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Tumor associated macrophages are known to be closely linked with tumor progression and metastasis.
On the other hand, clusterin is overexpressed in several tumor types and regarded as a putative
tumor-promoting factor due to this overexpression and the subsequent induction of chemoresistance.
In our previous study, clusterin was found to induce the expression of matrix metalloproteinase-9

KeyWOT_dS-' (MMP-9) in macrophages, and MMP-9 is known to be essential for tumor cell migration and invasion
%’;te““ via basement membrane breakdown. Because paracrine interactions between tumor cells and surround-
Chel;?otaxis ing macrophages regulate metastasis, these findings raise the possibility that clusterin promotes the
Metastasis secretion of cytokines in macrophages in addition to MMP-9. Here, we demonstrate that clusterin upreg-
Macrophages ulates the expressions of chemotactic cytokines, that is, monocyte chemotactic protein-1 (MCP-1), mac-

rophage inflammatory protein-1p (MIP-1B), regulated upon activation, normal T cell expressed and
secreted (RANTES), and tumor necrosis factor-o (TNF-a) in Raw264.7 macrophages. In particular, cluster-
in stimulated TNF-o secretion via the activations of ERK, JNK, and PI3K/Akt pathways in a time and dose-
dependent manner. Furthermore, clusterin-induced TNF-a secretion was found to play a critical role in
the chemotactic migration of Raw264.7 macrophages. It was also found that clusterin acts directly as a
chemoattractant for macrophages. Together, these results suggest that clusterin stimulates the expres-
sion and secretion of TNF-a, which plays a critical role in promoting macrophage chemotaxis, via ERK,
JNK, and PI3K/Akt pathways. Collectively, these findings describe a novel function for clusterin as an
inducer of TNF-o0 in macrophages and their chemotactic migration, and suggest that clusterin has a
tumor-promoting effect.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Metastasis is the most lethal aspect of malignant tumors, and a
highly complex process. The propensity to progress and metasta-
size is a characteristic of tumor cells [1], and solid tumors consist
of malignant cells in the presence of stromal cells, such as, fibro-
blasts, endothelial cells and immune cells and extracellular matrix
(ECM) [2]. Over previous decades, it was believed that intrinsic fac-
tors in tumor cells, such as, mutations of tumor suppressor genes
render tumor cells aggressive and underlie cancer progression.
However, the current major focus in cancer research is on cyto-
kine-mediated communications between tumor and stromal cells.

Macrophages are the predominant infiltrating immune cells in
the tumor stromal compartment, and it is generally believed that
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tumor-associated macrophages (TAMs) play important roles dur-
ing tumor growth, progression, and metastasis by secreting various
growth factors, proteases, and cytokines, which accelerate angio-
genesis, connective tissue breakdown, and tumor-cell proliferation
[3]. TAMs are mainly derived from circulating blood monocytes [4]
and are typically restricted to stromal areas, and their migration is
known to be mediated by a number of chemotactic cytokines. TNF-
o is one of these chemotactic factors, and is capable of recruiting
macrophage and monocyte [5]. In addition, it has been shown that
TNF-a is expressed in the microenvironments of many different
types of cancer, and has been proposed to be a critical mediator
that bridges inflammation and tumor progression.

On the other hand, clusterin (CLU) is a multifunctional glyco-
protein that is secreted and expressed ubiquitously in all human
body fluids [6]. This disulfide-linked glycoprotein has been impli-
cated in diverse pathophysiological processes required for tumor
formation and progression, including; apoptotic inhibition, chemo-
resistance induction, tissue remodeling, and immune system regu-
lation [7]. Furthermore, the up-regulation of CLU protein has been
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reported in a wide range of advanced cancers such as breast and
lung carcinoma [8,9], and the engineered overexpression of CLU
has been found to render cancer cells resistant to cytokine-induced
apoptosis [10] and to enhance tumor progression and metastasis
[11].

