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Clusterin induces the expression of various chemotactic cytokines including tumor necrosis factor-a
(TNF-a) in macrophages and is involved in the cell migration. According to the results of this study, clus-
terin induced the directional migration (chemotaxis) of macrophages based on a checkerboard analysis.
The chemotactic activity of clusterin was prevented by pretreatment with pertussis toxin (PTX), indicat-
ing that the Gai/o-protein coupled receptor (GPCR) was involved in the chemotactic response of clusterin.
Clusterin-stimulated chemotaxis was abrogated in a dose-dependent manner by pretreatment with gal-
lein (a Gbc inhibitor), indicating the involvement of Gbc released from the GPCR. In addition, inhibitors of
phospholipase C (PLC, U73122) and phosphoinositide 3-kinase (PI3K, LY294002), the key targets of Gbc

binding and activation, suppressed chemotactic migration by clusterin. The phosphorylation of Akt
induced by clusterin was blocked by pretreatment with gallein or LY294002 but not with U73122, indi-
cating that Gbc released from the PTX-sensitive Gi protein complex activated PLC and PI3K/Akt signaling
pathways separately. The activation of cellular MAP kinases was essential in that their inhibitors blocked
clusterin-induced chemotaxis, and Gbc was required for the activation of MAP kinases because gallein
reduced their phosphorylations induced by clusterin. In addition, the inflammation-induced migration
of macrophages was greatly reduced in clusterin-deficient mice based on a thioglycollate-induced peri-
tonitis model system. These results suggest that clusterin stimulates the chemotactic migration of mac-
rophages through a PTX-sensitive GPCR and Gbc-dependent pathways and describe a novel role of
clusterin as a chemoattractant of monocytes/macrophages, suggesting that clusterin may serve as a
molecular bridge between inflammation and its remodeling of related tissue by recruiting immune cells.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Clusterin is a secreted multifunctional glycoprotein expressed
ubiquitously in a wide variety of tissues [1,2]. This disulfide-linked
glycoprotein has been implicated in diverse age-related diseases
such as neurodegenerative diseases, atherosclerosis, and tumor
progression [3,4]. In addition, clusterin is dramatically increased
in the involuting mammary gland after weaning [5], in the regress-
ing ventral prostate [6], and in ventricular myocytes during myo-
sin-induced myocarditis [7], presumably as a protective
mechanism from tissue damage. Most of the aforementioned path-
ological conditions in which clusterin has been implicated are
characterized by increased oxidative stress and chronic inflamma-
tion. The intriguing multifunctions of clusterin have been found to
depend mainly on the existence of secretory glycosylated and
intracellular nonglycosylated forms and their cellular location
[8]. The secretory glycosylated form of clusterin has been exten-
sively studied as a major protein, and it is generally accepted to
play an important role in the cytoprotection of cells from oxidative
injury through a small heat shock protein-like stress-induced
chaperone activity [9]. However, no study has examined clusterin’s
functions except for its extracellular chaperone activity.

Monocytes/macrophages are predominant immune cells that
infiltrate areas of inflammation, and macrophages are generally be-
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lieved to play important roles in the elimination of invading patho-
gens, tissue remodeling, and metastasis by secreting various
growth factors, proteases, and cytokines [10,11]. Resident macro-
phages in tissues are derived mainly from circulating blood mono-
cytes, and their migration is known to be mediated by a number of
chemotactic cytokines [12]. The upregulation of clusterin in tissues
with inflammatory processes has led to the hypothesis that clus-
terin functions as an immune modulator for the recruitment and
activation of macrophages in tissues when the degradation of the
extracellular matrix (ECM), the secretion of cytokines, and cell
migration occur actively. Indeed, clusterin has been demonstrated
to induce and activate matrix metalloproteinase-9 expression in
macrophages [13]. In addition, clusterin has been shown to upreg-
ulate the expressions of chemotactic cytokines including tumor
necrosis factor-a (TNF-a), monocyte chemotactic protein-1
(MCP-1), and macrophage inflammatory protein-1b (MIP-1b) in
Raw264.7 cells [14], which are all known chemoattractants of mac-
rophages [15,16]. Further, clusterin-induced TNF-a secretion has
been found to play a critical role in the migration of Raw264.7
macrophages [14], although the involvement of other chemokines
in clusterin-enhanced macrophage migration cannot be ruled out.
These findings indicate a need to investigate whether the observed
migration by clusterin is based on chemotactic activity by the gra-
dient of clusterin itself or the enhanced movement in all directions
by clusterin-induced cell activation and to determine which signal-
ing pathways are involved.

