsen, F.L., Troyanskaya, O.G., Chang, D.S.,
Wang, Z., Rockson, S.G., van de Rijn, M., Botstein, D., et al. (2003). Endothelial
cell diversity revealed by global expression profiling. Proc Natl Acad Sci U S A
100, 10623-10628.
Choi, M.R., Kim, H.Y., Park, J.Y., Lee, T.Y., Baik, C.S., Chai, Y.G., Jung, K.H., Park,
K.S., Roh, W., Kim, K.S., et al. (2010). Selection of optimal passage of bone
marrow-derived mesenchymal stem cells for stem cell therapy in patients with
amyotrophic lateral sclerosis. Neurosci Lett 472, 94-98.
Corcione, A., Benvenuto, F., Ferretti, E., Giunti, D., Cappiello, V., Cazzanti, F., Risso,
M., Gualandi, F., Mancardi, G.L., Pistoia, V., et al. (2006). Human mesenchymal
stem cells modulate B-cell functions. Blood 107, 367-372.
Covas, D.T., Piccinato, C.E., Orellana, M.D., Siufi, J.L., Silva, W.A., Jr., Proto-Siqueira,
R., Rizzatti, E.G., Neder, L., Silva, A.R., Rocha, V., et al. (2005). Mesenchymal
stem cells can be obtained from the human saphena vein. Exp Cell Res 309,
340-344.
Crisan, M., Yap, S., Casteilla, L., Chen, C.W., Corselli, M., Park, T.S., Andriolo, G., Sun,
B., Zheng, B., Zhang, L., et al. (2008). A perivascular origin for mesenchymal
stem cells in multiple human organs. Cell stem cell 3, 301-313.
da Silva Meirelles, L., Chagastelles, P.C., and Nardi, N.B. (2006). Mesenchymal stem
cells reside in virtually all post-natal organs and tissues. J Cell Sci 119,
2204-2213.
Datta, N., Holtorf, H.L., Sikavitsas, V.I., Jansen, J.A., and Mikos, A.G. (2005). Effect of
bone extracellular matrix synthesized in vitro on the osteoblastic differentiation
82

doi:10.6342/NTU201601819

of marrow stromal cells. Biomaterials 26, 971-977.
Dellatore, S.M., Garcia, A.S., and Miller, W.M. (2008). Mimicking stem cell niches to
increase stem cell expansion. Curr Opin Biotechnol 19, 534-540.
Di Nicola, M., Carlo-Stella, C., Magni, M., Milanesi, M., Longoni, P.D., Matteucci, P.,
Grisanti, S., and Gianni, A.M. (2002). Human bone marrow stromal cells
suppress T-lymphocyte proliferation induced by cellular or nonspecific
mitogenic stimuli. Blood 99, 3838-3843.
Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause, D.,
Deans, R., Keating, A., Prockop, D., and Horwitz, E. (2006). Minimal criteria
for defining multipotent mesenchymal stromal cells. The International Society
for Cellular Therapy position statement. Cytotherapy 8, 315-317.
Engler, A.J., Sen, S., Sweeney, H.L., and Discher, D.E. (2006). Matrix elasticity directs
stem cell lineage specification. Cell 126, 677-689.
Faham, S., Hileman, R.E., Fromm, J.R., Linhardt, R.J., and Rees, D.C. (1996). Heparin
structure and interactions with basic fibroblast growth factor. Science 271,
1116-1120.
Franco, M., Roswall, P., Cortez, E., Hanahan, D., and Pietras, K. (2011). Pericytes
promote endothelial cell survival through induction of autocrine VEGF-A
signaling and Bcl-w expression. Blood 118, 2906-2917.
Friedenstein, A.J., Petrakova, K.V., Kurolesova, A.I., and Frolova, G.P. (1968).
Heterotopic of bone marrow. Analysis of precursor cells for osteogenic and
hematopoietic tissues. Transplantation 6, 230-247.
Fuchs, E., Tumbar, T., and Guasch, G. (2004). Socializing with the neighbors: stem cells
and their niche. Cell 116, 769-778.
Galderisi, U., Helmbold, H., Squillaro, T., Alessio, N., Komm, N., Khadang, B.,
83

