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growth of metastatic colon cancer
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Acid sphingomyelinase (ASM) regulates the homeostasis of sphingolipids, including ceramides and sphingo-
sine-1-phosphate (S1P). These sphingolipids regulate carcinogenesis and proliferation, survival, and apopto-
sis of cancer cells. However, the role of ASM in host defense against liver metastasis remains unclear. In this
study, the involvement of ASM in liver metastasis of colon cancer was examined using Asm~~ and Asm*/* mice
that were inoculated with SL4 colon cancer cells to produce metastatic liver tumors. Asm~~ mice demonstrat-
ed enhanced tumor growth and reduced macrophage accumulation in the tumor, accompanied by decreased
numbers of hepatic myofibroblasts (hMFs), which express tissue inhibitor of metalloproteinase 1 (TIMP1),
around the tumor margin. Tumor growth was increased by macrophage depletion or by Timp1 deficiency, but
was decreased by hepatocyte-specific ASM overexpression, which was associated with increased S1P produc-
tion. S1P stimulated macrophage migration and TIMP1 expression in hMFs in vitro. These findings indicate
that ASM in the liver inhibits tumor growth through cytotoxic macrophage accumulation and TIMP1 produc-
tion by hMFs in response to S1P. Targeting ASM may represent a new therapeutic strategy for treating liver

metastasis of colon cancer.

Introduction

Colon cancer, one of the most common malignancies, frequently
metastasizes to the liver. Acid sphingomyelinase (ASM) is involved
in various physiological cellular functions and diseases, including
cancer (1), and hydrolyzes sphingomyelin into ceramide and phos-
phorylcholine. Ceramide, a bioactive mediator of numerous cellular
functions, such as apoptosis and cell cycle regulation (2, 3), is in turn
hydrolyzed by ceramidase into sphingosine, which is subsequently
phosphorylated into sphingosine-1-phosphate (S1P) by sphingo-
sine kinase (SphK). Although these sphingolipids are involved in
colon carcinogenesis and colon cancer cell survival (4, 5), the roles
of ASM and S1P in host antitumor defenses (i.e., inhibiting the pro-
gression of colon cancer metastasis to the liver) remain unclear.

Tumors contain stromal cells, such as immune cells and fibro-
blasts (6). Infiltrated tumor-associated macrophages (TAMs) have
recently been reported to function as promoters of tumor progres-
sion (7-9), with several clinical studies demonstrating an associa-
tion between the presence of TAMs and poor prognosis in various
cancers (10). In contrast, opposing data have shown that the pres-
ence of TAMs is correlated with improved survival and that these
cells have protective potential in colon cancer (11, 12). Although
tumor growth-promoting TAMs have been observed to resemble
regulatory M2 macrophages (13, 14), the density of classically acti-
vated M1 macrophages is positively correlated with the survival
time of patients with non-small-cell lung cancer (15). These find-
ings indicate that macrophages have contrasting roles in cancer,
depending on their phenotype (13).

S1P is a ceramide-derived metabolite that is involved in vari-
ous cellular functions and increases migration of macrophages
(16, 17), resulting in macrophage recruitment. S1P released from
apoptotic tumor cells induces a switch from the M1 to the M2
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macrophage subtype (18). In contrast, the S1P analog FTY720
does not alter the ratio of M1 and M2 subtypes in mouse perito-
neal macrophages (19). Because of these contrasting findings, the
effect of S1P on macrophages remains controversial and poorly
understood. Whereas MMP cleavage of the ECM, a primary bar-
rier against tumor invasion produced by hepatic myofibroblasts
(hMFs) in the liver, promotes cancer cell migration, invasion, and
metastasis, MMP inhibitors reduce colon cancer metastasis to the
liver (20). Specifically, overexpression of tissue inhibitors of metal-
loproteinases (TIMPs), endogenous inhibitors of MMPs, inhibits
liver metastasis of colon cancer in animal models (21), whereas
decreased TIMP1 expression in the liver results in progression
of SV40T antigen-induced hepatocellular carcinoma (22) and
increased metastatic colonization of T cell lymphoma (23). How-
ever, it has been reported that elevated TIMP levels are associated
with cancer progression (24). Thus, although S1P stimulates hMF
accumulation and TIMP1 induction in the liver (25, 26), the pre-
cise roles of S1P in tumor growth remain unclear. To attempt to
clarify these precise roles, we here investigated the involvement of
ASM in the progression of liver metastasis of colon cancer.

