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C-C chemokine receptor 7 (CCR7) and its ligands CCL19 contributes to the directional migration of certain
cancer cell lines, but its role in the migration of BMSCs remains vague. The aim of this study was to deter-
mine the possible interaction between CCL19-induced conditions and matrix metalloproteinases-9
(MMP9) expression in BMSCs. Cell migration using Transwell assay indicated that activation of CCR7

Keywords: by its specific ligand, exogenous chemokine ligand 19 (CCL19), was associated with a significant linear
CCR7 increase. Western blot and real-time PCR indicated that CCL19/CCR7 significantly upregulated expression
g;{'s]é)s of MMP9, which is related to metastasis-associated genes. The CCL19/CCR7 interaction significantly
Migration enhanced phosphorylation of Akt, as measured by Western blot. P-Akt and MMP9 protein expression
MMP9 exhibited a time-dependent pattern, and the peak was at 48 h. LY294002 significantly abolished the
P-Akt effects of exogenous CCL19. These results suggest that CCL19/CCR7 contributes to the migration of BMSCs

by upregulating MMP9 potentially via the PI3K/Akt pathway.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) have multiple
differentiation potentials with self-renewal capabilities and can
be differentiated into many tissue-specific lineages, including oste-
oblasts, chondroblasts, adipocytes and others [1]. For example,
BMSCs successfully enhances recovery of motor function after
lacunar stroke in rats [2]. Therefore, it is promising to exploit the
broad differentiation potential of BMSCs for the therapeutic treat-
ment of many human diseases. However, it has been suggested
that the repair efficiency is limited [3]. The main reason could be
that only a small proportion of the implanted BMSCs migrate to
the injured tissues and play the role there.

Chemokines and chemokine receptors have an important role
in the control of cellular proliferation and migration. Chemokines
are small, secreted molecules that signal through G-protein-
linked receptors. Chemokines can be made and secreted by many
different cell types, including tumor cells, tumor-infiltrating
immune cells and BMSCs. Chemokine receptor triggering results
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in the onset of complex intracellular signaling cascades leading
to cell polarization and migration towards the chemokine
source [4].

In addition, BMSCs have been shown to express CCR1, CCR7, and
CCR9 and three CXC chemokine receptors (CXCR4, CXCR5, and
CXCR6), someone suggested that several chemokine axes may
operate in BMSCS biology and may be important parameters in
the validation of cultured BMSCs intended for cell therapy [5].

The chemokine receptor CCR7 and its ligand CCL19 are thought
to play a central role in regulating migration of mature dendritic
cells (DCs) [6], and there is some evidence that CCR7 and its ligands
CCL19 are involved in the directional migration of various cells
[7,8], Phosphatidylinositol 3-kinase (PI3K) is one of the most
important signaling pathway affected by CCL19/CCR7 axes [9].
Although PI3K and its downstream target, AKT/protein kinase B
(PKB), have been shown to play a critical role in promoting matu-
ration, migration, and survival of various cells [10,11], CCL19/CCR7
axis in BMSCs migration via PI3K/Akt has not been addressed until
the present study.

To investigate whether CCL19 activation enhances BMSCs
migration, we treated BMSCs in vitro with CCL19. In addition, we
examined mechanisms by which MMP9 is taken up in BMSCs,
and assessed the involvement of PI3K/Akt in CCL19-mediated cell
migration.
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2. Materials and methods
2.1. Cell culture

The cell strain of Sprague-Dawle (SD) Rat BMSCs was purchased
from the Cyagen Corporation as previously described [12]. The
BMSCs lots were positive for CD90, CD29 and CD44, for negative
expression of CD11, CD34 and CD45, and for their ability to differ-
entiate into the osteogenic, chondrogenic and adipogenic lineage
which were tested by the providing company. Cultivation of BMSCs
in our experiments was performed using DMEM/F12 (Hyclone, CA,
USA) containing 10% fetal bovine serum (FBS) and 1% antibiotic/
antimycotic solution (Gibco). BMSCs cultured to passage 5 or
below were used for the following experiments.

