
Curcumin enhances dasatinib-induced inhibition of growth
and transformation of colon cancer cells

Jyoti Nautiyal1,2,3,4, Sanjeev Banerjee2,4,5, Shailender S. Kanwar1,4, Yingjie Yu1,4, Bhaumik B Patel1,2,4,

Fazlul H. Sarkar2,3,4,5 and Adhip P.N. Majumdar1,2,3,4

1 Veterans Affairs Medical Center, Detroit, MI
2 Karmanos Cancer Institute, Detroit, MI
3 Graduate Program in Cancer Biology-School of Medicine, Wayne State University, Detroit, MI
4 Department of Internal Medicine, Wayne State University, Detroit, MI
5 Department of Pathology, Wayne State University, Detroit, MI

Colorectal cancer is the third most common form of malignancy, behind prostate and lung cancers. Despite recent advances in

medicine, mortality from colorectal cancer remains high, highlighting the need for improved therapies. Numerous studies have

demonstrated increased activation of EGFR and its family members (EGFRs), IGF-1R as well as c-Src in colorectal cancer. The

current study was undertaken to examine the effectiveness of combination therapy of dasatinib (BMS-354825; Bristol-Myers

Squibb), a highly specific inhibitor of Src family kinases (SFK) and a nontoxic dietary agent; curcumin (diferuloylmethane), in

colorectal cancer in in vitro and in vivo experimental models. For the latter, we utilized C57BL/6 APCMin1/2 mice. Initial in

vitro studies revealed synergistic interactions between the two agents. Additionally, we have observed that combination

treatment causes a much greater inhibition of the following metastatic processes than either agent alone: (i) colony

formation, (ii) invasion through extracellular matrix and (iii) tubule formation by endothelial cells. Dasatinib affects the cell

adhesion phenotype of colon cancer HCT-116 cells whereas the combination therapy enhances this effect to a greater extent.

Preclinical investigation revealed that the combination therapy to be highly effective causing an over 95% regression of

intestinal adenomas in ApcMin1/2 mice, which could be attributed to decreased proliferation and increased apoptosis.

In conclusion, our data suggest that combination treatment of dasatinib and curcumin could be a potential therapeutic

strategy for colorectal cancer.

Despite the use of aggressive surgical resection and chemo-
therapy, nearly 50% of patients with colorectal carcinoma de-
velop recurrent disease, highlighting the need for improved
therapies.1 Recent advances in the understanding of the molec-
ular pathogenesis of cancer have aided in formulating both
preventive and/or therapeutic strategies. Accumulating evi-
dence indicates that the development and progression of many
malignancies, including colorectal cancer are associated with
constitutive activation of multiple signaling pathways that pro-
mote proliferation, inhibit apoptosis and induce metastasis.2

EGF-receptor (EGFR) and/or some of its family mem-
bers, specifically ErbB-2/HER-2 and ErbB-3/HER-3
(referred to as EGFRs) have been shown to play a crucial
role in regulating a number of pathways that affect tumor
cell survival, angiogenesis, motility and invasiveness.3–5

Abnormal receptor activity has been associated with the de-
velopment and progression of many malignancies, includ-
ing that of the colorectal cancer.6–8 A majority of solid
tumors, including those in the colon express one or more
members of the EGFR family. There is evidence to suggest
that development of enhanced drug resistance is often asso-
ciated with expression of more than one member of the
EGFR family.9 In addition, a growing number of studies
have implicated the insulin-like growth factor (IGF)/IGF-
receptor-1 (IGF-1R) system as well as c-Src, a nonreceptor
tyrosine kinase, in the development and progression of
colorectal cancer.3,10–13

