
ORIGINAL ARTICLE

Clinical significance of RacGAP1 expression at the invasive front
of gastric cancer

Susumu Saigusa • Koji Tanaka • Yasuhiko Mohri • Masaki Ohi • Tadanobu Shimura •

Takahito Kitajima • Satoru Kondo • Yoshinaga Okugawa • Yuji Toiyama •

Yasuhiro Inoue • Masato Kusunoki

Received: 21 October 2013 / Accepted: 8 February 2014 / Published online: 11 March 2014

� The International Gastric Cancer Association and The Japanese Gastric Cancer Association 2014

Abstract

Background Rac GTPase activating protein 1 (RacGAP1)

plays a regulatory role in cell growth, transformation and

metastasis. The aim of this study was to clarify the asso-

ciation between RacGAP1 expression and clinical outcome

in patients with gastric cancer.

Methods A total of 232 gastric cancer patients in our

institute who underwent surgery without preoperative

treatments were enrolled in this study. We investigated

RacGAP1 expression using immunohistochemistry (IHC)

and evaluated IHC scores calculated by the percentage of

positive cells and intensity and its expression at the inva-

sive front. RACGAP1 expression was also assessed.

Results RacGAP1 expression was observed in the nuclei

of gastric cancer cells. Evaluation by IHC score showed no

significant correlations with clinicopathological variables

except for histological differentiation. In transcriptional

analyses, RACGAP1 expression was elevated in diffuse

type gastric cancer than intestinal type without a significant

difference. We observed significant correlations of Rac-

GAP1 protein expression at the invasive front with older

age, tumor size, lymph node metastasis, lymphatic inva-

sion, vascular invasion and advanced stage. Patients with

RacGAP1 protein expression at the invasive front had

significantly poorer prognosis than those without it

(P \ 0.0001). In multivariate analysis, lymph node

metastasis, distant metastasis and positive RacGAP1

expression at the invasive front were independent prog-

nostic factors (lymph node metastasis: P = 0.0106; distant

metastasis: P = 0.0012; RacGAP1: P = 0.0011).

Conclusions RacGAP1 expression at the invasive front in

gastric cancer was significantly correlated with factors

reflecting tumor progression and poor prognosis. Our data

suggest that RacGAP1 might play important roles in the

progression of gastric cancer.
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Introduction

Gastric cancer is the second most common cancer-related

cause of death worldwide despite a decline in its incidence

[1, 2]. The diagnosis of gastric cancer is delayed by lack of

early specific symptoms, and consequently, tumor invasion

into the muscularis propria, so-called advanced gastric

cancer, is found in many patients at the time of initial

diagnosis. The prognosis of advanced gastric cancer

remains poor. The identification of predictive markers for

cancer progression and prognosis would aid in assessing

the clinical outcome and potential treatment stratification

for patients with gastric cancer.

Rac GTPase-activating protein 1 (RacGAP1) belongs to

the family of GTPase activation proteins. RacGAP1

interacts with GTP-bound small G proteins of the Rho

family and stimulates GTP hydrolysis [3, 4]. RacGAP1

regulates the activity of cdc42 and Rac1, known as Rho

GTPases. RacGAP1 is essential for the induction of
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cytokinesis and leads to cell proliferation [5, 6]. Several

authors reported a positive correlation between RacGAP1

expression and Ki67, a known proliferative marker [7, 8].

Moreover, RacGAP1 is involved in cell transformation,

motility, migration, and metastasis [9–12]. The clinical

significance of RacGAP1 has been reported in several

malignancies such as meningioma, breast cancer, and

hepatocellular carcinoma [7, 8, 13–15]. The previous

studies suggested that high RacGAP1 expression reflected

increased aggressiveness of the tumor. Ke et al. reported

that high RACGAP1 mRNA levels were significantly

associated with tumor recurrence and poor prognosis in

meningioma. They concluded that RacGAP1 might con-

tribute to the following mechanisms of tumor recurrence.

