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Abstract

Mesenchymal stem cells (MSCs) hold great potential in cell therapies by virtue of the regen-
erative effects and immunomodulatory properties, but the scarce nature of MSCs makes ex
vivo expansion indispensable prior to transplantation purposes. However, potential loss of
stemness ensuing culture expansion has hindered the advancements in MSCs-based treat-
ments. In principle, stemness could be preserved by reconstructing the stem cell niche. To
test whether the endothelial cells (ECs) participate in the constitution of the stem cell niche
for mesenchymal stem cells (MSCs), ECs derivatives including extracellular matrix (ECM)
and conditioned medium (CM) prepared from aortic endothelial cells (AECs) and Mile Sven
1 endothelial cell line (MS1) were investigated for the potential to maintain MSCs stemness.
MSCs expanded on endothelial ECMs, especially on MS1-ECM, possessed a more juvenile
morphology and showed delayed proliferation, when compared with untreated MSCs and
MSCs on MSC-ECM and in CMs. Once induced, MS1-ECM group showed better tri-lineage
differentiations indicating that MS1-ECM could better preserve MSC stemness. MSCs on
MS1-ECM showed stronger immune-modulatory potential and had significantly higher
H3K27me3 with lower Kdm6b expression. Taken together, MS1-ECM shapes an inhibitory
chromatin signature and retains MSCs stemness. Our work provided supportive evidence
that MSCs can reside in a perivascular niche, and a feasible novel approach for MSCs
expansion.

Introduction

The mesenchymal stem cells (MSCs) were first found in the bone marrow (BM), and are a
small population of cells capable of self-renewal and possessing multi-lineage potential to
differentiate into osteoblasts, chondrocytes and adipocytes [1-3]. In addition to the bone
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marrow, multiple origins of MSCs were also revealed, such as adipose tissue, skeletal muscle,
amniotic fluid, etc. [4-6]. MSCs are highly heterogeneous and accordingly minimal criteria for
defining human MSCs were recommended by International Society for Cellular Therapy as:
first, MSCs must be plastic adherent when maintained in standard culture condition; second,
MSCs must be positive for CD73, CD90 and CD105, and be negative for CD34, CD45, CD11b
or CD14, CD790. or CD19 and class IT major histocompatibility complex (MHCII); third, with
proper induction, MSCs must be able to differentiate into osteoblasts, chondrocytes and adi-
pocytes in vitro [7].

MSCs attract attentions in recent decade because they show promising beneficial effects in
various health conditions and have been contemplated as an “injury drugstore” [8, 9]. MSCs
are considered immune-privileged and hence ideal for cell therapies [10]. Furthermore, MSCs
secret trophic factors and cytokines to promote cell proliferation and inhibit the occurrence of
apoptosis. For example, MSCs transplantation improved proliferation of endogenous neural
stem cells in subventricular zone and prevented apoptosis of new born cells which migrating
to ischemic environment in a rat stroke model [11], while exosomes containing miR-10a
secreted from amniotic fluid-derived MSCs ameliorated apoptosis of granulosa cells and ovar-
ian follicular atresia after chemotherapy [12]. In addition, MSCs cast strong immune modula-
tory effects via immune cells such as dendritic cells, natural killer cells, and T-cells [13-17].
Accordingly, graft-versus-host disease (GVHD) is one of the most epitomic and encouraging
MSCs-based clinical trials [18-20].

It is believed that MSCs only account for approximately 0.001% to 0.01% of whole nucle-
ated cells isolated from bone marrow aspirates [3]. Previous studies showed that the mean
nucleated cells of bone marrow aspirate from each patient ranged from 1.3x10” to 9x10” per
mL [21, 22]. Accordingly, there were approximately only 130 to 9,000 of MSCs from each mL
of freshly isolated bone marrow aspirates. In the clinical trials targeting GvHD, the MSCs infu-
sion number ranged from 0.3x10° to 10x10° cells per kg of body weight, and more than one
infusion was needed [23]. Consequently, the number of MSCs from freshly isolated marrow
was far less sufficient for cell therapies. Thus, ex vivo expansion is indispensable and MSCs at
passage up to 7 were seen in clinical trials [23]. Unfortunately, MSCs might gradually lose the
core stem cells property during passaging.

The core stem cell property, also known as “stemness”, refers to the ability to self-renew
and to generate differentiated progenies [24]. In MSCs, progressive loss of stemness could be
observed by morphological change and decrease in proliferation and differentiation plasticity.
Juvenile MSCs have spindle shape appearance with prominent long-short axis, but senescent
cells flatten, enlarge in size and accumulate cell debris [25]. Late passages of MSCs severely lost
the numbers of population doubling [26]. MSCs from aged donors also showed profound loss
in colony-forming efficiency, and loss in population doublings accompanied with slower
growth rate before reaching growth arrest [27, 28]. Senescent passage was reported with
reduced adipogenic, osteogenic, and chondrogenic differentiation with feeble bone-forming
efficiency compared to freshly isolated MSCs [25, 29]. In treating GVHD, patients infused with
late passage (passage 3-4) MSCs developed lower complete response rate (38%) than patients
infused with early passage (passage 1-2) MSCs (86%), while patients receiving early passage
MSCs had significantly higher 1-year survival rate (75%) compared to late passage MSCs
(21%) [30] suggesting that loss of stemness also compromise the immune modulatory effect of
MSCs.

It was hypothesized that proper stemness maintenance relies on specific microenvironment
[31], and it is now widely accepted that stem cells remain self-renewable and undifferentiated
in their niche microenvironment. Emerging evidence suggested that MSCs might occupy a
perivascular origin, while the pericytes might serve as one of the primitive origins of MSCs.
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Pericytes, also known as Rouget cells, mural cells and perivascular cells, share conventional
MSCs characteristics [32, 33], while MSCs of various origins reside at perivascular locations
[34, 35]. On the notion that perivascular microenvironment could be MSCs niche, several
studies embarked on investigating the effects of endothelial cells (ECs) to MSCs. In a three-
dimensional (3D) culture model, human MSCs were co-cultured with human umbilical vein
endothelial cells (HUVECs) and the two populations of cells self-assembled into spheroids
with organized partitioning. Furthermore, HUVECs directed quiescence of MSCs and
enhanced osteogenic differentiation of MSCs after induction [36]. These discoveries supported
the notion that ECs could possibly orchestrate the MSC niche. In this study, we further dis-
sected the endothelial derivatives, including extracellular matrix (ECM) and soluble factors,
and tested whether they were able to preserve MSCs stemness by evaluating the morphology,
proliferation potential and tri-lineage differentiation of MSCs.

Materials and methods
Animals

ICR mice aged from 6-12 weeks were purchased from Laboratory Animal Center of National
Taiwan University and euthanized to harvest cells for experiments. All experimental proce-
dures on animals were reviewed and approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of National Taiwan University (NTU-100-EL-1), and were performed in
accordance with the approved guidelines.

Isolation of mouse BM-MSCs

Mouse BM-MSCs were harvested as previously described [37, 38]. Briefly, mice were anesthe-
tized with 2,2,2-Tribromoethanol (Avertin, 250 mg/Kg) and sacrificed by cervical dislocation.
The femur and tibia were separated from mouse after euthanasia with muscle and connective tis-
sue quickly removed by forceps and scissors. Culture medium Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 3.7 g of sodium bicarbon-
ate (NaHCO3; Sigma-Aldrich, St. Louis, MO, USA), 20% of fetal bovine serum (FBS; Hyclone,
Logan, UT, USA) and antibiotics (100 U/mL of penicillin and 100 ug/mL of streptomycin;
Gibco) were used to flush out the bone marrow. Flushed-out bone marrow and minced femur
and tibia were cultured on 100-mm petri dish (TPP, Trasadingen, CH) for 9 days with medium
changed every 3 days. Cells were then enriched by a magnetic-activated cell sorting system (Mil-
tenyi Biotec, Teterow, DE) using double negative selection with CD11b (Miltenyi Biotec) and
CD45 (Miltenyi Biotec) microbeads according to manufacturer’s protocol to avoid the contami-
nation of hematopoietic lineage. MSCs were then seeded at a density of 5x10* cells per cm?. All
MSCs among different niche-mimicking groups were cultured with Medium E (1:1 mixture of
20% FBS in DMEM and Medium G [DMEM containing 3.7 g of sodium bicarbonate, 20% of
fetal bovine serum, 100 U/mL of penicillin, 100 pg/mL of streptomycin, 1x non-essential amino
acid (Sigma-Aldrich), 25 mM HEPES buffer (Sigma-Aldrich), 100 pg/mL heparin and 100 pg/
mL endothelial cells growth supplement (Millipore, Billerica, MA, USA)]) on the consideration
that collecting conditioned-medium (CM) of aortic endothelial cells (AECs) required endothelial
cell growth supplement. Cells were all seeded with a density of 5x10* cells per cm?. Confluence
could occur after 2 days and ready for passaging with same seeding density.

Endothelial cell culture

The procedure to harvest mouse AECs was modified from a previous report [39]. Briefly,
mouse thorax was opened after anesthesia to expose lungs and heart and was sacrificed by
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rapid exsanguination. The abdominal aorta was cut to release blood and 1 mL of phosphate-
buffered saline (PBS; Amresco, Solon, USA) containing 1000 U/mL of heparin was injected into
the left ventricle. The aorta was dissected from aorta arch to abdominal aorta and was immersed
in 20% FBS-DMEM containing 1000 U/mL of heparin. After insertion of a 26-gauge needle
into the distal side of aorta, the aortic lumen was washed with serum-free DMEM. The proximal
aorta was ligated with silk thread, and the lumen was subsequently perfused with type II collage-
nase (2 mg/mL in serum-free DMEM; Sigma-Aldrich). After 45 mins of digestion at 4°C, cells
were flushed out and centrifuged at 1,200 rpm for 5 mins. Cells were resuspended with DMEM
containing 20% of FBS and were seeded on 35-mm petri dish (TPP) pre-coated with collagen I
(Sigma-Aldrich). After 90 mins of incubation, the medium was replaced by Medium G to
remove smooth muscle cells. AECs reached confluence after 9 days of culture with medium
changed every 3 days.

MSI1 pancreatic islet endothelial cell line (Bioresource Collection and Research Center,
Hsinchu, TW) were cultured with high glucose DMEM (Gibco) supplemented with 5% FBS,
1.5 g of NaHCO3;, 100 U/mL of penicillin and 100 pg/mL of streptomycin with a 1:4 to 1:6 pas-
saging ratio and were subcultured every 2 days.

