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Mesenchymal Stem Cell Modification of Endothelial Matrix
Regulates Their Vascular Differentiation
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ABSTRACT
Mesenchymal stem cells (MSCs) respond to a variety of differentiation signal provided by their local environments. A large portion of these

signals originate from the extracellular matrix (ECM). At the same time, MSCs secrete various matrix-altering agents, including proteases,

that alter ECM-encoded differentiation signals. Here we investigated the interactions between MSC and ECM produced by endothelial cells

(EC-matrix), focusing not only on the differentiation signals provided by EC-matrix, but also on MSC-alteration of these signals and the

resultant affects on MSC differentiation. MSCs were cultured on EC-matrix modified in one of three distinct ways. First, MSCs cultured on

native EC-matrix underwent endothelial cell (EC) differentiation early during the culture period and smooth muscle cell (SMC) differentiation

at later time points. Second, MSCs cultured on crosslinked EC-matrix, which is resistant to MSC modification, differentiated towards an EC

lineage only. Third, MSCs cultured on EC-matrix pre-modified by MSCs underwent SMC-differentiation only. These MSC-induced matrix

alterations were found to deplete the factors responsible for EC-differentiation, yet activate the SMC-differentiation factors. In conclusion,

our results demonstrate that the EC-matrix contains factors that support MSC differentiation into both ECs and SMCs, and that these

factors are modified by MSC-secreted agents. By analyzing the framework by which EC-matrix regulates differentiation in MSCs, we

have uncovered evidence of a feedback system in which MSCs are able to alter the very matrix signals acting upon them. J. Cell. Biochem. 107:

706–713, Published 2009 Wiley-Liss, Inc.y
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M esenchymal stem cell (MSC) differentiation has been

shown to be heavily influenced by cell–matrix interactions

[Bradham et al., 1995; Mizuno et al., 1997, 2000; Heng et al., 2004;

Qian and Saltzman, 2004; Salasznyk et al., 2004; Klees et al., 2005,

2007; Bosnakovski et al., 2006; Hashimoto et al., 2006]. Separate

studies have demonstrated MSC-expression of molecules, including

proteases, that degrade and alter matrix molecules. Proteases

secreted by MSCs include plasmin and matrix metalloproteinases

(MMPs)-2, -3, -9, -10, -11, -13, and -14 [Coussens et al., 2000;

Annabi et al., 2003; Gruber et al., 2005; Ho et al., 2006; Ries

et al., 2007; Kasper et al., 2007a,b]. In yet another set of studies,

protease degradation has been shown to alter the biological activity

of a variety of matrix molecules. These alterations reveal cryptic
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domains [Giannelli et al., 1997; Xu et al., 2001; Schenk and

Quaranta, 2003; Hallmann et al., 2005; Rodenberg and Pavalko,

2007], release bioactive fragments [Limper et al., 1991; Fukai et al.,

1993; Ramchandran et al., 1999; Amano et al., 2000; Colorado et al.,

2000; Ferreras et al., 2000; Marneros and Olsen, 2001; Kalluri, 2003;

Mongiat et al., 2003; Schenk and Quaranta, 2003; Ambesi et al.,

2005; Gonzalez et al., 2005; Klees et al., 2005, 2007; Magnon et al.,

2005; Hashimoto et al., 2006], and liberate stores of matrix-bound

and matrix-regulated growth factors [Paralkar et al., 1990, 1991,

1992; Yamaguchi et al., 1990; Fukai et al., 1993; Jones et al., 1993;

Aviezer et al., 1994; Zhu et al., 1999; Firth and Baxter, 2002; Annes

et al., 2003; Kalluri, 2003; Mongiat et al., 2003; Chen et al., 2004].

In this study we attempt to combine these separate observations
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Fig. 1. Culture of MSCs on EC-matrix induces vascular phenotype. A: MSCs

were 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 for MSCs cultured on (*) EC-matrix or (*) TCP over 10 days. Error

bars represent 95% confidence intervals.
by demonstrating that MSCs alter the very matrix signals acting

upon them, thereby affecting their own differentiation. To put this

feedback mechanism into a physiological context, we chose to study

MSC interactions with a perivascular matrix. We focused on the

interactions between MSC and matrix produced by endothelial cells

(ECs), the dominant vascular cell type. We have shown that MSCs

directly cultured on EC-matrix exhibit enhanced expression of

vascular cell markers (see accompanying report). Particularly

interesting were the obvious differences in the temporal mRNA

expression profiles between the different types of markers tested;

MSC expression of EC markers peaked early and then tapered off,

while expression of smooth muscle cell (SMC) markers did not

increase until after the EC markers had begun to decline. Here we

investigated the cause for these changes in MSC marker expression.