Results
Role of ASM deficiency and overexpression in the progression of metastatic
liver tumors of colon cancer. To determine the role of host ASM on
metastatic liver tumor growth caused by colon cancer, we created
metastatic liver tumors by intrasplenic injection with SL4 cells,
a mouse colon cancer cell line, and examined expression of ASM
and ceramide by immunostaining. ASM and ceramide expres-
sion increased in the liver cells around the tumors (Supplemen-
tal Figure 1A; supplemental material available online with this
article; doi:10.1172/JCI65188DS1), which suggests that tumor
cells stimulate ASM expression and promote its activity in liver
cells. To examine the effect of ASM deficiency on metastatic liver
tumors, the extent of tumor growth in Asm** and Asm~~ mice
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Figure 1

ASM deficiency increased,
and ASM overexpression
decreased, metastatic tumor
growth in the liver. (A and B)
Asm++ and Asm~- mice were
intrasplenically injected with
2 x 10* SL4 cells (A). Wild-
type mice were infected with
AdGFP or AdASM 24 hours
before inoculation (B). Mice
were sacrificed 14 days after
inoculation, and livers were
excised and photographed.
Liver sections were stained
with H&E (loupe magnifica-
tion), and intrahepatic tumor
load was presented as hepatic
replacement area and maxi-
mum diameter, based on mea-
surement of 3 nonsequential
sections. (C) GFP+*Asm+* and
GFP+Asm~- mice were intra-
splenically injected with SL4
cells. At 14 days after inocula-
tion, GFP expression in the
liver was assessed by fluo-
rescent microscopy, measure-
ment of the GFP+ area was
performed, and nuclei were
stained with DAPI. Shown are
bright field images at the bor-
der of the metastatic tumor
and liver (left), GFP/DAPI
merge in the same bright field
images (middle), and higher-
magnification views of GFP/
DAPI merge in the tumor area
(right). Original magnifica-
tion, x200 (left and middle);
x400 (right). Results are
mean + SD of data obtained
from at least 5 indepen-
dent experiments. *P < 0.05,
2-tailed Student’s t test.

was compared. No tumors were evident in livers without SL4 cell
inoculation (Supplemental Figure 1B). After inoculation with
SL4 cells, the hepatic replacement area, maximum tumor diam-
eter, and liver weight were increased in Asm~~ compared with
Asm*/* mice (Figure 1A and Supplemental Figure 1C). In contrast,
a similar number of the initially transplanted cells was observed
in the livers of Asm** and Asm~~ mice 6 hours after inoculation
(Supplemental Figure 2A). These results indicate that colon cancer
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cells grow more rapidly in the Asm~~ liver. Conversely, adminis-
tration of adenovirus-expressing ASM (AdASM) to the mice prior
to cancer cell inoculation inhibited tumor growth compared with
adenovirus-expressing GFP (AdGFP) administration (Figure 1B).
AdASM-derived GFP was expressed in the hepatocytes, but not in
the tumor cells (Supplemental Figure 2B). In support of the results
of our previous study (27), AAASM increased ASM activity in the
liver (Supplemental Figure 2C). In addition, ASM-chimeric mice,
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in which ASM was deficient only in bone marrow-derived cells,
demonstrated tumor growth that was comparable to mice con-
taining Asm** bone marrow cells (Supplemental Figure 3A). These
results indicate that ASM in hepatocytes, but not in bone mar-
row-derived cells, is involved in the inhibition of tumor growth.

To explore the mechanisms of enhanced tumor growth in Asm~~
mice, we generated GFP'Asm~~ mice and examined the host-tumor
interaction by inoculating GFP*Asm™”* and GFP*Asm~~ mice with
SL4 cells. After inoculation, spindle-shaped host-derived GFP* cells,
most of which expressed F4/80 (Figure 2A), were observed in the
metastatic liver tumors, while fewer host-derived cell infiltrates
were observed in the Asm~~ livers (Figure 1C). Spindle-shaped bone
marrow-derived cells were also observed in the tumors of GFP-
chimeric mice (expressing GFP only in bone marrow-derived cells;
Supplemental Figure 3B), which suggests that these cells were
F4/80" macrophages originating from the bone marrow. F4/80*
cells were observed in the tumors; compared with the control livers,
a smaller number of F4/80* cells was observed in the Asm~" livers,
while a greater number of these cells was present in AAASM-infect-
ed livers (Figure 2, B and C). The induction of classically activated
M1 macrophage markers (Cd11c, 1l12p40, and Ifng) by SL4 cell inoc-
ulation was more remarkable than that of Cd163, mannose recep-
tor, and 1/10, markers for regulatory M2 macrophages (Supplemen-
tal Table 1). Thus, these findings suggested that the accumulated
macrophages were M1 dominant. In Asm** mice transplanted with
GFP*Asm™~ bone marrow, the number of bone marrow-derived
GFP*Asm~" cells in the tumor was comparable to that of GFP*Asm*/*
cells in the control Asm** mice transplanted with GFP'Asm** bone
marrow (Supplemental Figure 3C). Therefore, it is likely that ASM
in hepatocytes, but not in bone marrow-derived cells, contributes
to the accumulation of macrophages in tumors.