Since multiple signal transduction pathways become dys-
functional in most malignancies, including colorectal cancer,
it is likely that the maximal and most durable therapeutic
benefit against tumor growth will be achieved with combina-
tion therapies that affect several targets. Thus, agent(s)/regi-
men(s) that target EGFRs, IGF-1R and c-Src should be more
effective than narrowly focused therapies as they are likely to
impact several aspects of tumor progression.
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Dasatinib (BMS-354825) was identified as a highly potent,
ATP-competitive inhibitor of Src and Abl kinases with anti-
proliferative activity in both hematologic and solid tumor cell
lines.14 Dasatinib inhibits the kinase activity of Bcr-Abl
mutants found in chronic myeloid leukemia patients with
acquired resistance to imatinib15 and has promising activity
in phase I/II clinical evaluation in patients with imatinib-re-
sistant chronic myeloid leukemia.16 Dasatinib also inhibits
Src kinase activity in epithelial cell lines17,18 and is currently
in clinical trials for the treatment of solid tumors.19,20 Dasati-
nib may have multiple effects on solid tumors, demonstrating
inhibition of cell proliferation, migration and invasion.14,17,18

However, it remains unclear which of these mechanisms will
become more relevant in the clinical application of dasatinib
in solid tumors of epithelial origin.

Curcumin [diferuloylmethane; I,7-bis-(4-hydroxy-3-met-
hoxyphenyl)-1,6-heptadiene-3,5-dione], the major pigment in
turmeric powder, possesses anti-inflammatory and antioxi-
dant properties.21 With no discernable toxicity, curcumin has
been shown to inhibit the growth of transformed cells and
colon carcinogenesis at the initiation, promotion and pro-
gression stages in carcinogen-induced rodent models.22–24

Development of azoxymethane-induced preneoplastic and
neoplastic lesions of the colon is also inhibited in experimen-
tal animals fed a diet containing 0.2–1.6% curcumin.23,24 In
addition, curcumin has been reported to prevent adenoma
development in the intestinal tract of Min(þ/�) mice, a model
of human familial adenomatous polyposis.25 In a Phase I
clinical trial, curcumin was shown to be effective in inhibiting
tumor growth.26 We reported that curcumin in combination
with ERRP, a pan-erbB inhibitor27 causes a greater inhibition
of the growth of colon cancer cells than either agent alone.28

We have also reported that curcumin acts synergistically with
FOLFOX (5-fluorouracil plus oxaliplatin) in inhibiting
growth of colon cancer cells in vitro.29 These and other rele-
vant observations have prompted us to undertake the current
investigation.

Our working hypothesis, therefore, is that a combination
of dasatinib and curcumin will be an effective therapeutic
strategy for colorectal neoplasia and/or cancer. We further
hypothesize that this enhanced effectiveness is the result of
an attenuation of multiple signaling pathways leading to inhi-
bition of transformation properties of colon cancer cells.

Material and Methods
Cell lines and cell culture

Human colon cancer HCT-116 p53 wild type (wt), HT-29
and HCT-116 p53 null (HCT-116 p53�/�) and SW-620 cells
were used to investigate efficacy of combined therapy of
dasatinib in and curcumin in growth inhibition. HCT-116
(wt), HT-29 and SW-620 cells were obtained from American
Type Culture Collection (ATCC, Rockville, MD), whereas
HCT-116 p53 null cells, originally generated in Dr. Bert
Vogelstein laboratory at John Hopkins University, Baltimore,
MD, were obtained from Dr. Ping Dou at Karmanos Cancer

Institute. The cells were maintained in tissue culture flasks in
Dulbecco’s modified Eagle medium (DMEM) in a humidified
incubator at 37�C in an atmosphere of 95% air and 5% CO2.
The cell culture medium was supplemented with 5% fetal bo-
vine serum (FBS) and 1% antibiotic/antimycotic. Human um-
bilical vein endothelial cells (HUVEC), a kind gift from Dr.
Fazlul Sarkar at the Karmanos Cancer Institute, Detroit, MI,
were used for angiogenesis assay. Endothelial growth medium
with nutrient supplements were bought from Lonza Walkers-
ville (Walkersville, MD). Additionally, the cell culture
medium was supplemented with 5% FBS and 1% antibiotic/
antimycotic. Medium was changed three times a week and
cells were passaged using trypsin/EDTA.

