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Brassinin induces G1 phase arrest through increase of
p21 and p27 by inhibition of the phosphatidylinositol
3-kinase signaling pathway in human colon cancer cells
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Abstract. The phosphatidylinositol 3-kinase (PI3K) signaling
pathway is activated in a broad spectrum of human cancers,
including colon cancer. The natural product brassinin is a type of
indole compound derived from cruciferous vegetables, and has
been shown to have anti-proliferative effects against cancer for
both in vivo and in vitro models. Here, we show for the first time
that brassinin inhibits cell growth in human colon cancer cells by
arresting the cell cycle at the G1 phase via inhibition of the PI3K
signaling pathway. Brassinin increased the expression of p21 and
p27, resulting in hypophosphorylation of the retinoblastoma gene
(RB). Knockdown of p21 or p27 by each siRNA significantly
repressed G1 phase arrest induced by brassinin. The increase of
p21 and p27 was associated with inhibition of the PI3K signaling
pathway. In addition, exogenous expression of constitutively
active Akt represses the cell cycle arrest at G1 phase induced
by brassinin. These results suggest the possibility that brassinin
inhibits the PI3K signaling pathway and upregulates the expres-
sion of p21 and p27, thereby inducing G1 phase arrest.

Introduction

The cancer preventive effect of vegetables of the family
Cruciferae, such as broccoli, brussel sprouts and cabbages, is
attributed to their various phytochemical constituents (1,2).
Brassinin is one of the components of the cruciferous vegetables,
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and is expected to be useful for anti-cancer activities. For
example, brassinin has been shown to inhibit carcinogenesis in
murine skin model inducing phase 2 enzymes (3,4). Recently,
brassinin has been reported as a new class of compounds with
in vivo anti-cancer activity that is mediated through the inhibi-
tion of indoleamine 2,3-dioxygenase (IDO), a pro-tolerogenic
enzyme that drives immune escape in cancer (5). Brassinin has
also been reported as a potent inhibitor of the growth of cancer
cells (6). However, the comprehensive molecular mechanism by
which brassinin inhibits cell growth is still unknown.

Phosphatidylinositol 3 kinase (PI3K) activates Akt via
PI3K-dependent kinase (PDK) and is responsible for various
intracellular events such as regulation of cell survival, prolifer-
ation, or migration (7-9). Deregulation of PI3K-Akt signaling
pathway has also been implicated in cancer development (7,8).
LY294002, a specific inhibitor of PI3K, has been reported
to increase expressions of p21 and p27, well-known cyclin-
dependent kinase (cdk) inhibitors that belong to the CIP/KIP
family (10,11), inducing G1 phase arrest in various cancer cell
lines (9,12,13).

We found for the first time that brassinin inhibits cell growth
in human colon cancer HT-29 cells by arresting the cell cycle
at the G1 phase. We additionally found that brassinin increased
expressions of p21 and p27 via inhibition of the PI3K-Akt
signaling pathway.

Materials and methods

Cell culture and reagents. Human colon cancer HT-29 cells
were maintained in DMEM containing 10% fetal bovine serum,
2 mmol/l glutamine, and antibiotics (50 U/ml penicillin and
100 mg/ml streptomycin) at 37°C in a humidified atmosphere
with 5% CO,. Methyl (1H-indol-3-ylmethyl)dithiocarbamate
(brassinin) was purchased from LKT Laboratories Inc. (St.
Paul, MN) and was dissolved in DMSO. Actinomycin D was
purchased from Sigma (St. Louis, MO). LY294002 was
purchased from Cell Signaling Technology (Beverly, MA). Akt
inhibitor IV was purchased from Calbiochem (San Diego, CA).

Cellviability assay. HT-29 cells were incubated with or without
brassinin as indicated for 24-72 h. Cell viability was measured
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by WST-8 assay using Cell Counting Kit-8 (Dojindo, Japan)
according to the manufacturer's instructions.

Flow cytometric analysis. Cells were incubated with or without
brassinin as indicated and harvested. The cells were then fixed in
70% cold ethanol and stained with 100 xg/ml propidium iodide.
The stained cells were analyzed using FACSCalibur (Becton-
Dickinson, Franklin Lakes, NJ). The data were analyzed using
Modfit LT software (Verity Software, Topsham, ME).

