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Abstract

Mesenchymal stem cells (MSCs) are highly responsive to cues in the microenvironment (niche) that must be
recapitulated ex vivo to study their authentic behavior. In this study, we hypothesized that native bone marrow
(BM)- and adipose (AD)-derived extracellular matrices (ECM) were unique in their ability to control MSC
behavior. To test this, we compared proliferation and differentiation of bone marrow (BM)-derived MSCs when
maintained on native decellularized ECM produced by BM versus AD stromal cells (i.e. BM- versus AD-ECM).
We found that both ECMs contained similar types of collagens but differed in the relative abundance of

each. Type VI collagen was the most abundant (≈60% of the total collagen present), while type I was the next
most abundant at ≈30%. These two types of collagen were found in nearly equal proportions in both ECMs. In
contrast, type XII collagen was almost exclusively found in AD-ECM, while types IV and V were only found in
BM-ECM. Physically and mechanically, BM-ECM was rougher and stiffer, but less adhesive, than AD-ECM.
During 14 days in culture, both ECMs supported BM-MSC proliferation better than tissue culture plastic (TCP),

althoughMSC-related surface marker expression remained relatively high on all three culture surfaces. BM-MSCs
cultured in osteogenic (OS) differentiationmedia onBM-ECMdisplayed a significant increase in calcium deposition
in the matrix, indicative of osteogenesis, while BM-MSCs cultured on AD-ECM in the presence of adipogenic (AP)
differentiationmedia showeda significant increase inOil RedOstaining, indicative of adipogenesis. Further, culture
onBM-ECMsignificantly increasedBM-MSC-responsiveness to rhBMP-2 (an osteogenic inducer), while culture on
AD-ECM enhanced responsiveness to rosiglitazone (an adipogenic inducer).
These findings support our hypothesis and indicate that BM- and AD-ECMs retain unique elements,

characteristic of their tissue-specific microenvironment (niche), which promote retention of MSC differentiation
state (i.e. “stemness”) during expansion and direct cell response to lineage-specific inducers. This study provides a
new paradigm for precisely controlling MSC fate to a desired cell lineage for tissue-specific cell-based therapies.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The use of human mesenchymal stem cells (MSCs)
for tissue engineering and cell-based therapeutic
applications requires the expansion of large numbers
of multipotent cells whose differentiation along a
Author(s). Published by Elsevier B.V. This is
censes/by-nc-nd/4.0/).
specific cell lineage can be precisely controlled. To
obtain sufficient numbers of cells, conventional expan-
sion methods require multiple, long-term subcultures,
during which MSCs often enter premature senescence
or undergo spontaneous differentiation to undesired
cell lineages [1–3]. In order to retain the phenotype and
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2 Tissue-specific ECM controls MSC differentiation
differentiation potential of MSCs, theymust be expand-
ed in a culture environment which mimics the native
MSC niche to control two fundamental aspects of stem
cell-fate: self-renewal and differentiation potential [4–6].
Stem cell fate is regulated by both the intrinsic

properties of the cells and the extrinsic cues
contained within the stem cell niche. A major
component of this niche (or microenvironment) is
the extracellular matrix (ECM) which plays a
multitude of roles that affect the resident stem cell
population, such as modulation of growth factor
activity, mediation of mechano-transduction effects,
and cell-to-cell interactions. In particular, the ECM
anchors and organizes the cells and provides both
mechanical and physical cues, as well as a reservoir
of structural/matricellular biomolecules and soluble
factors. A number of groups have reported the
results of studies where an individual component or
property of the ECM (biomolecular composition,
architecture, mechanical and electrostatic proper-
ties) has been experimentally modeled to gain
insight into the cell-ECM interactions occurring in
the niche [7–10]. These studies have clearly
demonstrated the importance of individual biochem-
ical, architectural and mechanical properties in the
ECM, but the appropriate combinations of intrinsic
and extrinsic cues required to recapitulate the native
stem cell niche ex vivo and effectively direct cell
behavior, remain to be defined.
The current study extends our earlier observations

which showed that BM- and AD-ECMs constitute
unique tissue-specific microenvironments, contain-
ing different protein compositions, architectures, and
mechanical properties, that influence the behavior of
MSCs [4,11]. Here, we test the hypothesis that the
ECM, produced by BM- and AD-derived stromal
cells, is capable of maintaining MSC differentiation
state (“stemness”) during expansion and directing
MSC differentiation to the lineage of the stromal cells
that synthesized the ECM.
Results

ECM produced by stromal cells from bone marrow
and adipose tissues displayed differences in
relative matrix protein abundance, topography,
and physical properties

