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Breast cancer has a poor prognosis owing to tumor cell invasion and metastasis. Although
Ras homolog (Rho) A is involved in tumor cell invasion, its role in breast carcinoma is
unclear. Here, RhoA expression was examined in invasive ductal carcinoma (IDC), with a
focus on its relationships with epidermal-mesenchymal transition (EMT) and collective cell
invasion. Forty-four surgical IDC tissue samples and two normal breast tissue samples were
obtained. RhoA, E-cadherin, vimentin, and F-actin protein expression were analyzed by
immunohistochemistry. RhoA, ROCK, mTOR, AKT1, and PIK3CA mRNA expression were
conducted using laser microdissection and semi-nested quantitative reverse transcription-
polymerase chain reaction. RhoA expression was stronger on the tumor interface of IDCs
than the tumor center (P<0.001). RhoA expression was correlated with ROCK expression
only in HER2-subtype IDC (P<0.05). In IDCs co-expressing RhoA and ROCK, F-actin
expression was stronger on the tumor interface, particularly at the edges of tumor cells, than
it was in ROCK-negative IDCs (P<0.0001). In conclusion, RhoA expression was not
correlated with EMT in IDC, but enhanced F-actin expression was localized on the edge of
tumor cells that co-expressed ROCK. RhoA/ROCK signaling may be associated with
collective cell invasion, particularly in HER2-subtype IDC.
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I. Introduction

Breast cancer is the most common female cancer and
one of the leading causes of cancer deaths worldwide,
accounting for approximately 30% of total new cancer
cases in women. The most common causes of cancer death
in 2015 were lung and bronchus cancers, followed by
breast, colon, and rectal cancers [36]. Although recurrence
and metastases after surgical removal of primary tumors are
the most common causes of death in breast cancer patients,
recent anti-tumor treatment has significantly improved the
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5-year survival rate of breast cancer patients [21]. The
precise mechanisms of metastasis in breast cancer are com-
plicated, and many proteins and signaling pathways are
involved in the process [6].

Cancer progression is thought to begin when a single
cell invades via amoeboid movement or undergoes a
phenotypic change called the epithelial-mesenchymal tran-
sition (EMT) and begins to invade the surrounding primary
tumor mass, including as tumor buds [14, 15]. EMT is a
naturally inherited cellular program required during the
developmental processes of embryogenesis and tissue
remodeling and is an acquired function in malignant neo-
plasms [27]. In vitro studies on cancer cell lines in human
and mouse models have suggested that the aberrant activa-
tion of EMT is involved in tumor cell dissemination and
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metastases via the blood stream [6, 19, 35]. In addition, the
role of EMT in circulating tumor cells has been investi-
gated [41]. On the other hand, the invasion of tumor cell
masses without EMT has been reported. In these cases,
cohesively accumulated tumor cells may contribute to the
mechanism of invasion [9]. Although EMT is one theory
explaining tumor invasion and metastasis [35], most inva-
sive solid tumors display predominantly collective migra-
tion and invasion, in which groups of cells invade the
peritumoral stroma while maintaining cell-cell contacts,
and expansive growth, which is proposed to characterize
whole tumor tissue dynamics [9]. Cells lose the cell-cell
junctions and apical-basal polarity during EMT, and many
polarity proteins relocate toward the leading edge to induce
a polarity consisting of a front side and a rear side of cells
[31]. Such polarity differences might result from the differ-
ential expression of surface receptors in the front cells com-
pared with the rear cells [3, 35]. Cancer cell groups, which
are called collective cells, are thought to be heterogeneous
and include cells that are leaders and cells that are follow-
ers [38]. In whole tumor tissue, Ki67 staining was used to
demonstrate an increase in proliferation at the tumor/
stromal interface compared with the tumor center [14].
The biological behavior of cancer is thought to be more
accurately reflected by the histological features present at
the invasive front rather than those observed at the tumor
center [12].