Protein isolation and Western blot analysis. Cells were incu-
bated with or without brassinin as indicated and lysed in lysis
buffer (50 mM Tris-HCl, 1% SDS, 2 pg/ml leupeptin, 2 pg/ml
aprotinin, 0.1% 2-mercaptoethanol, and 1 mM phenylmethyl-
sulfonyl fluoride). The lysates were sonicated and centrifuged at
14,000 x g for 20 min at 4°C, and the supernatants were collected.
Equal amounts of the lysate were analyzed by SDS-PAGE and
transferred to PVDF membrane (Millipore, Bedford, MA).
The following antibodies were used as the primary antibody:
rabbit anti-human p21 polyclonal antibody (C-19, Santa Cruz
Biotechnology), rabbit anti-human p27 polyclonal antibody
(C-19, Santa Cruz Biotechnology), rabbit anti-human Akt,
phospho-Akt (Serd73), p42/44 MAPK, phospho-p42/44 MAPK,
PTEN, phospho-PTEN, GSK3{, phospho-GSK3f (Ser9),
PDKI1, phospho-PDK1 antibodies (Cell Signaling Technology,
Inc.), and mouse anti-human pRB monoclonal antibody (G3-245,
Pharmingen). The signals were detected with the ECL Western
blot analysis system (GE Healthcare, Piscataway, NJ).

RNA isolation and real-time quantitative RT-PCR. Total RNA
was isolated from HT-29 cells treated with or without brassinin
as indicated using Sepasol-RNA I Super (Nacalai Tesque Inc.,
Kyoto, Japan) according to the manufacturer's instructions.
Total RNA was reverse-transcribed to cDNA using oligo(dT)
primers and M-MLYV reverse transcriptase (Promega, San Luis
Obispo, CA). Total reaction mixture (25 ul) was incubated at
37°C for 1 h. An equivalent volume (1 pl) of cDNA solution
was used for the quantification of specific cDNA by real-time
quantitative RT-PCR. Quantitative real-time RT-PCR was
carried out using an ABI 7300 real-time PCR system (Applied
Biosystems, Foster, CA). For mRNA stability assay, 3 ug/ml
actinomycin D was added directly to the medium. The expres-
sion levels of p21 and p27 were normalized to the level of
GAPDH mRNA of the same sample.

siRNA transfection.p21 siRNA (s415),p27 siRNA (s2838),and
negative control siRNA were purchased from Ambion. Cells
were transfected with 10 nmol/l siRNA using Lipofectamine™
RNAiIMAX (Invitrogen).

Transfection of Akt expression plasmids. Cells were plated at
1x10° cells in 6-well plates, and 6 ug per well of Akt expres-
sion plasmid vector (wild-type Akt, mutant Akt, or constitutively
active Akt) or empty vector as a negative control was transiently
transfected with HilyMax (Dojindo). These Akt expression
plasmid vectors were kindly provided by Dr John D. Minna
(Hamon Center for Therapeutic Oncology Research, University
of Texas Southwestern Medical Center) and Dr Jim Woodgett
(The Samuel Lunenfeld Research Institute, Mount Sinai
Hospital).
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Statistical analysis. Statistical evaluation of the data was
performed using the Student's t-test, and p<0.01 was considered
significant.

Results

Brassinin induces G1 phase arrest in HT-29 cells. We investigated
the effect of various concentrations of brassinin on the growth
of HT-29 cells (Fig. 1A). Dose-dependent and time-dependent
inhibition of cell growth was observed at concentrations of
200 umol/l or more. To elucidate the effect of brassinin on the
cell cycle progression, the DNA content of nuclei of HT-29 cells
was measured by flow cytometric analysis (Fig. 1B and C).
Twenty-four hours after the treatment, the cells at the G1
phase increased from 36.2+0.2% by DMSO treatment alone to
50.1+1.5,72.940.1, and 55.1+2.7% by treatment with 200, 300,
and 400 ymo/l brassinin, respectively. The results clearly show
that brassinin inhibits the growth of human colon cancer HT-29
cells by arresting them at the G1 phase.