Preparation for collagen I-coated 6 well plate

Collagen I was dissolved in 0.1 M acetic acid (Merck, Darmstadt, DE) to obtain 0.1% (w/v)
stock. The working concentration (0.01%) was obtained after 10-fold dilution. Coated plates
with 6-10 pg/cm? then allowed protein to bind under 37°C for 3 hrs. Excessive collagen I solu-
tion was discarded and the plates were exposed to UV light for sterilization. The plates were
washed once with PBS immediately before introduced to cells.

Preparations of cell-free extracellular matrix-coated plates

To test the effect of ECMs derived from AECs, MS1 cells and MSCs in preserving the stemness
of MSCs, cell-free ECM-coated plate were prepared for the ex vivo expansion of MSCs [40].
AECs (passage 3 and 4) and MS1 cells (passage 9 through 13) were seeded on collagen I-coated
6 well plate. MS1 cells were seeded with 1:10 dilution, while seeding densities for MSCs (pas-
sage 3 and 4) and AECs were 2x10* cells per cm”. Note that bone marrow cells without strin-
gent enrichment or purification were used in the previous work to reconstitute a more native
marrow ECM [40], while the MSCs we used here were not only at passage 3 and 4 but also
enriched by negative selection during isolation so that the role of each type of cells in constitut-
ing the ECM could be clarified. Cells were cultured for 15 days with the medium changed
twice a week. In the last 8 days of culture, additional 50 ptM of ascorbic acid (Sigma-Aldrich)
was supplemented to the culture medium. De-cellularization was carried out by treating the
cells with 0.5% of Triton X-100 (Amresco) containing 20 mM of NH,OH (Riedel-de Haén,
Seelze, DE) in PBS for 1 min at room temperature and then 25 pug/mL DNase I (Sigma-
Aldrich) for 30 mins at room temperature. The ECM coated plates were rinsed with PBS twice
and then could be stored in PBS containing 100 U/mL of penicillin, 100 ug/mL of streptomy-
cin and 0.25 pg/mL of fungizone (Sigma-Aldrich) at 4°C for up to 3 weeks.

Preparations of conditioned-medium

For the preparation of CM, 5x10° AECs were seeded on 35-mm petri dish with Medium G for
1 day. AECs were then cultured in Medium E for additional 2 days as the AEC-CM. On the
other hand, MSI cells were seeded at 1:6 dilution in Medium E for 1 day as the MS1-CM. CMs
were collected in tubes and preserved at -80°C.
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Quantification of long/short axis ratio

Since the spindle-shaped morphology is one of the signatures of MSCs, we used the long/short
axis ratio as an index to assess the morphology of MSCs. For quantification of long/short axis
ratio, 20 cells in each group with clear and unmasked contour were chosen as representatives.
For each cell, the long and short axes were measured in Image]J [41] to calculate the ratio. All
extreme values (the greatest and the smallest value) in each group were depleted.

MTT assay

For the observation of cell proliferation and viability, 1.5x10> of MSCs in 100 pL culture
medium were seeded into 96-well plate (TPP). Cells were incubated for 1, 5,9, 12, 15 and 18
days respectively. A total of 10 uL of 3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma) reagent (5 mg/mL) were added and incubated for 2 hrs at 37°C. MTT
solvent was carefully removed and replaced by 100 pL of DMSO (D5879, Sigma-Aldrich).
Absorbance at 570 nm was recorded with ELISA reader (SpectraMAX 190, Molecular Devices,
Sunnyvale, CA, USA) and the cell numbers were calculated according to the optimal standard
cell count curve.

Osteogenic differentiation

Osteogenic induction medium was comprised of 10% FBS-DMEM with 0.1 uM dexamethasone
(Sigma-Aldrich), 10 mM B-Glycerophosphate (Sigma-Aldrich) and 50 uM L-ascorbic acid
2-phosphate (Sigma-Aldrich) [42]. Each 5x10* cells per cm” were seeded into 6-well plates and
confluent in 2 days. The cells were then introduced to osteogenic induction medium for 14 or
21 days with the medium changed every 3 days. To assess the calcium precipitation, cells were
washed with PBS once and then fixed with 10% of formaldehyde (Sigma-Aldrich) for 10 mins
with gentle shaking. After washed with PBS again, cells were stained with 500 pL of 2% Alizarin
Red S (ARS, pH 4.1-4.3; Sigma-Aldrich) for 15 mins. After extensive PBS irrigation, precipita-
tion was dissolved in 500 pL of 10% cetylpyridinium chloride (Sigma-Aldrich) in 8 mM
Na,PO, (Sigma-Aldrich) and 1.5 mM KH,PO, (Sigma-Aldrich). The absorbance of 570 nm
was recorded and quantity of calcium could be determined using optimal ARS standard curve.

Adipogenic differentiation

The composition of adipogenic differentiation cocktail was 10% FBS-DMEM supplemented
with 10 pug/mL insulin (Sigma-Aldrich), 1 pM dexamethasone, 0.5 uM isobutyl-methylxan-
thine (Sigma-Aldrich) and 100 uM indomethacin (Sigma-Aldrich) [3]. Similar to osteogenic
induction, cells were introduced to 12-well plates (TPP) for 7 days of adipogenic differentia-
tion along with medium renewal every 3 days. After fixed and washed, cells were immersed in
1 mL of propylene glycol (JT Baker, Center Valley, PA, USA) for 2 mins at room temperature
and stained with 300 pL of 0.5% Oil Red O (Sigma-Aldrich) for 15 mins for neutral lipid. To
quantify the results, the cells were immersed in 60% of propylene glycol (in water), washed
with ultrapure water, and the Oil Red O was dissolved in 200 uL of DMSO. Quantification
could be carried out by measuring the absorbance at 550 nm and standardized to optimal stan-
dard curve.

Chondrogenic differentiation

The chondrogenic induction medium was composed of DMEM containing 1% of FBS, 10 ng/
mL of transforming growth factor beta 1 (TGF-B1; R&D Systems, Minneapolis, MN, USA),
6.25 ug/mL of insulin and 50 nM of L-ascorbic acid 2-phosphate [43]. Each 2.5x10° cells were
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collected in a tube for centrifugation at 1,200 rpm for 5 mins and incubated for 21 days in
chondrogenic medium with medium change every 3 days. Cell aggregate could be observed
after 3 days of culture. After 21 days of culture, the cell aggregates were fixed with 10% of for-
malin and prepared for paraffin section. The section slides were rehydrated by xylenes (JT
Baker) wash and 100% ethanol to PBS gradient wash. To observe the accumulation of glycos-
aminoglycan (GAG) within the cell aggregates, slides were stained with 0.1% of Toluidine Blue
O (Sigma-Aldrich) for 5 mins, washed with PBS, sealed and documented under microscope
(DM 2500, Leica, Wetzlar, DE).

Scanning electron microscope (SEM)

The procedure of SEM sample preparation was as described in a previous publication [44]. In
brief, cell-free extracellular matrix-coated plates were prepared on 12-mm cover glasses. De-
cellularized ECM were then washed with PBS twice and pre-fixed by 2.5% glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) in 0.1M phosphate buffer (PB) for 30 mins
at room temperature. After washed with 0.1M PB for 3 times 15 mins each, samples were post-
fixed by 1% osmium tetroxide (OsOg; Electron Microscopy Sciences) in 0.1M PB for 30 mins.
After rinsed with 0.1M PB, the samples were dehydrated by 30% to 100% ethanol gradient
wash followed by 100% acetone (Macron Fine Chemicals, Center Valley, PA, USA) twice for
10 mins. For critical point drying (CPD), each sample was placed into a specimen cassette pad-
ded with filter paper, and the specimen cassette was filled with 100% acetone to top of the
holder and transferred into the chamber (3-4°C) of a critical point dryer (Hitachi, Tokyo, JP).
Liquid CO, from siphon tank was administrated to completely replace the acetone prior to
heating to the critical point under 80 atm (standard atmosphere). Samples on cover glasses
were then adhered on the aluminum stubs with the aid of double-sided carbon tapes and
placed on ion coater (IB-2, Eiko, Tokyo, JP). After achieving sufficient vacuum (index number
below 2.5 when HV control at 5), voltage was introduced (HV at 7), and gold was coated on
samples for 3 mins. Finally, the samples were observed with SEM (Inspect S, FEL, Hillsboro,
Oregon, USA) at 20,000x magnifications.

Quantitative PCR

To quantitatively analyze the gene expression levels, total RNA was harvested by using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) and GENEzol TriRNA Pure Kit (Geneaid, New Taipei
City, TW) following the manufacturers’ instructions. DNA in the sample was removed with
RNase-Free DNase I (Geneaid). Reverse transcription was performed with 150 or 300 ng RNA
and SuperScript III reverse transcriptase (Invitrogen) according to the manufacturer’s instruc-
tion. Real-time PCR was performed with 10-fold diluted cDNA sample and iQ SYBR Green
Supermix (BIO-RAD, Hercules, CA, USA) in a thermal cycler (CFX96 Real-Time System,
BIO-RAD). Target genes were calibrated with internal control (Gapdh) and normalized to con-
trol group using AAC, method. The primer sequences used in this study were as listed (Table 1).

To mimic the inflammatory environment, cells were seeded with a density of 5x10* cells
per cm?. After 24 hrs of incubation, recombinant murine interferon-y (PeproTech, Rehovot,
IL) was introduced to cells with high (500 ng/mL) or low (100 ng/mL) concentrations and
incubated for additional 24 hrs before the RNA was harvested.

Western blot

To quantitatively evaluate the tri-methylation at lysine 27 of histone H3 (H3K27me3), cell lysates
were harvested with 100 uL RIPA buffer (BIOMAN SCIENTIFIC, New Taipei City, TW). Total
harvested proteins were quantified by BCA Protein Assay Kit (Thermo Scientific, Rockford, IL,
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Table 1. Primers used in quantitative PCR.

