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Abstract Endothelial progenitor cells (EPCs) clinical

applications have been well reported. However, due to low

number of EPCs that could be isolated, EPCs expansion

study became one of the main focuses. Some optimized

mediums to culture EPCs were currently available. How-

ever, the proliferation signaling pathway is not clearly

disclosed yet. Peripheral blood was collected from eight

healthy subjects, followed by mononuclear cells (MNCs)

isolation. MNCs were then prepared and cultured for

2 days. After that, non-adherent cells were harvested and

further cultured for 3 days. Resulted colony-forming unit

(CFU)-Hill colonies were documented and enumerated

under an inverted light microscope. To detect membrane

markers, immunofluorescence was performed to detect

CD34, VEGFR-2, and CD133. Cell documentation was

conducted under a fluorescence microscope. To check cell

proliferation, XTT Cell Proliferation Assay Kit was used

according to kit insert. To detect possible activation of p44/

42 MAPK, western blot was performed to detect p44/42

MAPK and phosphorylated p44/42 MAPK. All visualized

bands were captured and quantified. Our results showed

that EPCs markers (CD34, CD133 and VEGFR-2) were

detected in 3 days culture. From XTT cell proliferation

assay and CFU enumeration results, we found that EPCs

proliferated significantly (p = 0.012) with addition of

supplement. Phosphorylated-p42 MAPK expression of

EPCs treated with supplement was significantly higher than

the one of EPCs without treatment. Significant inhibition of

p42 MAPK phosphorylation by U0126 was observed

(p = 0.012). By pretreatment of U0126, number of viable

cells and CFUs treated with supplement was significantly

decreased (p = 0.012). Our results showed that MEK-

dependent p42 MAPK pathway might play an important

role in EPCs proliferation.
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Background

Endothelial progenitor cells (EPCs) are circulating cells

believed to play an important role in tissue regeneration by

promoting the repair of blood vessels and aiding in the re-

perfusion of ischemic areas [1, 2]. Besides tissue regenera-

tion, EPCs are also believed to be potential for neovascu-

larization and determination of prognosis in cardiovascular

disease [3]. EPCs clinical applications have been well

reported [4–6]. For coronary artery disease, EPCs improved

left ventricular ejection fraction and perfusion [4, 5]. And for

diabetic patients with non-healing foot ulcers, complete

wound closure was observed with increased vascular per-

fusion [6].

Initially, EPCs were classified as a subtype of CD34?

hematopoietic stem cells and characterized by co-expres-

sion of CD133, also called prominin 1 [7]. EPCs were also

characterized by co-expression of kinase insert domain

receptor (KDR)-1, also known as vascular endothelial

growth factor receptor (VEGFR) 2 [7]. For EPCs enu-

meration purpose, the standardized International Society

for Hematotherapy and Graft Engineering (ISHAGE) pro-

tocol for enumeration of hematopoietic stem cells was

adapted [3, 7]. CD45dim CD34? cells were quantified for

KDR, in order to have higher EPCs count accuracy [3].

Meanwhile, colony-forming unit (CFU) enumeration is

frequently assessed as a part of EPCs functional confir-

mation, and correlated with degeneration and various dis-

eases [8–10].

EPCs generally account for only *0.01 % of circu-

lating cells [11], meanwhile, particular EPCs number

should be reached for therapeutic purposes. For example,

in a clinical study, diabetic patients with non-healing foot

ulcers were effectively treated with 2 9 107 peripheral

blood EPCs with high number of CFUs and CD34/KDR

double positivity [6]. Therefore, intensive investigations

were pursued in collecting EPCs with induction of gran-

ulocyte colony-stimulating factor (G-CSF) [12], and

in vitro EPCs expansion with induction of epidermal

growth factor (EGF) [13], fibroblast growth factor (FGF)1

[14], granulocyte-macrophage colony-stimulating factor

(GM-CSF) [15], or interleukin-1 beta (Il-1b) [16]. These

factors could enhance EPCs proliferation through mito-

gen-activated protein kinase (MAPK) signaling pathways

[13–15] and phosphatidyl-inositol-3-kinase (PI3K) [15,

16]. Along with EPCs research development, some opti-

mized mediums were currently available. These mediums

could be potential to accelerate EPCs proliferation.