To examine whether macrophage accumulation in tumors is
involved in the inhibition of tumor growth, liposome-encapsulat-
ed alendronate was administered to the SL4 cell-inoculated mice
to decrease the number of F4/80" cells in the tumors (Supplemen-
tal Figure 3D). Alendronate administration increased the severity
of tumor growth by inducing macrophage depletion (Figure 2D),
which is suggestive of macrophage involvement in tumor growth
suppression. These data indicate that hepatocytic ASM leads to
accumulation of antitumor macrophages in the metastatic liver
tumors of colon cancer, thereby suppressing tumor growth.

Macrophage-induced hMFs accumulate around invasive margins of
metastatic liver tumors. Macrophages have been shown to exhibit
antitumor potential as tumoricidal cells and major antigen-pre-
senting cells (28-31). Liver macrophages also modulate the host
immune response to cancer cells by releasing cytotoxic products
and immune-stimulating factors, including IFN-y. In accordance
with these findings, CD3* lymphocytes infiltrated into the tumors,
and fewer CD3" cells were observed in Asm~~ and alendronate-treat-
ed mice (Supplemental Figure 4, A and B). Moreover, a NKT cell
activator, a-galactosylceramide, suppressed tumor growth, even
in Asm~~ mice (Supplemental Figure 4C), which suggests that the
antitumor immunity of NKT cells was not impaired in Asm~~ mice.
Thus, NKT cells contributed to the antitumor defense mechanism.

Activated macrophages release various types of inflammatory
cytokines and growth factors. Among these, TNF-a is thought to
induce tumor necrosis. However, in the model used in this study,
mRNA expression of Tnfa was comparable in SL4 cell-inoculated
Asm~~and Asm"* livers (Supplemental Table 2), and tumor growth
was not increased in Tnfa7~ mice (Supplemental Figure 4D), which
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suggests that TNF-a is not involved in tumor development in
Asm~~ mice. The reduced induction of Il1b, Cxcll, and Tgfb mRNA
expression by SL4 cell inoculation in Asm~~ compared with Asm*/*
livers (Supplemental Table 2) can be explained by the reduction in
the number of macrophages in the Asm~" liver, as these factors are
released from liver macrophages. The mRNA expression levels of
Des (encoding desmin, a marker of hMFs), Acta2 (encoding a-SMA,
a marker of activated hMFs), and Collal (encoding collagen a1[I], a
product of activated hMFs) were also increased after SL4 cell inocula-
tion in Asm** livers (Supplemental Table 2), which suggests that the
metastatic tumors stimulated hMF proliferation and activation. In
the SL4 cell-inoculated mice, the number of desmin* and a-SMA*
cells were increased around the invasive margins of the tumors in
the liver (Figure 3). Desmin* cells were observed to express GFP in
the GFP* mice, but not in the GFP-chimeric mice (data not shown),
which suggests that the hMFs were derived from host, not from bone
marrow. The increase of Des, Acta2, and Collal mRNA after SL4 cell
inoculation was lower in Asm~~ than in Asm** livers (Supplemen-
tal Table 2). Moreover, whereas the number of desmin* and a-SMA*
cells was decreased by Asm deficiency (Figure 3A) and by macro-
phage depletion (Figure 3C), it was increased by ASM overexpression
(Figure 3B). These findings suggest that increased macrophage
accumulation in the metastatic liver tumor by ASM stimulates hMF
accumulation and activation. Because the number of desmin* and
0-SMA* cells was inversely correlated with tumor growth, we con-
cluded that hMFs may contribute to tumor suppression.