2. Materials and methods

2.1. Reagents and antibodies

The PLC inhibitor U73122 or its inactive analog U73343 and
pertussis toxin (PTX) obtained from TOCRIS Bioscience (Ellisville,
MS) were used. PD98059, SB202190, SP600125, and LY294002
were from Calbiochem (San Diego, CA), and antibodies against
ERK1/2, p38, JNK, Akt total proteins or the corresponding phos-
pho-specific antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA).

2.2. Cell culture

Murine macrophage cell lines Raw 264.7 and J774A.1, human
peripheral blood monocytes, and mouse peritoneal macrophages
were grown in an appropriate medium as described earlier [13].

2.3. Purification of clusterin

Clusterin was purified as previously described [13].

2.4. Thioglycollate-induced peritonitis

Thioglycollate-elicited peritoneal macrophages were obtained
from specific pathogen-free male C57BL/6 mice (Orient Bio, Korea)
as previously described [13].

2.5. Transwell filter assay

Cell migration was assessed as previously described [14]. Cell
numbers were assessed by counting the number of migrated cells
in five random microscopic fields per well.

2.6. Checkerboard analysis

A checkerboard analysis was conducted in a 24-well transwell
plate by using polycarbonate filters with 8-lm pores (Becton Dick-
inson, CA). J774A.1 cell suspension (4 � 105 cells/ml) in serum-free
RPMI1640 was added to the upper chamber. Clusterin (1–25 lg/
ml) was added to the bottom chamber, to the upper chamber con-
taining the cell suspension, and to both chambers to set positive,
negative, and zero gradients, respectively. After 4 h incubation at
37 �C in a humidified incubator containing 5% CO2, migrated cells
attaching to the lower surface of the filter were fixed with 4% para-
formaldehyde for 5 min and stained with 0.1% crystal violet for
15 min. For each sample, cells in three randomly picked fields un-
der were counted.

2.7. Western blot analysis

Western blot assays were conducted under standard conditions
as described previously [13], using appropriate antibodies (pERK1/
2, p38, JNK, and Akt).

2.8. Statistical analysis

All values in the figures represent the mean ± S.D. Data were
analyzed through the one-way analysis of variance (ANOVA), fol-
lowed by a post hoc Dunnett’s t-test for multiple comparisons. Val-
ues of p < 0.05 were considered significant.
3. Results

3.1. Clusterin induced the chemotactic migration of monocytes/
macrophages in vitro

Previous research has found that clusterin upregulates the
expression of various chemokines such as TNF-a and can induce
the migration of Raw264.7 macrophages. In addition, clusterin-in-
duced TNF-a has been found to sufficiently stimulate the migration
of macrophages [14]. Based on these findings, this study examines
whether the observed migration by clusterin is based on chemo-
taxis from the chemoattractant activity of clusterin or from clus-
terin-induced cell activation resulting in enhanced movements in
all directions. Clusterin’s ability to induce the migration of mono-
cytes/macrophages other than the Raw264.7 macrophage was
examined first. When cells were treated with clusterin, the cell
migration of human primary monocytes, mouse primary macro-
phages, the macrophage cell line J774A.1 as well as Raw264.7
was observed (Fig. 1A). In addition, J774A.1 cells migrated to the
lower side of the filter at 4 h after clusterin stimulation, whereas
Raw264.7 cells and primary monocytes and macrophages, at 12
and 24 h after stimulation, respectively. For this reason, a checker-
board analysis was conducted using J774A.1 macrophages by plac-
ing different concentrations of clusterin in lower and/or upper
compartments of the chemotaxis chamber. As shown in Fig. 1B,
J774A.1 cells migrated only when higher concentrations of cluster-
in were present in lower compartments. There was no increased
cell migration to the bottom side of the filter when higher concen-
trations of clusterin were placed in upper wells. These results indi-
cate that clusterin induced the directional chemotactic migration
of monocytes/macrophages, not chemokinesis.