We considered whether MSCs altered the biological activity of

EC-matrix and whether MSC-altered EC-matrix provided different

differentiation signals than unaltered matrix.

The main goal of this study was to determine whether changes to

EC-matrix or changes to MSCs themselves are responsible for

the shift in vascular cell markers expressed by MSCs cultured on

EC-matrix. Our first aim was to study the effects of artificial changes

in matrix supply on MSC differentiation. Our second aim was to

investigate how alterations (i.e., crosslinking, pre-exposure to MSCs)

affected the biological activity of EC-matrix. Our third aim was to

determine whether physical contact was required for the interac-

tions between MSCs and EC-matrix.

EXPERIMENTAL

CELL CULTURE

The macrovascular EC (macroEC) line HUV-EC-C (American Type

Culture Collection, Manassas, VA) was cultured in EC medium

(EGM-2-MV medium (Cambrex, East Rutherford, NJ) supplemented

with 5% fetal bovine serum (FBS) and proprietary amounts of

hEGF, hFGF-B with heparin, VEGF, R3-IGF-1 hydrocortisone,

ascorbic acid, and GA-1000). Human bone marrow-derived MSCs

obtained with IRB approval (University of Washington) were

isolated as tissue culture plastic (TCP) adherent cell populations.

MSCs were expanded in MSC medium (high-glucose DMEM

(Invitrogen, Carlsbad, CA) containing 10% FBS) and used between

passages 3 and 5. Insulin-transferrin-selenium-x (Invitrogen)

replaced FBS in serum-free (SF) culture conditions.

NATIVE MATRIX PRODUCTION

EC-matrix was derived from macroECs using the following method

adapted from Gospodarowicz et al. [1983] (Fig. 1A). ECs were seeded

on TCP at a density of 2� 104 cells per cm2 and cultured for 3 days in

full EC medium. The EC monolayers were then washed with HBSS

and cultured for 7 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 is referred to here as EC-matrix.

MATRIX PROCESSING

To produce crosslinked matrix, EC-matrix was crosslinked with

formalin (1% in PBS) for 15 min and washed 5� with HBSS. The
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resulting surface is referred to here as crosslinked EC-matrix

(Fig. 4A).

To produce MSC-modified EC-matrix, MSCs were seeded on

EC-matrix at 1� 104 cells per cm2 and cultured in SF MSC media for

4 days. Afterwards the MSCs were removed using the previously

described method (wash with HBSS, 15 min in H2O, wash with

0.02 M NH4OH, wash with PBS). The resulting surfaces are referred

to here as MSC-modified EC-matrix (Fig. 6A).

To produce crosslinked MSC-modified EC-matrix, MSC-modified

EC-matrix was crosslinked with formalin (1% in PBS) for 15 min and

washed 5� with HBSS. The resulting surfaces are referred to here as

crosslinked MSC-modified EC-matrix.
MATRIX CULTURE

MSCs were seeded on EC-matrix (either native, crosslinked,

MSC-modified, or crosslinked MSC-modified) at 1� 104 cells

per cm2 and cultured in SF MSC media for 10 days. MSCs seeded

on identically treated TCP were used as controls. MSC mRNA

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 fixed (10% formalin in PBS, 15 min) and
MSCs ACTIVATE EC-MATRIX VASCULOGENIC ACTIVITY 707



Fig. 2. Immunohistological PECAM-staining of MSCs cultured on variably-

processed EC-matrixes. MSCs were directly cultured on either native

EC-matrix, crosslinked EC-matrix, MSC-modified EC-matrix, or crosslinked

MSC-modified EC-matrix. After days 2 and 10, the cultures were then fixed

and stained for PECAM (TRITC/red) and DAPI (blue) (Bar¼ 20 mm). [Color

figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
stained for PECAM expression using the Blood Vessel Staining

Kit (Millipore, Billerica, MA) according to the manufacture’s

instructions.

