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1 Although there is increasing evidence showing that boswellic acid might be a potential anticancer
agent, the mechanisms involved in its action are unclear.

2 In the present study, we showed that acetyl-keto-b-boswellic acid (AKBA) inhibited cellular
growth in several colon cancer cell lines. Cell cycle analysis by flow cytometry showed that cells were
arrested at the G1 phase after AKBA treatment.

3 Further analysis showed that cyclin D1 and E, CDK 2 and 4 and phosphorylated Rb were
decreased in AKBA-treated cells while p21 expression was increased.

4 The growth inhibitory effect of AKBA was dependent on p21 but not p53. HCT-116 p53�/� cells
were sensitized to the apoptotic effect of AKBA, suggesting that p21 may have protected cells against
apoptosis by inducing a G1 arrest.

5 In conclusion, we have demonstrated that AKBA inhibited cellular growth in colon cancer cells. These
findings may have implications to the use of boswellic acids as potential anticancer agents in colon cancer.
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Introduction

The anti-inflammatory and anticancer effect of the Boswellias

serrata plant has been documented from ancient times. The

active constituents of the plant that have been shown to have

anti-inflammatory and anticancer properties are the boswellic

acids, which are pentacyclic triterpenic acids found in the gum

resin (Han, 1994a, b).

Boswellic acids have been used for the treatment of Crohn

disease, ulcerative colitis, bronchial asthma, endotoxin-

induced hepatitis and arthritis based on their anti-inflammatory

effects (Sharma et al., 1989; Safayhi et al., 1991; Gupta et al.,

1997; 1998; 2001; Gerhardt et al., 2001; Kiela et al., 2005). In

recent years, the anticancer effect of boswellic acids started to

draw attention. Extracts from the gum resin of Boswellias trees

have been used clinically as a palliative therapy for the

treatment of brain tumors (Janssen et al., 2000; Winking et al.,

2000; Streffer et al., 2001). Although their direct anti-tumor

effect has not been documented in clinical trials, results from

in vitro studies showed that boswellic acids inhibited cellular

proliferation and induced apoptosis in brain tumor (Glaser

et al., 1999; Winking et al., 2000; Park et al., 2002), leukemia

(Han, 1994a; Shao et al., 1998; Hoernlein et al., 1999; Jing

et al., 1999), melanoma, hepatoma and prostate cancer cell

lines (Liu et al., 2002a; Zhao et al., 2003; Syrovets et al., 2005).

The mechanism by which boswellic acids inhibit cell growth

is still unclear. It has been reported that boswellic acids could

inhibit the activity of topoisomerase, thus interfering with the

DNA synthesis and replication in cancer cells. Boswellic acids

also inhibited the NF-kB signalling pathway in prostate cancer
cells, thus inhibiting cell proliferation and inducing apoptosis

(Syrovets et al., 2005).

Acetyl-keto-b-boswellic acid (AKBA) is a novel, orally

active, selective and non-redox 5-lipoxygenase inhibitor

(Hoernlein et al., 1999; Park et al., 2002). In a previous

study, we found that AKBA-induced apoptosis via a caspase-8

dependent pathway and was the most potent inducer of

apoptosis in colon cancer cells among the four types of

boswellic acids tested (Liu et al., 2002b). Here, we report that

AKBA also inhibits the proliferation of colon cancer cells

at a lower dose. Colon cancer cells treated with AKBA were

arrested at G1 phase. The growth arrest after AKBA treatment

was accompanied by the downregulation of G1 phase cyclins

and cyclin-dependent kinases (CDKs). We also found that the

G1 phase arrest induced by AKBA was dependent upon the

expression of CDK inhibitor p21.

Methods

Materials

HT-29, HCT-116 and LS174T cells were purchased from the

American Type Culture Collection (Rockville, MD, U.S.A.).