The dynamics of the cytoskeleton, cell migration,
malignant transformation, cell polarity, invasion, and
metastasis are regulated by Ras homolog (Rho) GTPases
[17, 28], and the overexpression of these proteins has been
observed in various human neoplasms showing aberrant
regulatory mechanisms [17]. The Rho subfamily of low-
molecular-mass GTP-binding proteins encompasses RhoA-
like (e.g., RhoA, B, and C), Rac, and Cdc42 proteins [10].
RhoA overexpression has been demonstrated in various
tumor types, such as testicular, breast, colon, lung, and liver
cancers [1, 10, 11, 13, 20]. RhoC is also overexpressed in
various tumors [28]. RhoB expression is not only over-
expressed, but also reportedly exhibits downregulation and
the loss of expression in some neoplasms [13, 25, 28, 33].
It is thought that RhoB has opposite functions in tumor
progression and suppression. Orgaz et al. presented a dia-
gram that summarizes different roles of GTPases during
cell transformation and tumor progression [28]. During
the process of progression to premalignant conditions, Rho
GTPases are involved in aberrant proliferation, altered
metabolism, cell survival, the inhibition of senescence, and
apoptosis. At non-invasive stages (in situ carcinoma), Rho
GTPases enhance inflammation and stimulate cell prolifer-
ation, cell survival, and tumor angiogenesis. At the later
stage of tumorigenesis, Rho GTPases contribute to the re-
arrangement of cytoskeletons, cell motility, migration, and
invasion. RhoA induces cell migration, invasion, and
metastasis via the activation of F-actin [40]. Lin et al.
showed that caveolin 1 (Cav1) links the mechanical pheno-

type to cancer cell transformation and is involved in RhoA
activation and Y397FAK phosphorylation, which are both
required for actin cap formation in fibroblasts, using various
cancer cell lines [22]. Cytochalasin D (CytD), an actin
binding inhibitor, reduces cell size and F-actin expression
levels via the inhibition of active RhoA [33]. Although
RhoA signaling plays a key role in cancer cell invasion
and metastasis, EMT, PI3K/AKT/mTOR signaling, and
increasing F-actin expression are also closely related to the
progression of breast carcinomas. In this study, we clarified
the role of RhoA expression in human breast carcinoma
expanding growth.

II. Materials and Methods
Patients

Forty-four patients who were diagnosed with primary
invasive breast carcinoma and underwent a modified
radical mastectomy at Nihon University Itabashi Hospital
between 2003 and 2008 were recruited. The Institutional
Review Board of Nihon University Itabashi Hospital
approved this retrospective study. The patients did not
receive any anti-tumor therapies before surgery. Two
patients with benign breast lesions were included as normal
controls. A summary of the patient characteristics is
presented in Table 1. All surgical specimens were routinely
fixed with 20% formalin and embedded in paraffin. The
statuses of estrogen receptor (ER), progesterone receptor
(PgR), and human epidermal growth factor receptor (Her) 2
were routinely examined to determine the breast carcinoma
subtype.

