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Abstract. Recent studies have revealed that 3,3-diindolyl-
methane (DIM) has antitumor effects in both in vivo and 
in vitro tumor models. However, the biological function 
of DIM in human gastric cancer cells is unknown. Genetic 
and biological studies have confirmed the importance of the 
novel Hippo tumor-suppressor pathway in regulating cell 
proliferation, apoptosis, organ size and tumorigenesis in 
mammals. Thus, the purpose of this study was to investigate 
the cytotoxic effects of DIM in human gastric cancer cells 
and to elucidate whether DIM induces cell death by activating 
the Hippo signaling pathway. Two human gastric cancer cell 
lines (SNU-1 and SNU-484) were used to investigate the 
DIM response. DIM significantly inhibited the proliferation 
of human gastric cancer cells in a dose-dependent manner. 
The percentage of G1 phase cells increased 24 h following 
DIM treatment. DIM reduced CDK2, CDK4, CDK6 and 
cyclin D1 protein levels, while increasing p53 protein levels. 
DIM induced the levels of cleaved poly(ADP-ribose) poly-
merase, cleaved-caspase-9, and diminished pro-caspase-3 
protein production. In addition, DIM increased pLATS1, 
Mob1, pMob1, pYAP and Ras association domain family 1 
(RASSF1) protein levels and reduced Yap protein produc-
tion levels. DIM stimulated the binding of RASSF1 with the 
Mst1/2-LATS1-Mob1 complex, promoting an active Hippo 
signaling pathway and favoring YAP phosphorylation (pYAP) 
that inactivates cell proliferation. Furthermore, DIM inhib-
ited the growth of human gastric tumors in a xenograft mouse 
model. These results indicate that DIM suppresses the growth 
of gastric cancer cells by activating the Hippo signaling 
pathway.

Introduction

Gastric cancer is one of the most lethal cancers in Asia and 
causes approximately 800,000 deaths worldwide each year, 
making it the second leading cause of cancer-related mortality 
in the world (1-3). Gastric cancer is thought to arise from a 
sequence of multistep processes involving a variety of genetic 
events (4,5). Despite advances in multimodality treatments 
including targeted therapies, the clinical outcome of gastric 
cancer still remains poor due to de novo or acquisition of 
chemoresistance during therapy (6-8). Moreover, the overall 
5-year survival rate is less than 35% due to the high rate of 
relapse after gastrectomy (9). Thus, understanding the molec-
ular characteristics of gastric cancer and the development of 
chemoresistance is urgently needed in order to improve the 
clinical outcome of gastric cancer patients and to develop 
more effective treatment strategies.

The Hippo signaling pathway, also known as the 
Salvador-Warts-Hippo pathway, was originally discovered in 
Drosophila melanogaster (10-12). The pathway core compo-
nents in the fly, including Hippo, Sav, Wts, Yki and Mats, are 
highly conserved in mammals as Mst1/2, WW45, LATS1/2, 
YAP and Mob1, respectively (11,13,14). Recently, several 
studies have clearly shown the role of the Hippo pathway in 
controlling organ size and other biological processes including 
cell fate determination, mitosis and pluripotency (11,15,16). 
YAP is a key effector protein in the Hippo pathway and is 
negatively regulated by the Mst1/2-LATS1/2-Mob1 complex 
through direct phosphorylation (11). The phosphorylation of 
YAP (pYAP) inhibits cell proliferation; therefore, impairment 
of the Hippo signaling pathway has been implicated in many 
human cancers including gastric cancer (17-22).

Natural products from vegetables are well acknowledged 
for their possible roles as chemopreventive agents (23). 
3,3'-Diindolylmethane (DIM) is a principal product converted 
from the bioactive phytochemical indole-3-carbinol (I3C) that 
is found in abundance in cruciferous vegetables (24). I3C is 
chemically unstable in aqueous environments and is rapidly 
converted to DIM, which is a major condensation product in the 
stomach (25-27). DIM is the predominant bioactive compound 
in plasma (27), and recent studies have shown that DIM has 
anticancer effects in both in vivo and in vitro models of various 
types of cancers (28-37). However, the biological function of 
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DIM, and its possible use as an antitumor agent for human 
gastric cancer, is unknown. Several studies have revealed the 
importance of the novel Hippo tumor-suppressor pathway in 
regulating cell proliferation, apoptosis and tumorigenesis in 
gastric cancer. Therefore, the purpose of the present study was 
to investigate the biological function of DIM in human gastric 
cancer cells and to elucidate whether DIM regulates the Hippo 
signaling pathway. Our results demonstrated that DIM acti-
vates the Hippo signaling pathway in sensitizing gastric cancer 
cells in vitro and inhibits gastric cancer tumors in vivo.