First, RACGAP1 could regulate the activation of Rac and

cdc42 to trigger cytoskeletal reorganization and, conse-

quently, influence cell morphology, cell migration, che-

motaxis, and the establishment of cell polarity that might

lead to tumor recurrence. Second, RacGAP1 could con-

tribute to cancer recurrence and metastasis through poly-

comb repressive complex 1 by modulating cytoskeletal and

transcriptional pathways to enhance cell motility [7].

However, little is known about the association of RacGAP1

with the progression and prognosis of gastric cancer.

The aim of this retrospective study was to clarify the

association of RacGAP1 expression with clinicopatholog-

ical variables in patients with gastric cancer.

Materials and methods

Patients and specimens

A total of 232 formalin-fixed, paraffin-embedded (FFPE)

tissue samples were obtained from gastric cancer patients

who underwent a gastrectomy from 2001 to 2011 at Mie

University Hospital. Patients with preoperative treatment

were excluded in this study. There were no perioperative

mortalities among these patients. Table 1 shows patient

characteristics. The median age of the study subjects was

68 years (range 31–81 years), and the ratio of men to

women was 2.4:1. All patients were postoperatively clas-

sified according to UICC stage classifications. The patho-

logical T stages were pT1 (n = 99), pT2 (n = 28), pT3

(n = 44), and pT4 (n = 61). Lymph node metastases were

observed in 106 (45.6 %) patients. One hundred nineteen

tumors (51.2 %) had intestinal type gastric cancer, and the

remainders had diffuse type. There were 111 patients with

stage I, 44 patients with stage II, 47 patients with stage III,

and 30 patients with stage IV disease. The median follow-

up period was 28 months (range 1–127 months). The study

design was approved by the ethics review board at Mie

University Hospital. All of the patients signed an informed

consent for their tissues to be used in this study.

Immunohistochemistry

The FFPE specimens were sliced into 2-lm sections. After

deparaffinization and dehydration, the sections were placed

in 10 mM sodium citrate buffer (pH 6.0) and autoclaved at

121 �C for 10 min for antigen retrieval. The sections were

incubated in 3 % hydrogen peroxide for ten min, blocked,

and incubated with a primary antibody overnight at 4 �C.

Anti-RacGAP1 mouse monoclonal antibody (EE-16, Santa

Cruz Biotechnology, CA, USA; dilution 1:100), and anti-

cdc42 mouse monoclonal antibody (B-8, Santa Cruz Bio-

technology; dilution 1:100) were the primary antibodies

used in a labeled streptavidin–biotin system (Envi-

sionTM ? Dual Link System-HRP, Dako Cytomation,

Denmark). Antibody binding was visualized using 3,30-
diaminobenzidine (Dako Cytomation, Denmark). All of the

sections were counterstained with hematoxylin prior to

being dehydrated and mounted. At least three sections per

specimen were stained to confirm reproducibility. Negative

Table 1 Patient characteristics Variable n = 232 (%)

Median age: 68 years

Gender

Male 163 (70.3)

Female 69 (29.7)

T classification

pT1 99 (42.7)

pT2 28 (21.1)

pT3 44 (19.0)

pT4 61 (26.3)

Lymph node metastasis

Negative 126 (54.3)

Positive 106 (45.7)

Lymphatic invasion

ly 0/1 116 (50.0)

ly 2/3 116 (50.0)

Vascular invasion

v 0/1 192 (82.8)

v 2/3 40 (17.2)

Histology

Intestinal 119 (51.3)

Diffuse 113 (48.7)

Stage

I 111 (47.8)

II 44 (19.0)

II 47 (20.3)

IV 30 (12.9)
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controls were performed simultaneously with pre-immune

immunoglobulin.