Immunohistochemistry
Immunohistochemistry (IHC) was performed on 4-μm

formalin fixed and paraffin embedded (FFPE) tissue
sections. In the E-cadherin IHC procedure, after the tissue
sections were dewaxed, they were autoclaved in EDTA buf-
fer (pH 9.0) for 15 min at 121°C for antigen retrieval and
cooled at room temperature. After washing them several
times in phosphate-buffered saline (PBS) (pH 7.2), the
sections were processed to quench endogenous peroxidase
activity with 0.3% hydrogen peroxide and to block non-
specific binding with 1% goat serum. The sections were
then incubated with the primary antibody, anti-mouse
monoclonal E-cadherin antibody (Clone HECD-1, 1:100;
Takara Bio Inc., Kusatsu, Shiga, Japan), for 30 min at room
temperature. After washing with PBS, the sections were
reacted with the SimpleStain MaxPO Multi Polymer
System (Nichirei Biosciences Inc., Tokyo, Japan). For
Vimentin IHC, antigen retrieval was performed using a
microwave in citrate buffer (pH 6.0). The primary antibody
was anti-rabbit monoclonal Vimentin antibody (Clone
SP20, ×1, Nichirei Biosciences Inc.), and the SimpleStain
MaxPO Multi Polymer System (Nichirei Biosciences Inc.)
was used. For RhoA and F-actin IHC, antigen retrieval was
performed by autoclaving in citrate buffer (pH 6.0). The
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primary antibodies were anti-mouse monoclonal RhoA
antibody (Clone 26C4, 1:100; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and anti-rabbit polyclonal F-actin
antibody (1:300; Bioss Inc., Woburn, MA, USA). The
SimpleStain MaxPO Multi Polymer System (Nichirei
Biosciences Inc.) was used as the secondary antibody.
Immunohistochemical procedures were performed using
automated staining equipment (Histostainer; Nichirei Bio-
sciences Inc.). As positive controls, the following tissues
were used: colon carcinoma for E-cadherin, malignant
mesothelioma for vimentin, cervical cancer for RhoA, and
endothelial cells for F-actin [16]. For negative controls,
the primary antibodies were omitted, and samples were
incubated with dilution buffer. Tissue-bound HRP activity
was visualized by immersing the sections in 0.005% 3,3'-
diaminobenzidine tetrahydrochloride (DAB) in PBS con-
taining hydrogen peroxide (10 μL/150 mL DAB solution).
Each section was counterstained with hematoxylin. Immu-
nohistochemical intensity scores were evaluated as negative
(0), weak (1+), moderate (2+), and strong (3+) at the tumor
interface and the tumor center. The tumor interface region
was evaluated using 0.5 mm to 1.0 mm of the surrounding
side of the primary whole tumor tissue, and the tumor
center was evaluated using a section approximately 1.0 mm
in diameter (Fig. 1).

Table 1. Summary of the patients 

Category Number of patients

Histology
 Papillotubular carcinoma 23
 Solid-tubular carcinoma 9
 Scirrhous carcinoma 11
 Mixed type 1
Age
 <35 3
 35≤ 41
Stage
 I 22
 II 11
 III 11
Tumor size (cm)
 ≤2 27
 >2; ≤5 13
 >5 4
Lymph node status
 Negative 27
 Positive 12
 No information 5
Hormone receptor
 ER (+), and/or PgR (+), Her2 (−) 13
 ER (−), PgR (−), Her2 (+) 13
 ER (−), PgR (−), Her2 (−) 18
Normal breast tissues 2

Total 46

Immunofluorescence
The sections (4-μm thick) were dewaxed with xylene

and dehydrated in a graded ethanol series. Formalin was
then eliminated by treatment with 5% ammonia and 95%
ethanol for 30 min at room temperature. For antigen
retrieval, the tissue sections were autoclaved in citrate buf-
fer (pH 6.0) for 15 min at 121°C and cooled at RT. After
washing, sections were incubated with the three mixed
primary antibodies, including the anti-mouse monoclonal
RhoA antibody (Clone 26C4, 1:100; Santa Cruz Biotech-
nology, Inc.) and anti-rabbit polyclonal F-actin antibody
(1:300; Bioss Inc.) for 30 min at room temperature. After
washing with PBS, sections were incubated with Alexa
Fluor 488-labeled anti-rabbit IgG in goat serum (1:500,
Thermo Fisher Scientific Inc., Waltham, MA, USA) and
Alexa Fluor 594-labeled anti-mouse IgG with goat serum
(1:500, Thermo Fisher Scientific Inc.) for 30 min at room
temperature. After washing with PBS, sections were
mounted with ProLong Diamond Antifade Mountant with
DAPI (Thermo Fisher Scientific Inc.). Images were acquired
using an Olympus IX71 fluorescence microscope (Olympus
Corp., Tokyo, Japan) and color images were obtained using
Lumina Vision software (Mitani Co., Tokyo, Japan).

