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Abstract

Mesenchymal stem cells (MSCs) are thought to occupy a perivascular niche where they are 

exposed to signals originating from vascular cells. This study focused on the effects of endothelial 

cell (EC)-derived signals on MSC differentiation toward vascular cell lineages. Upon co-culture 

with two types of ECs, macrovascular (macro) ECs and microvascular (micro) ECs, the former 

caused MSCs to increase expression of both EC and smooth muscle cell (SMC) markers, while the 

latter induced expression of EC markers only. These marker changes in MSCs were linked to the 

extracellular matrixes secreted by the ECs (EC-matrix) rather than soluble EC-secreted factors. 

Beyond enhanced marker expression, EC-matrix also induced functional changes in MSCs 

indicative of development of a genuine vascular cell phenotype. These included enhanced 

incorporation into vessels and cytoskeletal localization of vascular SMC-specific contractile 

elements. The bioactivity of EC-matrix was sensitive to EDTA washes and required sulfated 

glycosaminoglycans. However, neither soluble VEGF nor substrate surfaces coated with 

fibronectin, collagen type IV, or laminin recreated the effects of EC-matrix on MSC vascular 

differentiation. In conclusion, these results identified EC-matrix as a critical regulator of vascular 

cell differentiation of MSCs. Elucidating these MSC-EC-matrix interactions and identifying the 

specific EC-matrix components involved will shed light on the perivascular signals seen by MSCs 

in vivo.
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There is strong evidence to suggest that MSCs reside in perivascular niches and associate 

with blood vessels throughout the tissues of the body [Crisan et al., 2008; da Silva Meirelles 

et al., 2006; Shi et al., 2003]. In fact, MSCs have been isolated directly from large and small 

blood vessels [da Silva Meirelles et al., 2006], and vessel walls are the main sites of 

expression of Stro-1, an MSC-associated marker [Bianco et al., 2001; Shi et al., 2003]. 
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Furthermore, MSCs share key similarities with pericytes, a microvascular cell type 

analogous to the smooth muscle cells (SMCs) of macrovessels [Crisan et al., 2008; Tintut et 

al., 2003]. For example, pericytes posses MSC-like differentiation capabilities [Crisan et al., 

2008; Doherty et al., 1998; Farrington-Rock et al., 2004; Tintut et al., 2003] and retain 

multipotency through high passages [Tintut et al., 2003], indicating a capacity for self 

renewal, a key feature of MSCs. Both cell types express a mixture of MSC- and vascular 

cell-markers, including Stro-1, CD106, CD146, CD29, CD44, smooth muscle α-actin, 3G5, 

Sab-1, and Sab-2 [Crisan et al., 2008; Jones et al., 2008; Shi et al., 2003; Tintut et al., 2003; 

Traktuev et al., 2008]. Pericytes and MSCs exhibit similar fibroblastic morphologies in 

culture and are unique among adult mesenchymal cells in their ability to support culture of 

hematopoietic cells [Jones et al., 2008; Shi et al., 2003; Tintut et al., 2003]. MSCs and 

pericytes also appear to fill similar vessel-support roles, migrating towards vessels in 

response to endothelial cell (EC)-secreted factors and enhancing vessel formation and 

stabilization through paracrine interactions [Armulik et al., 2005; Gruber et al., 2005; 

Traktuev et al., 2008; von Tell et al., 2006]. These similarities between pericytes and MSCs 

strengthen the case that MSCs are a kind of pericyte.

Thus MSCs, residing in a perivascular niche, should interact extensively with vascular 

signals in vivo. These signals include physical interactions with the vascular cell types, as 

well as interactions with the soluble molecules and extracellular matrix (ECM) these cells 

produce. ECs, the main vascular cell type, form the lumenal lining of blood vessels [Xu et 

al., 1994]. There are different ECs, depending on their tissue location. For example, 

macrovascular ECs (macroECs) are found in the larger blood vessels, while microvascular 

ECs (microECs) are found in the microvasculature, e.g., capillaries [Xu et al., 1994]. The 

differences among the types of ECs also include their cell-surface markers, their cellular 

interactions (only macroECs interact with SMCs), and in their matrix interactions.