Immunohistochemical evaluation

Sections were observed under a light microscope. We

defined the presence of RacGAP1 expression in the nuclei

of cancer cells as positive expression. First, we calculated

modified immunohistochemistry (IHC) scores, as described

in our previous report [16], by multiplying the percentage

of positive epithelial cells (0–100 %) by the staining

intensity that was scored as follows: 0, negative; 1, weak;

2, strong. RacGAP1 IHC scores ranged from 0 to 200. The

IHC scores per three fields at a magnification of 1009 were

calculated, and the median value of each IHC score was

recorded. Second, RacGAP1 expression at the invasive

front was evaluated. The invasive front is an area where

tumor cells migrated into stromal cells, and where cells de-

differentiated into ones with stem-like features [17]. We

defined the invasive front as the front edge between the

tumor and the stromal tissues. When the proportion of

cancer cells positive for RacGAP1 at the invasive front was

C10 %, the cancer was defined as being RacGAP1-posi-

tive, and the remainder of the tumor was defined as Rac-

GAP1-negative at a magnification of 2009 in reference to

previous report [18]. Each sample was scored in a blinded

manner by two investigators (T. S. and Y. O.) who did not

have any clinical or pathological information regarding the

origin of the samples.

Quantitative real-time polymerase chain reaction

(qRT-PCR)

Tumor specimens were homogenized with a Mixer Mill

MM 300 homogenizer (Qiagen, Chatsworth, CA). Total

RNA was isolated with an RNeasy Mini Kit (Qiagen).

cDNA synthesis and qRT-PCR were performed as pre-

viously described [19]. Primer for RACGAP1 was

described in a previous report [7], and primers for

GAPDH and ACTB (beta-actin) were designed with

Primer3 software (Biology Workbench Version 3.2, San

Diego Supercomputer Center, University of California,

San Diego). The sequences were as follows: RACGAP1-

specific primers (sense, 50-TGATGGTGGAGCAAGAG-

30, and antisense, 50-GGGAAGTAACAGGCAGAT-30);
GAPDH (sense, GGAAGGTGAAGGTCGGAGTC and

antisense, AATGAAGGGGTCATTCATGG), and ACTB

(sense, ACAGAGCCTCGCCTTTGC, and antisense,

GCGGCGATATCATCATCC). Target gene expression

was calculated using the standard curve, and quantita-

tive normalization of cDNA in each sample was per-

formed using the expression of the GAPDH gene as an

internal control.

Statistical analyses

All statistical analyses were performed using Stat View 5.0

for Windows (SAS Institute Inc., Cary, NC, USA). The

contingency tables were analyzed using Fisher’s exact

probability test or the Chi square test with Yates’ correc-

tion. Correlation between the continuous and categorical

variables was evaluated using the Mann–Whitney U test

for two groups and the Kruskal–Wallis test for more than

three groups. The overall survival (OS) times were calcu-

lated from the date of surgery to the date of a patient’s

death. OS probabilities were calculated using the Kaplan–

Meier product limit method and intergroup differences

were determined using a log-rank test. The influence of

prognostic predictors identified via univariate analysis was

assessed by multivariate analysis using Cox’s proportional

hazards model. A P value \0.05 was considered statisti-

cally significant.

Results

Immunohistochemical findings of RacGAP1 in gastric

cancer

RacGAP1 expression was observed in the nuclei of gastric

cancer cells. Figure 1 shows the expression of RacGAP1 at

the invasive front of gastric cancer. In normal mucosa,

RacGAP1 expression was detected in several crypt and

isthmus epithelial cells but not the surface epithelium. The

immunoreactivity of RacGAP1 was higher in cancer cells

compared to normal mucosa. Additionally, its expression

was observed in lymphocytes at the germinal center of

lymphoid follicles (Fig. 2).

Correlation of RacGAP1 IHC scores

with clinicopathological variables

We observed a significant correlation of RacGAP1 IHC

score with histological type, and its IHC score in patients

with intestinal type was significantly higher than those with

diffuse type (Mann–Whitney U test: P = 0.005). There

was no correlation of the IHC scores with other clinico-

pathological variables (supplemental data 1). Therefore, we

focused on RacGAP1 expression at the invasive front.

