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Regulation of YAP through an Akt-dependent process by
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Abstract. Cancer development is a complex process governed
by the interaction of several signaling pathways. The Hippo
and PI3K/Akt pathways have been shown to play a critical
role in controlling tissue growth involved in the regulation of
cell proliferation. 3, 3'-diindolylmethane (DIM) is a natural
compound that selectively kills cancer cells without causing
toxicity to normal cells. This study aims to investigate whether
DIM has an effect on the Hippo signaling pathway mediated
via the PI3K/Akt signaling pathway in colon cancer cells. Our
study provides new insights into the mechanisms of crosstalk
between Hippo signaling and the Akt pathway controlling
cell proliferation by PI3K inhibitor and DIM treatment in
colon cancer cells. DIM strongly potentiates the lethality of
LY294002 in HCT116 cells and inhibits proliferation of colon
cancer cells via inactivation of Akt and YAP. Thus, DIM has
dramatic therapeutic effects when it is combined with the PI3K
inhibitor in the treatment of colon cancer cells. These findings
highlight the potential usefulness of DIM and can help develop
therapeutic strategies for the prevention and treatment of colon
cancer.

Introduction

Colon cancer, the second most deadly malignancy in the
USA and a serious public health problem worldwide, has
seen a growing incidence in South Korea (1,2). Since the
accumulation of a variety of genetic alterations drives colon
cancer progression, much attention has been paid to the PI3K/
Akt pathway, which is responsible for carcinogenesis and
metastasis of colon cancer because it regulates the cell cycle,
growth, proliferation and survival (3-7). Several studies have
revealed that the PI3K/Akt pathway has an important role in
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the early stages of sporadic colorectal cancer and is activated
and overexpressed in colon cancers (5,8,9). The PI3K/Akt
pathway has also been demonstrated to be responsible for
carcinogenesis of colon cancer (3,10). Given its prominent
role in cancer development, inhibition of this pathway might
be one of the most effective ways to conquer colon cancer.
Selective inhibitors of different molecules in this pathway have
been developed as molecular targeted anticancer therapies and
a number of studies are currently being conducted to investi-
gate the role of PI3K/Akt inhibitors in patients with advanced
tumors (5,11-13). However, it has been found that a single agent
is unable to disrupt the proliferation of the cancer cells due to
its modest activity (5,13,14).

The Hippo signaling pathway was first identified in nema-
todes and is evolutionarily conserved with mammals. Although
the mechanism by which Hippo signaling regulates cell growth
has not been clearly understood, it appears to play a major role
in controlling organ size and cell proliferation (15). Loss of
Hippo signaling elicits cancer development due to unlimited
cell proliferation and deregulation of the Hippo signaling
pathway has been observed in various cancers, including colon
cancer. The main core mediators of the Hippo pathway are
Mstl/2, LATS1/2, Mob and Sav. When the Hippo pathway is
active, Mst1/2, Lats1/2 and Mob form a complex that prevents
the nuclear localization of YAP, a key effector protein of
the Hippo pathway, by direct phosphorylation. On the other
hand, when the Hippo pathway is inactive, YAP moves into
the nucleus, which eventually leads to YAP accumulation in
the nucleus and activation of transcription factors. Moreover,
YAP expression has been observed in colon cancer (16-18)
and it is overexpressed in human colon cancer specimens.
Overexpression of YAP stimulates cell growth and survival in
colon cancer cells (19,20).

DIM (3, 3'-diindolylmethane) is a natural compound
derived from cruciferous vegetables such as broccoli, cabbage
and cauliflower. Although several studies have shown that
DIM has anti-proliferative effects in a variety of cancer cell
types including human colon, pancreas, prostate and breast
cancer (13-23), the cellular apoptotic mechanism of DIM on
cancer cells has not been fully elucidated. We have recently
studied the antitumor effect of DIM in gastric cancer in vivo
and in vitro through activation of Hippo signaling (unpub-
lished data). Since PI3K/Akt signaling is known to play a
critical role in growth control, we wondered whether DIM
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has an effect on Hippo signaling, mediated via the PI3K/Akt
signaling pathway in colon cancer cells. We demonstrate that
DIM induces apoptosis in human colon cancer cells by acti-
vating the Hippo signaling pathway followed by inactivation
of the PI3K/Akt signaling pathway. The present findings have
important implications for the clinical use of DIM in colon
cancer prevention.