Stromal cells from bonemarrow and adipose tissues
were used to prepare BM- and AD-ECM, respectively,
and their protein composition and physical/architectural
properties compared. Proteomic analysis showed that
the two ECMs shared 50% of their protein components
(Fig. 1A). Basedonprotein classification, collagensand
glycoproteins represented the twomain protein classes
found, followed by proteoglycans and ECM-associated
components.
Of the collagens present, type VI collagen was the
most abundant, followed by type I collagen (Figs. 1B,
1C, and 2A). While type VI collagen was present in
nearly equivalent quantities in both ECMs and
comprised approximately 60% of the total collagen
content, type I collagen represented about 30% of
the collagen content in BM-ECM and 36% in AD-
ECM (Fig. 2A). In contrast, type XII collagen
accounted for almost 12% of the collagen content
in AD-ECM, but was entirely absent in BM-ECM
(Figs. 1C and 2A), while types IV and V were unique
to BM-ECM. Type I and XII collagens, in particular,
are known to affect fibril orientation and tissue
mechanics [12] and may, in part, account for the
differences observed in structure and function of the
two matrices.
In the second most abundant class of proteins,

fibronectin (FN1) was the most abundant glycopro-
tein in both ECMs, but tenascin C (TNC), transform-
ing growth factor-beta-induced protein (TGFBI), and
thrombospondin-1 (THBS1) were also found in both
ECMs but at much lower levels and in slightly
different amounts (Fig. 1B). In contrast, there were
several glycoproteins that were unique to specific
ECMs (Fig. 1C). Three glycoproteins, known to be
involved in promoting osteogenesis, were found
exclusively in BM-ECM (periostin (POSTN), fibrillin-1
(FBN1), and cysteine-rich angiogenic inducer 61
[CYR61]), while three other proteins were found in
AD-ECM but only one is known to play a role in
adipogenesis (fibulin-2 [FBLN2]).
Several proteoglycans were shared by both ECMs,

but heparan sulfate proteoglycan-2 (HSPG2)wasmost
abundant in BM-ECM, while biglycan (BGN) was most
abundant in AD-ECM (Fig. 1B). Other proteoglycans
(VCAN,HAPLN1, andDCN)were also found in the two
ECMs but in low amounts. In contrast, one proteogly-
can was uniquely found, in very low abundance, in
each ECM (i.e., chondroitin sulfate proteoglycan-4
[CSPG4] in BM-ECM and lumican [LUM] in AD-ECM).
Three ECM-associated components were identi-

fied in both ECMs and found in similar abundance
(annexin A2 [ANXA2], semaphorin 7A [SEMA7A],
and peroxidasin [PXDN]) (Fig. 1B). In contrast, each
ECM (Fig. 1C) contained proteins that were unique
and present in very low abundance (nidogen-2
[NID2], insulin-like growth factor binding protein-7
[IGFBP7], and gremlin-1 [GREM1] in BM-ECM and
galectin-1/lectin, galactoside-binding, soluble, 1
[LGALS1] in AD-ECM).
The two ECMs displayed vastly different structures

and physical properties when analyzed with atomic
force microscopy (AFM). BM-ECM has a relatively
rough topography and consists of highly-organized and
aligned fibrils when compared to AD-ECM (Fig. 2B);
this can be seen in the AFM topographical maps. ECM
stiffness, measured with AFM methods in the current
study, is similar to what we reported previously using
rheometry [4]. BM-ECM is roughly an order of



Fig. 1. Proteomic analysis of BM- and AD-ECM by mass spectrometry. (A) Number of shared (common) or unique
proteins found in BM- and AD-ECM by proteomic analysis. (B) Proteins common to both BM- and AD-ECM were identified
and relative abundance determined. The data shown in the tables have been segregated into protein classes/types and
represent the average of separate analyses of ECMs produced by 4 donors (±95% confidence interval). For each ECM,
the average amount of each protein (i.e. number of spectra) was calculated as a percent relative to the total number of
spectra identified in each donor's ECM. (C) Proteins unique to either BM- or AD-ECM were identified and relative
abundance determined. The data shown in the tables were calculated as described in (B).
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5Tissue-specific ECM controls MSC differentiation
magnitude stiffer than AD-ECM (P b 0.001, Fig. 2C).
Lastly, we performed adhesion surface mapping
studies for the two ECMs (Fig. 2C) and found that
BM-ECM was one-third as adhesive as AD-ECM
(P b 0.0001). The effect of this property, or related
properties (e.g. surface energy/wettability), on cell
function is particularly difficult to ascertain as any
differences are likely tied to changes in the biochemical
composition or organization of the matrix. Still, they
each represent another relatively subtle microenviron-
mental variable that may have substantial effects on
matrix properties.

