
Summary. Bone marrow contains a non-hematopoietic,
clonogenic, multipotent population of stromal cells that
are later called mesenchymal stem cells (MSC). Similar
cells that share many common features with MSC are
also found in other organs, which are thought to
contribute both to normal tissue regeneration and to
pathological processes such as heterotopic ossification
(HO), the formation of ectopic bone in soft tissue.
Understanding the microenvironmental factors that
regulate MSC in vivo is essential both for understanding
the biology of the stem cells and for effective
translational applications of MSC. Unfortunately, this
important aspect has been largely underappreciated. This
review tries to raise the attention and highlight this
critical issue by updating the relevant literature along
with discussions of the key issues in the area.
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Introduction

In the 1960s to 1970s, Friedenstein and colleagues
found that bone marrow contains a non-hematopoietic
clonogenic stromal cell population (Bianco et al., 2008;
Fajardo-Orduna et al., 2015; Sacchetti et al., 2016),

referred to as colony-forming unit-fibroblasts (CFU-F). 
These cells were found to possess multipotent

properties and thus were later called mesenchymal stem
cells (MSC) (Roufosse et al., 2003; Minguell et al.,
2001). Since then, similar cells that share common
features with MSC are also found in most other organs.
In fact, for a long period of time, most investigators
called all these adherent fibroblastic cells MSCs,
regardless of the tissue/organ origin, which created
confusion. Therefore, it is appropriate to clarify our
position on the controversial terminology before we
move on to detailed discussion. 

Many investigators believe the umbrella term
“MSC” is inappropriate, since “MSC” has come to mean
virtually any adherent fibroblastic population of cells,
such as "skeletal stem cells", "marrow stromal cells" and
"bone marrow stromal fibroblasts", whether or not they
contain a subset of stem cells as defined by rigorous
criteria. On top of that, it is becoming more and more
clear that the so called MSCs from different tissues are
not the same, since they have different differentiation
capacities (Bianco et al., 2008; Sacchetti et al., 2016).
Having said that, we still adopt the term MSC in most
cases, throughout this article, not because we think the
term is appropriate, but because of the nature of a review
article. We believe that we simply do not have the right
to change the terms used by the original authors.

Interestingly, MSC was originally thought to be only
a type of supportive cell which provides signals for
differentiation and proliferation of hematopoietic stem
cells (HSCs) in the HSC niche (Fajardo-Orduna et al.,
2015). Accumulating data, however, support the idea
that MSCs reside in their own niche (MSC niche), and
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that other supportive cells and microenvironmental
factors are needed to precisely regulate the homeostasis
of MSC within the niche. Consequently, dysregulation of
key microenvironmental factors may cause loss-of-
function (LOF) and/or gain-of-function (GOF) changes
of MSC. It is now clear that LOF of MSC might lead to
deficiencies in tissue regeneration, whereas GOF of
MSC might lead to ectopic overgrowth of mesenchymal
tissues, such as heterotopic ossification (HO).

HO, which can be either acquired or hereditary, is
increasingly recognized as a serious health concern.
Acquired HO is a common complication of trauma,
burns, neurologic injuries and/or various surgeries.
Cardiovascular calcification and ossification of the
posterior longitudinal ligament (OPLL) of spine are also
thought to be atypical acquired HO (Kaplan et al., 2004;
Bossche and Vanderstraeten, 2005; Forsberg et al.,
2009). Hereditary HO, such as fibrodysplasia ossificans
progressiva (FOP) and progressive osseous heteroplasia
(POH), is rare but life-threatening. Even though many
molecular pathways, such as BMP signaling, and cellular
components, especially tissue resident mesenchymal
progenitors/stem cells (MSCs), have been implicated in
HO formation, the exact molecular and cellular
mechanisms that lead to HO are largely unknown.
Nevertheless, we reason that both acquired and
hereditary HO can serve as models for understanding
how GOF of MSC may lead to diseases. 

