REVIEW COMMUNICATIONS

Citation: Lobov, A. and Malashicheva, A.
2022. Osteogenic differentiation:

a universal cell program of heterogeneous
mesenchymal cells or a similar extracellular
matrix mineralizing phenotype?

Bio. Comm. 67(1): 32-48. https://doi.
org/10.21638/spbu03.2022.104

Authors’ information: Arseniy Lobov, PhD
Student, Junior Researcher, orcid.org/0000-
0002-0930-1171; Anna Malashicheva, Dr. of
Sci. in Biology, Head of Laboratory, orcid.
org/0000-0002-0820-2913

Manuscript Editor: Alla Krasikova,
Department of Cytology and Histology,
Faculty of Biology, Saint Petersburg State
University, Saint Petersburg, Russia

Received: July 21, 2021;
Revised: August 28, 2021;
Accepted: October 26, 2021.

Copyright: © 2022 Lobov and
Malashicheva. This is an open-access article
distributed under the terms of the License
Agreement with Saint Petersburg State
University, which permits to the authors
unrestricted distribution, and self-archiving
free of charge.

Funding: The reported study was funded by
the Russian Foundation for Basic Research
(project No. 20-14-50535).

Ethics statement: This paper does not
contain any studies involving human
participants or animals performed by any of
the authors.

Competing interests: The authors have
declared that no competing interests exist.

Osteogenic differentiation:

a universal cell program of heterogeneous
mesenchymal cells or a similar extracellular
matrix mineralizing phenotype?

Arseniy Lobov and Anna Malashicheva

Laboratory of Regenerative Biomedicine, Institute of Cytology, Russian Academy of Sciences,
Tikhoretskiy pr., 4, Saint Petersburg, 194064, Russian Federation

Address correspondence and requests for materials to Arseniy Lobov,
arseniylobov@gmail.com

Abstract

Despite the popularity of mesenchymal stem cells (MSCs), many fundamental
aspects of their physiology still have not been understood. The information ac-
cumulated to date argues that MSCs from different sources vary in their dif-
ferentiation potential and, probably, in molecular mechanisms of trilineage
differentiation. Therefore, this review consists of two parts. Firstly, we focus
on the data on inter- and intra-source variation of MSCs. We discuss in detail
MSC variation at the single-cell level and direct omics comparison of MSCs
from four main tissue sources: bone marrow, adipose tissue, umbilical cord
and tooth. MSCs from all tissues represent heterogeneous populations in vivo
with sub-populational structures reflecting their functional role in the tissue.
After in vitro cultivation MSCs lose their natural heterogeneity, but obtain a
new one, which might be regarded as a cultivation artifact. Nevertheless, MSCs
from various sources still keep their functional differences after in vitro cultiva-
tion. In the second part of the review, we discuss how these differences influ-
ence molecular mechanisms of osteogenic differentiation. We highlight at least
one subtype of mesenchymal cells differentiation with matrix mineralization —
odontoblastic differentiation. We also discuss differences in molecular mecha-
nisms of pathological heterotopic osteogenic differentiation of valve interstitial
and tumor cells, but these assumptions need additional empirical confirma-
tion. Finally, we observe differences in osteogenic differentiation molecular
mechanisms of several MSC types and argue that this differentiation might be
influenced by the cell context. Nevertheless, bone marrow and adipose MSCs
seem to undergo osteogenic differentiation similarly, by the same mechanisms.

Keywords: mesenchymal stem cells, osteogenic differentiation, MSCs, MSC
heterogeneity, scRNA-seq, cell differentiation, systems biology

Abbreviations:

MSCs — mesenchymal stem cells;

HSCs — hematopoietic stem cells;

ECM — extracellular matrix;

ALP — alkaline phosphatase;

Pi — inorganic phosphate;

scRNA-seq — single-cell RNA-sequencing;

BM — bone marrow;

Adipo-/Osteo-CAR — Cxcl12-abundant-reticular (CAR) cells commitment to
adipo- and osteogenic lineages respectively;

ADSCs — adipose-derived stem cells;

DPSCs — dental pulp derived stem cells;

BM-MSCs — bone marrow derived mesenchymal stem cells;
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WJ-MSCs — mesenchymal stem cells isolated from
Wharton'’s jelly;

UC-MSCs — umbilical cord MSCs;

PB-MSCs — peripheral blood MSCs;

AM-MSCs — mesenchymal stem cells isolated from
amniotic membrane;

CM-MSCs — mesenchymal stem cells isolated from
chorionic membrane;

DC-MSCs — mesenchymal stem cells isolated from de-
cidua;

PI-MSCs — mesenchymal stem cells isolated from a pla-
centa;

CAVD — calcific aortic valve disease;

VICs — valve interstitial cells;

dFBs — dermal fibroblasts;

UCPVCs — umbilical cord perivascular cells;

EMT — epithelial-to-mesenchymal transition.

Introduction

The term MSCs might be deciphered from its original
name Mesenchymal Stem Cells (Caplan, 1991) to a wide
range of other more specialized terms: Multipotent Stro-
mal Cells, Marrow Stromal Cells, Mesenchymal Stromal
Cell, Mesodermal Stem Cells, Medicinal Signaling Cells,
etc. (Caplan, 2017a,b). Each of the terms focuses on one
of the MSC features which made them the most popular
cell types for fundamental cell biology and clinical stud-
ies. For example, Mesenchymal Stem Cells emphasizes
their mesenchymal origin (though some MSCs come
from the neural crest) and stem-cell properties, while
Medicinal Signaling Cells emphasizes the potential of
biomedical applications of their secretome. Neverthe-
less, all of these terms define the same cells (Caplan,
2017a,b; Mastrolia et al., 2019).

The minimal criteria of MSCs is rather simple: they
must be plastic-adherent; express CD105, CD73, CD90,
lack expression of CD45, CD34, CD14 or CD11b, CD79a
or CD19, HLA-DR; and must be able to differentiate to
osteoblast, adipocyte, and chondroblast lineages in vitro
(Dominici et al., 2006). The main purpose of these cri-
teria is to separate MSCs from other cell types usually
co-isolated with MSCs such as endothelial cells, hemato-
poietic progenitors and hematopoietic cells, monocytes,
and macrophages.

All MSCs might undergo trilineage differentiation,
but the biological meaning of this phenomenon in vivo
is still debatable. For example, despite the osteogenic
potential, the contribution of osteogenic differentiation
of bone marrow MSCs (BM-MSCs) to fracture heal-
ing seems to be minimal (Bragdon and Bahney, 2018).
Moreover, trilineage differentiation is usually observed
at the phenotypic level — in the vast majority of research
articles, the authors do not go beyond specific staining

(e.g., Alizarin Red stain for matrix mineralization) and
qPCR or western-blotting for key markers of specific dif-
ferentiation. Nevertheless, phenotypic similarity might
mask actual physiological differences of these processes
between different MSCs. For example, Runx2 is involved
in both osteogenic and odontogenic differentiation,
which have differences in molecular mechanisms and
phenotype of differentiated cells (see the detailed discus-
sion of these differentiation types below). Thus, a com-
parison of the physiology of trilineage differentiation of
different types of MSCs is necessary. In this review, we
focused on a discussion of osteogenic differentiation in
the context of functional differences of MSCs from vari-
ous tissues and their subpopulations.

A brief overview of osteogenic differentiation

Osteogenic differentiation is the process of differentia-
tion of mesenchymal cells into osteoblast-like cells able
to secrete and mineralize extracellular matrix (ECM).

