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Liver metastases from colorectal cancer (CRC) are a clinically significant problem.

The renin–angiotensin system is involved in tumor growth and metastases. This

study was designed to evaluate the role of angiotensin II subtype receptor 1a

(AT1a) in the formation of liver metastasis in CRC. A model of liver metastasis

was developed by intrasplenic injection of mouse colon cancer (CMT-93) into

AT1a knockout mice (AT1aKO) and wild-type (C57BL/6) mice (WT). Compared with

WT mice, the liver weight and liver metastatic rate were significantly lower in

AT1aKO. The mRNA levels of CD31, transforming growth factor- b1 (TGF-b1), and
F4/80 were suppressed in AT1aKO compared with WT. Double immunofluores-

cence analysis showed that the number of accumulated F4/80+ cells expressing

TGF-b1 in metastatic areas was higher in WT than in AT1aKO. The AT1aKO bone

marrow (BM) (AT1aKO-BM)?WT showed suppressed formation of liver metasta-

sis compared with WT-BM?WT. However, the formation of metastasis was fur-

ther suppressed in WT-BM?AT1aKO compared with AT1aKO-BM?WT. In

addition, accumulated F4/80+ cells in the liver metastasis were not BM-derived

F4/80+ cells, but mainly resident hepatic F4/80+ cells, and these resident hepatic

F4/80+ cells were positive for TGF-b1. Angiotensin II enhanced TGF-b1 expression

in Kupffer cells. Treatment of WT with clodronate liposomes suppressed liver

metastasis by diminishing TGF-b1+F4/80+ cells accumulation. The formation of

liver metastasis correlated with collagen deposition in the metastatic area, which

was dependent on AT1a signaling. These results suggested that resident hepatic

macrophages induced liver metastasis formation by induction of TGF-b1 through

AT1a signaling.

C olorectal cancer is a leading cause of cancer-related death
in Japan that is associated with changes in lifestyle toward

a Western diet.(1) Approximately 20% of patients with a diag-
nosis of CRC already have metastasis.(2) Liver metastasis is a
common complication of CRC that has an impact on out-
comes. The mechanisms of early metastasis formation remain
unclear.
Resident and tumor-infiltrating cells form tumor microenvi-

ronments that have an important role in cancer initiation and
progression.(3) These cells regulate the release of pro-inflam-
matory cytokines, chemokines, and pro-angiogenic factors.(4,5)

Transforming growth factor-b1 is one of the major cytokines
that induces phenotypic changes such as EMT of tumor cells,
thereby facilitating their extravasation and dissemination to
distant sites during metastasis.(6) Transforming growth factor-
b1 is also known to be a promoter of tumor progression and
profibrotic agent associated with the ability of EMT activa-
tor.(6)

The RAS plays an important role in the cardiovascular sys-
tem and regulation of blood pressure.(7) Angiotensin II is

converted to mediator Ang 1-8 by ACE.(8) The activation of
Ang II has been shown to stimulate the expression of VEGF,
SDF-1, and TGF-b1.(9,10) Angiotensin II is known to be medi-
ated by seven transmembrane receptors, and two major sub-
types have been identified, AT1 and AT2.(11) AT1 consists of
two isoforms, AT1a and AT1b.(11) Previous studies showed
that the genetic depletion of AT1a inhibits tumor cell
growth.(12) We have also reported that the AT1 receptor antag-
onist TCV-116 or the genetic depletion of AT1a suppresses
tumor growth and lung metastasis formation.(9) Previous stud-
ies have reported that the RAS inhibits growth of CRC liver
metastasis in the regenerating liver.(13–15) The expressions of
AT1 receptor in KCs and macrophages are increased in meta-
static liver.(16) Blockade of AT1 receptor inhibits liver metasta-
sis.(16) However, the precise mechanism of the contributions of
AT1a receptor signaling to liver metastasis remains to be clari-
fied. A recent study showed that uptake of tumor cell-derived
exosomes by KCs induces TGF-b1 secretion and formation of
a premetastatic niche.(17) These findings led us to hypothesize
that the development of liver metastasis is facilitated by TGF-
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b1 secreted from KCs through AT1a signaling. The present
study was thus designed to investigate the role of AT1a signal-
ing in liver metastasis and to explore the underlying mecha-
nisms of metastasis regulated by AT1a signaling.

Materials and Methods

Animals. Male C57BL/6 mice, 6–8 weeks old and weighing
20–25 g, were obtained from the CLEA Japan Shizuoka Labo-
ratory Animal Center (Fuji, Japan). AT1a knockout mice
(AT1aKO) with a C57BL/6 hybrid background were generated
by our research group. The mice were kept continuously on a
12:12-h light:dark cycle. All experiments were carried out in
accordance with the guidelines for animal experiments of Kita-
sato University School of Medicine (Kanagawa, Japan).

Liver metastasis model. Mice were anesthetized by i.p. injec-
tion of pentobarbital sodium (50 mg/kg) throughout the experi-
ments. The adequacy of anesthesia was monitored on the basis
of disappearance of the pedal withdrawal reflex. The hair was
shaved from the left flank, and the skin was rubbed with ethanol
pads. A 0.5-cm incision was made in the left flank adjacent to
the spleen, as described previously.(18) CMT-93 (CCL-223;
ATCC, Manassas, VA, USA), a murine colorectal cancer cell
line, was maintained in DMEM (Sigma, Tokyo, Japan) and
RPMI-1640 medium (Sigma), containing 10% FBS. These can-
cer cells (2.0 9 106) in 200 lL PBS were slowly injected into
the spleen of WT and AT1aKO using a 27-G needle. Five min-
utes after the injection, the spleen was removed, and the wound
was closed with surgical clips. Two weeks after injection of
CMT-93 cells, the mice were killed with an i.p. overdose of pen-
tobarbital sodium (100 mg/kg). Liver metastases were identified
macroscopically. The rate of hepatic metastases was expressed
by dividing the number of mice with hepatic metastases by the
total number of mice. The total numbers in WT and AT1a KO
were 20, respectively. The livers were resected and weighed.
Sections (4-lm thick) were prepared from paraffin-embedded
tissue and stained with H&E. Images of H&E-stained sections
were captured under a fluorescence microscope (Biozero BZ-
9000 Series; Keyence, Osaka, Japan). The area of liver metasta-
sis was measured using ImageJ software (Bethesda, MD, USA).

