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A B S T R A C T   

Angiotensin II (Ang II) reportedly facilitates primary tumor growth and distal hematogenous metastasis for
mation in various murine intravenous metastasis models. However, it is unclear whether Ang II accelerates the 
initial processes of metastasis formation that begins in primary tumors surrounded by tumor microenvironment. 
We examined the effects of Ang II on primary tumors and lung metastasis lesions using a murine spontaneous 
metastasis model, in which triple negative breast cancer 4T1 cells constitutively expressing luciferase (4T1-Luc 
cells) were injected into the mammary fat pad of BALB/c mice. Subcutaneous injection of Ang II significantly 
accelerated primary tumor growth and lung metastasis formation. Ang II increased the protein expression levels 
of c-Myc, cyclin D1, fibronectin, vimentin, αSMA and Snail, and the treatment with the Ang II type 1 receptor 
blocker valsartan significantly suppressed the Ang II-induced increases of fibronectin and vimentin. Valsartan 
also significantly reduced lung metastatic lesions. However, Ang II did not have significant effects on 4T1-Luc 
cells including the proliferation, migration, invasion, or the expressions of proteins related to cell proliferation 
and epithelial-to-mesenchymal transition. In contrast, when 4T1-Luc cells were co-cultured with dermal fibro
blasts, Ang II significantly accelerated cell migration and increased the expressions of fibronectin, vimentin, 
αSMA and Snail in 4T1-Luc cells. And moreover, Ang II significantly increased the mRNA expression of IL-6 in 
fibroblasts co-cultured with 4T1-Luc cells. These results suggested that Ang II accelerates surrounding fibroblasts 
by soluble factors such as IL-6 to promote epithelial-to-mesenchymal transition, which result in the initiation of 
cancer metastasis.   

1. Introduction 

Cancer metastasis is the major cause of cancer-related death. Thus, 
inhibiting distal hematogenous metastasis is important. Distal hema
togenous metastasis is a multiple step process that involves local infil
tration of cancer cells into the adjacent tissue, intravasation of cancer 
cells from the primary site into the bloodstream through vascular 
endothelial cells, circulation through the bloodstream, adhesion to 
endothelial cells at another site and extravasation into the target organ, 
and finally colonization in the target organ (Fidler, 2003). In all steps, 

the tumor cells themselves and cells that construct the tumor microen
vironment play important roles (Quail and Joyce, 2013). Although 
preventing cancer metastasis is expected to be a beneficial therapy for 
cancer patients, clinically useable anti-metastatic drugs have not been 
developed (Anderson et al., 2019; Fontebasso and Dubinett, 2015; 
Gandalovičová et al., 2017; Ishikane and Takahashi-Yanaga, 2018). 

The renin-angiotensin system (RAS) plays a key role in controlling 
vasoconstriction, fluid volume, and electrolyte balance. Upregulation of 
the RAS causes hypertension. Angiotensin II (Ang II) is a key RAS pep
tide that induces vasoconstriction, secretion of aldosterone from the 
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adrenal gland, and reabsorption of sodium and water. RAS inhibitors, 
such as angiotensin-converting enzyme inhibitors and Ang II type 1 re
ceptor blockers (ARBs), are used as antihypertensive drugs (Ferrario, 
2006). In addition to hypertension, a number of reports have suggested 
that Ang II is related to cancer progression. For example, Ang II 
reportedly facilitates progression of cancer metastasis by inducing 
migration, invasion, and proliferation of cancer cells and accelerating 
angiogenesis (Suganuma et al., 2005; Xu et al., 2017; Zhao et al., 2014). 
In animal models, Ang II has been demonstrated to induce distal he
matogenous metastasis in various cancer cells, including renal cancer, 
melanoma, and breast cancer cells (Ishikane et al., 2018; Miyajima et al., 
2002; Rodrigues-Ferreira et al., 2012). Consistent with this, RAS in
hibitor has been reported to reduce distal hematogenous metastasis 
(Wen et al., 2013). Furthermore, RAS inhibitors could ameliorate 
metastatic-free survival rate in renal cancer and upper-tract urothelial 
carcinoma patients (Miyajima et al., 2015; Tanaka et al., 2012). Thus, 
RAS inhibitors could be candidate anti-metastatic drugs. However, 
several aspects remain to be clarified concerning the role of Ang II 
during metastasis formation, especially the effects of Ang II on the 
initiation of metastasis in primary tumor lesions. 