Total RNA extraction from microdissected tumor tissue
The 8-μm-thick FFPE sections were mounted on

membrane film-coated slides. After dewaxing with xylene,
the sections were lightly stained with toluidine blue. The
target tumor areas were then microdissected using a laser-
assisted microdissection system (PALM MBIII-N; Zeiss,
Jena, Germany). The microdissected target tumor cells
were retrieved precisely and placed in an Eppendorf lid

Tumor interface and tumor center are shown (×2). (a) and (b) are
tumor masses smaller than 20 mm in diameter. (c) and (d) are tumor
masses larger than 20 mm in diameter. Tumor cells in an area approxi-
mately 1 mm from the edge of the tumor mass (enclosed by dotted line)
were investigated as the tumor interface, and cells in the center of the
tumor mass were investigated as the tumor center. All sections were
stained with hematoxylin and eosin. Bar=1 mm.

Fig. 1. 
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with mineral oil. The laser-assisted microdissection proce-
dures have been previously described [26]. Additionally,
benign mammary epithelial cells were microdissected from
two breast cancer tissue sections. Total RNA was extracted
as previously described [24, 26, 39].

The target tumor cell sample was mixed with 200 μL
of denaturing buffer containing 2% SDS, 0.1 mM EDTA,
and 10 mM Tris-HCl. The samples were then incubated at
55°C with proteinase K until sections were completely dis-
solved. Total RNA was purified with 20 μL of 2 M sodium
acetate (pH 4.0), 220 μL of citrate saturated phenol (pH
4.3), and 60 μL of chloroform-isoamyl alcohol, centrifuged
for 15 min at 15,000 rpm, and the upper aqueous layer was
transferred to new tubes. Two hundred microliters of iso-
propanol and 2 μL of glycogen were added as a carrier and
the samples were stored at −80°C for more than 30 min,
centrifuged at 14,000 rpm, washed with 70% ethanol, and
air dried on ice. They were then dissolved in 5–10 μL of
RNase-free water and quantified by measuring the optical
density at 260 nm using the NanoDrop 1000 (Thermo
Fisher Scientific Inc.). Total RNA samples were stored at
−80°C until use. Both genomic DNA elimination and
cDNA synthesis were performed using the QuantiTect
Reverse Transcription Kit (QIAGEN, GmbH, Hilden,
Germany) according to the manufacturer’s instructions.

Real-time RT-PCR
The mRNA levels of RhoA, Rock, PI3K, AKT, mTOR,

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as an internal control were measured using quantitative
semi-nested real-time polymerase chain reaction (snqRT-
PCR) methods [1, 11, 13, 25, 33]. The first RT-PCR reac-
tion was carried out with each target and control cDNA
using the AmpliTaq Gold® 360 Master Mix (Thermo Fisher
Scientific Inc.) and the respective primers shown in Table
2. Samples were incubated at 95°C for 10 min before they
were subjected to 25 cycles of denaturation at 94°C for 30
sec, annealing at 60°C for 30 sec, and extension at 72°C for
1 min. The first reaction was performed on a conventional
PCR machine (PC808; ASTEC Co. Ltd., Fukuoka, Japan).
Two microliters of each resulting product was used as
the template in the second snqPCR amplification, which
was performed using the StepOnePlusTM Real-time PCR
System (Thermo Fisher Scientific Inc.) with Power SYBR®

Green detection chemistry (Thermo Fisher Scientific Inc.).
Briefly, snqPCR amplification was performed in a 20-μL
final reaction volume containing 900 nmol/L each primer
used in the first RT-PCR reaction (Table 2) and 1× Power
SYBR® Green PCR Master Mix (Thermo Fisher Scientific
Inc.). The reaction mixture was preheated at 95°C for 10
min, followed by 40 cycles of 95°C for 15 sec and 60°C for
1 min. Relative target mRNA values were obtained using
the ΔΔCt method [23].

Statistical analysis
The significance of the differences in RhoA mRNA

expression levels with respect to clinicopathological status
and location (i.e., between the invasive front and core side)
in IDC tissues were evaluated using the Mann-Whitney U
test. The correlation between intrinsic IDC subtypes and
RhoA mRNA expression levels was analyzed. A multi-
variate analysis and Kaplan-Meier log-rank tests were
performed. All statistical analyses were performed using
SPSS® Statistics version 20.0 (IBM Japan, Tokyo, Japan).