In vivo osteogenic differentiation occurs by endo-
chondral or intramembranous ossification. The mo-
lecular mechanisms and cellular regulation of these two
types of bone formation were systematically observed
by C.Hartmann and Y. Yang (2020), and we will provide
only a brief description. Both types of ossification start
from the condensation of mesenchymal cells of various
origins. During intramembranous ossification mesen-
chymal cells directly differentiate into osteoblasts, start
to produce osteoid (bone ECM) and form an ossification
center. The ossification center grows by the differentia-
tion of newly mesenchymal progenitors which form a
periosteum. During its expansion, the ossification cen-
ter starts to surround the capillaries, which form bone
marrow and support the process of bone formation. En-
dochondral ossification, on the contrary, starts with the
chondrogenic differentiation of condensed mesenchy-
mal cells. As a result, the cartilaginous template of future
bone surrounded by MSCs (perichondrium) is formed.
Then the chondrocytes in the diaphysis region become
hypertrophic. Hypertrophic chondrocytes attract vessels
by vascular endothelial growth factor (VEGF) produc-
tion. In this zone, osteogenic differentiation of mesen-
chymal cells and trans-differentiation of hypertrophic
chondrocytes to osteoblasts occur. Thus, a primary os-
sification center is formed and the bone begins to take
its final shape — the bone marrow cavity and two grow
plates are formed in the primary ossification center. Fi-
nally, in some bones, the formation of a secondary os-
sification center occurs.

Both in vivo types of ossification described above
have complicated regulation by systemic and paracrine
signaling, cellular interactions, ECM, and even include
epigenetic mechanisms (Hartmann and Yang, 2020; Sal-
hotra et al., 2020). There are several signaling pathways
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involved in osteoblast differentiation and ossification:
TGF-beta (transforming growth factor-beta; mainly
bone morphogenic proteins; Rahman et al., 2015), Wnt
(Kobayashi et al., 2016), FGF (fibroblast growth factors;
Marie, Miraoui and Séveére, 2012) and Notch. Notch sig-
naling has ambiguous effects on ossification — there is
data about both inhibitory and pro-osteogenic effects of
Notch on osteoblast differentiation and bone develop-
ment. We argue that Notch signaling has a dose-depen-
dent effect on ossification and osteogenic differentia-
tion of mesenchymal cells (Semenova et al., 2020). Both
intramembranous and endochondral ossifications are
controlled by expression of Runx2 — the most upstream
transcriptional factor of osteogenic differentiation regu-
lating expression of several downstream genes such as
collagen I, osterix and alkaline phosphatase (ALP; Hart-
mann and Yang, 2020).

The process of osteogenic differentiation of MSCs
in vitro might be divided into three phases: prolifera-
tion, ECM maturation, and ECM mineralization (Pit-
kédnen, 2020). One of the key markers of an early pro-
liferation phase is the expression of collagen type I and
osteopontin. The contact of extracellular matrix with
collagen type I is known to stimulate osteogenic differ-
entiation itself through integrin-dependent activation of
Runx2 (runt-related transcription factor 2) through the
MAPK (mitogen-activated protein kinase) signaling cas-
cade (Salasznyk et al., 2004; Langenbach and Handschel,
2013; Arai et al., 2021). In the second stage of osteogenic
differentiation, the cell proliferation fades while secre-
tion of ECM continues and grows with the upregulation
of alkaline phosphatase (ALP). The first stage is initiated
with the expression of Runx2, which induces the expres-
sion of osterix necessary for the second stage associated
with ECM maturation. Runx2 is essential for the early
stages of osteoblast maturation from mesenchymal stem
cells — Runx2~/~ mice have no osteoblast marker gene
expression (Komori et al., 1997). At the third stage, be-
sides matrix mineralization, secretion of collagenase and
many bone ECM proteins such as bone gamma-carbox-
yglutamic acid-containing protein (BGLAP) and sialo-
protein also occur.

In most in vitro studies of MSCs, osteogenic differen-
tiation is induced by a specific osteogenic medium. Clas-
sically, the osteogenic medium is similar to simple culti-
vation media supplemented with 100 nM of dexametha-
sone, 50 uM of ascorbic acid-2-phosphate, and 10mM of
B-glycerophosphate (Jaiswal et al., 1997; Langenbach and
Handschel, 2013). This cocktail is assumed to partly re-
flect physiological inducers of osteogenic differentiation
and each component has its function (Chang et al., 2006).
Ascorbic acid is a cofactor of enzymes that hydroxylate
pro-collagen, so it enhances the secretion of collagen
type I to the extracellular matrix. 3-Glycerophosphate
mainly acts as a source of inorganic phosphate (Pi) re-

quired for extracellular matrix mineralization. Pi also
might regulate the mineralization process by induction of
expression of pro-osteogenic genes (bone morphogenic
protein-2 (BMP-2) and osteopontin) by ERK signaling
and cyclic-AMP/protein-kinase-A pathways (Tada et al,,
2011; Langenbach and Handschel, 2013); induction of in-
tracellular ROS production which enhances mineraliza-
tion in committed osteogenic cells (Khalid et al., 2020).
Finally, dexamethasone might directly induce Runx2 ex-
pression in MSCs through several signaling pathways
(Langenbach and Handschel, 2013). Nevertheless, dental
follicle cells might also be differentiated into mineralizing
cells with dexamethasone, but in this case, it acts through
PLZF (promyelocytic leukemia zinc finger protein), but
not Runx2 (Felthaus et al., 2014; see more detailed dis-
cussion in the “odontoblastic differentiation” section).
Moreover, it has been demonstrated that an osteogenic
medium with 100 nM dexamethasone might promote
not only osteogenic but also adipogenic differentiation
of mouse BM-MSCs (Ghali et al., 2015). This ambigu-
ous effect of dexamethasone on MSC differentiation may
come from the observation that it might regulate expres-
sion of Runx2 not directly but through downregulation
of SOX9 (SRY-Box Transcription Factor 9), which might
inhibit Runx2 (Della Bella et al., 2021). Moreover, dexa-
methasone is also upregulating PPARG (peroxisome pro-
liferator-activated receptor gamma), the high expression
of which is assumed to switch MSC adipogenic differenti-
ation direction in osteogenic conditions (Della Bella et al.,
2021). Thus, dexamethasone has a complicated and un-
clear effect on cell fate and it might have different effects
on cells in the same culture which might be demonstrated
by the presence of cells in both osteo- and adipocyte dif-
ferentiation state after dexamethasone treatment (Della
Bella et al., 2021).

Apart from the described inducers of osteogenic
differentiation, basal media is also an important com-
ponent that has a high impact on osteogenic differen-
tiation. For example, porcine BM-MSCs cultured in
aMEM/aDMEM showed the highest ALP activity and,
after induction of osteogenic differentiation, the highest
calcium deposition, while cells culturing with aMEM/
M199 showed a significant number of undifferentiated
cells and lower calcium deposition (Kannan et al., 2020).

It is generally accepted that in vitro osteogenic dif-
ferentiation of MSCs in 2D culture resulted in the for-
mation of osteoblast-like cells. The further transition
between osteoblast and osteocyte might occur in vitro
by variation of matrix spatial structure. During the cul-
tivation of osteoblast in 3D-culture (collagen gel), they
might transform to osteocytes. Then, if osteocytes were
transferred to a 2D culture they transform back to osteo-
blasts (Sawa et al., 2019).

Thus, osteogenic differentiation in vitro at least
partly reflects the physiology of MSCs in vivo. Never-
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theless, induction of osteogenic differentiation might
be controlled by differential signal cascades in different
mesenchymal cells. Moreover, while most of the studies
focus only on measurements of ALP activity and matrix
mineralization (Alizarin red stain), there is evidence of
the differences between osteoblast-like cells, differenti-
ated from different MSC types (e.g., Jadger et al., 2012;
Dadras et al., 2020; Nantavisai et al., 2020).

That is why we sequentially discuss several ques-
tions further: “Are MSCs from different compartments
physiologically similar?” and “How the differences of
MSC influence molecular mechanisms of osteogenic
differentiation and phenotype of various MSCs after os-
teogenic differentiation?”

