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Abstract

Curcumin, the yellow pigment of turmeric found in Southeast Indian food, is one of the most

popular phytochemicals for cancer prevention. Numerous reports have demonstrated modulation

of multiple cellular signaling pathways by curcumin and its molecular targets in various cancer

cell lines. To identify a new molecular target of curcumin, we used shape screening and reverse

docking to screen the protein data bank against curcumin. Cyclin dependent kinase 2 (CDK2), a

major cell cycle protein, was identified as a potential molecular target of curcumin. Indeed, in

vitro and ex vivo kinase assay data revealed a dramatic suppressive effect of curcumin on CDK2

kinase activity. Furthermore, curcumin induced G1 cell cycle arrest, which is regulated by CDK2

in HCT116 cells. Although the expression levels of CDK2 and its regulatory subunit, cyclin E,

were not changed, the phosphorylation of Rb, a well-known CDK2 substrate, was reduced by

curcumin. Because curcumin induced cell cycle arrest, we investigated the anti-proliferative effect

of curcumin on HCT116 colon cancer cells. In this experiment, curcumin suppressed HCT116 cell

proliferation effectively. To determine if CDK2 is a direct target of curcumin, CDK2 expression

was knocked down in HCT116 cells. As expected, HCT116 sh-CDK2 cells exhibited G1 arrest

and reduced proliferation. Because of the low levels of CDK2 in HCT116 sh-CDK2 cells, the

effects of curcumin on G1 arrest and cell proliferation were not substantial relative to HCT116 sh-

control cells. From these results, we identified CDK2 as a direct target of curcumin in colon

cancer cells.

*Corresponding Authors: Zigang Dong, M.D., Dr. P.H., The Hormel Institute, University of Minnesota, 801 16th Ave NE, Austin, MN
55912: Telephone: 507-437-9600, FAX: 507-437-9606, zgdong@hi.umn.edu, Ki Won Lee, Ph.D., Department of Agricultural
Biotechnology Seoul National University: Telephone: 82-2-880-4661, FAX: 82-2-878-6178, kiwon@snu.ac.kr.
†These authors contributed equally to this work.

Authors declare no conflict of interest.

NIH Public Access
Author Manuscript
Cancer Prev Res (Phila). Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
Cancer Prev Res (Phila). 2014 April ; 7(4): 466–474. doi:10.1158/1940-6207.CAPR-13-0387.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

CDK2; colon cancer; curcumin; HCT116; cell cycle

Introduction

Curcumin or diferuloylmethane is a yellow pigment and a constituent of turmeric extracted

originally from Curcuma longa (Linn). In China and India, curcumin is widely used as a

coloring and flavoring agent. The chemotherapeutic and chemopreventive effects of

curcumin have been reported (1–7). Additionally, oral intake of curcumin reportedly showed

a beneficial effect against precancerous lesions in Phase I and Phase II clinical trials (8, 9).

Furthermore, some investigators have suggested several target proteins and signaling

pathways affected by curcumin, including the AMPK-COX-2 (10), JNKs (11), E2F4 (12)

and cyclin D1-CDK4 signaling pathways (13). Although numerous proteins have been

suggested as targets of curcumin, CDK2 has not been reported as a direct target of curcumin

in colon cancer.

Aberrant growth is a characteristic of cancer cells (14). Research data clearly indicate that

cancer cell proliferation is much greater and less controlled than normal cell growth (15).