3.2. A G-protein coupled receptor sensitive to pertussis toxin and Gbc-
dependent pathways were involved in clusterin-induced chemotaxis in
J774A.1 macrophages

Many chemoattractants activate GPCRs expressed on the sur-
face of migrating cells. In particular, the Gi family of a subunits
has been implicated in coupling chemokine and chemoattractant
receptors to leukocyte functions including chemotaxis [17]. PTX,
which inhibits Gi signaling, blocks chemotaxis and many other re-
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Fig. 1. Clusterin induced the chemotaxis of monocytes/macrophages. (A) Human blood monocyte, mouse peritoneal macrophage, and mouse macrophage cell lines (J774A.1
and Raw264.7) were treated with clusterin (3 lg/ml). Cells (4 � 105 cells/ml) were seeded in upper wells, and clusterin was added to lower wells to induce cell migration for
24 h (human blood monocytes and mouse peritoneal macrophages), 4 h (J774A.1), and 12 h (Raw264.7). (B) A checkerboard analysis of clusterin-induced macrophage
migration. J774A.1 macrophages were treated with various concentrations of clusterin (0–25 lg/ml) into upper and/or lower wells of transwell filters for 4 h. The degree of
migration was assessed by counting the number of migrated cells on the underside of the filter. Data are expressed as the mean fold induction of unstimulated cells from
experiments performed in triplicate.
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sponses to ligands that act on chemokine receptors [17]. Accord-
ingly, PTX’s ability to inhibit the clusterin-mediated chemotaxis
of J774A.1 cells was investigated. Cells were preincubated with
PTX (0–1 lg/ml) for 30 min and then exposed to clusterin in the
lower chamber, and cells migrating to the lower side of the filter
for 4 h were counted. The migration of J774A.1 cells by clusterin
was inhibited by the pretreatment of the cells with PTX in a
dose-dependent manner (Fig. 2A), which indicates that a Gai pro-
tein-coupled receptor was involved in the clusterin-mediated che-
motactic migration. GPCRs transmitted extracellular signals
through heterotrimeric G-proteins composed of Ga and Gbc sub-
units. Although both the Gai and Gbc subunits can activate down-
stream effectors, Gai itself is not required for chemotaxis
mediated by Gai-coupled receptors [18]. Instead, the release of
Gbc proteins on heterotrimeric Gi-protein complex activation gen-
erally believed to be involved in many of GPCR functions, including
chemotaxis [18–21]. To test the involvement of Gbc released from a
PTX-sensitive GPCR in clusterin-induced chemotaxis, cells were
pretreated with galleon (0–30 lM), which is a small molecule that
binds to G-protein bc subunits and inhibits interactions with
downstream targets required for chemotaxis [21]. As shown in
Fig. 2B, cell migration induced by clusterin was blocked in a
dose-dependent manner by gallein pretreatment. PTX (1 lg/ml)
or gallein (30 lM) almost inhibited clusterin-induced chemotaxis
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Fig. 2. Involvement of the GPCR in clusterin-induced macrophage chemotaxis. J774A.1
(PTX) (A) and gallein (B) for 30 min, and clusterin (3 lg/ml) was then added to lower wel
microscopic fields per well. (C) Representative photomicrographs are shown at 100�ma
performed in triplicate).
(Fig. 2C), but was not cytotoxic to cells after short-term treatment
in terms of cell viability after drug treatment. Taken together, these
results indicate that clusterin induced the chemotactic migration
of macrophages through a PTX-sensitive GPCR and Gbc-dependent
pathways.

3.3. Inhibitors of PI3K (LY294002) and PLC (U73122) attenuated the
chemotactic migration of J774A.1 cells induced by clusterin

Because the free Gbc subunit of the Gi-protein complex has been
shown to activate diverse effectors such as PI3K [22] and PLC [23],
the role of key targets of Gbc in the clusterin-stimulated chemo-
taxis of J774A.1 cells was examined. Cells were preincubated with
LY294002 or U73122 for 30 min and then exposed to clusterin in
the lower chamber. Here those cells migrating to the lower side
of the filter for 4 h were counted. Clusterin increased cell migration
relative to the PBS-treated control, and clusterin-stimulated che-
motaxis was abrogated in a dose-dependent manner by pretreat-
ment with LY294002 (0–20 lM) or wortmannin (Fig. 3A and C).
Similarly, clusterin-induced cell migration was suppressed by a
U73122 (125–500 nM) but not by U73343 as an inactive analog
of U73122 (Fig. 3B and C), indicating that the activation of PI3K
or PLC was required for cell migration by clusterin. The phosphor-
ylation of Akt, a PI3K substrate, was further examined by a Wes-
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Fig. 3. Effect of inhibitors of PI3K (LY294002, wortmannin) and PLC (U73122) on clusterin-induced macrophage chemotaxis. J774A.1 cells (4 � 105 cells/ml) were
preincubated with indicated doses of LY294002 (A) and U73122 (B) for 30 min, and clusterin (3 lg/ml) was then added to lower wells for 4 h. Migration was assessed by
counting the number of migrated cells in three microscopic fields per well. (C) According to representative photomicrographs, LY294002 (20 lM), wortmannin (4 nM), and
U73122 (250 nM) blocked clusterin-induced cell migration (100�magnification). (D) A Western blot analysis of Akt phosphorylation after clusterin treatment in the presence
or absence of gallein, LY294002, and U73122 as indicated. Data shown are the mean ± S.D. of three independent experiments (each performed in triplicate).
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tern blot analysis using a phospho-specific antibody against Serine
473 of Akt. Clusterin-induced Akt phosphorylation was suppressed
by pretreatment with gallein and LY294002 but not with U73122
(Fig. 3D), indicating Akt is a downstream signaling molecule of
Gbc and PI3K, but not of PLC. These results imply that clusterin
stimulated J774A.1 cells through a PTX-sensitive GPCR for chemo-
tactic migration and that Gbc released from the Gi-protein complex
activated PLC and PI3K/Akt signaling pathways.