P53�/� and p21�/� HCT-116 cells and isogenic wild-type

parental cells were gifts from Dr Bert. Vogelstein (Howard

Hughes Medical Institute, Chevy Chase, MD, U.S.A.). Fetal

bovine serum (FBS), modified McCoy 5A medium, RPMI-1640*Author for correspondence; E-mail: phshsc@nus.edu.sg
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medium, crystal violet, propidium iodide and 3H-thymidine

were from Sigma Aldrich (St Louis, MO, U.S.A.). Acetyl-keto-

b-boswellic acid (AKBA) was purchased from ChromaDax

Incorporation (reagent grade, purity 490%, Santa Ana, CA,
U.S.A.). Rabbit polyclonal cyclin D1, cyclin E, phosphory-

lated Rb (pRb, phosphorylated at serine 795), cyclin-depen-

dent kinase 2 (CDK2), cyclin-dependent kinase 4 (CDK4)

antibodies and mouse monoclonal p21 and p53 antibodies

were obtained from Santa Cruz (Santa Cruz, CA, U.S.A.).

Mouse polyclonal glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) antibody was from Chemicon International

(Temacula, CA, U.S.A.). Annexin V staining kit and Cell

Proliferation Reagent 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-

2H-5-tetrazoliol]-1,3-benzene disulfonate (WST-1) were

purchased from Roche Diagnostics (Mannheim, Germany).

Cell culture

HT-29, HCT-116, p53�/� and p21�/� HCT-116 cells were

cultured in modified McCoy 5A medium supplemented with

10% FBS (v v�1). LS174T cells were cultured in RPMI-1640

medium supplemented with 5% FBS. The cells were main-

tained at 371C in an incubator containing 5% CO2. AKBA

was dissolved in ethanol as a 40mM stock and stored at

�201C. For drug treatment, the cells were harvested with
0.05% trypsin/0.02% EDTA at about 80% confluence and

were subcultured. After incubation overnight for attachment,

the cells were treated with AKBA in different concentrations.

Control cells were treated with 0.2% ethanol.

Cell viability and DNA synthesis assay

Cell viability was assayed by determination of the cleavage

of tetrazodium salt (WST-1) to formazan by mitochondrial

dehydrogenases. The amount of formazan formed is propor-

tional to the viable cell numbers (Liu et al., 2002b). Briefly,

cells were incubated with AKBA in different concentrations

and WST-1 was then added at the end of drug treatment. After

incubation with WST-1 for 0.5 h, the production of formazan

was read at 405 nm against 620 nm as a background.

DNA synthesis was measured by 3H-thymidine incorpora-

tion. The cells were first incubated with AKBA in a six-well

plate. At the end of drug treatment, 1mCi of 3H-thymidine was
added to each well (in 2ml medium) and incubated with the

cells for another 5 h. The cells were then washed with cold

phosphate-buffered saline (PBS) three times and incubated

with 10% trichloroacetic acid for 20min at 41C. After fixing

with methanol for 10min, the cells were lysed by addition of

800 ml lysis buffer containing 0.25M sodium hydroxide and

0.1% sodium dodecyl sulfate. An aliquot of 100ml of the lysate
was taken for liquid scintillation counting.

Cell cycle analysis by flow cytometry

Cell cycle analysis using flow cytometry has been described

previously (Liu et al., 2004). In brief, cells were treated with

AKBA and trypsinized. After being resuspended in ice-cold

70% ethanol, they were stored at �201C until analysis. The
cellular DNA was stained with propidium iodide nuclear

isolation medium (PBS containing 100mgml�1 propidium
iodide, 0.6% Nonidet P-40 and 100 mgml�1 RNase A) and
flow cytometric analysis was performed in a BD Coulter flow

cytometer. The cell cycle phase distribution was analyzed using

the WINMDI software.

Apoptosis assay by annexin V staining

Apoptosis was also assayed by annexin V staining as described

previously (Liu et al., 2004). Briefly, the cells were trypsinized

after treatment with AKBA and washed once with cold PBS. The

cells were resuspended in the staining solution containing annexin

V and propidium iodide and incubated for 15min at room

temperature according to the manufacturer’s instructions, fol-

lowed by flow cytometric analysis. Cells with high annexin V but

low propidium iodide staining were considered as apoptotic cells.

Western blot analysis

Cells were harvested with a rubber scraper and washed once

with cold PBS. Proteins were extracted by suspending the cells

in extraction buffer (50mM Tris pH 7.0, 6M urea, 1% (w v�1)

SDS, 1% (v v�1) b-mercaptoethanol). Cells were sonicated for
20 s on ice, followed by centrifuge at 10,000� g for 10min at
41C. Protein concentrations were quantified using bovine

serum albumin as a standard.