Cyclin-dependent kinases (CDKs), which are serine/threonine protein kinases, are essential

kinases mediating the cell cycle (16). Thus far, nine CDKs have been identified and each

regulates specific points of the cell cycle (16, 17). For example, G1 is mediated by CDK4,

CDK6 and CDK2; the S phase is regulated by CDK2; and the G2/M phase is controlled by

CDK1 (16, 17). The kinase activity of CDKs is regulated by cyclins and different CDKs are

required by various cyclins for their kinase activity (18). In the G1 phase, cyclins D1, D2,

and D3 interact with CDK4 and CDK6 (19). In the G1 to S phase transition, cyclin E binds

to CDK2 (20, 21) and during the S phase, the cyclin A/CDK2 complex regulates cell cycle

(21). To promote the M phase, cyclin A binds to CDK1 in the late G2 and early M phase

(22, 23). Deregulation of growth is characteristic of cancer cells and cell cycle proteins are

highly activated in these cells (24). Cyclin E-dependent kinase activity was reported to be

substantially higher in colorectal cancers and CDK2 expression levels are also high in

colorectal adenomas (25). We found that three colon cancer cell lines, HCT116, HCT15 and

DLD-1, show dramatically increased expression of CDK2 compared to “normal” (see
footnote) human colon epithelial cells. This suggests that CDK2 could be a potential

therapeutic target for colon cancer treatment.

Herein, we used computational modeling to identify CDK2 as a potential target of curcumin.

Both in vitro and ex vivo kinase assay data confirmed that curcumin effectively suppressed

CDK2 kinase activity. Because CDK2 is highly activated in colon cancer, we selected the

HCT116 colon cancer cell model to evaluate the effects of curcumin on cell cycle. We found

that curcumin caused G1 cell cycle arrest, which is regulated by CDK2. Furthermore,

curcumin exhibited a dramatic anti-proliferation effect on 3 different colon cancer cell lines

and knocking down expression of CDK2 confirmed that CDK2 is a direct target of

Footnote: Normal human colon epithelial cells (HCEC) comprise an immortalized epithelial cells derived from human colon biopsies
with properties similar to normal colon epithelial cells.
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curcumin. To our knowledge, this is the first report to show that CDK2 is a direct target of

curcumin and could be a novel target of curcumin in preventing or treating colon cancer.

Materials and Methods

Chemicals

Curcumin and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (St. Louis,

MO). McCoy’s 5A was obtained from Thermo Fisher Scientific (Fremont, CA). Penicillin/

streptomycin were purchased from Invitrogen (Grand Island, NY). Antibodies against

CDK2, CDK4, phosphorylated Rb (Thr821) and cyclin E were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA) and the antibody against phosphorylated c-Myc was

purchased from Cell Signaling Biotechnology (Beverly, MA). Secondary antibodies to

detect rabbit and mouse IgG and conjugated to HRP were obtained from Zymed (San

Francisco, CA).

Cell culture

All cell lines were obtained from American Type Culture Collection (Manassas, VA). The

cells were cytogenetically tested and authenticated before being frozen. Each vial of frozen

cells was thawed and maintained for a maximum of 8 weeks. The frozen vials were

available for each cell line to ensure that all cell-based experiments were performed on cells

that had been tested and in culture for 8 weeks or less. Human colonic epithelial cells

(HCEC) were cultured in basal media (HyClone, Logan, UT) supplemented with epidermal

growth factor (25 ng/ml), insulin (10 µg/ml), gentamicin sulfate (50 µg/ml), transferrin (2

µg/ml), hydrocortisone (1 µg/ml), sodium selenite (5 nM), and 2% cosmic calf serum

(HyClone). HCT116 human colon cancer cells were cultured in McCoy’s 5A medium

supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and 1% penicillin/

streptomycin. HCT15 and DLD-1 human colon cancer cells were cultured in RPMI-1640

medium supplemented with 10% FBS and 1% penicillin/streptomycin.

Shape screening

Shape screening was performed using the Phase module (26, 27) in Schrödinger Suite 2011

(28) by comparing the volumetric similarity between curcumin and each compound from the

Protein Data Bank (PDB) ligand database. The structure of curcumin was downloaded from

the PubChem Compound database (http://www.ncbi.nlm.nih.gov/pccompound) and further

processed using the ConfGen module (29) in Maestro (30). The best 3-dimensional (3–D)

conformation of the lowest potential energy from ConfGen was selected as the query

molecule structure. The ligand database was downloaded from the PDB (31) in March 2010.