Materials and methods

Cell culture and reagents. The human gastric cancer cell lines 
SNU-1 and SNU-484 were purchased from the Korean Cell 
Line Bank (Seoul National University, Korea). Cancer cells 
were maintained in RPMI-1640 medium supplemented with 
10% fetal bovine serum (FBS), 100 mg/ml streptomycin, and 
100 IU/ml penicillin (all from Gibco-BRL, Grand Island, NY, 
USA) as a monolayer in 100-mm dishes (BD Biosciences, 
Rockville, MD, USA) under standard conditions at 37˚C in a 5% 
CO2 humidified atmosphere. All experiments were performed 
with the cells at 60-80% confluence. DIM was purchased from 
LKT Laboratories (St. Paul, MN, USA). The following anti-
bodies were obtained from the following commercial sources: 
cyclin D1, CDK4, CDK6, p27, cleaved-caspase-9, pro-caspase-3, 
cleaved-poly(ADP-ribose) polymerase (PARP), Mst1, Mst2, 
LATS1, pLATS1, Mob1, pMob1, Sav1, YAP, pYAP, Akt, pAkt 
(Cell Signaling Technology, Inc., Beverly, MA, USA); CDK2 
and Ras association domain family 1 (RASSF1) antibody 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).

Cell growth inhibition by MTT assay. The effect of DIM on 
cell proliferation was determined by the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as 
described previously (38). Briefly, cells were plated in 96-well 
plates (SPL, Seoul, Korea) at 1x104 cells/well. After 24 h of 
incubation under standard conditions, the cells were treated 
with the indicated DIM concentration for 72 h. Cell viability 
was assessed by a scanning multi-well spectrophotometer 
(SpectraMAX 340; Molecular Devices Co., Sunnyvale, CA, 
USA).

Soft agar colony formation assay. The bottom layer of soft 
agar (1%) was prepared in a 6-well plate, and the top layer 
(0.7%) was prepared with 5x104 SNU-1 or SNU-484 cells/
well in a single-cell suspension. The cells were divided into 
2 groups: i) the control group (blank group) and ii) the experi-
mental group (DIM, 100 µM). The cells were cultured in an 
incubator at 37˚C with 5% CO2 for 2 weeks and observed for 
colony formation by microscopy. Colonies of >30 cells were 
counted, and the experiments were repeated in triplicate.

Cell cycle analysis. To determine the effect of DIM on the cell 
cycle, cells were incubated in 100-mm dishes and were treated 
for 24 h with various DIM concentrations. Subsequently, 
cells were washed with PBS and the nuclei were stained with 
propidium iodide (PI) (Sigma Chemical, St. Louis, MO, USA) 
as described previously (28,38). The percentage of cells in 
the different cell cycle phases was measured with a FACstar 

flow cytometer (Becton-Dickinson, San Jose, CA, USA) and 
analyzed using Becton-Dickinson software (Lysis II and 
CellFit).