doi:10.6342/NTU201601819

Cipollaro, M., Bohn, W., and Giordano, A. (2009). In vitro senescence of rat
mesenchymal stem cells is accompanied by downregulation of stemness-related
and DNA damage repair genes. Stem cells and development 18, 1033-1042.
Gang, E.J., Bosnakovski, D., Figueiredo, C.A., Visser, J.W., and Perlingeiro, R.C.
(2007). SSEA-4 identifies mesenchymal stem cells from bone marrow. Blood
109, 1743-1751.
Guerrero, J., Catros, S., Derkaoui, S.M., Lalande, C., Siadous, R., Bareille, R., Thebaud,
N., Bordenave, L., Chassande, O., Le Visage, C., et al. (2013). Cell interactions
between human progenitor-derived endothelial cells and human mesenchymal
stem cells in a three-dimensional macroporous polysaccharide-based scaffold
promote osteogenesis. Acta Biomater 9, 8200-8213.
Guilak, F., Cohen, D.M., Estes, B.T., Gimble, J.M., Liedtke, W., and Chen, C.S. (2009).
Control of stem cell fate by physical interactions with the extracellular matrix.
Cell stem cell 5, 17-26.
Hadjipanayi, E., Mudera, V., and Brown, R.A. (2009). Close dependence of fibroblast
proliferation on collagen scaffold matrix stiffness. J Tissue Eng Regen Med 3,
77-84.
Harada, H., Tagashira, S., Fujiwara, M., Ogawa, S., Katsumata, T., Yamaguchi, A.,
Komori, T., and Nakatsuka, M. (1999). Cbfa1 isoforms exert functional
differences in osteoblast differentiation. J Biol Chem 274, 6972-6978.
Hemming, S., Cakouros, D., Isenmann, S., Cooper, L., Menicanin, D., Zannettino, A.,
and Gronthos, S. (2014). EZH2 and KDM6A act as an epigenetic switch to
regulate mesenchymal stem cell lineage specification. Stem cells 32, 802-815.
Herbig, U., Jobling, W.A., Chen, B.P., Chen, D.J., and Sedivy, J.M. (2004). Telomere
shortening triggers senescence of human cells through a pathway involving
84

doi:10.6342/NTU201601819

ATM, p53, and p21(CIP1), but not p16(INK4a). Mol Cell 14, 501-513.
in 'tAnker, P.S., Scherjon, S.A., Kleijburg-van der Keur, C., Noort, W.A., Claas, F.H.J.,
Willemze, R., Fibbe, W.E., and Kanhai, H.H.H. (2003). Amniotic fluid as a
novel source of mesenchymal stem cells for therapeutic transplantation. Blood
102, 1548-1549.
Jaiswal, N., Haynesworth, S.E., Caplan, A.I., and Bruder, S.P. (1997). Osteogenic
differentiation of purified, culture-expanded human mesenchymal stem cells in
vitro. J Cell Biochem 64, 295-312.
Jenuwein, T., and Allis, C.D. (2001). Translating the histone code. Science 293,
1074-1080.
Jiang, X.X., Zhang, Y., Liu, B., Zhang, S.X., Wu, Y., Yu, X.D., and Mao, N. (2005).
Human mesenchymal stem cells inhibit differentiation and function of
monocyte-derived dendritic cells. Blood 105, 4120-4126.
Johnstone, B., Hering, T.M., Caplan, A.I., Goldberg, V.M., and Yoo, J.U. (1998). In
vitro chondrogenesis of bone marrow-derived mesenchymal progenitor cells.
Exp Cell Res 238, 265-272.
Kaigler, D., Krebsbach, P.H., West, E.R., Horger, K., Huang, Y.C., and Mooney, D.J.
(2005). Endothelial cell modulation of bone marrow stromal cell osteogenic
potential. FASEB J 19, 665-667.
Keating, A. (2012). Mesenchymal stromal cells: new directions. Cell stem cell 10,
709-716.
Kebriaei, P., Isola, L., Bahceci, E., Holland, K., Rowley, S., McGuirk, J., Devetten, M.,
Jansen, J., Herzig, R., Schuster, M., et al. (2009). Adult human mesenchymal
stem cells added to corticosteroid therapy for the treatment of acute
graft-versus-host disease. Biology of blood and marrow transplantation : journal
85