We previously reported that Ang II exacerbated hematogenous can
cer metastasis using an intravenous metastasis model in which the effect 
of Ang II in metastatic lesions was evaluated (Ishikane et al., 2018). In 
the present study, we used a spontaneous metastasis model to evaluate 
the effects of Ang II on the initial steps of metastasis formation in pri
mary tumor lesions. Murine triple negative breast cancer (TNBC) 4T1 
cells were used because TNBC often forms lethal metastasis (Dent et al., 
2007; Howlader et al., 2018). As epithelial-to-mesenchymal transition 
(EMT) of cancer cells plays a key role in the initial steps for the metas
tasis formation (van Zijl et al., 2011), we paid special attention to the 
effect of Ang II on EMT in primary tumor lesions. 

2. Materials and methods 

2.1. Chemicals and antibodies 

Ang II was purchased from Peptide Institute Inc. (Osaka, Japan). The 
angiotensin receptor blocker valsartan (Val) was purchased from 
Novartis Pharma (Basel, Switzerland). Monoclonal anti-glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) antibody and monoclonal anti- 
Ang II type 1 receptor (AT1R) antibody were obtained from Abcam 
(Cambridge, UK). Monoclonal anti-α-smooth muscle actin (αSMA) 
antibody, polyclonal anti-c-Myc antibody, polyclonal anti-vimentin 
antibody, and polyclonal anti-Snail antibody were obtained from Cell 
Signaling Technology (Danvers, MA, USA). Polyclonal anti-cyclin D1 
antibody, monoclonal anti-cyclin E antibody, and polyclonal anti- 
fibronectin antibody were obtained from Santa Cruz Biotechnology 
(Dallas, TX, USA). 

2.2. Cell culture 

To evaluate cancer metastasis formation in the lung, mouse breast 
cancer cells stably expressing luciferase (4T1-Luc cells, JCRB Cell Bank, 
Osaka, Japan) were used. The cells were cultured at 37 ◦C in an atmo
sphere of 95% air and 5% CO2 in RPMI 1640 (FUJIFILM Wako Pure 
Chemical Co., Osaka, Japan) containing 10% fetal bovine serum (FBS; 
Nichirei Biosciences, Tokyo, Japan), 100 U/mL penicillin G, and 0.1 μg/ 
mL streptomycin. 4T1-Luc cells in passages 25 to 35 were used for the 
experiments. Primary dermal fibroblasts (DFBs) were isolated from the 
dorsal dermis of 8 week old female BALB/c mice obtained from CLEA 
Japan Inc. (Tokyo, Japan). Briefly, dermis tissues were cut into small 
pieces and digested with 0.2% collagenase type A (FUJIFILM Wako Pure 
Chemical Co.) in Hank’s balanced salt solution (Nacalai Tesque, Kyoto, 
Japan) at 37 ◦C for 30 min and then filtered using a cell strainer (Falcon 
100 μm; Corning Inc., Corning, NY, USA). Collected DFBs were cultured 
at 37 ◦C in an atmosphere of 90% N2, 5% O2, and 5% CO2 in Dulbecco’s 

modified Eagle’s medium (DMEM; FUJIFILM Wako Pure Chemical Co.) 
containing 10% FBS, 100 U/mL penicillin G, and 0.1 μg/mL strepto
mycin (Senavirathna et al., 2018). DFBs in passages 2 to 3 were used for 
the experiments. 

2.3. Animal models 

Ang II or vehicle was continuously infused at 1.0 μg/kg/min into the 
female BALB/c mice (8–10 weeks old) by subcutaneously implanted 
osmotic pumps (model 1004, ALZET, Cupertino, CA, USA) beginning 3 
days before cell injection. Blood pressure was measured by the tail-cuff 
method using a model BP-98A device (Softron Co., Tokyo, Japan) in 
conscious mice the day of cell injection. 4T1-Luc cells were trypsinized 
and resuspended in 50% Matrigel (Corning Inc.) in PBS at a concen
tration of 4 × 106 cells/mL. The suspension (25 μL) was subcutaneously 
injected into the left #4 mammary fat pad of mice. Val (60 mg/kg/day) 
or vehicle was orally administered by gastric gavage once a day for 36 
days beginning 8 days before cell injection. Twenty-eight days after cell 
injection, the mice were euthanized by cervical dislocation. 

