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Abstract

Human umbilical cord Wharton’s jelly derived mesenchymal stem cells (hUCMSCs), a

source of cell therapy, have received a great deal of attention due to their homing or migrat-

ing ability in response to signals emanating from damaged sites. It has been found that IL-

1β possesses the ability to induce the expression of matrix metalloproteinase-3 (MMP-3) in

bone marrow MSCs. MMP-3 is involved in cell migration in various types of cells, including

glioblastoma, vascular smooth muscle, and adult neural progenitor cells. In this study, we

proposed that IL-1β influences hUCMSCs migration involving MMP-3. The expression level

of MMP-3 in IL-1β-induced hUCMSCs was verified using cDNA microarray analysis, quanti-

tative real-time PCR, ELISA and Western blot. Wound-healing and trans-well assay were

used to investigate the cell migration and invasion ability of IL-1β-treated hUCMSCs. In

addition, we pre-treated hUCMSCs with interleukin-1 receptor antagonist, MMP-3 inhibitors

(ALX-260-165, UK 356618), or transfected with MMP-3 siRNA to confirm the role of MMP3

in IL-1β-induced cell migration. Our results showed that IL-1β induced MMP-3 expression is

related to the migration of hUCMSCs. Moreover, extracellular signal-regulated protein

kinases 1 and 2 (ERK1/2) inhibitor U0126, p38 inhibitor SB205380, JNK inhibitor SP600125

and Akt inhibitor GSK 690693 decreased IL-1β-induced MMP-3 mRNA and protein expres-

sion. The migration and invasion ability analyses showed that these inhibitors attenuated

the IL-1β-induced migration and invasion ability of hUCMSCs. In conclusion, we have found

that IL-1β induces the expression of MMP-3 through ERK1/2, JNK, p38 MAPK and Akt sig-

naling pathways to enhance the migration of hUCMSCs. These results provide further

understanding of the mechanisms in IL-1β-induced hUCMSCs migration to injury sites.

Introduction

Human umbilical cord Wharton’s jelly derived mesenchymal stem cells (hUCMSCs) are rap-

idly gaining attention for its therapeutic potential in regenerative medicine [1]. Stem cells
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migration toward the damaged tissues play critical roles in wound healing and tissue regenera-

tion [2]. It has been found that damaged tissue may release factors that mobilize and recruit

stem cells toward sites of injury, and then promote their proliferation and differentiation and

eventually repair the damaged tissues [3, 4]. The local or systemic inflammatory state might

influence not only MSC mobilization, but also therapeutic effects [5]. However, the mecha-

nisms that guide MSCs to appropriate damaged microenvironments are not yet understood.

Numerous studies have shown that various cytokines or growth factors exert important

effects with regard to inflammatory and ischemic tissue. Expression of stromal cell-derived fac-

tor 1 (SDF-1) has been detected in MSCs, which promote the homing ability of MSCs toward

the ischemia-induced deteriorated heart muscle tissue [6]. Transforming growth factor (TGF)-

β1, monocyte chemotactic protein (MCP)-1, tumor necrosis factor (TNF)-α, and interleukins

(IL) have also been found to promote MSCs migration to the injured region [2, 7]. In addition,

studies indicate that the migration capacity of MSCs is partly under control of a large range of

receptor of cytokines and growth factors, including interleukin-1 receptor (IL-1R) or PDGF-

receptor (R) [5, 8].

Interleukin-1β is an important mediator involved in the inflammatory response and

tissue damage in various organs. It has been found that IL-1β induces mesenchymal stem

cells migration and leukocytes chemotaxis [9]. Some studies indicated that IL-1β induced dif-

ferent types of matrix metalloproteinase (MMP) expression is association with cell migration

[10–14].

Specific interest in MMP-3 (stromelysin-1) as a target has grown because of its broad tissue

distribution and substrate specificity. MMP-3 breaks down collagen types III, IV, and V, fibro-

nectin, elastin, proteoglycans and laminin, and is secreted by various kinds cell types including

vascular smooth muscle cells (VSMCs), endothelial cells (ECs), and bone marrow MSCs [15,

16]. In particular, MMP-3 has been reported that is involved in the cellular migration in glio-

blastoma cells, VSMCs, and adult neural progenitor cells [17].

Previous studies indicated that inflammatory cytokines, such as IL-1β, tumor necrosis fac-

tor (TNF)-α, and transforming growth factor (TGF)-β1 increase the production of MMPs in

MSCs, which stimulate a great chemotactic migration of MSCs through the extracellular

matrix [2, 18].

IL-1β-mediated MMP-3 expression can be found in bone marrow MSCs [9], trabecular

meshwork [19], and chondrocytes [20] reported that breast adipose MSCs readily penetrate

extracellular matrix components in part through up-regulation of MMP-3, and then promote

the invasive ability of Human Caucasian breast epithelial cell line T4-2 cells and efficiently che-

moattract ECs [21].