doi:10.6342/NTU201601819

of the American Society for Blood and Marrow Transplantation 15, 804-811.
Kern, S., Eichler, H., Stoeve, J., Kluter, H., and Bieback, K. (2006). Comparative
analysis of mesenchymal stem cells from bone marrow, umbilical cord blood, or
adipose tissue. Stem cells 24, 1294-1301.
Kim, J., Kim, H.N., Lim, K.T., Kim, Y., Pandey, S., Garg, P., Choung, Y.H., Choung,
P.H., Suh, K.Y., and Chung, J.H. (2013). Synergistic effects of nanotopography
and co-culture with endothelial cells on osteogenesis of mesenchymal stem cells.
Biomaterials 34, 7257-7268.
Kobayashi, M., Inoue, K., Warabi, E., Minami, T., and Kodama, T. (2005). A simple
method of isolating mouse aortic endothelial cells. J Atheroscler Thromb 12,
138-142.
Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128, 693-705.
Krampera, M., Cosmi, L., Angeli, R., Pasini, A., Liotta, F., Andreini, A., Santarlasci, V.,
Mazzinghi, B., Pizzolo, G., Vinante, F., et al. (2006). Role for interferon-gamma
in the immunomodulatory activity of human bone marrow mesenchymal stem
cells. Stem cells 24, 386-398.
Kuzmichev, A., Nishioka, K., Erdjument-Bromage, H., Tempst, P., and Reinberg, D.
(2002). Histone methyltransferase activity associated with a human multiprotein
complex containing the Enhancer of Zeste protein. Genes Dev 16, 2893-2905.
Lachner, M., and Jenuwein, T. (2002). The many faces of histone lysine methylation.
Curr Opin Cell Biol 14, 286-298.
Le Blanc, K., Frassoni, F., Ball, L., Locatelli, F., Roelofs, H., Lewis, I., Lanino, E.,
Sundberg, B., Bernardo, M.E., Remberger, M., et al. (2008). Mesenchymal stem
cells for treatment of steroid-resistant, severe, acute graft-versus-host disease: a
phase II study. Lancet 371, 1579-1586.
86

doi:10.6342/NTU201601819

Lee, D.Y., Hayes, J.J., Pruss, D., and Wolffe, A.P. (1993). A positive role for histone
acetylation in transcription factor access to nucleosomal DNA. Cell 72, 73-84.
Lindahl, P., Johansson, B.R., Leveen, P., and Betsholtz, C. (1997). Pericyte loss and
microaneurysm formation in PDGF-B-deficient mice. Science 277, 242-245.
Lyon, M., Deakin, J.A., Mizuno, K., Nakamura, T., and Gallagher, J.T. (1994).
Interaction of hepatocyte growth factor with heparan sulfate. Elucidation of the
major heparan sulfate structural determinants. J Biol Chem 269, 11216-11223.
Mackay, A.M., Beck, S.C., Murphy, J.M., Barry, F.P., Chichester, C.O., and Pittenger,
M.F. (1998). Chondrogenic differentiation of cultured human mesenchymal stem
cells from marrow. Tissue Eng 4, 415-428.
Matsumura, Y., Nakaki, R., Inagaki, T., Yoshida, A., Kano, Y., Kimura, H., Tanaka, T.,
Tsutsumi, S., Nakao, M., Doi, T., et al. (2015). H3K4/H3K9me3 Bivalent
Chromatin Domains Targeted by Lineage-Specific DNA Methylation Pauses
Adipocyte Differentiation. Mol Cell 60, 584-596.
Meisel, R., Zibert, A., Laryea, M., Gobel, U., Daubener, W., and Dilloo, D. (2004).
Human bone marrow stromal cells inhibit allogeneic T-cell responses by
indoleamine 2,3-dioxygenase-mediated tryptophan degradation. Blood 103,
4619-4621.
Moll, G., Alm, J.J., Davies, L.C., von Bahr, L., Heldring, N., Stenbeck-Funke, L.,
Hamad, O.A., Hinsch, R., Ignatowicz, L., Locke, M., et al. (2014). Do
cryopreserved mesenchymal stromal cells display impaired immunomodulatory
and therapeutic properties? Stem cells 32, 2430-2442.
Munn, D.H., Zhou, M., Attwood, J.T., Bondarev, I., Conway, S.J., Marshall, B., Brown,
C., and Mellor, A.L. (1998). Prevention of allogeneic fetal rejection by
tryptophan catabolism. Science 281, 1191-1193.
87