Furthermore, MSCs are often cited as particularly
promising donor cells for cell based regenerative
therapies (Keating, 2012). However, to realize the
translational potential of MSC, deep understanding of
the microenvironmental factors that regulate cell
behavior in vivo and in vitro is essential. Unfortunately,
despite a plethora of studies of the therapeutic use of
MSC, little attention has been paid to understand how
the in vivo microenvironment regulates MSC fate and
function, either in physiological or pathophysiological
context, likely due to the technical limitations, such as
lack of specific MSC marker, and the quiescent nature
and low frequency of endogenous MSC.

One way to circumvent these problems is to study
the GOF of MSC in pathophysiological context, such as
HO, simply because the MSC in this context is activated,
and the frequency is significantly increased. In addition,
we also believe that understanding how dysregulation of
microenvironmental factors leads to dysregulation of
MSC and the downstream pathological process, will
eventually reveal insights into how homeostasis of MSC
is achieved in the physiological condition in the first
place.

Based on this argument, this review will focus mainly
on the regulatory roles of key microenvironmental factors
that we have learned mainly from, but are not limited to,
HO (GOF of MSC). It is our intention that this article will
inspire more novel ideas about future basic research on
homeostatic control of endogenous MSC, as well as broad
clinical applications of MSC that could potentially target
both the LOF of MSC ( i.e., in degenerative diseases), and

GOF of MSC (i.e., HO).
Microenvironmental factors that could regulate MSC
behavior

A body of literature suggested that dysregulation of
many different types of microenvironmental factors
could dysregulate MSC in vitro and in vivo. These data
indirectly support the idea that microenvironmental
factors tightly regulate MSC homeostasis, i.e.,
maintenance of stemness and subsequent multi-lineage
differentiation. To facilitate the discussion in a
reasonable depth, we broadly categorize many different
key candidate factors into a few groups, including:
Inflammatory factors

Injury induced inflammation plays a crucial role in
HO, likely through dysregulation of tissue resident
progenitors/MSC, but the exact roles of each individual
factor is unclear so far. Furthermore, it is apparent that the
effects of many cytokine/inflammatory factors are
context-depend. For example, tumor necrosis factor alpha
(TNF-α), a major pro-inflammatory cytokine, can either
inhibit or promote osteogenic differentiation of MSC.
Some studies have shown that TNF-α inhibits osteogenic
differentiation of MSC and impairs skeletal bone
formation (Riggs and Khosla, 2005; Wang et al., 2016). In
a mouse model of estrogen-deficiency induced osteo-
porosis, TNF-α can inhibit semiphorin 3B via inhibiting
wnt/β-catenin signaling, which in turn inhibits osteogenic
differentiation of bone marrow derived MSC (Sang et al.,
2016). Further, TNF-α inhibits osteogenic differentiation
of human periodontal ligament tissue-derived MSC
(PDLSCs) by decreasing miR-17 expression and
increasing levels of Smurf1 (Liu et al., 2011).

In contrast, Yang et al. found that TNF-α promoted
human MSC (hMSC) proliferation and osteogenic
differentiation in the context of ankylosing spondylitis
(AS), and that these effects were attenuated by the
silencing of peptidyl arginine deaminase, type IV
(PADI4) (Yang and Dai, 2015). PADI4 is a member of a
gene family which encodes enzymes responsible for the
conversion of arginine to citrulline residues. PADI4
plays a role in inflammation and immune response.
Moreover, Ding et al. found that TNF-α and interleukin-
1β (IL-1β) stimulated tissue-nonspecific alkaline
phosphatase (TNAP) activity and mineralization in
cultured human MSC from trabecular bone explants
(Ding et al., 2009). TNF-α and lipopolysaccharide (LPS)
also stimulate alkaline phosphatase (ALP) activity with
subsequent matrix mineralization of human bone
marrow MSC cultured in osteogenic medium with or
without BMP-2 (Croes et al., 2015). Similarly,
inflammatory cytokine-activated (TNF-α+interferon-γ
(IFN-γ)) human bone marrow MSC promotes the
capacities of osteoblast proliferation, migration,
differentiation, and mineralization of these cells (Li et
al., 2016a,b). Furthermore, inflammatory factors
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including TNF-α have a pro-osteogenic effect on
adipose-derived MSC from burn injured mice, in the
context of burn injury induced HO (Peterson et al.,
2015) .The seemingly divergent data about the effects of
TNF-α may reflect both the heterogeneity of different
populations of MSC, differences in the experimental
context, or both.