Real-time RT-PCR analysis. Transcripts encoding AT1a-R,
AT1b-R, AT2-R, F4/80, TGF-b1, SDF-1 (CXCL12), VEGF-A,
CD31, MCP-1 (CCL2), Col1a1, and GAPDH were quantified
by real-time PCR analysis. Total RNA was extracted from
liver tissues with TRIzol reagent (Gibco-BRL; Life Technolo-
gies, Rockville, MD, USA) and single-stranded cDNA was
generated from 1 lg total RNA by RT with ReverTra Ace
(Toyobo, New York, NY, USA). Quantitative PCR was carried
out with SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan).
The real-time PCR primers were designed using Primer 3 soft-
ware (http://primer3.sourceforge.net/) based on data from Gen-
Bank. The DNA sequences of mouse primers used for real-
time PCR are described in Table 1. Data were normalized to
the level of GAPDH in each sample.

Immunohistochemical analysis. Liver tissue was immediately
fixed in 10% neutral buffered paraformaldehyde. After fixation,
the tissue was dehydrated in a graded ethanol series and then
embedded in paraffin. Each section (4 lm) of the paraffin-
embedded tissue was mounted on a glass slide and either
stained with H&E or processed for immunohistochemistry. For
the latter, sections were activated using Histo VT One (Nacalai
Tesque, Yokohama, Japan) and then incubated overnight at
4°C with one of the following primary antibodies: (a) anti-
mouse F4/80 antibody (1:200, rat monoclonal, sc52664; Santa

Cruz Biotechnology, Dallas, TX, USA); (b) anti-mouse TGF-
b1 antibody (1:200, rabbit polyclonal, ab92486; Abcam, Cam-
bridge, UK); (c) anti-mouse GFP antibody (1:200, rabbit poly-
clonal, ab290; Abcam); (d) anti-mouse Ang II type 1A
receptor antibody (1:100, rabbit polyclonal, bs-2132R; Bioss,
Boston, MA, USA); (e) anti-mouse desmin antibody (1:100,
goat polyclonal, ab80503; Abcam); (f) anti-mouse type I colla-
gen antibody (1:100, rabbit polyclonal, ab21286; Abcam); or
(g) anti-mouse CD31 antibody (1:200, rabbit polyclonal,
ab28364; Abcam). For primary antibodies (a–f), after washing
in PBS, the sections were incubated for 2 h at room tempera-
ture with Alexa Fluor 488-conjugated donkey anti-rabbit IgG
(Molecular Probes), Alexa Fluor 594-conjugated donkey anti-
rat IgG (Molecular Probes, Eugene, OR, USA), and Alexa
Fluor 594-conjugated donkey anti-goat IgG (Molecular
Probes). For primary antibodies (f, g), after immersion in a 3%
solution of hydrogen peroxide (H2O2) for 30 min, the sections
were incubated for 30 min at room temperature with N-Histo-
fine Simple Stain Mouse MAX PO (Nichirei Bioscience,
Tokyo, Japan) and were immersed in 0.02% 3,30-diaminoben-
zine and 0.3% nickel ammonium sulfate in 50 mM Tris-HCl
buffer (pH 7.4) containing 0.005% H2O2 for 3 min. Images
were captured with a light microscope and a fluorescence
microscope (Biozero BZ-9000 Series; Keyence). For primary
antibodies (a–e), the numbers of positive cells in metastases in
the whole fields (9200 magnification) were counted. For pri-
mary antibody (f), the positive area in the whole fields (9200
magnification) was calculated with the use of ImageJ image
analysis software.

Cell culture. The KUP5 KC line(19) was seeded on 12-well
chamber glass slides (354 118; Corning, Corning, NY, USA)
at a density of 1 9 105 cells/well with the growth medium.
Three different concentrations of Ang II (0.001, 0.1, and
10 lM) were added to serum-free media for 6 and 12 h.

Green fluorescent protein BM transplantation. For the BM
transplantation experiments, transgenic mice expressing GFP
against a C57BL/6 background (a gift from Dr. M. Okabe,
Genome Information Research Center, Osaka University,
Osaka, Japan) were used to confirm BM chimerism. AT1aKO