2.4. Micro-computed tomography imaging 

After euthanasia, micro-computed tomography (micro-CT) images of 
the lungs were obtained using a Cosmo Scan GX device (Rigaku, Tokyo, 
Japan). The settings were as follows: X-ray voltage, 90 kV; current, 88 
μA; field of view (FOV), 25 mm; and irradiation time, 2 min. Metastatic 
lung tumor was defined as a mass with a diameter >300 μm that could 
be isolated from lung vessels. The number of tumors and the largest 
tumor diameter were evaluated. 

2.5. Western blot analysis 

The primary tumor was dissected and homogenized in RIPA buffer 
(FUJIFILM Wako Pure Chemical Co.). The protein samples were sepa
rated by 10% SDS-PAGE or 7.5% tris-acetate polyacrylamide gel elec
trophoresis (for high molecular-weight proteins) (Kurien and Scofield, 
2012). These samples were transferred to polyvinylidene fluoride 
(PVDF) membranes using a wet transfer system (Bio-Rad, Hercules, CA, 
USA). Western blot analysis was performed as described previously 
(Ishikane et al., 2018). The densities of the bands were quantified by 
optical densitometric scanning using the ImageJ software program (Ver. 
1.46; National Institute of Health, Bethesda, MD, USA). 

2.6. Real-time PCR 

Total RNA was extracted from the left lung, including the superior, 
middle, and inferior lobes, using a FastGene RNA Basic Kit (NIPPON 
Genetics Co., Tokyo, Japan). cDNA was synthesized with the GeneAce 
cDNA Synthesis Kit according to the manufacturer’s instructions (Nip
pon Gene Co., Tokyo, Japan). Quantitative real-time PCR was performed 
using GeneAce SYBR qPCR Mix α (Nippon Gene Co.) with a LightCycler 
Nano System (Roche Molecular Biochemicals, Mannheim, Germany). 
The mRNA levels of luciferase, transforming growth factor-β1 (TGF-β1), 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), fibroblast growth 
factor-2 (FGF-2), epidermal growth factor (EGF), and vascular endo
thelial growth factor-A (VEGF-A) genes were quantified with GAPDH for 
normalization. The primers are listed in Table 1. 

2.7. Cell proliferation assay 

4T1-Luc cells were seeded into 96-well plates at 1 × 104 cells/well in 
RPMI 1640 medium supplemented with 1% FBS. Twenty-four hours 
after seeding, cells were stimulated with or without Ang II (10-10 to 10-5 

M) for 48 h. Cell proliferation was assessed by WST-8 (Nacalai Tesque) 
according to the manufacturer’s instructions. The results were expressed 
as the percentage of the absorbance of the control cells. 
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2.8. Migration assay 

4T1-Luc cells were seeded into 24-well plates at confluence in RPMI 
1640 medium supplemented with 10% FBS. Twenty-four hours after 
seeding, cells were damaged by scratching with a 200 μL yellow chip in 
the presence or absence of Ang II (10-6 M) in RPMI 1640 medium sup
plemented with 1% FBS. Each well was imaged at 0 and 12 h after 
scratching to evaluate the size of the damaged area using an ECLIPSE 
Ts2 microscope (Nikon, Tokyo, Japan). 

2.9. Trans-well invasion assay 

The effect of Ang II treatment on the invasion of 4T1-Luc cells was 
determined using a Boyden Chamber (ThinCert Cell Culture Insets 8 μm 
pore sizes; Greiner Bio-One GmbH, Frickenhausen, Germany). A poly
ethylene terephthalate membrane was pre-coated with 10 μg of Matri
gel. Cells were suspended at 1 × 104 cells in 100 μL of serum-free RPMI 
1640 with or without Ang II (10-6 M) and seeded into the upper part of 
each chamber. The lower compartments were filled with 600 μL of RPMI 
1640 supplemented with 1% FBS with or without Ang II (10-6 M). After 
incubation for 24 h at 37 ◦C, cells that had not invaded were scraped off 
with a cotton swab. Invasive cells on the lower surface of the membrane 
were fixed with 4% formaldehyde for 30 min and stained with 4% 
crystal violet for 5 min. Cell invasion was quantified by counting the 
number of cells using a BZX-800 microscope (Keyence, Osaka, Japan). 