III. Results
Immunohistochemical expression of RhoA and F-actin

Immunohistochemically, RhoA was expressed in the
cytoplasm of all IDCs and almost all tumor cells were
RhoA-positive (Fig. 2a). E-cadherin and vimentin expres-
sion levels were investigated to clarify the correlation
between RhoA expression and EMT in tumor cells. E-
cadherin was expressed in the tumor cell membranes
(Fig. 2b) of 81.8% (36/44) of samples. Vimentin was not
expressed in the tumor cells of any IDCs (Fig. 2c). F-actin
was also expressed in all IDCs and its expression was local-
ized to the tumor cell membrane, cytoplasm, and extra-
cellular matrix (Fig. 2d). In normal mammary gland cells,
RhoA was not expressed (Fig. 2e) and E-cadherin was
expressed in the cell membrane (Fig. 2f). Vimentin and F-
actin were not expressed in normal mammary gland cells
(Fig. 2g and 2h, respectively).

RhoA and F-actin were expressed at various inten-
sities, even within the same tumor tissue section (Fig. 3a,
3d, respectively), from weak expression (1+, Fig. 3b, 3e,
respectively) at the tumor center to strong expression (Fig.
3c, 3f, respectively) at the tumor interface of each tumor.

Table 2. Real-time RT-PCR primer sequences 

Target Forward primer Reverse primer Tm* (°C) Product size (bp)

RohA 5'-cgcttttgggtacatggagt-3' 5'-caagacaaggcacccagatt-3' 60.0 124
ROCK 5'-cttttgccaacagtccttggg-3' 5'-acaagatctccaccaggcatg-3' 60.0 100
PIK3CA 5'-ctctgcaaaaaggccactgt-3' 5'-gccgtaaatcatccccattt-3' 60.4 107
AKT1 5'-gcaccttccatgtggagact-3' 5'-tgagttgtcactgggtgagc-3' 60.1 130
mTOR 5'-ttaatggaggcccaagagtg-3' 5'-gctttgagattcgtcggaac-3' 60.1 109
GAPDH 5'-ggaaggtgaaggtcggagtca-3' 5'-gtcattgatggcaacaatatccact-3' 60.0 101

*Tm: melting temperature

134 Murakami et al.



Immunohistochemical expression of RhoA, E-cadherin, vimentin, and F-actin (×40). RhoA was expressed in the tumor cytoplasm based on
immunohistochemistry in IDC (a), but not in normal breast tissues (e), in cervical cancer as a positive control (i), and in the negative control (m). E-
cadherin was expressed in the tumor cell membrane in IDC (b) and in normal breast tissues (f), in colon cancer as a positive control (j), and in the
negative control (n). Vimentin was not expressed in any IDC samples (c), normal breast tissues (g), in malignant mesothelioma as a positive control (k),
and in the negative control (o). F-actin was expressed in the extracellular matrix of tumor cells and/or the tumor cell membrane (d), in normal breast (h),
in endothelial cells (l, arrow) as a positive control, and the negative control (p). Bar=50 μm.

Fig. 2. 

Immunohistochemical localization of RhoA and F-actin. Heterogeneous expression of RhoA (a) and F-actin (d) are shown. Weak expression of
both RhoA (b) and F-actin (e) were detected on the tumor center, and stronger expression of both RhoA (c) and F-actin (f) were detected on the tumor
interface. Bar=500 μm (a, d), 50 μm (b, c, e, f).

Fig. 3. 
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RhoA protein and mRNA expression on the front side and
the core side of IDC

The RhoA IHC expression level was significantly
higher on the tumor interface than the tumor center
(P<0.001, Fig. 4a). Therefore, mRNA expression levels in

Immunohistochemical RhoA expression levels (a) and RhoA
mRNA expression levels (b) on the tumor interface and the tumor
center were measured. The immunohistochemical intensity score was
significantly higher on the tumor interface than the tumor center
(P<0.001). There were no significant differences of RhoA mRNA
expression levels, however, between the tumor interface and the tumor
center.