Significant correlation of RacGAP1 expression

at the invasive front with factors reflecting tumor

progression

We observed expression of RacGAP1 at the invasive front

in 81 patients (34.9 %). The expression was significantly

correlated with age (P = 0.0001), tumor size
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(P \ 0.0001), tumor depth (P \ 0.0001), lymph node

metastasis (P \ 0.0001), lymphatic invasion (P \ 0.0001),

vascular invasion (P \ 0.0001), and disease stage

(P = 0.0016) (Table 2). Figure 3 shows the survival curve

for OS according to RacGAP1 expression at the invasive

front using the Kaplan–Meier method. Patients with Rac-

GAP1 expression at the invasive front showed a signifi-

cantly poorer OS than did patients with expression levels

below the cut-off values (P \ 0.0001).

RacGAP1 expression at the invasive front is

an independent prognostic factor

Table 3 shows the results of univariate and multivariate

analyses of factors influencing survival using Cox’s

proportional hazards model. Univariate analysis showed

that elderly age (C68 years), tumor size (C50 mm),

advanced T stage, positive lymph node metastasis,

lymphatic invasion, vascular invasion, distant metastases,

and RacGAP1 expression at the invasive front were

significantly associated with poor prognosis. Multivariate

analysis revealed that lymph node metastasis, distant

metastases, and RacGAP1 expression at the invasive

front were independent predictive markers for poor

prognosis (P = 0.0106, P = 0.0012, and P = 0.0011,

respectively).

Comparison between RacGAP1 and cdc42 expression

Figure 4 shows the expression of RacGAP1 and cdc42

(downstream signaling of RacGAP1) in gastric cancer

cells. RacGAP1 expression was detected in the nuclei of

several cancer cells. On the other hand, cdc42 expression

was diffusely observed in the cytoplasm of cancer cells,

and its expression pattern did not vary according to the

location of cancer cells in a tumor.

Fig. 1 Immunohistochemical

findings of RacGAP1

expression in gastric cancer.

RacGAP1 expression was

observed in the nuclei of gastric

cancer cells. Negative (a) and

positive (b) RacGAP1

expression at the invasive front

in submucosal lesion. Positive

(c, d) and negative (e,

f) expression at the invasive

front in lesions deeper than

muscularis propria. Original

magnification: a, b 9100; c,

e 940; d, f 9200
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Elevated RACGAP1 gene expression in diffuse type

gastric cancer

To clarify whether there was a difference of RacGAP1

expression according to histological type, we investigated

RACGAP1 gene expression in 154 patients with gastric

cancer (intestinal type: n = 78 and diffuse type: n = 76).

In contrast to the results using immunohistochemical ana-

lysis, RACGAP1 gene expression in diffuse type gastric

cancer was higher compared to that in intestinal type

despite the lack of significant difference (intestinal type:

0.215 vs. diffuse type: 0.279. P = 0.0861) (supplemental

data2). There was no significant correlation of RACGAP1

expression with other clinicopathological variables (data

not shown).

Discussion

In the present study, RacGAP1 expression at the invasive

front was significantly associated with tumor progression

and poor prognosis in gastric cancer. To the best of our

knowledge, this is the first report of the association of

RacGAP1 with gastric cancer.

Gastric cancer includes two major histological subtypes

according to Lauren’s classification [20]: intestinal type

(50 % differentiated) and diffuse type (33 % undifferenti-

ated). Intestinal type gastric cancer is more associated with

environmental factors such as intestinal metaplasia and

Helicobacter pylori infection, and is frequently accompa-

nied by liver metastasis [21–23]. Diffuse type gastric

cancer has an increased propensity for intramural and

Fig. 2 RacGAP1 expression in

normal mucosa. RacGAP1

expression was detected in

several crypt and isthmus

epithelial cells but not the

surface epithelium (a–d) (white

arrow: crypt cells). RacGAP1

immunoreactivity was higher in

cancer cells compared to normal

mucosa (e). Additionally,

RacGAP1 expression was

observed in lymphocytes at the

germinal center of lymphoid

follicles (f). Original

magnification: a, b, c, and

e 9100; b 9200; d, f 9400
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transmural spread and is associated with peritoneal dis-