Other inflammatory cytokines exert similar effects
on MSC. For example, IL-1β enhances calcification of
human bone marrow MSC in vitro despite having a
suppressive effect on osteoblastic differentiation
(Ferreira et al., 2013), and IL-17A and IL-17F,
proinflammatory cytokines derived from T helper 17
cells, enhance osteogenic differentiation of human bone
marrow MSC (Croes et al., 2016). Furthermore,
inflammatory cytokines can also influence the stemness
of MSC. For example, Wang et al. demonstrated that
IFN-γ and TNF-α synergistically impair self-renewal
and differentiation of MSC via nuclear factor κB (NF-
κB) signaling pathway-mediated activation of mothers
against decapentaplegic homolog 7 (SMAD7) in
ovariectomized (OVX) mice (Wang et al., 2013a,b).
However, Laschober et al. found that IFN-γ exerted no
significant influence on self-renewal of human bone
marrow MSC, although it regulated their differentiation
potential (Laschober et al., 2011). Serum concentrations
of IL-6 and levels of the neuroinflammatory molecule,
substance p (SP), are increased in HO, suggesting an
ongoing role for inflammation in the disease process,
both in human and mice (Kan et al., 2011; Evans et al.,
2012). Stromal cell-derived factor 1 (SDF-1), a
chemokine that regulates cell trafficking and homing via
the CXCR4 receptor, plays a major role in recruiting
MSC to target tissue (Lau and Wang, 2011), but it is not
necessary for MSC proliferation or osteogenic
differentiation in a rat fracture bone model (Chen et al.,
2016, 2017). Nevertheless, SDF-1 does regulate BMP2-
induced osteogenic differentiation of primary human and
mouse bone marrow MSCs (Hosogane et al., 2010).

To summarize, inflammatory factors, especially
proinflammatory cytokines, play crucial roles in lineage
commitment by MSC in a variety of different contexts,
including ectopic osteogenic differentiation, and some

cytokines may also help to regulate MSC self-renewal as
well (Table 1).
Trophic factors

Many trophic factors, including growth factors,
hormones and small molecules, regulate the stemness
and osteogenic differentiation of MSC. For example, in
trauma-induced HO patients, levels of many trophic
factors including bone morphogenetic protein 1 (BMP1),
growth and differentiation factor 11 (GDF11) and
transforming growth factorβ1 (TGFβ1) are increased,
whereas levels of others, such as BMP4, BMP5 and
GDF10, are decreased (Jackson et al., 2011). Similarly,
BMP-2, a potent osteoinductive protein (Sampath et al.,
1990; Niedhart et al., 2003; Eyckmans et al., 2010), also
plays an important role in HO (Maroulakou et al., 1999;
Zhang et al., 2014;). Platelet derived growth factor
(PDGF) acts as a chemoattractant for MSC after tissue
injury (Hollinger et al., 2008; Caplan and Correa, 2011).
Serum from patients with isolated trauma or polytrauma
(associated with HO) induces proliferation of cultured
MSC in a manner correlating with the concentration of
PDGFs (Tan et al., 2015), and the number of MSC in
bone marrow aspirates correlates with the serum
concentration of PDGF-AA and –BB. Platelet-rich fibrin
(PRF) slowly and continuously releases a variety of
autologous growth factors (Lundquist et al., 2008), and
Wang et al. found that PRF stimulated bone marrow
MSC proliferation and osteogenesis in vitro, and MSC
sheets co-injected with PRF into SCID (severe combined
immunodeficiency) mice developed more and denser
new ectopic bone compared with non-PRF controls
(Wang et al., 2015).