Both BM- and AD-ECMs have similar effects on
BM-MSC proliferation and retention of the MSC
immunophenotype

To evaluate the effect of culture surface on cell
proliferation, BM-MSCs were seeded onto standard
TCP and the two ECMs (BM- and AD-ECM) at the
same seeding density and cultured for 5, 7, and
14 days. At each time point, cells were released from
the surface, counted and immunophenotyped. After
5 days in culture, cell density was significantly higher
on the two ECMs compared to TCP (Fig. 3A). Cell
counts on day 7 showed that BM-MSCs continued to
proliferate and cell density on the two ECMs was
higher than on TCP. However, cultures on AD-ECM
had a cell density that was slightly lower than on BM-
ECM. With continued culture to 14 days, cells on the
two ECMs continued to display a significantly higher
cell density than those on TCP.
Uniformly high expression of MSC surface

markers (CD73, CD90, CD105, and CD146) was
maintained through 14 days in culture on all sur-
faces. SSEA-4, which is an important marker of
uncommitted MSCs [13] and is related to dividing
cells [14], was typically higher on the two ECMs than
TCP at all timepoints. This expression pattern was
uniformly observed with BM-MSCs from four individ-
ual donors. Flow cytometry histograms from a
representative experiment showed typical expres-
sion of MSC surface markers on day 14 of culture on
all substrates (Fig. 3B).

Tissue-specific ECM maintains BM-MSC
differentiation state and directs cell response to
lineage-specific differentiation media

BM-MSCs were cultured for 7 days in growth media
on either TCP or one of the ECMs (BM- and AD-ECM)
Fig. 2. Characterization of the biochemical and physical pro
and atomic force microscopy. (A) Relative abundance of types
mass spectrometric analyses. (B) Representative atomic force
and stiffness of the BM- and AD-ECMs. Each image represe
stiffness (elastic modulus) of BM- and AD-ECM as measured b
randomly selected independent measurement. The error bars r
represent the median of the samples.
and then switched to osteogenic (OS) or adipogenic
(AP) differentiation media for an additional 7 days.
Cultures of BM-MSCs, maintained on BM-ECM and
treated with OSmedia, contained regions of strong von
Kossa-positive staining, suggesting extensive
calcification associated with osteogenic differentiation
(Fig. 4). OS-treated cells that had been cultured on
either TCP or AD-ECM also contained regions of von
Kossa positive staining, but calcification was not as
intenseas found on theBM-ECMcultures. Similarly,Oil
Red O staining suggested that BM-MSCs cultured on
AD-ECM in the presence of APmedia accumulated the
greatest number of lipid droplets (Fig. 4).
The effect of differentiation media on the cells was

assessed by measuring the expression of transcripts
widely associated with osteogenic or adipogenic
differentiation. BM-MSCs maintained on BM-ECM,
but not TCP or AD-ECM, in OS media displayed the
largest and most significant increases in the expres-
sion of osteogenic genes: runt-related transcription
factor 2 (Runx2; 3-fold), bone sialoprotein (BSP; 10-
fold), collagen type I (Col1A; 3-fold) and alkaline
phosphatase (ALPL; 7-fold) (Fig. 5). Similarly, BM-
MSCs maintained on AD-ECM in the presence of AP
media displayed the largest increase in the expres-
sion of adipogenic genes: peroxisome proliferator-
activated receptor gamma (PPARγ; 14-fold),
CCAAT/enhancer-binding protein alpha (CEBPα;
88-fold), and lipoprotein lipase (LPL; 19,292-fold),
while cells cultured on TCP and BM-ECM Figures 1,
2, 3, 4, 5, 6 and 7 also showed significant fold-
increases but to a smaller degree.

Response of BM-MSCs to specific inducers of
osteogenesis (BMP-2) and adipogenesis (Rgz) is
increased by culture on tissue-specific ECM

For these experiments, BM-MSCs were cultured in
growth media for 7 days on either TCP or one of the
ECMs (BM- and AD-ECM), switched to low serum-
containing growth media for 24 h, and then treated for
an additional 48 h with the same media supplemented
with either BMP-2 or Rgz, to induce osteogenesis or
adipogenesis, respectively. BM-MSC response to
these inducers was then assessed by measuring
changes in the expression of osteogenesis- or
adipogenesis-related mRNA transcripts using quanti-
tative RT-PCR (Fig. 7). The data showed that cells
maintained on BM-ECM and treated with BMP-2
exhibited a significant increase in Runx2 (3-fold) and
BSP (5-fold) expression over controls, while cells
perties of the BM- and AD-ECMs using proteomic analysis
I, IV, V, VI, and XII collagen in BM- and AD-ECM based on
micrographs showing differences in topography, adhesion,
nts a 40 × 40 μm region of the matrix. (C) Adhesion and
y atomic force microscopy. Each data point represents one
epresent the 95% confidence interval; the box and diamond