Materials and methods

Cell culture. The human colon cancer cell line HCT116
was obtained from the University of Texas M.D. Anderson
Cancer Center (Houston, TX, USA). HCT116 was cultured
in DMEM-F12 medium (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Gibco), 100 mg/
ml streptomycin and 100 IU/ml penicillin as a monolayer in
100-mm dishes (BD Biosciences, Sparks, MD, USA) under
standard conditions at 37°C in a 5% CO, humidified atmo-
sphere.

Reagent. DIM was purchased from LKT Laboratories (St. Paul,
MN, USA). Antibodies to cleaved-caspase-9, caspase-3,
cleaved poly(ADP-ribose) polymerase (PARP), p-PTEN,
Akt, p-S473-Akt, p-T308-Akt, p-GSK-3p, p-PDK1, YAP
and p-YAP were purchased from Cell Signaling Technology
(Beverly, MA, USA).

MTT assay. Cell viability of DIM, LY294002 and DIM
plus LY294002 on HCT116 cells was determined by MTT
assay (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) as described previously (21,22). In brief, HCT116
cells were seeded with 1x10* cells per well into 96-well plates
(SPL, Seoul, Korea). After 24 h of cell seeding, HCT116 cells
were treated with DIM, LY294002 and DIM plus LY294002
in a dose-dependent manner for 1,2 and 3 days. The cells were
then incubated with 50 ul of MTT (2 mg/ml in PBS) for 3 h
at 37°C and 200 ul of DMSO (Sigma) was added to solubilize
the crystals for 30 min at room temperature. Cell viability
was determined by a scanning multiwall spectrophotometer
(SpectraMAX 340, Molecular Devices Co., Sunnyvale, CA,
USA).

Soft agar colony formation assay. Survival of colon carci-
noma cells was tested by soft agar colony formation assay, as
described before. Briefly, cells were exposed to DIM (50 uM),
LY294002 (20 M) and DIM (50 yM) plus LY29402 (20 uM)
in 6-well plates and were cultured in an incubator at 37°C
with 5% CO, for 2 weeks. Colony formation was observed by
microscopy and the counted and quantitated.

Western blotting. Cells with or without DIM or LY294002
were harvested and suspended in lysis buffer (Intron
Biotechnology, Korea). Cell extracts were incubated on ice
for 20 min and centrifuged at 13,000 x g for 5 min at 4°C.
The protein concentration was determined using a BSA
Protein Assay kit (Pierce, Rockford, IL, USA). Whole lysate
was resolved on an SDS-PAGE gel, transferred to a PVDF
membrane (Bio-Rad, Hercules, CA, USA) by electroblotting
and then probed with mouse anti-human cyclin D1, rabbit anti-
human CDK?2, mouse anti-human CDK4, mouse anti-human

1993

CDKG®6, rabbit anti-human p27, rabbit anti-human p15, rabbit
anti-human cleaved-caspase-9, rabbit anti-human cleaved
PARP, rabbit anti-human Akt, rabbit anti-human p-S473-Akt,
rabbit anti-human p-T308-Akt, rabbit anti-human p-PTEN,
rabbit anti-human p-GSK3, rabbit anti-human p-PDKI1,
rabbit anti-human p-YAP and YAP antibodies (Cell Signaling
Technology). The membrane was then washed with TBS-T
(10X TBS and 0.1% Tween-20) and incubated for an additional
1 h with HRP-linked anti-rabbit and anti-mouse antibodies
(Cell Signaling Technology). Protein bands were visualized
with the Enhanced Chemiluminescence kit (Amersham,
Arlington Heights, IL, USA).

Microarray. Total RNA was isolated from the cells by using
a mirVana™ miRNA isolation labeling kit (Ambion Inc., TX,
USA) according to the manufacturer's protocol. Biotin-labeled
cRNA was prepared using an Illumina Total Prep RNA ampli-
fication kit (Ambion Inc.) for hybridization. Samples were
hybridized in Illumina Human-12 BeadChip V.4 microarray
(Illumina, CA, USA). Gene expression data were extracted
from the Genome Studio (Illumina). Data were normalized
using the quantile normalization method in the Linear Models
for Microarray data package in the program R. A heat map of
gene expression was generated using the Cluster and Treeview
programs (23). A microarray study was performed by the
Shared Research Equipment Assistance Program by Korea
Basic Science Institute, MEST.