There is also abundant evidence of signals from the local environment greatly affecting MSC 

differentiation in what has been called the “milieu-specific nature of MSC differentiation” 

[Chiu et al., 1995]. MSCs are also capable of differentiating into a wide range of cell types, 

including the vascular cell types, ECs and SMCs [Rodriguez et al., 2006]. A review of these 

studies reveals the tendency of MSCs to acquire tissue-specific characteristics when co-

cultured with mature cells types or exposed to tissue extracts in vitro [Choi et al., 2005; da 

Silva Meirelles et al., 2006; Houghton et al., 2004; Lange et al., 2005]. There is evidence to 

suggest that this tissue-instructive differentiation is actually supported by the tissue-specific 

composition of the ECM [Philp et al., 2005]. Indeed, interactions with various matrix 

molecules have been shown to modulate MSC behavior [Bradham et al., 1995; Hashimoto et 

al., 2006; Salasznyk et al., 2004]. For example, it has been shown that de-cellularized matrix 

of a tissue is sufficient for differentiation of stem cells into the cells and structures indicative 

of that tissue [Philp et al., 2005; Salasznyk et al., 2004].

Based on these findings, we hypothesized that signals originating from the main cell type of 

the vascular environment, ECs, promote MSCs differentiation toward the vascular cell 

lineages, specifically ECs and SMCs. Furthermore, given the role of the ECM in guiding the 

tissue-specific nature of MSC differentiation, this study focuses on the effects of the ECM 

produced by ECs (EC-matrix) on MSC differentiation.

Lozito et al. Page 2

J Cell Biochem. Author manuscript; available in PMC 2017 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Cell culture

The macroEC line HUV-EC-C (American Type Culture Collection, Manassas, VA) and the 

microEC line HMEC-1 (U.S. Center for Disease Control) were cultured in EC medium 

(EGM-2-MV medium (Cambrex, East Rutherford, NJ) containing 5% fetal bovine serum 

(FBS)). Human bone marrow MSCs were isolated from femoral heads obtained during 

elective joint replacement (IRB approval, University of Washington) as tissue culture plastic 

(TCP) adherent cell populations, expanded in MSC medium (high-glucose DMEM 

(Invitrogen, Carlsbad, CA) containing 10% FBS) and passaged at 70–80% confluency. All 

experiments were performed with passage 3–5 MSCs. Serum-free (SF) culture conditions 

involved replacement of serum with insulin-transferrin-selenium-x (Invitrogen, Carlsbad, 

CA) containing 10% FBS).

Real-time RT PCR

MSC RNA samples were isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA), treated 

with DNase using the Turbo DNA-free kit (Ambion, Austin, TX), and converted to cDNA 

with Superscript III First-Strand Synthesis Kits (dT primer) (Invitrogen, Carlsbad, CA). 

Real-time PCR was performed on a BioRad iCycler using SYBR green detection (BioRad, 

Hercules, CA). Primers for the EC markers PECAM, KDR, and VECAD and the SMC 

markers smooth muscle α-actin (SMActin), smooth muscle 22α, and smoothelin were 

designed using MacVector (Cary, NC). mRNA levels of EC and SMC markers analyzed by 

real-time RT-PCR were normalized to GAPDH values for each time point and/or 

experimental condition. Results from studies involving time-courses are presented as fold 

changes to day 0 values.

Direct MSC:EC co-cultures

MSCs were labeled with Vybrant CM-DiI cell-labeling solution (Invitrogen, Carlsbad, CA) 

according to the manufacture’s instructions. For heterogeneous direct co-cultures, the DiI-

labeled MSCs were mixed with unlabeled ECs (either macroECs or microECs) in 1:2 ratios 

before plating on TCP at 3×104 total cells/cm2. Homogeneous co-cultures of MSCs 

consisting of labeled and unlabeled cells (1:2) were used as controls (Figure 1A). The co-

cultures were maintained in EC medium containing 1% FBS for 10 days. Every two days, 

cells from both heterogeneous and homogeneous co-cultures were pelleted, resuspended in 

full MSC medium containing 5% DMSO, and frozen. Day 2 samples were also fixed (PBS-

buffered 10% formalin, 15 min) and stained for PECAM using the Blood Vessel Staining Kit 