Shape screening was performed directly with this database without further modification.

During the screening process, polar hydrogens were included and one alignment per ligand

was retained. Only the molecules with a ShapeSim (i.e., the overall similarities between

curcumin and screened compounds) score of less than 0.7 were eliminated.

Reverse Docking

To enhance the reliability of the evaluation of the potential targets of curcumin from shape

screening, reverse docking using the Glide module (32, 33) in Schrödinger was also used.
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For this calculation, only the potential kinase targets were considered. The crystal structure

of each protein kinase bound with the potential identified ligand from the PDB was

downloaded. Each raw PDB structure was then converted into an all-atom, fully prepared

receptor model structure using Protein Preparation Wizard module in Maestro. The docking

receptor grid of each potential target was prepared using Glide’s Receptor Grid Generation

(32, 33). Docking of the curcumin molecule into each receptor gird was performed using

Glide in the XP (Extra Precision) mode (34). All generated conformations of curcumin from

ConfGen were used for rigid-protein docking. In all other respects, the default settings were

used. The best scoring energy was selected from the best docking of different initial

conformations of curcumin to each kinase target.

Molecular modeling

The docking structure of curcumin and CDK2 was generated by the Induced Fit Docking

(IFD) protocol (35) in the Schrödinger Suite 2011. All default settings were used, except

that the XP (Extra Precision) scoring function was used (34). Briefly, the grid box and center

were settled by default using the ligand in the ATP binding site and no constraints were

defined. During the Glide docking process, the van der Waals radii of protein and ligand

were scaled by a factor of 0.5. In addition, only the residues within 5 Å of the ligand were

refined for Prime active site optimization. The binding pose with the lowest score was

considered as the correct binding structure and used as the representative docking structure.

CDK1, CDK2, and CDK4 kinase assays

The CDK1, CDK2, and CDK4 kinase assays were performed using active recombinant

CDK1, CDK2, and CDK4 enzymes (Millipore, Bedford, MA) and evaluating the ability of

each kinase to transfer the radiolabeled phosphate from [γ-32P] ATP according to the

manufacturer’s instructions. Briefly, active recombinant CDK1, CDK2, or CDK4 (100–200

ng) and curcumin were incubated at 30°C for 15 min in assay buffer (20 mM MOPS (pH

7.2), 25 µM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate and 1 mM

DTT). Myelin basic protein (20 µg) as substrate was added to each mixture and then

incubated at 30°C for 15 min with a [γ-32P] ATP solution in a magnesium acetate-ATP

cocktail buffer (Upstate Biotechnology Inc., Lake Placid, NY). Then the reaction mixture

was transferred onto p81 paper and the p81 paper was washed 3 times for 5 min each with

0.75% phosphoric acid,. The radiolabeled phosphate was measured using a scintillation

counter.

For the ex vivo CDK2 immunoprecipitation and kinase assays, 20 µl of Protein A/G Plus

Agarose (Santa Cruz, CA) were added to cell lysates containing 600 µg protein and then

incubated for 1 h at 4°C. After centrifugation at 12,000 rpm for 5 min at 4°C, an antibody

against CDK2 (30 µg) was added to the supernatant fraction of the mixture, and then rocked

overnight at 4°C. These mixtures were centrifuged at 12,000 rpm for 5 min at 4°C and

washed twice. Curcumin was added at various concentrations and the kinase assay was

performed in a manner similar to the in vitro kinase assay.
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Western blot analysis

HCT116 colon cancer cells were cultured for 48 h, and in order to synchronize the cell

cycle, the cells were incubated in serum free McCoy’s 5A media for 12 h. After

synchronization, the cells were treated or not treated with various concentrations of

curcumin for 30 min. Then the cells were disrupted with lysis buffer [10 mM Tris (pH 7.5),

150 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 1 mM

dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 10% glycerol and

protease inhibitor cocktail tablet]. The protein concentration was determined using a dye-

binding protein assay kit (Bio-Rad Laboratories, Philadelphia, PA) as described by the

manufacturer. The proteins were separated electrophoretically using a 10% SDS-

polyacrylamide gel. After separation, the proteins were transferred to an Immobilon-P

membrane (Millipore Corporation, St. Charles, MO). The membrane was blocked with 5%

fat-free milk for 1 h and incubated with the specific primary antibody at 4°C overnight.