Western blot analysis. Briefly, the human gastric cancer 
cell lines SNU-1 and SNU-484 were plated and allowed to 
attach for 24 h. DIM was added to the cell cultures at the 
indicated concentrations for 72 h. Cells with or without 
DIM were harvested and suspended in lysis buffer (Intron 
Biotechnology, Korea). Extracts were incubated on ice for 
10 min and centrifuged at 13,200 rpm for 20 min at 4˚C. After 
centrifugation, the supernatant was collected and the protein 
concentration was determined using a BSA protein assay kit 
(Pierce Biotechnology, Inc., Rockford, IL, USA). Whole lysate 
was resolved on a SDS-PAGE gel and transferred to PVDF 
membranes (Bio-Rad, Hercules, CA, USA). Membranes were 
probed with the specific primary antibodies and then with 
peroxidase-conjugated secondary antibodies. The bands 
were visualized with the enhanced chemiluminescence kit 
(Amersham, Arlington Heights, IL, USA). The following anti-
bodies were used: antibody against cyclin D1, CDK2, CDK4, 
CDK6, p53, cleaved-PARP, cleaved-caspase-9, pro-caspase-3, 
Mst1, Mst2, pLATS1, LATS1, Mob1, pMob1, Sav1, pYAP, 
YAP, pAkt, Akt, RASSF1, β-catenin, pβ-catenin, β-actin and 
GAPDH.

Immunoprecipitation. Cells were scraped in PBS and 
suspended in lysis buffer (20 mM Tris-HCl pH 8, 137 mM NaCl, 
10% glycerol, 1% Nonidet P-40 and 2 mM EDTA). Extracts 
were incubated on ice for 1 h and pelleted by centrifugation 
at 12,000 rpm for 10 min. Protein quantification was deter-
mined using a BSA protein assay kit. Whole lysates (1.5 mg) 
were incubated with Protein G-Sepharose (Sigma) for 1 h at 
4˚C for pre-clearing and centrifuged 10,000 rpm for 5 min 
at 4˚C. The supernatant was incubated with anti-RASSF1 at 
4˚C overnight. Antibody-antigen complexes were collected 
on Protein G-Sepharose. Immunoprecipitates were resolved 
by SDS-PAGE, transferred to PVDF membranes, and 
probed with the specific primary antibodies followed by 
peroxidase-conjugated secondary antibodies. The bands were 
visualized with the enhanced chemiluminescence kit. The 
following antibodies were used: antibody against Mst1, Mst2, 
LATS1, Mob1, Sav1 and GAPDH.

In vivo studies. Based on our in vitro results, we designed 
studies to determine the effects of DIM on xenografted human 
gastric tumors in nude mice. Animal experiments adhered to 
NIH guidelines (USA) and were performed under approval of 
the Institutional Animal Care and Use Committee of Chonbuk 
National University. Four-week-old female SPF/VAF immuno-
deficient mice were purchased from Orient Bio (Korea). The 
mice were allowed to acclimate to local conditions for 1 week 
prior to injection with cancer cells. Thirteen mice were injected 
subcutaneously (s.c.) into the right flank with 0.1 ml Matrigel 
containing 3.5x106 human gastric cancer cells (SNU-484). 
The mice were randomized into 2 groups 1 week after tumor 
implantation: i) the untreated control group (n=5, DMSO in 
50 µl PBS daily) and ii) the DIM-treated group (n=5, 10 mg/
kg in 50 µl PBS once daily). Gastric primary tumors were 
excised, and the final tumor volume was measured once every 
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3 days using a caliper and calculated as (width)2 x length/2. 
The experiment was terminated on day 39. Half of the tumor 
tissue was prepared for western blotting and the other half was 
snap frozen in liquid nitrogen and stored at -80˚C.

Statistical analysis. In vitro experiments were repeated 
>3 times. The statistical significant difference between 
experimental groups and the control was determined by 
one-way ANOVA and then later compared among groups 
with an unpaired Student's t-test. Results are expressed as the 
means ± SE. A p-value <0.05 was considered to indicate a 
statistically significant result.

Results

DIM inhibits the proliferation of gastric cancer cells. The 
effects of DIM on human gastric adenocarcinoma cell growth 
were examined using SNU-1 and SNU-484 cells by treatment 
with various DIM concentrations for 72 h. MTT assay analyses 
revealed that DIM significantly suppressed the proliferation 
of the cell lines in a dose-dependent manner, showing >50% 
cell growth inhibition at 50 µM in the two cell lines (Fig. 1A). 
The effects of DIM on SNU-1 and SNU-484 gastric cancer 
cell colony formation were evaluated using a soft agar cloning 
assay. SNU-1 and SNU-484 gastric cancer cells were cultured 
in medium with 100 µM DIM for 2 weeks, and colony forma-
tion was observed by microscopy. As shown in Fig. 1B, 
DIM significantly inhibited colony formation of SNU-1 and 
SNU-484 cells when compared to the control. These results 
suggest that DIM significantly inhibits the growth of gastric 
cancer cells.