Brassinin up-regulates expressions of p21 and p27 proteins
in HT-29 cells. To elucidate the mechanism of G1 arrest by
the treatment with brassinin, we examined the expressions of
proteins regulating the G1/S transition by Western blotting.
As shown in Fig. 2A and B, we found that brassinin increased
p21 and p27 protein expressions in a dose- and time-dependent
manner. There were no obvious changes in expressions of INK4
family members such as pl5S™K#® p]6™Ké H]8MNKde and p19mKed
(data not shown). In addition, we examined the phosphorylation
status of the RB protein in HT-29 cells treated with brassinin.
A hyperphosphorylated form of the RB protein (ppRB) was
converted into a hypophosphorylated form (pRB) 6-24 h after
the treatment (Fig. 2B), consistent with the induction of p21 and
p27 protein expressions. These results suggest that brassinin
up-regulates p21 and p27 proteins and inhibits phosphorylation
of RB protein.

Brassinin up-regulates expression of p21 but not p27 mRNA
in HT-29 cells. Next, we examined the mRNA expressions of
p21 and p27 in the cells treated with brassinin using real-time
quantitative RT-PCR. As shown in Fig. 2C, p21 mRNA was
dose-dependently increased by the treatment with brassinin,
but p27 mRNA was not induced. We next investigated whether
brassinin could activate the promoter of the p21 gene, but bras-
sinin did not affect its promoter activity (data not shown). To
investigate whether a post-transcriptional regulation mechanism
was involved in the increase of p21 mRNA by brassinin, we
next performed a series of mRNA stability studies. Since the
time course study indicated that p21 mRNA was sufficiently
increased 6 h after the treatment with brassinin (Fig. 3A), acti-
nomycin D, an inhibitor of de novo mRNA synthesis, was added
to the cells 6 h after the treatment with or without brassinin to
prevent p21 mRNA synthesis. As shown in Fig. 3B, the half-life
of p21 mRNA in the cells treated with brassinin was apparently
increased compared with that in control cells (Fig. 3B). These
results suggest that brassinin increases the amount of p21 mRNA
via stabilization of p21 mRNA, at least partially.

Both p21 and p27 are potential targets for brassinin in HT-29
cells. To determine if p21 and p27 are involved in cell cycle
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Figure 1. Brassinin inhibits growth of HT-29 cells via induction of cell cycle arrest at G1 phase. (A) Growth inhibitory effect of brassinin on HT-29 cells. Cells
were treated with brassinin at the indicated concentrations for 24 h, and the cell viability was evaluated with WST-8 assay. The data represent means of triplicate
experiments and are shown as means + SD. "p<0.01, compared with the DMSO-treated control. (B and C) Flow cytometric analysis of HT-29 cells treated with
brassinin. Cells were treated with brassinin at the indicated concentrations for 24 h. The DNA contents of the cells were analyzed by flow cytometry as described
in Materials and methods. The representative histograms are shown in (B), and analytical data of the percentage in each phase of the cell cycle are shown in (C).
The data represent means of triplicate experiments and are shown as means + SD. “p<0.01, compared with the DMSO-treated control.

arrest induced by brassinin, we examined the effects of knock-
down of p21 and/or p27 by each siRNA on the induction of
cell cycle arrest by brassinin. As expected, treatment with
p21 and/or p27 siRNA resulted in a decrease of the protein
levels of p21 and/or p27 (Fig. 4A). As shown in Fig. 4B and C,
the populations at G1 phase among the cells treated with
300 and 400 umol/l brassinin were significantly decreased
in the cells treated with p27 siRNA compared with those of

the cells treated with control siRNA. In contrast, p21 siRNA
slightly but significantly decreased the G1 population. These
results suggest that increase of p27 and/or p21 at least partially
contributes to the G1 phase arrest induced by brassinin in
HT-29 cells.

Brassinin inhibits the PI3SK-Akt pathway in HT-29 cells. The
PI3K-Akt signaling pathway is considered as one of the most
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Figure 2. Brassinin induces p21 and p27 protein expressions in HT-29 cells. HT-29 cells were treated with brassinin at the indicated concentrations for 24 h (A)
or treated with DMSO alone (-) or 400 gmol/l brassinin (+) for the indicated periods (B). (C) The expression levels of p21 (left) and p27 (right) mRNA measured
using a real-time RT-PCR system. HT-29 cells were treated with brassinin at the indicated concentrations for 24 h. The expression levels of p21 and p27 mRNA
were normalized by the level of GAPDH mRNA of the same sample. The data represent means of triplicate experiments and are shown as means + SD. “p<0.01,