In order for tumor cells to become metastatic, the rearrange-
ment of tumor stroma is required, and MMP-9 can cleave ECM
components and basement membranes, and thereby, create essen-
tial routes for invading tumor cells. In a previous study, we demon-
strated that clusterin activates and induces MMP-9 expression in
macrophages [12]. This finding led us to investigate whether clus-
terin stimulates macrophages to secret chemotactic cytokines
associated with cancer metastasis, and, if so, to determine which
signaling pathways are involved.

The present study shows clusterin enhances the secretions of
TNF-a and a variety of chemokines, such as, MCP-1, MIP-18, and
RANTES in macrophages and that it promotes their chemotactic
migration. This finding probably explains the clusterin overexpres-
sion observed in cancers and its putative tumor-promoting role.
Our findings suggest that clusterin secreted by cancer cells is an
important mediator (or inducer) of tumor metastasis as the clus-
terin-induced release of chemokines may facilitate the recruitment
of macrophages or monocytes to tumor sites and contribute to the
creation of a microenvironment favoring metastasis.

2. Materials and methods
2.1. Reagents and antibodies

LPS (0111:B4) and polymyxin B were from Sigma-Aldrich (St.
Louis, MO). PD98059, SB203580, SP600125, and LY294002 were
from Calbiochem (San Diego, CA). Phospho-specific and total form
antibodies against ERK, p38, JNK, and Akt (ser473) were purchased
from Cell Signaling Technology (Beverly, MA). Monoclonal anti-
clusterin antibody (1G8) was generated in our laboratory.

2.2. Cell culture

Raw264.7 and peritoneal macrophages [12] were grown in
DMEM and RPMI1640, respectively. Both media were supple-
mented with 10% FBS and 1% antibiotics-antimycotics (Gibco-
BRL, Rockville, MD) in a 5% CO, humidified incubator at 37 °C.

2.3. Western blot analysis

Western blot assays on samples from Raw264.7 cells and peri-
toneal macrophages were performed under standard conditions as
described previously [12], using appropriate antibodies (see Sup-
plementary Materials and Methods).

2.4. Cytokine array

Cytokine release into conditioned media after clusterin treat-
ment was monitored utilizing a Mouse Cytokine Array kit
(ARY006) (R&D systems) according to the manufacturer’s proto-
cols. Briefly, conditioned media (8 ml) from Raw264.7 cells treated
with clusterin (1 pg/ml) for 24 h were concentrated 5-fold using an
Amicon Ultra centrifugal filter device. After blocking, array panels
were incubated in a mixture of the conditioned media (1.6 ml)
and a cocktail of biotinylated detection antibody (15 pl) overnight
at 4 °C on a rocking platform. Any cytokine/detection antibody
complex present is bound by its cognate immobilized capture anti-
body on the membrane. After a wash to remove unbound material,
streptavidin-HRP and chemiluminescent detection reagents were
added sequentially.

2.5. RNA isolation and RT-PCR

RAN isolation and RT-PCR was performed as described previ-
ously [12], using the specific primers (see Supplementary Materials
and Methods).

2.6. Transwell filter assay

Raw264.7 (2 x 10°) cells suspended in 200 ul of serum-free
DMEM were overlaid onto transwell 8-pum pore filters in a 24-well
plate format (Becton Dickinson, CA). The lower chambers con-
tained the concentrated clusterin-treated Raw264.7 media
(500 pl) containing pre-incubated TNF-oo neutralizing antibody
(10 pg/ml, R&D systems) and isotype-matched IgG control, respec-
tively, or purified clusterin (5 pg/ml) in 800 pl of serum-free
DMEM. After incubation for 36 h, cells were fixed with 10% neutral
buffered formalin, and stained with 0.1% crystal violet. Non-mi-
grated cells were removed from the upper surface with a cotton
swab and numbers of cells that had traversed the filters were
counted.