Table 1. DNA sequences of mouse primers used for real-time RT-PCR

GAPDH Sense 50-ACATCAAGAAGGTGGTGAAGC-30

Antisense 50-AAGGTGGAAGAGTGGGAGTTG-30

AT1a-R Sense 50-GCATCATCTTTGTGGTGGG-30

Antisense 50-ATCAGCACATCCAGGAATG-30

AT1b-R Sense 50-GCATCATCTTTGTGGTGGG-30

Antisense 50-ATGAGCACATCCAGAAAAC-30

AT2-R Sense 50-ATGCTCAGTGGTCTGCTGG-30

Antisense 50-AACACAGCTGTTGGTGAATCC-30

F4/80 Sense 50-TATCTTTTCCTCGCCTGCTTC-30

Antisense 50-CACCACCTTCAGGTTTCTCAC-30

TGF-b Sense 50-AACAATTCCTGGCGTTACCTT-30

Antisense 50-TGTATTCCGTCTCCTTGGTTC-30

SDF-1 Sense 50-GCATCAGTGACGGTAAACCAG-30

Antisense 50-GCACAGTTTGGAGTGTTGAGG-30

VEGF-A Sense 50-GAGAGAGGCCGAAGTCCTTT-30

Antisense 50-TTGGAAC-CGGCATCTTTATC-30

CD31 Sense 50-ACTTCTGAACTCCAACAGCGA-30

Antisense 50-CCATGTTCTGGGGGTCTTTAT-30

MCP-1 Sense 50-CCCAATGAGTAGGCTGGAGAG-30

Antisense 50-GTCTGGACCCATTCCTTCTTG-30

Col1a1 Sense 50-AGGCATAAAGGGTCATCGTG-30

Antisense 50-GACCGTTGAGTCCGTCTTTG-30
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and GFP+ mice were crossed to obtain GFP+ AT1aKO. Bone
marrow transplantation experiments were carried out as
described previously.(20) In brief, donor BM was obtained by
flushing the cavities of AT1aKO and WT/GFP transgenic mice
with PBS. The flushed BM cells were dispersed and resus-
pended in PBS at a density of 1.0 9 106 cells/100 lL. Both
WT and AT1aKO were lethally irradiated with 10 Gy using an
MBR-1505 R X-ray irradiator (Hitachi Medico, Tokyo, Japan)
equipped with a filter (copper, 0.5 mm; aluminum, 2 mm).
The cumulative radiation dose was monitored. The BM
mononuclear cells of GFP mice (2.0 9 106 cells/200 lL) were
transplanted into irradiated WT and AT1aKO through the tail
vein. After 8 weeks, blood was collected and analyzed by
FACS. Mice in which more than 90% of peripheral leukocytes
were GFP-positive were used in the experiments.

Measurement of protein levels of type I collagen. Protein
levels of type I collagen in the liver at day 0 and day 14 after
injecting cancer cells were measured using a specific ELISA
kit (Mouse Type I collagen detection kit, 6012; Chondrex,
Redmond, WA, USA).

Macrophage depletion model. To deplete KCs, mice were
injected i.v. with 200 lL clodronate liposomes (F70101C-N;
FormuMax Scientific, Palo Alto, CA, USA) or control lipo-
somes (F70101-N) 2 days before cancer cell injection into the
spleen.

Statistical analysis. Data are expressed as means � SD. All
statistical analyses were undertaken using GraphPad Prism
software, version 5.01 (GraphPad Software, La Jolla, CA,
USA). Student’s t-test or the Mann–Whitney U-test were used
for comparisons between two experimental groups with or
without normal distribution, respectively. Comparisons
between multiple groups were carried out using one-way
ANOVA. The results of survival experiments were analyzed
using log–rank tests and are presented as Kaplan–Meier sur-
vival curves. P-values <0.05 were considered to indicate statis-
tical significance.

Results

AT1a expression rises on liver metastasis formation. We deter-
mined the expression of AT receptors in the metastatic livers
from WT (C57BL/6) mice. Compared with PBS injection, the
expression of AT1a in the metastatic liver was enhanced after
injection of CMT-93 cells, whereas there were no significant
differences in the expression of AT1b (P = 0.057) or AT2
(P = 0.114; Fig. 1a). These results suggested that AT1a signal-
ing is related to liver metastasis formation.

AT1a-deficient mice suppress liver metastasis formation. To
examine the effect of endogenous AT1a signaling on liver
metastasis formation, we compared the liver weight and the
rate of metastasis between AT1aKO and WT (Fig. 1b,c). Com-
pared with WT, the liver weight (WT 1.32 � 0.04 g vs
AT1aKO 1.03 � 0.01 g; P < 0.05; Fig. 1b) and rate of metas-
tasis (WT 87.5 � 8.5% vs AT1aKO 17.1 � 5.7%; P < 0.05;
Fig. 1c) were significantly suppressed in AT1aKO. The colon
cancer cell line CMT-93 substantially formed liver metastases
in WT mice, whereas liver metastasis formation was less in
AT1aKO mice (Fig. 1d,e). We also confirmed that AT1aKO
mice injected with another colon cancer cell line, Colon 38,
significantly suppressed liver metastasis formation (Fig. S1).
The metastatic areas in the liver in macro (WT

2.64 � 0.33 cm2 vs AT1aKO 0.07 � 0.07 cm2; Fig. 1f) and in
micro (WT 1.60 � 0.56 mm2 vs AT1aKO 0.08 � 0.03 mm2;
Fig. 1g) were significantly suppressed in AT1aKO compared

with WT. Furthermore, 60 days after the injection of CMT-93
cells, the survival rate of WT was 30%, while that of AT1aKO
was 90% (Fig. 1h). These results suggested that AT1a signaling
facilitates not only liver metastasis formation but also serves as
a prognostic factor for liver metastasis.
AT1a has been suggested to be expressed in KCs(16) and

HSCs.(21) To further examine the cellular source of AT1a in
liver metastatic areas, dual immunofluorescence was carried
out 14 days after CMT-93 injection. Immunofluorescence dou-
ble staining of liver sections of WT with antibodies against
AT1a and F4/80 or desmin, a marker for HSCs,(22) indicated
that AT1a was expressed mainly in KCs (F4/80-positive cells;
Fig. S2a), and partly in HSCs (desmin-positive cells;
Fig. S2b). These results suggest that AT1a is derived mainly
from KCs, and partly from HSCs, during the progression of
CRC liver metastasis.

Suppressed angiogenesis and macrophage markers in AT1a-

deficient mice during liver metastasis formation. Tumor metasta-
sis formation is related to angiogenesis.(23) Therefore, we
investigated the expressions of CD31, VEGF-A, SDF-1, and
TGF-b1 in the liver 14 days after CMT-93 injection. The
expression of CD31 mRNA was significantly suppressed in
AT1aKO compared with WT (Fig. 2a). In addition, immuno-
histochemical analysis of CD31 showed that more CD31-posi-
tive cells were located in metastatic areas in WT than in
AT1aKO (Fig. 2b). Furthermore, we examined the expression
of angiogenesis-stimulating factors, including VEGF-A, SDF-
1, and TGF-b1. The expression of TGF-b1 in the liver was
significantly lower in AT1aKO than in WT, but there were no
significant differences in VEGF-A or SDF-1 expression
between the two groups (Fig. 2c–e). It is commonly accepted
that macrophages are related to liver metastasis formation.(24)

Macrophages secrete angiogenesis-stimulating factors to regu-
late metastasis formation. We therefore examined the expres-
sion of macrophage markers by means of real-time PCR
analysis. The mRNA levels of F4/80 in livers from AT1aKO
were significantly suppressed compared with the levels in liv-
ers from WT (Fig. 2f). The mRNA levels of MCP-1 in
AT1aKO were also reduced (Fig. 2g). These results suggested
that AT1a signaling is involved in the recruitment of macro-
phages, which has an important role in tumor growth.