Role of TIMP1 produced by bMFs in growth suppression of metastatic liver
tumors. Although it has been reported that hMFs contribute to can-
cer progression, the model used in this study indicated that increased
hMF accumulation is negatively correlated with tumor growth. This
finding led us to hypothesize that hMFs contain antitumor factors
that are increased in number and magnitude by ASM overexpres-
sion and decreased by ASM deficiency. To test this hypothesis, we
focused on examining TIMP1, which exhibits antitumor potential
(21) and is expressed by hMFs (32). In the metastatic tumors, most
of the desmin* cells showed double staining for TIMP1 (Figure 4A),
which suggests that hMFs are TIMP1". Timpl mRNA expression
increased in Asm"”* livers by SL4 cell inoculation, an increase that
was attenuated in Asm~~ livers (Figure 4B). Nevertheless, the expres-
sion levels of Mmp2, Mmp9, and Mmp13 were comparable in Asm*/*
and Asm~~ livers (Supplemental Table 2). The increased number of
TIMP1* cells observed around the invasive margin of the tumors
was attenuated by Asm deficiency as well as by macrophage deple-
tion (Figure 4, C and E), whereas ASM overexpression further
increased TIMP1* cell number (Figure 4D), similar to our find-
ings with respect to hMF induction. These results, in addition to
the increased tumor growth observed in Timpl~~ mice (Figure 4F),
suggest that the increased expression of TIMP1 in hMFs by meta-
static tumors is involved in the suppression of tumor growth.

ASM suppression of tumor growth via S1P production. In accordance with
previous reports that ASM hydrolyzes sphingomyelin into ceramide,
which is then hydrolyzed by ceramidase and phosphorylated by SphK
to form S1P, we observed the level of S1P to increase in AAASM-infect-
ed livers (Figure SA). Although exogenous administration of S1P did
not affect Tnfa, 111b, Cxcll, Tgfb, 1112p40, or 1110 mRNA expression in
isolated peritoneal CD11b* macrophages (Supplemental Table 3),
these cells showed increased migration toward S1P (Figure 5B), as
previously reported regarding RAW 264.7 macrophages (33). These
findings suggest that macrophage accumulation in tumors might
be caused by S1P-induced macrophage recruitment. Although it
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Figure 2

Macrophage depletion increased meta-
static tumor growth in the liver. (A) GFP+
mice were intrasplenically injected with
2 x 104 SL4 cells. GFP fluorescence
was visualized with fluorescent micros-
copy, and macrophages were detected
in metastatic tumor and liver by immu-
nofluorescent staining for F4/80 (blue).
Original magnification, x400. (B and C)
Asm** and Asm~- mice (B) and AdGFP-
and AdASM-infected wild-type mice (C)
were intrasplenically injected with 2 x 10*
SL4 cells. Expression of F4/80 in the liver
and metastatic tumor was examined by
immunohistochemistry with an anti-F4/80
antibody to assess the number of mac-
rophages. Original magnification, x100
(left and middle); x400 (right). (D) Wild-
type mice were injected with SL4 cells
and treated with PBS or alendronate
before sacrifice 14 days after inoculation.
Images of livers after excision and liver
sections stained with H&E (loupe mag-
nification) are shown. Intrahepatic tumor
load is presented as hepatic replacement
area, based on measurement of 3 nonse-
quential sections. Results are mean + SD
of data collected from at least 5 indepen-
dent experiments. *P < 0.05, 2-tailed Stu-
dent’s t test.
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ASM deficiency or macrophage depletion decreased hMFs, and ASM overexpression increased hMFs, around the tumor invasive margin. Asm++
and Asm~-mice (A), AdGFP- or AdASM-infected wild-type mice (B), and wild-type mice treated with PBS or alendronate (C) were intrasplenically
injected with 2 x 104 SL4 cells and sacrificed 14 days after inoculation. Expression of desmin (left) and a-SMA (right) around the tumor invasive
margin was examined by immunohistochemistry, and measurement of immunostain-positive area was performed. Original magnification, x40
(left); x400 (right). Results are mean + SD of data collected from at least 5 independent experiments. *P < 0.05, 2-tailed Student’s ¢ test.