Gene Sequence (5’'— 3’) Product size (bp) Tm (°C)

Gapdh Forward: CATGGCCTTCCGTGTTCCTA 55 60
Reverse: GCGGCACGTCAGATCCA

iNos Forward: CAGCTGGGCTGTACAAACCTT 95 60
Reverse: CATTGGAAGTGAAGCGGTTCG

Ezh2 Forward: AAGCACAATGCAACACCAAA 169 60
Reverse: AGACGGTGCCAGCAGTAAGT

Kdme6a Forward: ATCCCAGCTCAGCAGAAGTT 196 60
Reverse: GGAGGAAAGAAAGCATCACG

Kdméb Forward: CCCCCATTTCAGCTGACTAA 199 60
Reverse: CTGGACCAAGGGGTGTGTT

https://doi.org/10.1371/journal.pone.0184111.t001

USA) following manufacturer’s protocol. The protein samples were then separated by 12% SDS-
polyacrylamide gel electrophoresis (PAGE), transferred onto a 0.22 um PVDF membrane (Milli-
pore), and probed with anti-lamin B antibody (Santa Cruz Biotechnology, Dallas, TX, USA) and
anti-H3K27me3 antibody (Millipore) with anti-goat IgG HRP (1:5000; Abcam, Cambridge, UK)
and goat anti-mouse IgG+IgM HRP (1:2000; Abcam) as secondary antibody. The signal was
detected using chemiluminescence HRP substrate (Millipore) and documented by ChemiDoc
Touch Imaging System (BIO-RAD) followed by manufacturer’s instruction.

Statistical analysis

Statistical analysis was done in GraphPad Prism software. Data were assessed by one-way
ANOVA with Tukey post-test and displayed as mean * standard error of the mean (SEM). All
samples for each experiment include 3 biological replicates except for MTT assay, which is 8
biological replicates. * signifies p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Results

To understand the different effects of ECs from large vessels and small vessels, two types of
ECs were utilized in this study: primary mouse AECs as a large vessel-derived EC model, and
MS1 mouse endothelial cell line representing the small vessel ECs. In each type of endothelial
cells, both ECM and soluble factors, acquired in the form of CM, were examined for their
effects on BM-MSCs. Accordingly, 6 niche-mimicking culture conditions were established
(Fig 1): (1) Control: standard culture condition without any special treatment; (2) AEC-CM:
MSCs seeded and passaged on standard culture condition supplemented with AECs-derived
CM; (3) MS1-CM: MSCs seeded and passaged on standard culture condition supplemented

with MS1-derived CM; (4) MSC-ECM: MSCs seeded and passaged on MSCs-derived ECM as
another control for ECM groups; (5) AEC-ECM: MSCs seeded and passaged on AECs-derived
ECM; (6) MS1-ECM: MSCs seeded and passaged on MS1-derived ECM. After isolation, MSCs
were maintained on each niche-mimicking condition during passaging, and were analyzed for
the stemness (i.e. proliferation and differentiation assay) in identical culture condition (as in
Control group) to avoid direct interference from various niche components.

MSCs maintained on endothelial ECM appeared morphologically
juvenile

Previous studies showed that MSCs lost their spindle shape when they lost their stemness [25,
27,45]. In general, juvenile MSCs have obvious long and short axis, while senescent MSCs lose
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Fig 1. Diagramatic scheme of the experimental design. MSCs were passaged on 5 different niche-mimicking
culture conditions and a blank standard culture condition as control group. For analysis, MSCs were detached from
respective culture environment and settled in standard culture condition for proliferation and differentiation
assessments.

https://doi.org/10.1371/journal.pone.0184111.9001

the polarity with flat and round shape. During passaging, MSCs among all groups continu-
ously lost the spindle shape, but both endothelial ECMs tended to postpone this process. In
passage 2, MSCs on AEC-ECM and MS1-ECM appeared spindle shape with apparent contrast
of long and short axis aligning in a more uniformed orientation (Fig 2A). In passage 4, MSCs
on both endothelial ECMs still maintained spindle shape with occasional flattened cells
(arrows in Fig 2A), while many more cells started to increase in size and flatten in other
groups, especially in control group (Fig 2A). In passage 2, all ECM groups had significantly

(p < 0.001) greater ratio compared to control (Fig 2B and 2D). In addition, cells on MS1-ECM
had greatest ratio and is significantly different compared to all other groups except for MSC-
ECM group, while cells in AEC-CM and MS1-CM showed no difference compared to control
group (Fig 2B and 2D). In passage 4, both AEC-ECM and MS1-ECM groups were significantly
different (p < 0.05 and p < 0.01, respectively) compared to control group, while other groups
showed no significant difference compared to control group (Fig 2C and 2D). Although
MSC-ECM group was significantly different in their morphology compared to control group
in passage 2 (Fig 2B and 2D), the long/short axis ratio rapidly declined and left no significance
compared to control at passage 4 (Fig 2C and 2D). This finding indicated that MSCs were not
fully self-sustainable for stemness maintenance. Both CM groups showed no effect on the mor-
phology of MSCs. On the contrary, both endothelial ECM better maintained the spindle shape
of MSCs, especially the MS1-ECM, in which the ratio of the MSCs remained greatest in both
passage 2 and passage 4 (Fig 2).

MS1-ECM mitigated the loss of proliferation potential of MSCs

To evaluate the proliferation potentials, MSCs passaged on respective culture conditions were
seeded on the standard condition and assessed for proliferation by MTT assay. A total of 1,500
cells were seeded into 96-well plates with 8 replicates for each group. The numbers of cells
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quantification of long/ short axis ratio in passage 2 (B) and 4 (C). MS1-ECM and AEC-ECM had significantly greater ratio compare to standard
culture (pink asterisks) in both p2 and p4, while AEC-CM and MS1-CM remained comparative. (D) Detail results of statistics (One-way ANOVA with
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Tukey’s post-test; n = 18) were as listed. MSC-ECM showed drastic decrease of ratio from p2 to p4 (p < 0.001), leaving no significant difference
compared to control. ns: not significant as p > 0.05; *: p< 0.05; **: p<0.01; ***: p<0.001.

https://doi.org/10.1371/journal.pone.0184111.9002

were calculated at 1, 5, 9, 12, 15 and 18 days of incubation. In passage 2, during the first 9 days
of incubation, MSCs on both AEC-ECM and MS1-ECM showed slower cell cycle and the cell
numbers were significantly lower when compared to all other groups (p < 0.001 on both day 5
and 9) (Fig 3A) (S1 Table). All other groups reached plateau phase at 9th day of incubation,
and both CM groups have significantly more cell numbers compared to all ECM groups but
not the control group (Fig 3A) (S1 Table). However, during day 9 to 12, MSCs on AEC-ECM
and MS1-ECM underwent excessive proliferation and reached plateau phase at day 12 or 15
resulting in comparable final cell counts similar to other groups (Fig 3A) (S2 Table). On day
18, only the cell count of AEC-CM was significantly greater than MSC-ECM (p < 0.05) (Fig
3A) (S3 Table). These results indicated that endothelial ECMs did not disrupt the proliferative
potential of MSCs, although the initiation of active proliferation was delayed after disengaged
from the endothelial ECM.

Similar phenomenon could be observed in passage 4. Both endothelial ECMs kept MSCs in
slower cell cycle in the first 9 days, and entered progressive doubling afterwards (Fig 3B) (54
Table). All other groups reached plateau phase at day 9 with a much lower levels of cell counts
(ranged from AEC-CM 1,881 to Control 2,389 cells) compared to passage 2 (ranged from
MSC-ECM 4,296 to MS1-CM 5,310 cells) (Fig 3A and 3B). Similarly, there was no significant
difference after 12 days of culture among all groups with the exception of MSC count in
MS1-ECM, which is significantly greater than MSC-ECM group on day 15 (p < 0.01) (Fig 3B)
(S5 Table). Interestingly, in comparing the cell numbers between all passage 2 groups and all
passage 4 groups at day 18, only AEC-ECM and MS1-ECM from passage 4 remained at
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Fig 3. Endothelial ECM sustained MSCs proliferation capacity. MTT assay showed that in both passage 2 (A) and passage 4 (B), MSCs
maintained on AEC-ECM and MS1-ECM expressed inactive cell cycle in the first 9 days (asterisks indicated statistical significance relative to the
control group) after disengaged from the niche-mimicry environment. Meanwhile, the proliferative capacity was not compromised. Data from day
1 were not statistically analyzed. Detail results of statistics (One-way ANOVA with Tukey’s post-test; n = 8) were listed in S1-S5 Tables. **:
p<0.01; ***: p<0.001.

https://doi.org/10.1371/journal.pone.0184111.g003
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comparable levels to MSC-ECM from passage 2 (Fig 3A and 3B) suggesting that the prolifer-
ative capacity of MSCs were better retained on endothelial ECMs.

In contrast to the slower initiation of proliferation in MTT assay, the endothelial ECM did
not hinder the ex vivo expansion after MSCs were isolated. During passaging, MSCs were cul-
tured on individual niche-mimicking conditions with the seeding density of 5x10* cells per
cm?, approximately 50% of confluence, and were passaged every 48 hrs when MSCs of all
groups reached confluence. The comparison of cell counts demonstrated that more MSCs
were harvested from both AEC-ECM and MS1-ECM than control group (p < 0.05) (Table 2).

MS1-ECM preserved tri-lineage differentiation potential of MSCs

Under proper stimulation, MSCs should be able to differentiate into osteogenic, adipogenic
and chondrogenic progenies. Osteogenic induction promotes MSCs to deposit inorganic min-
erals and calcium precipitation can be regarded as a functional state of osteogenic differentia-
tion. MSCs expanded on respective niche-mimicking conditions for two passages, and were
introduced to osteogenic stimulation after disengaged from the niche-mimicking conditions.
After 14 and 21 days of induction, calcium precipitations were visualized by ARS staining (Fig
4A and 4B). Quantification of ARS staining after 14 days of stimulation showed that osteogenic
potential was significantly augmented in MSCs expanded on endothelial ECM and CM, while
MSCs expanded on MSC-ECM showed a comparative calcium precipitation to control (Fig
4A, 4C and 4E). Comparisons among endothelial-derivative groups showed that MS1-ECM
preserved the most osteogenic potential, albeit significant differences lied only against
AEC-CM (p < 0.05) (Fig 4C and 4E). Interestingly, the trend that MS1-ECM preserve the
most osteogenic potential of MSCs became significantly observable after 21 days of induction
that MSCs expanded on MS1-ECM showed significantly higher calcium precipitation com-
pared to all other groups (p < 0.001) (Fig 4D and 4E). On the other hand, the osteogenic
potential of AEC-derivatives groups seemed to reach an early saturation and showed no signif-
icant difference compared to the control group (Fig 4D and 4E). These data indicated that
MSCs expanded on MS1-ECM could retain the most osteogenic potential.