MSC heterogeneity

There are several levels of MSC heterogeneity: at donor
and tissue levels (Phinney, 2012; Zha et al,, 2021). In-
ter-donor variation (age, genotype, and life history) is
known to have a high impact on MSC physiology, es-
pecially in the case of biomedical applications (Phinney,
2012; Zha et al., 2021). Nevertheless, this level of varia-
tion is out of the scope of this review — we focus only on
systematic intra-donor variation between MSCs from
different tissue sources and between MSC functional
subpopulations within one tissue. Thus, we discuss the
MSCs from the main tissue sources and their intra-pop-
ulation variability in vivo and in vitro.

Pericytes

Pericyte definition. Pericytes are a heterogeneous
group of mesenchymal cells from a perivascular niche.
There are no specific pericyte markers, but they usually
express PDGFRp (platelet-derived growth factor recep-
tor beta) and NG2 (neural/glial antigen 2) and are local-
ized in a perivascular niche (Yamazaki and Mukouyama,
2018). Pericytes have heterogeneous embryonic origin:
neural crest, mesothelium, and endocardium (Prazeres
etal., 2017; Yamazaki and Mukouyama, 2018). Pericytes
from the same tissue might also have a different origin
(Prazeres et al., 2017). Moreover, the formation of peri-
cytes from tissue mesenchymal stem cells in an adult
organism has been demonstrated: BM-MSCs might dif-
ferentiate to pericytes after stereotactic body radiation
therapy and promote tumor recurrence and neovascu-
larisation (Wang et al., 2016).

Pericytes are considered to be a source of tissue-
resident MSCs in an adult organism in vivo (Caplan,
2017a,b; Supakul et al., 2019; Yianni and Sharpe, 2019).
Caplan has assumed that the “in vivo progenitor of MSCs
are pericytes and certainly not components of the con-
nective tissue (stromal)” (Caplan, 1991, 2017a,b). The
pericytes, thus, might be regarded as specialized MSCs

in a perivascular niche which is in a strong connection to
tissue MSCs. For example, a bone marrow niche consists
of all forms of pericytes, MSCs, and differentiated chon-
dro-, osteo- and adipocytes (see further). Nevertheless,
a perivascular niche is much more complex, and not all
pericytes should be regarded as MSCs. Thus, we assume
that a perivascular niche might differ in various tissues
and consist of perivascular-specific and tissue-specific
parts of pericytes. While pericyte-specific cells are nec-
essary for perivascular niche maintaining, tissue-spe-
cific pericytes are part of the tissue-specific MSC pool.
Nevertheless, the data about functional heterogeneity
and a definition of pericytes is debatable and should be
the subject of a specialized review. Here we will focus
on the MSCs from the four main sources as in the most
studied ones (Fig. 1).

MSCs in bone marrow

BM-MSC definition. Bone tissue was the first source for
MSC isolation and it is still the most investigated model.
BM-MSCs have all the classic MSC features: they are
plastic-adherent, have fibroblast-like morphology, and
are potent to trilineage differentiation. Naive BM-MSCs
express CD73 and CD90, and approximately half of their
population express CD105. Due to high vascularization,
part of the BM-MSC population expresses CD146 and
PDGFRa (Kozlowska et al., 2019).

BM-MSC variation at single-cell level in vivo. Bone
marrow (BM) consists of stromal cells involved in blood
production (hematopoietic stem cells, HSCs) and BM
homeostasis (BM-MSCs). Despite a complicated spa-
tial structure, a BM niche is well characterized by the
single-cell methodology. C.Baccin et al. (2020) per-
formed droplet-based single-cell RNA-seq (scRNA-seq)
combined with spatially resolved transcriptomics of mu-
rine BM, extracted from femurs, tibiae, hips, and spines
with additional depletion or enrichment of abundant or
rare cell populations subsequently. Authors described
32 clusters, 11 of which corresponded to mesenchymal
lineage and contained chondrocytes, osteoblasts, myofi-
broblasts, three types of fibroblasts (endosteal, stromal,
and arteriolar), fibroblast-chondrocyte progenitors,
Ng2+ MSC, and two types of Cxcl12-abundant reticular
(CAR) cells: adipo-CAR and osteo-CAR. All these cells
have different spatial localizations. The authors define
three niches in the BM: (1) a niche associated with ar-
teriolar and included arteriolar fibroblasts, osteo-CAR,
stromal fibroblasts, smooth muscles; (2) a sinusoidal
compartment with adipo-CAR; (3) an endosteal niche
that consists of endosteal fibroblasts, osteoblasts and
chondrocytes. Ng2+ MSC was not associated with any
of the defined niches.

Adipo-CAR and osteo-CAR are known to be the
main cytokine-producing cells named CXCL12-abun-
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Fig. 1. Diversity of MSC types which might be isolated from the four most popular sources. Figure created with BioRender.com

dant reticular (CAR) cells (Sugiyama et al., 2006). The
function of CAR-cells is maintaining the quiescent
HSCs pool (Sugiyama et al., 2006; Omatsu et al., 2010).

Nevertheless, CAR-cells might have a higher level of
heterogeneity than presented by the spatial data. Addo
et al. (2019) performed scRNA-seq analysis of sorted
VCAM-1+CD45-Ter119-CD31- cell fraction isolated
from murine BM. The majority of isolated cells express
Cxcl12 and LepR (leptin receptor). Thus, these cells are
generally analogous to the adipo-CAR cells from Baccin
et al. (2020). Nevertheless, some osteo-CAR cells might
express LepR at a lower level, so part of their population
might be also included (Baccin et al., 2020).

Addo et al. (2019) identified three subpopulations
of stromal cells according to the expression level of
Cxcl12: Cxcl12-low (12 % of cells), Cxcl12-intermediate
(8% of cells), and Cxcl12-high (80 %). Cxcl12-high cells
have a high level of adipoq and lepr with a low level of
bglap. Cxcl12-low, in contrast, has a low level of adipog
and lepr, but a high level of bglap. Thus, summarizing
the data from Baccin et al. (2020), we might conclude
that 80 % of cells in the work of Addo et al. (2019) cor-
responds to adipo-CAR, while ~12% represent part of
osteo-CAR heterogeneity.

This data is in good accordance with Tikhonova
et al. (2019), who performed scRNA-seq of VE-Cad+,
LEPR+, and COL2.3+ cells. LEPR+ cells were localized
in the sinusoidal capillaries. Nevertheless, they identified
four clusters of LEPR+ cells. Only two of these clusters
covered the sinusoidal capillaries — Mgp-high and Lpl-
high. Two other clusters — Wifl-high and Spp1-high/
Ibsp-high — have an expression of osteogenic markers
and were regarded as osteogenic-primed. Wifl-high
and Sppl-high/Ibsp-high clusters are localized main-
ly in the trabecular part of the bone. Thus, Mgp-high
and Lpl-high clusters correspond to adipo-CAR while
Wif1-high and Spp1-high/Ibsp-high correspond to part
of osteo-CAR population. Mgp-high and Lpl-high also
have higher expression of Cxcl12 and SCF (stem cell fac-
tor). They also found an actively proliferative population
of LEPR+ cells. It has been previously shown that these
cells give rise to adipocytes and osteoblasts (Zhou et al.,
2014).