3.4. Activation of cellular MAP kinases was required for the clusterin-
induced chemotactic migration of J774A.1 cells

The activation of mitogen-activated protein (MAP) kinases has
been implicated in inflammatory responses and is well known to
be involved in chemokine secretion and chemotaxis [14,24]. There-
fore, the activation of MAP kinases was examined to identify the
intracellular signaling network mediating chemotactic migration
by clusterin in J774A.1 cells. Clusterin-stimulated chemotaxis
experiments were conducted using several kinase inhibitors spe-
cific to MEK (PD98059), p38 (SB203580), and JNK (SP600125).
The chemotactic response of J774A.1 cells to clusterin was signifi-
cantly blocked in the presence of these inhibitors (Fig. 4A). Then, a
Western blot analysis using their phospho-specific antibodies was
conducted to analyze the phosphorylation of MAP kinases in re-
sponse to clusterin in J774A.1 cells. Cells were exposed to clusterin
for 30 min with or without pretreatment with gallein. Clusterin in-
duced the phosphorylation of ERK, p38, and JNK MAP kinases with-
in 30 min. Gallein blocked in a dose-dependent manner their
phosphorylation induced by clusterin, whereas the inhibitor alone
had no effect on the phosphorylation of MAP kinases (Fig. 4B).
Clusterin stimulated J774A.1 cells for chemotactic migration
through the activation of cellular MAP kinases, and Gbc released
from the Gi-protein complex was required for the activation of
these MAP kinases.
4. Discussion

Previous studies have demonstrated that clusterin induces the
expression of various chemokines (TNF-a, MCP-1, MIP-1b) and that
TNF-a secreted by clusterin treatment for 24–36 h plays a critical
role in the migration of Raw264.7 macrophages [14], suggesting
that the chemotactic response of clusterin is at least partially due
to chemokinesis through clusterin-elicited cell activation. To rule
out enhanced movements in random directions from the activation
of macrophages, a checkerboard analysis was conducted at 4 h
after clusterin stimulation by using J774A.1 cells. This study pre-
sents a novel chemotactic activity of a secreted isoform of clusterin
as a chemokine for macrophages because it induced the directional
migration of macrophages to the bottom side of the filter only
when higher concentrations of clusterin were present in the lower
compartment in the Transwell filter assay. Cell migration to the
lower side was not enhanced when higher concentrations of clus-
terin were placed in upper wells during treatment with clusterin
for 4 h (Fig. 1). Taken together, previous findings [14] and this
study’s results suggest that clusterin stimulates the migration of
macrophages through both chemotaxis in early stage and chemo-
kinesis in latter stage. Noteworthy is that no migration of HepG2
hepatocarcinoma cells to the lower side of the filter were observed
when they were treated with clusterin for 24 h. Three days after
clusterin treatment, however, cell migration to the lower side
was sharply enhanced even when clusterin was present in the
upper compartment as well as in the lower compartment (Supple-
mentary Fig. 1). This result for a clusterin-induced chemokinetic
response is consistent with the findings of previous studies show-
ing that clusterin promotes the cell migration of several cancer
cells such as hepatocarcinoma [4], and breast cancer [25] through
presumably an epithelial-to-mesenchymal transition. Consistently,
the chemokinetic property of clusterin was further confirmed.
More specifically, it induced CXCR-4 in cardiac progenitor cells
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and enhanced their migration stimulated by SDF-1 [26]. Besides
the chemokinetic property of clusterin in macrophages, cancer
cells, and cardiac progenitor cells [4,14,25,26], a new finding of this
study is that clusterin promoted the recruitment of monocytes/
macrophages through chemotaxis only to the gradient of clusterin.
By contrast, clusterin inhibited the migration of vascular smooth
muscle and endothelial cells [27,28]. This suggests that the role
of clusterin varies according to the type of cell, the stimulus,
and/or the tissue microenvironment.