On the whole, there are no studies that discuss the impact of MMP-3 on IL-1β-induced

MSCs migration. Therefore, in this research we attempt to investigate the role of MMP-3 in

IL-1β-induced mesenchymal stem cell migration and the signaling pathway of IL-1β-induced

MMP-3 expression in MSCs.

Materials and methods

Cell culture

Human umbilical cord derived mesenchymal stem cells (hUCMSCs) were purchased from

Bioresource Collection and Research Center, Hsinchu, Taiwan. hUCMSCs were cultured in

low serum defined medium consisting of 56% low-glucose Dulbecco’s Modified Eagle

Medium (DMEM-LG; Invitrogen, CA, USA), 37% MCBD 201 (Sigma, MO, USA), 2% fetal

bovine serum (Thermo, Logan, UT), 0.5 mg/ml of AlbuMAX1 I (Invitrogen, CA, USA), 1X

insulin-transferrin-selenium-A (Invitrogen, CA, USA), 1X antibiotic antimycotic solution
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(Thermo, Logan, UT), 10 nM dexamethasone (Sigma, MO, USA), 50 nM L-ascorbic acid

2-phosphate (Sigma, MO, USA), 10 ng/ml of epidermal growth factor (PeproTech, NJ, USA),

and 1 ng/ml of platelet-derived growth factor-BB (PeproTech, NJ, USA) at 37˚C and 5% CO2.

When cells reached 70–80% confluence, the cells were detached by using HyQtase (Thermo,

Logan, UT) and replated at a ratio of 1:4.

Cytokines and inhibitors

hUCMSCs were starved in serum-free DMEM-LG containing 0.1% bovine serum albumin

(BSA) for 16 hours, then treated with 2 μg/ml IL-1 receptor antagonist (IL-1RA) (Peprotech,

NJ, USA), MMP-3 inhibitors UK356618 (20 nM) (Tocris, UK) and ALX260165 (20 μM) (Enzo

life, UK), ERK1/2 inhibitor U0126 (10–30 μM) (Tocris, UK), p38 inhibitor SB205380 (50 nM)

(Tocris, UK), Akt inhibitor GSK 690693 (20 μM) (Tocris, UK) and JNK inhibitor SP600125

(20 nM) (Tocris, UK) for 2 hours prior to human recombinant interleukin-1β (IL-1β) stimula-

tion. Cells were then incubated with 100 ng/ml IL-1β (Peprotech, NJ, USA) in the continued

presence of these inhibitors for 12–48 hours.

Cell viability assay

hUCMSCs were seeded in 96-well plates in serum-free DMEM-LG containing 0.1% BSA for

16 hours and then stimulated with 100 ng/ml IL-1β for 36 hours. MTT assay reagent (3-

(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, SERVA Heidelberg Ger-

man 20395) were added into the culture medium in 1 mg/mL and incubated with cells for 4

hours at 37˚C and 5% CO2. Afterwards, the reagent is removed and MTT formazan is dis-

solved with DMSO (Sigma, MO, USA) for 2 hours. The MTT assay data were determined by

Multimode microplate readers (Infinite 200, TECAN).

Flow cytometry

hUCMSCs were starved in serum-free DMEM-LG medium containing 0.1% BSA for 16 hours

and stimulated with or without 100 ng/ml IL-1β for 36 hours. Cells were washed twice with

PBS and detached by HyQtase (Thermo, Logan, UT). Cell were then suspended 1�106 cells in

100 μl PBS and incubated with 1:20 dilution of conjugated antibodies CD105-FITC (R&D sys-

tems, USA), CD34-FITC (Becton, Dickinson and Company, USA), CD73-PE (Becton, Dickin-

son and Company, USA), CD45-PE (Thermo Fisher Scientific, USA), CD90-PE (Beckman

Coulter, USA) at 4˚C for 30minutes on the shaker. The unstained cells were cultured with PBS

only. Cells were then washed twice with PBS and centrifuged at 0.3 g for 5 minutes. Finally,

cells were re-suspended in 200 μl PBS and immediately analyzed using Beckman Coulter Cyto-

FLEX (Beckman, IL, USA).

Microarray analysis

hUCMSCs were starved in serum-free DMEM-LG containing 0.1% BSA for 16 hours and

stimulated with or without 100 ng/ml IL-1β for 24 hours. Total RNA purification was per-

formed using TriPure isolation reagent (Bioline, London, UK) according to the manufacturer’s

instructions. RNA qualities were checked by RNA electrophoresis before hybridizing with

GeneChip™ Human Genome U133 Plus 2.0 Array (Affymetrix array, Thermo Fisher Science,

CA, USA). The cDNA detection and raw data were analyzed by National Yang-Ming Univer-

sity VYM Genome Research Center.
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Quantitative real-time polymerase chain reaction

