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MAPK/ERK signalling mediates VEGF-induced bone marrow
stem cell differentiation into endothelial cell
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Abstract

Multi-potent adult progenitor cells (MAPCs) differentiate into endothelial cells (ECs) in the presence of vascular endothelial growth factor
(VEGF). The mechanism(s) of VEGF-induced differentiation of MAPCs to ECs are not yet known. We, therefore, examined the role of
mitogen-activated protein kinase/extracellular signal-regulated kinase (p42/44-MAPK/ERK1/2) signalling in endothelial differentiation
from bone marrow stem cells. We observed that VEGF stimulation of MAPCs for 14 days results in a significant expression of endothe-
lial-specific gene and/or proteins including von Willebrand factor (vVWF), vascular endothelial-cadherin (VE-cadherin), VEGF receptor-2
(VEGFR2), and CD31. Up-regulation of EC-specific markers was accompanied by a cobblestone morphology, expression of endothelial
nitric oxide synthase (eNOS), and Dil-Ac-LDL uptake, typical for EC morphology and function. VEGF induced a sustained activation of
p42 MAPK/ERK, but not that of p44 MAPK/ERK during the course of MAPCs differentiation in a time-dependent manner up to 14 days.
VEGF-induced activation of p42 MAPK/ERK also led to the nuclear translocation of MAPK/ERK1/2. Incubation of MAPCs with
MAPK/ERK1/2 phosphorylation inhibitor PD98059 blocked the sustained VEGF-induced MAPK/ERK1/2 phosphorylation as well as its
nuclear translocation in the differentiating MAPCs. Inhibition of MAPK/ERK1/2 phosphorylation by PD98059 also blocked the expres-
sion of EC-specific genes in these cells and their differentiation to ECs. These data suggest that VEGF induces MAPC differentiation into
EC via a MAPK/ERK1/2 signalling pathway-mediated mechanism in vitro.
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Introduction

Endothelial cell injury or dysfunction plays a critical role in the
pathogenesis of atherosclerosis and thrombosis [1]. Rapid
re-endothelialization of the injured arterial wall is likely to be a key
step to prevent the development of atherothrombosis and vascu-
lar re-modelling after injury. Accumulating evidence indicates that
bone marrow-derived circulating endothelial cells (ECs) and/or
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endothelial progenitor cells play an important role in the process
of endothelialization of vascular grafts and angiogenesis [2].

The multi-potent adult progenitor cell (MAPC) is a novel post-
natal stem cell isolated and cultured from human and rodent tis-
sues, including bone marrow, muscle and brain [3]. These cells
could be expanded under defined low serum conditions for more
than 100 (human) or 400 passages without telomere shortening
or karyotypic abnormalities [4, 5]. MAPCs have been shown to
have the ability to differentiate into multiple cell lineages including
mesodermal, neuroectodermal and endodermal origin in the pres-
ence of specific cytokines and growth factors [3, 6, 7]. It has been
reported that mouse MAPCs could be induced to differentiate into
ECs in the presence of vascular endothelial growth factor (VEGF)
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[3, 7]. VEGF is a multi-tasking cytokine that promotes endothelial
survival, migration, proliferation and angiogenesis [8, 9]. We, and
others, have shown that VEGF stimulates endothelial proliferation
and survival via mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase (p42/44-MAPK/ERK1/2) signalling [10-13].

Besides survival and proliferation promoting signalling,
ERK1/2 pathway also leads to neuronal differentiation of embry-
onic stem (ES) cell like P19 cells [14], differentiation and mor-
phogenesis events of gastrulation [15]. Inhibition of MAPK/ERK
in ES cells blocked their differentiation into neural or mesoder-
mal cells [16]. In addition, MAPK/ERK pathway has been shown
to be one of the key signalling pathways in the differentiation of
various cell types both in vivo and in vitro, including neuronal
cells, ECs, adipocyte and cells of visual cortex [4, 17-23].

In the present study, we examined the possibility that VEGF
induces the differentiation of mouse MAPCs into ECs via
MAPK/ERK1/2 signalling pathway. We show that VEGF induces
endothelial differentiation by initiating a sustained activation of
MAPK/ERK1/2 in the differentiating mouse MAPCs. Inhibition of
ERK1/2 activity prevents endothelial differentiation, suggesting
that ERK1/2 signalling pathway plays a key role in the process of
mouse MAPC differentiation into EC in vitro.