DIM induces cell cycle arrest in gastric cancer cells. 
Fluorescence-activated cell sorting (FACS) analysis was 
performed to characterize whether DIM regulates cell cycle 
progression in human gastric cancer cells. As shown in Fig. 2A, 
DIM treatment resulted in a significant increase in the propor-
tion of the cell population in the G1 phase of the cell cycle at 
24 h in SNU-1 and SNU-484 human gastric cancer cells. These 
results suggest that DIM induced G1 phase arrest in human 
gastric cancer cells in a dose-dependent manner. The effects 
of DIM on CDK2, CDK4, CDK6 and cyclin D1 protein levels 
were examined to identify the regulation of G1 cell cycle regu-
latory proteins in human gastric cancer cells. A 75-µM DIM 
treatment in SNU-1 and SNU-484 cells downregulated the 
production of CDK2, CDK4, CDK6, cyclin D1 protein levels at 
24 h (Fig. 2B). Since DNA damage checkpoints play a critical 
role in maintaining the integrity of the genome by arresting 
cell cycle progression in response to damaged or incompletely 
replicated DNA, and G1 checkpoint arrest in mammalian cells 
is mediated by the action of p53 protein, we also investigated 
the effects of DIM on the induction of the p53 protein level. A 
75-µM DIM treatment in SNU-1 and SNU-484 cells resulted 
in the upregulation of the p53 protein level leading to cell cycle 
arrest in the G1 phase (Fig. 2B). These results indicate that 
DIM induced G1 phase arrest in human gastric cancer cells 
through changes in the levels of cell cycle regulatory proteins.

DIM induces apoptosis in gastric cancer cells. As shown 
in Fig. 3A, DIM treatment in SNU-1 and SNU-484 gastric 

cancer cells showed an increased accumulation of cells in the 
sub-G1 phase in a dose-dependent manner. To test whether 
DIM induces apoptotic cell death in gastric cancer cells, we 
further investigated the cleaved-caspase-9, cleaved-PARP, 
and pro-caspase-3 protein levels using western blot analysis. 
As shown in Fig. 3B, treatment with 100 µM DIM for 72 h 
inhibited pro-caspase-3 protein levels and increased levels of 
the cleaved form of PARP and cleaved-caspase-9, hallmarks 
of apoptosis, in the SNU-1 and SNU-484 gastric cancer cells. 
These results indicate that DIM induced apoptotic cell death 
in human gastric cancer cells. Overall, these results support 
the notion that the observed decline in cell viability by DIM 
was in part due to cell cycle arrest and induction of apoptosis.

DIM activates the Hippo signaling pathway resulting 
in YAP inactivation. The Hippo signaling pathway is 
a tumor-suppressor signaling system that inhibits cell 

Figure 1. (A) Effect of DIM on growth inhibition in human gastric cancer 
cells. Logarithmically growing human gastric cancer cell lines (SNU-1 and 
SNU-484) were treated with various concentrations of DIM for 72 h. Cell 
growth inhibition was assessed by MTT assay. Results are expressed as the 
percentage of control cells containing no DIM. Each point represents the 
means ± SE of at least 3 independent experiments conducted in triplicate. 
*p<0.05 and **p<0.001 when compared to the control. (B) Colony formation 
assay. DIM inhibits gastric cancer cell (SNU-1 and SNU-484) growth and 
proliferation. The assays were terminated at 2 weeks. DIM significantly 
reduced the colony formation ability in the gastric cancer cells. DIM, 
3,3'-diindolylmethane.
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Figure 3. Effects of DIM on caspase-mediated apoptosis in gastric cancer cell lines (SNU-1 and SNU-484). (A) Percentage of the cell population in sub-G1 phase 
was calculated from DNA content histograms in gastric cancer cell lines (SNU-1 and SNU-484). Error bars represent the means ± SE from 3 independent 
experiments. *p<0.05 and **p<0.001 when compared to the control. (B) Western blot analysis of cleaved-PARP, cleaved-caspase-9, and -3 following exposure 
of gastric cancer cells to DIM. Cells were harvested at 72 h and immunoblotted with the indicated antibodies. β-actin was used as an internal control. DIM, 
3,3'-diindolylmethane.