Fig. 4. 

samples extracted from microdissected tumor cells on the
tumor interface and tumor center were analyzed. The RhoA
mRNA expression level, standardized by the GAPDH
mRNA expression level, did not differ significantly
between the tumor interface and tumor center (Fig. 4b), in
contrast to the immunohistochemical protein localization.

RhoA mRNA expression levels and clinicopathological
features

The correlations between RhoA mRNA expression
levels, standardized by GAPDH expression, and clinico-
pathological features of IDCs are summarized in Table 3.
RhoA expression was significantly higher in breast carci-
noma samples than in normal mammary glands (P=0.006).
In IDC samples, papillotubular carcinoma and scirrhous
carcinoma samples exhibited significantly higher RhoA
expression levels than solid tubular carcinoma samples
(P=0.04). Stage II and III tumors exhibited significantly
higher RhoA expression than stage I tumors (P=0.02), but
the RhoA mRNA expression level was not correlated with
tumor size. The correlation between RhoA mRNA expres-
sion level and the receptor status of IDCs was investigated.
The ER(−), PgR(−), HER2(−) subtype exhibited signifi-

Table 3. RhoA mRNA expression levels and clinicopathological features 

Categories Number of cases RhoA mRNA expression level
Mean±SD P-value

Normal breast tissue 2 0.01±0.01 0.006
Total of IDC 44 0.06±0.15
Histology
 Solid tubular carcinoma 9 0.05±0.05
 Papillotubular carcinoma 23 0.10±0.08 0.04
 Scirrhous carcinoma 11 0.11±0.13
 Mixed type 1
Stage
 I 22 0.07±0.06
 II 11 0.16±0.16 0.02
 III 11 0.11±0.08
Tumor size (cm)
 ≤2 27 0.09±0.09
 >2, ≤5 13 0.10±0.13  N.S.
 >5 4 0.15±0.07
Hormone receptor status
 ER (+) and/or PgR (+), Her2 (−) 13 0.10±0.10 *0.08
 ER (−) and PgR (−), Her2 (+) 13 0.15±0.13 **0.02
 ER (−) and PgR (−), Her2 (−) 18 0.06±0.08
Lymph node status
 Negative 27 0.09±0.05
 Positive 12 0.14±0.12  0.08
 No information 5
Prognosis
 No recurrence 31 0.10±0.11
 Recurrence 5 0.10±0.11  N.S.
 Death from tumor 4 0.05±0.09
 No information 4
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cantly lower RhoA mRNA expression levels than the
ER(−), PgR(−), HER2(+) subtype (P=0.02), and tended to
have lower expression than the ER(+), PgR(+), HER2(−)
subtype (P=0.08). No significant difference was found
between the ER(−), PgR(−), HER2(+) subtype and the
ER(+), PgR(+), HER2(−) subtype. Lymph node metastasis-
positive tumors tended to have higher RhoA mRNA expres-
sion levels than lymph node metastasis-negative tumors
(P=0.08). Patient prognosis was not correlated with RhoA
mRNA expression level. Based on a Kaplan-Meier analy-
sis, the RhoA mRNA expression level was not correlated
with disease-free survival time or overall survival time for
the IDCs (Fig. 5a, b).

Correlations between RhoA mRNA expression and PIK3CA,
AKT1, mTOR, and ROCK mRNA expression

In the present study, the mRNA expression levels of
PIK3CA, AKT1, mTOR, and ROCK were measured to
investigate their correlations with RhoA expression levels
for every receptor status subtype, and the results are shown
in Table 4. In the ER(−), PgR(−), HER2(+) subtype, the
correlation coefficients for the relationships of mTOR and
ROCK with RhoA mRNA expression levels were 0.86

Prognostic analyses of the IDC patients classified according to
RhoA mRNA expression levels. (a) Disease-free survival rate (DFS)
was not significantly different between the high RhoA mRNA expres-
sion group (black) and the low RhoA mRNA expression group (red)
based on a log-rank test. (b) Overall survival rate (OS) was not signifi-
cantly different between the high RhoA mRNA expression group
(black) and the low RhoA mRNA expression group (red) based on a
log-rank test.

Fig. 5. 