3. Results

3.1. Clusterin upregulated the expressions of chemotactic cytokines in
Raw264.7 macrophages

In previous study, we found that clusterin induces MMP-9
expression and activity in macrophages [12]. This observed led
us to investigate whether clusterin affects the productions of other
cytokines by macrophages. Because tumor-associated macro-
phages can stimulate metastasis by releasing cytokines that possi-
bly create a favorable microenvironment for tumor progression, we
used the mouse cytokine array to examine clusterin-stimulated
Raw264.7 macrophages. Cells were stimulated with clusterin
(1 pg/ml) for 24 h, and conditioned medium was collected and
concentrated. As shown in Fig. 1A, cytokine array analysis showed
that the secretions of granulocyte colony-stimulating factor (G-
CSF), keratinocyte chemoattractant (KC), tumor necrosis factor-o
(TNF-a, and monocyte chemotactic protein-1 (MCP-1) were signif-
icantly elevated by clusterin versus PBS-treated controls. It was
also observed that macrophage inflammatory protein-18 (MIP-
1B), interleukin-1 receptor antagonist (IL-1ra), and RANTES levels
were moderately increased, whereas macrophage colony-stimulat-
ing factor (M-CSF) and interleukin-27 (IL-27) were slightly in-
creased (data not shown). To determine whether these secretions
were related to mRNA up-regulations, we isolated mRNAs from
Raw264.7 cells cultured in the presence or absence of clusterin
for 20 h. Subsequent RT-PCR showed that the mRNAs of the cyto-
kines that were secreted after treatment with clusterin were up-
regulated (Fig. 1B).

3.2. Clusterin stimulated TNF-c. secretion by Raw264.7 macrophages

TNF-a is a potent proinflammatory cytokine produced predom-
inantly by activated macrophages, and plays an important role in
tumor progression via various mechanisms [13]. Based on our
cytokine array findings, we evaluated whether clusterin dose-
dependently induces TNF-o¢ secretion. Spent media from
Raw264.7 cells exposed to clusterin at concentrations of 0-4 ng/
ml for 20h were analyzed by Western blotting. As shown in
Fig. 2A, clusterin was found to promote TNF-o secretion dose-
dependently, peaking at a clusterin concentration of 4 pg/ml. In
addition, Raw264.7 cells treated with 2 pg/ml of clusterin for the
indicated times (0-20 h) also demonstrated time-dependent in-
creases in TNF-a secretion (Fig. 2B). We then assessed whether pri-
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Fig. 1. Expression profiles of chemotactic cytokines in Raw264.7 macrophages after clusterin stimulation. (A) Mouse cytokine array. Raw264.7 cells were treated with
clusterin (1 pg/ml) or PBS as vehicle for 24 h and then spent media were incubated with a mouse cytokine array as described in Section 2. Cytokines were spotted on the array
panel in duplicate. Clusterin-induced cytokines were quantified by densitometric analysis using NIH Image] software (NIH, Bethesda, MA). (B) The expressions of mRNAs
encoding cytokines induced by clusterin. RT-PCR was performed to confirm cytokine array data.
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Fig. 2. Macrophage TNF-o secretion was induced by clusterin. (A) Dose-response analysis of TNF-a release with increasing concentration of clusterin. (B) Time-course
analysis of TNF-a release in response to clusterin. Raw264.7 macrophages were treated with clusterin (0-4 pg/ml) for 20 h or treated with 2 pg/ml of clusterin for the
indicated times. (C) Clusterin-triggered TNF-o secretion in primary mouse macrophages. Peritoneal macrophages from C57BL/6 mice were treated with LPS (100 ng/ml) or
clusterin (2 pg/ml) for 24 h. Ponceau S-stained membranes were used as loading controls.

mary macrophages also release TNF-o in response to clusterin, and
found that thioglycolate-elicited peritoneal macrophages from
normal C57BL/6 mice also exhibited clusterin-induced TNF-o
secretion (Fig. 2C, upper panel). To rule out the possibility that
clusterin-induced TNF-a secretion was due to LPS contamination
in our clusterin preparation, we added polymyxin B (a pharmaco-
logic LPS antagonist) to cultures prior to clusterin stimulation.
Although polymyxin B clearly diminished LPS-stimulated TNF-o
secretion, it did not significantly influence clusterin-induced TNF-
o secretion. These findings demonstrate the role played by cluster-
in in the promotion of macrophage TNF-a secretion. Ponceau S
staining of the membrane was used as a protein loading control
for soluble TNF-a in primary macrophage media (Fig. 2C, bottom
panel).