Estrogen is known to maintain bone mass by
maintaining the balance between osteoblast-mediated
skeletal bone formation and osteoclast-mediated bone
reabsorption (Raisz and Kream, 1983; Christian et al.,
2002). Chen et al. found increased mRNA expression of
the alpha estrogen receptor (ERα) and ALP, but reduced
osteocalcin and IL-6, in estradiol treated bone marrow
MSC from postmenopausal osteoporotic women; this
suggests that estrogen may have a significant influence
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Table 1. Summary of the effects of various inflammatory cytokines on MSCs.

Enhance Osteogenesis? Inhibit Osteogenesis? Maintain Stemness? Reference

TNF-α yes yes - Wang et al., 2016; Riggs and Koshla, 2005; Sang et al., 2016;
Liu et al., 2011; Yang and Dai, 2011

IL-1β no yes - Ferreira et al., 2013
TNF-α+IL-1β yes no - Ding et al., 2009
TNF-α+LPS yes no - Croes et al.,2015
IL-17A/IL-17F yes no - Croes et al., 2016
IFN-γ yes yes no Laschober et af., 2011
TNF-α+IFN-γ yes yes no Li et al., 2016a,b; Wang et al., 2013a,b
SDF-1+BMP2 yes no - Lau and Wang, 2011; Chen et al., 2016a,b; Hosogane et al., 2010

TNF-α: Tumor Necrosis Factor-α; LPS: Lipopolysaccharide; IFN-γ: Intereron-γ; SDF-l: Stromal Cells Derived Factors-l.



on osteogenic differentiation of MSC in osteoporotic
women (Chen et al., 2013). Ogata et al. found that
estrogen receptor polymorphisms are associated with
ossification of the posterior longitudinal ligament
(OPLL) of the spine (Ogata et al., 2002), and cultured
spinal ligament cells obtained from OPLL patients
responded to 3,17β-estradiol by accelerating production
of bone Gla protein (BGP) (Wada, 1995), a specific
marker for bone formation in postmenopausal
osteoporosis.

Many trophic factors also help to maintain the
stemness of MSC. For instance, basic-fibroblast growth
factor (bFGF) is associated with the maintenance of a
higher degree of “stemness” in mesenchymal progenitor
cells from human bone marrow aspirates (Bianchi et al.,
2003). Tasso et al. also found that stimulation of mouse
bone marrow-derived MSC in vitro with bFGF
influences their degree of “stemness”. Furthermore,
bFGF-treated MSC exhibit the ability to activate
endogenous regenerative mechanisms by recruiting host
cells when implanted in vivo (Tasso et al., 2012).
Similarly, vascular endothelial growth factor (VEGF)
plays a key role in human MSC-mediated myocardial
regeneration (Zisa et al., 2009). Consistently, MSC cell
lines, such as C3H/10T1/2, themselves secrete trophic
factors, such as insulin-like growth factor-1 (IGF-1)
(Chen et al., 2016), which may help to regulate tissue
regeneration.

In contrast, it was also reported that bFGF reduces
stemness of human stem cells/bone marrow stromal cells
(SSCs/BMSCs) (Sacchetti et al., 2007). The plausible
explanation is that bFGF could increase proliferation,
but not self-renewal. In this case, SSCs/BMSCs
expanded with bFGF formed bone without marrow in
vivo, indicating that bFGF might also push the SSCs to
an osteogenic state, which complicated the issue. 

Overall, various trophic factors are associated with
GOF of MSC, i.e., increased MSC self-renewal and
proliferation, whereas others enhance osteogenic
differentiation (Table 2).
Extracellular matrix (ECM)

ECM plays an important role in the retention of

stemness of MSC. For example, Xiong et al. reported
that decellularized ECM coating helps to preserve the
stemness of cultured murine adipose-derived stem cells
(Xiong et al., 2015). Rakian et al. compared colony-
forming ability and differentiation of human primary
MSC cultured on bone marrow derived Extracellular
matrix (BM-ECM) with a commercial matrix and plastic
(serum-free) and found that BM-ECM, but not other
ECMs or plastic, provided a unique microenvironment
that supports the colony-forming ability of MSC and
preserves their stem cell properties (Rakian et al., 2015).
In addition, human stromal-cell-derived ECM may
promote human bone marrow MSC proliferation and
preserve their capacity for differentiation (Antebi et al.,
2015). 