CHANGING MATRIX SUPPLY

After 10 days of culture on EC-matrix (either native or crosslinked),

MSCs were processed in one of three ways: (1) The MSCs were

cultured on the same surface, (2) the MSCs were removed

(trypsonized) and re-seeded on fresh EC-matrix (native or cross-

linked), or (3) MSCs were re-seeded on TCP. The MSCs were cultured

on each of the three surfaces for 20 days. mRNA samples were

collected at days 2, 4, 6, 8, 10, and 20.

INDIRECT MSC/EC-MATRIX CO-CULTURES

EC-matrix (either native or crosslinked) were prepared in the

wells of TCP six-well dishes. MSCs were seeded in overhanging

tissue-culture treated Transwell inserts (24 mm, 0.4 mm pore

polyester membrane) (Corning, Corning, NY) at 1� 104 cells

per cm2. Co-cultures in which MSC-containing Transwells were

suspended over empty TCP were used as controls (Fig. 7A). The

indirect co-cultures were maintained in SF MSC medium for

10 days, and MSC mRNA samples were collected every 2 days.

REAL-TIME RT PCR

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

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). Real-time PCR was

performed on a BioRad iCycler using SYBR green detection (BioRad,

Hercules, CA). MacVector (Cary, NC) was used to design primers for

the EC markers PECAM, KDR, and VECAD and the SMC markers

smooth muscle a-actin (SMActin), smooth muscle 22a, and

smoothelin. For each experimental condition, mRNA levels of EC

and SMC markers were normalized to those of GAPDH for each time

point and are presented as fold changes to day 0 values.

RESULTS

DIRECT CULTURE WITH NATIVE EC-MATRIX

MSCs cultured on de-cellularized EC-matrix exhibited enhanced

mRNA expression of the EC markers and SMC tested compared to

control groups cultured on TCP (Figs. 1B and 2). The temporal

expression profiles of these two types of EC markers were distinct.

The EC markers increased early in response to culture on EC-matrix.

However, these heightened expression levels were not maintained

and were followed immediately by sharp decreases. The SMC

markers increases began later, after the EC markers had peaked, and

were more gradual and consistent.

We next examined the effects of changes in EC-matrix supply

on the vascular cell expression profiles described above. (Did

replenishment or removal of the matrix affect EC and SMC marker

expression in MSCs?) Native EC-matrix cultures were set up just as

before, and, after the usual 10-day culture, the MSCs were processed

in one of three ways. One group of MSCs was left on the same native

matrix for continued culture. The second group of MSCs was

removed and re-seeded on fresh native EC-matrix, while the final
708 MSCs ACTIVATE EC-MATRIX VASCULOGENIC ACTIVITY
group was re-seeded on TCP without matrix. All three groups of

MSCs were then cultured for another 20 days on their respective

surfaces. MSCs left on the same native EC-matrix did not maintain

their elevated EC marker expression levels (Fig. 3). MSCs re-seeded

on fresh matrix temporarily recovered EC marker expression, but

this again was not sustained. This loss of EC marker expression

was accelerated when MSCs were re-seeded without matrix.

Interestingly, SMC-differentiation was found to follow very

different trends compared to EC-differentiation (Fig. 3). MSCs

cultured on the same native EC-matrix or re-seeded on fresh matrix

exhibited maintained elevated SMC marker mRNA expression

levels. Furthermore, SMC marker expression was sustained even

when the matrix was removed.

DIRECT CULTURE WITH CROSSLINKED EC-MATRIX

Crosslinking EC-matrix changed its biological activity. Crosslinked

EC-matrix was produced by formaldehyde fixation of native

EC-matrix (Fig. 4A), rendering it resistant to modification and

factor release [Folkvord et al., 1989]. In this manner, the dependence

of the biological activity of EC-matrix on modification and factor

release could be assessed. As with native matrix, MSCs cultured on

crosslinked matrix exhibited increases in mRNA expression of
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Changing matrix supply affects MSC vascular-gene expression.

A: MSCs were cultured on (*) EC-matrix for 10 days. B: Afterwards, MSCs

were either (*) left on the same EC-matrix, or re-seeded on (*) fresh

EC-matrix or (~) TCP. PECAM and SMActin expression was analyzed via real-

time RT-PCR every 2 days. Error bars represent 95% confidence intervals.