However, EPCs proliferation signaling pathway induce-

d in these mediums is not clearly disclosed yet. Therefore,

we conducted an investigation to find out the underlying

signaling pathway.

Methods

Peripheral blood collection and mononuclear cells

(MNCs) isolation

Peripheral blood was collected from eight healthy subjects.

All subjects were males, aged 50–55 years old. This protocol

was approved by The Ethical Committee of Medical Faculty

Brawijaya University. MNCs isolation was performed using

Lymphoprep (Stemcell Technologies, Vancouver, Canada).

Briefly, collected peripheral blood was immediately diluted

with equal amount of phosphate buffer saline (PBS) plus 2 %

fetal bovine serum (FBS), then layered on top of Lympho-

prep. With centrifugation at 8009g for 20 minutes, MNCs

layer was formed and collected.

EPCs culture

EPCs culture was performed using CFU-Hill Liquid Medium

Kit (Stemcell Technologies). Briefly, collected MNCs were

rinsed in PBS plus 2 % FBS and re-suspended in CFU-Hill

Liquid Medium to achieve concentration of 2.5 9 106 cells/

ml. In each well of 6-well plate, 2 ml of MNCs suspension was

plated and incubated for 2 days in humidified 37 �C 5 % CO2

incubator. After 2 days, non-adherent cells were harvested

and further cultured for 3 days to allow formation of CFU-Hill

colonies with/without addition of supplement as a part of

CFU-Hill Liquid Medium Kit. Supplement was 1/5 of CFU-

Hill Basal Medium volume. U0126, a MEK inhibitor (Cell

Signaling Technology, Inc., Danvers, MA) was applied in the

concentration of 10 lM for 2 hours. CFU-Hill colonies were

enumerated using an inverted light microscope (Axio Vert,

Carl Zeiss, Jena, Germany).

Immunofluorescence

Cells were rinsed with PBS, fixed with 4 % paraformalde-

hyde, and rinsed again with PBS. Fixed cells were treated

with 100 mM glycine and 0.2 % Triton X-100. Samples

were incubated in 0.1 % bovine serum albumin in PBS to

block nonspecific binding. A combination of 1:400 diluted

mouse monoclonal Alexa Fluor 488 anti-human CD34

(BioLegend, San Diego, CA), 1:200 diluted mouse mono-

clonal R-phycoerythrin-conjugated anti-CD309 (VEGFR-2/

KDR) (Miltenyi GmbH, Bergisch, Germany), and 1:180

diluted rabbit polyclonal anti-CD133 (Biorbyt, San Fransi-

sco, CA) antibodies was applied. Then 1:1000 diluted Alexa

Fluor 350 F(ab00)2 fragment of goat anti-rabbit IgG (H?L)

(Molecular Probes, Eugene, OR) was applied as a secondary

antibody for the anti-CD133 antibody. To have better cell

determination, 40,6-diamidino-2-phenylindole (DAPI)

(Wako, Osaka, Japan) staining was performed. Cell
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observation and documentation was conducted under an

inverted fluorescence microscope (Axio Observer, Carl

Zeiss). In each step, samples were rinsed with PBS.

Cell proliferation assay

Cell proliferation assay was performed using Na,30-[(phe-

nylamino)-carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-

nitro) benzenesulfonic acid hydrate (XTT) Cell Proliferation

Assay Kit (Cayman Chemical Company, Ann Arbor, MI).