3.3. The activations of the ERK, JNK and PI3K/Akt pathways were
involved in clusterin-induced TNF-u secretion in Raw264.7
macrophages

The activations of mitogen-activated protein (MAP) kinases
have been implicated in inflammatory response [14] and are well

known to participate in TNF-a biosynthesis in macrophages [15].
Therefore, we first examined the activations of MAP kinases to
identify the intracellular signaling molecules mediating the secre-
tion of TNF-a by clusterin. Raw264.7 cells treated with clusterin
(1 pg/ml) for different times showed rapid and sustained (up to
120 min) phosphorylations of ERK and JNK, but not of p38 (data
not shown). Maximal activations of ERK and JNK occurred at
60 min after clusterin stimulation (Fig. 3A). Akt is another impor-
tant regulator linked to the induction of TNF-a [16], and thus we
investigated Akt activation in clusterin-treated Raw264.7 cells. As
shown in Fig. 3A, the phosphorylation of Serine 473 of Akt (a hall-
mark of full Akt activation) appeared after 60 min of clusterin
treatment. Total forms of ERK, JNK and Akt were used as internal
standards to quantify their respective phosphorylated forms.

To determine the roles of the activations of ERK, JNK, and Akt in
clusterin-induced TNF-a secretion, cells were pretreated with ERK
inhibitor (PD98059), p38 inhibitor (SB203850), JNK inhibitor
(SP600125), or PI3K inhibitor (LY294002), and then secreted TNF-
o levels induced by clusterin were monitored. As shown in
Fig. 3B, pretreatment with PD98059, SP600125, or LY294002, but
not with SB203850 reduced clusterin-induced TNF-a production.
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Fig. 3. Involvements of ERK, JNK, and PI3K/Akt in clusterin-induced TNF-a secretion. (A) The activations of ERK, JNK and Akt by clusterin. Raw264.7 cells were treated with
clusterin (1 pg/ml) for 60 min and the phosphorylated (p) and total forms of ERK, p38, JNK, and Akt were evaluated by Western blotting. (B) Effect of PD (PD98059; ERK
inhibitor), SB (SB203580; p38 inhibitor), SP (SP600125; JNK inhibitor), and LY (LY294002; PI3K inhibitor) on the clusterin-induced secretion of TNF-o. Cells were
preincubated with each inhibitor prior to clusterin stimulation [PD (20 uM), SB (10 pM), SP (10 uM), LY (20 pM)]. Clusterin-induced TNF-a. secretions in the presence of these
pharmacological inhibitors were quantified by densitometric analysis using NIH Image] software.

These findings indicate that three pathways, namely, ERK, JNK, and
PI3K/AKkt, are involved in the clusterin-stimulated production of
TNF-o in Raw264.7 macrophages.

3.4. Macrophage chemotaxis was enhanced by clusterin-induced TNF-
o and directly by clusterin

TNF-a acts directly as a chemoattractant for macrophages or
monocytes [5,17] or by enhancing the syntheses of chemokines
like MCP-1 [18]. We examined whether the TNF-o secreted by
Raw264.7 cells in clusterin-conditioned medium (CLU-CM) could
enhance macrophage chemotactic activity. To address this, CLU-
CM generated by clusterin treatment was filtered using an Ami-
con Ultra filter with 50 kDa cut off to remove clusterin and
transferred to naive Raw264.7 macrophages in a transwell filter
assay system in the presence of normal goat (N-gt) IgG or anti-
TNF-a neutralizing antibodies. As shown in Fig. 4A (left panel),
CLU-CM (N-gt IgG) significantly increased the migration of
Raw264.7 macrophages versus PBS-treated control Raw264.7
medium (PBS-CM). Furthermore, the CLU-CM induced migration
of Raw264.7 macrophages was markedly reduced by preincubat-
ing CLU-CM with anti-TNF-o neutralizing antibodies. Chemotac-
tic migration was analyzed by calculating the proportion of
cells that had migrated to the lower side of the filter based on
direct microscopic counts after staining with crystal violet.