The total RNA extraction from hUCMSCs with or without IL-1β stimulation was extracted by

using TriPure isolation reagent (Bioline, London, UK) according to the manufacturer’s

instruction. RNA was converted to cDNA with the Tetro cDNA Synthesis kit (Bioline, Lon-

don, UK). The following oligonucleotides were used for each gene:

MMP-3 forward primer 5’-TGGACAAAGGATACAACAGGGAC-3’
MMP-3 reverse primer 5’-AGCTTCAGTGTTGGCTGAGT-3’
GAPDH forward primer 5’-GAAGGTGAAGGTCGGAGTCAAC-3’
GAPDH reverse primer 5’-CAGAGTTAAAAGCAGCCCTGGT-3’
Gene expression was analyzed by quantitative real-time PCR using SensiFAST CYBR Hi-

ROX System (Bioline, London, UK) and each reaction was repeated in triplet.

MMP-3 enzyme-linked immunosorbent assay

The condition medium of IL-1β stimulated hUCMSCs for 36 hours was collected to quantitate

MMP-3 protein expression and activity using MMP-3 Human ELISA Kit (Lifetechnologies

(Novex), USA). The results were detected using a Spectrophotometer reader (ND-1000, Nano-

Drop) at a wavelength of 450 nm.

Western blotting

To prepare the cell lysates for Western blot, hUCMSCs were washed with PBS and lysed using

M-PER mammalian protein extraction reagent (Thermo, IL, USA) with Halt protease inhibi-

tor cocktail (Thermo, IL, USA), then placed in a centrifuge at 14,000 g for 10 min at 4˚C to col-

lect the precleared cell extracts. Protein concentration of the samples were determined using

the Coomassie Plus (Bradford) protein assay reagent (Thermo, IL, USA) and Multimode

microplate readers (Infinite 200, TECAN). Protein samples were separated using 10% sodium

dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluo-

ride (PVDF) membranes (Merck, Darmstadt, Germany). Membrane blocking solution 10%

Fish gelatin blocking buffer (AMRESCO, OH, USA) was used to block PVDF membranes for

1 hour. Then membranes were incubated with the anti-human MMP-3 primary antibody

(R&D systems, USA) at 1:1000 dilution at 4˚C overnight, followed by washing with tris-buff-

ered saline with tween 20 (TBST). The membranes were then incubated with goat anti-mouse

secondary antibody at room temperature for an hour. The western blot data were detected by

enhanced chemiluminescence substrate using Luminescence Imaging System (LAS-4000, GE,

USA).

Fluorogenic assays of protease activity of MMP-3

After stimulation with IL-1β for 36 hours, the condition medium was collected. Quantitation

of MMP-3 activity in the conditioned medium was analyzed by using Fluorogenic peptide sub-

strate II (R&D systems, USA). The protease activity of MMP-3 was detected at emission and

excitation wavelengths of 320 nm and 405 nm, respectively, in kinetic mode for 5 min using a

Multimode microplate reader (Infinite 200, TECAN).

Wound healing assay

Equal number of hUCMSCs were inoculated into cell culture insert (Ibidi, Planegg, Germany)

in 12-well plates to grow until confluence. Prior to the addition of inhibitors, hUCMSCs were

starved in serum-free DMEM-LG containing 0.1% BSA for 16 hours. Then cells were incu-

bated with IL-1RA (2μg/ml), UK356618 (20 nM), ALX260165 (20 μM) or U0126 (20 μM) for 2
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hours before treatment with or without 100 ng/ml IL-1β (100 ng/ml) for 12–24 hours.

Migrated cells were observed with an inverted microscope and photographs were taken in the

same field every 12 hours after stimulation for 24 hours.

In vitro invasion assay

The in vitro invasion assay was performed in an 8.0-μm pore size matrigel invasion chamber

(CORNING, MA, USA). hUCMSCs were seeded into 6-well plates and grew until confluence.

Cells were starved in serum-free DMEM-LG containing 0.1% bovine serum albumin for 16

hours, then incubated with IL-RA (2 μg/ml), UK356618 (20 nM), ALX260165 (20 μM) or

ERK1/2 inhibitor U0126 (20 μM) for 2 hours. Afterwards, hUCMSCs were incubated for 36

hours with 100 ng/ml IL-1β (Peprotech, NJ, USA) in the continued presence of these inhibi-

tors. Cells were detached with HyQtase (Thermo, Logan, UT), and 1.5×10 4 cells were plated

into the upper matrigel chamber in serum-free DMEM-LG with hUCMSCs growth medium

added to the lower chamber. After 24 hours of incubation at 37˚C and 5% CO2, non-migrated

cells in the upper chamber were scraped with a cotton swab. Cells that had migrated to the

lower chamber were fixed and stained with crystal violet (Sigma, MO, USA). Microscopy was

used to count the migrated cell numbers.

siRNA transfection

MMP3 Silencer Select Pre-designed siRNA (s8854 and s8855, Ambion, Austin, USA) and

Silencer Select negative control #1 (Ambion, Austin, USA) were used to downregulate MMP3

expression in cells. Cells were plated in 6 well plates 24 hours prior to transfection with 5 nM

of MMP3 specific siRNA or negative control siRNA using Lipofectamine RNAiMAX Trans-

fection Reagent (Invitrogen, CA, USA).