has been reported that S1P induces a switch from the M1 to the M2
macrophage subtype (18), in the present study, S1P did not alter
the mRNA expression levels of M1 and M2 markers, which suggests
that S1P does not affect the macrophage phenotype. Instead, our
observations that 1 uM S1P treatment for 72 hours increased Timpl

mRNA expression in isolated hMFs (Figure SC) and that adenoviral
overexpression of SphK1 (AdSphK) in hepatocytes prior to cancer
cell inoculation inhibited tumor growth (Supplemental Figure SA)
suggest that ASM suppresses tumor growth via S1P production.
The fold increase of Timpl mRNA induced by S1P did not seem to
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Figure 4

TIMP1 deficiency increased metastatic tumor growth in the liver. (A) Wild-type mice were intrasplenically injected with 2 x 10* SL4 cells and
sacrificed 14 days after inoculation. Expression of desmin (green) and TIMP1 (red) around the invasive margin of the tumors was examined
by immunofluorescent staining. Nuclei were stained with DAPI (blue, top). Original magnification, x400 (top); x1,600 (bottom). (B) Asm*+ and
Asm~-mice were intrasplenically injected with 5 x 10% SL4 cells and sacrificed 7 days after inoculation. Timp7 mRNA expression in the liver was
determined by quantitative real-time RT-PCR. (C—E) Asm*+ and Asm~- mice (C), AdGFP- or AdASM-infected wild-type mice (D), and wild-type
mice treated with PBS or alendronate (E) were intrasplenically injected with 2 x 104 SL4 cells and sacrificed 14 days after inoculation. TIMP1
expression around the tumor invasive margin was examined by immunohistochemistry, and measurement of TIMP1+ area was performed. Original
magnification, x40 (left); x400 (right). (F) Timp1++ and Timp1-- mice were intrasplenically injected with 2 x 104 SL4 cells and sacrificed 14 days
after inoculation. Images of livers after excision and liver sections stained with H&E (loupe magnification) are shown. Intrahepatic tumor load is
presented as hepatic replacement area, based on measurement of 3 nonsequential sections. Results are mean + SD of data collected from at
least 5 independent experiments. *P < 0.05, 2-tailed Student’s t test.
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be large (Figure 5C). However, a 48-hour treatment with TGF-f has
previously been reported to induce an approximately 2-fold increase
of TIMP1 mRNA in cultured human hMFs (34). This suggests that
the induction of Timpl mRNA by S1P was not a small change, and it
is possible that the induction might be sufficient. 5 uM S1P induced
TIMP1 expression to a similar degree as that observed using 1 uM
S1P (data not shown), which suggests that 1 uM S1P fully induces
activation of S1P receptors.

As described above, ASM exerted an antitumor effect through
macrophage accumulation and TIMP1 production from hMFs
via S1P. To evaluate AAASM administration as a form of treat-
ment against metastatic liver tumors of colon cancer, AAASM was
administered to mice 5 days after SL4 cell inoculation. AAASM
suppressed tumor growth, even when it was administered after cell
inoculation (Figure SD). However, AdSphK administration did not
suppress tumor growth (Supplemental Figure 5B), although the
accumulation of F4/80* and desmin® cells was similar to that in
AdASM-treated mice (Supplemental Figure 6A). In addition, accu-
mulation of F4/80" and desmin* cells was observed to be equal,
regardless of whether mice were infected with AdSphK before or
after SL4 cell inoculation (data not shown). Adenovirus-mediated
GFP expression was observed in the tumors when the virus was
administered after cell inoculation (Supplemental Figure 6B),
which suggests that the adenovirus infects not only hepatocytes,
but also inoculated SL4 cells. The observation that AdSphK
increased proliferation of cultured SL4 cells (Supplemental

840 The Journal of Clinical Investigation

http://www.jci.org

experiments. *P < 0.05, 2-tailed Student’s t test.

AdGFP AdASM

Figure 6C) indicated that the antitumor effects of overexpressed
SphK1 in the liver may be counteracted by the tumor-promoting
effects of SphK1 on SL4 cell proliferation.

Discussion
In the present study, we investigated the contribution of ASM
to the suppression of tumor growth in liver metastasis of colon
cancer cells. Our results indicated that liver ASM inhibits tumor
growth through S1P formation and subsequent macrophage
accumulation and TIMP1 production from hMFs. These results
suggest novel therapeutic possibilities for treating metastatic liver
tumors of colon cancer.