Fig. 3. BM-MSC proliferation and cell surface marker expression after culture for up to 14 days on TCP and BM- and
AD-ECMs. (A) BM-MSCs were seeded onto TCP and BM- and AD-ECM culture surfaces and grown for 5, 7 and 14 days.
At each time point, cells were detached from the substrate, stained with trypan blue, and counted. The data are presented
as the average (±95% confidence interval) number of cells/cm2 in 3 independent experiments. *P b 0.05, vs. TCP;
+P b 0.05, vs. AD-ECM. (B) Flow cytometry histograms of stem cell marker expression by BM-MSCs after 14 days in
culture on TCP, BM-ECM, or AD-ECM. The data include standard surface markers for BM-MSCs (e.g. CD73, CD90,
CD105 and CD146) and the embryonic stem cell marker SSEA-4. For each surface marker, the percent positive cells are
shown in blue and the isotype control is shown in red. While the data are for cells from one donor cultured on TCP and the
two ECMs for 14 days, similar results were obtained for cells from 3 additional donors cultured on the same surfaces for 5,
7, and 14 days.
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7Tissue-specific ECM controls MSC differentiation
cultured on TCP or AD-ECM failed to display an
increase with BMP-2 treatment or the increase was
significant but greatly diminished (Fig. 7A). Similarly,
only BM-MSCs maintained on AD-ECM demonstrated
responsiveness to Rgz asmeasured by a significant 2-
fold increase in PPARγ expression (Fig. 7B).
Discussion

During routine expansion on TCP, MSCs lose their
regenerative capacity with multiple passages due to
cellular senescence, spontaneous differentiation, or
other types of phenotypic drift [1]. This results in a loss
ofMSCdifferentiation state (i.e. “stemness”) andoverall
diminished capacity to respond to differentiation
inducers and/or cues, leading to inconsistent outcomes
[13,14].
Previously, our group described a native decellular-

ized BM-ECM culture system that promoted the rapid
proliferation of BM-MSCs, as well as retention of their
stem cell properties (“stemness”), with multiple pas-
sages relative to cells cultured on TCP [5,11]. To
understand the mechanisms involved, we investigated
the characteristics of BM-ECM and compared its
biochemical, architectural and mechanical attributes
to another ECM produced by adipose-derived stromal
cells (AD-ECM) [4].
Fig. 4. Von Kossa and Oil Red O staining of BM-MSC cul
growth media or osteogenic (OS) or adipogenic (AP) induction m
followed by culture for an additional 7 days in either OS or A
imaged on day 14 of culture with brightfield microscopy at 4×
The protein composition of both BM- and AD-
ECMs was determined using mass spectrometry to
identify any potential key components that may be
different between the two ECMs. The studies
revealed that the two ECMs were quite similar, with
the shared number of proteins accounting for
approximately 50% of the total number identified in
both ECMs. Of the proteins found uniquely in one of
the ECMs, many were associated with a particular
cell lineage. For example, two glycoproteins, perios-
tin and cysteine-rich angiogenic inducer 61 (Cyr61),
found exclusively in BM-ECM, are strongly implicat-
ed in bone formation and maintenance (Fig. 1C).
Periostin upregulates MSC osteogenesis via the
Wnt/β-catenin pathway [15], while bone-specific,
conditional knockout of Cyr61 reduces osteocyte/
osteoblast activity, substantially reducing bone
mineral density [16]. Similarly, fibulin 2 has been
shown to be enriched in adipocyte ECM [17]. These
findings support our assertion that ECMs, produced
by BM- or AD-derived stromal cells ex vivo, retain the
characteristics of their tissue of origin and suggest a
mechanism whereby they may direct cell lineage-
specific differentiation of MSCs in culture.
Interestingly, type VI collagen was the predominant

collagen in both ECMs and several studies have
reported that this collagen plays a direct role in
regulating stem cell fate [18–20]. Andersen et al.
tures maintained on either TCP, BM-ECM, or AD-ECM in
edia. BM-MSCs were cultured for 7 days in growth media,
P induction media or growth media (control). Cells were
magnification (bar in figure = 500 μm).

Image of Fig. 4


Fig. 5. Tissue-specific ECM directs the differentiation of BM-MSCs in response to osteogenic (OS) induction media.
Expression of osteogenesis-associated transcripts by BM-MSCs cultured on TCP, BM-ECM, or AD-ECM in growth (=
control) or OS induction media is shown. Transcript levels are reported relative to GAPDH expression; each experiment
was performed in triplicate and repeated three times. *P b 0.05, vs. untreated control on a particular culture surface. When
a significant difference was observed, the fold-increase over control is shown.

8 Tissue-specific ECM controls MSC differentiation
used immunohistochemical approaches to demon-
strate a shift in type VI collagen localization with MSC
differentiation. In undifferentiated cells, typeVI collagen
was localized exclusively to the cytoplasm and then
became redistributed to the cell membrane and peri-
cellular matrix with differentiation to the osteoblast or
adipocyte cell lineage [21].More recently,Urciuolo et al.
demonstrated that type VI collagen plays a key role in
creating the muscle satellite cell niche; in type VI
collagen knock-out mice muscle regenerative capacity
was reduced along with impaired satellite cell self-
renewal [22]. With engraftment of wild-type fibroblasts,
type VI collagen production resumed, along with the
return of satellite cell function, to near-normal levels.
These observations suggest an important role for type
VI collagen in directing stem cell behavior and provide
support for our hypothesis that BM- and AD-ECMs
replicate the MSC tissue-specific microenvironment
present in bone marrow and adipose tissue.
While type VI collagen was the most abundant

collagen in both ECMs and present in nearly the same
amounts (~60%), type I collagen was the second most
abundant collagen and present in both ECMs as well
(~30%). Type XII collagen was only found in AD-ECM,
while types IV and V collagen accounted for a minor
percentage of only BM-ECM. Type I collagen is a
widely distributed fibrillar collagen that is present at high
levels in bone and skin [23–26]. In contrast, type XII
collagen is less common and is amember of the FACIT
(or fibril-associated collagens with interrupted triple-