The role of Ng2+Nestin+ MSC in the BM is not ful-
ly understood. It is known that these cells as the adipo-
and osteo-CAR cells localize in the perivascular niche,
show physical association with HSCs, and secrete fac-
tors essential for HSCs functioning, including Cxcl12.
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Fig. 2. Schematic representation of the role of mesenchymal cells heterogeneity in the bone marrow niche and the main directions of their dif-
ferentiation from pericytes (see the detailed discussion in the text). Figure created with BioRender.com

Moreover, these cells are required for HSC/progenitor
homing, and in vivo depletion of Nestin+ MSC leads to
a 90 % decrease of hematopoietic progenitors. Neverthe-
less, Nestin+ MSCs are also known to be the progenitors
of cells of osteochondral lineages and might form osteo-
blasts, osteocytes, chondrocytes, and probably osteo-
and adipo-CAR (Méndez-Ferrer et al., 2010). Moreover,
the Nestin+ MSCs are known to react to parathormone
(Méndez-Ferrer et al., 2010). Thus, Nestin+ MSC might
be assumed to be the main regulators of BM-niche and
progenitors of other osteochondral cells, while CAR
cells are assumed to be the main producers of SCF and
CXCL12 (Méndez-Ferrer et al., 2010; Omatsu et al.,
2010; Baccin et al., 2020).

Other researchers performed scRNA-seq of non-
hematopoietic, non-endothelial CD45" Ter119- CD31"
cells from murine bone marrow (Wolock et al., 2019).
They identified 7 clusters representing the (1) MSC,
(2) adipocyte progenitor, (3) pre-adipocyte, (4) osteo-
blast/chondrocyte progenitor, (5) pre-osteoblast/chon-
drocyte, (6) pre-osteoblast, (7) pre-chondrocyte. MSC,
adipocyte progenitors, pre-adipocyte, and osteoblast/
chondrocyte progenitors have high levels of cxcl12, adi-
pog, scf expression. Gradually, the expression of cxcl12,
adipog, scf fades while the expression of the correspond-
ing adipo- or osteogenic differentiation genes rise.

Thus, BM has several MSC populations, which are
clearly explained in vivo by scRNA-seq data. Based on
the data discussed above we can hypothesize a “waterfall
mechanism” of BM maintenance (Fig. 2).

First of all, Ng2+ Nestin+ population of MSCs is
induced to proliferation and Cxcl12 factor production
by hormones (such as parathormone). The proliferation
of Ng2+ MSC leads to a formation of adipo- and osteo-
CAR cells — professional producers of paracrine factors
(e.g., cxcl12) which produce most of the factors sup-
porting the unique niche for HSC development. Nev-
ertheless, CAR cells do not proliferate and start slowly
differentiating into osteogenic and adipogenic lines con-
sequently. During this differentiation, the production of
BM niche paracrine factors fades and differentiated os-
teoblast and adipocytes have no expression factors nec-
essary for the maintenance of the BM niche. The produc-
tion of paracrine factors for HSC quiescence in their BM
niche maintenance requires consequent proliferation of
Ng2+Nestin+ cells. Accordingly, depletion of CAR cells
will lead to disruption of the BM niche. Omatsu et al.
(2010) performed selective ablation of CAR cells — they
inserted Diphtheria toxin (DT) receptor-green fluores-
cent protein into Cxcl12 locus with further system ad-
ministration with diphtheria toxin. Depletion of Cxcl12-
producing cells leads to the reduction of HSC:s.
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From this point of view, osteogenic differentia-
tion of osteo-CAR cells might be considered as cell ag-
ing, but not as reparative osteogenesis. Accordingly, in
vivo pericyte-lineage-tracing studies demonstrate that
endogenous pericytes might contribute to bone frac-
ture healing as a source of osteogenic cells (Supakul et
al., 2019). Nevertheless, BM-MSCs are not the primary
source of cells for bone healing in vivo. Most of the os-
teochondroprogenitor cells migrate from the endosteum
and periosteum, while the main function of BM-MSCs
is trophic factor secretion, which supports the healing
process (Bragdon and Bahney, 2018).

BM-MSC variation on single-cell level in vitro.
Thus, BM-MSCs have a complicated subpopulational
structure according to their functions in maintaining
the BM-niche. Therefore, a high level of BM-MSC het-
erogeneity in vitro is well known and was described at
phenotypic and molecular levels (e.g., Whitfield et al,,
2013; Freeman et al., 2015). One of the most important
levels of in vitro phenotypic heterogeneity is the size of
a cell: at lower passages most BM-MSCs are small and
spindle-shaped, but during long-term cultivation, the
proportion of large rounded cells increases (Whitfield et
al., 2013). Experiments with cell division-tracking of hu-
man BM-MSCs in vitro at the fifth passage revealed that
small cells actively divided and half of all progeny arose
from the 15 most proliferative small cells, while half of
the initial cells never divided at all. While actively divid-
ing cells remain small, non-dividing cells become larger
in the course of time. Thus, the proportion of active and
non-dividing cells is shifting to large senescent cells dur-
ing the in vitro culture. According to phenotypic data,
scRNA-seq of 16 mouse BM-MSCs revealed at least five
physiological clusters: two clusters of dividing cells and
three clusters of cells commitment to differentiation
(Freeman et al., 2015). Thus, during in vitro cultivation,
BM-MSCs remain heterogenous, but this heterogeneity
is much less complex and has no evident functional sub-
populations observed in vivo.

MSC in adipose tissue

ADSCs definition. Adipose tissues are easy to isolate,
therefore adipose-derived stem cells (ADSCs) have be-
come one of the most popular cell types for therapy.
Naive ADSCs have properties and immunophenotype
similar to BM-MSCs. Adipose tissue is also vascularized,
so pericyte subpopulation is also present after isolation.
Nevertheless, unlike BM-MSCs, a percentage of ADSCs
with CD146 (vascular marker) dramatically decreases
up to a tenth passage during cultivation (Kozlowska et
al,, 2019).

ADSCs variation at single-cell level. Opposite to bone
marrow, ADSCs are more homogenous at the single-cell
level (Acosta et al., 2017; Zhou et al., 2019), but adipose

progenitor cells from subcutaneous and visceral adipose
tissue form distinct clusters at the scRNA-seq level (Vi-
jay et al., 2020). Both sources of ADSCs consist of four
groups of adipose progenitors varying in CFD (Comple-
ment Factor D) expression and probably representing
different stages of adipose progenitor cell differentia-
tion (Vijay et al., 2020). By the less sensitive approach,
ADSCs consist of an evenly distributed continuum
(Hardy et al., 2017). Nonetheless, their actual hetero-
geneity might be expanded by more sensitive methods
(Brooks et al., 2020).

Therefore, ADSCs should be preferred in the case
of standardized biomedical applications (Zhou et al.,
2019). Nevertheless, it should be emphasized that adi-
pose tissue is highly vascularized, and isolation of ADCS
in vitro usually leads to a mixed culture of fibroblast-like,
endothelial-like subpopulations of cells and perivascular
MSCs (Cheng et al., 2011; Zuttion et al., 2019).

Dental MSCs

Dental MSC definition. Teeth have several types of mes-
enchymal cells which form pulp, dentin, and cementum.
MSCs can be isolated from most of the tooth tissues:
dental pulp in permanent teeth (DPSCs), immature
dental pulp in deciduous teeth (SHEDs), apical papilla
of growing tooth roots (SCAPs), periodontal ligament
(PDLSCs), a dental follicle (DFSCs), gingiva (GFSCs/
GMSCs; Nagata, Ono and Ono, 2021). Unlike the MSCs
from most other sources and despite their conformity
to MSC criteria, the vast majority of dental MSCs are
derived from the neural crest — ectoderm (Janowicz et
al., 2019; Nagata, Ono and Ono, 2021).