Statistical analysis. The experimental results are shown as
mean + SE. Student's t-test and one-way ANOVA were used to
test for significant differences among the experimental groups.
P-values <0.05 were considered significant.

Results

Cell growth inhibition by LY294002 and DIM treatment. We
tested several doses of DIM and LY294002 at 72 h in HCT116
cells. As shown in Fig. 1, LY294002 inhibited cell viability
in a dose-dependent manner. The ICs, of LY294002 was
~20-25 uM. DIM also inhibited HCT116 cells in a dose-depen-
dent manner. The IC;, concentration of LY294002 (20 uM)
with a modestly toxic concentration of DIM (50 and 75 uM,
20-40% apoptosis at 72 h) resulted in a significant growth
inhibition (60-80% at 72 h) of HCT116 cells compared with
either agent alone, suggesting a significant inhibitory effect of
combination treatment in colon carcinoma cells. These results
indicate that the combination of LY294002 with a lower dose
of DIM evoked significantly greater inhibition of colon cancer
cell growth compared with either agent alone.

Inhibitory effect of LY294002 and DIM on clonogenicity. The
effect of LY294002 and DIM treatment in vitro on HCT116 cell
colony formation was evaluated by the soft agar cloning assay.
Treatment with LY294002 (20 xM) and DIM (50 M) resulted
in a significant inhibition of colony formation in HCT116 cells
when compared with single agent treatment (Fig. 2).

Induction of apoptosis by LY294002 and DIM treatment. The
cell viability was further evaluated by determining the apop-
totic effects. Sub-G1 population was significantly increased
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Figure 1. MTT assay. HCT116 cells were treated with various concentrations of LY294002 and DIM, either alone or in combination, for 72 h. Data are expressed
as the percentage of control cells. Each point represents the mean (+ SE) of at least three independent experiments conducted in triplicate. L, LY294002;

D, DIM. “p<0.05 and “p<0.001 when compared to the control.
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Figure 2. Colony formation assay. LY294002 and DIM, either alone or in
combination, inhibit HCT116 colon cancer cell growth and proliferation.
The assays were terminated at 2 weeks. Combination of LY294002 and DIM
significantly reduced the colony formation ability in the colon cancer cells.
“p<0.05 and “p<0.001 when compared to the control.

by the combination treatment of LY294002 (20 uM) and
DIM (50 uM) compared with either agent alone (Fig. 3A). We
found that the combination of DIM and LY294002 resulted
in a significant induction of apoptosis in colon cancer cells.
We further examined cleaved-caspase-9, cleaved-PARP and
pro-caspase-3 protein levels in the HCT116 colon cancer cell
line. As shown in Fig. 3B, the combination with LY294002
(20 uM) and DIM (50 M) significantly increased the cleaved-
caspase-9 and cleaved-PARP protein levels compared with
the cells treated with LY294002 or DIM alone. Pro-caspase-3

DIM (50 pv)
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B8 DIM (50 uM) +LY294002 (20 pv) *
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Figure 3. Effects of LY294002 and DIM on apoptosis in HCT116 colon
cancer cells. (A) Percentage of the cell population in sub-Gl1 phase was cal-
culated from DNA content histograms in HCT116 colon cancer cells. Error
bars express the mean (+ SE) from three independent experiments. "p<0.05
when compared to the control. (B) Western blot analysis of cleaved-PARP,
caspase-3 and cleaved-caspase-9 exposed to LY294002 and DIM, either
alone or in combination. B-actin was used as an internal control. "p<0.05
when compared to the control.

protein levels were also significantly decreased by the combi-
nation treatment. These data indicate that the combination of
DIM and LY294002 induces more dramatic apoptotic cell
death in the human colon cancer cell line HCT116 than single
agent treatment.