(P=0.007) and 0.85 (P=0.01), respectively. In the ER(+),
PgR(+), HER2(−) subtype, no correlation between the
target mRNA and RhoA mRNA expression levels were
detected. Although for the ER(−), PgR(−), HER2(−) sub-
type and total cases the correlation coefficients for PIK3CA
and RhoA mRNA expression levels were 0.69 (P=0.02)
and 0.88 (P<0.0001), respectively, these results were
derived from negative correlations.

Correlation between combined PIK3CA/RhoA, mTOR/RhoA,
and ROCK/RhoA mRNA expression and F-actin protein
expression

RhoA mRNA expression levels were correlated
PIK3CA, mTOR and ROCK mRNA expression levels.
Therefore, the correlation between F-actin IHC intensity
score, which was the sum of the stromal fibroblastic inten-
sity score and tumor cell membranous intensity score, was
investigated. In the sample with co-expression of RhoA and
ROCK mRNA, the F-actin IHC score was significantly
higher than that of the RhoA-positive, but ROCK-negative
sample (P<0.0001, Fig. 6).

In IDC samples that co-expressed RhoA and ROCK
mRNA, both RhoA and F-actin were overexpressed in each
tumor cell (Fig. 7). F-actin was mainly localized at the edge
of each tumor cell with cytoplasmic RhoA overexpression.
However, the signals of F-actin and RhoA were not strictly
co-expressed.

Immunohistochemical F-actin intensity score in tumor cells
evaluated as negative (0), weak (1+), moderate (2+), and strong (3+) for
tumors with RhoA overexpression. The x-axis shows the expression sta-
tus of each target mRNA.

Fig. 6. 

Table 4. Correlation coefficients for relationships between RhoA mRNA expression levels an PIK3CA, AKT1, mTOR, and
ROCK based on a multivariate analysis

mRNA
Receptor status

Total
ER (+), PgR (+), Her2 (−) ER (−), PgR (−), Her2 (+) ER (−), PgR (−), Her2 (−)

PIK3CA −0.13 0.19 0.69* 0.88**
AKT-1 0.33 0.16 −0.50 0.01
mTOR 0.31 0.86* 0.49 0.26
ROCK 0.10 0.85* 0.05 0.26

*: P<0.05, **: P<0.0001.
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IV. Discussion

The significance of RhoA expression in invasive
breast carcinoma was investigated with respect to three
mechanisms, EMT, PI3K/AKT/mTOR signaling, and
increases in F-actin expression. Rho GTPases regulate
cytoskeleton dynamics, cell migration, malignant transfor-
mation, cell polarity, invasion, and metastasis [17, 28], and
the overexpression of these proteins has been observed in
various human neoplasms, suggesting aberrant regulatory
mechanisms [17]. Poor prognosis in breast cancer is attri-
buted to invasion and metastases, particularly distant
metastases [2, 7, 34]. EMT is one theory explaining tumor
invasion and metastasis [35]. Although RhoA activation
downregulates E-cadherin expression and induces EMT in
metastatic cancer cells [33], the correlation between RhoA
expression and EMT, which is suggested by the negative E-
cadherin expression and the positive vimentin expression,
has not been found. The metastatic process comprises an
ordered series of events in which the acquisition of a motile
and invasive phenotype to penetrate the ECM is an impor-
tant determinant of the invasive potential of tumor cells [2,
4]. Actin polymerization (F-actin), which is induced by
RhoA, a small GTPase, is involved in cell migration in a
breast cancer cell line [2]. The mechanisms of Rho regula-
tion, including a kinase cascade triggered by growth factor
stimuli and integrin-ECM interaction-mediated focal adhe-
sion and stress fiber formation, have been described [5]. In
addition, the integrin-ECM interaction has been shown in
the tip cells at the invasive front of vascular sprouting,
multicellular masses, and detached cancer cells [8]. Several
mechanisms polarize the cell cohort into “ leader ”  or
“pioneer” cells that guide “followers” at their rear [37].
This front-rear asymmetry is a feature of all migrating
collectives described to date. Leader cells in the front row

Immunofluorescence staining of IDC showed the expression
patterns of RhoA and F-actin. (×100 oil). a: RhoA (Alexa Fluor 594,
green), b: F-actin (Alexa Fluor 488, red), c: DAPI, d: merged fluores-
cent images.