Electrophoresis was performed using a 12% SDS/polyacryl-

amide gel except for pRb expression, where a 7% SDS/

polyacrylamide gel was used. Proteins (30 mg) were loaded in
each lane for Western blot analysis. The proteins were

transferred to nitrocellulose membranes by electro-blotting.

After washing and blocking, the membranes were incubated

with primary antibodies in different concentrations for 1.5 h

at room temperature, followed by incubation with secondary

antibodies conjugated with horseradish peroxidase at room

temperature for 1 h. After washing, the membrane was

incubated with chemiluminescent substrate for 5min and then

exposed to Kodak Biomax MS film (Rochester, NY, U.S.A.).

To control for variations in loading, the expression of

housekeeping gene GAPDH was also assayed by Western blot

analysis. After incubation with primary and secondary

antibodies, the membranes were stripped and reprobed with

mouse anti-GAPDH polyclonal antibody (1 : 50,000 in PBS-T

containing 5% non-fat milk) for 1 h, followed by incubation

with goat anti-mouse secondary antibody conjugated with

horseradish peroxidase (1 : 50,000) for 1 h.

Statistical analysis

Nonpaired Student’s t-test was applied for the comparison of

the mean values of two groups. One-way ANOVA was used to

compare the multiple values in two groups and Po0.05 was
considered as significant.

Results

AKBA inhibited cellular growth in a time-
and dose-dependent manner in HCT-116 cells

The changes in cellular growth after treatment with AKBA

were assayed by monitoring cell numbers. AKBA inhibited the

increase of cell numbers in HCT-116 cells as early as 24 h after

drug treatment. There was no further increase in cell numbers

24 h after AKBA treatment, while the vehicle-treated controls

increased in cell numbers linearly up to at least 72 h (Figure 1a,
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Po0.05). The effect of AKBA on cell viability was also

determined. HCT-116 cells were treated with different

concentrations of AKBA for 48 h. As shown in Figure 1b,

cell viability was decreased in a dose dependent manner after

AKBA treatment, compared to vehicle-treated controls. Cell

viability was significantly reduced from as low as 5mM of

AKBA and reached 50% of controls with a concentration of

25 mM AKBA after 48 h of treatment.

The growth inhibitory effect of AKBA was further

confirmed by the 3H-thymidine incorporation assay. As shown

in Figure 1c, cellular 3H-thymidine incorporation rate was

decreased to about 45% of the control cells after treatment

with 20 mM AKBA for 48 h (Figure 1c, Po0.01).

AKBA also inhibited cellular growth in other colon cancer
cell lines

To determine whether AKBA has growth inhibitory effect in

other colon cancer cells, HT-29 and LS174T cells were treated
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Figure 1 AKBA inhibited growth of HCT-116 cells. (a) Changes in
cell numbers after treatment with AKBA. HCT-116 ls were treated
with 20 mM AKBA for 24, 48 and 72 h and cell numbers was counted
using a hemacytometer; (b) changes in cellular viability after
treatment with different concentrations of AKBA. HCT-116 cells
were treated with 0, 5, 15 and 25 mM AKBA for 48 h. Cell viability
was assayed using WST-1; (c) Changes in DNA synthesis after
treatment with AKBA. HCT-116 cells were treated with 20 mM
AKBA for 48 h. DNA synthesis was assayed using the 3H-thymidine
incorporation assay. Control cells were treated with 0.2% ethanol.
Results are expressed as mean7s.d. and are representative of at least
three separate experiments. **Po0.01 compared to control.
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Figure 2 AKBA inhibited growth of HT-29 and LS174T cells. HT-
29 and LS174T cells were treated with 30 and 20 mM AKBA for 48 h,
respectively. Control cells were treated with 0.2% ethanol. Cell
numbers were counted using a hemacytometer. (a) Changes in cell
numbers after treatment with AKBA in HT-29 cells; (b) changes in
cell numbers after treatment with AKBA in LS174T cells. Results
are shown as mean7s.d. *Po0.05 compared to control.
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with 30 and 20mM AKBA, respectively, for 72 h. The treatment
resulted in a reduction of cell numbers to between 40 and 50%

vehicle-treated controls in both HT-29 and LS174T cells

(Figure 2a and b, Po0.05).