Downregulation of the Akt pathway by DIM. To investigate
the effect of DIM on the PI3K/Akt pathway, we detected
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Figure 4. Effects of LY294002 and DIM on the Akt signaling pathway in HCT116 colon cancer cells. P-S473-Akt, p-T308-Akt, Akt, p-PTEN and p-PDK1
were analyzed by western blots in HCT116 cell line after treatment with LY294002 and DIM, either alone or in combination. Cells were harvested at 72 h and
immunoblotted with the indicated antibodies. 3-actin was used as an internal control.

the expression of PI3K/Akt pathway proteins. As shown in
Fig. 4, LY294002 significantly suppressed the expression of
Akt pathway proteins (p-S473-Akt, p-T308-Akt, p-PTEN and
p-GSK) in a dose-dependent manner (0, 10, 25 and 50 uM).
DIM also significantly inhibited the expression of Akt pathway
proteins as effectively as the PI3K inhibitor. The combination
treatment of LY294002 with DIM notably suppressed the
expression of p-S473-Akt, p-T308-Akt and p-PTEN, although
the expressions of Akt and p-PDK1 protein levels were not
altered by the combination treatment of DIM and LY294002
or alone. Thus, our findings suggest that the combination of
LY294002 and DIM significantly induced the inactivation of
the PI3K/Akt pathway more than the single treatment alone.

Gene expression levels of the Hippo signaling pathway by
DIM treatment. To investigate the effect of DIM on gene
expression levels in colon carcinoma cells, microarray was
performed. As shown in Fig. 5, the administration of DIM
(100 pM) significantly induced the expression of RASSF1 gene
and mildly increased the Mstl, LATSI1 gene expression levels.
DIM also significantly decreased the expression of the YAP1
gene together with downstream target genes (TEADI1/2/3 and
CTGF) of YAP in colon cancer cells.

DIM activates Hippo signaling and suppresses the YAP
activity. To further investigate the effect of LY294002 and
DIM on the Hippo signaling pathway, we examined the protein
levels of Mstl1/2, LATSI, p-LATSI1, Mobl, p-Mobl, Savl, YAP
and p-YAP after LY294002 (20 uM) and DIM (50 M) treat-
ment at 72 h. As shown in Fig. 6A, the expression of LATSI,
Mobl and p-Mobl proteins was significantly increased in
HCT116 cells by the treatment of LY294002 and DIM. We
found that the production of p-YAP protein expression was
increased and YAP protein levels were decreased by the treat-
ment of LY294002 and DIM in HCT116 cells. The combination
of LY294002 and DIM significantly increased the expression
of p-YAP protein, an inactive form of YAP, compared to
single treatment alone. The downstream target gene of YAP,
the CTGF protein, was also significantly decreased by the
combination treatment of LY294002 and DIM (Fig. 6B). These
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Figure 5. cDNA microarray heat map summarizes the effect of DIM on the
Hippo signaling pathway-related genes in HCT116 colon cancer cells. The
data are expressed in matrix format, with rows representing the individual
gene and columns representing each sample. Red and green show increased
and decreased gene expression levels, respectively, as indicated in the scale
bar (log, transformed scale).
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results suggest that the combination treatment of LY294002
with DIM significantly enhanced the activation of the Hippo
signaling pathway, which inhibits colon cancer cell growth and
proliferation.

DIM enhances the binding capacity between Akt and YAP in
colon cancer cells. IP was performed to detect the interaction
between Akt and YAP. As shown in Fig. 7, we found that the
Akt-YAP binding complex significantly increased after treat-
ment with LY294002 and DIM. The combination treatment
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Figure 6. Effects of LY294002 and DIM on the Hippo signaling pathway in
HCT116 colon cancer cells. Mstl, Mst2, LATSI, p-LATS1, Mobl, p-Mobl,
Savl, YAP, p-YAP and CTGF were analyzed by western blots in HCT116 cell
line after treatment with LY294002 and DIM, either alone or in combination.
B-actin and GAPDH were used as internal controls.
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Figure 7. Effect of LY294002 and DIM on the binding of Akt-YAP interac-
tion in HCT116 colon cancer cells. HCT116 colon cancer cells were treated
with LY294002 and DIM, either alone or in combination for 72 h. Cells were
harvested and cell lysates were immunoprecipitated with anti-Akt antibody
and lysates were subjected to immunoblotting with anti-YAP and anti-p-YAP
antibodies. GAPDH was used as an internal control.