AT1a signaling accumulates F4/80+ KCs expressing TGF-b1 into

regions of metastasis. Kupffer cells are the resident macro-
phages of the liver and contribute to the metastatic pro-
cess.(25,26) To elucidate the role of hepatic macrophages in
liver metastasis, we determined the numbers of hepatic macro-
phages by immunofluorescence analysis. As shown in Fig-
ure 3(a), F4/80+ cells markedly accumulated into the
metastatic tumors in WT compared with AT1aKO. Infiltrated
F4/80+ cells in metastatic areas were significantly increased in
WT (5019 � 699 cells/mm2) compared with AT1aKO
(1870 � 656 cells/mm2; Fig. 3b). A previous study showed
that TGF-b1 released from KCs induces tumor cell adhe-
sion.(17) The number of TGF-b1+ cells in WT
(3655 � 439 cells/mm2) was larger than in AT1aKO
(1291 � 414 cells/mm2; Fig. 3c). To investigate whether F4/
80+ KCs in metastatic tumors express TGF-b1, we carried out
double immunofluorescent analysis against TGF-b1 and F4/80
(Fig. 3a). The expression of TGF-b1 was colocalized with F4/
80+ cells. Accumulation of F4/80+TGF-b1+ cells in the meta-
static areas in WT (2962 � 363 cells/mm2) was enhanced
compared with AT1aKO (1064 � 333 cells/mm2; Fig. 3d).

Angiotensin II enhances expression of TGF-b1 in KCs. To fur-
ther focus on the expression of TGF-b1 from KCs, we
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Fig. 1. Effect of AT1a signaling on liver metastasis
formation. (a) Expressions of AT1a, AT1b, and AT2
receptor in metastatic livers 14 days after injection
of CMT-93 mouse colon cancer cells. Data are
expressed as the means � SD of six mice per group.
*P < 0.05 versus PBS-injected mice. (b,c). Effect of
AT1a signaling on liver metastasis formation
14 days after injection of CMT-93 cells. The weight
of liver metastasis (b) and the metastasis rate (c).
Data are presented as the means � SD of six mice
per group. P < 0.05 versus WT. (d) Typical gross
appearance of liver metastasis in WT and AT1aKO
injected intrasplenically with CMT-93 cells. Arrows
indicate metastatic colonization. Scale bar = 1 cm.
(e) Typical appearance of H&E staining of
metastatic livers from WT and AT1aKO after
injection of CMT-93 cells. Metastatic area is
delineated with the black dashed line. T, tumor.
Scale bar = 100 lm. (f,g) Effects of AT1a signaling
on colony formation in liver in macro (f) and micro
(g) after injection of CMT-93 cells. Data are
represented as the means � SD of six mice per
group. *P < 0.05 versus WT. (h) Mortality after
injection of CMT-93 cells. The survival rate in WT
was lower than that in AT1aKO. n = 10 per group.
*P < 0.05 versus WT mice, Kaplan–Meier analysis.

Fig. 2. AT1a signaling enhances the expression of
angiogenic factor and macrophage marker in
metastatic liver. (a,b) CD31 expression in the liver
14 days after injection of CMT-93 mouse colon
cancer cells. Data are expressed as the means � SD
of six mice per group. *P < 0.05 versus WT. (a)
mRNA level of CD31 was suppressed in AT1aKO
mice. (b) Immunohistochemical staining of CD31 in
metastatic areas from WT and AT1aKO mice. Scale
bar = 100 lm. Arrows indicate CD31-positive cells.
(c–e) Vascular endothelial growth factor A (VEGF-A)
(c), stromal cell-derived factor-1 (SDF-1) (d), and
transforming growth factor-b1 (TGF-b1) (e) mRNA
expression in the liver 14 days after CMT-93
injection. Data are expressed as the means � SD of
six mice per group. *P < 0.05 versus WT. (f,g) F4/80
(f) and monocyte chemoattractant protein-1 (MCP-
1) (g) mRNA expression in the liver 14 days after
CMT-93 injection. Data are expressed as the
means � SD of six mice per group. *P < 0.05 versus
WT.
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estimated the expression of TGF-b1 in mouse clonal KCs
(KUP5) under Ang II stimulation. KUP5 expressed AT1 recep-
tors, AT1a and AT1b (Fig. 3e). The expression of TGF-b1
was enhanced 6 h after stimulation with Ang II compared with
the control (Fig. 3f). There was no significant difference in the
expression of TGF-b1 at 12 h (Fig. 3f).

AT1a signaling in host cells is responsible for liver metastasis

formation. To determine whether BM-derived macrophages
affect liver metastasis formation, we transplanted GFP-expres-
sing BM cells to irradiated mice: BM cells from GFP+ WT or
GFP+ AT1aKO were transplanted?WT or AT1aKO. Eight
weeks after BM transplantation, CMT-93 cells were
intrasplenically implanted in chimeric mice (Fig. 4a). In
AT1aKO-BM?WT, tumor area (1.97 � 0.11 cm2) was signif-
icantly suppressed compared with that in WT-BM?WT
(2.94 � 0.16 cm2; Fig. 4b). Moreover, tumor area in WT-
BM?AT1aKO (0.72 � 0.15 cm2) showed a significant
increase compared with that in AT1aKO-BM?AT1aKO
(0.17 � 0.12 cm2; Fig. 4b). These results suggested that AT1a
signaling in BM cells is involved in liver metastasis. Interest-
ingly, the tumor area in WT-BM?AT1aKO did not increase,
but further decreased compared with that in AT1aKO-BM?
WT. These results suggested that resident liver cells expressing
AT1a rather than BM-derived cells expressing AT1a would
induce metastatic formation.