ASM in cancer cells is involved in cell death and plays an impor-
tant role in the host response to a variety of anticancer treatments,
including those for colon cancer (1). In the present study, meta-
static tumors of colon cancer cells stimulated ASM expression and
ceramide in liver cells. Moreover, host ASM deficiency increased,
while overexpression of ASM in the liver decreased, the growth of
liver tumors after inoculation with colon cancer cells, which sug-
gests that ASM in host cells contributes to antitumor defense.
Among the roles that ASM plays in liver cells, ASM in hepatocytes
stimulates glucose uptake, resulting in improvement of glu-
cose tolerance in mice through S1P production (27). ASM has
pleiotropic signaling functions related to posttranslational pro-
cessing of ASM, and secretory and lysosomal ASM (35) may have
distinct functions. Although it is unclear which type of ASM was
Number 2
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involved in S1P production in our study, hepatocytes represented
one source of S1P, as the S1P elevation by AAASM was inhibited in
both SphK1-deficient livers and SphK1-deficient primary cultured
rat hepatocytes (data not shown). Previous studies have shown
that the generated S1P can be secreted and act as a ligand for S1P
receptors (S1PRs; refs. 27, 36, 37), while the SIP/S1PR1 axis con-
trols the trafficking and migration of immune cells, including
macrophages (16, 17, 36). In accordance with these prior reports,
S1P increased the migration of peritoneal macrophages in vitro,
with less and more macrophage accumulation, respectively, in the
tumors of Asm~~ and AdASM-infected mice compared with con-
trols. These findings indicate that ASM in hepatocytes leads to
macrophage accumulation in tumors via S1P production and that
this process exerts an antitumor effect, in contrast to macrophage
depletion. Although it has been reported that TAMs, which resem-
ble regulatory M2 macrophages (13, 14), function as promoters of
tumor progression (7-9), the macrophages in the tumors inoculat-
ed with SL4 colon cancer cells in this study were M1 dominant. It
has been proposed that a gradual shift of TAM polarization from
the M1 to the M2 subtype occurs during different stages of tumor
progression, due to dynamic changes in the tumor microenviron-
ment (38), and is paralleled by the gradual inhibition of NF-kB
(39). In this study, we observed immunofluorescent staining of
NF-kB p6S in the nuclei of F4/80* cells in the tumors (data not
shown), which suggests that NF-kB is activated in these macro-
phages. This finding may indicate that in metastatic liver tumors
characterized by rapid growth, such as by increased numbers of
SL4 cells (40), the accumulated TAMs may retain an M1 pheno-
type that displays a cytotoxic proinflammatory phenotype. Thus,
the number of macrophages present in the tumor is inversely cor-
related with tumor growth.

Myofibroblasts represent another important component of the
tumor stroma, these cells are driven by migration and prolifera-
tion-stimulating factors released from cancer cells. Whereas some
studies have reported a supportive role for myofibroblasts in can-
cer cell development (41) and a direct correlation between their
presence and poor prognosis (42), others have reported a protec-
tive role of myofibroblasts against cancer cells (43, 44), with p53
in stromal fibroblasts demonstrated to inhibit tumor growth and
malignant progression (45). In the current study using SL4 cell
inoculation, hMF accumulation was found to be dependent on
macrophage accumulation and inversely correlated with tumor
growth. Specifically, hMF accumulation was increased only
around the invasive margins of the tumors, and no hMF infilera-
tion or collagen deposition was observed in the central part of
tumors (data not shown). These findings indicate that the sup-
portive effects of hMFs in tumor growth may be limited. However,
the observation of enhanced tumor growth in Timpl~~ mice indi-
cates that TIMP1 produced from hMFs, stimulated by S1P, might
inhibit tumor growth through inhibition of ECM degradation.
Although previous studies reported a protumor role for TIMP1,
TIMP1 staining was observed only around the tumor invasive
margin in the current study, which indicates that the supportive
effects of TIMP1 in tumor growth may also be limited.

Whereas ceramide acts as a signaling molecule in the induction
of cell responses, such as apoptosis and growth arrest (3, 46, 47),
S1P acts as a potent mitogen for a variety of cell types (48), with
SphK1/S1P contributing to colon carcinogenesis (49). Ceramide
levels in colon carcinoma tissue are significantly lower than those
in normal tissue (50), reflecting the fact that the dynamic balance
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between intracellular levels of ceramide and S1P (the “ceramide/
S1P rheostat”) determines cell growth and cell death in colon
cancer. In the present study, adenoviral overexpression of SphK1
in the liver inhibited tumor growth when colon cancer cells were
inoculated after infection. In contrast to AAASM, AdSphK did not
exert an inhibitory effect when administered after cell inoculation,
which suggests that its inhibitory effect on existing tumors is less
than that of AAASM. The observation that AdSphK increased the
proliferation of cultured SL4 cells suggests that it decreased the
ceramide/S1P ratio in the cancer cells, which may promote their
proliferation. In contrast, AAASM might increase the ceramide/
S1P ratio, which may inhibit SL4 cell proliferation. We therefore
conclude that AJASM, but not AdSphK, may be a useful candidate
for gene therapy against metastatic liver tumors of colon cancer.