Figure 2. (A) Cell cycle analysis of human gastric cancer cells (SNU-1 and SNU-484) cultured with DIM. Cells were incubated with various concentrations of 
DIM for 24 h. The control group represents gastric cancer cells that were not exposed to DIM. Cell cycle distribution was calculated as the percentage of cells 
in the G1, S, and G2/M phase. All experiments were performed at least 3 times. (B) Effects of DIM on cell cycle-related proteins in gastric cancer cell lines 
(SNU-1 and SNU-484). CDK2, CDK4, CDK6, cyclin D1, and p53 levels were assessed by western blotting. Cells were harvested at 24 h. β-actin was used as 
an internal control. DIM, 3,3'-diindolylmethane.
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proliferation and promotes cell apoptosis. To investigate 
whether DIM mediates gastric cancer cell death via the Hippo 
signaling pathway, we examined the protein levels of Mst1/2, 
LATS1, pLASTS1, Mob1, pMob1, and Sav1 after DIM treat-
ment. As shown in Fig. 4, western blot analysis revealed that 
treatment with 100 µM DIM for 72 h significantly increased 
the production of pLATS1, pMOB1, and Sav1 in SNU-1 and 
SNU-484 cells. We also analyzed the production of YAP and 
pYAP after treatment with DIM. We found that the production 
of pYAP was significantly increased and YAP protein levels 
were decreased following treatment with 100 µM DIM for 
72 h in gastric cancer cells. These results suggest that DIM 
may trigger the Hippo signaling pathway cascade that leads to 
phosphorylation, cytoplasmic retention and functional inacti-
vation of YAP.

DIM stimulates Mst1/2-RASSF1 interaction in gastric cancer 
cells. To address the question of how DIM activates the 
Hippo signaling pathway, we investigated the possible role 
of RASSF1 that has been identified as an upstream regulator 
of the Hippo signaling pathway (39,40). RASSF1 has been 
reported to interact with the mammalian kinases, Mst1, and 
Mst2 and activate them by promoting their autophosphory-
lation and subsequent phosphorylation of the downstream 
LATS1 kinase (41). In addition, several studies have revealed 
that Hippo signaling is tightly regulated by protein-protein 
interactions (14). Therefore, we tested whether RASSF1 
associates with Hippo signaling pathway molecules due to 
DIM treatment. As shown in Fig. 5A, endogenous RASSF1 
protein production was significantly increased following treat-

ment with 100 µM DIM in the SNU-1 and SNU-484 cells. In 
addition, a dramatic increased interaction between the Mst1/2- 
LATS1-Sav1-Mob1 complex and RASSF1 was observed in the 
presence of the same DIM dose as analyzed by immunopre-
cipitation followed by immunoblotting (Fig. 5B). These results 
indicate that DIM may activate the Hippo signaling pathway 
through RASSF1 activation, which increases the coimmuno-
precipitation of RASSF1 with Hippo signaling molecules.

DIM inhibits the growth of SNU-484 tumor xenografts in 
immunodeficient mice. Since we observed an inhibition 
of gastric cancer cell viability by DIM in vitro, we evalu-
ated whether these observations could be translated into an 
animal model system in vivo. To address this issue, SPF/VAF 
immunodeficient mice were inoculated in the right flank with 
SNU-484 human gastric cancer cells. Mice were randomized 
into two groups and were treated daily s.c. with either vehicle 
or DIM (10 mg/kg) for 30 days. Tumor volume and the weight 
of mice were recorded once every 3 days using calipers (Fig. 6). 
As shown in Fig. 6A-E, DIM treatment resulted in a marked 
inhibition of SNU-484 xenograft tumor growth. Notably, the 
body weight of mice from both groups did not significantly 
differ from the vehicle control following 30 days of drug expo-
sure (Fig. 6F), suggesting that DIM has no severe toxicity to 
the mice. Taken together, these findings demonstrate that DIM 
administration significantly inhibited SNU-484 xenograft 
growth in vivo mediated by the inactivation of YAP.