For the differentiation of human bone marrow
derived MSC, Hoch et al. established a novel cell-
secreted decellularized extracellular matrix (DMs),
which includes glycoprotein motifs that support cellular
adhesion with juxtaposed molecular cues in the form of
chemokines and growth factors. This matrix likely
directs cell fate through the presentation of a complex
and physiologically relevant milieu which appears to
better preserve the mineral-producing phenotype of
MSC and stabilize the osteoblastic phenotype (Hoch et
al., 2016). However, Gawlitta et al. found that unseeded
decellularized cartilage-derived matrix (CDM) itself, as
a scaffold, only minimally induces endochondral bone
regeneration. In contrast, decellularized CDM with
preseeded human bone marrow derived MSC in
chondrogenic medium helps regain its osteoinductive
potential at an ectopic location (Gawlitta et al., 2015).
Cysteine-rich protein 61 (CCN1, also called Cyr61), a
component of the extracellular matrix that is highly
expressed in cancer cells, is found in the secretome of
BM-derived MSC. CCN1 may mediate Wnt3A-induced
osteoblastic differentiation of MSC cell line (C3H/
10T1/2) (Si et al., 2006) and also can promote
chondrogenesis of mouse primary MSC in vivo and in
vitro (Wong et al., 1997). 

Artificial biomaterials also can mimic some of the
environmental effects of extracellular matrix. For
example, hydroxyapatite foam made from calcium
phosphate (Ca-P) can be used as a bone substitute.
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Table 2. Summary of the effects of various trophic factors on MSCs.

Recruit Stimulate Enhance Maintain Reference
MSCs? Proliferation? osteogenesis? sternness?

IGF-1+BMP9 - - yes - Chen et al., 2016a,b
B-FGF - - yes yes Bianchi et al., 2003; Tasso et al., 2012; Sacchetti et al., 2007
BMP-2 - - yes - Zhang et al., 2014; Maroulakou et al., 1999
PRF - yes yes - Wang et al., 2015
PDGF yes yes - - Caplan and Correa, 2011; Hollinger et al., 2008; Tan et al., 2015
Estrogen - - yes - Chen et al., 2013

IGF-1: lnsuling Growth Factors-l; B-FGF: Basic-Fibroblast Growth Factor; BMP2/9: Bone Morphogenetic protein 2/9; PRF: Platelet-rich Fibrin; PDGF:
Platelet Derived Growth Factors.



Curtin et al. showed that nano-hydroxyapatite combined
with MSC promotes osteogenesis both in 2D and 3D
cultures (Curtin et al., 2012). Recently, Viti et al. used a
gene expression microarray to investigate possible
pathways involved in calcium-phosphate-driven
differentiation of human bone marrow derived MSC in
vitro and found increased expression of several genes
related to osteogenic differentiation including
osteopontin (SPP1), bone sialoprotein (BSP) and several
bone morphogenetic proteins (BMPs) (Viti et al., 2016).
There have been many attempts to construct artificial
biomaterials that more fully mimic the biological effects
of ECM either by coating material surfaces with
recombinant ECM proteins and peptides or by
employing decellularized allogenic or xenogenic tissue
scaffolding. However, in general, the former fails to
capture the complex composition and architectural
characteristic of native ECM, and the latter suffers from
concerns about reproducibility, availability, and
immunologic responses.
Mechanical cues 

To further understand the role of ECM, it is necessary
to study the mechanical cues or biophysical aspect of
ECM, since this aspect of the microenvironment also
exerts important influence on stem cell behavior,
especially the lineage-specific differentiation of MSC.
Deep understanding of this area is also essential for
developing new class of biomaterials for tissue
engineering and regenerative medicine (Das and Zovani,
2014).