Fig. 7. 

or “tip” display distinct, polarized morphologies, detect
extracellular guidance cues, and generate stronger cytoskel-
etal dynamics than follower cells in the cohort [37]. In the
present results, RhoA and F-actin protein expression levels
were different between the tumor interface and tumor cen-
ter, although their mRNA expression levels were not signif-
icantly different. Therefore, not only single cell and cell
cluster polarity but also tumor mass polarity may contribute
to whole tissue dynamics by RhoA/ROCK signaling.
Stromal cell derived factor-1α (SDF-1α) is expressed with
its chemokine receptor CXCR4 in mesenchymal stromal
cells of metastatic tumors and modulates tumor cell migra-
tion via F-actin stress fiber and filopod formation after
RhoA activation [29]. In this study of IDC patients, how-
ever, RhoA expression did not always induce F-actin
overexpression in IDC. In tumors with RhoA and ROCK
mRNA co-expression, in particular, F-actin protein expres-
sion was higher than that in other samples expressing
RhoA. Co-expression of RhoA and ROCK mRNA was
found in only ER(−), PgR(−), and HER2(+) subtype with a
significantly higher correlation. However, higher RhoA
mRNA expression was not correlated with disease-free
survival or overall survival. IDC cases with higher RhoA
expression tended to have relapses (not significant), but
better prognoses (not significant). As HER2-positive IDC
patients were provided effective targeted molecular therapy
using trastuzumab, their overall survival may have been
better than that of other patients. Triple negative IDC sam-
ples, i.e., those that were ER(−), PgR(−), and HER2(−),
exhibited the lowest RhoA mRNA expression. Accordingly,
the correlation between low RhoA and low PIK3CA mRNA
expression levels appeared to be strong. PIK3CA mRNA
expression combined with RhoA mRNA overexpression
was not associated with F-actin overexpression. mTOR
mRNA expression levels were also not correlated with F-
actin protein expression levels via RhoA mRNA overex-
pression. The Rho/Rock signaling pathway is involved in
lysophosphatidic acid-induced breast cancer cell invasion
via MMP activation [34], and regulates three-dimensional
cell migration by matrix reorganization [30]. Different
modes of tumor cell invasion have distinct requirements for
Rho/ROCK signaling and extracellular proteolysis has been
reported [18]. These studies of evidence reveal the mecha-
nisms of tumor invasion of the surrounding tissue. These
results show that RhoA/ROCK signaling may be required
for expanding tumor growth including collective cancer
cell invasion via extracellular proteolysis and reorganiza-
tion by F-actin polymerization localized to the IDC edge,
particularly in the HER2 subtype. The molecular mecha-
nism for expanding growth and invasion in the luminal sub-
type, which is ER(+), PgR(+), and HER2(−), and the triple
negative subtype, which is ER(−), PgR(−), and HER2(−),
of IDC might be different from RhoA/Rock signaling.
HER2 overexpression may trigger the acceleration of cell
invasion and proliferation of tumor cells, not only by fibro-
nectin [18] but also by RhoA/ROCK signaling. The inhibi-
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tion of Rho or ROCK function was not effective against the
movement of cells with an elongated morphology; this may
promote selection for cells that use this mode of mobility
[32]. The expression patterns of RhoA and ROCK were
heterogeneous in IDCs, and the tumors with F-actin over-
expression via RhoA and ROCK co-expression should be
selected to effectively inhibit these mechanisms.

V. Conclusions
RhoA expression was heterogeneous in IDC; expres-

sion was lower on the tumor center and higher on the tumor
interface. RhoA was not correlated with EMT, as predicted
by the invasion theory, in IDC, but enhanced F-actin
expression was localized to the edges of tumor cells with
ROCK co-expression. RhoA/ROCK signaling and tumor
mass polarity may be associated with expanding growth
including collective cell invasion as tumor buds, particu-
larly in the HER2 subtype of IDC.
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