Another monumental characterization of MSCs is their ability to differentiate into adipo-
genic lineage and accumulate lipid droplets inside cells with the administration of adipogenic
induction medium. Similar to osteogenic induction, MSCs that were expanded on respective
niche mimicry for two passages were seeded in standard culture condition with adipogenic
stimulation. After 7 days of induction, Oil Red O staining exhibited neutral lipids accumula-
tion in the cells (Fig 5A). Total neutral lipids quantification showed no significant difference
among all groups with the exception of MS1-CM group that had greater lipid accumulation
compared to AEC-ECM group (p < 0.05) (Fig 5B). It is noticeable that the lipid accumulation
in each cells varied dramatically (Fig 5A) suggesting that the commitment of adipogenic line-
age is sporadic for MSCs. Acccordingly, the populations of MSCs that were able to commit to

Table 2. Harvested MSC count on each culture condition.

Group Harvested cells (10° cells) Different from control?
Control 1.49+0.04
MSC-ECM 2.02+0.24 No
AEC-ECM 2.30+0.15 Yes (p < 0.05)
MS1-ECM 2.24+0.46 Yes (p < 0.05)

All numbers of harvested MSCs (passage 2) were normalized to the initial seeding number (1x10°). All data
were presented as mean + SEM.

https://doi.org/10.1371/journal.pone.0184111.t1002
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Fig 4. MSCs on MS1-ECM performed privileged osteogenic differentiation. MSCs from passage 3 were
introduced to ostegenic induction medium for 14 (A) and 21 (B) days and underwent ARS staining to evaluate the
calcium precipitation. In the quantification data of calcium precipitation after 14 (C) days and 21 (D) days of
induction, although multiple groups show statistical significance compared to the control group (pink asterisks),
MS1-ECM group emerged to show significantly more calcium precipitation compared to all other groups after 21
days of induction as listed in the detail statistical results (E). ns: not significant as p> 0.05; *: p<0.05; **: p<0.01;
***%: p<0.001.

https://doi.org/10.1371/journal.pone.0184111.9g004

adipogenic lineage were assessed by counting the number of Oil Red O positive cells. Despite
the fact that total lipid accumulation was comparable, MS1-ECM group had significantly
higher Oil Red O positive cells compared to control (p < 0.01), MSC-ECM, AEC-ECM and
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Fig 5. MS1-ECM reserved adipogenic plasticity of MSCs. (A) Lipid droplets could be observed after 7 days of induction. Scale bar:
100 pum (B) Oil Red O staining demonstrated each group had similar amount of neutral lipid accumulation. Only MS1-CM had greater
lipid accumulation than AEC-ECM. (C) MS1-ECM had higher population of cells with adipogenic potential. *: p < 0.05; **: p<0.01.

https://doi.org/10.1371/journal.pone.0184111.9g005
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AEC-CM (p < 0.05) (Fig 5C). This result strongly suggested that MS1-ECM could constitute a
niche-like environment and maintain MSCs in a more primitive and uncommitted state.

To evaluate the potential for chondrogenic differentiation, MSCs were centrifuged to gener-
ate self-aggregated spheres and incubated in chondrogenic medium. After 21 days, the sizes
of aggregates were measured and aggregates derived from MS1-ECM and AEC-CM groups
showed significantly bigger sizes compared to other derivative-treated groups (Fig 6A). On the
other hand, the sizes of AEC-ECM (p < 0.05) and MS1-CM (p < 0.01) groups were significantly
smaller than control (Fig 6A). Since the accumulation of glycosaminoglycans (GAGs) are a gen-
eral indicator to evaluate chondrogenic differentiation [46], paraffin sections of aggregates were
stained with Toluidine Blue O to evaluate GAGs component within the sphere (Fig 6B-6G). In
the control group (Fig 6B), several parts of the sphere showed cracked gaps with loosely connec-
tion between cells indicating that the condensation of cell aggregate was not well proceeded. In
addition, the section showed large distribution of blue stain (nucleic acids) with some purple
(GAGs) dispersed around the center indicating that only little GAGs had accumulated during
the induction. In contrast to all other groups, the sphere of MS1-ECM group (Fig 6G) was com-
pact with smooth border and most abundant purple stains scattering throughout the sphere
indicating that the MSCs in MS1-ECM group possessed the best chondrogenic potential.

When observed under the scanning electron microscope, MS1-ECM showed a thicker
appearance with condensed and well-aligned fibrillar fabrics, while MSC-ECM showed a thin-
ner appearance lacking any apparent orientation (Fig 7).

MSCs expanded on MS1-ECM showed a better immune-modulatory
potential

One of the key beneficial effects of MSCs came from the inflammation-responsive immune-
modulatory activity [47-49], while MSCs could lose this activity quickly through passaging
[30]. In mouse, this inflammation-induced immunosuppressive activity of MSCs was mediated
by inducible nitric oxide synthase (iNOS or Nos2) [50]. We therefore evaluated the expression
of iNOS (Nos2) in MSCs after disengaged from MSC-ECM or MS1-ECM and subjected to
interferon gamma (IFNY). Interestingly, the iNOS expression levels in MSCs were comparable
among control, MSC-ECM and MS1-ECM groups and between high and low doses of inter-
feron-vy at passage 2 (data not shown), but at passage 3, MSCs expanded on MS1-ECM showed
the most responsive surge of iNOS expression with a dose-dependent manner (Fig 8) suggest-
ing that MS1-ECM effectively preserved the immune-modulatory potential of MSCs.

MS1-ECM triggered a higher H3K27me3 content and lower KDM6B
expression

It has been revealed that histone H3 modification has huge impact on stem cell-activities [51].
Accordingly, MSCs maintained on MS1-ECM had significantly higher global H3K27me3
compared to control and MSCs on MSC-ECM (p < 0.001) (Fig 9A and 9B). In general, higher
global H3K27me3 represented general suppression in gene transcription [52], which could
explain the primitive fate commitment and greater differentiation plasticity of MSCs expanded
on MS1-ECM.

The increase in inhibitory chromatin signature H3K27me3 could be potentially due to the
up-regulation of H3K27 methyltransferase Ezh2, or the down-regulation of H3K27 demethy-
lases Kdm6a and Kdm6b. The gene expression levels of these enzymes were evaluated in freshly
isolated MSCs (passage 0) alongside with control (passage 3), MSC-ECM (passage 3) and
MS1-ECM (passage 3). Both the expression levels of Ezh2 and Kdm6a among all groups were
with no statistical significance (data not shown). Interestingly, the expression levels of Kdm6b
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MSC-ECM

Fig 7. MS1-ECM showed distinct organization from MSC-ECM. ECMs derived from MS1 cells and MSCs
were observed under a SEM. Compared to MSC-ECM, MS1-ECM showed a thicker and more condensed
framework with more uniformly oriented organization, while MSC-ECM was thinner and loosely organized
without any apparent orientation. Scale bar: 4 ym.

https://doi.org/10.1371/journal.pone.0184111.9007

in MSCs of both control (p < 0.01) and MSC-ECM (p < 0.01) groups were significantly
increased when compared to the freshly isolated MSCs (Fig 9C). Moreover, Kdm6b expression
in MSCs on MS1-ECM not only was comparable to the freshly isolated MSCs, but also was sig-
nificantly lower than both control (p < 0.05) and MSC-ECM (p < 0.05) groups (Fig 9C). This
result suggested that MSCs possibly underwent vigorous demethylation at H3K27 once iso-
lated from the endogenous environment, while MS1-ECM could retain the stemness of MSCs
by triggering a higher H3K27me3 accumulation and a lower Kdm6b expression, which was
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Fig 8. MSCs expanded on MS1-ECM express highest level of Nos2in response to interferon gamma.
The expression level of INOS (Nos2) was evaluated by real-time gPCR. Passage 3 of MSCs expanded on
MS1-ECM showed the strongest Nos2 expression in response to the treatment of a low dose interferon
gamma (IFNy+), while this trend became more significant at a high dose interferon gamma (IFNy++)
treatment. Note that only MS1-ECM group showed a significant increased Nos2 expression in response to the
increase of interferon gamma dose (##). Data was calibrated with Gapdh then standardized with control at low
dose of interferon gamma. *: p<0.05; **: p<0.01; ****: p<0.0001; ##: p < 0.01 relative to low dose.

https://doi.org/10.1371/journal.pone.0184111.9g008

slightly up-regulated in MS1-ECM with no significant difference compared to the freshly puri-
fied MSCs.

Discussion

The scarce nature of MSCs is the fundamental reason why ex vivo expansion is obligatory
before they can be applied for cell therapies. Previous studies have successfully improved
MSC:s proliferation and osteogenic differentiation with MSCs-derived ECM. MSCs cultured
on ECM derived from early passage marrow stromal cells had better colony-forming effi-
ciency, showed greater differentiation potential and retained more molecular phenotypes com-
pared to those on standard plastic dish or dish coated with either fibronectin or collagen I [40,
53]. MSCs cultured on marrow stromal cell-derived ECM with porous titanium fiber scaffold
significantly enhanced their proliferation and osteogenic potential compared to those cultured
either only on scaffold or only on ECM [54]. When aged MSCs maintained on ECM derived
from marrow stromal cells with younger age, the deteriorating proliferation and osteogenic
capacity in concert with telomerase activity could be rescued [55]. Co-transplantation of MSCs
and MSCs-derived ECM facilitated wound healing and osteo-regeneration in a mouse calvarial
bone fracture model [56]. Although our study showed that MSC-ECM did bring about a better
osteogenic potential compared to standard culture procedure (Fig 4), the proliferation poten-
tial was not significantly different (Fig 3). This discrepancy was possibly due to the fact that the
preparation ECM of other studies was derived from the mixture of freshly isolated bone mar-
row cells (passage 1 to 2), and the MSCs for ECM preparation in this study were not only from
enriched MSCs but also at passage 2 or 3. Previous studies show that MSCs gradually lose their
stemness through serial passages [53] and that cell therapy using higher passaged MSCs com-
promised the results [30]. These lines of evidence and ours not only indicated that ECM pro-
foundly affect the stemness of MSCs and suggested that MSCs are not capable of orchestrating
their very own stem cell niche.
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A