After hybridization with an HRP-conjugated secondary antibody, the protein bands were

detected using a chemiluminescence detection kit (GE healthcare, Pittsburgh, PA).

Preparation of curcumin-Sepharose 4B beads

CNBr-activated Sepharose 4B beads, used in the current experiments, bind and immobilize

chemicals at available hydroxyl (–OH) groups. Curcumin has 3 hydroxyl groups and

therefore can be easily coupled with Sepharose beads. For activation, the Sepharose 4B

beads (0.3 g) were washed with 30 ml of 1 mM HCl 3 times for 5 min each by gentle

inversion and then incubated with 3 mg of curcumin or DMSO in coupling buffer [0.1 M

NaHCO3 (pH 8.3) and 0.5 M NaCl (pH 8.3)] at 4°C overnight. The mixtures were washed 5

times with coupling buffer and incubated with blocking buffer [0.1 M Tris-HCl (pH 8.0)] at

4°C overnight. The excess of uncoupled curcumin was removed by washing buffer [0.1 M

acetate buffer (pH 4.0)] and 0.1 M Tris-HCl buffer (pH 8.0) containing 0.5 M NaCl (pH 8.0)

3 times and then resuspended in 1 ml of PBS.

Cell-based pull-down assay

HCT116 colon cancer cells were disrupted with lysis buffer [50 mM Tris (pH 7.5), 5 mM

EDTA, 150 mM NaCl, 1 mM DTT, 0.5% Nonidet P-40, 0.02 mM PMSF, and 1× protease

inhibitor mixture] and proteins extracted. Proteins (500 µg) were incubated with Sepharose

4B beads (as a negative control) or curcumin-Sepharose 4B beads (100 µl of 50 % slurry) in

reaction buffer [50 mM Tris (pH 7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01%

Nonidet P-40, 2 mg/ml BSA, 0.02 mM PMSF, and 1× protease inhibitor mixture] at 4°C

overnight. The mixture was washed 5 times with 1 ml of washing buffer [50 mM Tris (pH

7.5), 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% Nonidet P-40, and 0.02 mM PMSF]

and proteins bound to the beads were analyzed by Western blotting.

ATP and curcumin competition assay

Recombinant CDK2 (200 ng) was incubated with ATP (0, 1, 10, or 100 µM) at 4°C for 1 h.

Then 100 µl of Sepharose 4B (negative control) or curcumin-Sepharose 4B beads were

added to the mixture and incubated at 4°C overnight. The samples were then washed with

washing buffer (above) and proteins analyzed by Western blotting.
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Cell proliferation assay

To evaluate the effect of curcumin on proliferation, HCT116 cells were seeded (4×103 cells

per well) in 96-well plates for 24 h. Cells were then treated with curcumin for 24, 48, or 72

h. Cell proliferation was analyzed using Cell Titer96 Aqueous One Solution (Promega,

Madison, WI) by incubating with 20 µl of MTS solution for 1 h at 37°C in a 5% CO2

incubator. The absorbance was read at 492 nm.

Cell cycle analysis

HCT116 cell cycle was evaluated using a published method (36) with slight modifications.

After arresting the cells in the G0 phase, the cells were treated with various concentrations of

curcumin for 9 h. After fixing with ethanol, cells were stained with propidium iodide and the

cell cycle phase was determined by flow cytometry.