DPSCs variation at single-cell level in vivo. Some
data of scRNA-seq of mouse incisors revealed only two
main mesenchymal clusters: odontoblast (Dmp1* cells)
and mesenchymal cells (Chiba et al., 2020). Neverthe-
less, scRNA-seq of mouse incisors with higher resolu-
tion revealed more clusters (Krivanek et al., 2020). Two
subtypes of the dental follicular Aldhla2* cells surround
the tooth encapsulated in the alveolar bone with alveolar
osteocytes. The mesenchymal compartment inside the
incisor (pulp) consists of a transient continuum of dif-
ferentiated odontoblasts in several differentiation stages
and two distinct pulp mesenchymal cell subtypes: apical
Smoc2* Sfrp2+ self-renewal subtype and Igtbp5* Syt6*
differentiating distal subtype. An apical subpopulation
is also heterogeneous and includes Foxdl* mitotically
active progenitor pool localized near the labial cervical
loop (Krivanek et al., 2020).

Krivanek et al. (2020) also performed single-cell
profiling of mouse molars and growing and nongrow-
ing human teeth. As expected, nongrowing mouse
molar mesenchyme forms a single cluster analogous
to the distal differentiated subtype of incisor pulp. Hu-
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man non-growing molars have much more heterogeny
compared to mice — human pulp has a subpopulation
spatially localized in the periodontoblastic layer. Similar
to a mouse incisor, apical papilla in a growing human
tooth has Smoc2* positive subtype of pulp mesenchyme.
Smoc2~ subpopulation was also detected in the grow-
ing pulp and might be regarded as mature pulp mesen-
chyme analogous to incisor dental pulp.

DPSCs variation at single-cell level in vitro. Dental
pulp stem cells (DPSCs) have a relatively high prolifera-
tion rate and are actively used in biomedicine, e.g., in neu-
rodegenerative disease and regenerative dentistry, while
most other dental MSC types are less popular (Janowicz
et al., 2019; Nagata, Ono and Ono, 2021). In vitro, there
are two main subpopulations of DPSCs: highly prolifera-
tive/multipotent and low proliferative/unipotent. For ex-
ample, Alraies et al. (2017, 2019) described high and low-
proliferative populations of DPSCs also discriminated by
single-cell Raman spectroscopy. Moreover, the authors
revealed that only a high-proliferative population was
able to undergo adipo- chondro- and osteogenic differ-
entiation while low-proliferative subpopulations were lin-
eage-restricted to osteogenic differentiation. The authors
argue that these differences are associated with telomere
lengths — high-proliferative DPSCs have longer telo-
meres (Alraies et al., 2017). Similar results were obtained
by Harrington, Sloan and Waddington (2014) — among
three investigated rat DPSC clones, all of them were ca-
pable of osteogenic differentiation, but only single clones
were also able to undergo adipo- and chondrogenic dif-
ferentiation. Some differences persist in the cultivation in
the 3D collagen gels — both subpopulations have a similar
proliferative ability, but they differ in gel contraction and
matrix metalloproteinase activity (Alraies et al., 2020).

Nevertheless, Kobayashi et al. (2020) found that at
early stages of a culture of human DPSCs, besides pro-
odontogenic (14 % of total cells) and multipotent (29 %)
subpopulations there are pro-adipogenic subpopulation
(36 %) and clones which do not demonstrate any differ-
entiation potential (26 %).

Umbilical cord mesenchymal stem cells

UC-MSC definition. The umbilical cord (funiculus um-
bilicalis) connects a developing embryo and placenta.
An umbilical cord has several sources for MSC isola-
tion such as sub-amniotic lining membrane (Kita et al.,
2010), but only several sources are actively used: Whar-
ton’s jelly (WJ-MSCs), umbilical cord blood, and um-
bilical cord perivascular cells (UCPVCs; Carvalho et al.,
2011; Lyons and Mattei, 2019).

MSCs from these two sources have different poten-
cy in various biomedicine applications, e.g., umbilical
cord blood seems to be more effective for scarless wound
healing (Doi et al., 2016; Lyons and Mattei, 2019). Nev-

ertheless, WJ-MSCs are easier to expand, might be cul-
tured in higher passages without phenotype changes,
and have a higher differentiating potential (Subrama-
nian et al., 2015). All UC-MSCs should meet the mini-
mal MSC criterion: express CD105, CD73, CD90; not
express CD45 and CD34; be plastic-adherent; have
fibroblast-like morphology; be able to differentiate to
adipo-, chondro- and osteogenic directions (Carvalho
etal, 2011; Lyons and Mattei, 2019).

WJ-MSC variation on single-cell level. scRNA-seq
analysis of freshly isolated WJ-MSCs reveals two distinct
subpopulations of MSCs (Zhang et al., 2021). Functional
differences of these cells in vivo are not yet understood,
but based on the gene expression profile one of these
subpopulations was considered as more differentiated.

After in vitro culture at least six probable subpopula-
tions of WJ-MSCs might be identified (Sun et al., 2020).
Two of them have a relatively higher level of MKI67, a
marker of cell proliferation. Three other populations
correspond to cells with classic MSC properties, among
which two subpopulations with different biological fea-
tures might be isolated: the one with a higher level of
expression of extracellular matrix and the other one with
a higher level of chemokines expression. Finally, there
was a small subpopulation of aging MSCs in G1 phase.
This subpopulation is much less abundant and might be
considered as an artifact of in vitro cultivation (e.g., cells
after senescence).

Direct omics comparison of different MSC
populations

Above we demonstrated that there are differences be-
tween MSCs from various tissues. Nevertheless, the fact
that different research groups used various methodolo-
gies in the articles discussed above, direct comparison
of MSCs from various sources would be incorrect. For-
tunately, there are a number of articles with the direct
comparison of MSCs from different sources by omics
methodology, and we might discuss the comparison of
major MSC types described above.

ADSCs and BM-MSCs have similar immuno-
phenotypes and morphology, but ADSCs have higher
proliferative potential (Mohamed-Ahmed et al., 2018).
W.Zhou et al. (2019) performed a direct comparison
of cultured BM-MSCs and ADSCs by scRNA-seq. Ac-
cording to in vivo data discussed below, ADSCs have
much less heterogeneity than BM-MSCs — cell-to-cell
distances based on scRNA-seq data of BM-MSCs were
larger than that of ADSCs. These two cell types formed
two distinct clusters on PCA with 4 033 differentially ex-
pressed genes between them (|logFC| > 1.5).

Comparison of umbilical cord MSCs (UC-MSCs)
and BM-MSCs revealed similar results. There are data of
comparative analysis of proteomes, DNA methylomes,
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and transcriptomes of cultured porcine BM-MSCs and
UC-MSCs (Huang et al.,, 2015; Yang et al., 2019, pre-
print). In summary, the authors found 587 genes differ-
entially methylated, 1979 differentially expressed tran-
scripts and 95 differentially expressed proteins between
BM-MSCs and UC-MSCs. The enrichment analysis
of the differentially expressed genes showed that UC-
MSCs have more active genes involved in proliferation,
cell motility, growth, and immunogenicity properties,
while BM-MSCs have higher osteogenic potential.

Harman et al. (2020) compared three cultures of
horse donor-matched adipose tissue, bone marrow, and
peripheral blood MSCs (PB-MSCs) by scRNA-seq. All
three types of cells formed distinct clusters on UMAP
plot. They found differences in cellular motility, immune
regulatory function, and chemoattractive capacity. Cor-
responding to other studies discussed below, in compar-
ison to intragroup heterogeneity authors demonstrated
that ADSCs were the most homogeneous cell popula-
tion.

Summary on MSC heterogeneity

Summarizing information from the four most popular
tissues for MSC isolation, we conclude that MSCs from
various sources have functional differences which still
persist after cultivation in vitro. These functional differ-
ences most probably come from the specificity of roles
of these MSC types in the tissues from which they were
isolated.

All MSC types discussed above represent a number
of related subpopulations in vivo, reflecting a function-
ality of MSCs in a specific tissue. Nevertheless, we see
much less variability after isolation of these MSCs and
culture in vitro. Obviously, some subpopulations might
be lost during cultivation while others might be more
adherent to plastic and intensively proliferate.