Previous studies showed that, the sizes and numbers of MSC colonies were increased when
cultured with HUVECs-derived CM [57], however the MSCs were less proliferative when co-
cultured in contact with HUVEC:s [36]. It is interesting that different derivatives (CM vs.
ECM) from the same cells exerted opposite influences on MSCs. Since endothelial soluble fac-
tors promoted MSCs proliferation, the quiescence might be caused by direct contact between
MSCs and HUVEC: or between MSCs and HUVEC-derived ECM or both. Accordingly, our
study reported that both AEC-CM and MS1-CM promoted MSCs proliferation in the first 9
days of culture in MTT assay, while MSCs remained slow cell cycle if previously cultured on
endothelial ECM (Fig 3). However, harvested cell count during passaging demonstrated that
more MSCs were harvested on endothelial ECM than conventional culture condition
(Table 2). If ECM provided relatively quiescent signals, why would this niche mimicry end up
contributing more cells? The passaging seeding density during passaging in our study was
5x10* cells per cm?, approximately 50% of confluence. Passaging took place after 48 hours of
culture and generally MSCs from all groups reached confluence by this time. Previous study
reported that population doubling of BM-MSCs ranges between 20 to 40 hours [37], and thus
the MSCs possibly went on more than one replication in our study. Since MSCs on endothelial
ECM appeared slenderer with organized orientation, the petri dish might be capable of accom-
modating more cells than other groups. This might explain why more MSCs were harvested
on endothelial ECM, and it could be a more efficient way to amplify MSCs without undergoing
excessive passaging. No matter what mechanism was behind this phenomenon, the prolifer-
ative potential and efficiency was not compromised in endothelial ECM.
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Fig 9. MSCs on MS1-ECM had higher trimethyl lysine 27 on histone 3. (A) H3K27me3 levels of control, MSC-ECM and
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MSC-ECM (orange asterisks). (C) Quantitative RNA expression level of Kdmé6b showed that, similar to freshly isolated MSCs
(Fresh), MSCs on MS1-ECM had significantly lower Kdm6b expression than control (pink asterisk) and MSC-ECM (orange
asterisk) groups. Data were calibrated with Gapdh then standardized with expression level of purified group. * p < 0.05; ** p<0.01;

*%% p<0.001.

https://doi.org/10.1371/journal.pone.0184111.9g009
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Previous studies demonstrated that BM-MSCs cultured with ECs improved osteogenesis
[58, 59]. However, when BM-MSCs cultured with HUVECs or HUVECs-derived CM, the adi-
pogenic potential reduced or maintained comparable [36, 57]. One possible reason is that the
origins of MSCs predispose the differentiation preferences, and osteogenesis is likely the
default fate of BM-MSCs [60, 61]. It is reported that periosteum-derived MSCs had greater
osteogenic and chondrogenic potential with weaker adipogenic potential, while adipose-
derived MSCs had superior adipogenic differentiation with feeble osteogenic and chondro-
genic differentiation [62]. In our study, aside from the fact that all endothelial derivatives
enhanced osteogenesis, MS1-CM elevated total neutral lipid accumulation compared to
AEC-ECM, while MS1-ECM had highest Oil Red O-stained population (Fig 5B and 5C).
MSCs maintained on MS1-ECM also showed better chondrogenic differentiation (Fig 6).
These findings indicated that small vessels-derived ECs possess a distinctive potential to coun-
teract the endogenous lineage limitation and preserved the differentiation plasticity of
BM-MSCs compared to AECs and HUVECs. Accordingly, previous study demonstrated ubig-
uitous existence of pericytes surrounding capillaries (< 10 um) and arterioles (10-100 um),
where these pericytes expressed MSCs characterization [33], and BM-MSCs seemed to dwell
in perivascular location of small vessels [32, 63].

Furthermore, since MSCs expanded on MS1-ECM duplicated more times than standard
culture condition (Table 1), the preservation of differentiation plasticity was probably not
because MSCs underwent fewer replications on MS1-ECM, but instead, it was because of sig-
nals given from MS1-ECM. Our results indicated that ECM derived from small vessels ECs
but not large vessels ECs can better mimic the niche microenvironment of MSCs and preserve
MSCs stemness, which was in accordance with previous studies that BM-MSCs anchored on
vascular wall of sinusoidal ECs [32, 63]. ECs from large and small vessels had diverse gene
expression patterns. Large vessels ECs tended to express genes involving in biosynthesis of
ECM including fibronectin, collagen 501, collagen 502 and osteonectin, which were likely
related to thick wall structures around the endothelial cells of large vessels, while small vessels
ECs inclined to express genes concerning basement membrane proteins, such as laminin, col-
lagen 401, collagen 402 and ECM-interacting proteins like a collection of integrins [64]. Those
differences in gene expression profiles might contribute to variable ECM composition between
large vessels and small vessels ECs, and in turn affect the MSCs stemness.

The trimethylation of H3K27 usually correlates with silent heterochromatin state [52] and
is indispensable for the stemness maintanence of embryonic stem cells [65-67]. This chroma-
tin signature is catalyzed by polycomb repressor complexes 2 (PRC2), a complex consists of
the histone methyl-transferase EZH2 (enhancer of zeste homologue 2) [68], while demethyla-
tion is performed by KDM6A (lysine (K)-specific demethylase 6A, also known as UTX) and
KDMB6B (lysine (K)-specific demethylase 6B, also known as JMJD3). The two demethylases
work specifically and independently to “erase” methyl mark on lysine 27 residue of histone
H3 [69]. The regulation of H3K27 mark has been proved crucial for the lineage commitment
of MSCs. For example, BMP-driven osteogenic differentiation upregulated KDM6B expres-
sion, while knockdown of KDM6B disrupted in vitro mineralization and lowered osteogenic
genes. Conversely, overexpression of KDM6B augmented mineralization by removing the
H3K27me3 chromatin signature at the promoter region of osteogenic related genes [70]. In
addition, overexpression of EZH2 contributed to higher adipogenic potential in concert with
higher adipogenic genes like PPAR-y, C/EBP-o and adipsin, while giving rise to lower osteo-
genic potential and transcription levels of osteogenic genes like RUNX2, ostepontin and osteo-
calcin. In contrast, overexpression of KDM6A, the enzyme antagonizes EZH2 activity, resulted
in adipogenesis suppression and enhancement of osteogenesis [71]. In our study, we found
that higher H3K27me3 chromatin signature was correlated with higher stemness of MSCs as
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the MSCs expanded on MS1-ECM with most prominent H3K27me3 signature. In line with
this finding, we also found a significantly lower Kdmé6b level in MS1-ECM group compared to
control and MSC-ECM groups, while this low Kdm6b level is comparable to that in freshly iso-
lated BM-MSCs (Fig 9C) suggesting that MS1-ECM retained the high H3K27me3 chromatin
signature by maintaining a low Kdmé6b level and thereby preserved the stemness of MSCs. It
would also be interesting to profile other global histone modifications such as H3K4me3,
H3K9me3 and histone acetylation among control, MSC-ECM and MS1-ECM as well as freshly
isolated MSCs to obtain a better picture of the influence of MS1-ECM on MSC chromatin
signature.

ECM from small vessels-derived ECs had better outcome on MSCs stemness preservation
than MSCs-derived ECM and AECs-derived ECM. In our SEM images, MS1-ECM showed
thicker and more condensed fabrics with uniformly oriented organization compared to
MSC-ECM (Fig 7), and this result was well correlated to the better uniformly orientation and
slenderer shape of MSCs expanded on MS1-ECM. Many factors of ECM could influence stem
cells, such as elasticity, mechanical signals transduction, glycosaminoglycans (GAGs) and
morphogens trapped in ECM [72, 73]. Tension of ECM and nanotopography alter the focal
adhesion ensuing changes in cell shape and in turn affect MSCs osteogenic differentiation
[74]. ECM stiftness can also act as a regulator on MSCs fate. The stiffness of growing surface
determines the quiescence, plasticity and lineage commitment of MSCs [75, 76]. ECM compo-
nents include a great deal of collagen, fibronectin, laminin and GAGs, which could potentially
trap morphogens and affect stem cell commitment [40]. It is likely that ECM-derived from dif-
ferent cells have distinct compositions, and might also direct MSCs activities. This speculation
requires further investigation, but the insoluble components of mesh network and soluble bio-
active factors that are sequestered in the small vessels-derived ECM might be the key effectors
to preserve MSCs stemness.

Taken together, we reported small vessels-derived ECM (MS1-ECM) preserved juvenile
morphology, proliferation capacity, and differentiation plasticity of MSCs, indicating that
MS1-ECM preserves MSCs stemness. The possible mechanism is that MS1-ECM shaped
MSCs a transcriptional inactivation chromatin signature with a higher H3K27me3 mark and a
lower Kdm6b expression. In addition, the MS1-ECM also retained the inflammatory-induced
immune-modulatory activity of MSCs even at a later passage. Our findings not only provide
supportive evidence that MSCs reside in a perivascular niche, but also a novel approach for ex
vivo expansion of MSCs.

Supporting information

S1 Table. Detail results of statistical analyses (One-way ANOVA with Tukey’s post-test;
n = 8) on proliferation at Day 5 and 9 of passage 2.
(DOC)

$2 Table. Detail results of statistical analyses (One-way ANOVA with Tukey’s post-test;
n = 8) on proliferation at Day 12 and 15 of passage 2.
(DOC)

S3 Table. Detail results of statistical analyses (One-way ANOVA with Tukey’s post-test;
n = 8) on proliferation at Day 18 of passage 2 and 4.
(DOC)

$4 Table. Detail results of statistical analyses (One-way ANOVA with Tukey’s post-test;
n = 8) on proliferation at Day 5 and 9 of passage 4.
(DOC)

PLOS ONE | https://doi.org/10.1371/journal.pone.0184111  August 30, 2017 20/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184111.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184111.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184111.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184111.s004
https://doi.org/10.1371/journal.pone.0184111

@° PLOS | ONE

Endothelial ECM preserves the stemness of MSCs

S5 Table. Detail results of statistical analyses (One-way ANOVA with Tukey’s post-test;
n = 8) on proliferation at Day 12 and 15 of passage 4.
(DOC)

Acknowledgments

The authors appreciate Dr. Hung-Fu Liao for the optimization of some experimental condi-
tions and are grateful to the staffs of Technology Commons, College of Life Science, NTU for
help with scanning electron microscopy.

Author Contributions

Conceptualization: Shau-Ping Lin, Wei-Chun HuangFu, I-Hsuan Liu.
Data curation: Ming-Kang Lee, Dee-Shiuh Yang.

Formal analysis: I-Hsuan Liu.

Funding acquisition: Wei-Chun HuangFu, I-Hsuan Liu.
Investigation: Ming-Kang Lee, Dee-Shiuh Yang.

Methodology: Ming-Kang Lee.

Project administration: I-Hsuan Liu.

Supervision: I-Hsuan Liu.

Writing - original draft: Ming-Kang Lee, I-Hsuan Liu.

Writing - review & editing: Shau-Ping Lin, Wei-Chun HuangFu, I-Hsuan Liu.