Results

Computer modeling and binding between curcumin and CDK2

To identify potential targets of curcumin, we performed both ligand-based and structure-

based in silico screening using the computer modeling methods described in Materials and

Methods. Based on the structure of curcumin, we first screened the PDB ligand library to

identify compounds that showed a shape similarity score above 0.7. The proteins co-

crystallized with the potentially identified ligands could possibly bind to curcumin. In order

to enhance the reliability of the evaluation of these potential targets of curcumin identified

from shape screening, we then performed structure-based reverse docking studies using

curcumin and the crystal structures of these proteins and discovered CDK2 as a potential

kinase target of curcumin.

To predict the binding conformation between curcumin and CDK2, we performed flexible-

ligand flexible-protein docking using the IFD (Induced Fit Docking) Module (35). Induced

fit docking has an advantage over the regular Glide docking (33) because of its ability to

capture the ligand-induced conformational changes in the receptor active site (37). From the

IFD, the binding affinity between curcumin and CDK2 was predicted to be very good with a

score of -12.69 kcal/mol. The computational model of the curcumin-CDK2 complex is

shown in Fig. 1A. Curcumin formed 4 hydrogen bonds with CDK2–two are involved with

the backbone atoms of the hinge loop residue Leu83 and the activation loop residue Asp145,

and the other two are formed with the side chain atoms of Asp86 and Lys33. In addition,

several residues around the ATP binding pocket, including Ile10, Val64, Phe80, Phe82,

Leu83, and Leu134, showed some hydrophobic interactions with the carbons of curcumin

(data not shown). These computational results indicate that curcumin should exhibit ATP-

competitive inhibitory effects against the CDK2 kinase.

Because the computer modeling data suggested that curcumin could bind to the ATP pocket

of CDK2 (Fig. 1A), we evaluated the binding between curcumin and CDK2 in HCT116

colorectal cancer cell lysates. CDK2 was pulled down by curcumin-Sepharose 4B beads, but

was not detected in Sepharose 4B beads (Fig. 1B). To confirm that curcumin binds to the

ATP pocket of CDK2, various concentrations of ATP were pre-mixed with a recombinant
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CDK2 protein before the addition of curcumin-Sepharose 4B or Sepharose 4B beads. The

binding between CDK2-curcumin was dose-dependently reduced by ATP (Fig. 1C). The

results indicate that curcumin directly binds to the ATP pocket of CDK2.

Curcumin selectively suppresses CDK2 kinase activity

The effect of curcumin on CDK2 kinase activity was evaluated using in vitro kinase assays.

The kinase assay data revealed that curcumin suppressed CDK2 kinase activity in a dose-

dependent manner. Curcumin at 5, 10, 20, or 40 µM reduced CDK2 kinase activity by 17.5,

34.3, 58.2, or 77.0%, respectively (Fig. 2A). SU9516, a well-known CDK2 inhibitor also

decreased CDK2 kinase activity (positive control). To investigate the effect of curcumin on

CDK2 in HCT116 colorectal cancer cell lysates, CDK2 kinase was immunoprecipitated

using a specific CDK2 antibody. Curcumin showed a similar inhibitory effect on

immunoprecipitated-CDK2 kinase activity (Supplementary Figure 1). In addition, the effect

of curcumin on CDK1 and CDK4 kinase activity was measured. The inhibitory effect of

curcumin on CDK1 and CDK4 kinase activity was less than the effect on CDK2. Even

curcumin at 40 µM did not decrease activity below 60% (Fig. 2B). Taken together, curcumin

strongly affects CDK2 kinase activity compared to CDK1 or CDK4 kinase activity.

Curcumin decreases proliferation of colon cancer cells

CDK2 is an important protein in the cell cycle. The cyclin E/Cdk2 complexes induce

mammalian cells to enter the S phase by phosphorylating specific substrates such as Rb.