Statistical analysis

Statistical analyses were performed using SPSS software (version 16.0). Quantitation data were

analyzed by Student’s t-test and one-way ANOVA. P values<0.05 were considered statistically

significant.

Results

IL-1β stimulates mesenchymal stem cell migration

The ability of IL-1β to induce human MSC migration in vitro was examined by wound healing

assay. In our previous study, we examined the cell viability of hUCMSCs treated with 0 to 500

ng/ml IL-1β. The result showed that treatment with IL-1β at a concentration of 100 ng/ml (the

concentration we used in this manuscript) showed no significant change. MTT assay also

showed no significant change in 100 ng/ml IL-1β-treated hUCMSCs in comparison to the con-

trol group [22]. In this study, 100 ng/ml of IL-1β was used to treat hUCMSCs for 24 hours, the

stem cell migration was significantly enhanced. This effect was blocked by 2 h pretreatment

with the IL-1β receptor antagonist IL-1RA (Fig 1A and 1B). The cell viability assay data

showed no significant difference between IL-1β-treated and control groups (Fig 1C), suggested

that IL-1β stimulated stem cell migration was not affected by cell viability.

Effects of IL-1β in hUCMSCs on MMP-3 RNA and protein levels

To determine the molecular pathways that are involved in the migration of mesenchymal stem

cells induced by IL-1β, gene expression profiles of IL-1β treated and untreated control cells

were identified by cDNA microarray (Human Genome U133 2.0 Array, Affymetrix). The
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results showed that MMP-3 was up-regulated significantly in IL-1β treated mesenchymal stem

cells (Table 1). The mRNA expression of MMP-3 was detected by quantitative real-time PCR,

the data showed that the level of MMP-3 transcript in hUCMSCs that were treated with IL-1β
for 12 hours were significantly higher than untreated cells (Fig 2A). These findings were con-

sistent with our Human Genome U133 2.0 Array Chip data. To clarify that the MMP-3 expres-

sion was induced by IL-1β, cells were pretreated with IL-1β receptor antagonist IL-1RA, the

results showed that IL-1RA significantly suppressed IL-1β-induced MMP-3 expression. To

investigate whether IL-1β could induce MMP-3 protein expression in mesenchymal stem cells,

MMP-3 Western blotting analysis was performed. The level of MMP-3 protein expression in

IL-1β treated cells was higher than non-treated cells. IL-1β-induced MMP-3 protein expres-

sion can be suppressed by IL-1RA (Fig 2B and 2C). To further confirm the secretion level of

Fig 1. IL-1β stimulates mesenchymal stem cell migration. (A) Cell wound healing assay for IL-1β stimulated

mesenchymal stem cells in the presence or absence of 2 μg/ml IL-1RA (IL-1β inhibitor) at 12 and 24 hours. Scale

bars = 300 μm. (B) The wound area of hUCMSCs were indicated by MetaMorph and the data were normalized with

control and shown as the mean ± SD (n = 3, �P<0.05, ��P<0.01 versus control cells, #p<0.05, ##p<0.01 versus IL-1β
treated cells). (C) Cell viability assay for IL-1β stimulation. Data were quantified by multimode micro-plate readers.

Data are shown as the mean ± SD (n = 3) (N.S.: nonsignificance).

https://doi.org/10.1371/journal.pone.0252163.g001

Table 1. Total RNA microarray based screening for the expression of MMPs with IL-1β stimulation for 24 hours

in mesenchymal stem cells.

Gene Symbol Gene Title Log Ratio

MMP3 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 3.8

MMP19 Matrix metallopeptidase 3 1.6

MMP10 Matrix metallopeptidase 3 (stomelysin 2) 1.2

https://doi.org/10.1371/journal.pone.0252163.t001
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MMP-3 of stem cells treated with IL-1β, the secretion level of MMP-3 protein expression in

the cell medium was quantified using MMP-3 ELISA assay. As shown in Fig 2D, MMP-3

expression was significantly higher in IL-1β-treated stem cells compared with control. IL-1β
induced MMP-3 expression was inhibited by IL-1RA (Fig 2D). Taken together, these results

showed that IL-1β promotes MMP-3 protein expression and increases secretion level of

MMP-3 in mesenchymal stem cells culture medium.