In vivo mechanical microenvironment of MSCs is
known to be determined by the intrinsic stiffness,
composition and configuration (topography/shape) of the
local ECM, and extrinsic mechanical loading applied to
this matrix (e.g. fluid flow, compression, hydrostatic
pressure and tension) (Steward and Kelly, 2015). MSCs,
on the other hand, have the ability to both sense and
respond to their mechanical environment, with numerous
membrane proteins and cytoskeletal components.
Nevertheless, the exact in vivo mechanotransductive
mechanisms are still poorly understood, and to our best
knowledge, there is no report that specifically addresses
the mechanotransductive mechanism of MSC in the
context of HO, and there is no well-established in vivo
system that can be used to systematically study the
mechanobiology of MSCs either. For this reason, most
studies so far exploring the mechanobiology of MSCs
have been performed using 2D and/or 3D in vitro
experiments. With these limitations in mind, we briefly
update the consistent finding in this field.

In vitro experiments consistently demonstrated that
matrix or substrate stiffness has been shown to play a
key role in regulating the differentiation of MSCs
towards specific lineages (Engler et al., 2006; Park et al.,
2011). i.e., MSCs seeded onto soft substrates were
shown to have a greater adipogenic and chondrogenic
potential, while those on stiffer substrates had a stronger

myogenic potential (Park et al., 2011). Such effects
could be independent of chemical/biochemical inducers,
and further studies suggested that traction-mediated
forces and matrix stiffness-mediated integrin binding
have direct roles on MSC lineage commitment (Huebsch
et al., 2010). In contrast to stiffness, although cell shape
has been shown to control adipogenic/osteogenic lineage
commitment, uncertainty still exists in the literature.

Fluid flow, hydrostatic pressure (HP), compression
and other extrinsic mechanical cues, can also influence
cell behavior. For example, oscillatory fluid flow has
been shown to regulate stem cell fate (Arnsdorf et al.,
2009). Perfusion systems have consistently been found
to promote osteogenesis of MSCs (Bancroft et al., 2002;
Datta et al., 2006). HP, on the other hand, is a non-
deforming mechanical stimulus. HP has been found to
increase chondrogenic gene expression of human bone
marrow stromal cells, while having no significant effect
on osteogenic genes (Wagner et al., 2008). Interestingly,
HP was also found to decrease calcification of bone
marrow and infrapatellar fat pad derived MSCs in long-
term agarose culture (Carroll and Buckley, 2014).
Similar to HP, compression of rabbit bone-marrow
derived MSCs has been found to be a strong pro-
chondrogenic stimulus, and compression also increases
TGF-β1 gene expression (Huang et al., 2004). Further-
more, compression increases chondrogenic gene
expression in MSCs in the absence of exogenous growth
factor stimulation, suggesting that compression alone is
sufficient to induce chondrogenesis (Kupcsik et al.,
2010).

Overall, even though there is some tentative
evidence, further detailed research is needed to clearly
elucidate how MSCs sense and respond to the complex
sets of mechanical stimuli in vivo, especially following
traumatic injuries. 
Other microenvironmental factors 

Numerous other factors are also implicated in the
maintenance and differentiation of MSC populations.
For example, leptin, an adipokine that plays a central
role in maintaining energy homeostasis, is expressed in
at least a subpopulation of mouse bone marrow MSC
and plays important roles in peripheral regulation of
MSC osteogenic differentiation (Han et al., 2010;
Scheller et al., 2010). Fetuin-A, a molecule that is
mainly synthesized in the liver, was originally
discovered to be an inhibitor of vascular calcification in
the early 1990s (Sage et al., 2010). Interestingly, fetuin-
A was down-regulated in rats during HO after Achilles
tenotomy (Wu et al., 2016). However, Tuylu et al. also
found abundant fetuin-A in calcified tissues. These
seemingly conflicting data suggest that Fetuin-A may be
a part of a feedback loop in the process of HO in
ankylosing spondylitis (Tuylu et al., 2014). 1,25-
dihydroxyvitamin D (1,25OHD), the most active
metabolite of vitamin D, has been proposed to be a co-
activator of osteogenic differentiation since it enhanced
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the ability of hepatocyte growth factor (HGF) to induce
hMSC osteogenic differentiation (Chen et al., 2012).
Neural epidermal growth factor-like (NEL)-like protein
1 (NELL-1), is highly specific to the osteochondral
lineage and induces MSC osteogenic differentiation by
regulating runt related transcription factor 2 (RUNX2)
both in vivo and in vitro (Govoni et al., 2005; Zhang et
al., 2010, 2011; Dalle et al., 2012). NELL-1 increases
expression of chondrogenic genes, including aggrecan
and collagen, in human perivascular stem cells (hPSCs),
presumably a population of MSC, and greatly augments
the effects of TGF-β3 + BMP-6 in accelerating the
chondrogenic differentiation of hPSCs (Li et al., 2016b).
NELL-1 has emerged as a possible therapy for
osteoprotoic bone loss (James et al., 2015).