2.10. Trans-well co-culture assay 

The Trans-well co-culture assay was performed in a 12-well plate 
using a Boyden Chamber (ThinCert Cell Culture Insets 0.4 μm pore sizes; 
Greiner Bio-One GmbH). To evaluate the effect of co-cultured DFBs on 
4T1-Luc cells (Fig. 4B), DFBs suspended at 1.5 × 104 cells in 0.5 mL 
DMEM supplemented with 1% FBS were seeded into the upper part of 
each chamber. 4T1-Luc cells (2 × 104 cells/mL DMEM supplemented 
with 1% FBS) were seeded into the lower compartments. After 24 h 
incubation at 37 ◦C in an atmosphere of 95% air and 5% CO2, upper 
chambers were placed on lower parts and Ang II (10-6 M) or vehicle were 
added to both upper and lower compartments. The incubation was 
continued for additional 48 h and then upper chambers were removed. 
4T1-Luc cells in the lower compartments were subjected to cell prolif
eration assay or Western blot analysis. Co-cultured medium in the lower 
compartment was applied to the separately prepared 4T1-Luc cells 
which were then scratched with a 200 μL yellow chip. 

To evaluate the effect of co-cultured 4T1-Luc cells on DFBs (Fig. 5A), 
4T1-Luc cells suspended at 1.5 × 104 cells in 0.5 mL DMEM supple
mented with 1% FBS were seeded into the upper part of each chamber. 
DFBs (2 × 104 cells/mL DMEM supplemented with 1% FBS) were seeded 

into the lower compartments. After 24 h incubation at 37 ◦C in an at
mosphere of 95% air and 5% CO2, upper chambers were placed on lower 
parts and Ang II (10-6 M) or vehicle were added to both upper and lower 
compartments. The incubation was continued for additional 48 h and 
then upper chambers were removed. Total RNA was extracted from 
DFBs in the lower compartment and subjected to the real-time PCR 
analysis. 

2.11. Statistical analyses 

Results are expressed as the mean ± SD. Differences between means 
were analyzed by Student’s t-test or one-way ANOVA with the Bonfer
roni post-hoc test. A P-value < 0.05 was considered significant. 

2.12. Ethical information 

The study protocol was approved by the Ethics Committee of Animal 
Care and Experimentation at the University of Occupational and Envi
ronmental Health, Japan (approval protocol no. AE17-026). All animal 
handling and procedures were performed in compliance with the Insti
tutional Guidelines for Animal Experiments and the Law (no. 105) and 
Notification (no. 6) of the Japanese Government and the NIH guidelines 
(Guide for the Care and Use of Laboratory Animals). All surgeries were 
performed under inhaled sevoflurane anesthesia, and all efforts were 
made to minimize suffering of the experimental animals. 

3. Results 

3.1. Ang II accelerates formation of metastatic lung tumors and Val 
attenuates it in vivo 

We examined the effect of Ang II and a specific AT1R antagonist Val 
on the formation of metastatic lung tumors by injecting 4T1-Luc breast 
cancer cells into mammary fat pads of BALB/c mice. As shown in Fig. 1A, 
systolic blood pressure (SBP) of Ang II-infused mice was significantly 
elevated compared with vehicle mice and administration of Val clearly 
attenuated the elevation of SBP induced by Ang II, indicating that suf
ficient amounts of Ang II and Val were administrated. None of the 
control mice, five Ang II-infused mice, and one Ang II plus Val-treated 
mouse died during the treatment period (Fig. 1B). 

The formation of metastatic lung tumors was analyzed by micro-CT 
28 days after cell injection. Ang II significantly increased the number 
and size of metastatic lung tumors (Fig. 1C). Analysis of luciferase 
expression confirmed that Ang II increased the formation of tumor 
masses comprised of 4T1-Luc cells in the lung (Fig. 1D). However, there 
was no significant difference between the vehicle-treated group and Ang 
II plus Val-treated group in lung metastasis formation (Fig. 1C) and 
luciferase expression (Fig. 1D), indicating that blockade of AT1R by Val 
attenuated the effect of Ang II. 

3.2. Ang II accelerates growth of primary tumors and Val attenuates it in 
vivo 

We also analyzed the primary tumor lesions. Ang II infusion signif
icantly increased the weight of primary tumor mass compared with the 
vehicle-treated group. On the other hand, there was no significant dif
ference between the vehicle-treated group and Ang II plus Val-treated 
group. This result indicates that Val successfully weakened the effect 
of Ang II (Fig. 2A). Subsequently, we analyzed the expression of cell 
proliferation-related proteins (c-Myc, cyclin E and cyclin D1) and the 
EMT-related proteins (fibronectin, vimentin, αSMA and Snail) expres
sion to identify the mechanism by which Ang II accelerated primary 
tumor growth and metastatic tumor formation. As shown in Fig. 2B, Ang 
II infusion significantly increased the protein expression levels of c-Myc, 
cyclin D1, fibronectin, vimentin, αSMA and Snail. On the other hand, 
there was no significant difference in the protein expression levels of c- 

Table 1 
Primer sets used in this study.  