2.2. Immunofluorescent detection of CCR7 in rat BMSCs

CCR7 expression and localization was performed using the
immunofluorescence method as described [13]. The cells were fixed
in 4% paraformaldehyde for 10 min on ice and then cell membranes
were ruptured with 0.2% Triton at room temperature for 20 min,
and nonspecific antigen-binding sites were blocked by 5% BSA for
30 min. The cells were then incubated overnight at 4 °C with anti-
CCR7 antibodies (Abcam, USA, 1: 200). On day 2, slides were incu-
bated for 1 h with fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibodies (1:1000, Santa Cruz) as well as with 0.5 pg/ml
bisbenzimide dye (Hoechst No. 33342) for nuclear counterstaining.
The cell morphology was analyzed with an inverted microscope
(Nikon TE2000-S Eclipse) at x400 magnification.

2.3. Cell migration assay

Cell migration was performed by the Transwell assay as previ-
ously described [14] using the Costar Transwell chamber system
(24 well, 8 um pore size, Corning life science, Lowell, MA). After
different concentrations of rat recombinant CCL19 (Minneapolis,
MN, USA) were added to the lower chamber, 1 x 10° BMSCs sus-
pended in 100 uL DMEM/F12, were loaded into the upper wells
and allowed to migrate for 24 h. For migratory inhibition experi-
ments, cells were preincubated with LY294002 (Sigma, St. Louis,
MO, USA) at 20 uM for 1 h. The respective inhibitor of LY294002
were also added to the medium in the upper and lower compart-
ments in the same concentrations. After incubation at 37 °C and
5% CO, for 24 h, nonmigratory cells on the upper membrane were
removed with a cotton swab, and stained with 1% crystal violet
(Sigma) for 30 min, the number of cells that had migrated through
to the underside of the insert membranes was calculated by count-
ing at least five random separate fields (200-fold magnification).

2.4. Western blot analysis

Semiquantitative analysis of proteins was performed by Wes-
tern blotting as described previously [15]. After treatment with
CCL19 (100 ng/ml) for 24 h, cells were extracted with RIPA lysis
buffer including protease inhibitors. Aliquots, each containing
40 pg protein, were separated by 10% SDS-polyacrylamide gel.
The proteins were then transferred to nitrocellulose membrane
and incubated overnight at 4 °C with following antibodies: rabbit
anti-rat P-Akt, Akt (Santa Cruz, CA) at 1:1000, and MMP9 (Protein-
tech, USA) monoclonal antibody was used at 1: 200 dilution as pri-
mary dilution; and anti-B-actin antibody (Santa Cruz, USA) was
used at 1:1000 as primary dilution overnight at 4 °C, followed by
HRP-conjugated secondary antibodies (Abcam, MA, USA) at 1:
5000 for 2 h at room temperature. Signals were detected by using
an ECL Western blotting kit, and proteins were visualized using the
enhanced chemiluminescence plus system.

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA was extracted from BMSCs with TRIZOL reagent
according to the manufacturer’s instructions (Takara Bio Inc.,
Tokyo, Japan). Forward and reverse primers were based on pub-
lished reports [16].B-actin F: 5-ATATCGCTGCGCTCGTCGTC-3/,
R:5'-CCTTGGGTCAGGTTTAGAG-3’, the B-actin amplicon length
was 174 bp. MMP9 F: 5-CTGCGTATTTCCATTCAT-3’, R: 5'-CCTT
GGGTCAGGTTTAGAG-3'. The MMP9 amplicon length was 496 bp.
The following conditions were used: 95 °C for 30s, 95 °C for 55
for 40 cycles and 60 °C for 30 s. The reliability of PCR results was
supported by analyzing the dissociation curve. Real-time PCR data
were calculated using the 2~2AT method on the SDS 2.4 software
package.

2.6. Transfection of BMSCs with small interfering RNA (siRNA)

RNA interference (RNAi) technology was used to generate spe-
cific knockdowns of CCR7 transcription in BMSCs. BMSCs were pla-
ted onto 6 cm? cell culture dishes and grown to 30-50% confluence
after 24 h of incubation and then the lentiviral transduction was
performed. The CCR7 siRNA-specific targeting sequence was
5-GCTTCTGCCAAGATGAGGTCA-3’, and scrambled oligonucleo-
tides (5’-TTCTCCGAACGTGTCACGTTTC-3’) (Genepharma, Shanghai,
China) was used as a negative control (NC). The CCR7 mimics and
the scrambled oligonucleotide were diluted in DMEM/F12 at a final
multiplicity of infection (MOI) of 100. Efficiencies of siCCR7 and
non-silencing control siRNA were tested using Western blot.