Host-derived F4/80+ cells participate in tumor metastasis forma-

tion. To further examine the contribution of BM-derived

macrophages or host-derived macrophages to the formation of
liver metastasis, immunofluorescence was carried out (Fig. 4c).
The numbers of accumulated GFP+ cells in AT1aKO-BM?
WT (5917 � 461 cells/mm2), WT-BM?AT1aKO
(6018 � 622 cells/mm2) and AT1aKO-BM?AT1aKO
(5891 � 825 cells/mm2) had a tendency to be suppressed com-
pared with those in WT-BM?WT (8269 � 422 cells/mm2;
Fig. 5a). However, the difference did not reach statistical sig-
nificance. This result suggested that AT1a signaling in BM
cells did not make a significant contribution to the accumula-
tion of BM-derived cells (GFP+ cells) into metastatic areas.
The numbers of accumulated F4/80+ cells in WT-BM?

AT1aKO (3902 � 451 cells/mm2) were suppressed compared
with WT-BM?WT (6172 � 635 cells/mm2; Fig. 5b). How-
ever, there were no significant differences in accumulated F4/
80+ cells between WT-BM?WT and AT1aKO-BM?WT.
Similarly, the numbers of accumulated F4/80+ cells in
AT1aKO-BM?AT1aKO (2622 � 409 cells/mm2) were sup-
pressed compared with AT1aKO-BM?WT
(4754 � 242 cells/mm2; Fig. 5b). However, the numbers of
F4/80+ cells did not differ between AT1aKO-BM?WT and
AT1aKO-BM?AT1aKO-BM. These results showed that hep-
atic resident cells expressing AT1a signaling, but not BM-
derived cells, contributed to accumulation of F4/80+ cells into
liver metastatic lesions.
In order to examine whether F4/80+ cells derive from BM or

not, we counted the numbers of GFP+F4/80+ cells (Fig. 5c)

Fig. 3. Angiotensin II (Ang II)/AT1a axis enhances
transforming growth factor-b1 (TGF-b1) expression
in Kupffer cells. (a) Accumulation of F4/80+ cells,
TGF-b1+ cells, and F4/80+/TGF-b1+ cells in metastatic
areas from WT and AT1aKO mice on day 14.
Double-staining of liver sections with antibodies
against F4/80 (red) and TGF-b1 (green) in WT and
AT1aKO mice. Expression of TGF-b1 was colocalized
with F4/80+ cells. Metastatic area is delineated with
the white dashed line. T, tumor. Scale
bar = 100 lm. (b–d) Numbers of F4/80+ cells (b),
TGF-b1+ cells (c), and F4/80+TGF-b1+ cells (d) in
metastatic areas from WT and AT1aKO mice. Data
are expressed as the means � SD of six mice per
group. *P < 0.05. (e) Expression of AT1a and AT1b
in KUP5 Kupffer cells. Data are expressed as the
means � SD of six mice per group. (f) Expression of
TGF-b1 on KUP5 cells under stimulation with Ang II.
Expression of TGF-b1 was enhanced 6 h after
stimulation with Ang II compared with control.
There was no significant difference at 12 h. Data
are expressed as the means � SD of six mice per
group. *P < 0.05 versus control.
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and GFP�F4/80+ cells in metastatic areas (Fig. 5d). There
were no significant differences in the numbers of GFP+F4/80+

cells among four groups (Fig. 5c). By contrast, the changes in
numbers of GFP�F4/80+ cells in metastatic areas from each
group were basically similar to those of F4/80+ cells in each
group (Fig. 5d).
The numbers of GFP+F4/80+ cells in WT-BM?WT were

approximately 23% of the total numbers of F4/80+ cells in
WT-BM?WT, whereas the numbers of GFP�F4/80+ cells
were approximately 77% of the total numbers of F4/80+ cells
(Fig. 5e). In addition, in another three groups, the percentages
of GFP+F4/80+ cells were approximately 20%–30%, whereas
those of GFP�F4/80+ cells were approximately 70%–80%
(Fig. 5e). These results indicated that accumulated F4/80+ cells
in metastatic areas were mainly derived from resident hepatic
macrophages (KCs) and partly from BM, and that resident
KCs were mainly involved in tumor metastasis. These findings
also suggested that AT1a signaling in resident KCs would con-
tribute to liver metastasis formation.

F4/80+ cells expressing TGF-b1 correlate with tumor metastasis

formation. As indicated in Figure 3(a), we examined whether
accumulated F4/80+ cells expressed TGF-b1 in the BM trans-
plantation model (Fig. 6a). F4/80+ cells were also positive for
TGF-b1 (Fig. 6a). The numbers of accumulated TGF-b1+ cells
in the metastatic livers from chimeric mice correlated with the

numbers of accumulated F4/80+ cells from respective chimeric
mice (Fig. 6a,b). The total population of TGF-b1+F4/80+ cells
in WT-BM?AT1aKO (2056 � 171 cells/mm2) was signifi-
cantly reduced compared with that in WT-BM?WT
(3268 � 396 cells/mm2; Fig. 6c). In addition, the total popula-
tion of TGF-b1+F4/80+ cells in AT1aKO-BM?AT1aKO
(1735 � 277 cells/mm2) had a tendency to be suppressed com-
pared with that in AT1aKO-BM?WT (2233 � 231 cells/
mm2; Fig. 6c). These results suggested that AT1a signaling
accumulated host-derived TGF-b1+F4/80+KCs in metastatic
areas.