Thus, many chemotherapeutic and chemopreventive agents have been developed targeting

CDK2 (38). In particular, cyclin E-dependent kinase activity and the kinase activity and

expression level of the CDK2 protein are substantially higher in colorectal cancers and in

90% of colorectal adenomas (38). Here, we investigated the endogenous expression level of

CDK2 in colorectal cancer cells (HCT116, HCT15 and DLD-1) and “normal” (see footnote)

human colon epithelial cells (HCEC). Our results (Fig. 3A) show that the expression level of

CDK2 is much higher in colon cancer cells, including HCT116, HCT15 and DLD-1 cells,

compared to HCEC cells. Thus, we hypothesized that curcumin could suppress proliferation

of colon cancer cells by inhibiting CDK2 kinase activity. The effect of curcumin was

evaluated on the three colon cancer cell lines and results indicated that curcumin

substantially reduced proliferation of HCT116 (Fig. 3B), HCT15 (Fig. 3C) and DLD-1 (Fig.

3D) colon cancer cells. Curcumin did not exhibit any significant effects on the proliferation

or viability of “normal” (see footnote) human colon epithelial cells (data not shown).

Curcumin induces G1 cell cycle arrest and reduces phosphorylation of Rb in HCT116
colorectal cancer cells

Because curcumin inhibited CDK2 kinase activity and decreased proliferation of colon

cancer cells, we hypothesized that curcumin might affect the G1 cell cycle phase, which is

regulated by CDK2. Curcumin induced G1 cell cycle arrest in a dose-dependent manner

(Fig. 4A). The well-known CDK2 inhibitor, SU9516, was used as a positive control. In

addition, phosphorylation of Rb was reduced by curcumin (Fig. 4B). Because the expression

levels of CDK2, CDK4 and cyclin E were not changed by curcumin, the effect of curcumin

on Rb is likely due to the inhibitory effect of curcumin on CDK2 kinase activity.
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The effect of curcumin is reduced in HCT116-sh-CDK2 cells

Many proteins have been reported as a target of curcumin. However, no reports demonstrate

that CDK2 is a direct protein target of curcumin. To confirm that CDK2 is a direct target of

curcumin, we knocked down the expression of CDK2 in HCT116 colon cancer cells. Cells

expressing sh-CDK2 HCT116 cells showed a greater number of cells in G1 phase compared

to sh-Mock cells (Fig. 5A). However, curcumin had less effect on inducing cell cycle arrest

in sh-CDK2 cells compared to sh-Mock (Fig. 5B). sh-CDK2 HCT116 cells also exhibited a

greater reduction in proliferation (Fig. 6A) and in addition, curcumin had less effect on

proliferation in these cells (Fig. 6B). Next, the phosphorylation of Rb, a substrate of CDK2,

was compared between sh-Mock HCT116 and sh-CDK2 HCT116 cells. Curcumin could

suppress Rb phosphorylation in cells expressing sh-Mock whereas the effect was much less

in sh-CDK2 cells (Fig. 6C). Taken together, we suggest that CDK2 is involved in the anti-

proliferative effects of curcumin in colon cancer cells.

Discussion

Curcumin is a compound that targets multiple molecular and cellular pathways in vitro as

well as in animal models, suggesting that curcumin is an attractive compound for

chemoprevention or chemotherapy. However, the molecular mechanism of curcumin

activity against cancer cells is not understood. In the current study, we showed an interaction

between curcumin and CDK2 through the ATP pocket of CDK2. Additionally, we

demonstrated an inhibitory effect of curcumin on CDK2 activity. Similar to SU9516, a

known CDK2 inhibitor, curcumin also could inhibit CDK1/4 activity (Fig. 2B). However the

inhibitory effect of curcumin on CDK1 was less effective than that against CDK2. Although

the inhibitory effect of curcumin on CDK4 seemed to be fairly substantial, it did not act in a

dose-dependent manner. Computational docking model data consistently showed that the

binding affinity of CDK2 on curcumin was stronger than its binding with CDK1 or 4

(Supplementary Figure 2). Taken together, we considered CDK2 as a more specific

molecular target of curcumin than CDK1 or 4.