doi:10.6342/NTU201601819

Murphy, M.B., Moncivais, K., and Caplan, A.I. (2013). Mesenchymal stem cells:
environmentally responsive therapeutics for regenerative medicine. Exp Mol
Med 45, e54.
Muschler, G.F., Boehm, C., and Easley, K. (1997). Aspiration to obtain osteoblast
progenitor cells from human bone marrow: the influence of aspiration volume. J
Bone Joint Surg Am 79, 1699-1709.
Narbona-Carceles, J., Vaquero, J., Suarez-Sancho, S., Forriol, F., and Fernandez-Santos,
M.E. (2014). Bone marrow mesenchymal stem cell aspirates from alternative
sources: is the knee as good as the iliac crest? Injury 45 Suppl 4, S42-47.
Nur, E.K.A., Ahmed, I., Kamal, J., Babu, A.N., Schindler, M., and Meiners, S. (2008).
Covalently attached FGF-2 to three-dimensional polyamide nanofibrillar
surfaces demonstrates enhanced biological stability and activity. Mol Cell
Biochem 309, 157-166.
O'Garra, A., and Vieira, P. (2004). Regulatory T cells and mechanisms of immune
system control. Nat Med 10, 801-805.
Orimo, H. (2010). The mechanism of mineralization and the role of alkaline
phosphatase in health and disease. J Nippon Med Sch 77, 4-12.
Otto, F., Thornell, A.P., Crompton, T., Denzel, A., Gilmour, K.C., Rosewell, I.R., Stamp,
G.W., Beddington, R.S., Mundlos, S., Olsen, B.R., et al. (1997). Cbfa1, a
candidate gene for cleidocranial dysplasia syndrome, is essential for osteoblast
differentiation and bone development. Cell 89, 765-771.
Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R., Mosca, J.D.,
Moorman, M.A., Simonetti, D.W., Craig, S., and Marshak, D.R. (1999).
Multilineage potential of adult human mesenchymal stem cells. Science 284,
143-147.
88

doi:10.6342/NTU201601819

Potten, C.S., and Loeffler, M. (1990). Stem cells: attributes, cycles, spirals, pitfalls and
uncertainties. Lessons for and from the crypt. Development 110, 1001-1020.
Ramalho-Santos, M., Yoon, S., Matsuzaki, Y., Mulligan, R.C., and Melton, D.A. (2002).
"Stemness": transcriptional profiling of embryonic and adult stem cells. Science
298, 597-600.
Rea, S., Eisenhaber, F., O'Carroll, D., Strahl, B.D., Sun, Z.W., Schmid, M., Opravil, S.,
Mechtler, K., Ponting, C.P., Allis, C.D., et al. (2000). Regulation of chromatin
structure by site-specific histone H3 methyltransferases. Nature 406, 593-599.
Rehman, J., Traktuev, D., Li, J.L., Merfeld-Clauss, S., Temm-Grove, C.J., Bovenkerk,
J.E., Pell, C.L., Johnstone, B.H., Considine, R.V., and March, K.L. (2004).
Secretion of angiogenic and antiapoptotic factors by human adipose stromal
cells. Circulation 109, 1292-1298.
Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, I.,
Tagliafico, E., Ferrari, S., Robey, P.G., Riminucci, M., et al. (2007).
Self-renewing osteoprogenitors in bone marrow sinusoids can organize a
hematopoietic microenvironment. Cell 131, 324-336.
Saleh, F.A., Whyte, M., Ashton, P., and Genever, P.G. (2011a). Regulation of
mesenchymal stem cell activity by endothelial cells. Stem cells and development
20, 391-403.
Saleh, F.A., Whyte, M., and Genever, P.G. (2011b). Effects of endothelial cells on
human mesenchymal stem cell activity in a three-dimensional in vitro model.
Eur Cell Mater 22, 242-257; discussion 257.
Santiago, L.Y., Nowak, R.W., Peter Rubin, J., and Marra, K.G. (2006). Peptide-surface
modification of poly(caprolactone) with laminin-derived sequences for
adipose-derived stem cell applications. Biomaterials 27, 2962-2969.
89