Fig. 4. Effects of crosslinked EC-matrix on MSCs. A: MSCs were seeded on

crosslinked EC-matrixes that had been fixed in 1% formaldehyde for 15 min.

B: Real-time RT-PCR analysis of MSC PECAM and SMActin expression in

response to culture on (*) crosslinked EC-matrix or (*) TCP over 10 days.

Error bars represent 95% confidence intervals.
EC markers (Fig. 4B). However, crosslinking greatly influenced

the temporal profiles of EC marker expression; sustained EC

marker expression replaced the transient peak observed with native

EC-matrix. Similarly, PECAM-staining revealed a large population

of PECAM-positive cells on crosslinked matrix that were maintained

during the course of the experiment (Fig. 2). In marked contrast

to MSCs cultured on native matrix, MSCs cultured on crosslinked

EC-matrix did not exhibit increases in SMC marker expression

(Fig. 4B).

After 10 days of culture on crosslinked EC-matrix, MSCs

were either left to culture on the same crosslinked EC-matrix or

were re-seeded on fresh crosslinked EC-matrix or TCP. MSCs on the

same crosslinked EC-matrix sample exhibited elevated EC marker

levels that were sustained (Fig. 5), while MSCs provided with fresh

crosslinked EC-matrix exhibited further increases in EC marker

expression, which were also sustained. However, EC marker levels

were not sustained if the MSCs were re-seeded without matrix.

Increased expression of SMC makers was not observed for any of the

experimental conditions (Fig. 5).

DIRECT CULTURE WITH MSC-MODIFIED EC-MATRIX

Pre-exposure to MSCs changed the biological activity of EC-matrix.

MSC-altered EC-matrix was produced by pre-exposing native

EC-matrix to MSCs for 4 days, after which MSCs were removed, and
JOURNAL OF CELLULAR BIOCHEMISTRY
a new set of MSCs were seeded on the MSC-modified EC-matrix

(Fig. 6A). Culture on pre-modified EC-matrix induced this second set

of MSCs to exhibit enhanced expression of SMC markers only

(Fig. 6B). Neither mRNA analysis nor immunohistochemistry

revealed detectable increases in EC marker expression

(Figs. 6B and Fig. 2). Furthermore, MSCs cultured on MSC-modified

EC-matrix exhibited earlier increases in SMC marker expression

compared to those observed with native EC-matrix (day 1 vs. day 4).

DIRECT CULTURE WITH CROSSLINKED MSC-MODIFIED EC-MATRIX

MSC-modified EC-matrix was formaldehyde crosslinked. MSCs

cultured on this type of matrix exhibited increases in neither EC nor

SMC marker expression (data not shown). The lack of EC marker

expression was confirmed by the absence of PECAM-immunostain-

ing in MSCs cultured on crosslinked MSC-modified EC-matrix

(Fig. 2).

INDIRECT CO-CULTURE WITH EC-MATRIX

Transwells, which allow exchange of soluble factors but prevent

direct interactions, were used to test the effects of indirect co-culture

of MSCs with EC-matrix. MSCs were seeded in Transwell inserts

positioned over wells containing de-cellularized native EC-matrix

that had been produced by 1-week SF cultures of ECs (Fig. 7A).

Interestingly, these MSCs exhibited the same temporally distinct
MSCs ACTIVATE EC-MATRIX VASCULOGENIC ACTIVITY 709



Fig. 5. Effects of changing crosslinked matrix supply on MSCs. A: MSCs were

cultured on (*) crosslinked EC-matrix for 10 days. B: Afterwards, MSCs were

either (*) left on the same crosslinked EC-matrix, or re-seeded on (*) fresh

crosslinked EC-matrix or (~) TCP. PECAM and SMActin expression

was analyzed via real-time RT-PCR every 2 days. Error bars represent

95% confidence intervals.
Fig. 6. Effects of MSC-altered EC-matrix on MSCs. A: MSCs were cultured on

EC-matrixes that had been pre-altered by a separate group of MSCs over

4 days. B: Real-time RT-PCR analysis of PECAM and SMActin expression by

MSCs cultured on MSC-altered macroEC-matrix or (*) TCP over 10 days. Error

bars represent 95% confidence intervals.

increases in EC and SMC marker levels as observed with direct

culture with matrix (Fig. 7B).