It has been demonstrated that after isolation of
MSCs from bone marrow and adipose tissues there is
a fraction of non-adherent mesenchymal progenitors
(NAMP; Di Maggio et al., 2012; Mehrkens et al., 2014).
NAMP from both sources can be expanded in suspen-
sion. These cells are less committed and have higher pro-
liferative potential than adherent MSCs. Moreover, dur-
ing cultivation in suspension, they proliferate and also
produce adherent progeny, which is similar to classically
isolated adherent MSCs. The presence of an adherent
MSC fraction supports NAMP maintenance through
FGF-2 signaling (Di Maggio et al., 2012). We assume
that NAMP might be associated with a population of
MSC precursors from a perivascular compartment, but
this assumption was not been experimentally tested yet.

Thus, isolation of MSCs into culture leads to a loss of
some natural heterogeneity. Then, the cultivation in vitro
causes the formation of other subpopulations, mainly as-

sociated with aging of culture, proliferative senescence of
some cells, and spontaneous commitment to differentia-
tion of the others. We might expect that all MSCs would
form similar subpopulations during cultivation in vitro.
According to this, W.Hou et al. (2021, preprint) com-
pared four types of MSCs cultured in vitro by scRNA-seq:
BM-MSCs, WJ-MSCs, ADSCs, and MSCs from synovial
tissue. In all types of cells, they found three major clus-
ters, corresponding to MSCs committed to osteo-, adipo-
and chondrogenic differentiation. Nevertheless, MSCs in
culture might still reflect some functional specificity of
their in vivo progenitors and a comparison of different
MSCs might be informative.

If we conclude that MSCs from different sources
are not physiologically similar we should then assume
that they have differences in molecular mechanisms of
trilineage differentiation and, probably, in the resulting
phenotype of differentiated cells. Osteogenic differen-
tiation is one of the most described ones. Moreover,
heterotopic osteogenic differentiation of mesenchymal
cells involved in several pathologies, e.g., calcific aor-
tic valve disease (CAVD) and heterotopic ossification,
also might take place in various cancers, for example, in
rectal cancer (Dukes, 1939; Rutkovskiy et al., 2017; Xu,
Zhou and Yang, 2018). Thus, further we will discuss the
data about a comparison of molecular mechanisms of
osteogenic differentiation of various mesenchymal cells
trying to describe functional subtypes of osteogenic dif-
ferentiations.

MSC heterogeneity in the context of
osteogenic differentiation

Pathological heterotopic ossification of
non-osseous cells

Not only MSCs, but some other, normally non-osseous,
cells might undergo differentiation with matrix miner-
alization in pathological conditions. Such pathological
differentiation is usually considered as “osteogenic” dif-
ferentiation, but the similarity of molecular mechanisms
of these processes has not been confirmed yet.

Aortic valve interstitial cells. Calcific aortic valve
disease (CAVD) is a slowly progressive disease develop-
ing from aortic valve thickening to valve calcification.
Valve calcification is assumed to be similar to endochon-
dral ossification and is also strongly regulated by BMP-
signaling (Gomez-Stallons et al., 2016, 2020). One of the
central processes in CAVD progression is osteogenic
differentiation of valve interstitial cells (VICs; Rutkovs-
kiy et al., 2017; Bogdanova et al., 2019).

Despite an overall similarity of matrix mineraliza-
tion between VICs and osteoblasts, differences in mo-
lecular mechanisms of osteogenic differentiation of
these cells were assumed (Monzack and Masters, 2011).
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Omics comparison of VICs and osteoblast/MSCs dur-
ing osteogenic differentiation is only yet to be made.
We compared osteogenic differentiation of VICs with
ADSCs in the context of dose-dependent activation of
Notch signaling with qPCR analysis of several proos-
teogenic markers and untargeted metabolomic profiling
(Semenova et al., 2020). VICs and ADSCs have different
patterns of expression of proosteogenic markers during
differentiation. Moreover, after different types of osteo-
genic differentiation (with or without Notch activation)
these cells formed distinct clusters on clusterization
(nMDS and PLS-DA) by metabolomics data. Thus, we
argue that the mechanisms of osteogenic differentiation
of VICs and ADSC:s are different, but clarification of the
exact differences has yet to be done.

Dermal fibroblasts. Dermal fibroblasts might un-
dergo osteogenic differentiation in a similar manner to
MSCs (Christy et al., 2019). Jadger et al. (2012) founded
that osteogenic differentiation of fibroblasts is rather
similar to MSCs. The authors performed a transcrip-
tomics comparison of human donor-matched dermal
fibroblasts (dFBs) and ADSCs during trilineage differ-
entiation. Principal component analysis revealed that
undifferentiated cells form distinct clusters, but after os-
teogenic differentiation they form overlapping clusters.

Heterotopic calcification in tumors. Heterotopic cal-
cification in cancers is relatively rare but known for many
tumor types. Despite many published cases, the molecu-
lar mechanisms of such ossification are not yet clearly un-
derstood. Nagata, Ono and Ono (2021) discussed the case
of heterotopic ossification in a metachronous metastatic
lymph node in an 83-year-old Japanese woman. Metastat-
ic tumor cells were positive for many proosteogenic mark-
ers involved in normal ossification: BMP-2, TGE-p, osteo-
calcin, osteonectin, phosphorylated Smad2/3 (pSmad2/3)
in the nucleus. Based on the comparison of the clinical
case and literature data Nagata, Ono and Ono (2021) em-
phasized two principal sources of heterotopic ossification
in the present case: (1) epithelial-to-mesenchymal transi-
tion (EMT) associated osteogenic-like differentiation of
tumor cells and (2) induction of osteogenic differentia-
tion of resident MSCs by BMP-2 and other proosteogenic
factors secretion by tumor cells.

The second mechanism seems to be the major one,
and similar data was also obtained in several other clinical
cases. For example, Suzuki et al. (2019) presented a case of
a 43-year-old woman with calcified adenocarcinoma. The
ossification zone was surrounded by tumor cells secreting
BMP-2 and osteopontin. Another example is the case of a
73-year-old male with rectal adenocarcinoma, presented
by Katono et al. (2021). The heterotopic ossification zone
was also surrounded by tumor cells and the expression of
BMP-2 and EMT-associated factors (Snail and Slug) ex-
pression was also founded to be specifically increased in
the area of heterotopic ossification.

Thus, it is still questionable whether tumor cells are
able to differentiate in an osteogenic direction, neverthe-
less, they are able to obtain an osteogenic phenotype and
to express some proosteogenic factors such as BMP-2
and osteopontin, which might induce heterotopic ossi-
fication with osteogenic differentiation of resident mes-
enchymal cells.

Odontoblastic differentiation as a distinct
subtype of osteogenic differentiation

Odontoblastic differentiation. Besides pathological os-
sification, there is at least one clear subtype of normal
osteogenic differentiation — dentinogenic differentia-
tion. Production of extracellular matrix and its mineral-
ization occurs in both osteogenic and dentinogenic dif-
ferentiations. The main differences are in the repertoire
of producing ECM proteins: extracellular DSPP and
DMP-1 proteins are the main markers of odontogenic
differentiation. Molecular mechanisms of odontogenic
differentiation are largely unknown, but the primary
transcriptional factors involved in odontoblastic differ-
entiation are not the same as in osteogenic differentia-
tion: Msx1, Msx2, Lhx7, Pax9 (Rosa et al., 2012; Dong
et al, 2019). Expectedly, dental-derived stem cells are
the main cell type able to differentiate to odontoblast-
like cells. We assume that in most of the articles where
dental-derived stem cell differentiation was demon-
strated, the authors actually worked with odontoblastic
differentiation. The assay on matrix mineralization and
Runx2 expression should be supplemented by data on
an expression of DSPP and DMP-1 in the case of dental-
derived stem cells.