(Millipore, Billerica, MA) per the manufacturer’s instructions. At the completion of the 

experiment, the frozen cells were thawed and washed and resuspended in FACS wash (1% 

BSA in PBS) at 5×106 cells/ml. The DiI-labeled MSCs from each sample were then FACS-

sorted using a three-laser Dako MoFlo high-speed sorter. RNA isolated from the DiI-labeled 

MSCs from both the heterogeneous and homogeneous co-cultures were analyzed via real-

time RT-PCR for expression of EC and SMC markers.
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Indirect MSC:EC co-cultures

MSCs were seeded in the wells of tissue-culture plastic (TCP) 6-well dishes. In 

heterogeneous indirect co-cultures, ECs were seeded in overhanging Transwell inserts (0.4 

μm pore membrane) (Corning, Corning, NY) in 2:1 ratios to the MSCs in the wells beneath. 

As controls, homogenous indirect co-cultures of MSCs were seeded in the Transwell inserts 

in 2:1 ratios to the MSCs in the bottom wells (Figure 3A). The indirect co-cultures were 

maintained in EC medium (1% serum) for 10 days. Every two days MSC RNA samples 

were taken from both types of indirect co-cultures and analyzed via real-time RT-PCR for 

expression of EC and SMC markers.

Matrix cultures

MacroEC-matrix and microEC-matrix were derived from macroECs and microECs, 

respectively, using the following method adapted from Gospodarowicz et al (1983) (Figure 

4A) [Gospodarowicz et al., 1983]. EC monolayer cultures were seeded on TCP at a density 

of 2×104 cells/cm2, cultured for 3 days in full EC medium, washed with HBSS, and cultured 

for additional 2, 4, 7, or 10 days in SF EC medium. After culture, the cells were lysed for 15 

min in H2O, washed with 0.02 M NH4OH in H2O to remove remaining cell debris, and 

washed 3–6 times with PBS. The resulting surface material, referred to here as EC-matrix, 

was seeded with MSCs at 1×104 cells/cm2, followed by culture in SF MSC medium for 10 

days. MSCs seeded on TCP were used as controls. MSC RNA samples were collected every 

2 days and analyzed via real-time RT-PCR for expression of EC and SMC markers. In 

addition, every 2 days samples were formalin fixed and stained for PECAM expression.

MSC incorporation into EC tubes on Matrigel

MSCs were cultured on either macroEC-matrix or TCP for 10 days, removed, and labeled 

with CM-DiI (See Direct MSC:EC Co-Cultures section). Meanwhile, two groups of TCP 

dishes were coated with Matrigel (BD Biosciences, San Jose, CA) according to the 

manufacturer’s ‘thin gel’ protocol. For one group, macroECs were seeded on Matrigel and 

cultured for 24 hours in full EC media during which ECs formed a tubular network. DiI-

labeled MSCs from either macroEC-matrix or TCP were then seeded on top of the EC tubes 

and cultured for 24 hours. For the other group of Matrigel-coated plates, DiI-labeled MSCs 

from either macroEC-matrix or TCP were mixed with macroECs in 1:2 MSC:EC ratios, 

seeded on the Matrigel, and cultured for 24 hours. Thus, at the completion of the 

experiment, 4 experimental groups existed: (1) MSCs cultured on TCP, removed, and seeded 

on Matrigel with pre-formed macroEC tubes; (2) MSCs cultured on macroEC-matrix, 

removed, and seeded on Matrigel with pre-formed macroEC tubes, (3) MSCs cultured on 

TCP, removed, mixed with macroECs, and seeded on Matrigel; (4) MSCs cultured on 

macroEC-matrix, removed, mixed with macroECs, and seeded on Matrigel. Samples of all 

four groups were formalin fixed, stained with DAPI (Invitrogen, Carlsbad, CA) (1 μg/ml in 