2.7. Statistical analyses

Data are presented as mean # SD. Statistically significant differ-
ences were evaluated using the Student’s t test when two groups
were compared and with One-way ANOVA when three or more
groups were compared. One-way ANOVA test followed by Bonfer-
roni’s multiple comparison tests was applied with SPSS version
19.0. A P value <0.05 was considered statistically significant.

3. Results
3.1. Immunofluorescence

As shown in Fig. 1A, almost 100% of BMSCs expressed CCL19
receptor CCR7. The results confirmed that CCR7 was highly
expressed in BMSCs, and suggested that CCR7 might play a role
in the migration of the BMSCs.

3.2. CCL19/CCR7 promotes migration of BMSCs in vitro

According to the experiment of transwell, few migrated cells
were found in control group (7.11 + 1.17); at 100 ng/mL concentra-
tions CCL19 significantly promoted cell migration, compared with
50 ng/mL concentrations (19.11+6.70 versus 38.33+5.85,
P<0.01) (Fig. 1B), specially, the number of migrated cells signifi-
cantly increased at the dose of 100 and 200 ng/mL compared to
control (Fig. 1B), while there were no significant difference
between 100 ng/mL and 200 ng/mL concentrations. (38.33 £ 5.85
versus 41.10 £ 2.33, P> 0.05). Therefore, at 100 ng/mL concentra-
tion CCL19 was used in the following experiment.

3.3. Downregulation of CCR7 attenuated BMSCs migration

To investigate the role of CCR7 in the functioning of BMSCs,
CCR7 activation and inhibition were induced with exogenous
CCL19 and with CCR7 siRNA, respectively. After transfection with
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Fig. 1. Expression of CCR7 and in vitro migration of BMSCs. (A) Immunofluorescence stain of the BMSCs, which were stained with anti-CCR7 antibodies, demonstrated the
existence of CCR7 protein (green) in the rat BMSCs, Hoechst No. 33342 staining was used to identify the nuclei (blue). (magnification = x400). Scale bar = 100 pm. (B)
Representative images of transmigrated BMSCs expressing CCR7 in response to CCL19 at concentrations of 0, 50, 100, or 200 ng/mL in transwell assay. Average number of cells
migrated in transwell migration assay counted in 200x magnification field. Results are mean  SD of five different fields from 3 independent experiments. **P < 0.01,
compared with control cells (CCL19 = 0). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. CCR7 knock-downs in BMSCs: (A) BMSCs were transfected with control siRNA or CCR7 siRNA (siCCR7). After transfection, the expression of CCR7 protein was evaluated
using Western blot and compared to untransfected BMSCs. Each bar represents the mean * SD of three independent experiments. *P < 0.05, **P < 0.01, compared with control
cells. (B) BMSCs were transfected with CCR7 siRNA and treated with CCL19 (100 ng/mL) for 24 h, average number of cells migrated in transwell migration assay counted in
200x magnification field. Results are mean * SD of five different fields from 3 independent experiments. *P < 0.05, **P < 0.01, compared with control cells.

CCR7 siRNA (siCCR7) or control siRNA, the expression of CCR7 was In a next step we used RNAIi to elucidate the role of constitu-
evaluated using Western blot. As determined by Western blot 48 h tively expressed CCR7 in the migratory capability of BMSCs. For
after transfection, we achieved knock-down efficiencies of 90% for this purpose, BMSCs carrying specific CCR7 knock-downs were
CCR7 when compared with control siRNA (Fig. 2A). applied in the Transwell assay and analyzed for their migratory
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potential. We found that the CCL19/CCR7 interaction significantly
promoted cell migration, whereas siCCR7 significantly abrogated
the action of CCL19 (Fig. 2B). siCCR7 alone had no significant effect
on cell migration, compared with control cells. These results indi-
cate that CCR7 is essential for the migration of BMSCs.