compared with the DMSO-treated control.
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important pathways for carcinogenesis (7,8). As previously
reported, inhibition of this signaling pathway causes cell cycle
arrest at the G1 phase accompanied by an increase of p27 (9,12)
and/or p21 (13). We then investigated whether the PI3K/Akt
signaling pathway is a possible candidate for a target of bras-
sinin. As shown in Fig. 5A, the expression of phosphorylated
Akt was decreased remarkably by the treatment with brassinin
for 24 h, whereas no any obvious effect on the MEK/ERK
pathway was observed. We therefore investigated the phos-

Figure 3. Brassinin induces p21 mRNA expression in HT-29 cells. (A) A real-
time RT-PCR system was employed to measure the expression of p21 mRNA
of the HT-29 cells treated with DMSO alone (open box) or 400 #mol/l brassinin
(closed box). “p<0.01, compared with the DMSO-treated control. (B) A real-
time RT-PCR system was employed to measure the expression of p21 mRNA
of the HT-29 cells treated with actinomycin D for the indicated times after the
treatment with DMSO alone (circle) or 400 pmol/1 brassinin (triangle) for 6 h.
“p<0.01, compared with the DMSO-treated control.
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Figure 4. Antiproliferative effect of brassinin is dependent on p21 and/or p27. (A) The effect of knockdown of p21 and/or p27 on protein expressions by Western
blotting. HT-29 cells were transiently transfected with siRNA as indicated for 24 h after incubation with DMSO alone, or 300 or 400 mol/I brassinin for 24 h.
fB-actin was used as a loading control. (B and C) The effect of knockdown of p21 and/or p27 on cell cycle arrest by the treatment with brassinin. HT-29 cells were
transiently transfected with siRNAs as indicated for 24 h after the treatment with DMSO alone, or 300 or 400 xmol/l brassinin for 24 h. Representative patterns of
histograms of the cell cycle analysis by flow cytometry (B). The analytical data of the percentage in G1 phase are shown in (C). The data represent means of triplicate
experiments and are shown as means = SD. “p<0.01, compared with the DMSO-treated control.

phorylation state of typical elements of the PI3K/Akt pathway, treatment with brassinin for 24 h, whereas phosphorylation
such as PTEN, PDK1, and GSK-3f. As shown in Fig. 5B, we  of PTEN was not changed. Moreover, the phosphorylation of
found that phosphorylation of PDK1 was decreased by the = GSK-3p was also decreased. Furthermore, we investigated the
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Figure 5. Brassinin inhibited PI3K-Akt signaling pathway. The effect of brassinin at the indicated concentrations for 24 h on phosphorylation status of Akt and
ERK (A), or PTEN, PDK1, or GSK-3f3 (B), analyzed by Western blotting. 3-actin was used as a loading control. (C) Representative histogram patterns of the cell
cycle analysis of the HT-29 cells treated with control DMSO, PI3K inhibitor (LY294002), or Akt inhibitor (Akt IV) at the indicated concentrations for 24 h. The
data represent means of triplicate experiments and are shown as means + SD. “p<0.01, compared with the DMSO-treated control. (D and E) Western blots of the
indicated proteins from the HT-29 cells treated with the indicated concentrations of LY294002 or Akt IV for 24 h. 3-actin was used as a loading control.

effect of the inhibition of the PI3K/Akt pathway on the cell
cycle progression of HT-29 cells using PI3K and Akt inhibi-
tors, such as LY294002 and Akt IV, respectively. As shown
in Fig. 5C, FACS analysis revealed that 24-h exposure to
LY294002 or Akt IV induced cell cycle arrest at the G1 phase.

At the same time, increases of p21 and p27 and decreases
of phosphorylated Akt and GSK-3 were observed (Fig. SD
and E). These results suggest that the inactivation of the PI3K/
Akt pathway is involved in brassinin-induced cell cycle arrest
at the G1 phase in HT-29 cells.
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Figure 6. Overexpression of constitutively active Akt mutant partially weakens G1 arrest induced by brassinin. (A) Western blots of Akt in the HT-29 cells transiently
transfected with Akt expression vectors (wild-type Akt, mutant Akt, constitutively active Akt) for 48 h. B-actin was used as a loading control. (B) Representative
histogram patterns of the cell cycle analysis of the HT-29 cells treated with DMSO alone, or 300 or 400 pzmol/l brassinin for 24 h after transfection with Akt
expression vectors (wild-type Akt, mutant Akt, constitutively active Akt) for 48 h. The analytical data of the percentage of G1 phase populations are shown in (C).
The data represent means of triplicate experiments and are shown as means = vSD. “p<0.01, compared with the vacant vector pcDNA as a control.