Figure 4. Effects of DIM on the Hippo signaling pathway in gastric cancer 
cell lines (SNU-1 and SNU-484). pYAP, YAP, Mst1/2, pLATS1, LATS1, 
Mob1, pMob1, and Sav1 levels were analyzed by western blotting in SNU-1 
and SNU-484 cell lines after treatment with and without DIM. Cells were 
harvested at 72 h, and immunoblotted with the indicated antibodies. β-actin 
was used as an internal control. DIM, 3,3'-diindolylmethane.

Figure 5. Effects of DIM on RASSF1 in gastric cancer cell lines (SNU-1 
and SNU-484). (A) RASSF1 was analyzed by western blotting in SNU-1 
and SNU-484 cells after treatment with and without DIM. Cells were har-
vested at 72 h and immunoblotted with the RASSF1 antibody. β-actin was 
used as an internal control. (B) Effect of DIM on the complexity of selected 
protein-protein interactions in the Hippo signaling pathway in gastric cancer 
cell lines (SNU-1 and SNU-484). SNU-1 and SNU-484 cells were either 
untreated or treated with DIM for 72 h. Cells were harvested, and cell lysates 
were immunoprecipitated (IP) with anti-RASSF1 antibody and lysates were 
subjected to immunoblotting (IB) with anti-Mst1, Mst2, LATS1, Sav1, and 
Mob1 antibodies. GAPDH was used as an internal control. DIM, 3,3'-diin-
dolylmethane; RASSF1, Ras association domain family 1.
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Discussion

The present study demonstrated for the first time that human 
gastric cancer cells exposed to DIM resulted in an increase 
in apoptosis, suggesting that DIM could be used for the treat-
ment of gastric cancer. Despite the fact that many studies have 
revealed that DIM has antitumor effects in a variety of cancer 
cells including prostate, breast, pancreas, and esophageal 
cancer cells through the NF-κB, Akt, MAPK, p53, AR, and 
ER pathways (5,11,28,31,34,42), no information is available 
regarding the functional role of the Hippo signal transduc-
tion pathway in mediating DIM-induced lethality in gastric 
cancer cells. We found that DIM was effective in sensitizing 
gastric cancer cells through activation of the Hippo signaling 
pathway. In addition, our results provide convincing evidence 
in support of the antitumor effects of DIM on xenograft gastric 
tumors in vivo. Therefore, activation of the Hippo pathway may 
mediate key contributions in gastric cancer cell death induced 
by DIM treatment.

The evolutionarily conserved Hippo signaling pathway plays 
an important role in both organ size control and tumorigenesis, 
and thus deregulation of this pathway has been implicated in 
human cancers (43). Since the interruption of any factor in this 
pathway can bring about tumorigenesis, it appears as though 
YAP is the major Hippo pathway downstream effector that 
functions as an oncogene. In the present study, DIM dramati-
cally increased the protein levels of pLATS1, Mob1, pMob1, 
and Sav1 in gastric cancer cells, while Mst1/2 levels were not 

altered. Intriguingly, the production of pYAP being signifi-
cantly induced by DIM supports the notion that DIM activates 
the Hippo signaling pathway cascade leading to the inactiva-
tion of YAP function. Our observations are in agreement with 
previous reports demonstrating that Hippo core components 
can negatively regulate YAP through direct phosphorylation, 
and the activated LATS-Mob1 complex phosphorylates YAP 
leading to enhanced interactions with 14-3-3 proteins and 
cytoplasmic sequestration (11). Thus, the pYAP induced by 
DIM may limit YAP activity by preventing nuclear accumula-
tion and decreasing the expression of positive regulators for 
cell growth and activators of apoptosis. In fact, we found that 
DIM suppressed the proliferation of various gastric cancer cell 
lines including SNU-1 and SNU-484 mediated by an antipro-
liferative effect by inducing G1 cell cycle arrest. The G1 cell 
cycle arrest was accompanied by the reduced production of 
CDK2, CDK4, CDK6 and cyclin D1 protein levels and the 
increased production of p53 protein levels. DIM also induced 
poly(ADP-ribose) polymerase cleavage, caspase-9 cleavage 
and diminished pro-caspase-3 protein levels. These apoptotic 
effects of DIM on gastric cancer cells are in agreement with 
previous reports regarding other cancer cell lines (7,28,29,37). 
Therefore, the induction of apoptosis in gastric cancer cells 
by DIM treatment is associated with the activation of the 
LATS-Mob1 complex and pYAP.