3.4. CCL19/CCR7 induced MMP 9 expression and Akt phosphorylation
in BMSCs

Next, we investigated whether the cytokines CCL19 influenced
the expression of MMP-9 in BMSCs. As shown in Fig. 3A, the
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CCL19/CCR7 interaction significantly upregulated the expression
of P-Akt and MMP9 at 12, 24 and 48 h, whereas there was no signif-
icant impact on the expression of Akt, induction with CCL19 for 24 h
and 48 h increased over two and threefold in the P-Akt protein
expression, and increased MMP9 protein expression by three and
fivefold compared with control, respectively. In concordance with
the protein data, as shown in Fig. 3B compared with control cells,
the CCL19/CCR7 interaction significantly upregulated the mRNA lev-
els of MMPO. After transfection with CCR7 siRNA, as shown in Fig. 3C
and D, siCCR7 significantly abrogated the effects of CCL19, whereas
siCCR7 alone had no significant effect on MMP9 expression.
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Fig. 3. Activation of Akt and MMP9 induced by CCL19. BMSCs were treated with CCL19 (100 ng/mL) for 12, 24, or 48 h, the protein levels of total Akt, P-Akt and MMP9 were
measured by Western blot (A) and the mRNA levels of MMP9 were estimated using real-time PCR (B). The results are mean * SD of expression relative to B-actin. *P < 0.05,
**P < 0.01 versus corresponding control BMSCs were transfected with CCR7 siRNA and treated with CCL19 (100 ng/mL) for 24 h, and the protein (C) and mRNA (D) levels of
MMP9 were estimated using Western blot and real-time PCR. Each bar represents the mean + SD of three independent experiments. *P < 0.05, **P < 0.01 versus corresponding

control.
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These results indicate that CCL19/CCR7 upregulated MMP9
expression, siCCR7 abrogated the effects of CCL19.

3.5. LY294002 attenuated MMP9 expression and BMSCs migration

To verify whether LY294002, the specific inhibitor of PI3K/Akt,
can abolish the effects of CCL19/CCR7 on the expression of P-Akt
and MMP9 of BMSCs, the protein levels were measured by Western
blot. As shown in Fig. 4A, after cells were pre-incubated with
LY294002 for 1 h, the protein levels were measured by Western
blot. LY294002 abolished the influence of CCL19/CCR7 on the
expression of P-Akt and MMP9, the interaction between P-Akt
and MMP9 was salient. In addition, LY294002 alone had a signifi-
cant inhibitory effect on the expression of P-Akt and MMP9. The
interaction between P-Akt and MMP9 was weakened in response
to LY294002 exposure.

Furthermore, we performed cell migration assays adding CCL19
(100 ng/mL) as chemoattractant into the lower compartment of
the Transwell chamber in the presence or absence of LY294002
(20 uM). As shown in Fig. 4B, according to the experiment of trans-
well, migrating cells achieved the most at 100 ng/ml CCL19 in
BMSCs, and the amount was decreased by 80% after cells were
pre-incubated with LY294002. This indicates that blocking PI3K/
Akt with LY294002 in BMSCs significantly attenuated CCL19-
induced BMSC migration.

These data indicated that the CCL19/CCR7 axis, along with
MMP9, regulates BMSC migration through PI3K/Akt pathway.
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4. Discussion

BMSCs have an important role in many physiological and path-
ological procedures. Culturing BMSCs is now a well-established
procedure and has been used for various studies, especially in cell
proliferation, migration and differentiation studies in vitro [17].
But the migratory behavior of BMSCs is a critical clinical problem.
In this study, we outline the roles of CCL19 in BMSCs migration and
provide mechanistic explanations. CCL19 directly recruits the
BMSCs and enhances the chemotaxis of BMSCs to CCL19 via acti-
vating PI3K/Akt pathways.

To clarify the biological effects of CCL19 on BMSCs migration,
we exposed the cells to CCL19 at different concentrations, and
examined the mRNA and protein expression of MMP9 and P-Akt.
Our results showed that both the mRNA and protein levels of
MMP9 and P-Akt were upregulated by CCL19 in a time-dependent
manner. The peak were at 48 h. The P-Akt and MMP9 genes highly
expressed in BMSCs under CCL19 stimulation, it indicated that
CCL19 stimulation upregulated the expressions of invasion/metas-
tasis associated gene, and further changed the migration ability of
BMSCs. Inhibition of CCR7 expression in BMSCs significantly
decreases BMSC migration.