The putative receptor(s) used in chemotaxis by clusterin was
characterized. According to the results, the chemotactic activity
of clusterin was completely inhibited by PTX, which uncoupled
Gi from the GPCR. In addition, clusterin-stimulated chemotaxis
was abrogated by pretreatment with gallein, indicating that it
stimulated the chemotactic migration of macrophages through a
PTX-sensitive GPCR and Gbc-dependent pathways (Fig. 2). This is
consistent with the findings that the activation of Gai-coupled
receptors and subsequent release of Gbc dimers was required to
initiate signal transduction leading to directed cell migration
[19,20]. Further, PLC, PI3K/Akt, MAPK signaling pathways, as
downstream target molecules of Gbc, were essential for clusterin-
induced chemotaxis because their specific inhibitors blocked che-
motaxis and pretreatment with gallein reduced their phosphoryla-
tion induced by clusterin (Figs. 3 and 4). As mentioned earlier, TNF-
a secreted by clusterin was involved in the migration of Raw264.7
macrophages [14]. Recently, unexpectedly Toll-like receptor 4
(TLR4) has been identified as a ligand for clusterin in upregulating
the expression of TNF-a (unpublished data). In addition, TLR4 sig-
naling augment monocyte chemotaxis [29] and GPCR agonists
have been found to induce the transactivation of TLRs and cell sig-
naling [30]. Therefore, to test the involvement of TLR4 in clusterin
functions, peritoneal macrophages from TLR4-deficient and wild-
type C57BL/6 mice were examined for chemotaxis and TNF-a
expression. As shown in Supplementary Fig. 2A, clusterin stimu-
lated the secretion of TNF-a in TLR4(+/+) mice but not in
TLR4(�/�) mice, as in the case of the LPS as a positive control. By
contrast, clusterin promoted the migration of peritoneal macro-
phages from both TLR4(+/+, �/�) mice relative to the PBS-treated
control (Supplementary Fig. 2B), indicating no requirement for
TLR4 in clusterin-induced chemotaxis. However, the identity of
the clusterin receptor on the membrane surface of macrophages
or the detailed mechanism of the stimulating membrane receptor
remains unclear, although a PTX-sensitive GPCR and Gbc-depen-
dent pathways were involved in clusterin-induced chemotaxis, as
noted earlier.

The level of clusterin increased sharply under pathologic condi-
tions along with increased oxidative stress and chronic inflamma-
tion [1]. Consistently, clusterin was barely detected in the
peritoneal fluid of mice, whereas it increased dramatically in the
peritoneal fluid of mice with thioglycollate-induced peritonitis
(Supplementary Fig. 3B). Noteworthy is that clusterin-deficient
mice exhibited significantly decreased numbers of thioglycollate-
induced peritoneal macrophages in comparison to wild-type
C57BL/6 mice (Supplementary Fig. 3A). By contrast, the recruit-
ment of macrophages into the peritoneal fluid increased signifi-
cantly in normal C57BL/6 mice, as previously reported [31].
These results suggest that clusterin is upregulated in areas of
inflammation and may function as a chemoattractant in the
recruitment of macrophages into these sites. Consistent with these
results, recent data show that clusterin increases in several cardio-
vascular diseases, including myocardial infarction, and its adminis-
tration significantly reduces the size of infarction induced by the
ligation of a coronary vessel, and while increasing the number of
macrophages [32].

In conclusion, the results demonstrate that clusterin can re-
cruit monocytes/macrophages in areas of inflammation through
its chemotactic response (in addition to its chemokinetic re-
sponse, chemokine secretion, and epithelial–mesenchymal transi-
tion). Clusterin-induced chemotaxis may depend on a PTX-
sensitive GPCR and Gbc-dependent pathways, and as downstream
target molecules of Gbc, PLC, PI3K/Akt, and MAPK pathways may
also be involved. According to the results, the recruitment of
macrophages decreased in the experimental model of thioglycol-
late-induced peritonitis in clusterin-deficient mice. Collectively,
these results describe a novel role of clusterin as a chemoattrac-
tant of monocytes/macrophages and suggest its important roles
in inflammation and tissue reorganization by recruiting immune
cells.
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