Gene Primer Primer sequence 

luciferase Forward ATCCATCTTGCTCCAACACC  
Reverse TCGCGGTTGTTACTTGACTG 

TGF-β1 Forward CAACAATTCCGGCGTTACC  
Reverse TCTCCTTGGTTCAGCCACTG 

TNF-α Forward ACGGCATGGATCTCAAAGAC  
Reverse AGATAGCAAATCGGCTGACG 

IL-6 Forward CTTCACAAGTCCGGAGAGGA  
Reverse CAGAATTGCCATTGCACAAC 

FGF-2 Forward CCAACCGGTACCTTGCTATG  
Reverse AGTGCCACATACCAACTGGAG 

EGF Forward CGCCGAAGACTTATCCAGAA  
Reverse CATGCTGCCTTGAAGACGTA 

VEGF-A Forward GTACCTCCACCATGCCAAGTGGTCC  
Reverse GGTGAGGTTTHATCCGCATGATCTG 

GAPDH Forward GACCCCTTCATT GACCTCAACTACA  
Reverse GCCTTCTCCATGGTGGTGAAGAC  
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Myc, cyclin D1, αSMA and Snail between the vehicle-treated group and 
Ang II plus Val-treated group, indicating that Val significantly attenu
ated the upregulation of protein expressions caused by Ang II. The col
lective findings indicate that Ang II, through AT1R, stimulated primary 
tumor growth by activating tumor cell proliferation and accelerated the 
formation of metastatic lung tumor by stimulating EMT. 

3.3. Ang II does not affect proliferation, migration, invasion, and protein 
expression of 4T1-Luc cells in vitro 

The first step of hematogenous metastasis is the local infiltration of 
cancer cells into the adjacent tissue. This process is involved in the 
proliferation and EMT of cancer cells in primary tumors. Therefore, we 
examined the effect of Ang II on the proliferation and EMT of 4T1-Luc 
cells in vitro. The protein expression of AT1R on 4T1-Luc cells was sig
nificant, although it was not abundant (Fig. 3A). The proliferation assay 

showed that Ang II did not affect the proliferation of 4T1-Luc cells, even 
at a high concentration (10-5 M) (Fig. 3B). Subsequently, the effects of 
Ang II on migration and invasion were analyzed. Ang II did not affect the 
migration (Fig. 3C) or invasion (Fig. 3D) of 4T1-Luc cells. Next, we 
analyzed the effects of Ang II on the expression levels of cell 
proliferation-related proteins (c-Myc, cyclin E and cyclin D1) and EMT- 
related proteins (fibronectin, vimentin, αSMA and Snail) at different 
time points. Ang II did not significantly affect the expression of these 
proteins at any time points (Fig. 3E). These results suggested that Ang II 
did not have a direct effect on 4T1-Luc cells to stimulate proliferation 
and/or EMT, although the cells expressed AT1R. 

3.4. Ang II induces EMT of 4T1-Luc cells via co-cultured DFBs 

The characteristics of cancer cells do not depend only on themselves. 
The microenvironment around them, including fibroblasts, is an 