Chemokines are important factors controlling cellular migra-
tion. CCR7, which mediates the survival and migration of immune
cells to lymph nodes, has recently been associated with nodal
metastasis of squamous cell carcinomas of the head and neck
(SCCHN) [18]. Several studies have documented that the activation
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Fig. 4. Effect of PI3K/Akt inhibitors LY294002 on the expression of P-Akt, MMP9 and cell migration (A) The protein levels of P-Akt, Akt and MMP9 were measured in BMSCs
pre-treated with LY294002 for 1 h followed by the challenge with 100 ng/ml CCL19 for 24 h, the protein levels of total Akt, P-Akt and MMP9 were measured by Western blot.
The results are mean * SD of expression relative to B-actin. *P < 0.05, **P < 0.01 versus corresponding control .(B) BMSCs was pre-incubated with or without LY294002 for 1 h,
followed by the stimulation with CCL19 at 100 ng/ml for 24 h. Average number of cells migrated in transwell migration assay counted in 200x magnification field. Results are
mean = SD of five different fields from 3 independent experiments. *P < 0.05 compared with control, **P < 0.05 compared with CCL19 group.
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of CCR7 is responsible for promoting migration of certain cancer
cell lines, others have reported that CCR7 may increase the phos-
phorylation of Akt, which are related to cell survival and migration
[19-22].

In this study, we showed that expression of CCR7 induced by
CCL19 promoted the expression of MMP9 as well as migration of
BMSCs and that inhibited by LY294002 resulted in decreased
MMP9 expression and BMSCs migration. These results suggested
a possible role of CCR7 in mediating MMP9 expression. Interest-
ingly, LY294002 exposed down-regulation of MMP9 expression in
BMSCs. As such, 20 uM LY294002 resulted in an approximate
60% decrease in the expression of MMP9 in BMSCs. These effects
were abolished by the PI3K/Akt inhibitor LY294002, which is a
potent and reversible inhibitor of PI3k activity by inhibiting ATP
binding site of the enzyme and casein kinase II. All of above indi-
cated that the effects result from specific activation of CCL19/
CCR7 axes. The same phenomenon was also reported in head and
neck cancer cells [19].

Matrix metalloproteinases (MMPs) are a family of highly
homologous zinc-dependent endopeptidases that digest compo-
nents of the extracellular matrix (ECM) as well as non-matrix pro-
teins [23]. Twenty-eight members of the MMPs have been
identified. Each MMP interacts specifically with certain elements
of the ECM, MMPs are implicated in a wide range of diverse path-
ological processes that include atherosclerosis, arthritis, cancer,
and neurodegeneration [24,25]. Among these proteases, MMP-9
(gelatinase B) plays a more specific role in cell migration. The first
research on the relationship between CCR7 and MMP9 was per-
formed by Redondo and colleagues [26]. Redondo showed that
MMP9 was regulated by the ligand of CCR7, and MMP-9 was
involved in B-cell chronic lymphocytic leukemia nodal infiltration.

Our results showed that, CCL19 induction led to an obvious
increase in phosphorylated Akt and MMP9 in rBMSCs. However,
LY294002 inhibited PI3K/Akt expression in BMSCs decreases
BMSCs migration. This show that CCL19-induced activation of
PI3K/Akt pathway significantly enhanced the migration indexes
of BMSCs and these effects were blocked by PI3K/Akt inhibitor,
LY294002. Thus, the interaction of CCL19/CCR7 likely controls the
migration of BMSCs, and suggest that PI3K/Akt pathway is involved
in regulation of rBMSCs migration.

AKT is an important cellular kinase involved in cell differentia-
tion and migration [27]. Increased PI3K/Akt activation reportedly
changes the migratory activity and invasiveness of cells [28], Han
et al. [29] confirm that the PI3K/Akt pathway contributed signifi-
cantly to the process in the activation of MMP-9 secretion. While
the effect of CCL19/CCR7 axes on PI3K/AKkt activation was observed
in cancer cells, the present study is the first to report the effects of
CCL19/CCR7 axes on PI3K/Akt activation in BMSCs.

Several obstacles to clinical application of BMSCs, such as poor
cell vitality in culture and inadequate numbers for transplantation,
exist for the use of BMSCs in therapy [30]. Several methods such as
pretreatment with growth factors or hypoxia were applied to mod-
ify the BMSCs before transplantation to overcome these limitations
[31]. However, someone demonstrated that BMSCs combined with
hepatocyte growth factor (HGF) has no superior to only BMSCs
transplantation [32]. Chemokines including CCR7 may prove useful
to enhance BMSC migration capacity during early events in
transplantation.