Image of Fig. 5


9Tissue-specific ECM controls MSC differentiation
helices) family of collagens which function to stabilize
the fibrillar collagen network by forming bridges across
fibrils [12,27]. Taking into consideration the architectur-
al and mechanical differences we identified previously
between BM- and AD-ECM [4], the highly-organized,
relatively high-stiffness properties of BM-ECM (Fig. 2B
and C) may be partially attributed to the abundance of
type I and VI collagens [28]. In contrast, the relatively
disorganized architecture and low-stiffness of AD-ECM
may be due to the considerable percentage (~12%) of
type XII collagen relative to type I [29]. These
differences may be important in understanding how
Fig. 6. Tissue-specific ECM directs the differentiation of BM
Expression of adipogenesis-associated transcripts by BM-MS
control) or AP induction media is shown. Transcript levels are
was performed in triplicate and repeated three times. *P b 0.05
a significant difference was observed, the fold-increase over c
the ECM regulates cell behavior since changes in the
elasticity of culture surfaces has been shown to
influence MSC differentiation [30]. Together, these
matrix properties (protein composition, architecture,
physical properties) providecluesas to thenatureof the
microenvironment (niche) experienced by the cells in
each tissue but fall short of providing any mechanistic
information [31,32].
Previously, we showed that different cues displayed

by these two ECMs (i.e., physical/mechanical, archi-
tectural) influenced discrete cellular behaviors such as
proliferation, spreading morphology (circularity), and
-MSCs in response to adipogenic (AD) induction media.
Cs cultured on TCP, BM-ECM, or AD-ECM in growth (=
reported relative to GAPDH expression; each experiment
, vs. untreated control on a particular culture surface. When
ontrol is shown.

Image of Fig. 6


Fig. 7. Gene expression of BM-MSCs in response to specific inducers of osteogenesis (BMP-2) and adipogenesis
(rosiglitazone, Rgz) is increased by culture on tissue-specific ECMs. BM-MSCs were cultured in growth media on TCP or
either BM- or AD-ECM for 7 days, switched to low serum-containing media for 24 h, and then treated with BMP-2 (200 ng/
ml) or Rgz (1.9 μg/ml) for 48 h. (A) Cell response to BMP-2 was assessed by measuring the expression of transcripts
associated with osteogenesis (e.g. Runx2 and BSP) using RT-PCR. (B) Cell response to Rgz was assessed by measuring
the expression of transcripts associated with adipogenesis (e.g. PPARγ) using RT-PCR. In both panels, transcript levels
are reported relative to GAPDH expression; each experiment was performed in triplicate and repeated three times.
*P b 0.05, vs. untreated control on a particular culture surface. When a significant difference was observed, the fold-
increase over control is shown.

10 Tissue-specific ECM controls MSC differentiation
calcium/lipid deposition [4]. Based on these results and
the proteomic analyses above, we hypothesized that
native ECM plays a tissue-specific role in directing
MSC differentiation to the lineage of the stromal cells
that produced it. To test this, we compared the effect of
culture on TCP and the two ECMs for up to 14 days on
BM-MSC proliferation and cell surface marker expres-
sion. In addition to confirming our previously reported
finding that the proliferation of BM-MSCsmaintainedon
either ECM was superior to that of cells maintained on
TCP, the current study finds that BM-MSCs cultured on
the ECMs for up to 14 days displayed better retention
of theMSCphenotype (i.e. higher expression of SSEA-
4) than cells maintained on TCP. SSEA-4 is an
important marker of uncommitted MSCs [13] and is
related to dividing cells [14]. Despite the high density

Image of Fig. 7


11Tissue-specific ECM controls MSC differentiation
achieved on day 14 of culture,MSCsexpanded onBM-
and AD-ECM demonstrated the highest SSEA-4
expression compared to TCP. These results suggest
that while both ECMs promote MSC proliferation,
relative to TCP, they may also protect the “primitive”
phenotype of BM-MSCs and restrain their tendency
towards phenotypic drift and spontaneous
differentiation.
We compared the capacity of TCP and the BM-