Inhibition of cyclooxygenase-2 (COX2), with a
consequent reduction in prostaglandin E(2) (PGE2)
production, inhibited chondrocyte differentiation of
mouse MSC (Zhang et al., 2002; Simon et al., 2002; Lin
et al., 2010; Welting et al., 2011). Based on this
observation, Wang et al. hypothesized that varying the n-
3/n-6 polyunsaturated fatty acid ratio would reduce
PGE2 production and either prevent HO or serve as an
alternative treatment for the disorder (Wang et al., 2013). 
Hypoxia inducible factor (HIF-1α), a master co-
regulator of responses to hypoxia, plays a critical role in
osteochondrogenic differentiation of mouse MSC. For
example, Agarwal et al. found that inhibition of HIF-1α
prevented both trauma-induced (burn/tenotomy) and
genetic (Nfatc1-cre/caACVR1fl/wt) HO. Similarly,
pharmacologic inhibitors (PX-478 or rapamycin) of HIF-
1α potently diminish ectopic bone formation in different
models of HO (Agarwal et al., 2016). Recently, Zhou et
al. also found that HIF-1α, combined with BMP2,
increases the chondrogenic differentiation of MSC cell
line (C3H/10T1/2). This has provided an enhanced
method of maintaining cartilage phenotypes during
cartilage tissue engineering (Zhou et al., 2015). 
Conclusions and future directions

In summary, this article highlights the roles of
selected microenvironmental factors that were mainly
identified in the context of GOF of MSC, especially in
HO. Based on this discussion, a few emerging ideas are
apparent: 1) Based on current data, we can conclude that
not all microenvironmental factors are created equal, i.e.,
some factors increase the capacity of MSC for
osteogenic differentiation, others promote self-renewal
of MSC, and some can do both. 2) Another salient
feature is that many effects of microenvironmental
factors are context-dependent. 3) A reasonable
explanation for the context-dependent effects is that
these factors likely cross-talk with each other locally to
form a niche-like functional unit to orchestrate the
homeostasis of MSC and the downstream differentiation.
Nevertheless, more detailed study of GOF models of
MSC, especially the HO model, is warranted.

The limitations of this article are: 1) even though it
is beyond the scope of this article to cover all candidate
factors at reasonable depth, ideally, it would be helpful
to also explore the candidate microenvironmental factors
they might play key roles in the context of LOF of MSC
(i.e., degenerative diseases). 2) Because of the paucity of
relevant literature, in many cases, we had to dependent
on the reports that are not directly relevant to GOF of
MSC or HO models, and in some cases, we extrapolated
our conclusions based on the available data. 3) In most
cases, the exact underlying mechanisms for the
microenvironmental factors are largely unknown.

This discussion underscores that there are still great
gaps in knowledge of the precise role of the
microenvironment in regulating MSC function, and this
points to the need for more detailed mechanistic studies
in the future. Specifically, based on current data, we
reason that, since there are many candidate
microenvironmental factors that could be involved in the
regulation of MSC in physiological or pathophysio-
logical contexts, it will be hard to dissect the
interrelationship. To circumvent this problem, we argue
that a potentially promising approach is to study the
microenvironmental factors as a local functional
regulatory unit, which works together inter-dependently,
similar to the concept of stem cell niche, to orchestrate
the homeostasis of MSC and the downstream
differentiation. 
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