References

1. Friedenstein AJ, Petrakova KV, Kurolesova Al and Frolova GP. Heterotopic of bone marrow. Analysis
of precursor cells for osteogenic and hematopoietic tissues. Transplantation. 1968; 6: 230—247. PMID:
5654088

2. Caplan Al. Mesenchymal stem cells. J Orthop Res. 1991; 9: 641-650. https://doi.org/10.1002/jor.
1100090504 PMID: 1870029

3. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage potential of
adult human mesenchymal stem cells. Science. 1999; 284: 143—-147. PMID: 10102814

4. ZukPA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al. Human adipose tissue is a source
of multipotent stem cells. Mol Biol Cell. 2002; 13: 4279-4295. https://doi.org/10.1091/mbc.E02-02-0105
PMID: 12475952

5. Young HE, Steele TA, Bray RA, Hudson J, Floyd JA, Hawkins K, et al. Human reserve pluripotent mes-
enchymal stem cells are present in the connective tissues of skeletal muscle and dermis derived from
fetal, adult, and geriatric donors. Anat Rec. 2001; 264: 51-62. PMID: 11505371

6. in’tAnker PS, Scherjon SA, Kleijburg-van der Keur C, Noort WA, Claas FHJ, Willemze R, et al. Amniotic
fluid as a novel source of mesenchymal stem cells for therapeutic transplantation. Blood. 2003; 102:
1548-1549. https://doi.org/10.1182/blood-2003-04-1291 PMID: 12900350

7. Dominici M, Le Blanc K, Mueller |, Slaper-Cortenbach |, Marini F, Krause D, et al. Minimal criteria for
defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy. 2006; 8: 315-317. https://doi.org/10.1080/14653240600855905 PMID:
16923606

8. Murphy MB, Moncivais K and Caplan Al. Mesenchymal stem cells: environmentally responsive thera-
peutics for regenerative medicine. Exp Mol Med. 2013; 45: e54. https://doi.org/10.1038/emm.2013.94
PMID: 24232253

9. Caplan Al and Correa D. The MSC: an injury drugstore. Cell Stem Cell. 2011; 9: 11-15. https://doi.org/
10.1016/j.stem.2011.06.008 PMID: 21726829

PLOS ONE | https://doi.org/10.1371/journal.pone.0184111  August 30, 2017 21/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0184111.s005
http://www.ncbi.nlm.nih.gov/pubmed/5654088
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1002/jor.1100090504
http://www.ncbi.nlm.nih.gov/pubmed/1870029
http://www.ncbi.nlm.nih.gov/pubmed/10102814
https://doi.org/10.1091/mbc.E02-02-0105
http://www.ncbi.nlm.nih.gov/pubmed/12475952
http://www.ncbi.nlm.nih.gov/pubmed/11505371
https://doi.org/10.1182/blood-2003-04-1291
http://www.ncbi.nlm.nih.gov/pubmed/12900350
https://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
https://doi.org/10.1038/emm.2013.94
http://www.ncbi.nlm.nih.gov/pubmed/24232253
https://doi.org/10.1016/j.stem.2011.06.008
https://doi.org/10.1016/j.stem.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21726829
https://doi.org/10.1371/journal.pone.0184111

@° PLOS | ONE

Endothelial ECM preserves the stemness of MSCs

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Chamberlain G, Fox J, Ashton B and Middleton J. Concise review: Mesenchymal stem cells: Their phe-
notype, differentiation capacity, immunological features, and potential for homing. Stem Cells. 2007; 25:
2739-2749. https://doi.org/10.1634/stemcells.2007-0197 PMID: 17656645

Yoo SW, Kim SS, Lee SY, Lee HS, Kim HS, Lee YD, et al. Mesenchymal stem cells promote prolifera-
tion of endogenous neural stem cells and survival of newborn cells in a rat stroke model. Exp Mol Med.
2008; 40: 387-397. https://doi.org/10.3858/emm.2008.40.4.387 PMID: 18779651

Xiao GY, Cheng CC, Chiang YS, Cheng WT, Liu IH and Wu SC. Exosomal miR-10a derived from amni-
otic fluid stem cells preserves ovarian follicles after chemotherapy. Sci Rep. 2016; 6: 23120. https://doi.
org/10.1038/srep23120 PMID: 26979400

Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y, Yu XD, et al. Human mesenchymal stem cells inhibit differ-
entiation and function of monocyte-derived dendritic cells. Blood. 2005; 105: 4120—-4126. https://doi.
org/10.1182/blood-2004-02-0586 PMID: 15692068

Aggarwal S and Pittenger MF. Human mesenchymal stem cells modulate allogeneic immune cell
responses. Blood. 2005; 105: 1815—1822. https://doi.org/10.1182/blood-2004-04-1559 PMID:
15494428

Krampera M, Cosmi L, Angeli R, Pasini A, Liotta F, Andreini A, et al. Role for interferon-gamma in the
immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem Cells. 2006; 24:
386-398. https://doi.org/10.1634/stemcells.2005-0008 PMID: 16123384

Spaggiari GM, Capobianco A, Abdelrazik H, Becchetti F, Mingari MC and Moretta L. Mesenchymal
stem cells inhibit natural killer-cell proliferation, cytotoxicity, and cytokine production: role of indoleamine
2,3-dioxygenase and prostaglandin E2. Blood. 2008; 111: 1327—-1333. https://doi.org/10.1182/blood-
2007-02-074997 PMID: 17951526

Akiyama K, Chen C, Wang D, Xu X, Qu C, Yamaza T, et al. Mesenchymal-stem-cell-induced immuno-
regulation involves FAS-ligand-/FAS-mediated T cell apoptosis. Cell Stem Cell. 2012; 10: 544-555.
https://doi.org/10.1016/j.stem.2012.03.007 PMID: 22542159

Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis |, et al. Mesenchymal stem cells for treat-
ment of steroid-resistant, severe, acute graft-versus-host disease: a phase Il study. Lancet. 2008; 371:
1579-1586. https://doi.org/10.1016/S0140-6736(08)60690-X PMID: 18468541

Chen X, Wang C, Yin J, Xu J, Wei J and Zhang Y. Efficacy of Mesenchymal Stem Cell Therapy for Ste-
roid-Refractory Acute Graft-Versus-Host Disease following Allogeneic Hematopoietic Stem Cell Trans-
plantation: A Systematic Review and Meta-Analysis. PLoS One. 2015; 10: e0136991. https://doi.org/
10.1371/journal.pone.0136991 PMID: 26323092

Munneke JM, Spruit MJ, Cornelissen AS, van Hoeven V, Voermans C and Hazenberg MD. The Poten-
tial of Mesenchymal Stromal Cells as Treatment for Severe Steroid-Refractory Acute Graft-Versus-
Host Disease: A Critical Review of the Literature. Transplantation. 2015.

Muschler GF, Boehm C and Easley K. Aspiration to obtain osteoblast progenitor cells from human bone
marrow: the influence of aspiration volume. J Bone Joint Surg Am. 1997; 79: 1699—-1709. PMID:
9384430

Narbona-Carceles J, Vaquero J, Suarez-Sancho S, Forriol F and Fernandez-Santos ME. Bone marrow
mesenchymal stem cell aspirates from alternative sources: is the knee as good as the iliac crest? Injury.
2014; 45 Suppl 4: S42—47.

Rizk M, Monaghan M, Shorr R, Kekre N, Bredeson CN and Allan DS. Heterogeneity in Studies of Mes-
enchymal Stromal Cells to Treat or Prevent Graft-versus-Host Disease: A Scoping Review of the Evi-
dence. Biol Blood Marrow Transplant. 2016; 22: 1416—1423. https://doi.org/10.1016/j.bbmt.2016.04.
010 PMID: 27130504

Ramalho-Santos M, Yoon S, Matsuzaki Y, Mulligan RC and Melton DA. "Stemness": transcriptional pro-
filing of embryonic and adult stem cells. Science. 2002; 298: 597—600. https://doi.org/10.1126/science.
1072530 PMID: 12228720

Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Saffrich R, et al. Replicative senescence of mes-
enchymal stem cells: a continuous and organized process. PLoS One. 2008; 3: e2213. https://doi.org/
10.1371/journal.pone.0002213 PMID: 18493317

Bonab MM, Alimoghaddam K, Talebian F, Ghaffari SH, Ghavamzadeh A and Nikbin B. Aging of mesen-
chymal stem cell in vitro. BMC Cell Biol. 2006; 7: 14. https://doi.org/10.1186/1471-2121-7-14 PMID:
16529651

Stolzing A, Jones E, McGonagle D and Scutt A. Age-related changes in human bone marrow-derived
mesenchymal stem cells: consequences for cell therapies. Mech Ageing Dev. 2008; 129: 163-173.
https://doi.org/10.1016/j.mad.2007.12.002 PMID: 18241911

Baxter MA, Wynn RF, Jowitt SN, Wraith JE, Fairbairn LJ and Bellantuono |. Study of telomere length
reveals rapid aging of human marrow stromal cells following in vitro expansion. Stem Cells. 2004; 22:
675-682. https://doi.org/10.1634/stemcells.22-5-675 PMID: 15342932

PLOS ONE | https://doi.org/10.1371/journal.pone.0184111  August 30, 2017 22/25


https://doi.org/10.1634/stemcells.2007-0197
http://www.ncbi.nlm.nih.gov/pubmed/17656645
https://doi.org/10.3858/emm.2008.40.4.387
http://www.ncbi.nlm.nih.gov/pubmed/18779651
https://doi.org/10.1038/srep23120
https://doi.org/10.1038/srep23120
http://www.ncbi.nlm.nih.gov/pubmed/26979400
https://doi.org/10.1182/blood-2004-02-0586
https://doi.org/10.1182/blood-2004-02-0586
http://www.ncbi.nlm.nih.gov/pubmed/15692068
https://doi.org/10.1182/blood-2004-04-1559
http://www.ncbi.nlm.nih.gov/pubmed/15494428
https://doi.org/10.1634/stemcells.2005-0008
http://www.ncbi.nlm.nih.gov/pubmed/16123384
https://doi.org/10.1182/blood-2007-02-074997
https://doi.org/10.1182/blood-2007-02-074997
http://www.ncbi.nlm.nih.gov/pubmed/17951526
https://doi.org/10.1016/j.stem.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22542159
https://doi.org/10.1016/S0140-6736(08)60690-X
http://www.ncbi.nlm.nih.gov/pubmed/18468541
https://doi.org/10.1371/journal.pone.0136991
https://doi.org/10.1371/journal.pone.0136991
http://www.ncbi.nlm.nih.gov/pubmed/26323092
http://www.ncbi.nlm.nih.gov/pubmed/9384430
https://doi.org/10.1016/j.bbmt.2016.04.010
https://doi.org/10.1016/j.bbmt.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27130504
https://doi.org/10.1126/science.1072530
https://doi.org/10.1126/science.1072530
http://www.ncbi.nlm.nih.gov/pubmed/12228720
https://doi.org/10.1371/journal.pone.0002213
https://doi.org/10.1371/journal.pone.0002213
http://www.ncbi.nlm.nih.gov/pubmed/18493317
https://doi.org/10.1186/1471-2121-7-14
http://www.ncbi.nlm.nih.gov/pubmed/16529651
https://doi.org/10.1016/j.mad.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18241911
https://doi.org/10.1634/stemcells.22-5-675
http://www.ncbi.nlm.nih.gov/pubmed/15342932
https://doi.org/10.1371/journal.pone.0184111