In summary, to the best of our knowledge, this is the first report
showing enhanced migration by CCL19 activation in BMSCs. This
study suggests that activation of CCR7 with CCL19 can significantly
promote migration of rat BMSCs in a dose-dependent manner
involving increasing the expression of MMP9, possibly via the
PI3K/Akt pathway. These results provide an important insight into
the cellular mechanisms by which CCL19 influences cell migration.

Funding

This work was supported by National Nature Science
Foundation of China (81070971).

References

[1] M.F. Pittenger, A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, ].D. Mosca, M.A.
Moorman, D.W. Simonetti, S. Craig, D.R. Marshak, Multilineage potential of
adult human mesenchymal stem cells, Science 284 (1999) 143-147.

[2] Hideo Shichinohe, Tomohiro yamauchi, Hisayasu Saito, Kiyohiro Houkin,
Satoshi Kuroda, Bone marrow stromal cell transplantation enhances recovery
of motor function after lacunar stroke in rats, Acta Neurobiol. Exp. 73 (2013)
354-363.

[3] J. Hoffmann, AJ. Glassford, T.C. Doyle, R.C. Robbins, S. Schrepfer, M.P. Pelletier,
Angiogenic effects despite limited cell survival of bone marrow-derived
mesenchymal stem cells under ischemia, Thorac. Cardiovasc. Surg. 58 (2010)
136-142.

[4] M. Thelen, J.V. Stein, How chemokines invite leukocytes to dance, Nat.
Immunol. 9 (2008) 953-959.

[5] M. Honczarenko, Y. Le, M. Swierkowski, I. Ghiran, A.M. Glodek, L.E. Silberstein,
Human bone marrow stromal cells express a distinct set of biologically
functional chemokine receptors, Stem Cells 24 (2006) 1030-1041.

[6] y. yanagawa, K. Onoé, CCL19 induces rapid dendritic extension of murine
dendritic cells, Blood 100 (2002) 1948-1956.

[7] B. Nakata, S. Fukunaga, E. Noda, R. Amano, N. Yamada, K. Hirakawa, Chemokine
receptor CCR7 expression correlates with lymph node metastasis in pancreatic
cancer, Oncology 74 (2008) 69-75.

[8] M. Kochetkova, S. Kumar, S.R. McColl, Chemokine receptors CXCR4 and CCR7
promote metastasis by preventing anoikis in cancer cells, Cell Death Differ. 16
(2009) 664-673.

[9] Hong Yang, Rong-Zeng Du, Jian-Ping Qiu, Yong-Qing Tang, Shi-Chao Chen,
Bisoprolol reverses epinephrine-mediated inhibition of cell emigration
through increases in the expression of p-arrestin 2 and CCR7 and PI3K
phosphorylation, in dendritic cells loaded with cholesterol, Thromb. Res. 131
(2013) 230-237.

[10] K.M. Ardeshna, A.R. Pizzey, S. Devereux, A. Khwaja, The PI3 kinase, p38 SAP
kinase, and NF-kappaB signal transduction pathways are involved in the
survival and maturation of lipopolysaccharide-stimulated human monocyte-
derived dendritic cells, Blood 96 (2000) 1039-1046.

[11] D. Park, N. Lapteva, M. Seethammagari, K.M. Slawin, D.M. Spencer, An essential
role for Aktl in dendritic cell function and tumor immunotherapy, Nat.
Biotechnol. 24 (2006) 1581-1590.

[12] Y. Chen, L. Cong, X. Yin, B. Dong, Y. Han, G. Tu, The culture of temporary tumor-
like bone marrow mesenchymal stem cells (TT-BMSC) and the detection of cell
biology property, Ann. Transplant. 16 (2011) 49-58.

[13] X. Xu, F. Zhu, M. Zhang, D. Zeng, D. Luo, G. Liu, W. Cui, S. Wang, W. Guo, W.
Xing, H. Liang, L. Li, X. Fu, ]. Jiang, H. Huang, Stromal cell-derived factor-1
enhances wound healing through recruiting bone marrow-derived
mesenchymal stem cells to the wound area and promoting
neovascularization, Cells Tissues Organs 197 (2013) 103-113.