The assay is based on the extracellular reduction of XTT by

nicotinamide adenine dinucleotide (NADH) produced in the

mitochondria via transplasma membrane electron transport

and an electron mediator. Briefly, XTT mixture was prepared

and added into each well. Cells were then incubated in a

37 �C 5 % CO2 incubator for 4 hours. The absorbance was

measured using a microplate reader at a wavelength of

450 nm. To interpolate cell number, some wells containing

cells were trypsinized, and then trypan blue was added to the

cell suspensions. The cell was then counted using hemocy-

tometer under an inverted light microscope.

Western blot

Cells were harvested and incubated with lysis buffer con-

taining 25 mM Tris HCl buffer (pH 7.6), 150 mM NaCl,

1 % Triton X, 0.1 % sodium dodecyl sulfate (SDS), Pro-

tease Inhibitor Cocktail [containing 4-(2-aminoethyl)

Fig. 1 EPCs Characteristics. EPCs were cultured, then characterized

with immunofluorescence as described in ‘‘Methods’’ section. EPCs

membrane markers of CD34 (a), VEGFR2 (b), and CD133 (c) were

documented. In addition, DAPI-stained EPCs were also visualized

(c) under an inverted fluorescence microscope. d Merge of a–c.

e CFU-Hill colony was documented under an inverted light micro-

scope. White bar 50 lm. Black bar 100 lm
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benzenesulfonyl fluoride hydrochloride, aprotinin, bestatin

hydrochloride, N-(trans-Epoxysuccinyl)-L-leucine 4-gua-

nidinobutylamide, leupeptin, pepstatin A) (Sigma-Aldrich,

St. Louis, MO)], and Phosphatase Inhibitor Cocktail 3

[containing cantharidin, (-)-p-bromolevamisole oxalate,

calyculin A (Sigma-Aldrich)]. Samples were separated by

10 % SDS-polyacrylamide gel electrophoresis and trans-

ferred to a polyvinylidene difluoride membrane (Bio-Rad

Laboratories, Inc., Hercules, CA). After blocking with 5 %

skim milk in PBS (pH 7.4), the membrane was probed with

1:1000 diluted rabbit polyclonal anti-phospho-p44/42

MAPK (extracellular signal-regulated kinase (Erk) 1/2)

(Thr202/Tyr204) antibody (Cell Signaling Technology,

Inc.). The secondary antibody was 1:2000 diluted goat anti-

rabbit IgG horseradish peroxidase-linked antibody (Cell

Signaling Technology, Inc.). The bound antibodies were

visualized using Immun Star HRP Chemiluminescent Kit

(Bio-Rad Laboratories, Inc.). Membrane was then stripped

with Seppro stripping buffer (Sigma-Aldrich), blocked

with 5 % skim milk in PBS, probed with rabbit polyclonal

anti-p44/42 MAPK (Erk1/2) (Cell Signaling Technology,

Inc.), bound with same secondary antibody and visualized

with chemiluminescent kit. All visualized bands were

captured using Alliance 4.7 (UVItech, Ltd., Cambridge,

UK) and quantified using UVIband software (UVItech,

Ltd.).

Statistical analysis

Wilcoxon Signed Rank test was performed using IBM

SPSS for Windows version 19.0 (IBM Corp., Armonk,

NY). A probability value \0.05 was considered to be sta-

tistically significant.

Results

Expressions of CD34, VEGFR2, CD133, and CFU

Peripheral blood MNCs were shown to differentiate into

EPCs, marked by EPCs membrane markers of CD34,

VEGFR2, and CD133 (Fig. 1a–c). EPCs with overlapped

CD34?, VEGFR2?, and CD133? expressions (Fig. 1d)

were formed in a colony. Under a light microscope, EPCs

were clearly demonstrated as a CFU (Fig. 1e).

p42 MAPK activation in EPCs

To check the amount of protein loaded, expression of

inactive (non-phosphorylated) form of p44/42 MAPK was

examined. We found similar p44/42 MAPK expression for

all groups treated with/without supplement and/or U0126

for 1 or 3 days (Fig. 2). Meanwhile, phosphorylated p42

expression of EPCs treated with supplement was signifi-

cantly higher than the one of EPCs without supplement in

1 day culture (p = 0.012). As a highly selective inhibitor

of MAPK/Erk Kinase (MEK), U0126 significantly inhib-

ited phosphorylation of p42 (p = 0.012). With 3 days

treatment of supplement, we could see a significant

increase of phosphorylated p42 as well (p = 0.012), which

could be inhibited significantly by U0126 as well

(p = 0.012).