Osteogenic and odontoblast differentiation as two
separate cell fates. A proteomics comparison of canine
DPSCs and other BM-MSCs performed by S.Nantavi-
sai et al. (2020) revealed that most of the differentially
expressed proteins involved in osteogenic-like differen-
tiation were unique for cell types. Among 571 total dif-
ferentially expressed proteins (adj. P.val < 0.05), 163 and
58 were specific for the 7" and 14™ days of osteogenic
differentiation of BM-MSCs, respectively, and 47 and
86 for the 7" and 14" days of osteogenic differentiation
of DPSCs. Based on obtained data, the authors indicated
the differences in proteins involved in the key pro-os-
teogenic signaling cascades: Wnt, Notch, and BMP. Then
they compared the effect of different inhibitors, which
confirmed these differences. Only two signaling path-
ways have similar effects on both cell types: Notch sig-
naling has an inhibitory effect while BMP has a positive
effect on osteogenic differentiation of both cell types. In
the case of BM-MSCs, TGF-beta and Wnt have a pro-
osteogenic effect (which is considered their classic effect
on osteogenic differentiation), while in DPSCs they have
inhibitory effects on differentiation.
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The existence of two types of differentiation with
matrix mineralization was demonstrated using several
models where dental-derived stem cells were specifi-
cally stimulated to one of the differentiations. Induction
of differentiation of dental follicle cells (DFCs) by clas-
sic osteogenic media described above and by BMP-2 or
IGF-2 leads to different transcription patterns. Both
inductors lead to high ALP activity and ECM matrix
mineralization. But only induction of differentiation by
BMP-2 or IGF-2 leads to a pattern similar to osteogenic
differentiation with the high Runx2 expression. Induc-
tion of differentiation by osteogenic medium leads to
an expression of late-osteogenic genes (Saugspier et al.,
2010). Moreover, Runx2 independent osteogenic-like
differentiation of DFCs was demonstrated (Felthaus
et al., 2014). After induction of osteogenic differentia-
tion by osteogenic media, the inhibition of Runx2 did
not suppress differentiation, ALP activity, or matrix
mineralization. At the same time, differentiation was
decreased or enhanced by overexpression or inhibition
of Zbtb16 (Plzf), respectively (Felthaus et al., 2014). In
contrast, inhibition of Runx2 had a suppressive effect on
BMP-2 induced differentiation of DFCs.

Extracellular matrix as important inductor of odonto-
blastic differentiation. Similarly, different differentiations
of dental cells might be achieved by variation in the ex-
tracellular matrix. H.Xie et al. (2017) compared the dif-
ferentiation of DPSCs on graphene or glass. Graphene
matrix promotes osteogenic differentiation of DPSCs it-
self, without additional inductors. Moreover, expressions
of MSX-1, PAX-6, and DMP-1 (odontoblastic genes) were
downregulated while Runx2 and OCN (osteogenic genes)
were upregulated. Thus, graphene specifically stimulates
osteogenic, but not odontogenic differentiation.

Accordingly, dentine extracellular matrix compo-
nents induce odontoblastic differentiation not only in
DPSCs but also in BM-MSCs and ADSCs (Rosa et al.,
2012; Davies et al., 2015; Dong et al., 2019). We might
speculate that the differences in osteogenic/odontogenic
potential of DPSCs in part may be the result of produc-
tion by DPSCs of specific ECM proteins, which leads
to odontogenic differentiation besides osteogenic. Ac-
cording to this, A.Kumar et al. (2018) described DSPP
in the secretome of undifferentiated DPSCs. Neverthe-
less, dentine matrix proteins were not described in other
secretome profiles of dental MSCs performed by S.Yu
et al. (2016), so this hypothesis requires additional ex-
perimental confirmation. Nevertheless, transfection of
ADSCs by DSPP-expressing adenovirus leads to an in-
crease in ALP activity and matrix mineralization, and
instead of an osteogenic phenotype, transfected ADSCs
acquire an odontoblast-like phenotype with expression
of Msx1, Msx2, Lhx7, and Pax9 (Wu et al., 2008).

Thus, while Runx2 is the master gene of osteogenic
differentiation, DSPP is one of the central components of

odontoblastic differentiation. Nevertheless, odontoblas-
tic differentiation is also strongly dependent on Runx2.
Runx2 deficiency leads to loss of ameloblast, overt odon-
toblast and causes abnormalities in dentin and enamel
(D’Souza et al., 1999). Chen et al. (2005) analyzed a
possible interaction of Runx2 and DSPP in the mouse
model. They found three sites to which Runx2 might
bind in promoters of a DSPP gene. Nevertheless, the
effect of Runx2 on DSPP expression is controversial at
different stages of odontoblast differentiation. Inhibi-
tion and overexpression of Runx2 in preodontoblast
MDI10-F2 cells decreases and increases DSPP expres-
sion, respectively. But these experiments cause an op-
posite effect on odontoblast MO6-G3 cells — inhibition
of Runx2 causes an increase in DSPP promoter activ-
ity while its overexpression decreases DSPP expression.
Thus, Runx2 is essential for early stages of odontoblast
development, but its expression decreases in mature
odontoblasts (D’Souza et al., 1999; Chen et al., 2005).

The molecular mechanism of switching between
these programs is largely unknown. Probably, there are
some undiscovered upstream components to Runx2 fac-
tors, involved in these processes, besides Runx2 and
DSPP. For example, a recent study performed by Y.Lin
et al. (2020) demonstrates the effect of SALLI, a tran-
scription factor expressed in odontoblasts. ShRNA on
SALL1 inhibits odontogenic differentiation by decreas-
ing the accessibility of chromatin regions associated with
odontoblast differentiation. Moreover, SALL]I might
regulate Runx2 locus and physically interact with
Runx2 protein.

Therefore, osteogenic and odontoblastic differentia-
tion represent phenotypically similar, but different types
of differentiation with crossing, but distinct molecular
mechanisms need to be explored.

Comparison of molecular mechanisms of
osteogenic differentiation of MSCs in vitro

Similar MSCs do not react identically to the differentia-
tion stimuli. In contrast to tooth-derived MSCs, it is be-
lieved that MSCs from other sources undergo osteogen-
ic differentiation in a similar manner. Nevertheless, even
the comparison of MSCs from different compartments
of one tissue might reveal significant differences in the
effect of the same differentiation stimuli.

Comparison of osteogenic differentiation capacity
of mesenchymal stem cells derived from placental tis-
sues is a good example. C.Shen et al. (2019) isolated
MSCs from a human amniotic membrane (AM), umbil-
ical cord (UC), chorionic membrane (CM), and decidua
(DQ). Then the cells were induced to osteogenic differ-
entiation by classic osteogenic medium with dexameth-
asone. Several key markers of osteogenic differentiation
were measured on the null point, 7%, 14", and 21* days.
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AM-MSCs and UC-MSCs were similar and performed
osteogenic differentiation — an expression of collagen I,
BMP-6, and Runx2 were significantly increased on the
7' day. Then, on the 14'" day, the expression of osteocal-
cin and sclerostin was increased. Finally, on the 21 day
expression of sclerostin was maximal and expression of
FGF23 increased. During osteogenic differentiation of
CM-MSCs and DC-MSCs, sclerostin was not upregu-
lated at all while significant upregulation of collagen I
was found only on the 14" day. Accordingly, AM-MSCs
and UC-MSCs displayed a much higher level of calcium
deposition on the 21* day. The authors assumed that
osteogenic differentiation of CM-MSCs and DC-MSCs
are similar, but much slower than in AM-MSCs and
UC-MSCs. One of the probable reasons for this phe-
nomenon is differences in the extracellular matrix. Thus,
the authors demonstrated that fibronectin increased cal-
cium deposition in all MSC types used in this study, but
their differences in osteogenic potential persisted (Shen
et al., 2019). Similarly, Zajdel et al. (2017) compared
osteogenic differentiation of ADSCs and WJ-MSCs.
The overall phenotype was similar, but the expression
levels of osteogenic markers were different. The same
phenomenon was demonstrated for ADSCs and BM-
MSCs. ADSCs have delayed osteogenic differentiation.
Both cell types have increased ALP-activity, collagen I
production and expression of Runx 2, and osteopontin
and calcium deposition, but BM-MSCs have the greatest
level of proosteogenic gene expression on the 14" day
(Mohamed-Ahmed et al., 2018).