Based on the idea that cell cycle proteins are activated in cancer cells, we found that CDK2

expression in 3 colon cancer cell lines, HCT116, HCT15 and DLD-1, was much higher than

in “normal” (see footnote) HCEC cells (Fig. 3A). Thus, the specific anti-proliferative effect

of curcumin on cancer cells is likely due to the high CDK2 expression level. To support this

hypothesis, we used knockdown CDK2 HCT116 cells to show that curcumin could induce

G1 arrest and inhibit proliferation. The effect of curcumin was relatively lower in sh-CDK2

HCT116 cells compared with sh-Mock HCT116 cells. This suggested that the inhibitory

effect of curcumin is dependent on the level of CDK2 expression. Although curcumin has a

CDK2-dependent inhibitory effect on G1 arrest and cell growth, it substantially inhibited

cell growth (Fig. 6B) and phosphorylation of Rb (Fig. 6C) and induced G1 arrest (Fig. 5B)

in sh-CDK2 cells. Moreover the effect of sh-CDK2 on G1 arrest (Fig. 5A) is much less than

that of curcumin (Fig. 4A). These results indicate that curcumin has CDK2-dependent

effects as well as CDK2-independent effects on G1 phase and cell growth of HCT116 cells.

Currently, curcumin targets multiple molecular and cellular pathways in various cancers. In

the present study, we did not address the CDK2-independent effects of curcumin or try to
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identify the molecule involved in the CDK2-independent effects of curcumin. This question

remains to be investigated.

Previous studies have reported several targets of curcumin’s anti-carcinogenic effects,

including NF-κB (39), STAT3 (40), EGFR (41), PI3-K (42), and ERK1/2 (43). One group

suggested curcumin inhibits human multiple myeloma cell proliferation by interfering

STAT3 phosphorylation (40). Others reported that curcumin (up to 10 µM) reduced EGFR

and IGF-1R phosphorylation (41). However, no one has reported a direct target of curcumin.

Here, we report CDK2 as a direct target of curcumin, which could contribute to curcumin’s

positive preventive or therapeutic effects against colorectal cancer. However, to verify the

direct binding mode between curcumin and CDK2, point mutation studies and X-ray

crystallographic studies will be needed. Additionally, although in vitro data support an anti-

proliferative effect of curcumin, in vivo studies will be required for full confirmation of the

effect of curcumin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Curcumin directly binds to CDK2 in an ATP-competitive manner. (A) The interaction

between curcumin and several residues in the ATP binding pocket of CDK2. Curcumin

forms hydrogen bonds with Lys33, Leu83, Asp86 and Asp145, respectively. Note: the α-

helices are drawn as cylinders and the β-strands as arrows. Curcumin is shown in stick

model and protein residues are shown in line model. (B) Curcumin directly binds with

CDK2 in HCT116 colorectal cancer cells. The binding of curcumin with CDK2 in HCT116

cells was detected by immunoblotting with a specific CDK2 antibody: lane 1 (input control),
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whole-cell lysates from HCT116 cells; lane 2 (control), lysates from HCT116 cells; and lane

3, whole-cell lysates from HCT116 cells precipitated with curcumin-Sepharose 4B beads.

(C) Curcumin competes with ATP for binding with CDK2. Active CDK2 was incubated

with ATP at different concentrations (0, 1, 10, or 100 µM) with 50 µl of curcumin-Sepharose

4B beads or 50 µl of Sepharose 4B (as a negative control) beads in reaction buffer. After

washing, the pulled-down CDK2 proteins were detected by Western blotting.
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Fig. 2.
Curcumin effectively suppresses CDK2 kinase activity in vitro compared with CDK1 or 4

kinase activity. The effect of curcumin on CDK2 (A) or CDK1 and CDK4 (B) in vitro

kinase activity was examined as described in "Materials and Methods". Data are represented

as means ± S.D. as determined from 3 independent experiments. The asterisk (*) indicates a

significant (p < 0.001) decrease in kinase activity compared to untreated control.
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Fig. 3.
CDK2 is highly expressed in colon cancer cells and curcumin selectively suppresses