Materials and methods

Culture of mouse MAPCs

MAPCs were isolated from femurs of 3- to 4-week-old mice using previous-
ly established method [6]. The cells were cultured in expansion medium con-
taining 60% low-glucose Dulbecco’s minimal essential medium (DMEM-LG)
(Gibco-BRL, Grand Island, NY, USA), and 40% MCDB-201 (Sigma Chemical
Co, St Louis, MO, USA), supplemented with 1 X SITE Liquid Media
Supplement (Sigma Chemical Co, St Louis, MO, USA), 0.2mg/ml linoleic-
acid bovine serum albumin (LA-BSA), 0.8mg/ml powdered bovine serum
albumin (BSA, Sigma Chemical Co, St Louis, MO, USA), 1 X chemically
defined lipid concentrate (Gibco), 107 M ascorbic acid 3-phosphate (Sigma
Chemical Co, St Louis, MO, USA), 100 units of penicillin and 1000 units of
streptomycin (Gibco), 2% foetal bovine serum (FBS, Hyclone Laboratories,
Logan, IT) with 10 ng/ml of mouse epithelial growth factor (EGF) (Sigma), 10
ng/ml platelet-derived growth factor-BB (PDGF-BB) (R&D Systems,
Minneapolis, MN, USA), 1000 units/ml mouse leukaemia inhibitory factor
(LIF, Chemicon, Temecula, CA, USA), and 1 pl/ml B-mercaptoehanol. The
cells were maintained in culture flasks coated with 100 ng/ml of fibronectin
(FN, Sigma) at 37°C with 5% 02 and 5% CO2 and were strictly kept at a den-
sity of 100-200/cm? to avoid cell-cell contact. The cells were trypsinized and
re-plated every 48-72 hrs as needed. The cultured MAPCs will be tested with
karyotyping every two weeks for quality control as previously described [24].

Endothelial differentiation from MAPCs

MAPCs were plated with cell density of 67,000/cm2 ona 100 ng/ml FN coat-
ed surface in MAPC media as described above. Endothelial differentiation
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was induced by switching the cells to differentiation media (MAPC media
without FBS, PDGF, EGF and LIF) in the presence of 20 ng/ml human VEGF
164 (WVEGF164; R&D systems) and 1 wg/ml-mercaptoethanol. The media
was changed every 48 hrs. The cells were maintained at 37°C with 5% 02
and 5% CO». The process of differentiation was closely monitored with cell
morphology and expression of EC-specific markers as described below.

Analysis of endothelial cell-specific markers
by immunofluorescence

The differentiating MAPCs at different time intervals were fixed with 4%
paraformaldehyde and permeabilized (where required) with 0.1% Triton-X
100 in 0.1% sodium-citrate. Non-specific Ab binding was blocked by incu-
bating the cell preparations with 0.1% BSA and 3% human serum. The
preparations were then exposed to the primary antibodies: anti-von
Willebrand factor Ab (Santa Cruz, CA, USA) at 1:300 dilution, «-VE-cad-
herin Ab (Santa Cruz) at 1:50 dilution, «-Flk-1 Ab (Santa Cruz) at 1:50 dilu-
tion, «-NOS3 or eNOS (Santa Cruz) at 1:50 dilution, or rabbit y globulin
(Jackson ImmunoResearch, West Grove, PA, USA) for 30 min. at 37°C.
Species-specific secondary Abs conjugated with TRITC/FITC at dilution 1:50
(Jackson ImmunoResearch, West Grove, PA, USA) were used in addition to
the nuclear stain DAPI (Molecular Probes, Eugene, Oregon, USA) at 1:10,000
dilution. Immunofluorescent images were acquired using a fluorescence
microscope (Zeiss Axiovert; Carl Zeiss, Inc., Thornwood, NY, USA).