PBS, 1 min), and imaged at 20× with a Leica fluorescence microscope under brightfield, 

blue fluorescence, and red fluorescence. The number of orange DiI-labeled MSCs that 

associated with the blue EC tubes was counted and averaged over 10 regions for each of the 

four groups.
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Subcellular cytosolic and cytoskeletal protein isolation and western blotting

Two groups of MSCs were cultured on either macroEC-matrix or TCP for 10 days. At days 

0, 2, 5, and 10, cytosolic and cytoskeletal proteins were isolated from both groups using the 

Compartment Protein Extraction Kit (Millipore, Billerica, MA) and analyzed for SMActin 

and smoothelin via western blotting for SMActin and smoothelin expression. Briefly, 5 μg 

samples of cytosolic and cytoskeletal proteins were resolved using 10% (SMActin) or 8% 

(smoothelin) SDS-PAGE, transferred to Immobilon-FL PVDF membranes (Millipore, 

Billerica, MA), and probed with either anti-SMActin (Millipore, Billerica, MA) or anti-

smoothelin (Millipore, Billerica, MA) primary antibodies followed by AlexaFluor 488-

conjugated secondary antibodies (Invitrogen, Carlsbad, CA). The blots were imaged based 

on green fluorescence with a Molecular Dynamics Typhoon 9410 Variable Mode Imager.

Growth factor treatments

MSC cultures were cultured in SF MSC medium supplemented with either 0, 25 or 50 ng/ml 

human VEGF121 (Sigma, St. Louis, MO) or 0, 5, 25, 50 ng/ml human EGF (Sigma, St. 

Louis, MO) for 10 days. RNA samples were isolated every 2 days for analysis of EC and 

MSC marker expression.

ECM molecule-coated surfaces

TCP was coated with either laminin (Millipore, Billerica, MA) (2 μg/cm2), collagen type IV 

(Millipore, Billerica, MA) (10 μg/cm2), a 5:1 mix of laminin and collagen type IV (12 μg/

cm2) or fibronectin (Millipore, Billerica, MA) (5 μg/cm2) overnight at 4°C. The surfaces 

were then washed once with HBSS. MSCs were seeded on the surfaces at 1×104 cells/cm2 

and cultured in SF MSC medium for 10 days. Every 10 days, samples were taken for 

analysis of MSC mRNA expression of EC and SMC markers.

Results

Direct co-culture

DiI-labeled MSCs and unlabeled ECs were directly co-cultured in 1:2 ratios of cell number 

for 10 days. Homogeneous co-cultures of DiI-labeled MSCs and unlabelled MSCs served as 

controls (Figure 1A). During the time course, samples of the co-cultures were collected and 

FACS-sorted, and the DiI-labeled MSCs were separated from the un-labeled cells. Real-time 

RT-PCR analysis of MSCs directly co-cultured with macroECs revealed increased mRNA 

expression of the EC markers and of the SMC markers tested compared to controls (Figure 

1B). PECAM immunohistochemistry at day 2 also revealed elevated PECAM levels in 

MSCs directly co-cultured with macroECs (Figure 2). However, distinct differences between 

the temporal mRNA expression profiles of the EC and SMC markers were observed. 

Expression of EC markers sharply increased early during co-culture, peaking by day two, 

but then sharply decreased and remained only slightly elevated for the remainder of the co-

culture. Conversely, expression of SMC markers was delayed, beginning at day 4 and then 

steadily increasing over the remainder of the 10-day co-culture. MSCs directly co-cultured 

with microECs exhibited increased mRNA expression of EC markers, but did not show 

increased mRNA expression of the SMC markers tested (Figure 1B).
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Indirect co-culture

MSCs and either macroECs or microECs were indirectly co-cultured for 10 days using the 

Transwell system. MSCs indirectly co-cultured with MSCs served as controls (Figure 3A). 