Fig. 1. Ang II accelerates formation of 
metastatic lung tumors of 4T1-Luc cells 
and Val attenuates it in vivo. 
Ang II (1 μg/kg/min) or vehicle was subcu
taneously administered using an osmotic 
pump implanted 3 days before cell injection. 
Val (60 mg/kg/day) or vehicle was orally 
administered by gastric gavage once a day 
for 36 days beginning 8 days before cell in
jection. 4T1-Luc cells were subcutaneously 
injected into the mammary fat pads of 
BALB/c mice 3 days after pump implanta
tion. A. Systolic blood pressure data. Blood 
pressure was measured 3 days after pump 
implantation (vehicle-treated group, n = 12; 
Ang II-treated group, n = 25, Ang II plus Val- 
treated group, n = 7). B. Survival rate (%) in 
the vehicle-treated group (n = 12), Ang II- 
treated group (n = 25), and Ang II plus 
Val-treated group (n = 7). C. The upper 
panel displays representative micro-CT im
ages of the lung on day 28 after cell injec
tion. Yellow indicates metastatic tumors. 
The lower panel displays the number of 
metastatic lung tumors and the largest met
astatic lung tumor diameter in each mouse 
in the vehicle-treated group (n = 12), Ang II- 
treated group (n = 20), and Ang II plus Val- 
treated group (n = 6). D. Luciferase mRNA 
levels in the right lung. Results normalized 
to GAPDH are shown as the ratio of the 
vehicle level in the vehicle-treated group (n 
= 12), Ang II-treated group (n = 20), and 
Ang II plus Val-treated group (n = 6). Values 
are mean ± SD; *p < 0.05 vs vehicle group, 
**p < 0.01 vs vehicle group, ***p < 0.001 vs 
vehicle group, †p < 0.01 vs Ang II group, 
†††p < 0.001 vs Ang II group, N.S., not 
significant.   
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influence. To investigate whether Ang II affected 4T1-Luc cells through 
the fibroblasts, we first examined whether AT1R is expressed in DFBs. As 
demonstrated in Fig. 4A, DFBs expressed significant amount of AT1R. 
Then we co-cultured 4T1-Luc cells and DFBs (Fig. 4B). Co-culture with 
DFBs slightly stimulated 4T1-Luc cell proliferation, although it was not 
significant. Ang II also slightly but not significantly stimulated 4T1-Luc 
cell proliferation under the co-culture condition (Fig. 4C). This result 
suggested that Ang II shows little effect on 4T1-Luc cell proliferation 
even when co-cultured with DFBs. Subsequently, we performed migra
tion assay of 4T1-Luc cells using co-culture medium. As shown in 
Fig. 4D, co-culture medium obtained in the presence of Ang II signifi
cantly accelerated 4T1-Luc cell migration, although Ang II itself did not 
have significant effect. Western blot analysis showed that the expres
sions of c-Myc and cyclin D1 in 4T1-Luc cells were significantly 
increased under co-culture condition even in the absence of Ang II. On 
the other hand, Ang II significantly increased the expression levels of 
fibronectin, vimentin, αSMA and Snail under co-culture condition 
(Fig. 4E). These results suggested that, in the absence of Ang II, soluble 
factors secreted from DFBs under co-culture condition could have weak 
potentiating effect on 4T1-Luc cell proliferation via upregulation of c- 

Myc and cyclin D1. On the other hand, Ang II-induced soluble factors 
from DFBs under co-culture condition may accelerate cell migration via 
upregulation of EMT-related proteins (fibronectin, vimentin, αSMA and 
Snail). 

3.5. Ang II induced secretion of IL-6 from DFBs co-cultured with 4T1-Luc 

Fibroblasts surrounding cancer cells secrete various cytokines and 
growth factors including TNF-α1, TGF-β, IL-6, FGF-2, EGF and VEGF-A 
(Bhowmick et al., 2004; Kalluri, 2016; Sahai et al., 2020). To identify 
the soluble factor(s) secreted from DFBs under co-culture condition, 
DFBs were co-cultured with 4T1-Luc cells and the effect of Ang II was 
examined (Fig. 5A). Although Ang II did not have significant effect on 
the mRNA expression of TGF- β1, TNF-α, FGF-2, EGF and VEGF-A, the 
expression of IL-6 was significantly increased by Ang II under the 
co-culture condition (Fig. 5B). This result suggested that DFBs were also 
affected by 4T1-Luc cells under the co-culture condition and IL-6 could 
be a soluble factor secreted from DFBs responsible for the effect of Ang 
II. 

Fig. 2. Ang II accelerates primary tumor 
growth of 4T1-Luc cells and Val attenu
ates it in vivo. 
Primary tumors were dissected on day 28 
after cell injection. A. Weight of the primary 
tumor. Filled symbols in each group show 
samples used for Western blot analysis. B. 
Expression of cell proliferation-related pro
teins (c-Myc, cyclin E and cyclin D1) and 
EMT-related proteins (fibronectin, vimentin, 
αSMA and Snail) in primary tumors. Lysates 
of six tumor masses that have a weight 
closest to the average in each group were 
analyzed by Western blotting. The densities 
of the blots normalized to GAPDH are shown 
as the ratio of the control level. Values are 
mean ± SD in the vehicle-treated group (n 
= 6), Ang II-treated group (n = 6), and Ang 
II plus Val-treated group (n = 6); *p < 0.05 
vs vehicle group, **p < 0.01 vs vehicle 
group, ***p < 0.001 vs vehicle group, †p <
0.01 vs Ang II group, N.S., not significant.   
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4. Discussion 

In the present study, we demonstrated that Ang II accelerated distal 
metastatic lesion formation by promoting EMT and subsequent migra
tion and infiltration of primary tumor cells through AT1R-mediated 
alteration of fibroblasts closely located with cancer cells. 