and AD-ECMs to direct tissue-specific differentiation
of BM-MSCs by culturing the cells on the three
substrates in the presence of osteogenic (OS) or
adipogenic (AP) differentiation media. In these
studies, the greatest amount of mineral formation
(i.e. von Kossa-positive staining for calcium deposi-
tion) was observed in cultures on BM-ECM main-
tained in OS media, while lipid-deposition (i.e. Oil
Red O staining) was highest in cultures on AD-ECM
in AP differentiation media (Fig. 4). In contrast,
mineral and lipid formation did not occur, or occurred
to a much smaller degree, in cultures maintained on
BM- or AD-ECM as compared to TCP in growth
media (control), suggesting that BM-MSCs cultured
on the ECMs were able to retain their undifferenti-
ated state until presented with lineage-specific
differentiation media and, at that time, MSC differ-
entiation favored the stromal cell lineage responsible
for producing the tissue-specific ECM. These obser-
vations were further confirmed at the gene expres-
sion level by studies showing that both BM- and AD-
ECM contain tissue-specific cues which direct and
augment the differentiation of MSCs when cultured
under osteogenic or adipogenic induction condi-
tions, respectively (Figs. 5 and 6).
To more precisely assess the tissue-specific role of

the ECM in modulating the responsiveness of BM-
MSCs to inducers of differentiation, we treated BM-
MSCs with BMP-2 (a known specific inducer of
osteogenesis) or rosiglitazone (a known specific
inducer of adipogenesis) during culture on TCP or the
twoECMs (Fig. 7). In this experiment, the concentration
of BMP-2 (200 ng/ml) was selected so that it was just
high enough to stimulate a change in gene expression
in BM-MSCs maintained on BM-ECM, but not TCP.
Indeed, BM-MSCsmaintained on BM-ECMexhibited a
significant increase in Runx2 (3-fold) and BSP (5-fold)
expression with BMP-2 treatment compared to AD-
ECMandTCP.Conversely, onlyBM-MSCsculturedon
AD-ECM demonstrated a significant response to
induction with rosiglitazone (2-fold increase in PPARγ
expression). These data suggest that BM- and AD-
ECM have the ability to increase the sensitivity of
resident cells to lineage-specific inducers (e.g. BMP-2
for osteogenesis on BM-ECM). While studies have
shown that certain ECM components, such as specific
matricellular proteins, regulate the interaction of cells
and soluble differentiation factors, the precise mecha-
nism(s) bywhichBM- andAD-ECMdirect stemcell fate
remain to be elucidated.
Althoughmany biochemical, architectural, and phys-
ical/mechanical attributes of culture surfaces have
been shown to individually influence MSC self-
renewal and differentiation, it is a much greater
challenge to investigate how these parameters work
together, as in the native stem cell niche in vivo. Here
we report that tissue-specific ECMs, assembled by
stromal cells ex vivo, provide a useful approach for
modeling the complexity of the stem cell niche in
culture. Specifically, this study provides evidence that
bone marrow- and adipose-derived ECMs perform two
very important roles. First, they increase the sensitivity
of MSCs to tissue-specific growth factors and second
they promote MSC self-renewal and maintenance of
phenotype in the absence of differentiation inducers.
Based on what has been learned from native

ECMs to date, the stem cell niche is undoubtedly a
highly complex system, featuring interrelated signal-
ing cues which are observed as distinct architectural,
mechanical and biochemical properties, but whose
discrete role in cell signaling is exceedingly difficult
to investigate. We assert that the ECMs described
herein provide a method for re-creating much of the
complexity of the native stem cell niche ex vivo, and
perhaps offer a new approach for dissecting out the
roles of its manifold components. In the future, it will
be necessary to develop collections of more defined
tissue-specific ECMs which contain appropriate
combinations of biological contexts to accurately
replicate how the cells behave in the body. Defined,
tissue-specific ECMs may help overcome a number
of current obstacles in cell-based therapeutics and
tissue engineering by providing a unique environ-
ment for both efficient stem cell expansion, without
loss of differentiation state (i.e. “stemness”), and
retention of tissue-specific differentiation capacity.
Tissue-specific matrices may also be useful for

increasing our understanding of the mechanisms
used by the ECM to regulate homeostasis in various
tissues and organs [33]. Such ex vivo models might
also be used as important tools for investigating the role
of the ECM in the pathophysiology of fibrotic disease,
cancer and aging [34,35]. The ability to study these
ECMs directly may yield important insights into the
cause of degenerative disease and provide clues,
leading to new therapeutic approaches, which reverse
pathologic changes by targeting the ECM.
Materials and methods

Preparation of BM- and AD-MSCs

Human bone marrow (BM), collected from healthy
donors (20–25 years old) after obtaining informed
consent, was purchased from Lonza Group Ltd.
(Walkersville, MD, see company website for IRB
information). Fresh unprocessed BM samples,
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containing BM-MSCs, were seeded into tissue
culture plastic (TCP) vessels at 5 × 105 cells/cm2

and cultured as previously described [4] to assess
cell behavior and prepare BM-ECM as described
below. AD-MSCs were also obtained from Lonza
Group Ltd. (Walkersville, MD) and used to prepare
AD-ECM according to methods described previous-
ly [4].