Chemicals

DMEM, FBS and antibiotic/antimycotic were obtained from
GIBCO BRL (Bethesda, MD). Dasatinib was purchased from
LC laboratories (Woburn, MA). Protease inhibitor cocktail,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), and all other chemicals were obtained from Sigma
(St. Louis, MO). Anti p-EGFRs (tyr-845, -1068-), p-HER2
(877), p-HER3 (1289), p-Src(tyr-416), Src, p-Akt (473),
p-Erk(1/2), BclXL and Cox-2 p-IGF-1R, IGF-1, IGFBP3 and
Rb were purchased from Cell Signaling (Beverley, MA). Anti-
bodies to b-actin antibody was purchased from Sigma.
Chemiluminescence detection of proteins was conducted with
the use of a kit from Amersham Biosciences/Amersham
Pharmacia Biotech (Piscataway, NJ). Recombinant TGF-a
was purchased from Oncogene (San Diego, CA).

Growth inhibition assay

Inhibition of cell growth in response to dasatinib and or cur-
cumin was examined by 3-(4,5-dimethyl-thiazol-2yl)-2,5-di-
phenyl-tetrazolium bromide (MTT) assay as described previ-
ously.30 Briefly, cells were dispersed by trypsin-EDTA
treatment and resuspended in appropriate culture medium
containing 5% of FBS and 5,000 cells per well were seeded
into 96-well culture plates with six replicates. After 24 hr of
plating, incubation was continued for another 48 hr in the
absence (control) or presence of different drugs as described
in the legends to the figures. At the end of the treatment pe-
riod, cells were incubated with 10% of 5 mg/ml stock of
MTT. The mitochondrial oxidation reaction was allowed to
proceed for 3 hr at 37�C. The culture medium was then
removed. The formazan crystals were then dissolved by add-
ing 0.1 ml of dimethyl sulfoxide (DMSO). The intensity of
the color developed, which is proportional to the number of
live cells, was measured at a wavelength of 570 nm. All val-
ues were compared to the corresponding controls. All assays
were performed with six replicates.

Analysis of interaction between curcumin and dasatinib

Combination indices (CI) method adapted for in vitro anti-
cancer drug testing was employed to determine the nature of
interaction between the two agents. This method utilizes

C
an

ce
r
T
he
ra
py

952 Curcumin and dasatinib in colon cancer

Int. J. Cancer: 128, 951–961 (2011) VC 2010 UICC



multiple drug-effect equation originally derived from enzyme
kinetics model, where the output is represented as CI and/or
isobologram analysis. CI analysis was performed by utilizing
Calcusyn software (Biosoft, Ferguson, MO). Based on CI val-
ues, extent of synergism/antagonism may be determined. In
general, CI values below 1 suggest synergy, whereas CI above
1 indicates antagonism between the drugs. CI values in the
range of 0.9–1.10 would mainly indicate additive effects of
the drugs, those between 0.9 and 0.85 would suggest slight
synergy, and values in the range of 0.7–0.3 are indicative of
moderate synergy. Any value less than 0.3 would suggest
strong synergistic interactions between the drugs.

Western-blot analysis

Western blot analysis was performed as described previously.30

Briefly, aliquots of cell lysates containing 80 lg of protein were
separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Electrophoresed proteins were transferred onto nitro-
cellulose membranes and detected using specific primary and
secondary antibodies. The protein bands were visualized by
enhanced chemiluminescence (ECL) detection kit (Amersham
Biosciences/Amersham Pharmacia Biotech Piscataway, NJ). The
membranes were reprobed for b-actin as loading control. All
Western blots were performed at least three times for each
experiment. Densitometric measurements of the scanned bands
were performed using the digitized scientific software program
UN-SCAN-IT. Data were normalized to b-actin.