AT1a signaling induces expression of type I collagen in meta-

static areas. Because AT1a was expressed in HSCs (Fig. S2b),
and type I collagen deposition produced by HSCs(27) is associ-
ated with an increased risk of liver metastasis,(28) we examined
the cellular source of collagen deposition in metastatic areas.
Double immunofluorescence revealed that the expression of
type I collagen was colocalized with desmin+ cells (Fig. S3a),
but not F4/80+ cells (Fig. S3b). Next, we determined the
expression of type I collagen in metastatic areas 14 days after
injection of CMT-93 cells in WT and AT1aKO. Immunohisto-
chemical analysis showed that the expression of type I colla-
gen in metastatic areas was diminished in AT1aKO (Fig. 7a).
Quantitative analysis revealed that the total type I collagen-
positive area in the liver from AT1aKO (0.05 � 0.01 mm2/

Fig. 4. Effects of bone marrow (BM)
transplantation on liver metastasis. (a) Typical
appearance of H&E staining of metastatic livers
from chimeric mice 14 days after injection of CMT-
93 mouse colon cancer cells. Metastatic area is
delineated with the black dashed line. T, tumor.
Scale bar = 100 lm. (b) Effect of BM
transplantation on tumor area 14 days after CMT-
93 injection. Metastatic tumor areas in AT1aKO-
BM?WT and AT1aKO-BM?AT1aKO mice were
suppressed compared with those in WT-BM?WT
and WT-BM?AT1aKO mice, respectively. Data are
expressed as the means � SD of six mice per group.
*P < 0.05 versus control. (c) Accumulation of
GFP+F4/80+ cells in the metastatic area (delineated
with white dashed line) on day 14. T, tumor. Scale
bar = 100 lm.
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mm2) was suppressed compared with WT (0.19 � 0.03 mm2/
mm2; Fig. 7b). The mRNA expression of Col1a1 in AT1aKO
was significantly reduced compared with that in WT (Fig. 7c).
Moreover, the protein levels of type I collagen in the livers in
AT1aKO (0.42 � 0.02 lg/mL) was suppressed compared with
those in WT (0.76 � 0.13 lg/mL; Fig. 7d). These results sug-
gested that HSCs produced type I collagen through AT1a sig-
naling in liver metastatic areas. Bone marrow transplantation
experiments showed that the area occupied by type I collagen-
positive cells was significantly increased in WT-BM?WT
(0.15 � 0.02 mm2/mm2) compared with WT-BM?AT1aKO
(0.08 � 0.01 mm2/mm2). Similarly, those cells had a tendency
to an increase in AT1aKO-BM?WT (0.09 � 0.01 mm2/mm2)
compared with AT1aKO-BM?AT1aKO (0.04 � 0.01 mm2/
mm2; Fig. 7e,f). These results suggested that the expression of
type I collagen depended on AT1a signaling in host liver cells.

Infiltrated KCs contribute to liver metastasis formation. To
further elucidate the role of KCs in liver metastasis formation,
KCs from WT mice were deleted by injection of clodronate
liposomes 2 days before injection of cancer cells. The metasta-
sis area in WT with clodronate liposomes (1.15 � 0.45 cm2)
was reduced compared with that in WT with control liposomes
(3.30 � 0.19 cm2; Fig. 8a). The mRNA expression levels of
F4/80, TGF-b1, Col1a1, and CD31 were significantly sup-
pressed in WT with clodronate liposomes compared with WT
with control liposomes (Fig. 8b–e). The numbers of TGF-b1+

cells, F4/80+ cells, and TGF-b1+F4/80+ cells were suppressed
in clodronate liposome-treated WT (1267 � 472, 1959 � 596,
and 970 � 378 cells/mm2, respectively) compared with con-
trols (5205 � 401, 6399 � 520, and 4192 � 402 cells/mm2,
respectively; Fig. 8f–i). The area occupied by type I collagen-
positive cells was suppressed in clodronate liposome-treated
mice (0.11 � 0.02 mm2/mm2) compared with control lipo-
some-treated mice (0.33 � 0.04 mm2/mm2; Fig. 8j,k). These
results suggested that the accumulation of KCs expressing
TGF-b1 induces liver metastasis formation associated with
production of type I collagen.

Discussion

The focus of this study was to elucidate the role of AT1a sig-
naling in the metastatic progression of CRC in the liver. The
genetic depletion of AT1a significantly suppressed liver metas-
tasis. Enhanced mRNA expression of F4/80 and TGF-b1 in the
liver metastatic area was associated with the accumulation of
F4/80+ cells expressing TGF-b1. Bone marrow transplantation
experiments showed the presence of mainly host-derived F4/
80+ cells (KCs), but BM-derived F4/80+ cells, to a lesser
degree, participated in liver metastasis formation. These results
suggested that AT1a signaling promotes liver metastasis for-
mation by accumulated resident hepatic macrophages in asso-
ciation with TGF-b1.

Fig. 5. Contribution of resident F4/80+ Kupffer
cells to liver metastasis formation. (a–d) Numbers of
GFP+ (a), F4/80+ (b), GFP+F4/80+ cells (c), and
GFP�F4/80+ cells (d) in metastatic areas. Data are
expressed as the means � SD of six mice per group.
*P < 0.05. (e) Percentages of GFP+F4/80+ cells and
GFP�F4/80+ cells in each group. BM, bone marrow.
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Angiotensin II is one of the major components of the RAS
that is essential for blood pressure regulation and electrolyte
balance.(6) Angiotensin II binds two receptors, AT1 and AT2.
AT1 has two subtypes, receptor AT1a and AT1b.(11) Angioten-
sin II, one of the factors of the RAS, promotes tumor growth
with expression of VEGF-A, angiopoietin 2, fibroblast growth
factor, and platelet-derived growth factor.(3,4,29) The expression
of AT1 is especially enhanced in cancer.(30–32) In fact, it is
reported that ACE inhibitors and angiotensin II receptor block-
ers inhibit the risk of cancer and cancer-related death.(33) We
have shown that AT1 signaling induces tumor growth and
metastasis formation in a lung metastasis model.(9) Neo
et al.(34) reported that treatment with ACE inhibitors sup-
pressed angiogenesis in a mouse model of CRC liver metasta-
sis. These findings led us to focus on the role of AT1a

signaling in liver metastasis formation. To examine whether
endogenous AT1a signaling has an effect on liver metastasis
formation or not, we used AT1aKO. The present study showed
suppression of liver metastasis formation in AT1aKO after
injection of CMT-93 cells. We found that AT1a is expressed
mainly in KCs during the progression of CRC liver metastasis,
which is consistent with the findings by others.(16)