Quantitative RT-PCR for
endothelial cell marker expression

Total RNA was extracted from MAPCs or MAPCs-derived endothelial prog-
eny by using the RNeasy RNA isolation kit (Qiagen Inc, Valencia, CA, USA).
Contaminating DNA was eliminated by two sequential steps of DNase
(Invitrogen, Carlsbad, CA, USA) treatment. The mRNA was reverse-tran-
scribed, and cDNA underwent 40 rounds of amplification (ABI PRISM 7700,
Perkin-Elmer/Applied Biosystems, Foster City, CA, USA) with the following
reaction conditions: 40 cycles of a two-step Polymerase chain reaction
(95°C for 15 sec. and 60°C for 60 sec.) after initial denaturation (95°C for
10 min.) with 1 ! of DNA solution, 2xSYBR® green PCR master mix reac-
tion buffer (Applied Biosystems). The reactions without addition of cDNA
template were used as negative controls. The authenticity and size of PCR
products were confirmed by melting curve analysis (using software provid-
ed by Perkin-Elmer). The mRNA levels were normalized by using GAPDH
as housekeeping gene and compared with the mRNA levels in mouse uni-
versal RNA (Ambion, Austin, TX, USA), mouse Embryo or Fisher mouse
spleen for endothelial-like differentiation (Ambion, Austin, TX, USA) and
mouse ES cell for stem cell markers. The primers used for amplication were
listed in Table 1.

Dil-Ac-LDL uptake assay

Dil-Ac-LDL uptake was performed using a kit (Stoughton, Massachusetts,
USA) as per manufactureris recommendations [11]. Briefly, MAPCs and
differentiating MAPCs were incubated with endothelial differentiation
media containing 10w.g/ml Dil-Ac-LDL for 4 hrs at 37°C. The cells were
thoroughly washed, and LDL-uptake by the cells was visualized via fluores-
cence microscopy (Zeiss Axiovert; Carl Zeiss, Inc., Thornwood, NY, USA).
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Table 1 Primers’ sequences for RT-PCR
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Gene Forward Reverse
vWF CCCACCGGATGGCTAGGTATT GAGGCGGATCTGTTTGAGGTT
CD31(PECAM) GTCATGGCCATGGTCGAGTA CTCCTCGGCGATCTTGCTGAA
VE-cadherin ATTGAGACAGACCCCAAACG TTCTGGTTTTCTGGCAGCTT
eNOS GACCCTCACCGCTACAACAT CTGGCCTTCTGCTCATTTTC
Oct-4 GAGGAGTCCCAGGACATGAA AGATGGTGGTCTGGCTGAAC
KDR(Flk-1) TCTGTGGTTCTGCGTGGAGA GTATCATTTCCAACCACCCT
GAPDH TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC
Western blotting analysis Results

Cell lysates (50 g protein/lane) were loaded on a 3-15% gradient SDS-
PAGE gel and transferred to a polyvinylidene difluoride (PVDF) membrane
after electrophoresis. For immunoblotting, the preparations were exposed
to a-phospho-p44/42 MAPK/ERK Ab at 1:1000 dilution (Thr202/Tyr204;
Cell signalling Technology, Beverly, MA) and anti-p44/42 MAPK/ERK Ab at
1:1000 dilution (Cell Signalling Technology, Beverly, MA), followed by incu-
bation with anti-rabbit IgG alkaline phosphatase-linked 2° antibody at
1:10,000 dilution (Amersham Life Sciences, Buckinghamshire, United
Kindom) [25]. The immunoreactive proteins were visualized with ECF
Western blotting system (Amersham); and chemiluminescent signals were
acquired using Storm 860 Phosphorlmager (Molecular Dynamics,
Sunnyvale, CA, USA).

BrdU incorporation ELISA
for cell proliferation

MAPCs and the newly differentiated endothelial-like cells were incubated
overnight in 96-well plates coated with 100 ng/ml FN at 5000 cells/well
in MAPC media or subculture media for newly differentiated cells
(endothelial differentiation media with 10% FBS and 10 ng/ml PDGF).
Twenty four hours later the cells were switched to basal media without
growth factors and serum for overnight incubation. Then, the cells were
incubated with VEGF (20ng/ml) and PD98059 (50 wm) for up to 72 hrs
at 37°C with 5% 02 and 5% COo. Cell proliferation was evaluated using
Brdu incorporation ELISA (Roche Science, Indianapolis, IN, USA) as
described previously [26]. OD was measured at 370 nm (reference wave-
length 492 nm) using VERSAmax Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA).

Statistical analysis

Data are expressed as mean + standard deviation for all experiments, and
a p<0.05 was considered statistically significant. Statistical analysis was
performed using one-way Anova (PRISM Version 4.0; GraphPad Software,
Inc., San Diego, CA, USA).

© 2008 The Authors

VEGF-induced differentiation of MAPCs to ECs

We first examined the time course of differentiation of MAPCs
to ECs. MAPCs seeded at 67,000/cm? in serum-free medium
with 20ng/ml VEGF 165 started showing morphological
changes by day 7. By day 14, cells appeared to undergo re-
organization and showed cobblestone morphology, a typical
appearance for ECs, suggesting that MAPCs differentiated into
endothelial-like cells (Fig. 1A). These data are consistent with
the differentiation of haematopoietic and endothelial progenitor
cells to ECs [27-29].