In Asm~~ mice, B16C2M melanoma cells formed small meta-
static lesions in the liver (4 of 9, 44.4%) whereas none of the Asm"*
mice developed metastases (0 of 11, 0%; Supplemental Figure 7),
which suggests that the antitumor effect of ASM is not specific
for colon cancer cells. However, use of the Asm knockout may have
secondary effects due to the severe lipid storage defect in these
mice, particularly in macrophages. Asm~~ mice are known to have
severe immune defects (51, 52) and display severe neurocutane-
ous disease by 8 weeks of age. Thus, Asm~~ mice may have various
abnormalities in the liver as a normal pathology. In our study, the
livers of Asm~~ mice without injection of SL4 cells did not show
the nodular appearance. In addition, liver weight of Asm~~ mice
without injection of SL4 cells was comparable to that of Asm™*
mice. Thus, it seems unlikely that the changes are due to normal
Asm~~ mouse pathology. In addition, besides ASM, ceramide syn-
thesized by the de novo pathway can be involved in TIMP1 regula-
tion. These data do not provide direct evidence that S1P produc-
tion in hepatocytes recruits macrophages, and experiments using
mice with conditional knockout of SphK are also required to con-
firm the involvement of SphK and S1P in macrophage recruitment
and TIMP1 regulation. Moreover, the mechanism by which tumor
cells stimulate ASM expression in hepatocytes remains unclear,
and there is no direct evidence of a positive correlation between
ASM activity in hepatocytes and TIMP1 expression in hMFs; fur-
ther studies are needed to resolve these uncertainties. In conclu-
sion, we found here that ASM in hepatocytes inhibited tumor
growth via S1P formation and subsequent cytotoxic macrophage
accumulation. This S1P formation in turn stimulated TIMP1 pro-
duction by hMFs, leading to tumor suppression. Thus, targeting
ASM may represent a new therapeutic strategy for treating liver
metastasis of colon cancer.

Methods
Animals. Asm~~ mice (CS7BL/6 background; ref. 47) were bred for use in
this study. GFP* mice (C57BL/6 background), which express EGFP ubiqui-
tously under the CAG promoter (chicken f-actin promoter, rabbit -globin
poly A, CMV-IE enhancer), were obtained from Riken Bio Resource Center.
TimpI~~ mice (C57BL/6 background) were obtained from Jackson Labora-
tory. Male Wistar rats and female C57BL/6] wild-type mice were obtained
from Japan SLC. GFP*Asm~~ mice were generated for this study.

Cell culture. A red fluorescent protein-expressing mouse colon adenocar-
cinoma cell line (SL4; Anti-Cancer Japan, Osaka, Japan) was maintained as
a monolayer culture in RPMI-1640 (Invitrogen) containing 10% FBS sup-
plemented with penicillin and streptomycin (Invitrogen). Cells were har-
vested using trypsin and EDTA, washed with PBS, and then resuspended
in serum-free RPMI-1640 (2 x 10% or 5 x 10 cells/ml).
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Liver metastasis model. Female wild-type (C57BL/6]J) mice aged 8-10 weeks
were divided into 2 groups. After a small incision was made under anes-
thesia to expose the spleen, 0.1 ml of a viable cell suspension containing
5 x 105 cells/mouse was injected into the spleen of group 1, and the same
suspension containing 2 x 10* cells/mouse was injected into group 2. Mice
were sacrificed on day 7 (group 1) and day 14 (group 2) after cell inocula-
tion. The livers of group 1 were immediately removed, washed in ice-cold
PBS, and weighed, after which a part of the dissected liver tissue was frozen
in liquid nitrogen. For assessment of liver metastatic tumors in group 2,
the intrahepatic tumor was scored as the hepatic replacement area and
maximum diameter of tumor, based on examination of 3 nonsequential
H&E-stained sections using Image] software (NIH). For detection of GFP
fluorescence, livers were first perfused in situ with 0.5 mM EGTA contain-
ing salt solution to remove peripheral blood cells. The livers were then
perfused with 4% paraformaldehyde, fixed with 4% paraformaldehyde for
24 hours, soaked in 15% sucrose in PBS for 12 hours, soaked in 30% sucrose
for 24 hours at 4°C under constant agitation, and then embedded in OCT
compound to cut sections on a cryostat. The GFP* area was determined
using Image]J software and shown as a percentage of the total section area.