semination and poorer prognosis than intestinal type [23,

24]. In the present study, we observed that intestinal type

gastric cancer had a significantly higher IHC score of

RacGAP1 expression than the diffuse type, although there

was no significant correlation of its expression with other

clinical parameters. To determine whether RACGAP1 gene

expression differed according to histological differentia-

tion, we measured its expression in gastric cancer using

qRT-PCR. Contrary to immunohistochemical examination,

RACGAP1 expression was higher in diffuse type gastric

cancer compared to intestinal type. In several malignan-

cies, the association between RACGAP1 gene expression

and histological grade has been reported, and high

Table 2 Association of RacGAP1 expression at the invasive front

with clinicopathological variables

Variable RacGAP1-negative

(n = 151)

RacGap1-positive

(n = 81)

P value

Gender

Male 102 61 0.2320

Female 49 20

Age (years)

\68 90 26 0.0001

C68 55 61

Tumor size (mm)

\50 111 37 \0.0001

C50 37 44

T classification

T1/2 106 22 \0.0001

T3/4 46 60

Lymph node metastasis

Negative 106 20 \0.0001

Positive 56 60

Lymphatic invasion

ly 0/1 97 19 \0.0001

ly 2/3 54 62

Vascular invasion

v 0/1 140 52 \0.0001

v 2/3 11 29

Histology

Intestinal 72 47 0.1330

Diffuse 79 34

Stage

I 94 17 \0.0001*

II 29 15

II 21 26

IV 7 23

Patients with more than 10 % of cancer cells at the invasive front

were defined as being RacGAP1-positive

Mann–Whitney U test. Kruskal–Wallis test*
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Fig. 3 Overall survival curves according to RacGAP1 expression at

the invasive front. Patients with RacGAP1 expression at the invasive

front had significantly poorer prognosis.

Table 3 Univariate and multivariate analyses for predictors of

survival

Variables HR 95 %CI P value

Univariate

Gender (male vs. female) 1.062 0.547–2.062 0.8584

Age (\68 vs. C68 year) 2.426 1.264–4.655 0.0077

Tumor size (\50 vs. C50 mm) 2.942 1.561–5.544 0.0008

T classification (1, 2 vs. 3, 4) 4.917 2.335–10.353 \0.0001

Lymph node metastasis

(negative vs. positive)

12.839 4.551–36.219 \0.0001

Lymphatic invasion (0, 1 vs. 2,

3)

6.331 2.652–15.114 \0.0001

Vascular invasion (0, 1 vs. 2, 3) 6.358 3.407–11.864 \0.0001

Histology (intestinal vs.

diffuse)

0.974 0.523–1.815 0.9342

Stage (1, 2, 3 vs. 4) 9.203 4.480–18.905 \0.0001

RacGAP1 expression in

invasive front (negative vs.

positive)

8.438 4.109–17.328 \0.0001

Multivariate

Age (\68 vs. C68 year) 1.639 0.802–3.352 0.1756

Tumor size (\50 vs. C50 mm) 1.376 0.687–2.758 0.3680

T classification (1, 2 vs. 3, 4) 0.741 0.293–1.873 0.5258

Lymph node metastasis

(negative vs. positive)

5.870 1.511–22.804 0.0106

Lymphatic invasion (0, 1 vs. 2,

3)

0.955 0.296–3.084 0.9388

Vascular invasion (0, 1 vs. 2, 3) 1.538 0.737–3.211 0.2517

Stage (1, 2, 3 vs. 4) 4.068 1.744–9.404 0.0012

RacGAP1 expression in

invasive front (negative vs.

positive)

3.639 1.674–7.908 0.0011

Patients with a10 % or higher proportion of cancer cells at the

invasive front were defined as being RacGAP1-positive.