MSCs indirectly co-cultured with macroECs exhibited only slight enhancement of the EC 

markers and no increases in the SMC markers tested (Figure 3B). The temporal profiles of 

these increases occurred gradually over the duration of the experiment, reaching its peak at 

day 10. This peak value was 10-fold lower than the peak value observed with the direct co-

culture experiment. Similarly, MSCs exposed to macroEC-conditioned medium (data not 

shown) or indirectly co-cultured with micoECs (Figure 3B) did not exhibit increases in 

either EC or SMC marker expression.

EC-matrix culture

Effects on vascular markers expression—MSCs cultured on de-cellularized 

macroEC-matrix exhibited enhanced mRNA expression of the EC markers tested compared 

to control groups cultured on TCP (Figure 4B). The temporal expression profiles of these 

EC markers closely matched those observed in response to direct co-culture with macroECs; 

MSCs cultured on macroEC-matrix exhibited sharp increases in mRNA expression of the 

EC markers. However, these heightened expression levels were not maintained and were 

followed immediately by sharp decreases. These trends were confirmed with PECAM-

staining; more PECAM-positive cells were observed on native matrix for early time points 

than later during the experiment (data not shown). Culture on EC-matrix also increased 

mRNA expression of the SMC markers tested (Figure 4B). Again, the temporal expression 

profiles of SMC markers supported by culture on EC-matrix was similar to those observed 

in response to direct co-culture with ECs, i.e., the increases in SMC marker expression 

began later than those observed for the EC markers. Furthermore, the SMC marker 

expression profiles were more gradual and consistent, absent of the peaks and valleys 

characteristic of the EC marker curves. Finally, when compared to SMC and EC expression 

levels in control groups of MSCs cultured on TCP, the magnitude of the increases in SMC 

marker expression were less substantial than those observed for EC markers.

MSCs cultured on de-cellularized microEC-matrix also exhibited similar trends to those 

observed in MSCs directly co-cultured with macroECs; microEC-matrix caused increases in 

EC, but not SMC, marker expression in MSCs (Figure 4B).

Effects on incorporation into macroEC tubes on Matrigel—We next examined 

whether exposure to macroEC-matrix induced MSCs to incorporate into EC tubes that 

formed on Matrigel. MSCs cultured on either macroEC-matrix or TCP for 10 days were 

removed, mixed with macroECs, and seeded on Matrigel. EC formed thin tubular networks 

on Matrigel, while MSCs previously plated on TCP tended to form bulkier aggregations. 

MSCs removed from macroEC-matrix exhibited improved incorporation into the EC tubes 

when mixed with ECs and cultured on Matrigel (Figure 5).

This experiment was repeated but, instead of mixing MSCs with ECs before seeding on 

Matrigel, MSCs were seeded on pre-formed EC tubes. Here, too, MSCs that had been 
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cultured on EC-matrix for 10 days showed greater tube-incorporation than MSCs cultured 

on TCP (Figure 5).

Effects on subcellular localization of SMC-associated cytoskeletal contractile 
elements—Cytosolic and cytoskeletal fractions of MSCs cultured on either EC-matrix or 

TCP for 0, 2, 5, or 10 days were analyzed via western blots for SMActin and smoothelin, 

cytoskeletal proteins expressed by SMCs (Figure 6). Both SMActin and smoothelin levels 

increased over time in MSCs cultured on EC-matrix. MSCs cultured on TCP, on the other 

hand, did not show any changes over the 10-day culture (data not shown). Following 10 days 

of culture on EC-matrix, both SMActin and smoothelin were largely associated with the 

cytoskeleton, suggesting the development of a functional SMC phenotype. Furthermore, by 

day 5, MSC smoothelin expression was predominantly of the vascular SMC isoform that, 

again, localized to the cytoskeleton (smoothelin exists in two isoforms, a 100 kDa protein 

found in vascular SMCs and a 59 kDa form specific for visceral SMCs [van der Loop et al., 

1997]). Since vascular smoothelin has been shown to be essential for vascular SMC 

contractility [van der Loop et al., 1997], these findings suggest that MSCs cultured on EC-

matrix were specifically differentiating towards a functional vascular SMC phonotype.