Histological analysis. F4/80, desmin, a-SMA, and TIMP1 were stained with
anti-F4/80 (Santa Cruz Biotechnology), anti-desmin (Lab Vision), anti-
a-SMA (clone 1A4; Sigma-Aldrich), and anti-TIMP1 (R&D Systems) anti-
bodies, respectively, using Vectastain Elite ABC Kit or M.O.M Immunode-
tection Kit (Vector Laboratories). Diaminobenzidine tetrahydrochloride
was used as peroxidase substrate, and sections were counterstained with
hematoxylin. The immunostain-positive area was determined using ImageJ
software and shown as a percentage of the total section area. In some experi-
ments, fluorescent dye-labeled secondary antibodies (Alexa Fluor 350 anti-
rat for F4/80, Alexa Fluor 488 anti-rabbit for desmin, and Alexa Fluor 594
anti-goat for TIMP1) were used for detection of primary antibodies.

Depletion of macrophages. Liposome-encapsulated alendronate
(Sigma-Aldrich) was generated as previously reported (53). The alendronate was
injected in the mice 4 times: 1 day before cell inoculation and 4,7,and 10 days
after. Liposome-encapsulated PBS was injected into the mice as a control.

Recombinant adenoviruses. Mice were infected with 2 adenoviruses (5 x 108 pfu/
mouse) by intravenous injection 1 day before or 5 days after cell inocula-
tion. Of the 2 adenovirus-5 variants, AAGFP expresses GFP, whereas AAASM
expresses both ASM and GFP, because it contains a GFP sequence (27).

Mass spectrometric (MS) analysis of S1P. Electrospray ionization MS/MS
analysis was performed using a Thermo-Finnigan TSQ 7000 Triple Quad-
rupole Mass Spectrometer (GenTEch Scientific Inc.) in multiple-reaction
monitoring positive ionization mode, as previously reported (54). S1P level
was normalized by total protein per sample.

Macrophage migration assay. For isolation of peritoneal macrophages, wild-
type mice were injected intraperitoneally with cold normal saline. Peritone-
al macrophages were purified using MACS Cell Separation Columns with
CD11b microbeads (Miltenyi Biotec) from the lavage fluid. The cell migra-

tion assay was performed using 24-well transwell plates (5-um pore size;
Costar). The peritoneal macrophages (1 x 10° cells) in DMEM containing
1% BSA were loaded into the upper chambers, while the lower chambers
were filled with medium with or without 1 uM S1P (Matreya LLC). Cells
were incubated for 4 hours, then the migrated macrophages on the under-
side of the chambers were fixed and stained with Giemsa solution (Wako).
Migration was expressed as the number of cells per field.

Quantitative real-time RT-PCR. Rat primary liver hMFs were isolated as
previously described (25). The cells were cultured in DMEM with 10%
FBS on plastic dishes for 4 hours and administered S1P or vehicle (1 uM),
and RNA was extracted 0 or 72 hours after S1P stimulation. The RNeasy
and DNase Kits (Qiagen) was used for RNA extraction from liver tissue
and cultured cells, and the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems) was used for reverse transcription. Quantitative
real-time RT-PCR was performed using the SYBR Premix Ex Taq (Taka-
ra) for Timp1 (forward, TGGGGAACCCATGAATTTAG; reverse, TCTG-
GCATCCTCTTGTTGC) and probe and primer sets (Applied Biosystems)
for 18S with LightCycler 480 (Roche Applied Science). The changes were
normalized based on 18S rRNA values.

Statistics. Data are expressed as mean + SD of data collected from 5 inde-
pendent experiments. Data between groups were analyzed by 2-tailed Stu-
dent’s t test. A Pvalue less than 0.05 was considered significant.

Study approval. All experiments were conducted in accordance with the
institutional guidelines of Gifu University and were approved by the ani-
mal research committee and the committee on living modified organisms

of Gifu University.
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