[14] J. Yu, M. Li, Z. Qu, D. Yan, D. Li, Q. Ruan, SDF-1/CXCR4-mediated migration of
transplanted bone marrow stromal cells toward areas of heart myocardial
infarction through activation of PI3K/Akt, ]. Cardiovasc. Pharmacol. 55 (2010)
496-505.

[15] Y. Xu, L. Liu, X. Qiu, L. Jiang, B. Huang, H. Li, Z. Li, W. Luo, E. Wang, CCL21/CCR7
promotes G2/M phase progression via the ERK pathway in human non-small
cell lung cancer cells, PLoS One 6 (2011) e21119.

[16] Tingjun Li, Jin Zhu, Kuansheng Ma, Nianzhou Liu, Kai Feng, Xiaowu Li,
Shuguang Wang, Ping Bie, Autologous bone marrow-derived mesenchymal
stem cell transplantation promotes liver regeneration after portal vein
embolization in cirrhotic rats, J. Surg. Res. 84 (2013) 1161-1173.

[17] C. Bourzac, L.C. Smith, P. Vincent, G. Beauchamp, J.P. Lavoie, S. Laverty,
Isolation of equine bone marrow-derived mesenchymal stem cells: a
comparison between three protocols, Equine Vet. J. 42 (2010) 519-527.

[18] J. Wang, L. Xi, W. Gooding, T.E. Godfrey, R.L. Ferris, Chemokine receptors 6 and
7 identify a metastatic expression pattern in squamous cell carcinoma of the
head and neck, Adv. Otorhinolaryngol. 62 (2005) 121-133.

[19] J. Wang, X. Zhang, S.M. Thomas, J.R. Grandis, A. Wells, Z.G. Chen, R.L. Ferris,
Chemokine receptor 7 activates phosphoinositide-3 kinase-mediated invasive
and prosurvival pathways in head and neck cancer cells independent of EGFR,
Oncogene 24 (2005) 5897-5904.

[20] N. Sanchez-Sanchez, L. Riol-Blanco, G. de la Rosa, A. Puig-Kroger, J. Garcia-
Bordas, D. Martin, N. Longo, A. Cuadrado, C. Cabafias, A.L. Corbi, P. Sanchez-
Mateos, J.L. Rodriguez-Fernandez, Chemokine receptor CCR7 induces
intracellular signaling that inhibits apoptosis of mature dendritic cells, Blood
104 (2004) 19-25.

[21] C. Escribano, C. Delgado-Martin, J.L. Rodriguez-Fernandez, CCR7-dependent
stimulation of survival in dendritic cells involves inhibition of GSK3beta, ].
Immunol. 183 (2009) 6282-6295.

[22] N. Iijima, Y. Yanagawa, .M. Clingan, K. Onoé, CCR7-mediated c-Jun N-terminal
kinase activation regulates cell migration in mature dendritic cells, Int.
Immunol. 17 (2005) 1201-1212.


http://refhub.elsevier.com/S0006-291X(14)01361-8/h0005
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0005
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0005
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0010
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0010
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0010
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0010
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0015
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0015
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0015
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0015
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0020
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0020
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0025
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0025
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0025
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0030
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0030
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0035
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0035
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0035
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0040
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0040
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0040
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0045
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0045
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0045
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0045
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0045
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0050
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0050
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0050
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0050
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0055
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0055
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0055
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0060
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0060
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0060
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0065
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0065
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0065
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0065
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0065
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0070
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0070
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0070
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0070
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0075
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0075
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0075
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0080
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0080
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0080
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0080
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0085
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0085
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0085
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0090
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0090
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0090
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0095
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0095
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0095
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0095
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0100
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0100
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0100
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0100
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0100
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0105
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0105
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0105
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0110
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0110
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0110

228 W. Zhang et al./Biochemical and Biophysical Research Communications 451 (2014) 222-228

[23] S. Swarnakar, S. Paul, L.P. Singh, R.J. Reiter, Matrix metalloproteinases in health
and disease: regulation by melatonin, J. Pineal Res. 50 (2011) 8-20.

[24] M.D. Sternlicht, Z. Werb, How matrix metalloproteinases regulate cell
behavior, Annu. Rev. Cell Dev. Biol. 17 (2001) 463-516.