The Ras association domain family 1 (RASSF1) protein 
has been demonstrated to be involved in several growth 
regulatory and pro-apoptotic pathways. The RASSF1 gene 

Figure 6. Effects of DIM on gastric tumor growth. DIM suppresses the growth of gastric cancer tumors in xenografted mice. Mice were inoculated subcutane-
ously in the right flank with 0.1 ml Matrigel containing 7x106 SNU-484 human gastric cancer cells. DMSO or 10 mg/kg DIM were injected subcutaneously 
every day for 30 days. Tumor volume was measured twice/week using a caliper and calculated as (width)2 x length/2. Representative images were captured at 
the end of 5 weeks of therapy, and results are shown for (A) vehicle-treated control, (B) DIM-treated mouse, (C) tumor from vehicle-treated mouse, (D) tumor 
from DIM-treated mouse. (E) Tumor volumes were measured after initiation of therapy. *p<0.05 when compared to the control. (F) Animal body weights 
during the course of the experiment. GAPDH was used as an internal control. DIM, 3,3'-diindolylmethane.
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is localized on chromosome 3p21.3 and is found to be 
frequently silenced by promoter hypermethylation in a variety 
of cancers (39,40,44,45). Targeted disruption of the RASSF1 
gene in mice resulted in spontaneous and carcinogen-induced 
tumorigenesis (46), indicating that RASSF1 serves as an 
important tumor-suppressor. Recent research has shown that 
Hippo signal transduction pathway activity is regulated by 
RASSF1, an emerging pathway implicated in the control of 
cell growth, apoptosis, and tumor-suppression (20,41,47). In 
addition, several studies have shown that RASSF1 interacts 
with the mammalian Mst1/2, and promotes phosphorylation of 
Mst1/2 and their downstream gene products (48,49), suggesting 
that RASSF1-Mst1/2 may have intriguing tumor-suppressing 
characteristics. In fact, a recent study revealed that RASSF1 
prevented dephosphorylation of Mst1/2 by binding to Mst1/2, 
supporting the maintenance of pMst1/2 phosphorylation (41). 
In the present study, we found that endogenous RASSF1 
protein levels were significantly increased by DIM treatment 
in gastric cancer cells. The binding of Mst1/2, LAST1 and 
Mob1 increased when interacting with RASSF1, suggesting 
that DIM stimulates RASSF1 with the Mst1/2-LAST-Mob 
complex to promote an active state of the Mst kinases, favoring 
the induction of pYAP that inactivates cell proliferation. 
Therefore, these results indicate that RASSF1 interacts with 
Mst1/2 by DIM treatment and the cytotoxic effects of DIM on 
gastric cancer cells are mediated through the Hippo signaling 
pathway.

Our in vitro results were recapitulated in vivo using a gastric 
tumor xenograft animal model. We found that DIM signifi-
cantly inhibited the growth of gastric tumors. Particularly, an 
increase in pYAP in the DIM-treated tumors was observed. 
These in vivo results were consistent with our molecular 
studies in vitro, which obviously provide strong support that 
Hippo signaling and the YAP pathway play a significant role in 
gastric cancer cell proliferation and may therefore be potential 
targets for the treatment of gastric cancer. Therefore, our study 
suggests that DIM acts as a promising agent against gastric 
tumors in vivo as it not only reduced tumor growth but also 
suppressed YAP activation that strongly correlated with the 
stimulation of tumor growth.

In conclusion, our study provided strong evidence that 
DIM induces human gastric cancer cell death that is due in 
part to activation of the Hippo signal transduction pathway 
and the inactivation of YAP. Our in vitro findings together 
with our in vivo results provide important implications of DIM 
as a chemopreventive or therapeutic agent for improving the 
outcome of gastric cancer patients.
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