Thus, at the phenotypic level, the differences be-
tween various MSCs are in the osteogenic differentiation
speed. Nevertheless, we still cannot answer the question:
do these processes actually go by the same mechanisms
in the case of all MSCs discussed above? There are only
several articles with omics comparisons between dif-
ferent types of MSCs during osteogenic differentiation
which might disclose the answer.

Omics comparison of BM-MSCs and ADSCs dur-
ing osteogenic differentiation. Monaco et al. (2012) per-
formed a microarray analysis of porcine BM-MSCs and
ADSCs during osteo- and adipogenic differentiation.
Only 64 genes were significantly differentially expressed
between the cell types before differentiation. Several
proteins probably influencing MSC differentiation were
among them: periostin, secreted frizzled-related pro-
tein 2 (SFRP2), fibrulin-2, osteopontin, and fibronec-
tin 1. During osteogenic differentiation they performed
an analysis of differential expression on the 274, 7%,
and 21* days of osteogenic differentiation. The overall
number of DEGs between BM-MSCs and ADSCs de-
creased during differentiation from 106 on the 2" day
to 28 DEGS on the 21 day.

Similar results were obtained by Dadras et al
(2020), who performed a donor-matched analysis of

BM-MSCs and ADSCs from 29 patients after 21 days of
osteogenic differentiation by shotgun proteomics. A to-
tal of 2624 proteins with at least two unique peptides
were quantified, and 427 and 102 were specific for BM-
MSCs and ADSCs, respectively. Quantitative analysis
revealed 75 differentially expressed proteins with fold
change > |2|. Many of the cell-type differences were as-
sociated with the extracellular matrix, e.g., collagen
alpha-1(VIII) chain, VCAM-1, EGF-like repeat, and
discoidin I-like domain-containing protein 3 (EDIL-3)
were unique for BM-MSCs, while 17 out of 75 differ-
entially expressed proteins were associated with ECM
with “integrin cell surface interaction” as one of the most
significant pathways. Particularly, there were five alpha-
integrins upregulated in BM-MSC:s.

Therefore, BM-MSCs and ADSCs undergo osteo-
genic differentiation in a similar manner, and minor
differences in this process might come from initial dif-
ferences between these cells. Some of these initial differ-
ences are associated with ECM proteins. ECM plays an
important role in the induction of osteogenic differen-
tiation and, as we emphasized earlier, might influence
osteogenic potential. For example, ECM derived from
osteoblast-differentiated MSCs had increased osteo-
genic potential compared to ECM derived from undif-
ferentiated MSCs (Baroncelli et al., 2018). In this case,
differences in integrins between BM-MSCs and ADSCs
described above might be associated with differences in
ECM secreted by BM-MSCs and ADSCs, which might
influence their differentiation.

MSCs from various sources have differences in ECM.
Shin et al. (2021) performed comparative proteomic
analysis of a secretome of WJ-MSCs, MSCs isolated
from a placenta (PI-MSCs), BM-MSCs, and ADSCs.
They found 596 secreted proteins with many proteins
specific for cell type: 8 for BM-MSCs, 13 for ADSCs,
44 for WJ-MSCs and 112 for PI-MSCs. On the PCA,
all four groups formed distinct clusters. Interestingly,
that BM-MSCs are close to ADSCs while PI-MSCs are
closer to WJ-MSCs — fetal and adult MSCs form dis-
tinct groups. Based on the fact that MSCs both produce
and receive signals from the extracellular matrix, we as-
sume that differences in ECM production might be an
important factor of differences in osteogenic potential
of various MSCs. Nevertheless, as it was demonstrated,
cultivation on the same ECM cannot erase differences
in osteogenic potential of various MSCs and other fac-
tors such as epigenetic ones should be explored in more
detail in the future.

Conclusion

MSCs are heterogeneous in vivo (Table 1). This hetero-
geneity reflects the functionality of MSCs in different
tissues. During isolation and in vitro cultivation, we lose
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Table 1. The presence of heterogeneity and the ability to undergo several subtypes of osteogenic differentiation by four
main MSC types

Used Might be Might be . . Pericyte
X . . In vivo In vitro
Cell in induced to induced to . . markers may
L . . heterogeneity | heterogeneity References
type clinical osteogenic odontogenic demonstrated | demonstrated be detected
study* | differentiation | differentiation in culture
Shi and Gronthos, 2003;
BM-MSCs | Yes Yes Yes Yes Yes Yes DRz st el, 2015,
Freeman, Jung and Olge,
2015; Baccin et al., 2020
Davies et al., 2015;
Yes, but Kozlowska et al., 2019;
ADSCs ves ves ves relativelly low ves ves Zuttion et al., 2019; Vijay
etal., 2020
Shi and Gronthos, 2003;
Davies et al., 2015; Xie
DPSCs Yes Yes Yes Yes Yes Yes et al., 2017; Alraies et
al., 2017, 2019; Krivanek
etal., 2020
Lietal., 2013;
Yes, but Subramanian et al.,
WJ-MSCs Yes Yes Yes relativelly low Yes Yes 2015; Sun et al., 2020;
Zhang et al., 2021

* The data from the clinical study was verified by information from the U. S. National Library of Medicine (ClinicalTrials.gov; accessed 28.08.21).

most subpopulations due to their differences in prolif-
erative capacity and in adhesion, e.g., some of the sub-
populations of MSCs might be non-adherent to plastic.

MSCs are also heterogeneous in vitro, but this het-
erogeneity mainly comes from cultivation artifacts such
as culture aging and spontaneous differentiation, and
does not fully reflect natural functional subpopulations.
Nevertheless, MSCs from various sources still preserve
their functional features in vitro. We assume that at least
part of their physiological specificity comes from the
differences in ECM production, which partially restores
their native niche. Besides ECM, there are many other
stable differences between MSCs from various sources.

Functional differences between MSCs from various
sources should be considered in their clinical applica-
tions. For example, ADSCs and WJ-MSCs seem to be
the most homogeneous in vivo and in vitro, and they are
one of the least immunogenic and have a high immuno-
modulatory ability (Table 1).

The natural heterogeneity of mesenchymal cells
leads to differences in their osteogenic potential and
molecular mechanisms of osteogenic differentiation.
ADSCs and BM-MSCs undergo osteogenic differentia-
tion in a similar manner despite their functional differ-
ences in vivo and in vitro discussed above. Nevertheless,
other mesenchymal cells, e.g., VICs and fibroblast, are
assumed to undergo osteogenic differentiation in a dif-
ferent way than the ADSCs. Finally, dental MSCs are
prone to undergo odontoblastic differentiation which
should be clearly separated from osteogenic differen-
tiation by the presence of DSPP and DMP-1 expression.
Moreover, all four types of MSCs discussed in this re-

view might undergo odontoblastic differentiation in a
specific conditions (Table 1).

The data on omics comparison of osteogenic differ-
entiation of MSCs from various sources are still limited.
We consider that increasing the number of such studies
might allow us to highlight more distinct subtypes of os-
teogenic differentiation.
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