Colon cancer cells were arrested at G1 phase after
treatment with AKBA

To determine the cell-cycle phase in which cells were arrested

after treatment with AKBA, cellular DNA was stained by

propidium iodide and analyzed by flow cytometry. Results

showed that cells were arrested at the G1 phase after treatment

with AKBA. The cells in G1 phase was increased from 55% to

about 75% after AKBA treatment, while cells in the S phase

was decreased from 13 to 8% (Figure 3a and b, Po0.05). The
percentage of G2/M phase cells did not change significantly

after treatment with AKBA compared to the control. As

shown in Figure 3c, the percentage of sub-G1 cells did not

change significantly in AKBA-treated cells, indicating that

AKBA did not trigger extensive apoptosis at the dose used.

AKBA inhibited cellular growth without causing
significant apoptosis at a lower dose

To confirm that AKBA did not trigger significant apoptosis at

the dose used in the present study, apoptosis was also assayed

by annexin V and propidium iodide staining. The percentage

of apoptotic cells was increased only slightly after treatment

with 20mM AKBA for 24, 48 and 72 h in HCT-116 cells (Figure
4a and c). The cells were also treated with 50 mM AKBA as a

positive control. As shown in Figure 4b and c, 50mM AKBA

induced significant apoptosis from as early as 5 h after drug

treatment. At 15 h after treatment with 50mM AKBA, the

percentage of apoptotic cells was increased from 2% to about

30% (Po0.01 compared to vehicle treated control).

Expression of G1 phase cyclins and CDKs was
downregulated after treatment with AKBA

The expression of cyclins and CDKs involved in G1–S phase

transition was assayed by Western blot to determine the

mechanisms by which AKBA inhibited cell growth. The

expression of cyclin D1 was downregulated 48h after AKBA

treatment while the expression of CDK4 was downregulated

from as early as 24h after AKBA treatment. At 72h after drug

treatment, the expression of cyclin D1 and CKD4 were decreased

by 60 and 50%, respectively. The expression of cyclin D1 and

CDK4 was unchanged in vehicle treated control cells (Figure 5a).

Similarly, the expression of cyclin E and CDK2 was also

downregulated significantly in AKBA treated cells. As shown in

Figure 5b, the expression of cyclin E was decreased by 30, 50 and

80%, 24, 48 and 72h after AKBA treatment, respectively, while
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Figure 3 AKBA caused a G1 arrest in HCT-116 cells. HCT1-116 cells were treated with 20 mM AKBA for 48 h. DNA was stained
with propidium iodide and analyzed by flow cytometry. (a) Percentage of G1 phase cells in AKBA treated and control cells;
(b) percentage of S phase cells in AKBA treated and control cells; (c) representative flow cytometric histogram in AKBA treated
and control cells. Experiments were performed in triplicates. Results are expressed as mean7s.d. and are representative of at least
three separate experiments. *Po0.05 compared to control.
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the expression of CDK2was decreased by 30, 50 and 60% after 24,

48 and 72h drug treatment, respectively. Again, the expression of

cyclin E and CDK2 was unchanged in vehicle treated control cells.

The downregulation of G1 phase cyclins and CDKs was

accompanied by a significant reduction in phosphorylated Rb

(pRb). At 24 h after AKBA treatment, the level of pRb was

almost undetectable by Western blot analysis, while the level of

phosphorylated Rb protein was maintained in vehicle treated

control cells (Figure 5c).

The expression of CDK inhibitor p21 was upregulated
in AKBA-treated cells

In addition to the cyclins and CDKs, CDK inhibitors such

as p21 are also important factors in the control of the G1–S

transition. The expression of p21 was also determined in this

study. As shown in Figure 6, the expression of p21 was

increased after treatment with AKBA. The upregulation of

p21 expression occurred from as early as 24 h after AKBA

treatment and was increased between four and –five fold, 48

and 72 h after drug treatment (Figure 6a). As shown in

Figure 6b, the expression of p21 did not change in vehicle-

treated control cells at all the time points.