Effects of altering EC matrix production parameters

Culture time of macroECs—Comparison of macroEC-matrix samples collected over 2, 

4, 7 or 10 days of macroEC culture showed that EC-matrix-induced enhancement of EC 

markers in MSCs was culture time-dependent; the longer the time over which the matrix was 

produced, the more the matrix increased EC marker expression in MSCs (Figure 7A). On the 

other hand, the ability of EC-matrix to support enhancement of SMC marker expression was 

not dependent on culture time (Figure 7A).

EDTA extraction—EC-matrixes produced from macroECs cultured on TCP for 7 days and 

then washed with varying EDTA concentrations (0, 0.1, 1, and 5 mM) were compared for 

their effects on MSC expression of EC and SMC markers (Figure 7B). Washing with EDTA 

reduced EC-matrix-enhancement of EC marker expression in MSCs in a concentration-

dependent manner (Figure 7B); higher EDTA concentrations resulted in larger drops in EC 

marker-increases. In contrast, EDTA wash did not affect the ability of the EC-matrix to 

support increased SMC marker expression in MSCs (Figure 7B).

Perchlorate sensitivity—To investigate whether sulfated glycosaminoglycan components 

of the EC-matrix were required for its activity, EC-matrixes were produced from EC cultures 

treated with 40 mM sodium perchlorate, a competitive inhibitor of glycosaminoglycan 

sulfation [Lin et al., 2000]. MSCs cultured on perchlorate-treated EC-matrixes did not 

exhibit increased expression of EC markers (Figure 7C), while perchlorate did not affect the 

ability of EC-matrix to support increases in SMC marker expression in MSCs (Figure 7C).

Lack of effects of VEGF treatment and culture on laminin, collagen type IV or fibronectin

To assess the nature of the active components of EC-matrix, we tested the effects of various 

growth factors and matrix molecules on MSC expression of vascular markers. Control 

groups were cultured on uncoated TCP in the absence of VEGF. Experimental groups were 
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cultured either in the presence of VEGF (5, 25 or 50 ng/ml) or on TCP coated with laminin, 

collagen type IV, a mixture of laminin and collagen IV, or fibronectin. None of the 

experimental groups enhanced MSC expression of EC or SMC markers compared to 

controls (data not shown).

Effect of EGF

We next tested the effects of EGF on MSC expression of vascular cell markers. EGF has 

previously been shown to mediate EC-pericyte interactions, and EGF receptor is one of the 

most abundant growth factor receptors found on MSCs [Bianco et al., 2001]. Upon culture 

for 7 days with 0, 5, 25, or 50 ng/ml EGF in SF medium, MSCs exhibited increased 

expression of the SMC markers SMActin and smoothelin and decreased expression of EC 

markers PECAM and VECAD (Figure 8).

Discussion

Signals from the local environment, either through cell-cell contact, soluble factors, or cell-

matrix interactions, profoundly influence MSC differentiation. In fact, this influence often 

tends to drive MSC differentiation in a tissue-specific manner [Chiu et al., 1995; Philp et al., 

2005]. Residing in a perivascular niche, MSCs interact with the local vascular environment, 

including ECs and EC-derived differentiation signals. In this study, we used ECs to 

experimentally recreate and analyze the differentiation signals that MSCs would be exposed 

to in their perivascular niche. We hypothesized that vascular signals would promote MSC 

differentiation toward the vascular lineages, specifically ECs and SMCs.

In our first set of experiments, MSC differentiation was examined in direct EC-MSC co-

cultures. In this set-up, the three sources of EC-derived signals – EC-matrix, EC-secreted 

soluble factors, and EC-MSC contact – were combined. The results support our hypothesis 

in that interacting with macroECs caused increased MSC expression of both EC and SMC 

markers. To study whether the type of EC affected vascular differentiation in MSCs, direct 

co-culture with microECs was also tested. Interacting with microECs caused increases in EC 

marker expression only. These results support the tissue-specific trend of MSC 

differentiation, i.e., macroECs, which interact with SMCs as part of macrovessels in vivo, 

support MSC differentiation into both ECs and SMCs. MicroECs, which originate from 

capillaries and do not interact with SMCs, support EC-differentiation only.