To substantiate the endothelial phenotype, we next examined
the expression of EC-specific genes and proteins in the differen-
tiating MAPCs starting from the day of initiation up to 21 days
of differentiation. Quantitative RT-PCR analysis showed a
consistent increase with time in the transcription levels of
EC- specific markers including vWF, VE-cadherin, CD31, eNOS
and Flk-1 (Fig 1B). The transcriptional expressions of all five
EC-specific markers as presented with their mRNA levels
increased significantly (P<0.05 for CD31, P<0.01 for
VE-cadherin, eNOS and Flk-1 versus day 0, respectively) by day
10. On day 14, we observed a 3.86 = 0.40, 4.86 = 0.22, 121.1 =
24.61, 31.26 +12.10 and 7.87 + 0.68 folds increase in the
mRNA levels for vWF, CD31, VE-cadherin, eNOS and Flk-1,
respectively, in VEGF-treated cells as compared to undifferenti-
ated MAPCs. This increase in EC-specific gene expression was
accompanied by a decrease in the stem cell-specific marker
expression of Oct-4 transcripts. As shown in Fig. 1B, Oct-4
expression in the differentiating MAPCs was reduced to 50%
after 1 day of induction with VEGF, and further decreased to
9.45 + 0.25% by day 5, and continued to remain as low as
10 + 8.5% up to day 21.

In parallel, we observed an up-regulation in the expression
of EC specific proteins including vWF and VE-cadherin by
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immunofluorescent microscopy in the differentiated cells on
day 14 (Fig. 1C). These observations support the EC-specific
gene expression noted above, and suggest that MAPCs indeed
differentiate into ECs in the presence of VEGF for 14 days.
Uptake of Dil-Ac-LDL is considered to be one of the typical func-
tions for mature ECs (although shared by other cells like mono-
cytes and macrophage) and has been used to test the functional
property of stem cell-derived ECs [5, 28, 30, 31]. In out study,
an increased uptake of Dil-Ac-LDL in MAPCs-derived ECs was
observed at day14 compared to undifferentiated MAPCs.
(Fig- 1D). Thus, our observations recapitulate the previous obser-
vations that MAPCs differentiate into ECs, both phenotypically and
functionally, in the presence of VEGF for 14 days [3, 27].

Phospho-MAPK/ERK1/2 are dynamically activated
during the differentiation of MAPCs to ECs

We have shown earlier that eNOS is dynamically expressed during
the differentiation of MAPCs to ECs [32]. Activation of eNOS plays
a critical role in VEGF-induced MAPK/ERK phosphorylation in EC
[33]. Therefore, we examined if VEGF-induced activation of eNOS
in MAPCs also led to the downstream activation of MAPK/ERK sig-
nalling. VEGF induced the phosphorylation of MAPK/ERK in a
time-dependent manner in the differentiating MAPCs (Fig. 2A).
Typically, VEGF stimulates a strong phosphorylation of both p42
and p44 MAPK/ERK1 and 2 within 5-10 min of incubation in EC,
and subsides to baseline between 30 and 60 min of incubation
[10]. The right-hand lane representing a positive control in Fig. 2A
showed strong phosphorylation of both MAPK/ERK1 and 2 after
10 min of incubation of human umbilical vein endothelial cell
(HUVEC) with VEGF165. However, VEGF induced a comparatively
week and delayed activation starting after 15 min of incubation
that was sustained throughout the observation period of 4 hrs in
MAPCGs. The most striking feature of VEGF-induced activation was
that it only activated p42 MAPK/ERK2, not p44 MAPK/ERKT, in the
differentiating MAPCs from 15 min to 4 hrs. The expression of
p42-phospho-MAPK/ERK2 was sustained throughout 14 days in
the differentiating MAPCs (Fig. 2B), suggesting that it may be crit-
ical in the process of differentiation of MAPCs to ECs. Indeed, pre-
vious studies have shown that ERK2 may be a major functional
intracellular signal in the differentiation process [34]. The total
p42/44-MAPK/ERK1 and 2 remained unaltered throughout the
time course of differentiation from 0 min. to 14 days of incubation
with VEGF, arguing that phosphorylation of MAPK/ERK1/2 is
required for the differentiation of MAPCs to ECs.