Distal metastasis of cancer has been assessed in vivo by “experimental 
metastasis models” or “spontaneous metastasis models” 
(Gómez-Cuadrado et al., 2017; Pillar et al., 2018). In the former, cancer 
cells are directly injected into the bloodstream. Therefore, only the steps 
of metastasis after circulation can be evaluated. On the other hand, in 
the latter, cancer cells are injected orthotopically to form primary tu
mors. Thus, initial changes that occur within primary tumor sites, 
including the microenvironment, can also be evaluated. We adopted a 

spontaneous metastasis model for the present study, to assess the role of 
Ang II in the initiation of cancer cell metastasis. 

Ang II clearly stimulated primary tumor growth and increased the 
expressions of c-Myc and cyclin D1. Since several reports have shown 
that Ang II can stimulate cancer cell proliferation by upregulating c-Myc 
expression in hepatocellular carcinoma cells (Ji et al., 2016; Qi et al., 
2019) and cyclin D1 expression in breast cancer cells (Du et al., 2012), 
these cell proliferation-related proteins may be involved in Ang 
II-stimulated primary tumor growth in our model. 

The initial step of distal metastasis is local infiltration of cancer cells 
that acquired properties of mesenchymal cells via EMT. Oh et al. re
ported that the overexpression of AT1R induced EMT in breast cancer 
cell lines followed by migration and invasion (Oh et al., 2016). Okamoto 
et al. reported that Ang II directly enhanced the migratory capability and 

Fig. 3. Ang II does not significantly affect 
4T1-Luc cells in vitro. 
A. AT1R protein expression. B. Proliferation 
assay. 4T1-Luc cells were incubated with 
various concentration of Ang II (10-10 to 10- 

5 M) or vehicle for 48 h. Data are shown as % 
of vehicle (each group, n = 4). C. Migration 
assay. Cells were incubated with Ang II (10- 

6 M) or vehicle for 12 h. The reduction of 
wound area was evaluated (n = 4). Scale 
bar = 200 μm. D. Cell invasion assay. 4T1- 
Luc cells were incubated with Ang II (10-6 

M) or vehicle for 24 h. Infiltrating cells were 
stained with crystal violet and the total 
number was counted (n = 4). Left panel 
shows the phots of whole chamber. Right 
panel displays the amplification of indicated 
area shown in left panel. Scale bar = 200 
μm. E. Effect of Ang II on protein expression 
levels. 4T1-Luc cells were incubated with 
Ang II (10-6 M) or vehicle for indicated pe
riods in RPMI 1640 medium supplemented 
with 1% FBS. Cell lysates were analyzed by 
Western blotting (n = 4). Densities of the 
blots normalized to GAPDH are shown as 
ratio of the control level at time 0. Values 
are mean ± SD; N.S., not significant.   
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expression of EMT markers in intrahepatic cholangiocarcinoma cell 
lines (Okamoto et al., 2012). In the present study, we showed that Ang II 
significantly increased the expressions of fibronectin, vimentin, αSMA 
and Snail to induce EMT of primary tumor 4T1-Luc cells in vivo. 

To determine the mechanisms by which Ang II promoted cancer cell 
proliferation and EMT, we first examined the direct effect of Ang II on 

4T1-Luc cells in vitro. However, unexpectedly, Ang II had no effect on the 
proliferation, migration, infiltration, and expressions of the related 
proteins. These results made us think that Ang II-induced primary tumor 
growth and EMT in vivo was not direct but indirect effects of Ang II on 
4T1-Luc cells. 