To better characterize the effects of ECs on MSC vascular cell differentiation, we 

deconstructed the local environment created by direct co-culture with ECs into its 

components, i.e., soluble EC factors and EC-matrix, and tested their effects on MSC 

expression of vascular cell markers. While soluble EC factors did not affect marker 

expression, EC-matrix did. In fact, macroEC-matrix alone recreated the temporal 

characteristics (un-sustained early peak in EC markers, sustained later increases in SMC 

markers) encountered in macroEC:MSC co-cultures. Repeating these matrix experiments 

with microEC-matrix, we observed the same differences between macro- and microEC-

matrix that we reported for macro- and microECs in the direct co-culture studies; MSCs 

cultured on macroEC-matrix underwent both EC and SMC-differentiation, while MSCs 

cultured on microEC-matrix exhibited EC-differentiation only. That the trends observed with 
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the different co-cultures were translated to the different matrices indicated fundamental 

differences between macro- and micro-EC-matrix compositions.

Our study also linked increased MSC expression of vascular cell markers with the 

development of functional vascular cell phenotypes. MSCs cultured on EC-matrix exhibited 

subcellular cytoskeletal protein distributions similar to those of vascular SMCs and 

improved incorporation into EC tubes on Matrigel. While several studies have used similar 

functional phenotypes to characterize MSCs and MSC-like cells [Ball et al., 2004; Traktuev 

et al., 2008], this is the first study to assess the effects of matrix.

We have also characterized the components of EC-matrix responsible for its effects on MSC 

vascular differentiation. The divergent effects of culture time, EDTA wash, and perchlorate 

treatment on EC and SMC-differentiation suggest that at least two types of factors are 

involved in the bioactivity of EC-matrix. EC-differentiation factors are secreted by ECs and 

accumulate in EC-matrix. Their association with EC-matrix is Ca2+-dependent and is likely 

mediated via sulfated proteoglycans such as HSPGs. Previous studies have reported that 

HSPGs contained in EC-matrix binds many bioactive factors, including VEGF, PDGF, and 

FGF [Kalluri, 2003]. Thus, we propose that the EC-differentiation factor(s) is either an 

HSPG or a growth factor that binds HSPGs contained within EC-matrix. Other studies 

linked the differentiation capabilities of vascular matrixes with matrix-bound factors rather 

than structural components [Philp et al., 2005; Vukicevic et al., 1992]. Similarly, our study 

showed that, when applied alone, EC-matrix components (laminin, collagen IV, and 

fibronectin) did not re-create the vascular differentiation effects on MSCs, indicating that a 

growth factor was responsible. One of the growth factors tested here, VEGF, has been 

reported to differentiate MSCs into ECs [Oswald et al., 2004]. However, we were unable to 

replicate these results with the MSC populations and VEGF concentrations tested, 

suggesting either that VEGF is not the EC-differentiation factor, or that its EC-

differentiation activity requires EC-matrix. Many soluble growth factors that bind EC-matrix 

require HSPGs to interact with their cell-surface receptors for bioactivity [Cohen et al., 

1995; Ruoslahti et al., 1991]. Our observation that EC-matrix, but not EC-secreted soluble 

factors without EC-matrix, induces MSC vascular differentiation suggests that some of these 

factors require association with EC-matrix to function. We will test this by assaying the 

activities of the EC-secreted factors in the presence of EC-matrix (or tethered to a surface).

In contrast to the EC-differentiation factors, the matrix-associated SMC-differentiation 

factors are not affected by EC culture time/EDTA wash/perchlorate treatment, suggesting 

that their incorporation into EC-matrix does not involve Ca2+ or sulfated proteoglycans. We 

reasoned, therefore, that the SMC-differentiation factors are structural matrix proteins. 

However, neither laminin, collagen IV, nor fibronectin induced SMC-differentiation in 

MSCs. Because a number of structural matrix proteins contain EGF-repeats and interact 

with cell-surface EGF receptors (EGFRs) [Schenk et al., 2003], and EGFR-mediated 

signaling is reported to influence MSC differentiation [Tamama et al., 2006], we directly 

tested the effects of EGF on MSC expression of EC and SMC markers. EGF slightly 

suppresses expression of EC markers and slightly enhances expression of SMC markers. 