Effects of MMP-3 expression on IL-1β-induced cell migration and invasion

To determine whether IL-1β induced mesenchymal stem cell migration ability was influenced

by the expression of MMP-3, MMP-3 inhibitors ALX 260165 and UK 356618 were used. The

results revealed that stem cells treated with ALX 260165 and UK 356618 did not decrease the

secretion level of MMP-3 (Fig 3A). By using fluorogenic peptide assay, the results showed that

these inhibitors could reduce MMP-3 activity (Fig 3B). The migration ability was significantly

higher in IL-1β-treated stem cells in comparison with untreated control after 24 hours, cells

treated with ALX 260165 or UK 356618 can significantly attenuate IL-1β-induced cell

Fig 2. Effects of IL-1β in hUCMSCs on MMP-3 RNA and protein levels. (A) Quantitation of changes in gene

expression of MMP-3 detected by real-time PCR after IL-1β inhibitor IL-1RA (2 μg/ml) pre-treatment and stimulation

with IL-1β for 12–48 hours. (B) Example of Western blot results of the MMP-3 (54 kDa) from the lysates of cells

treated with IL-1β and IL-1RA. The full-length Western blots was showed in S2 Fig. (C) Quantitative graphs of the

Western blot results of MMP-3 protein expression of (B). (D) MMP-3 protein expression was measured using ELISA,

pre-treatment with IL-1RA at concentration of 2 μg/ml and stimulated with IL-1β for 36 hours. Data are shown as the

mean ± SD (n = 3, ��P<0.01, ���P<0.005 versus control cells, #p<0.05, ##p<0.01 versus IL-1β treated cells).

https://doi.org/10.1371/journal.pone.0252163.g002
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migration (Fig 3C and 3D). This study demonstrated that IL-1β induced mesenchymal stem

cell migration ability was influenced by MMP-3 expression and MMP-3 activity. To further

investigate whether IL-1β-induced mesenchymal stem cell invasion ability was influenced by

the expression of MMP-3, MMP-3 inhibitors ALX 260165 and UK 356618 were used in cell

invasion assay. As shown in Fig 3E and 3F, the invasion ability was significantly higher in IL-

1β-treated stem cells in comparison with untreated control cells after 36 hours. The result indi-

cated that cells treated with ALX 260165, UK 356618 can significantly attenuate IL-1β-induced

cell invasion (Fig 3E and 3F). This result demonstrated that IL-1β induced mesenchymal stem

cell invasion ability was influenced by the MMP-3 expression and MMP-3 activity.

Fig 3. Effects of MMP-3 inhibitor in hUCMSCs on MMP-3 secretion and MMP3 activity, cell migration and

invasion. (A) MMP-3 protein expression measured by ELISA. hUCMSCs treated with ALX 260165 and UK 356618 at

concentration of 20 μM. (B) MMP-3 activity was measured by Fluorogenic peptide Assays. hUCMSCs treated with

ALX 260165 and UK 356618 at concentration of 20 μM. (C) Cell wound healing assay. Cultures were treated with

MMP-3 inhibitors ALX 260165, UK 356618 at concentrations of 20 μM, 20 nM, respectively as indicated. Scale

bars = 300 μm. (D) Quantitative graph showing the migration ability of stem cells into the wound area at 24 hours. (E)

Cell invasion assay, cultures were treated with MMP-3 inhibitors ALX 260165, UK 356618 at concentrations of 20 μM,

20 nM, respectively as indicated. Scale bars = 1 mm. (F) Graph indicates the invasion ability of stem cells. Data are

shown as the mean ± SD (n = 3, ��P<0.01, ���P<0.005, versus control cells, #p<0.05, ##p<0.01, ###p<0.005 versus

IL-1β treated cells).

https://doi.org/10.1371/journal.pone.0252163.g003
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Knockdown of MMP-3 expression suppresses IL-1β-induced cell migration

and invasion

After establishing the signaling pathways that are involved in IL-1β-induced MMP-3 expres-

sion, we examined whether MMP-3 expression was required for hUCMSCs migration by

MMP-3 siRNA. Real time PCR and ELISA data showed that siRNA-MMP-3 transfection of

hUCMSCs resulted in knockdown of MMP-3 mRNA levels (Fig 4A) and protein levels (Fig

4B) and suppressed IL1-β-induced cell migration in wound healing assays (Fig 4C and 4D).

The cell invasion assay showed that cell invasion ability of IL-1β-treated MMP-3-siRNA-trans-

fected hUCMSCs was decreased in comparison with that of the IL-1β-treated control-siRNA-

transfected hUCMSCs (Fig 4E and 4F). These results show that a reduction in MMP-3 expres-

sion by siRNA blocks the IL-1β-induced migration of hUCMSCs.