Inhibition of the activation of MAPK/ERK1/2
suppresses the endothelial differentiation
from MAPCs

In order to elucidate whether MAPK/ERK1/2 is essential for the
differentiation process, we examined the effect of PD98059, a
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selective inhibitor of MEK1 and 2, the upstream regulator of
MAPK/ERK 1 and 2 phosphorylation, on the differentiation of
MAPCs to ECs. We first determined the effect of PD98059 on the
proliferation of MAPCs in the presence and absence of VEGF for
48 hrs. We observed that PD98059 at 50 wM (not at 5 M),
weakly but significantly, inhibited the proliferation of MAPCs in
basal media by 8.73 + 10.56% (n=3; P> 0.05at5 wM) and 18.9
5£2.8% (n=3; P<0.01 at 50 wM) respectively, and VEGF-
induced proliferation (basal media with 20ng/ml VEGF) by 6.88 +
8.96% (n=3; P>0.05 at 5 uwm) and 15.62 + 9.16% (n=3; P<
0.05 at 50 wm) respectively (Fig. 3). Cell viability assay with
Trypan blue showed that >99% cells were viable in the presence
of PD98059 when incubated with VEGF or without VEGF for 48
hrs. A decrease in cell population in the presence of PD98059
may be due to an inhibition of cell proliferation and does not
affect cell survival. From these data we inferred that PD98059
could be used for longer period of time with differentiating
MAPGCs without causing cell death. Therefore, we used 50 pM
PD98059 to examine the role of MAPK/ERK phosphorylation in
the differentiation of MAPCs to ECs.

Time-dependent phosphorylation of MAPK/ERK 1 and 2 from
15 min. to 4 hrs was inhibited in the presence of PD98059
(Fig 4A). MAPK/ERK phosphorylation remained consistently inhib-
ited up to day 14 in the presence of PD98059 (Fig. 4B). Inhibition
of MAPK/ERK phosphorylation by PD98059 was accompanied by
morphological changes in the differentiating MAPCs (data not
shown). On day 14, cells exposed to VEGF in the presence of
PD98059 showed a lack of morphological change into cobble-
stone like ECs. The lack of endothelial morphology is further sup-
ported by a significantly decreased expression of EC-specific tran-
scripts of VE-cadherin, CD31 and vWF in the cells cultured with
VEGF in the presence of PD98059 as compared to those cultured
with VEGF alone for 14 days (Fig. 5A). Furthermore, Dil-Ac-LDL
uptake was dramatically reduced in the cells cultured with VEGF in
the presence of PD98059 as compared to VEGF alone (Fig. 5B).
Thus, inhibition of MAPK/ERK 1 and 2 phosphorylation by
PD98059 results in the inhibition of VEGF-induced differentiation
of MAPCs to ECs, both morphologically and functionally.

Nuclear translocation of phospho-MAPK/ERK is
required for endothelial differentiation from MAPCs

Phosphorylation of MAPK/ERK1/2 followed by nuclear transloca-
tion is required to induce transcriptional changes leading to prolif-
eration, survival and differentiation [35, 36]. MAPCs incubated
with VEGF for 14 days showed the presence of phosphor
MAPK/ERK (red) in the nuclei (blue) of MAPCs (Fig. 6B). In the
presence of PD98059, however, VEGF-induced MAPK/ERK 1 and
2 phosphorylation as well as nuclear translocation were signifi-
cantly inhibited on day 14 (Fig. 6C). Thus, VEGF-induced phos-
phorylation as well as translocation of MAPK/ERK 1 and 2 is
required for the differentiation of MAPCs to ECs.

In brief, our data show that VEGF stimulates sustained activa-
tion and nuclear translocation of MAPK/ERK in the differentiating