HCT116 cell proliferation. (A) The CDK2 expression level is much higher in colon cancer

cells (HCT116, HCT15, and DLD-1) compared to “normal” (see footnote) colon cells

(HCEC). Cells were harvested and CDK2 expression was visualized using a specific

antibody. Curcumin reduces proliferation of HCT116 (B), HCT15 (C), and DLD-1 (D)
colon cancer cells. Each colon cancer cell line was seeded (1×103 cells per well) in 96-well

plates and then cells were treated with curcumin (0, 5, 10, 20 or 40 µM) at 6 h after seeding.
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Cell growth was determined at 1, 2, or 3 days using the MTS assay as described in

"Materials and Methods". Data are represented as the means ± S.D. as determined from 3

independent experiments. The asterisk (*) indicates a significant (p < 0.001) decrease in

activity compared to untreated control.
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Fig. 4.
Curcumin induces G1 arrest in HCT116 colon cancer cells. (A) The effect of curcumin on

cell cycle was investigated using flow cytometry. HCT116 colon cancer cells were cultured

until they reached confluence in 96-well plates and then synchronized in G0 phase by serum

deprivation. After 9 h of treatment with curcumin (0, 10, 20, or 40 µM) or SU9516 (10 µM),

cell cycle phases were analyzed. Data are represented as means ± S.D. as determined from 3

independent experiments and the asterisk (*) indicates a significant difference (p < 0.001)

compared to untreated group. (B) To determine the effect of curcumin on cell cycle proteins,
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Western blotting was performed using specific antibodies. After synchronizing the cells for

12 h, cells were treated with the indicated concentration of curcumin for 30 min. Data are

representative of 3 independent experiments that gave similar results.
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Fig. 5.
The effect of curcumin on cell cycle in sh-CDK2-transfected HCT116 colon cancer cells.

(A) HCT116 cells stably expressing knockdown of CDK2 were established and G1 phase

was arrested in sh-CDK2-transfected HCT116 cells. Cell cycle was analyzed using flow

cytometry. (B) The effect of curcumin on G1 phase arrest was less in sh-CDK2-transfected

HCT116 colon cancer cells compared to sh-Mock-transfected cells. After 9 h of curcumin

treatment, cell cycle phases were analyzed. Data are shown as means ± S.D. as determined
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from 3 independent experiments and the asterisk (*) indicates a significant (p < 0.001)

difference compared to sh-Mock-transfected HCT116 cells.
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Fig. 6.
The effect of curcumin on proliferation and cell cycle protein expression in sh-CDK2-

transfected HCT116 colon cancer cells. (A) Proliferation was relatively lower in sh-CDK2-

transfected HCT116 cells compared to sh-Mock-transfected HCT116 cells. HCT116 cells

(1×103 cells) were seeded in 96-well plates and after 72 h, proliferation was measured using

the MTS assay as described in "Materials and Methods". (B) The effects of curcumin on cell

proliferation were less in sh-CDK2-transfected HCT116 cells compared to sh-Mock-

transfected cells. sh-Mock- and sh-CDK2-transfected HCT116 cells were treated with
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curcumin (0, 10, 20, or 40 µM) and growth was determined at 3 days using the MTS assay

as described in "Materials and Methods". Data are represented as means ± S.D. as

determined from 3 independent experiments. For A and B, the asterisk (*) indicates a

significant difference (p < 0.001) compared to sh-Mock-transfected HCT116 cells. (C)
Curcumin had no effect on cell cycle proteins in sh-CDK2-transfected HCT116 colon cancer

cells. sh-Mock- and sh-CDK2-transfected HCT116 cells were treated with the indicated

concentrations of curcumin for 30 min. Cell cycle protein expression was determined using

specific antibodies. Data are representative of 3 independent experiments that gave similar

results.
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