of LY294002 with DIM significantly increased the binding
ability of Akt and YAP proteins. The ability of p-YAP to bind
with Akt was also increased by the combination treatment of
LY294002 with DIM. The increased binding ability between
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Akt and YAP due to the combination treatment of LY294002
and DIM may prevent the nuclear localization of YAP and
induce the proapoptotic gene expression. Our results showed
that the inactivation of Akt together with the induced phos-
phorylation of YAP, due to the treatment of LY294002 with
DIM, subjected the cells to apoptosis.

Discussion

Cancer development is a complex process governed by the
interaction of several signaling pathways that regulate normal
cell growth and proliferation. The Hippo and PI3K/Akt path-
ways have been shown to play a critical role in monitoring
tissue growth involved in the regulation of organ size all the
way through their individual functions and in the regulation
of cell proliferation (15). Our study provides new insight
into the mechanisms of a crosstalk between Hippo signaling
and the Akt pathway controlling cell proliferation by DIM
treatment in colon cancer cells. We report for the first time
that the co-administration of LY294002 with DIM enhanced
upregulation of Hippo signaling through downregulation of
Akt activity in HCT116 cells and this combination therapy is
significantly more effective at killing cancer cells than either
agent alone. These findings highlight the potential usefulness
of DIM and can help develop therapeutic strategies for the
prevention and treatment of colon cancer.

DIM is a natural compound that selectively kills cancer
cells without toxicity to normal cells (24-27). A number of
studies have reported that DIM has antitumor effects and
induces apoptosis in various cancer cells including colon
cancer, suggesting that DIM is a new promising candidate as a
chemotherapeutic agent (27-29). In the present study, we found
that LY294002 and DIM induced dose-dependent inhibition
of growth in HCT116 colon cancer cells, respectively. The
combination of DIM and LY294002 had even more significant
anti-proliferative effects against HCT116 colon cancer cells.
In agreement with MTT assay, significant inhibition of colony
formation of HCT116 cells was observed with the combination
treatment of LY294002 with DIM compared to the single agent
alone. Significantly increased sub-G1 population and apoptotic
proteins (cleaved-caspase-9 and cleaved-PARP) were shown by
the combination treatment of LY294002 with DIM compared
with the cells treated with either agent alone. These findings
are in agreement with another previously published study
described by Gao et al, where co-administration of LY294002
(20 uM) and DIM (40 uM) resulted in a pronounced increase
in apoptosis (~60%) and inhibited cell proliferation in human
leukemia cells (30). Our findings are consistent with the study
of Gao et al in leukemia cells in demonstrating that the PI3K
inhibitor with a low dose of DIM has a more effective syner-
gistic antitumor and cancer prevention effect in colon cancer
cells.

Akt has been shown to be activated in various cancers
including colon cancer (31) and plays a critical role in control-
ling cell survival. Because activated Akt was found in a variety
of cancers, it is believed to be an attractive target for cancer
treatment. Akt is activated by phosphorylation at Thr308 by
PDKI1 or at Ser473 by mTORC?2 (30,32). PTEN, which is also
well known as a tumor suppressor, dephosphorylates PIP3
and inactivates the Akt pathway (5). Akt activation generally
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involves PTEN inactivation and phosphorylation of PTEN
stabilizes the PTEN protein, making it less active towards
its substrate, PIP3 (5). The present findings showed that the
administration of LY294002 resulted in suppression of Akt
activation and the co-administration of LY294002 and DIM
significantly attenuated the phosphorylation of Akt. In addi-
tion, phosphorylated PTEN expression levels were significantly
reduced by the co-administration of LY294002 and DIM and
by an individual treatment in a dose-dependent manner. These
findings are in agreement with previous reports of the anti-
cancer activity of DIM, which has been linked with inhibition
of the Akt signaling pathway in leukemia cells (25,30). DIM
inhibited cell proliferation through the downregulation of Akt
signaling and the PI3K inhibitor can enhance DIM-mediated
inhibition of Akt in colon cancer cells.