doi:10.6342/NTU201601819

Schofield, R. (1978). The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells 4, 7-25.
Serrano, M., Hannon, G.J., and Beach, D. (1993). A new regulatory motif in cell-cycle
control causing specific inhibition of cyclin D/CDK4. Nature 366, 704-707.
Shi, S., and Gronthos, S. (2003). Perivascular niche of postnatal mesenchymal stem
cells in human bone marrow and dental pulp. J Bone Miner Res 18, 696-704.
Shi, Y., and Whetstine, J.R. (2007). Dynamic regulation of histone lysine methylation
by demethylases. Mol Cell 25, 1-14.
Shibata, K.R., Aoyama, T., Shima, Y., Fukiage, K., Otsuka, S., Furu, M., Kohno, Y., Ito,
K., Fujibayashi, S., Neo, M., et al. (2007). Expression of the p16INK4A gene is
associated closely with senescence of human mesenchymal stem cells and is
potentially silenced by DNA methylation during in vitro expansion. Stem cells
25, 2371-2382.
Spaggiari, G.M., Capobianco, A., Abdelrazik, H., Becchetti, F., Mingari, M.C., and
Moretta, L. (2008). Mesenchymal stem cells inhibit natural killer-cell
proliferation, cytotoxicity, and cytokine production: role of indoleamine
2,3-dioxygenase and prostaglandin E2. Blood 111, 1327-1333.
Spivakov, M., and Fisher, A.G. (2007). Epigenetic signatures of stem-cell identity. Nat
Rev Genet 8, 263-271.
Stolzing, A., Jones, E., McGonagle, D., and Scutt, A. (2008). Age-related changes in
human bone marrow-derived mesenchymal stem cells: consequences for cell
therapies. Mech Ageing Dev 129, 163-173.
Sugiyama, T., Kohara, H., Noda, M., and Nagasawa, T. (2006). Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone
marrow stromal cell niches. Immunity 25, 977-988.
90

doi:10.6342/NTU201601819

Sun, Y., Li, W., Lu, Z., Chen, R., Ling, J., Ran, Q., Jilka, R.L., and Chen, X.D. (2011).
Rescuing replication and osteogenesis of aged mesenchymal stem cells by
exposure to a young extracellular matrix. FASEB J 25, 1474-1485.
Thebaud, N.B., Siadous, R., Bareille, R., Remy, M., Daculsi, R., Amedee, J., and
Bordenave, L. (2012). Whatever their differentiation status, human progenitor
derived - or mature - endothelial cells induce osteoblastic differentiation of bone
marrow stromal cells. J Tissue Eng Regen Med 6, e51-60.
Traktuev, D.O., Merfeld-Clauss, S., Li, J., Kolonin, M., Arap, W., Pasqualini, R.,
Johnstone, B.H., and March, K.L. (2008). A population of multipotent
CD34-positive adipose stromal cells share pericyte and mesenchymal surface
markers, reside in a periendothelial location, and stabilize endothelial networks.
Circulation research 102, 77-85.
von Bahr, L., Sundberg, B., Lonnies, L., Sander, B., Karbach, H., Hagglund, H.,
Ljungman, P., Gustafsson, B., Karlsson, H., Le Blanc, K., et al. (2012).
Long-term complications, immunologic effects, and role of passage for outcome
in mesenchymal stromal cell therapy. Biology of blood and marrow
transplantation : journal of the American Society for Blood and Marrow
Transplantation 18, 557-564.
Wagner, W., Horn, P., Castoldi, M., Diehlmann, A., Bork, S., Saffrich, R., Benes, V.,
Blake, J., Pfister, S., Eckstein, V., et al. (2008). Replicative senescence of
mesenchymal stem cells: a continuous and organized process. PloS one 3,
e2213.
Watson, K.E., Bostrom, K., Ravindranath, R., Lam, T., Norton, B., and Demer, L.L.
(1994). TGF-beta 1 and 25-hydroxycholesterol stimulate osteoblast-like vascular
cells to calcify. J Clin Invest 93, 2106-2113.
91