Liver metastasis formation is enhanced by angiogenesis-sti-
mulating factors, including TGF-b1, VEGF-A, and SDF-1.(4,5)

Transforming growth factor-b1 plays important roles in embry-
onic development, cell proliferation, differentiation, angiogene-
sis, and wound healing.(35,36) Furthermore, it is well known to
be an immune and inflammation regulator. Upregulation of
TGF-b1 induces EMT, a key step in processing metastasis for-
mation, and this creates a microenvironment conducive to

Fig. 6. Effect of AT1a signaling in bone marrow
(BM) cells on accumulation of F4/80+ cells
expressing transforming growth factor-b1 (TGF-b1).
(a) Accumulation of TGF-b1 +F4/80+ Kupffer cells in
the metastatic areas (delineated with the white
dashed line) on day 14. T, tumor. Scale
bar = 100 lm. (b,c) Total numbers of TGF-b1+ (b)
and TGF-b1+F4/80+ Kupffer cells (c) in metastatic
areas. Data are expressed as the means � SD of six
mice per group. *P < 0.05.
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infiltration of the target organ by cancer cells.(37) The present
study showed that the expression of TGF-b1 in the metastatic
liver was suppressed in AT1aKO compared with WT. This
finding suggested that the expression of TGF-b1 in the meta-
static liver was dependent on AT1a signaling. Taken together,
AT1a signaling promotes liver metastasis with enhancement of
TGF-b1.
The TGF-b1 signaling pathway is a key player in tumor

development. Angiotensin II activates TGF-b1 signaling.(38) In
the current study, we showed that F4/80+ KCs coexpressed
TGF-b1 in metastatic areas and the expression of TGF-b1
depended on AT1a signaling. We also revealed that Ang II
enhanced TGF-b1 expression in cultured KCs. Although these
findings suggest that Ang II/AT1a activates the TGF-b1 signal-
ing pathway, we further need to elucidate the relative impor-
tance of AT1a for activation of TGF-b1 signaling in a liver
metastasis model.
Macrophages are characterized by high functional plasticity

for forming tumor microenvironments that are associated with
angiogenesis or facilitation of immune response.(39) Resident
liver macrophages, KCs, play critical roles in development of
microenvironments in primary cancer and liver metastasis for-
mation.(40) Our present study showed that the expression of
macrophage-related markers, including F4/80 and MCP-1, was
enhanced in areas of metastasis. These results support the

hypothesis that macrophages are related to metastasis forma-
tion.
Pancreatic cancer exosomes initiate premetastatic niche for-

mation by KCs through TGF-b1 secretion.(17) Previous studies
have shown that KCs express the RAS components ACE and
AT1R. Wen et al.(16) reported that the RAS regulates KCs in
CRC liver metastasis formation. In the present study, we
showed that KUP5 cells, murine KCs, enhanced the expression
of TGF-b1 under Ang II stimulation.
In this experiment, immunofluorescence against F4/80 was

used to detect accumulated macrophages in the metastatic liv-
ers. Our results indicated that resident KCs had an important
role in liver metastasis formation. We previously reported that
AT1a signaling is important for the recruitment of BM cells to
metastatic areas.(9) The present study showed that recruitment
of GFP+ cells infiltrated in liver metastasis was suppressed in
AT1aKO-BM?WT compared with WT-BM?WT. Regardless
of whether WT-BM or AT1aKO-BM was transplanted, the
number of GFP+F4/80+ KCs was suppressed in AT1aKO.
Interestingly, the same phenomenon was seen in the numbers
of TGF-b1+F4/80+ KCs in WT-BM?WT and AT1aKO-BM?
WT. Even after transplantation of WT-BM, the total popula-
tion of GFP+F4/80+ KCs was not elevated. Moreover, the num-
ber of accumulated TGF-b1+F4/80+ KCs in the metastasis area
was much higher than that of GFP+F4/80+ KCs in WT-BM?

Fig. 7. Effect of AT1a signaling on type I collagen
expression in metastatic areas.
Immunohistochemical analysis of type I collagen in
metastatic livers from WT and AT1aKO mice.
Metastatic areas are delineated with the black
dashed line. T, tumor. Scale bar = 100 lm. (a) Type
I collagen-positive areas in metastatic livers from
WT and AT1aKO mice. Data are expressed as the
means � SD of six mice per group. *P < 0.05. (b)
Expression of collagen type I a1 (Col1a1) in
metastatic livers from WT and AT1aKO mice. Data
are expressed as the means � SD of six mice per
group. *P < 0.05. (c) Concentrations of type I
collagen in metastatic livers from WT and AT1aKO
mice at 0 and 14 days after CMT-93 injection. Data
are expressed as the means � SD of six mice per
group. *P < 0.05. (d) Immunohistochemical staining
of type I collagen in metastatic areas (delineated
with black dashed line) after bone marrow (BM)
transplantation. T, tumor. Scale bar = 100 lm. (e)
Type I collagen-positive areas in metastatic livers
from chimeric mice given transplants of BM from
WT and AT1aKO. Data are expressed as the
means � SD of six mice per group. *P < 0.05.
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WT. These results indicated that tissue resident TGF-b1+F4/
80+ KCs play a role in metastasis formation through AT1a sig-
naling, and that the number of TGF-b1+F4/80+ KCs correlated
with liver metastasis formation.
Regarding the role of KCs in the formation of liver