© 2008 The Authors
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Fig. 1 Differentiation of multi-
potent adult progenitor cells
(MAPCs) into ECs by day 14 in
the presence of vascular
endothelial  growth  factor
(VEGF). (A) Phase contrast
micrographs of MAPCs and
MAPCs derived endothelial
cells. Cells at day 0 show typical
morphology of MAPCs. On day
7 cells re-organize and start
changing in morphology. On
Day 14 cells show a cobble-
stone morphology that is nor-
mally observed in ECs. (B) Time
course of transcript levels of EC
and MAPCs-specific genes
detected by Q-RT-PCR. EC-spe-
cific transcript levels increased
by 3.86 + 0.40 (VWF), 4.86 +
0.22 (CD31), 121.1 +24.61
(VE-cadherin), 31.26 +12.10
(eNOS) and 7.87 + 0.68 (Flk-1)
folders, respectively by day 14
in VEGF-treated cells compared
with undifferentiated MAPCs.
Stem  cell-specific  Oct-4
transcripts  decreased  to
10 + 0.849% of undifferentiated
MAPCs at day14. Results shown
are mean + SD from three inde-
pendent experiments. *:P<
0.05 compared with undifferen-
tiated MAPCs (d0); **:P < 0.01
compared with undifferentiated
MAPCs (d0). (C) Expression of
EC-specific markers on differen-
tiated MAPCs. MAPCs at day 0
(left panel) show the presence
of blue nuclei stained with DAPI,
but do not express VWF (top left
panel) or VE-cadherin (bottom
left panel). vWF and VE-cad-
herin in green fluorescence are
expressed on differentiated
MAPCs on day 14 (top and bot-
tom right panels as indicated by
arrows, respectively). (D) Dil-
Ac-LDL uptake in MAPCs under
differentiation. Undifferentiated
MAPC at day 0 did not show the
uptake of Dil-Ac-LDL (left
panel). MAPCs under differenti-
ation on day 14 show a remark-
able uptake of Dil-Ac-LDL
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VE-cadherin

shown in red (right panel).
Fig. A, C and D, each figure is
a representative of results
obtained from 3 independent
cultures on day 0 and day 14;
Fig. B, results are obtained
from three independent exper-
iments.

do

MAPCs. This sustained activation and nuclear translocation
of MAPK/ERK leads to the differentiation of MAPCs to ECs.

Discussion

Our observations provide a molecular explanation for endothelial
specification of progenitor cells. We show for the first time that
phosphorylation of MAPK/ERK mediates VEGF-induced differenti-
ation of MAPCs to ECs. Inhibition of MAPK/ERK phosphorylation
abolishes the ability of VEGF to induce MAPCs to EC specification.
Therefore, MAPK/ERK phosphorylation is critical to the process of
endothelial differentiation and development.
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d14

The ability of VEGF to stimulate EC-specific gene expression
and to induce the differentiation of mouse MAPCs to ECs are con-
sistent with earlier observations from our laboratory and others
utilizing mouse and human MAPCs [3, 6, 32]. We show that the
time-dependent differentiation of MAPCs into ECs is accompanied
by a consistent but slow up-regulation of EC-specific genes up to
day 14. In contrast, a sharp decline was observed in the expres-
sion of Oct-4, an ES-cell-specific marker that has been found to be
highly expressed in MAPCs [7], within 24 hrs of VEGF stimulation.
It is noticeable that MAPCs lose their identity with down-regula-
tion of Oct-4 expression very early upon stimulation with VEGF
that is associated with sustained activation of MAPK/ERK during
the course of differentiation into ECs. ‘Loss of identity’ may be a
key step in the commitment of MAPCs to follow different cell
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Fig. 2 Time course of phospho-MAPK/ERK and MAPK/ERK in undifferentiated and differentiating MAPCs. (A) MAPK/ERK was activated after
15 min. of incubation with VEGF which sustained throughout the observation period of 4 hrs in MAPCs. Control: HUVEC with stimulation by
VEGF165 for 10 min. (B) The expression of p42-phospho-MAPK/ERK2 was sustained throughout 14 days in differentiating MAPCs. Membrane
was stripped and re-probed with MAPK/ERK that showed the equal loading of the samples. Figures are representative of results obtained from

three independent experiments.

lineages, including ECs. The finding in this study is consistent with
previous reports using ES [37, 38]. In our study, addition of VEGF
acts by inhibiting the signals that are responsible for the MAPCs,
because Oct-4 expression reduces to 50% within a day after the
addition of VEGF. Therefore, VEGF on one hand stimulates the
expression of EC-specific genes and on the other hand down-reg-
ulates the expression of MAPC-specific genes. It appears that the
‘loss of identity’ of MAPCs is a pre-requisite to the induction of EC
characteristics. This is further supported by the observations that
EC-specific genes are expressed to a much lesser extent up to day
7 and gradually increased up to day 14. Depending upon lineage-
specific cues from the microenvironment, these cells can then
commit to a specific cell lineage. Furthermore, inhibition of
MAPK/ERK phosphorylation with PD98059 prevents VEGF-
induced down-regulation of Oct-4 in MAPCs. Thus, phosphoryla-
tion of MAPK/ERK negatively regulates Oct-4 expression. These
observations though preliminary, provide a rationale for the use of
VEGF in addition to other cytokines for the commitment of bone
marrow stem cells to different cell lineages.