Constitutively activated Akt represses the cell cycle arrest at  each Akt expression vector (wild-type Akt, negative mutant
the GI phase by brassinin. To further estimate the effect of ~ Akt, or constitutively active mutant Akt) into HT-29 cells
brassinin on the PI3K-Akt pathway, we transiently transfected treated with or without brassinin. As shown in Fig. 6A, the
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expression of each exogenous Akt protein was confirmed in
HT-29 cells. As shown in Fig. 6B and C, transfection of consti-
tutively active Akt repressed the cell cycle arrest at the G1 phase
induced by treatment with 300 or 400 gmol/l brassinin slightly
but significantly; however, transfection of control or wild-type
Akt or inactivated Akt did not. These results suggest that G1
phase arrest induced by brassinin involves the inhibition of the
PI3K-Akt pathway in HT-29 cells.

Discussion

Brassinin, a component of cruciferous vegetables, has been
suggested as a potential cancer preventive or anti-tumor agent
in animal models (3-5), but little is known about its inhibitory
mechanism on the growth of cancer cells. We found that bras-
sinin causes Gl-phase arrest in human colon cancer HT-29 cells
by inhibiting the PI3K-Akt signaling pathway accompanied
by up-regulation of p21 and p27. We therefore examined the
contribution of p21 and/or p27 to Gl-phase arrest by brassinin
by knockdown of these expressions (Fig. 4). Interestingly, it has
also been reported that phytochemicals derived from cruci-
ferous vegetables, such as I3C, sulforaphane, and DIM, induced
expressions of p21 and/or p27 protein and cell cycle arrest at
the G1 phase (14-16). In addition, I3C has been shown to inhibit
the phosphorylation of Akt (17). Many reports have suggested
that inhibition of PI3K-Akt signaling pathway leads to G1-phase
arrest in various cancer cells (9,12,13,17-20). In line with these
findings, we found that brassinin inhibited phosphorylation of
Akt and induced expressions of both p21 and p27 followed by
cell cycle arrest at the G1 phase. Collectively, components of
cruciferous vegetables may act cooperatively in similar mecha-
nisms inhibiting the growth of cancer cells.

We investigated the molecular mechanism of p21 induction
by brassinin, and found that brassinin induces p21 at the mRNA
level by stabilizing mRNA (Fig. 3). These results suggest that
post-transcriptional mechanisms may be involved in the induc-
tion of p21 by brassinin. On the other hand, we observed a
decrease of phosphorylated Akt in the cells treated with brassinin
(Fig. 5), and phosporylated Akt is known to inactivate p38 and/
or JNK signaling pathway (21-24). It has also been reported
that activation of p38 and/or JNK signaling pathway stabilizes
p21 protein and induces cell cycle arrest at the G1 phase (25).
Therefore, we hypothesize that brassinin activates p38 and/or
JNK signaling pathway via inactivation of Akt and stabilization
of p21 protein. It is also known that p27 is phosphorylated by
Akt and promptly degraded by proteasome (26). We observed
an increase of p27 protein but not of mRNA by the treatment
with brassinin (Fig. 2). These data are not contradictory to our
hypothesis that p21 and p27 are stabilized by inactivation of Akt.

Our novel findings shed new light on the molecular mecha-
nisms for inhibitory effects of brassinin on the growth of cancer
cells, and raise a possibility of brassinin as a potential anti-
cancer and/or cancer preventive agent. However, Banerjee et al
have reported that the maximum concentration of brassinin is
approximately 7 ymol/l and its half-life in the plasma concen-
tration is very short (5). They have also developed a synthetic
derivative, 5-bromo-brassinin, which is more stable in plasma
than brassinin. In the future, the development of more stable
derivatives may be important for application in vivo, and further
study is required to improve the biological efficacy of brassinin.
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