metastasis, conflicting results have been reported. Wen
et al.(41) showed that KC depletion with gadolinium chloride
before tumor induction was associated with an increased
tumor burden in metastatic liver, suggesting that KCs show
an antitumor effect. Kruse et al.(42) reported that KC deple-
tion with clodronate liposomes before tumor induction led to
a significant reduction of liver metastasis, which was consis-
tent with our results. These suggest that KCs promote the
formation of metastases in the liver. Despite divergent roles
of KCs in liver metastasis, KC infiltration appears not to be
the result of liver metastasis but the cause of initiation of
liver metastasis. As the precise correlation between KCs and
liver metastasis still remains unclear, further experiments are
needed.
Tumor progression and fibrosis are pivotal aspects of malig-

nant tumors. Several factors, including TGF-b1, VEGF-A,
SDF-1, and Ang II, are regarded as candidate factors involved

in cross-talk between tumor cells and stromal cells. As men-
tioned above, Ang II induces fibrosis in many organs. We pre-
viously reported that host-derived AT1a-positive cells,
fibroblasts, induce tumor growth.(12) The present study sug-
gested that TGF-b1 derived from resident KCs induced liver
metastasis formation. We also showed that attenuated expres-
sion of host-derived TGF-b1 in AT1aKO was associated with
suppressed metastasis formation.
In the early stage of metastasis, tumor cell invasion into the

extra-sinusoidal space seems to recapitulate this tissue repair
process: KCs trigger HSCs and liver sinusoidal endothelial cell
activation. This was observed in experimental models and is
also evidenced by the increased production of collagen in hep-
atic metastases in clinical specimens.(40) Okamoto et al.(43)

showed that the Ang II/AT-1 axis induced tumor progression
and fibrosis in intrahepatic cholangiosarcoma through an inter-
action with HSC. The present study indicated that the expres-
sion of type I collagen, a fibrosis marker, was also suppressed
in AT1aKO. We showed that resident F4/80+ KCs expressed
TGF-b1 in metastatic tumor areas, in which type I collagen
was significantly expressed. Transforming growth factor-b1
mediates fibrogenesis, including collagen deposition, by

Fig. 8. Effects of macrophage deletion on liver
metastasis formation. (a) Metastasis area in WT
with control liposomes and clodronate liposomes
14 days after injection CMT-93 mouse colon cancer
cells. Data are expressed as the means � SD of four
mice per group. *P < 0.05 versus control liposomes.
(b–e). F4/80 (b), transforming growth factor-b1
(TGF-b1) (c), collagen type I a1 (Col1a1) (d), and
CD31 (e) mRNA expression in metastatic liver
14 days after CMT-93 injection. Data are expressed
as the means � SD of four mice per group.
*P < 0.05 versus control liposomes. (f) Accumulation
of TGF-b1+ cells, F4/80+ cells, and TGF-b1+/F4/80+

cells in metastatic areas on day 14. Double-staining
of liver sections with antibodies against TGF-b1
(green) and F4/80 (red). T, tumor. Scale
bar = 100 lm. (g–i) Numbers of TGF-b1+ cells (g),
F4/80+ cells (h), and TGF-b1+ F4/80+ cells (i) in
metastatic areas from WT mice with control
liposomes and clodronate liposomes. Data are
expressed as the means � SD of four mice per
group. *P < 0.05. (j) Representative images showing
immunofluorescence staining for type I collagen in
metastatic livers of WT mice with control liposomes
and clodronate liposomes 14 days after CMT-93
injection. Metastatic area is delineated with the
white dashed line. T, tumor. Scale bar = 100 lm. (k)
Type I collagen-positive area in metastatic livers of
WT mice with control liposomes and clodronate
liposomes. Data are expressed as the means � SD
of four mice per group. *P < 0.05.
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induction of activated HSCs. Bone marrow transplantation
experiments showed that AT1a signaling in host cells accumu-
lated TGF-b1+F4/80+ KCs as well as type 1 collagen-produc-
tive cells. Further studies are needed to disclose the interaction
between accumulated host-derived TGF-b1+F4/80+ KCs and
fibrosis formation.
In conclusion, AT1a signaling in resident F4/80+ KCs pro-

motes liver metastasis formation by enhancing TGF-b1 expres-
sion. Highly selective AT1a antagonists may become a useful
treatment for CRC.
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ACE angiotensin-converting enzyme
Ang angiotensin
AT1aKO AT1a knockout mice
BM bone marrow
Col1a1 collagen type I a1
CRC colorectal cancer
EMT epithelial–mesenchymal transition
HSC hepatic stellate cell
KC Kupffer cell
MCP-1 monocyte chemoattractant protein-1
RAS renin–angiotensin system
SDF-1 stromal cell-derived factor-1
TGF-b1 transforming growth factor-b1
VEGF vascular endothelial growth factor
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Fig. S1. Effect of AT1a signaling on liver metastasis formation after injection of Colon 38 cells. (a) Typical growth appearance of liver metastasis
in WT and AT1aKO mice injected intrasplenically with Colon 38 cells. Arrows indicate metastatic colonization. Scale bar = 1 cm. (b) Effect of
AT1a signaling on liver metastasis formation 2 weeks after injection of Colon 38 cells. Data are presented as the means � SD of six mice per
group. P < 0.05 versus WT.

Fig. S2. Representative images of double immunofluorescence staining of AT1a and F4/80 or desmin in metastatic livers from WT mice. Double
immunofluorescence staining of AT1a (green) and F4/80 (red) (a) or desmin (red) (b) in metastatic liver of WT at 14 days after CMT-93 injection.
T, tumor. Scale bar = 100 lm.

Fig. S3. Representative images showing immunofluorescence staining of type I collagen and desmin or F4/80 in metastatic livers from WT mice.
Double immunofluorescence staining of type I collagen (green) and desmin (red) (a) or F4/80 (red) (b) in metastatic livers of WT mice at 14 days
after CMT-93 injection. Expression of type I collagen was colocalized with desmin+ cells, but not F4/80+ cells in metastatic areas. Arrow heads
indicate double-positive cells. T, tumor. Scale bar = 100 lm.
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