A

PBS-CM

CLU-CM

CLU-CM containing N-gt IgG showed 3.5-fold increase in cell
migration versus PBS-CM, however, when neutralized with
TNF-o antibodies, cell migration induced by CLU-CM was re-
duced 2.3-fold (right panel).

Tumor cells attract macrophages or monocytes by producing
chemotactic agents, such as, TNF-o, MCP-1, M-CSF, and TGF-B,
and by using as yet undefined mediators to create metastatic tu-
mor microenvironments [19]. We hypothesized that clusterin
overexpression by cancer cells per se might act as a chemoattrac-
tant for tumor-associated macrophages or blood monocytes and
induce the secretions of several chemokines, including TNF-a, by
macrophages. To address this, transwell filter assays were per-
formed to quantify macrophage migration induced by clusterin.
In a preliminary study, clusterin was found to be able to induce sig-
nificant Raw264.7 macrophage migration in a concentration-
dependent manner with peak activity at 5 pg/ml, and time course
analysis also showed an increase in cell migration with time (data
not shown). As shown in Fig. 4B, macrophage migration was signif-
icantly enhanced by 3.8-fold in clusterin-treated cells as compared
with the spontaneous migration displayed by PBS-treated control
cells. Taken together, these results show that clusterin-induced
TNF-a is sufficient to stimulate macrophage migration, but that
other chemokines induced by clusterin and clusterin itself also
have the ability to evoke the chemotactic migration of
macrophages.
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Fig. 4. Macrophage chemotaxis by clusterin-induced TNF-o or by clusterin. (A) The chemotactic effects of conditioned media (CM) from Raw264.7 macrophages exposed to
PBS (PBS-CM) or clusterin (CLU-CM) containing normal goat IgG (N-gt IgG) or TNF-a neutralizing antibodies (anti-TNF-ot). Raw264.7 cells were treated with clusterin for 24 h,
the conditioned media were collected, and clusterin was removed using an Amicon Ultra filter with a 50 kDa cutoff. The resulting eluates were centrifuged and preincubated
with N-gt IgG or anti-TNF-a before adding them to a lower transwell chamber as chemoattractants for naive Raw264.7 cells. (B) The chemotactic response of Raw264.7
macrophages to purified clusterin. Cells were treated with clusterin (5 pg/ml) in the lower chamber for 36 h. The results represent the means + SEM of three separate

experiments. *p < 0.05 compared to N-gt IgG- or PBS-treated control.
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4. Discussion

The role played by clusterin in cancer biology has not been
clearly elucidated. Clusterin functions primarily through two iso-
forms, an anti-apoptotic secreted form and a pro-apoptotic intra-
cellular form. Several experimental reports have claimed that
clusterin (in its secreted form) plays an important role in tumor
growth and metastatic progression [11,20,21]. Furthermore, it is
believed that the pro-tumor effect of clusterin is due to its anti-
apoptotic chaperone activity, leading to tumor cell survival via
the blockage of apoptotic signaling. In the present study, we offer
a novel mechanism for clusterin-mediated tumor growth via the
regulation of macrophages, and report that clusterin promotes
the mRNA expressions and secretions of a number of chemokines,
including TNF-o, by macrophages. In addition, we demonstrate
that ERK, JNK, and PI3K/AKkt signaling pathways participate in the
clusterin-induced secretion of TNF-o, and that this contributes to
the macrophage chemotaxis triggered by clusterin. These findings
support the hypothesis that clusterin derived from metastatic-
prone tumor cells, serves as a tumor-promoting factor by inducing
the secretion of TNF-o0 and of other chemokines responsible for
metastasis from surrounding macrophages.