Preparation of cell-free BM- and AD-ECM

BM- and AD-ECM were prepared as described
previously [2–5]. Briefly, BM- or AD-derived
stromal cells were seeded into TCP vessels. At
confluence, cells were induced to synthesize
ECM. Afterwards, cells were removed by treat-
ment with Triton X-100 (Millipore-Sigma), a non-
denaturing detergent. The resulting cell-free ECM
was washed thoroughly and stored dry at 4 °C for
no more than 1 year. Prior to use, ECM was
rehydrated for 1 h with PBS at 37 °C.

Assessment of cell proliferation and
immunophenotyping

Cell proliferation was determined as previously
described [2,4,6]. Briefly, BM-MSCs (P3) were
seeded at 5 × 103 cells/cm2 on BM-ECM, AD-
ECM, or TCP and cultured for 5, 7 and 14 days in
α-MEM (Life Technologies, Grand Island, NY)
containing 2 mM glutamine, penicillin/streptomy-
cin, and 15% fetal bovine serum (FBS) (Atlanta
Biologicals, Lawrenceville, GA) (=growth media).
At harvest, cells were released from the culture
surfaces, using trypsin for cultures on TCP and
collagenase for cultures on ECM, and then
counted using a hemocytometer after trypan blue
staining.
After cell counting, BM-MSC surface marker

expression was measured using flow cytometry.
Mouse anti-human non-conjugated antibodies
(IgG1, IgG3, CD34, CD73, CD90, CD105, CD146
and SSEA-4) were purchased from BD Biosci-
ences (San Jose, CA, U.S.A.). Single cell suspen-
sions (1 × 105/100 μl) were incubated at 4 °C for
1 h with primary antibody (10 μg/ml), washed twice
with staining buffer (PBS + 5% FBS + 0.01%
sodium azide), and then incubated with FITC-
conjugated goat anti-mouse IgG at 4 °C for
30 min. Cells were subsequently washed two
times with staining buffer and then immediately
analyzed using a BD Bioscience LSRII flow
cytometer running FACSDiva software. Alterna-
tively, cells were fixed with 1% paraformaldehyde,
followed by analysis within 72 h. Data were
analyzed and figures created using FlowJo soft-
ware. At least 10,000 events were measured in
each sample and the percent positive cells
(relative to isotype control) determined.
Compositional analysis of ECM using mass
spectrometry

Extraction of proteins from the ECM for mass
spectrometric (MS) analysis involved a more com-
prehensive approach than described in our previous
report [4] and reflected further refinement of the
method adapted from [36]. ECM proteins were
isolated by physical agitation and sonication (2
times) for 10 min in PBS at room temperature. The
ECM pellet was treated with Protein Extraction
Reagent Type 4 (Millipore-Sigma) and sonicated
on ice for 30 min, followed by vacuum drying. The
dried ECM was reconstituted in Ready Prep 2-D
Rehydration Sample Buffer (Bio-Rad) and treated
with repeated cycles of sonication on ice and
vortexing at 32 °C to disperse the pellet. The sample
was then subjected to two freeze-thaw cycles in
liquid nitrogen, before centrifugation at 21,000g for
10 min. The resulting supernatant (supernatant #1)
was collected and adjusted to a final urea concen-
tration of 8 M, while the pellet was dissolved in
100 μl DMSO, sonicated for 30 min on ice, and re-
centrifuged at 21,000g for 10 min. The resulting
supernatant (supernatant #2) was made up to 8 M
urea, the two supernatants combined, and then
vortexed to produce supernatant #3. A 200 μl aliquot
of supernatant #3 was then combined with 1 ml
acetone, mixed by vortexing, and stored overnight at
4 °C. Following a brief centrifugation, the acetone
supernatant was removed, and the pellet allowed air-
drying at room temperature. Dried pellets were
reconstituted in 50 μl 2× SDS buffer and boiled at
100 °C for 5 min before loading onto an SDS-PAGE
gel.
Protein separation was performed using standard

(one-dimension) SDS-PAGE and Coomassie blue
staining. Proteins were released from discrete serial
sections of each lane of the gel by in situ digestion with
trypsin (Promega). Digests were analyzed using
capillary HPLC-electrospray ionization tandem mass
spectrometry (HPLC-ESI-MS/MS) on a Thermo Fisher
LTQ fitted with a New Objective PicoView 550
nanospray interface. On-line HPLC separation of the
digests was accomplished with an Eksigent NanoLC
micro HPLC. A mass spectral scan strategy was used
in which a survey scan was acquired followed by data-
dependent collision-induced dissociation (CID) spectra
of the seven most intense ions in the survey scan.
Mascot (Matrix Science) was used to search the mass
spectra searched against the SwissProt database.
Methionine oxidation was considered as a variable
modification. Cross correlation of the Mascot results
with X! Tandem and determination of protein and
peptide identity probabilities were accomplished by
Scaffold (Proteome Software). Protein identifications
were accepted using the following criteria: minimum
number of peptides, 2; peptide probability, ≥95%;
protein probability, ≥99%.
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In order to investigate the reproducibility and
overall consistency of the matrices, compositional
data from freshly-prepared ECMs was pooled with
results originally reported in Marinkovic et al. [4] and
Ragelle et al. [37] (accessible via the PRIDE
proteomics database of the European Bioinformatics
Institute (EMBL-EBI) with identifiers PXD005521
and https://doi.org/10.6019/PXD005521). The com-
bined data were re-analyzed to reflect BM- and AD-
ECM composition produced under similar conditions
by stromal cells derived from a total of four individual
donors for each matrix. Proteomic data not only
included extracellular matrix proteins, but also traces
of proteins previously reported or known to be
present in cells or the cell membrane. For tabulating
the proteins found in the ECMs, these trace amounts
of protein were manually excluded and not included
in Fig. 1.