The above experiment was repeated by indirectly culturing MSCs

with crosslinked EC-matrix. Under these conditions, neither EC nor

SMC-differentiation was observed (data not shown).

DISCUSSION

MSC differentiation is guided by interactions with ECM. MSCs also

secrete matrix-altering factors that change the nature of these

interactions. Here we offer evidence that MSCs alter matrix-derived

differentiation signals, thereby affecting their own differentiation.

This study focused on the interactions between MSCs and

EC-matrix. MSCs have recently been shown to occupy a perivascular

niche [Crisan et al., 2008], making studies investigating the

interactions between MSCs and EC-matrix particularly poignant.

The same sample of EC-matrix was shown to support both EC and

SMC-differentiation, but these differentiation processes took

place at different times (early EC-differentiation vs. later SMC-

differentiation). By artificially modifying EC-matrix, this shift in

matrix differentiation capacity was linked to MSC-supported matrix

alterations.

For example, MSCs cultured on EC-matrix that had been

crosslinked with formaldehyde, making it resistant to modification,
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exhibited sustained EC-differentiation and no SMC-differentiation.

The change in biological activity of EC-matrix in response to

chemical crosslinking suggested that matrix modifications were

taking place and that EC-matrix, in its original state, supports

EC-differentiation and not SMC-differentiation. The divergent

effects on EC and SMC marker expression suggested that

modifications to EC-matrix are not required for EC-differentiation,

but are required for SMC-differentiation. In fact, these results

strongly suggest that alterations to EC-matrix are responsible for

(1) the reduction of EC-differentiation capacity and (2) the shift to

and activation of SMC-differentiation. Thus, when these alterations

were prevented from taking place, such as by formaldehyde fixation,

EC-matrix remained supportive of EC-differentiation, but was not

transformed to one that supports SMC-differentiation.

To further demonstrate that the MSC differentiation program is

regulated by alterations to EC-matrix, and not by changes in the

MSCs themselves, we tested the effects of artificial changes to the

supply of EC-matrix on MSC expression of vascular cell markers.

MSCs grown on the same EC-matrix lost their markers for EC-

differentiation as culture continued. This loss of EC-differentiation

was exacerbated if the MSCs were removed from EC-matrix
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 7. Indirect culture of MSCs and EC-matrix. A: MSCs were cultured

in Transwell inserts suspended over de-cellularized EC-matrixes. B: Real-time

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

cultured with (*) EC-matrix or (*) TCP over 10 days. Error bars represent

95% confidence intervals.
and cultured without EC-matrix. However, if MSCs cultured on

EC-matrix were removed and re-seeded on fresh EC-matrix,

EC-differentiation quickly recovered. Again, however, EC-

differentiation began to wane after this initial spike in renewed

activity. These results indicated that MSCs were inefficient at

maintaining EC-differentiation. They also indicated that EC-

differentiation in MSCs was linked to the availability of some

factor(s) provided by EC-matrix. After MSCs were initially exposed

to this factor, EC-differentiation rapidly proceeded. However, this

supply was depleted as it was used, and EC-differentiation waned.

When MSCs were abruptly removed from this supply completely, the

loss of EC-differentiation was accelerated. However, if MSCs were

supplied with a fresh supply of factors, such as through re-seeding

on a new matrix, EC-differentiation was reactivated. Again,

this supply of factors was depleted as it was used, so the cycle of

EC-differentiation wax and wane repeated. This cycle could

be disrupted if matrix alterations were suspended, such as by

crosslinking. MSCs re-seeded on crosslinked matrix exhibited

sustained EC-differentiation. Again, EC-differentiation was lost if

the MSCs were re-seeded without matrix. These results indicated

that the loss of EC-differentiation was due to an alteration-induced

depletion of the supply of EC-differentiation factor contained in

EC-matrix. That the EC-matrix retained its ability to support

EC-differentiation when crosslinked indicated that these EC-

differentiation factors did not require matrix alterations for activity.
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Interestingly, SMC-differentiation was found to follow very

different trends compared to EC-differentiation. MSCs exhibited

maintained SMC-differentiation in response to culture on EC-matrix

even after the matrix was removed. This indicated that SMC-

differentiation, once activated, would proceed in the absence or

depletion of EC-differentiation factors. Since crosslinked EC-matrix

did not support SMC-differentiation, matrix modifications were

likely to be required for the activation of SMC-differentiation

factors.