Effects of ERK1/2 pathway on IL-1β-mediated MMP-3 mRNA, protein,

MMP-3 activity and cell migration

It has been observed that IL-1β induced MMP-3 expression via ERK1/2 activation in chondro-

cytes [20]. To investigate whether ERK1/2 plays a role in IL-1β-induced MMP-3 RNA

Fig 4. Effect of knockdown MMP-3 on IL-1β treated hUCMSCs. (A) Quantitation of changes in gene expression of

MMP-3 detected by real-time PCR. hUCMSCs were transfected with MMP-3 siRNA and stimulated with IL-1β for 24

hours. (B) MMP-3 protein expression was measured using ELISA, transfected with MMP-3 siRNA and stimulated

with IL-1β for 36 hours. (C) Cell wound healing assay for IL-1β stimulated mesenchymal stem cells after MMP-3

siRNA transfection. Scale bars = 300 μm. (D) The wound area of hUCMSCs were indicated by MetaMorph. (E) Cell

invasion assay for IL-1β stimulated mesenchymal stem cells after MMP-3 siRNA transfection. Scale bars = 1 mm. (F)

Graph indicates the invasion ability of stem cells. Data are shown as the mean ± SD (n = 3, ��P<0.01, ���P<0.005

versus control cells, #p<0.05, ##p<0.01, ###p<0.005, versus IL-1β treated cells).

https://doi.org/10.1371/journal.pone.0252163.g004
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expression in mesenchymal stem cells, MMP-3 quantitative real-time PCR analysis was per-

formed in cells pretreated with ERK1/2 inhibitor U0126. Fig 5A, shows that the level of MMP-

3 transcript in IL-1β treated cells was significantly higher than non-treated cells after 24 hours.

Cells pretreated with ERK1/2 inhibitor U0126 IL-1β-induced MMP-3 RNA levels were signifi-

cantly suppressed. This result demonstrated that IL-1β-induced the expression of MMP-3

RNA in mesenchymal stem cells via the ERK1/2 pathway.

To determine whether IL-1β-induced MMP-3 protein expression in mesenchymal stem

cells via ERK1/2, ERK1/2 inhibitor U0126 was used to treat hUCMSCs then cells were ana-

lyzed by Western blot. Fig 5B and 5C shows that the level of MMP-3 protein expression in

Fig 5. Effects of ERK1/2 pathway on IL-1β-mediated MMP-3 expression, cell migration and cell invasion. (A)

Quantitation of changes in gene expression of MMP-3 detected by real-time PCR after ERK1/2 inhibitor U0126 (10–

30 μM) treatment and stimulation with IL-1β for 24 hours. (B) Example of Western blot results of the MMP-3 (54

kDa) from the lysates of cells treated with IL-1β and ERK1/2 inhibitor U0126 (20 μM). The full-length Western blots

was showed in S2 Fig. (C) Quantitative graphs of the Western blot results of MMP-3 protein expression of (B). (D)

MMP-3 protein expression was measured using ELISA, treated with U0126 (20 μM) and stimulated with IL-1β for 36

hours. (E) MMP-3 activity was measured by Fluorogenic peptide Assays. hUCMSCs treated with U0126 at

concentration of 20 μM. (F) Cell wound healing assay for IL-1β stimulated mesenchymal stem cells in the presence of

ERK1/2 inhibitor U0126 (20 μM) at 24 hours. Scale bars = 300 μm. (G) The wound area of hUCMSCs were indicated

by MetaMorph and the data were normalized with control and shown as the mean ± SD (n = 3, ���P<0.01 versus

control cells, ##p<0.01 versus IL-1β treated cells). (H) Cell wound healing assay for IL-1β stimulated mesenchymal

stem cells in the presence of ERK1/2 inhibitor U0126 (20 μM) at 24 hours. Scale bars = 1 mm. (I) Graph indicates the

invasion ability of stem cells. Data are shown as the mean ± SD (n = 3, �P<0.05, ��� P<0.005 versus control cells,

#p<0.05, ##p<0.01, ###p<0.005 versus IL-1β treated cells).

https://doi.org/10.1371/journal.pone.0252163.g005
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IL-1β treated cells was significantly higher than non-treated cells after 36 hours. The cells

treated with ERK1/2 inhibitor U0126 showed that IL-1β-induced MMP-3 protein expression

was significantly suppressed. The secretion level of MMP-3 in the stem cell medium treated

with IL-1β was quantified by ELISA assay. As shown in Fig 5D, MP-3 expression was signifi-

cantly higher in IL-1β-treated stem cells in comparison with untreated control cells after 36

hours. IL-1β induced MMP-3 expression in hUCMSCs was inhibited by ERK1/2 inhibitor

U0126 (Fig 5D). The activity of MMP-3 of stem cells treated with IL-1β in the cell medium

was quantified by Fluorogenic peptide Assays. As shown in Fig 5E, MMP-3 activity was signifi-

cantly higher in IL-1β-treated hUCMSCs compared with untreated control cells after 36

hours. IL-1β induced MMP-3 activity in hUCMSCs was inhibited by ERK1/2 inhibitor U0126

(Fig 5E). Taken together, these results showed that IL-1β induced MMP-3 expression occurs

via ERK1/2 pathway in mesenchymal stem cells.