Indeed VEGF is a multi-tasking cytokine which stimulate cell
differentiation, survival, proliferation and migration [9]. Many
studies show that VEGF is required for the differentiation of stem
cells to haematopoietic cells and cardiac myocytes [39-41]. VEGF
(20 ng/ml) promotes the differentiation of ES cells to cardiac
myocytes via MAPK/ERK phosphorylation, and PD98059 inhibits
VEGF-induced cardiac myocyte differentiation [42]. Mouse ES
cells and chick embryo require sustained activation of

© 2008 The Authors
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0.8

0.4

folds change vs BM

BM \Y V+PD50UM  V+PD 5uM BM+PD50uM BM+PD5uM

Fig. 3 Proliferation assay of MAPCs in the presence and absence of
VEGF for 48 hrs. PD98059 at 50 wM inhibited the proliferation of
MAPCs and VEGF-induced proliferation by 18.95+2.8% (P<0.01),
15.62 £ 9.16% (P<0.05), respectively. BM, differentiation basal
media; VV 20 ng, VEGF 165 with a final concentration of 20 ng/ml; PD
50 pwM/5M, PD98059 with a final concentration of 50 wM or 5 wM. *:
P < 0.05 compared with BM; **:P< 0.01 compared with BM. Results
are obtained from three independent experiments.

MAPK/ERK1/2 for a specific period for neural specification [43].
Inhibition of MAPK/ERK1/2 stalls the differentiation of ES cells
into neural cells even upon FGF5 up-regulation. Pluripotent stem
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Fig. 4 Inhibition of the activation of MAPK/ERK with PD98059. (A) Time-dependent phosphorylation of MAPK/ERK from 15 min. to 4 hrs was inhib-
ited in the presence of PD98059. (B) MAPK/ERK phosphorylation was consistently inhibited up to day 14 in the presence of PD98059. Membrane
was stripped and re-probed with MAPK/ERK which showed the equal loading of the samples. V, VEGF165 20ng/ml; PD, PD98059 50 p.M. Figures are

representative of results obtained from three independent experiments.

cells commit to a lineage commitment instead of self renewal
upon activation of MAPK/ERK1/2 by FGF4 [16]. Anterior neural
organ generation from ectoderm requires phosphorylation of
MAPK/ERK, and U0126 (a specific antagonist of MAPK/ERK),
inhibits neural differentiation of cultured animal cap ectoderm
[44]. These observations support our suggestion that ‘loss of
identity’ inferred by VEGF-induced MAPK/ERK phosphorylation
precedes the lineage commitment of progenitor cells.

The multi-functionality of VEGF at the cellular level results
from its ability to initiate a diverse, complex and integrated net-
work of signalling pathways via FIk1/VEGFR2 that converge at the
MAPK/ERK signalling pathway [9]. MAPCs show a low-level
expression of FIk1 transcripts that increases with time of differ-
entiation in parallel to an increase in other EC-specific transcripts.
It is known that FIk1 is required for the commitment of precur-
sors to differentiating into functional ECs [45]. We noted that
PD98059 partially but significantly inhibited the expression of
Flk-1 during the course of differentiation of MAPCs into ECs.
Therefore, it appears that MAPK/ERK phosphorylation is essential
for EC specification via FIk1. Moreover, PD98059 (at 50 pM)
inhibited the BrdU incorporation/proliferation only modestly
under both VEGF replete and deplete conditions (Fig. 3), but com-
pletely inhibited the differentiation of MAPC to EC (Fig. 5).
Therefore, inhibition of MAPK/ERK by PD98059 leads to the inhi-
bition of MAPC differentiation to EC and is not due to the inhibi-
tion of cell proliferation.