@° PLOS | ONE

Endothelial ECM preserves the stemness of MSCs

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Banfi A, Muraglia A, Dozin B, Mastrogiacomo M, Cancedda R and Quarto R. Proliferation kinetics and
differentiation potential of ex vivo expanded human bone marrow stromal cells: Implications for their
use in cell therapy. Exp Hematol. 2000; 28: 707—715. PMID: 10880757

von Bahr L, Sundberg B, Lonnies L, Sander B, Karbach H, Hagglund H, et al. Long-term complications,
immunologic effects, and role of passage for outcome in mesenchymal stromal cell therapy. Biol Blood
Marrow Transplant. 2012; 18: 557-564. https://doi.org/10.1016/j.bbmt.2011.07.023 PMID: 21820393

Schofield R. The relationship between the spleen colony-forming cell and the haemopoietic stem cell.
Blood Cells. 1978; 4: 7-25. PMID: 747780

Sacchetti B, Funari A, Michienzi S, Di Cesare S, Piersanti S, Saggio |, et al. Self-renewing osteopro-
genitors in bone marrow sinusoids can organize a hematopoietic microenvironment. Cell. 2007; 131:
324-336. https://doi.org/10.1016/j.cell.2007.08.025 PMID: 17956733

Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, et al. A perivascular origin for mesenchy-
mal stem cells in multiple human organs. Cell Stem Cell. 2008; 3: 301-313. https://doi.org/10.1016/.
stem.2008.07.003 PMID: 18786417

Traktuev DO, Merfeld-Clauss S, Li J, Kolonin M, Arap W, Pasqualini R, et al. A population of multipotent
CD34-positive adipose stromal cells share pericyte and mesenchymal surface markers, reside in a peri-
endothelial location, and stabilize endothelial networks. Circ Res. 2008; 102: 77-85. https://doi.org/10.
1161/CIRCRESAHA.107.159475 PMID: 17967785

Zhao H, Feng J, Seidel K, Shi S, Klein O, Sharpe P, et al. Secretion of shh by a neurovascular bundle
niche supports mesenchymal stem cell homeostasis in the adult mouse incisor. Cell Stem Cell. 2014;
14: 160-173. https://doi.org/10.1016/j.stem.2013.12.013 PMID: 24506883

Saleh FA, Whyte M and Genever PG. Effects of endothelial cells on human mesenchymal stem cell
activity in a three-dimensional in vitro model. Eur Cell Mater. 2011; 22: 242—257; discussion 257. PMID:
22012735

Cheng CC, Lian WS, Hsiao FS, Liu IH, Lin SP, Lee YH, et al. Isolation and characterization of novel
murine epiphysis derived mesenchymal stem cells. PLoS One. 2012; 7: €36085. https://doi.org/10.
1371/journal.pone.0036085 PMID: 22558340

Cheng CC, Lee YH, Lin SP, Huangfu WC and Liu IH. Cell-autonomous heparanase modulates self-
renewal and migration in bone marrow-derived mesenchymal stem cells. Journal of biomedical science.
2014; 21: 21. hitps://doi.org/10.1186/1423-0127-21-21 PMID: 24624965

Kobayashi M, Inoue K, Warabi E, Minami T and Kodama T. A simple method of isolating mouse aortic
endothelial cells. J Atheroscler Thromb. 2005; 12: 138—142. PMID: 16020913

Chen XD, Dusevich V, Feng JQ, Manolagas SC and Jilka RL. Extracellular matrix made by bone mar-
row cells facilitates expansion of marrow-derived mesenchymal progenitor cells and prevents their dif-
ferentiation into osteoblasts. J Bone Miner Res. 2007; 22: 1943—1956. https://doi.org/10.1359/jbmr.
070725 PMID: 17680726

Schneider CA, Rasband WS and Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nature
methods. 2012; 9: 671-675. PMID: 22930834

Jaiswal N, Haynesworth SE, Caplan Al and Bruder SP. Osteogenic differentiation of purified, culture-
expanded human mesenchymal stem cells in vitro. J Cell Biochem. 1997; 64: 295-312. PMID: 9027589

Johnstone B, Hering TM, Caplan Al, Goldberg VM and Yoo JU. In vitro chondrogenesis of bone mar-
row-derived mesenchymal progenitor cells. Exp Cell Res. 1998; 238: 265-272. https://doi.org/10.1006/
excr.1997.3858 PMID: 9457080

Fischer ER, Hansen BT, Nair V, Hoyt FH and Dorward DW. Scanning electron microscopy. Current pro-
tocols in microbiology. 2012;Chapter 2: Unit 2B 2.

Shibata KR, Aoyama T, Shima Y, Fukiage K, Otsuka S, Furu M, et al. Expression of the p16INK4A
gene is associated closely with senescence of human mesenchymal stem cells and is potentially
silenced by DNA methylation during in vitro expansion. Stem Cells. 2007; 25: 2371-2382. https://doi.
org/10.1634/stemcells.2007-0225 PMID: 17569790

Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO and Pittenger MF. Chondrogenic differen-
tiation of cultured human mesenchymal stem cells from marrow. Tissue Eng. 1998; 4: 415-428. https://
doi.org/10.1089/ten.1998.4.415 PMID: 9916173

Meisel R, Zibert A, Laryea M, Gobel U, Daubener W and Dilloo D. Human bone marrow stromal cells
inhibit allogeneic T-cell responses by indoleamine 2,3-dioxygenase-mediated tryptophan degradation.
Blood. 2004; 103: 4619-4621. https://doi.org/10.1182/blood-2003-11-3909 PMID: 15001472

Polchert D, Sobinsky J, Douglas G, Kidd M, Moadsiri A, Reina E, et al. IFN-gamma activation of mesen-
chymal stem cells for treatment and prevention of graft versus host disease. Eur J Immunol. 2008; 38:
1745-1755. https://doi.org/10.1002/eji.200738129 PMID: 18493986

PLOS ONE | https://doi.org/10.1371/journal.pone.0184111  August 30, 2017 23/25


http://www.ncbi.nlm.nih.gov/pubmed/10880757
https://doi.org/10.1016/j.bbmt.2011.07.023
http://www.ncbi.nlm.nih.gov/pubmed/21820393
http://www.ncbi.nlm.nih.gov/pubmed/747780
https://doi.org/10.1016/j.cell.2007.08.025
http://www.ncbi.nlm.nih.gov/pubmed/17956733
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1016/j.stem.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18786417
https://doi.org/10.1161/CIRCRESAHA.107.159475
https://doi.org/10.1161/CIRCRESAHA.107.159475
http://www.ncbi.nlm.nih.gov/pubmed/17967785
https://doi.org/10.1016/j.stem.2013.12.013
http://www.ncbi.nlm.nih.gov/pubmed/24506883
http://www.ncbi.nlm.nih.gov/pubmed/22012735
https://doi.org/10.1371/journal.pone.0036085
https://doi.org/10.1371/journal.pone.0036085
http://www.ncbi.nlm.nih.gov/pubmed/22558340
https://doi.org/10.1186/1423-0127-21-21
http://www.ncbi.nlm.nih.gov/pubmed/24624965
http://www.ncbi.nlm.nih.gov/pubmed/16020913
https://doi.org/10.1359/jbmr.070725
https://doi.org/10.1359/jbmr.070725
http://www.ncbi.nlm.nih.gov/pubmed/17680726
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://www.ncbi.nlm.nih.gov/pubmed/9027589
https://doi.org/10.1006/excr.1997.3858
https://doi.org/10.1006/excr.1997.3858
http://www.ncbi.nlm.nih.gov/pubmed/9457080
https://doi.org/10.1634/stemcells.2007-0225
https://doi.org/10.1634/stemcells.2007-0225
http://www.ncbi.nlm.nih.gov/pubmed/17569790
https://doi.org/10.1089/ten.1998.4.415
https://doi.org/10.1089/ten.1998.4.415
http://www.ncbi.nlm.nih.gov/pubmed/9916173
https://doi.org/10.1182/blood-2003-11-3909
http://www.ncbi.nlm.nih.gov/pubmed/15001472
https://doi.org/10.1002/eji.200738129
http://www.ncbi.nlm.nih.gov/pubmed/18493986
https://doi.org/10.1371/journal.pone.0184111

@° PLOS | ONE

Endothelial ECM preserves the stemness of MSCs

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Ryan JM, Barry F, Murphy JM and Mahon BP. Interferon-gamma does not break, but promotes the
immunosuppressive capacity of adult human mesenchymal stem cells. Clinical and experimental immu-
nology. 2007; 149: 353-363. https://doi.org/10.1111/1.1365-2249.2007.03422.x PMID: 17521318

Ren G, Su J, Zhang L, Zhao X, Ling W, L’Huillie A, et al. Species variation in the mechanisms of mesen-
chymal stem cell-mediated immunosuppression. Stem Cells. 2009; 27: 1954—1962. https://doi.org/10.
1002/stem.118 PMID: 19544427

Spivakov M and Fisher AG. Epigenetic signatures of stem-cell identity. Nat Rev Genet. 2007; 8: 263—
271. https://doi.org/10.1038/nrg2046 PMID: 17363975

Kouzarides T. Chromatin modifications and their function. Cell. 2007; 128: 693—705. https://doi.org/10.
1016/j.cell.2007.02.005 PMID: 17320507

LaiY, Sun'Y, Skinner CM, Son EL, Lu Z, Tuan RS, et al. Reconstitution of marrow-derived extracellular
matrix ex vivo: a robust culture system for expanding large-scale highly functional human mesenchymal
stem cells. Stem Cells Dev. 2010; 19: 1095-1107. https://doi.org/10.1089/scd.2009.0217 PMID:
19737070

Datta N, Holtorf HL, Sikavitsas VI, Jansen JA and Mikos AG. Effect of bone extracellular matrix synthe-
sized in vitro on the osteoblastic differentiation of marrow stromal cells. Biomaterials. 2005; 26: 971—
977. https://doi.org/10.1016/j.biomaterials.2004.04.001 PMID: 15369685

SunY, LiW, LuZ, ChenR, Ling J, Ran Q, et al. Rescuing replication and osteogenesis of aged mesen-
chymal stem cells by exposure to a young extracellular matrix. FASEB J. 2011; 25: 1474—1485. https://
doi.org/10.1096/fj.10-161497 PMID: 21248241

Zeitouni S, Krause U, Clough BH, Halderman H, Falster A, Blalock DT, et al. Human mesenchymal
stem cell-derived matrices for enhanced osteoregeneration. Sci Transl Med. 2012; 4: 132ra155.