To determine the role of ERK1/2 signaling pathway in IL-1β-induced cell migration,

wound healing assays were performed in cultures treated with ERK1/2 inhibitor U0126. As

shown in Fig 5F and 5G, migration ability was significantly higher in IL-1β-stimulated

hUCMSCs in comparison with the control group after 24 hours. The results showed that the

effect on the migration of IL-1β-induced stem cells was attenuated when ERK1/2 inhibitor

U0126 was added to the cells (Fig 5F and 5G). Cell invasion assays were performed in trans-

wells coated with matrigel. As shown in Fig 5H and 5I, the invasion ability was significantly

higher in IL-1β-treated hUCMSCs in comparison with untreated control cells after 36 hours.

Cell invasion of IL-1β-induced stem cells was attenuated when ERK1/2 inhibitor U0126 was

added to the cells (Fig 5H and 5I). These results demonstrate that IL-1β-induced MMP-3 via

ERK1/2 is involved in hUCMSCs migration and hUCMSCs invasion.

Effects of JNK, p38, and Akt pathway on IL-1β induced MMP-3 expression

and migration of hUCMSCs

To investigate whether JNK, p38 MAPK and Akt signaling are also involved in IL-1β induced

MMP-3 expression on hUCMSCs, hUCMSCs were pretreated with 25 nM p38 MAPK inhibitor

SB203580, 20 μM Akt inhibitor GSK690693 and 20 nM JNK inhibitor SP600125 for 2 hours and

then simulated with IL-1β for 36 hours. Q-PCR data showed that IL-1β induced MMP-3 mRNA

can be inhibited by all these inhibitors (Fig 6A). To clarify the effects of these inhibitors in MMP3

expression, hUCMSCs were treated with ERK1/2 inhibitor U0126 (20 μM), p38 inhibitor

SB205380 (50 nM), Akt inhibitor GSK690693 (20 μM), and JNK inhibitor SP600125 (20 nM) for 2

hours then incubated with or without IL-1β (100 ng/ml) in the continued presence of these inhibi-

tors for 36 hours. The MMP-3 expression from the lysates of hUCMSCs after treatment with

inhibitors followed by incubation without/with IL-1β were detected by Western blot. The results

showed that without IL-1β stimulation, the MMP3 expression was not affected by these inhibitors.

However, IL-1β-induced MMP-3 protein expression was suppressed by these inhibitors (S1 Fig).

To determine the role of JNK, p38 MAPK and Akt signaling pathways in IL-1β-induced cell

migration, wound healing assays were performed. As shown in Fig 6B and 6C, the migration abil-

ity of IL-1β-induced hUCMSCs was attenuated when JNK, p38 MAPK and Akt inhibitors were

added prior to IL-1β stimulation. These results demonstrate that IL-1β- induced MMP-3 protein

expression on hUCMSCs is mediated via JNK, p38 MAPK and Akt signaling pathways.

Discussion

Recently, Bayo et al. indicated that autocrine motility factor (AMF) produced by hepatocellular

carcinoma (HCC) was found to induce migration of different sources of MSCs in vitro and

that exogenous stimulation of MSCs with recombinant AMF (rAMF) also promote the MSCs
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adhesion ability to endothelial cells due to the changes in the expression levels of MMP-3 [23].

AMF-primed MSCs increased the in vivo migration of MSCs towards experimental HCC

tumors. In the present study, we found that IL-1β induced MMP-3 expression in hUCMSCs

and enhance cell migration.

It has been found that IL-1β can stimulate lymphocyte and eosinophil cell migration [24,

25]. In this study, we found that pro-inflammation cytokine IL-1β enhances mesenchymal

stem cell migration but does not influence cell proliferation. The gene expression profile

between IL-1β treated and untreated control cells were identified by cDNA microarray, the

results show that MMP-3 was up-regulated significantly in IL-1β treated mesenchymal stem

cells. The level of MMP-3 transcripts was higher in the IL-1β treated stem cells when compared

with non-treated cells using real-time PCR. The mRNA expression of MMP-3 was further sup-

ported by Western blotting analysis and ELISA assay: stem cells treated with IL-1β were shown

to promote the expression of MMP-3 and secretion of substantial amounts of MMP-3 into the

culture supernatants. MMP-3 is a kind of matrix metalloproteinase which degrades collagen

types III, IV, and V, and it has been reported that MMP-3 could promote the invasive ability

of human T4-2 cells and efficiently chemoattract embryonic cells [21]. It seems that MMP-3

plays an important role in extracellular matrix degradation and further effects on cell migra-

tion. In our study, MMP-3 activity and protein expression were suppressed by MMP-3 inhibi-

tors ALX 260165 and UK 356618. Moreover, the presence of ALX 260165, UK 356618 or

MMP-3 knockdown blocked IL-1β-induced MSCs migration and invasion. These results sug-

gested that IL-1β-induced MMP-3 expression was response to the hUCMSCs migration.