Previous studies have characterized a critical role of Flk1 in the
activation of MAPK/ERK pathway in cell proliferation and survival
[46, 47]. Additionally, dimerization of phospho-MAPK/ERK and its
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nuclear translocation are also required for its activity in EC prolif-
eration and survival. Sustained activation of MAPK/ERK could be
detected during an in vitro differentiation process of ES cells. And
the inhibition of MAPK/ERK activation by the MEK inhibitor abol-
ished expression of the mesodermal markers [48]. Also it was
found that MAPK/ERK activity is essential for the neuronal differ-
entiation of ES cells [14]. Nerve growth factor-induced neuronal
differentiation is exclusively dependent on activation of the
MEK/ERK pathway in PC12 cells [19, 20]. Our observations
demonstrate that MAPK/ERK1/2 phosphorylation is required for
EC differentiation, and activated MAPK/ERK1/2 was present in the
nucleus of cells incubated with VEGF. PD98059 inhibited the
nuclear translocation of phospho-MAPK/ERK1/2 in addition to
inhibiting the activation of MAPK/ERK1/2. Thus, nuclear transloca-
tion of activated MAPK/ERK has been found to be crucial for the
differentiation of various cells [4, 17-22].

However, it has been demonstrated that MAPK/ERK1 and
MAPK/ERK2 have distinct biological functions. Previous studies
showed that MAPK/ERK1™~ mice are viable and fertile [49], while
disruption of MAPK/ERK2 is embryonic lethal due to defective pla-
centa formation, mesoderm and trophectoderm differentiation
[48, 50]. It was found that MAPK/ERK2 knockdown myoblasts are
differentiation defective with the presence of IGF-I while
MAPK/ERK1 silent myoblasts that synthesize abundant amounts
of MAPK/ERK2 are more responsive to the actions of IGF-I, repre-
senting a dominant role of MAPK/ERK2 in differentiation process
[51]. There is also a suggestion that intracellular signalling that
leads to an abundance of MAPK/ERK2 phosphorylation is associ-
ated with a positive effect on myogenesis while signals that
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compared with undifferentiated MAPCs o o
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pared with MAPCs cultured with VEGF % %
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with MAPCs cultured with VEGF alone for
14 days. PD, PD98059 50 wM. (B) Dil-
Ac-LDL uptake in MAPCs cultured with
VEGF in the absence (left panel) and B
presence (right panel) of PD98059 for 14
days. Dil-Ac-LDL uptake (Red) was inhib-
ited in the cells cultured with VEGF in the
presence of PD98059 as compared to
VEGF alone. PD, PD98059 50 pM.
Figures are representative of results
obtained from 3 independent experiments.

produce elevated amounts of both phosphorylated MAPK/ERK1
and MAPK/ERK2 are correlated with inhibition of myogenesis
[34]. This is consistent with our results where MAPK/ERK2 was
strongly activated during the entire endothelial differentiation
process while the activation of MAPK/ERK1 was much weaker.

It is believed that sustained MAPK/ERK activation, as
opposed to transient activation, is an inherent aspect of differ-
entiation (neurite outgrowth) in PC12 cells [52] and in the dif-
ferentiation of ES cells. Our data suggest that VEGF stimulates
a sustained activation of p42-MAPK/ERK2 in MAPCs that
remains up-regulated until the differentiation of MAPCs to ECs
up to day 14 and may therefore be critical to the process of dif-

© 2008 The Authors

Treatment

d14 VEGF

d14 d14+PD do d14

Treatment

d14+PD

d14 VEGF+PD

ferentiation. Our results are consistent with the observations
that long-term activation of MAPK/ERK is crucial to the differen-
tiation of PC12 cells and ES cells [52]. More recent studies
show that activation of MAPK/ERK is an early marker of arterial
progenitors and their subsequent arterial specification [53]. In
embryos, cells expressing high levels of phosphorylated
MAPK/ERK contribute to artery formation. Conversely, cells
contributing to the formation of veins do not show phospho-
MAPK/ERK expression. In this study, activation of AKT pro-
motes venous specification. Thus, our observations on the acti-
vation of MAPK/ERK signalling in differentiating MAPCs may be
of significant contribution in arterial repair and endothelialization
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Fig. 6 Nucleus translocation of phospho-MAPK/ERK in MAPCs treated with VEGF for 14 days in the absence of presence or PD98059.
(A) Undifferentiated MAPCs at day0. (B) MAPCs incubated with VEGF only showed the presence of phospho MAPK/ERK (red) in the nuclei (blue) of
MAPCs. Arrow showed the translocated phosphor-MAPK/ERK. (CG) VEGF-induced phosphorylation as well as nuclear translocation was inhibited on
day 14 in the presence of PD98059. Figures are representative of results obtained from three independent experiments.

of arterial artificial grafts and stents. Therefore, we speculate

that strategies leading to the activation of MAPK/ERK may pro-

mote angiogenesis from circulating or cardiac progenitor cells
and may be beneficial in treating vascular injury and ischaemic

cardiovascular diseases.
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