doi:10.6342/NTU201601819

Weinreb, M., Shinar, D., and Rodan, G.A. (1990). Different pattern of alkaline
phosphatase, osteopontin, and osteocalcin expression in developing rat bone
visualized by in situ hybridization. J Bone Miner Res 5, 831-842.
Winer, J.P., Janmey, P.A., McCormick, M.E., and Funaki, M. (2009). Bone
marrow-derived human mesenchymal stem cells become quiescent on soft
substrates but remain responsive to chemical or mechanical stimuli. Tissue Eng
Part A 15, 147-154.
Xiao, G.Y., Cheng, C.C., Chiang, Y.S., Cheng, W.T., Liu, I.H., and Wu, S.C. (2016).
Exosomal miR-10a derived from amniotic fluid stem cells preserves ovarian
follicles after chemotherapy. Sci Rep 6, 23120.
Ye, L., Fan, Z., Yu, B., Chang, J., Al Hezaimi, K., Zhou, X., Park, N.H., and Wang, C.Y.
(2012). Histone demethylases KDM4B and KDM6B promotes osteogenic
differentiation of human MSCs. Cell stem cell 11, 50-61.
Yoo, S.W., Kim, S.S., Lee, S.Y., Lee, H.S., Kim, H.S., Lee, Y.D., and Suh-Kim, H.
(2008). Mesenchymal stem cells promote proliferation of endogenous neural
stem cells and survival of newborn cells in a rat stroke model. Exp Mol Med 40,
387-397.
Yoshimura, H., Muneta, T., Nimura, A., Yokoyama, A., Koga, H., and Sekiya, I. (2007).
Comparison of rat mesenchymal stem cells derived from bone marrow,
synovium, periosteum, adipose tissue, and muscle. Cell Tissue Res 327,
449-462.
Young, H.E., Steele, T.A., Bray, R.A., Hudson, J., Floyd, J.A., Hawkins, K., Thomas, K.,
Austin, T., Edwards, C., Cuzzourt, J., et al. (2001). Human reserve pluripotent
mesenchymal stem cells are present in the connective tissues of skeletal muscle
and dermis derived from fetal, adult, and geriatric donors. Anat Rec 264, 51-62.
92

doi:10.6342/NTU201601819

Zeitouni, S., Krause, U., Clough, B.H., Halderman, H., Falster, A., Blalock, D.T.,
Chaput, C.D., Sampson, H.W., and Gregory, C.A. (2012). Human mesenchymal
stem cell-derived matrices for enhanced osteoregeneration. Sci Transl Med 4,
132ra155.
Zhao, H., Feng, J., Ho, T.V., Grimes, W., Urata, M., and Chai, Y. (2015). The suture
provides a niche for mesenchymal stem cells of craniofacial bones. Nat Cell Biol
17, 386-396.
Zhao, H., Feng, J., Seidel, K., Shi, S., Klein, O., Sharpe, P., and Chai, Y. (2014).
Secretion of shh by a neurovascular bundle niche supports mesenchymal stem
cell homeostasis in the adult mouse incisor. Cell stem cell 14, 160-173.
Zuk, P.A., Zhu, M., Ashjian, P., De Ugarte, D.A., Huang, J.I., Mizuno, H., Alfonso, Z.C.,
Fraser, J.K., Benhaim, P., and Hedrick, M.H. (2002). Human adipose tissue is a
source of multipotent stem cells. Mol Biol Cell 13, 4279-4295.

93

doi:10.6342/NTU201601819