Most solid tumors in vivo communicate reciprocally with stro-
ma, including macrophages, to promote metastatic spread by alter-
ing local and distant microenvironments via the secretions of
specific cytokines. Leukocyte infiltration, that is, the recruitment
of macrophages or blood monocytes to tumor site, is critical for
metastatic progression [22], and is mediated by various chemotac-
tic cytokines from tumor cells or resident macrophages via para-
crine interactions. The present study shows that clusterin is able
to stimulate chemokine release from Raw264.7 macrophages
including TNF-or and promote macrophage migration (Fig. 4). How-
ever, our TNF-o neutralization experiment showed incomplete
inhibition of cell migration induced by clusterin, and thus sug-
gested the presence of other chemotactic factor(s) in clusterin-
treated Raw264.7 media. Indeed, as shown in Fig. 1, clusterin trig-
gered the expressions and secretions of MCP-1, MIP-1B, RANTES,
KC, and M-CSF, which are all known chemoattractants of macro-
phages and monocytes [5,23-25], thus we cannot rule out the
involvements of these chemokines in clusterin-enhanced macro-
phage chemotaxis, despite the fact that TNF-o. is a master regulator
of the productions of proinflammatory cytokines, such as, MCP-1
and KC.

Moreover, we found that not only CLU-CM (chemokines se-
creted from macrophages by clusterin treatment), but also cluster-
in itself enhanced the migration of macrophages. The effects of
clusterin on cell migration were previously reported to be either
stimulatory on cancer cells [26] or inhibitory on vascular smooth
muscle cells [27]. It is unclear whether this opposite effect was
due to either the cell types or the clusterin isoforms (intracellular
versus secretory forms), since the overexpression was achieved by
introducing clusterin gene into cells in those studies. In accordance
with our study using purified clusterin, Lenferink et al., showed
that clusterin depletion by neutralizing antibodies could inhibit
TGF-pB induced motility of cancer cells, providing evidence that a
secretory form of clusterin promote cell migration [28]. Interest-
ingly, we found that the purified clusterin enhanced the migration
of macrophages in a positive correlation with time of storage at
4 °C. Thus, it was speculated that the degraded form of clusterin
may be more effective for chemotactic migration of macrophages.
To test this speculation, we allowed the purified clusterin to de-
grade for three months at 4 °C, whereas the intact protein was usu-
ally stored at —20°C, and then we monitored the chemotactic
migration of Raw264.7 macrophages. After 3 months of storage
at 4 °C, only two faint bands of degraded clusterin at 45-50 kDa

(dCLU) were visible, but the ~70 kDa intact protein (iCLU) was
not observed by Coomassie blue staining or western blotting (Sup-
plementary Fig. S1A). Although its sequences and structures have
not been determined, the degraded clusterin had greater chemo-
tactic activity for macrophages than the intact protein (Supple-
mentary Fig. S1B). On the other hand, the effect of clusterin on
the MMP-9 activity was found to be opposite. When the intact
form of clusterin (lane 3) was treated to Raw264.7 macrophages,
zymography showed a greater MMP-9 activity than the degraded
form (Supplementary Fig. S2, upper panel). Partial degradation of
clusterin (lane 2) showed a reduced MMP-9 gelatinase activity,
and furthermore, completely degraded clusterin with no bands
by western blotting had no effect on MMP-9 activity (lane 1). This
is consistent with our previous result that the intact secretory form
of clusterin promoted MMP-9 activation, while both glycosylation-
deficient clusterin by N-glycosidase and a non-glycosylated recom-
binant clusterin obtained from E. coli were unable to stimulate
MMP-9 in macrophages [12]. These data describe a differential ef-
fect of clusterin on chemotactic migration and MMP-9 activity of
macrophages, depending on the extent of degradation. It is not sur-
prising since certain plasma proteins, such as, fibronectin, fibrino-
gen, and albumin, play important physiological roles in their
degraded and intact forms in vivo [29-31]. Thus, we report for
the first time an enhanced chemotactic activity by the degraded
form of clusterin, although its sequence and structure remain to
be elucidated.

In conclusion, our results demonstrate that clusterin can stimu-
late various chemotactic cytokines, including TNF-o. and play a
critical role in macrophage chemotaxis. Furthermore, the ERK,
JNK, and PI3K/Akt pathways are involved in clusterin-induced
TNF-o expression and secretion. In addition, the partial degraded
clusterin has greater chemotactic activity for macrophages. Collec-
tively, these findings underscore that clusterin acts as an inducer of
TNF-o expression in macrophages and of macrophage chemotactic
migration, and suggest that these relations are responsible for the
tumor-promoting effect of clusterin.
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