HR hazard ratio, CI confidence interval
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histological grade tumors were associated with high

RACGAP1 gene expression [7, 14]. Although our tran-

scriptional analysis was similar to previous reports, it is

difficult to explain the reason for the different results

obtained by immunohistochemical and transcriptional

evaluations. We think a reason for the difference could be

that the IHC score was calculated by evaluation of whole

tumor, while the tissue samples for the evaluation of

mRNA level were obtained from part of the tumor. O0Brien

et al. [25] demonstrated that RacGAP1 was required for

differentiation of embryos and hematopoietic stem cells

and concluded that RACGAP1 was post-transcriptionally

regulated during blastocyte development to enable

embryonic stem cell self-renewal. These mechanisms may

explain the apparent differences of RacGAP1 expression

determined by immunohistochemical and transcriptional

analyses. Additionally, we consider one of the reasons for

this discrepancy is that RACGAP1 has twenty-nine splice

variants, and the primer for RACGAP1 described by Ke HL

et al. [7] used in the present study detects most splice

variants.

RacGAP1 is reportedly associated with more aggressive

cancer phenotypes of high-grade breast cancer [26], epi-

thelial ovarian cancer [27], and hepatocellular carcinoma

[15] in the transition from low invasive to high invasive

disease. In subgroup analysis of 113 patients with diffuse

type gastric cancer, we observed that RacGAP1 IHC scores

in patients with lymph node metastasis and vascular

invasion were significantly higher than scores in patients

without them (cut-off: median value. P = 0.0468 and

0.002, respectively). Moreover, patients with high Rac-

GAP1 IHC score had significantly poorer prognosis com-

pared to patients with low IHC scores (P = 0.0103) (data

not shown). On the other hand, there was no significant

correlation between RacGAP1 IHC score and clinicopath-

ological variables in patients with intestinal type gastric

cancer. These data showed that diffuse type gastric cancer

with high RacGAP1 expression had more aggressive fea-

tures than those with low RacGAP1 expression.

The importance of evaluating the invasive front has been

reported in several gastrointestinal malignancies [28–31].

In the present study, we examined RacGAP1 expression at

the invasive front in gastric cancer and observed the

association of its expression with tumor progression and

poor prognosis. Epithelial-mesenchymal transition (EMT)

is known to be one potential mechanism of migration,

invasion and metastasis of cancer cells including gastric

cancer [32, 33]. RacGAP1 regulates the function of Rho

proteins such as Rac and cdc42 to influence cell mor-

phology, cell motility, and the establishment of cell

polarity and consequently plays a key role in metastasis [9,

34]. Zondag et al. [35] showed that the interaction between

Rho and Rac GTPases and the downregulation of Rac

activity led to increased Rho activity and EMT. Whereas

RacGAP1 contributes to the regulation of numerous bio-

logical processes, our future investigations will focus on

Fig. 4 Comparison between RacGAP1 and cdc42 expression: Rac-

GAP1 (a–c) immunoreactivity wanes in accordance to depth, while

cdc42 (d–f) expression was diffusely observed in cytoplasm of cancer

cells (a and d show each expression in a submucosal lesion; b, c, e,

and f show each expression at the invasive front of a tumor). Original

magnification: a, b, d, e 9100; c, e 9200
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the association between RacGAP1 and EMT in gastric

cancer.

In conclusion, RacGAP1 expression at the invasive front

in gastric cancer was significantly correlated with factors

reflecting tumor progression and poor prognosis. Our data

suggest that RacGAP1 might play important roles in the

progression of gastric cancer. However, data in this study

should be interpreted with some caution. A major limita-

tion is the small number of patients studied and the retro-

spective nature of the study. A larger study population and

a long-term follow-up are needed to validate these results.
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