The upregulation of p21 was not dependent on p53

P53 is one of the most common transactivators of p21. In the

present study, we also investigated whether the upregulation of

p21induced by AKBA was due to p53 activation. We found

that the expression of p53 in HCT-116 wild-type (Figure 7a
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Figure 4 Apoptosis assayed by annexin V and propidium iodide staining. (a) Percentage of apoptotic HCT-116 cells after
treatment with 20 mM AKBA for 24, 48 and 72 h; (b) percentage of apoptotic HCT-116 cells after treatment with 50 mM AKBA for
5 and 15 h; (c) representative density plots of flow cytometric data. Results are expressed as mean7s.d. and are representative
of at least three separate experiments. *Po0.05 compared to control. **Po0.01 compared to control.
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and b) and p21�/� cells (Figure 7b) was unchanged after

AKBA treatment.

To further study whether p21 upregulation induced by

AKBA was dependent on p53, the regulation of p21expression

was also studied in p53�/� HCT-116 cells. At 48 h after

AKBA treatment, the expression of p21 was increased

about 2.5-fold in p53�/� HCT-116 cells compared to the

vehicle-treated control (Figure 7c). Furthermore, the expres-

sion of p21 was also determined in HT-29 colorectal cancer

cells in which p53 was mutated. Results showed that AKBA

treatment resulted in the upregulation of p21 in these cells as

well. The expression of p21 was increased eight-fold compared

to the vehicle-treated control 72 h after AKBA treatment

(Figure 7d).

The growth inhibitory effect of AKBA was dependent
on p21, not p53

To investigate whether the growth inhibitory effect of AKBA

was dependent on p21, the cellular response to AKBA

was studied in wild-type, p53�/� and p21�/� HCT-116

cells. The total cell numbers were decreased about 45%

compared to vehicle-treated control in both wild type and

p53�/� HCT-116 cells 48 h after treatment with 20 mM
AKBA while in p21�/� HCT-116 cells, the cell number was

decreased only 25% compared to control after treatment

with the same concentration of AKBA (Figure 8a).

Similar results were observed in DNA synthesis rate as assayed

by 3H-thymidine incorporation. As shown in Figure 8b,

the 3H-thymidine incorporation rate was decreased about

65 and 75% compared to vehicle-treated control cells in

both wild type and p53�/� HCT-116 cells (Po0.01), while in
p21�/� HCT-116 cells, the 3H-thymidine incorporation

rate was only decreased about 30% compared to the vehicle-

treated control.

Further studies indicated that the slight decrease in cell

number and DNA synthesis after AKBA treatment in p21�/�

cells could be accounted for, at least in large part, by an

increase in apoptosis in these cells. The percentage of apoptotic

cells increased significantly in p21�/� HCT-116 cells compared

to the parental and p53�/� cells after 48 h of treatment

with 20mM AKBA (Figure 8c, Po0.05). The percentage
of apoptotic cells was also determined by annexin V and
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Figure 5 AKBA regulated the expression of G1 phase cyclins and CKDs in HCT-116 cells. HCT-116 cells were treated with 20 mM
AKBA for 0, 24, 48 and 72 h. The expression of cyclin D1, cyclin E, CDK2, CDK4 and phophorylated Rb (pRb) were assayed by
Western blot analysis. GAPDH was used as a housekeeping control. (a) Expression of cyclin D1 and CDK4 after treatment with
AKBA; (b) expression of cyclin E and CDK2 after treatment with AKBA; (c) expression of pRb after treatment with AKBA.
Results shown are representative of at least three separate experiments.
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Figure 6 Expression of p21 in AKBA treated cells. HCT-116 cells
were treated with 20 mM AKBA for 0, 24, 48 and 72 h. The
expression of p21 was assayed by Western blot analysis. GAPDH
was used as a housekeeping control. (a) Expression of p21 in HCT-
116 cells after treatment with AKBA; (b) expression of p21 in
HCT-116 cells treated with vehicle control. Results shown are
representative of at least three separate experiments.
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propidium iodide double staining. As shown in Figure 8d, the

percentage of apoptotic cells in the wild type and p53�/� HCT-

116 cells was only increased slightly after treatment with 20mM
AKBA, while it was increased from 12 to 30% in p21�/� HCT-

116 cells treated with the same concentration of AKBA

(Po0.05).
The percentage of apoptotic cells in the vehicle ethanol-

treated p21�/� control cells was also increased compared to the

parental counterpart, mainly due to the increased cytotoxicity

of ethanol in the absence of p21.