[25] R. Visse, H. Nagase, Matrix metalloproteinases and tissue inhibitors of
metalloproteinases: structure, function, and biochemistry, Circ. Res. 92
(2003) 827-839.

[26] J. Redondo-Mufioz, M. José Terol, J.A. Garcia-Marco, A. Garcia-Pardo, Matrix
metalloproteinase-9 is up-regulated by CCL21/CCR7 interaction via
extracellular signal-regulated kinase-1/2 signaling and is involved in CCL21-
driven B-cell chronic lymphocytic leukemia cell invasion and migration, Blood
111 (2008) 383-386.

[27] Y.C. Ou, CR. Yang, C.L. Cheng, S.L. Raung, Y.Y. Hung, CJ. Chen, Indomethacin
induces apoptosis in 786-0 renal cell carcinoma cells by activating mitogen-
activated protein kinases and AKT, Eur. ]. Pharmacol. 563 (2007) 49-60.

[28] N.K. Saxena, D. Sharma, X. Ding, S. Lin, F. Marra, D. Merlin, F.A. Anania,
Concomitant activation of the JAK/STAT, PI3K/AKT, and ERK signaling is
involved in leptin-mediated promotion of invasion and migration of
hepatocellular carcinoma cells, Cancer Res. 67 (2007) 2497-2507.

[29] S.Han, ].D. Ritzenthaler, S.V. Sitaraman, J. Roman, Fibronectin increases matrix
metalloproteinase 9 expression through activation of c-Fos via extracellular-
regulated kinase and phosphatidylinositol 3-kinase pathways in human lung
carcinoma cells, J. Biol. Chem. 281 (2006) 29614-29624.

[30] C. Toma, M.F. Pittenger, K.S. Cahill, BJ. Byrne, P.D. Kessler, Human
mesenchymal stem cells differentiate to a cardiomyocyte phenotype in the
adult murine heart, Circulation 105 (2002) 93-98.

[31] M. Gnecchi, H. He, N. Noiseux, O.D. Liang, L. Zhang, F. Morello, H. Mu, L.G. Melo,
R.E. Pratt, ].S. Ingwall, V.J. Dzau, Evidence supporting paracrine hypothesis for
Akt-modified mesenchymal stem cell-mediated cardiac protection and
functional improvement, FASEB ]. 20 (2006) 661-669.

[32] ZJ. Yang, D.C. Ma, W. Wang, S.L. Xu, Y.Q. Zhang, B. Chen, F. Zhou, T.B. Zhu, L.S.
Wang, Z.Q. Xu, FM. Zhang, KJ. Cao, W.Z. Ma, Experimental study of bone
marrow-derived mesenchymal stem cells combined with hepatocyte growth
factor transplantation via noninfarct-relative artery in acute myocardial
infarction, Gene Ther. 13 (2006) 1564-1568.


http://refhub.elsevier.com/S0006-291X(14)01361-8/h0115
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0115
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0120
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0120
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0125
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0125
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0125
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0130
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0130
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0130
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0130
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0130
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0135
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0135
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0135
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0140
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0140
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0140
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0140
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0145
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0145
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0145
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0145
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0150
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0150
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0150
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0155
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0155
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0155
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0155
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0160
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0160
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0160
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0160
http://refhub.elsevier.com/S0006-291X(14)01361-8/h0160

	Matrix metalloproteinase-9 is up-regulated by CCL19/CCR7 interaction via PI3K/Akt pathway and is involved in CCL19-driven BMSCs migration
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Immunofluorescent detection of CCR7 in rat BMSCs
	2.3 Cell migration assay
	2.4 Western blot analysis
	2.5 Quantitative real-time polymerase chain reaction (qRT-PCR)
	2.6 Transfection of BMSCs with small interfering RNA (siRNA)
	2.7 Statistical analyses

	3 Results
	3.1 Immunofluorescence
	3.2 CCL19/CCR7 promotes migration of BMSCs in vitro
	3.3 Downregulation of CCR7 attenuated BMSCs migration
	3.4 CCL19/CCR7 induced MMP 9 expression and Akt phosphorylation in BMSCs
	3.5 LY294002 attenuated MMP9 expression and BMSCs migration

	4 Discussion
	Funding
	References