Saleh FA, Whyte M, Ashton P and Genever PG. Regulation of mesenchymal stem cell activity by endo-
thelial cells. Stem Cells Dev. 2011; 20: 391-403. https://doi.org/10.1089/scd.2010.0168 PMID:
20536359

Guerrero J, Catros S, Derkaoui SM, Lalande C, Siadous R, Bareille R, et al. Cell interactions between
human progenitor-derived endothelial cells and human mesenchymal stem cells in a three-dimensional
macroporous polysaccharide-based scaffold promote osteogenesis. Acta Biomater. 2013; 9: 8200—
8213. https://doi.org/10.1016/j.actbio.2013.05.025 PMID: 23743130

Thebaud NB, Siadous R, Bareille R, Remy M, Daculsi R, Amedee J, et al. Whatever their differentiation
status, human progenitor derived—or mature—endothelial cells induce osteoblastic differentiation of
bone marrow stromal cells. J Tissue Eng Regen Med. 2012; 6: e51-60. https://doi.org/10.1002/term.
1539 PMID: 22740324

Park D, Spencer JA, Koh BI, Kobayashi T, Fujisaki J, Clemens TL, et al. Endogenous bone marrow
MSCs are dynamic, fate-restricted participants in bone maintenance and regeneration. Cell Stem Cell.
2012; 10: 259-272. https://doi.org/10.1016/j.stem.2012.02.003 PMID: 22385654

Meyer MB, Benkusky NA, Sen B, Rubin J and Pike JW. Epigenetic Plasticity Drives Adipogenic and
Osteogenic Differentiation of Marrow-derived Mesenchymal Stem Cells. J Biol Chem. 2016; 291:
17829-17847. https://doi.org/10.1074/jbc.M116.736538 PMID: 27402842

Yoshimura H, Muneta T, Nimura A, Yokoyama A, Koga H and Sekiya |. Comparison of rat mesenchy-
mal stem cells derived from bone marrow, synovium, periosteum, adipose tissue, and muscle. Cell Tis-
sue Res. 2007; 327: 449-462. https://doi.org/10.1007/s00441-006-0308-z PMID: 17053900

Sugiyama T, Kohara H, Noda M and Nagasawa T. Maintenance of the hematopoietic stem cell pool by
CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches. Immunity. 2006; 25: 977—
988. https://doi.org/10.1016/j.immuni.2006.10.016 PMID: 17174120

Chi JT, Chang HY, Haraldsen G, Jahnsen FL, Troyanskaya OG, Chang DS, et al. Endothelial cell diver-
sity revealed by global expression profiling. Proc Natl Acad Sci U S A. 2003; 100: 10623—10628. https://
doi.org/10.1073/pnas.1434429100 PMID: 12963823

Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee T, et al. Polycomb complexes repress
developmental regulators in murine embryonic stem cells. Nature. 2006; 441: 349-353. https://doi.org/
10.1038/nature04733 PMID: 16625203

Azuara V, Perry P, Sauer S, Spivakov M, Jorgensen HF, John RM, et al. Chromatin signatures of plurip-
otent cell lines. Nat Cell Biol. 2006; 8: 532-538. https://doi.org/10.1038/ncb1403 PMID: 16570078

Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, et al. A bivalent chromatin structure
marks key developmental genes in embryonic stem cells. Cell. 2006; 125: 315-326. https://doi.org/10.
1016/j.cell.2006.02.041 PMID: 16630819

Kuzmichev A, Nishioka K, Erdjument-Bromage H, Tempst P and Reinberg D. Histone methyltransfer-
ase activity associated with a human multiprotein complex containing the Enhancer of Zeste protein.
Genes Dev. 2002; 16: 2893-2905. https://doi.org/10.1101/gad. 1035902 PMID: 12435631

PLOS ONE | https://doi.org/10.1371/journal.pone.0184111  August 30, 2017 24/25


https://doi.org/10.1111/j.1365-2249.2007.03422.x
http://www.ncbi.nlm.nih.gov/pubmed/17521318
https://doi.org/10.1002/stem.118
https://doi.org/10.1002/stem.118
http://www.ncbi.nlm.nih.gov/pubmed/19544427
https://doi.org/10.1038/nrg2046
http://www.ncbi.nlm.nih.gov/pubmed/17363975
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1016/j.cell.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17320507
https://doi.org/10.1089/scd.2009.0217
http://www.ncbi.nlm.nih.gov/pubmed/19737070
https://doi.org/10.1016/j.biomaterials.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15369685
https://doi.org/10.1096/fj.10-161497
https://doi.org/10.1096/fj.10-161497
http://www.ncbi.nlm.nih.gov/pubmed/21248241
https://doi.org/10.1089/scd.2010.0168
http://www.ncbi.nlm.nih.gov/pubmed/20536359
https://doi.org/10.1016/j.actbio.2013.05.025
http://www.ncbi.nlm.nih.gov/pubmed/23743130
https://doi.org/10.1002/term.1539
https://doi.org/10.1002/term.1539
http://www.ncbi.nlm.nih.gov/pubmed/22740324
https://doi.org/10.1016/j.stem.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22385654
https://doi.org/10.1074/jbc.M116.736538
http://www.ncbi.nlm.nih.gov/pubmed/27402842
https://doi.org/10.1007/s00441-006-0308-z
http://www.ncbi.nlm.nih.gov/pubmed/17053900
https://doi.org/10.1016/j.immuni.2006.10.016
http://www.ncbi.nlm.nih.gov/pubmed/17174120
https://doi.org/10.1073/pnas.1434429100
https://doi.org/10.1073/pnas.1434429100
http://www.ncbi.nlm.nih.gov/pubmed/12963823
https://doi.org/10.1038/nature04733
https://doi.org/10.1038/nature04733
http://www.ncbi.nlm.nih.gov/pubmed/16625203
https://doi.org/10.1038/ncb1403
http://www.ncbi.nlm.nih.gov/pubmed/16570078
https://doi.org/10.1016/j.cell.2006.02.041
https://doi.org/10.1016/j.cell.2006.02.041
http://www.ncbi.nlm.nih.gov/pubmed/16630819
https://doi.org/10.1101/gad.1035902
http://www.ncbi.nlm.nih.gov/pubmed/12435631
https://doi.org/10.1371/journal.pone.0184111

@° PLOS | ONE

Endothelial ECM preserves the stemness of MSCs

69.

70.

71.

72.

73.

74.

75.

76.

Agger K, Cloos PA, Christensen J, Pasini D, Rose S, Rappsilber J, et al. UTX and JMJD3 are histone
H3K27 demethylases involved in HOX gene regulation and development. Nature. 2007; 449: 731-734.
https://doi.org/10.1038/nature06145 PMID: 17713478

Yel, Fan Z, YuB, Chang J, Al Hezaimi K, Zhou X, et al. Histone demethylases KDM4B and KDM6B
promotes osteogenic differentiation of human MSCs. Cell Stem Cell. 2012; 11: 50-61. https://doi.org/
10.1016/j.stem.2012.04.009 PMID: 22770241

Hemming S, Cakouros D, Isenmann S, Cooper L, Menicanin D, Zannettino A, et al. EZH2 and KDM6A
act as an epigenetic switch to regulate mesenchymal stem cell lineage specification. Stem Cells. 2014;
32: 802-815. https://doi.org/10.1002/stem.1573 PMID: 24123378

Dellatore SM, Garcia AS and Miller WM. Mimicking stem cell niches to increase stem cell expansion.
Curr Opin Biotechnol. 2008; 19: 534-540. https://doi.org/10.1016/j.copbio.2008.07.010 PMID:
18725291

Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W and Chen CS. Control of stem cell fate by physi-
cal interactions with the extracellular matrix. Cell Stem Cell. 2009; 5: 17-26. https://doi.org/10.1016/j.
stem.2009.06.016 PMID: 19570510

Kim J, Kim HN, Lim KT, Kim Y, Pandey S, Garg P, et al. Synergistic effects of nanotopography and co-
culture with endothelial cells on osteogenesis of mesenchymal stem cells. Biomaterials. 2013; 34:
7257-7268. https://doi.org/10.1016/j.biomaterials.2013.06.029 PMID: 23834896

Winer JP, Janmey PA, McCormick ME and Funaki M. Bone marrow-derived human mesenchymal
stem cells become quiescent on soft substrates but remain responsive to chemical or mechanical sti-
muli. Tissue Eng Part A. 2009; 15: 147—154. https://doi.org/10.1089/ten.tea.2007.0388 PMID:
18673086

Engler AJ, Sen S, Sweeney HL and Discher DE. Matrix elasticity directs stem cell lineage specification.
Cell. 2006; 126: 677—689. https://doi.org/10.1016/j.cell.2006.06.044 PMID: 16923388

PLOS ONE | https://doi.org/10.1371/journal.pone.0184111  August 30, 2017 25/25


https://doi.org/10.1038/nature06145
http://www.ncbi.nlm.nih.gov/pubmed/17713478
https://doi.org/10.1016/j.stem.2012.04.009
https://doi.org/10.1016/j.stem.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22770241
https://doi.org/10.1002/stem.1573
http://www.ncbi.nlm.nih.gov/pubmed/24123378
https://doi.org/10.1016/j.copbio.2008.07.010
http://www.ncbi.nlm.nih.gov/pubmed/18725291
https://doi.org/10.1016/j.stem.2009.06.016
https://doi.org/10.1016/j.stem.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19570510
https://doi.org/10.1016/j.biomaterials.2013.06.029
http://www.ncbi.nlm.nih.gov/pubmed/23834896
https://doi.org/10.1089/ten.tea.2007.0388
http://www.ncbi.nlm.nih.gov/pubmed/18673086
https://doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388
https://doi.org/10.1371/journal.pone.0184111