Discussion

There is an increasing interest in the use of boswellic acid as

a potential anticancer agent in colon cancer (Huang et al., 2000;

Liu et al., 2002b). Our previous data had shown that boswellic

acid induced apoptosis in a caspase-8 dependent pathway in

colon cancer cells. The present data showed that at a lower dose,

boswellic acid can also inhibit the growth of colon cancer cells.

The growth inhibitory effect of AKBA might, at least in part,

explain the chemo-preventive properties of boswellic acid

observed in mice where it inhibited the formation of azoxy-

methane-induced aberrant crypt foci (Huang et al., 2000).

We showed that AKBA exerted its growth inhibitory effect

by inhibiting cell proliferation, evidenced by a decrease in

3H-thymidine incorporation in cells treated with AKBA. We

further showed that AKBA treatment arrested the cancer cells

at the G1 phase of the cells cycle. The G1 phase of the cell cycle

is tightly regulated by the synthesis and degradation of cyclins,

cyclin-dependent kinases (CDK) and CDK inhibitors (McGo-

wan, 2003). The G1 phase regulators include cyclin D, cyclin

E, CDK2 and CDK4. The synthesis of the D-type cyclins

begins at the G0/G1 transition. Cyclin D then activates CDK4

and drives the cell from early G1 to late G1, largely by the

regulation of the tumor suppressor retinoblastoma (Rb)

protein. (Morris & Dyson, 2001). The initial phosphorylation

of Rb leads to transcription of cyclin E. The increase in cyclin

E levels lead to the activation of CDK2 which then completes

the phosphorylation of Rb. Complete phosphorylation of Rb

releases E2F from inhibition by Rb to activate genes required

to drive cells through the S transition (Payton & Coats, 2002).

The present study showed that AKBA significantly down-

regulated the expression of G1 phase cyclins (cyclin D1 and

cyclin E) and CDKs (CDKs 2 and 4) in colon cancer cells. The

downregulation of these proteins was consistent with the G1

arrest, we observed after AKBA treatment. We speculate that

the downregulation of the cyclins and CDKs resulted in a

decrease in phosphorylation of Rb which prevented the

activation of E2F-dependent genes required for cell cycle.

The finding that AKBA regulated the expression of multiple G1

cyclins, CDKs and Rb phosphorylation might have clinical

implications. Mutations in cell cycle regulators are a common

feature of human tumors (Temple et al., 1980; Caputi et al., 2005).

Further, components of the cell cycle have frequently been

investigated as targets for cancer therapy and a variety of inhibitors

of the CDKs have been studied (Malumbres & Barbacid, 2001).

Concomitant with the downregulation of cyclins and CDKs,

AKBA also caused an upregulation of the CDK inhibitor p21,

which also played an important role in control of cell cycle

progression by opposing the activities of CDKs (Hunter &

Pines, 1994; Harper & Elledge, 1996). p21 has been shown to

be dysregulated in cancers and is hypothesized to function as

a tumor suppressor. It is often inversely correlated to tumor

proliferation and progression and several oncogenes have been

shown to repress the expression of p21 to promote tumor

growth (Gartel & Radhakrishnan, 2005). Our results showing

the upregulation of p21 by AKBA suggests that the G1 arrest

may be mediated at least in part by the upregulation of p21.

Interestingly, although the cycle arrest induced by AKBA

was dependent on p21, it was independent of p53. The

significant reduction in cell numbers and cell proliferation

(evident by a reduction in 3H-thymidine incorporation) was

also observed in the p53�/� HCT-116 cells.
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Figure 7 Expression of p21 and p53 in colon cancer cells after
AKBA treatment. (a) Expression of p53 in HCT-116 cells treated
with AKBA and vehicle control. HCT-116 cells were treated with
20 mM AKBA for 0, 24, 48 and 72 h. Expression of p53 was assayed
by Western blot analysis; (b) expression of p53 in parental, p21�/�

and p53�/� HCT-116 cells after treatment with AKBA. Cells were
treated with 20 mM AKBA for 48 h. Expression of p53 was assayed
by Western blot analysis. Control cells were treated with 0.2%
ethanol; (c) changes in p21 expression in parental, p21�/� and p53�/�

HCT-116 cells after treatment with AKBA. Cells were treated with
20 mM AKBA for 48 h. Expression of p21 was assayed by Western
blot analysis; (d) changes in p21 expression in HT-29 cells after
treatment with AKBA. HT-29 cells were treated with 30 mM AKBA
for 72 h. Expression of p21 was assayed by Western blot analysis.
Control cells were treated with 0.2% ethanol. Results shown are
representative of three separate experiments. Expression of GAPDH
was used as a housekeeping control.
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The mechanism by which AKBA increased p21 levels is

currently unclear. Although p53 has been shown to be a potent

transactivator of p21 gene expression, our results indicate that

the upregulation of p21 by AKBA was likely mediated by a

p53-independent mechanism. This was derived from several

lines of evidences. Firstly, the upregulation of p21 in HCT-116

cells was not associated with an upregulation of p53. Secondly,

p21 expression was also upregulated in p53�/� HCT-116 cells.

Finally, p21 was also upregulated in HT-29 colon cancer cells

where p53 was mutated. A variety of transcription factors that

are induced by a number of different signaling pathways

activate p21 transcription by p53-independent mechanisms,

including Sp1, Sp3, Ap2, STATs, C/EBPa, C/EBPb and the
bHLH proteins BETA2 and MyoD. In addition, p21 expres-

sion may also be regulated post-transcriptionally by both

ubiquitin-dependent and -independent proteasome-mediated

degradation (Gartel & Tyner, 2002). The mechanism by which

AKBA regulates p21 expression requires further investigation.

The functional significance of the upregulation of p21

induced by AKBA is unclear. Whereas induction of p21

expression may lead cell cycle arrest and decreased cell

proliferation (Gartel & Radhakrishnan, 2005), p21 may also

function as an antiapoptotic factor. This was evidenced by the

increase in apoptosis observed in p21 knockout cells compared

to wild type HCT-116 cells. It is likely that HCT-116 cells

lacking p21 were unable to arrest cells at G1, thus resulting in

a greater percentage of cells being driven to the apoptotic

pathway. Similar results have been reported recently where

CDK inhibitors, like p21, have been shown to influence the

sensitivity to proapoptotic signals in DNA damage-induced

cancer cells (Le et al., 2005). We speculate that p21 functions

as a switch between apoptosis and growth arrest in the cellular

response to AKBA treatment. In the presence of wild-type

functional p21, AKBA causes an upregulation of p21 and

growth arrest. In the absence of p21, cancer cells are sensitized

to apoptotic signals.

In summary, we have shown that AKBA has significant

effects on cell cycle progress in colon cancer cells at lower

doses than what had previously been used. Further, we show

that the G1 phase arrest induced by AKBA was dependent on

p21 but not p53 and was associated with a downregulation of

G1 cyclins and CKDs.

This work was supported in part by the National University of
Singapore Academic Research Fund R-185-000-079-112 and R-185-
000-087-112.
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Figure 8 Effect of AKBA on growth and apoptosis in parental, p21�/� and p53�/� HCT-116 cells. Cells were treated with 20 mM
AKBA for 48 h. Control cells were treated with 0.1% ethanol. The number of cells was counted using a hemacytometer. DNA
synthesis was assayed by 3H-thymidine incorporation. Apoptosis was assayed by both cell cycle analysis and annexin V staining.
(a) Changes in cell numbers after treatment with AKBA in parental, p21�/� and p53�/� HCT-116 cells ; (b) changes in DNA
synthesis in parental, p21�/� and p53�/� HCT-116 cells after treatment with AKBA; (c) changes in sub-G1 fraction after treatment
with AKBA in parental, p21�/� and p53�/�HCT-116 cells; (d) changes in apoptotic rate assayed by annexin V and propidium iodide
double staining in parental, p21�/� and p53�/� HCT-116 cells. Results shown are representative of three separate experiments.
*Po0.05 compared to control. **Po0.01 compared to control.
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