Physical and structural characterization of ECM
by atomic force microscopy

Topography, adhesion, and stiffness of the matrices
were determined using a Nanoscope Catalyst (Bruker)
atomic forcemicroscope (AFM),mounted on aNikonTi
inverted epifluorescence microscope, in PeakForce
Quantitative Nanomechanical Mapping (PF-QNM)
mode. The probes and matrices were immersed in
PBS. At least 5, randomly selected, 100x100μm fields
were scanned for each group.

Assessment of BM-MSC response to osteogenic
or adipogenic induction media

BM-MSCs (P3) were seeded onto the three culture
surfaces (BM-ECM, AD-ECM and TCP) at 5 × 103

cells/cm2 and cultured in growth media. After
7 days, the cells were switched to osteogenic (OS)
or adipogenic (AP) induction media and the cultures
continued for an additional 7 days. OS induction
media contained growth media supplemented with
1 0 0 n M d e x a m e t h a s o n e , 1 0 m M β -
glycerophosphate, and 50 μM L-ascorbate-2-phos-
phate. Alternatively, AP induction media consisted of
DMEM containing 10% FBS, supplemented with
5 mM 3-isobutyl-L-methylxanthine (IBMX), 1 mM
indomethacin, 1 μM dexamethasone, and 10 μM
insulin. All OS and AP induction media supplements
were purchased fromMillipore Sigma (St. Louis, MO,
USA). The effect of culture on the three different
culture surfaces in the presence of OS or AP
induction media was evaluated by the staining and
gene expression studies described below.

Von Kossa and Oil Red O staining after culture
on TCP, BM- and AD-ECM

After culture, cells were fixed with 10% formalin
for 1 h at room temperature. Calcium deposition,
an index of mineralization, was assessed by von
Kossa staining (1% silver nitrate) of the cultures
overnight and then washing with 5% sodium
thiosulfate. To assess lipid deposition, the cultures
were stained with Oil Red O (0.5% in 2-propanol)
overnight and then washed extensively with
distilled water to remove unbound dye. Represen-
tative areas of the stained cultures were photo-
graphed at 4× magnification using a brightfield
microscope.

Quantification of BM-MSC gene expression with
culture on TCP, BM- and AD-ECM

Cells were rinsed with cold PBS and total RNA
isolated using the Trizol reagent (Life Technolo-
gies, Carlsbad, CA). cDNA was reverse-
transcribed from the extracted RNA (2 μg) using
a High Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA, USA). Transcripts
of interest, as well as that of the housekeeping
gene (GAPDH), were amplified from the cDNA by
real-time PCR using TaqMan Universal PCR
Master Mix and Assay-on-Demand or Assay-by-
Design primer/probe sets (Applied Biosystems).
Amplification and detection were carried out with
an ABI 7900HT Fast Real-Time PCR System
(Applied Biosystems). Gene expression was quan-
tified by subtracting the GAPDH threshold cycle
(Ct) value from the Ct value of the gene of interest
and expressed as 2−ΔCt as described by the
manufacturer's protocol.

Assessment of BM-MSC-responsiveness to
treatment with specific inducers of osteogenesis
(rhBMP-2) and adipogenesis (Rgz)

BM-MSCs (P3) were seeded onto the three
different culture surfaces (BM-ECM, AD-ECM, and
TCP) at 5 × 103 cells/cm2 and cultured in growth
media for 7 days. On day 7, the media were
switched to growth media containing 2% FBS and
the cultures continued overnight. On day 8, 200 ng/
ml rhBMP-2 (Life Technologies, Frederick, MD) or
1.9 μg/ml Rgz (Millipore Sigma, St. Louis, MO) was
added to the media and the cultures continued for an
additional 48 h. Changes in transcripts in response
to BMP-2 or Rgz treatment were measured using
RT-PCR as described above.

Statistical interpretation of the data

Student's t-test was used to determine signifi-
cance and included a Bonferroni correction to
account for multiple comparisons (α = 0.0167). At
a minimum, replicates were performed in triplicate
and experiments repeated three times. All error bars
depicted in the figures reflect the 95% confidence
interval for each data set.

https://doi.org/
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