U0126 inhibited EPCs proliferation and CFU formation

Number of viable cells was significantly increased for the

group treated with supplement than without supplement for

1 (p = 0.012) or 3 (p = 0.012) days (Fig. 3). Significant

higher number of CFUs was documented as well for the

group treated with supplement than without supplement for

1 (p = 0.012) or 3 (p = 0.012) days. Meanwhile, by

addition of U0126, significant inhibition of EPCs prolif-

eration for 1 (p = 0.012) or 3 (p = 0.012) days culture and

CFU formation for 1 (p = 0.012) or 3 (p = 0.012) days

culture was observed (Fig. 3).

Discussion

EPCs culture has been widely conducted and modified with

addition of various factors [13–16], in order to accelerate

Fig. 2 Supplement induced phosphorylation of p42. After collected

MNCs were incubated for 2 days as described in ‘‘Methods’’ section,

the non-adherent cells were harvested and cultured for 1 or 3 days

with/without U0126 and supplement of medium kit. Then cells were

collected, lysed, and subjected to western blot as described in

‘‘Methods’’ section. Data were analyzed by Wilcoxon Signed Rank

test, *p \ 0.05. Each panel shows the typical results and the summary

of eight independent determinations. Suppl supplement, p-p42

phosphorylated p42
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EPCs proliferation. In our current study, we used an opti-

mized medium. Peripheral blood-derived EPCs were gen-

erated and confirmed by immunofluorescence detection of

CD34, CD133, and VEGFR2. In addition, CFUs were also

resulted.

Growth factor signals regulate a variety of outputs,

ranging from cell division, cell migration, regulation of

apoptosis, cellular adhesion and differentiation, as well as

alterations in gene expression and intracellular metabolism

[17]. The p44/42 MAPK cascade was usually identified as a

growth-promoting pathway [17]. Through the phosphory-

lation of carbamoyl phosphate synthetase II, which is

involved in pyrimidine nucleotide biosynthesis, p44/42 can

support DNA synthesis during the S phase [17, 18]. Initially,

p44 and p42 MAPK were suggested to regulate and con-

tribute similarly to intracellular signaling by phosphorylat-

ing a largely common subset of substrates, both in the cytosol

and in the nucleus [19]. However, later on antagonizing

activities between p44 and p42 were reported. The p42 was

suggested to be the one that has a positive role in controlling

normal and Ras-dependent cell proliferation [19]. In our

current study, we noticed that under induction of supple-

ment, p42 MAPK was highly phosphorylated. Meanwhile,

only few amounts of p44 MAPK were detected and phos-

phorylated p44 MAPK was undetected. This result suggested

that EPCs proliferation was highly induced with very less

antagonizing activity of p44 MAPK. Phosphorylation of p42

MAPK was diminished by U0126, a MEK inhibitor, showing

that activated pathway was MEK dependent.

Since U0126 could diminish supplement-induced phos-

phorylation of p42 MAPK, we conducted a study to see the

influence of U0126 on the growth of supplement-induced

EPCs. Our results showed that U0126 diminished supple-

ment-induced EPCs growth and CFU. Taken together, our

results showed that an important role of p42 MAPK in sup-

plement-induced EPCs. However, PI3 K was also reported

as another underlying mechanism [15, 16] and might play an

important role in supplement-induced EPCs growth; there-

fore, PI3 K pathway should be further investigated.
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