We also showed that the MSCs themselves were responsible

for the alterations to EC-matrix. When MSCs were cultured

on modified matrix that had been pre-exposed to MSCs, the

characteristic early EC-differentiation was absent and was

replaced by SMC-differentiation. This provided further evidence

that MSC-modified EC-matrix was capable of supporting SMC-

differentiation but not EC-differentiation. Finally, MSCs cultured on

EC-matrix that had been MSC-modified and then crosslinked

underwent neither EC-differentiation nor SMC-differentiation.

These results indicated that the shift in differentiation capacity

caused by MSC-modifications was not a single event. Instead,

multiple alterations of EC-ECM by MSCs were required to support

SMC-differentiation. These results also showed that MSC-altered

matrix was unable to support EC-differentiation even if modifica-

tions had ceased.

Furthermore, we demonstrated that both MSCs and EC-matrix

can interact purely through soluble factors. When MSCs were

Transwell-cultured with native EC-matrix, a familiar pattern

of early EC-differentiation and later SMC-differentiation was

observed. As discussed above, the wane of EC-differentiation

and the support of SMC-differentiation involved modifications to

EC-matrix. Since these processes were observed during culture with

MSCs without physical contact, MSC-secreted soluble factors were

implicated in the matrix alterations responsible for the depletion

of EC-differentiation factors and the activation of SMC factors.

Previous reports have shown that MSCs secrete factors, such as

MMPs, which act on vascular matrix [Coussens et al., 2000; Annabi

et al., 2003; Gruber et al., 2005; Ho et al., 2006; Kasper et al., 2007a;

Ries et al., 2007]. In separate studies, we identify the specific MSC-

secreted factors responsible for altering the differentiation capacity

of EC-matrix.

MSCs Transwell-cultured with crosslinked EC-matrix did not

exhibit EC or SMC-differentiation, indicating that the EC and

SMC-differentiation factors themselves are released through matrix

modifications. This was expected in the case of SMC-differentiation,

which, as discussed above, was shown to be negatively affected by

crosslinking. EC-differentiation factors, on the other hand, were

shown to be functional despite being fixed when they were allowed

to interact with MSCs directly. In the case of Transwell culture,

however, crosslinked EC-differentiation factors could not interact

with MSC directly or through soluble means, and EC-differentiation

was not induced.

Thus, we propose the following scenario to summarize our results

(Fig. 8): EC-matrix contains supplies of factors that support both EC

and SMC-differentiation in MSCs. In a feedback mechanism, MSCs

secrete matrix-altering factors that release EC-differentiation

factors from the matrix. In doing so, the matrix-altering factors
MSCs ACTIVATE EC-MATRIX VASCULOGENIC ACTIVITY 711



Fig. 8. Proposed mechanism of MSC/EC-matrix interactions. MSCs secrete

matrix-altering factors that induce modifications to the EC-matrix, including

the release of EC-differentiation factors (*). In doing so, the supply of

these factors is depleted, so that the modified matrix no longer supports

EC-differentiation. However, these matrix-altering factors also release and

activate SMC-differentiation factors (~). Thus, the modified matrix supports

SMC-differentiation, but not EC-differentiation.
deplete the supply of EC-differentiation factors contained in EC-

matrix, and the altered matrix no longer supports EC-differentia-

tion. MSC-secreted factors also modify and release SMC-differ-

entiation factors from the EC-matrix. Unlike the EC-differentiation

factors, these factors require modification to become active. EC-

matrix has been shown to bind many biological factors, such as

growth factors, including VEGF, PDGF, and FGF [Kalluri, 2003], and

the specific identities of the EC-differentiation and SMC-

differentiation factors are the focus of separate studies.

In conclusion, this study presents evidence identifying EC-matrix

as a critical regulator of vascular cell differentiation in MSCs. The

same MSCs were found to manipulate EC-matrix differentiation

signals with secreted factors. Instead of a unidirectional scenario in

which stem cells act as a mere target for a barrage of matrix signals,

a more complex situation exists in which the stem cells themselves

alter the very matrix signals acting upon them.
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