IL-1β-mediated MMP-3 expression has be found in bone marrow MSCs [9], trabecular

meshwork [19], and chondrocytes [20], possibly through activation of ERK1/2 cascade [19,

Fig 6. Effects of JNK, p38, and Akt pathways on IL-1β induced MMP-3 expression on hUCMSCs. (A) Quantitation

of changes in gene expression of MMP-3 detected by real-time PCR after p38 inhibitor (50 nM SB205380), Akt

inhibitor (20 μM GSK690693), and JNK inhibitor (20 nM SP600125) treatment and stimulation with IL-1β for 24

hours. (B) Cell wound healing assay for IL-1β stimulated mesenchymal stem cells in the presence 50 nM SB205380,

20 μM GSK690693, and 20 nM SP600125 at 24 hours. Scale bars = 300 μm. (C) Graph indicates the migration ability of

stem cells into the wound area. Data are shown as the mean ± SD (n = 3, �P<0.05, ���P<0.005 versus control cells,

###p<0.005 versus IL-1β treated cells).

https://doi.org/10.1371/journal.pone.0252163.g006
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20]. Whether IL-1β-induced MMP-3 expression of stem cells occurs through MAPK Family

and AKT signaling pathways were examined in this study. We found that IL-1β-induced

MMP-3 mRNA, protein expression and MMP-3 activity were significantly decreased by

MAPK and AKT signaling pathways inhibitors. These inhibitors also reduce the IL-1β medi-

ated migration and invasion ability in hUCMSCs. Thus, it appears that IL-1β promotes the

level of MMP-3 expression through MAPK and Akt signaling pathways to increase the migra-

tion and invasion ability of stem cells.

Human mesenchymal stem cells have been observed homing to and localizing in bone mar-

row, spleen, and mesenchymal tissues after intravenous infusion into unconditioned adult

nude mice [26]. Stromal cell-derived factor (SDF)-1α [27], transforming growth factor (TGF)-

β1, monocyte chemotactic protein (MCP)-1, and tumor necrosis factor (TNF)-α [2, 7] have

been found to affect MSCs trafficking to injured regions.

Stem cell homing may provide an important clinical application of stem cells as treatment

for various diseases. The potential therapeutic effect of MSCs depends on their ability to

respond to migratory stimuli, break through physiological barriers blocking stem cell migra-

tion and engraft into a target tissue. Strategies for enhancing MSCs conditions may improve

MSCs homing ability to injured tissues [2]. In our present study, we found that IL-1β stimula-

tion enhanced hUCMSCs migration ability. Moreover, the expression of stemness of

hUCMSCs after IL-1β treatment exhibited no significant difference in comparison with

untreated hUCMSCs (S3 Fig), suggested that IL-1β treated hUCMSCs still have differentiation

ability. Therefore, stimulate hUCMSCs with IL-1β could be a good strategy to enhance MSCs

migrate to injured tissues.

Conclusion

In conclusion, the results of this study suggest that the IL-1β induced MMP-3 expression is

associated with stem cell migration, and that MAPK and AKT signaling pathways are involved

in IL-1β mediated MMP-3 expression in promoting mesenchymal stem cell migration (Fig 7).

Fig 7. Schematic diagram of IL-1β signaling pathway in hUCMSCs migration. A schematic diagram depicts the

proposed role of IL-1β signaling pathway in hUCMSCs migration. The process of cell migration is initiated by IL-1β
through ERK1/2 induced expression of MMP-3 in hUCMSCs.

https://doi.org/10.1371/journal.pone.0252163.g007
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Supporting information

S1 Fig. Effects of ERK1/2, JNK, p38, and Akt pathways on IL-1β induced MMP-3 expres-

sion on hUCMSCs. hUCMSCs were treated with ERK1/2 inhibitor U0126 (20 μM), p38 inhib-

itor SB205380 (50 nM), Akt inhibitor GSK690693 (20 μM), and JNK inhibitor SP600125 (20

nM) for 2 hours then incubated with or without IL-1β (100 ng/ml) in the continued presence

of these inhibitors for 36 hours. The MMP-3 expression from the lysates of hUCMSCs after

treatment with inhibitors following incubation without/with IL-1β were detected by Western

blot. The full-length Western blots were shown in S2 Fig.

(TIF)

S2 Fig. The full-length Western blots.

(TIF)

S3 Fig. The expression of stemness markers on hUCMSCs. hUCMSCs were either left

untreated or were treated with 100 ng/ml IL-1β for 36 hours. Control and treated cells were

harvested, stained with stemness markers (CD105+, CD73+, CD90+, CD34−, CD45−), then

analyzed using flow cytometry. The 1�104 cells were collected in separate experiments. In each

graph, the gray line was the unstained hUCMSCs; the black line was the unstained 100 ng/ml

IL-1β treated hUCMSCs; the green line was the stained hUCMSCs; the red line was the stained

100 ng/ml IL-1β treated hUCMSCs.

(TIF)
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