Tumor growth and metastatic lesion formation do not only depend 

Fig. 4. Co-cultured DFBs mediate Ang II-induced EMT of 4T1-Luc cells in vitro. 
Effect of Ang II on proliferation, migration and protein expression levels of 4T1-Luc cells with or without DFBs co-culture. A. AT1R protein expression. B. Experi
mental schema. Co-culture was performed using a Trans-well system. DFBs were seeded into the upper chambers and 4T1-Luc cells were seeded in the lower 
compartments. Both cells were incubated with or without Ang II (10-6 M) for 48 h 4T1-Luc cells in the lower compartments were subjected to proliferation assay and 
Western blotting analysis. Culture media from the lower compartments were used for migration assay. C. Proliferation assay (each group, n = 4). D. Migration assay. 
The reduction of wound area was evaluated (n = 4). Scale bar = 200 μm. E. Protein expression levels (n = 4). The densities of the blots normalized to GAPDH are 
shown as the ratio of the control level. Values are mean ± SD; *p < 0.05 vs control, **p < 0.01 vs control, †p < 0.01 vs co-culture without Ang II, ††p < 0.01 vs co- 
culture without Ang II. 
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on the properties of cancer cells, but also depend on the surrounding 
tumor microenvironment, consisting of immune cells, vascular endo
thelial cells, extracellular matrix (ECM), and fibroblasts (Quail and 
Joyce, 2013). Stromal fibroblasts surrounding a tumor differentiate into 
cancer-associated fibroblasts (CAFs) by being exposed to physiological 
stress, activated ECM, and various other signals. They modulate tumor 
growth and metastasis through ECM remodeling and secretion of cyto
kines and growth factors such as TGF-β1, TNF-α, IL-6, FGF-2, EGF, and 
VEGF-A, which affects immune cells and influences angiogenesis 
(Bhowmick et al., 2004; Kalluri, 2016; Sahai et al., 2020). 

To our knowledge, only one report has addressed the effect of Ang II 
on CAFs. Nakamura et al. reported that CAFs isolated from ARB-treated 
mice displayed lower expression of immunosuppressive factors, such as 
chemokine ligand 12 and nitric oxide synthase 2 (Nakamura et al., 
2018). However, the effect of Ang II on CAFs leading to proliferation 
and/or metastasis formation of primary cancer cells remains unex
plored. Since many cells in the tumor microenvironment express AT1R 
(Wen et al., 2013; Nakamura et al., 2018; Egami et al., 2003), Ang II can 
induce proliferation and EMT of cancer cells, even if they do not express 
AT1R, by activating fibroblasts in the tumor microenvironment. 

In the present study, we showed for the first time that Ang II 
significantly increased the mRNA expression levels of IL-6 in DFBs when 
co-cultured with 4T1-Luc cells. It has been reported that IL-6 induces 
EMT of breast cancer cells (Sullivan et al., 2009; Xie et al., 2012; Gyamfi 
et al., 2018). Among cells constituting tumor microenvironment, CAFs 
and adipocytes have shown to secret IL-6 to induce EMT of cancer cells 
(Gyamfi et al., 2018; Goulet et al., 2019; Shintani et al., 2016). Thus, 

Ang II-induced IL-6 secretion from CAFs could facilitate EMT of 4T1-Luc 
cells to promote the initiation of metastasis. 

Ang II did not promote the proliferation of 4T1-Luc cells or the 
expression of proliferation-related proteins (c-Myc, cyclin E or cyclin 
D1) in 4T1-Luc cells even under the co-culture condition with DFBs. 
However, since co-culture condition itself induced slight but significant 
stimulation of 4T1-Luc cell proliferation and the expression of 
proliferation-related proteins, some soluble factors secreted from CAFs 
could facilitate the proliferation of 4T1 cells independent of Ang II. 
Further, although we could not investigate it in the present study, direct 
contact of 4T1-Luc cells with CAFs and/or other cells in the tumor 
microenvironment could promote the Ang II-induced primary tumor 
growth. Further studies are required to clarify these points. 

Hypertension, which is common among cancer patients, has been 
reported to accelerate cancer progression (Chow et al., 2000; Chow 
et al., 2010; Häggström et al., 2013; Radǐsauskas et al., 2016). The 
present study suggested that Ang II could be involved in cancer pro
gression in patients with cancer and hypertension. Therefore, RAS in
hibitors, especially ARBs, could be a better choice for them to prevent 
cancer growth and metastasis. In conclusion, our study revealed that 
Ang II accelerates tumor growth and metastatic lesion formation of 
4T1-Luc cells mainly by promoting EMT via soluble factors such as IL-6 
secreted from surrounding fibroblasts. 
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