While these expressional changes were not significant compared to those induced by EC-

matrix, they suggest a possible link between SMC-differentiation factors and EGFR-binding/
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activation. In addition, tethering of the factor(s) to a surface may also enhance biological 

activity.

In summary, we have shown here that EC-matrix supports MSC differentiation toward EC 

and SMC lineages. The EC-differentiation factors are likely EC-secreted factors that bind 

EC-matrix, whereas the SMC-differentiation factors may signal via EGFR. Micro and 

macroECs differ in the matrices they produce, which in turn affects their influences on MSC 

differentiation. Further understanding of the roles of EC-matrix and the perivascular niche in 

regulating MSC differentiation toward the vascular cell lineages has implications in cell-

based vascular tissue engineering and regeneration.
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Figure 1. 
Direct co-culture of MSCs and ECs. (A) DiI-labeled MSCs co-cultured with unlabeled ECs 

(heterogeneous) or MSCs (homogeneous) were isolated via FACS sorting every 2 days. (B) 

Real-time RT-PCR analysis of PECAM and SMActin expression by MSCs isolated from co-

cultures with (●) macroECs, (○) microECs, or (▲) MSCs. Error bars represent 95% 

confidence-intervals.
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Figure 2. 
DiI-labeled MSCs co-cultured with macroECs for 2 days were stained with for PECAM 

expression (TRITC/red). Thus, (<) PECAM-positive ECs appear dark red, (*) PECAM-

negative MSCs exhibit yellow punctations, and (+) PECAM-positive MSCs appear red with 

orange punctations. Blue = DAPI. Images A–C are merged with the corresponding bright-

field image. (Bar = 10 μm)
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Figure 3. 
Indirect co-culture of MSCs and ECs. (A) MSCs were indirectly co-cultured with ECs 

(heterogeneous) or MSCs (homogeneous) using the Transwell culture system. (B) Real-time 

RT-PCR analysis of PECAM and SMActin expression for MSCs indirectly co-cultured with 

(●) macroECs, (○) microECs, or (▲) MSCs over 10 days. Error bars represent 95% 

confidence intervals.
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Figure 4. 
Direct culture of MSCs and EC-matrix. (A) MSCs were directly cultured on de-cellularized 

EC-matrixes after ECs had been removed via hypotonic lysis in water. (B) Real-time RT-

PCR analysis of PECAM and SMActin expression by MSCs cultured on (●) macroEC-

matrix, (○) microEC-matrix, or (▲) TCP over 10 days. Error bars represent 95% confidence 

intervals.
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Figure 5. 
(A) DiI-MSCs (orange) pre-cultured on TCP (1,3) or macroEC-matrix (2,4) were mixed 

with macroECs and seeded on Matrigel (1,2) or seeded directly on pre-formed EC-tubes 

(3,4). Blue = DAPI (Bar = 5μm) (B) Averages of tube-incorporated MSCs for the four 

groups.
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Figure 6. 
Western blot analysis of SMActin and smoothelin expression and localization to cytosolic 

(Cy) and cytoskeletal (Cs) compartments in MSCs cultured on EC-matrix over 10 days.
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Figure 7. 
Real-time RT-PCR analysis of MSC expression of PECAM and SMActin in response to 

culture on (A) EC-matrix produced from macroECs over 2–10 days, (B) EC-matrix washed 

with/without EDTA, or (C) EC-matrix produced from macroECs cultured with/without 40 

mM perchlorate. MSCs cultured on TCP served as controls. Error bars represent 95% 

confidence intervals.
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Figure 8. 
Real-time RT-PCR analysis of the effects of 0, 5, 25 or 50 ng/ml EGF on MSC expression of 

the EC markers PECAM and VECAD and the SMC markers SMActin and smoothelin. 

Results for each condition are presented as fold changes compared to the 0 ng/ml EGF 

controls. Error bars represent 95% confidence intervals.
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