Increasing numbers of studies have validated the impor-
tance of the Hippo pathway in human cancers (33). Perturbation
of this pathway has been shown to lead to an acceleration
of tumorigenesis in mice (34) and loss of expression of the
Hippo signaling pathway genes have been reported in a
variety of cancers (33,35). We have previously reported that
the Hippo signaling is a potent in vivo growth pathway and a
potent suppressor of liver tumor formation (36). Besides liver
cancer, Hippo signaling also plays an important role in many
cancers including colon cancer. In fact, deregulation of the
Hippo pathway has been elicited in intestinal tumorigenesis
(17,19,37,38) and the overexpression of YAP has been shown in
human primary colonic tumors (16,17). YAP has been revealed
to play a crucial role in tumorigenesis of esophageal squamous
cell carcinoma and is associated with clear cell ovarian tumors
with poor prognosis. Recent findings show that TAZ and YAP
are associated with colorectal cancer and are predictors of
patient survival (20). In our study, DIM slightly increased the
expression of Hippo signaling genes (RASSF1 and LATSI)
but great suppression was observed in the expression of down-
stream genes of Hippo such as YAP1, TEAD1/2/3 and CTGF
by DIM treatment in the microarray experiment. In agreement
with microarray data, western blot analysis also revealed
that the administration of LY294002 and DIM induced the
expression of Mst, LATS1, Mob and p-YAP protein levels and
suppressed the YAP protein levels in HCT116 colon cancer
cells. The co-administration of LY294002 and DIM signifi-
cantly decreased the expression of YAP. Phosphorylated YAP
protein expression was significantly increased by administra-
tion of both LY294002 and DIM. CTGF, the downstream
target gene of YAP, was also suppressed by administration
of LY294002 and DIM. Based on our findings, DIM could
enhance the activation of the Hippo signaling pathway and
induces the phosphorylation of YAP, which causes the down
regulation of the YAP target genes.

Since inactivation of Akt and YAP were observed by the
administration of LY294002 and DIM, we further investigated
the relationship between the Hippo and Akt pathways. A
recent study showed that the loss of Hippo signaling increased
Akt expression as well as Akt activity, whereas the activation
of Hippo signaling reduced Akt expression in Drosophila
developing tissues (39). Cinar et al also reported that Mstl
induced functionally antagonized activated Aktl in vivo in
the zebrafish (40), suggesting that the Hippo pathway may
negatively regulate cell growth by reducing Akt pathway
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activity. In agreement with previous reports in Drosophila and
zebrafish, our present study showed that suppression of Akt
activity significantly induced phosphorylation of YAP. In addi-
tion, the binding interaction of Akt and YAP was enhanced
after LY29400 treatment and was strongly increased by the
combination treatment of LY294002 with DIM. Inactivation
of Akt may interact with Hippo signaling because some of
the Hippo pathway signaling protein activity was increased
by LY294002 treatment alone and was even more strongly
increased by the combination of LY294002 with DIM. The
binding of Akt with YAP may prevent the localization of YAP
in the nucleus and induce the phosphorylation of YAP in the
cytoplasm. However, further research is needed to discern how
inactivated Akt bound to YAP controls the Hippo signaling
pathway. Thus, induction of Hippo signaling activity in
conjunction with the inactivation of Akt in colon cancer cells
by LY294002 and DIM treatment indicated that DIM potenti-
ates the inhibition of colon cancer cell proliferation mediated
through Akt via the Hippo signaling pathway. Moreover,
inactivation of Akt induced by the gain of Hippo signaling by
LY294002 and DIM treatment is dependent on YAP, which
supports the notion that Hippo signaling may negatively regu-
late cell growth by Akt activity.

In conclusion, our present study shows that DIM potentiates
the inhibition of the proliferation of colon cancer by inhibiting
the PI3K/Akt pathway mediated through the activation of
the Hippo signaling pathway. DIM has dramatic therapeutic
effects when it is combined with the PI3K inhibitor in the
treatment of colon cancer cells. These findings highlight the
potential usefulness of DIM, a natural chemopreventive agent
for colon cancer therapy. However, further molecular investi-
gations are needed to fully address the mechanisms by which
DIM potentiates PI3K/Akt effects through the Hippo signaling
pathway.
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