Electrophoretic mobility shift assay

Nuclear protein extracts were prepared according to the
method described earlier by Banerjee et al.31 Briefly, HCT-
116 cells treated with dasatinib and/or curcumin were lysed
and nuclear proteins were extracted as described previously.31

Electrophoretic mobility shift assay (EMSA) was performed
by incubating 8 lg of nuclear protein extract with IRDyeTM

�700 labeled NFjB oligonucleotide. The incubation mixture
included 2 lg of poly (dI-dC) in a binding buffer. The
DNA–protein complex formed was separated from free oligo-
nucleotide on an 8.0% native polyacrylamide gel using buffer
containing 50 mM Tris, 200 mM glycine, pH 8.5 and 1 mM
EDTA, and then visualized by Odyssey Infrared Imaging Sys-
tem using Odyssey Software Release 1.1 (Li-COR, Lincoln,
Nebraska). Anti-Rb immunoblotting with nuclear proteins
was done as loading control.

Morphological changes

HCT-116 cells were seeded in 6-well cell culture plates and
allowed to form colonies for 8 days in the absence (control)
or presence of dasatinib and/or curcumin. At the end of ex-
posure, one set of experiment was terminated by fixing in
70% ethanol, subsequently stained with 0.1% crystal violet.
The colonies formed in response to different treatments were
photographed. The cells were allowed to grow further in me-
dium without any drugs, fixed, stained and photographed af-
ter 5 and 21 days to observe changes in colony formation

and morphology of the cells. Each experiment was conducted
at least three times.

Invasion assay

Invasion assay was performed using a colorimetric assay from
the Chemicon International (Temecula, CA) according to the
manufacturer’s instructions. In brief, 20,000 HCT-116 cells
were seeded with or without dasatinib (1 lM) and/or curcu-
min, incubated at 37�C for 72 hr. At the end of the incuba-
tion, noninvading cells were gently removed using a cotton-
tipped swab from interior of the inserts. The invasive cells on
the lower surface of inserts were stained and photographed.

Tubule formation assay

Tubule formation by HUVECs, a measure of angiogenesis,
was carried out utilizing in vitro angiogenesis assay kit from
Chemicon International according to the manufacturer’s
instructions. The assay was performed in 96-well plate.
Briefly, 15 � 103 cells per well were seeded on ECMatrixTM

that consisted of laminin, collagen type IV, heparin sulfate,
proteoglycan, entactin and nidogen as well as various growth
factors. Cellular network structures, in the absence (control)
or presence of dasatinib and/ or curcumin, were allowed to
develop over 12 hr. Each well was photographed using an
Olympus Q Color 3 digital camera attached to a Nikon
Eclipse TE 300 microscope (Japan).

Preclinical efficacy analysis

Female Min mice (5 weeks; female C57BL/6J-APCMinþ/�)
were obtained from The Jackson Laboratory. After 2 weeks
of acclimatization, the mice were randomly assigned into
four groups and given various treatments by gavage. At this
time, all tumors have been formed but continue to grow in
size.32 Group 1 received the vehicle (DMSO), Group 2
received dasatinib (10 mg/kg body weight), Group 3 received
curcumin (250 mg/kg body weight)) and Group 4 received
both dasatinib and curcumin. The treatment was given for
five consecutive days a week for 4 weeks. At the end of re-
spective treatments, the mice were killed by CO2 asphyxia-
tion; the intestinal tract was excised, and 10 cm from the
proximal (jejunum) and distal (ileum) small intestine were
removed, opened longitudinally and then rinsed with ice-cold
PBS. They were fixed overnight in formalin, and the number
of the intestinal tumors was recorded using a dissecting
microscope with 4–10� magnification. Subsequently, the re-
sidual tumors were excised, fixed in buffered-formalin and
processed for immunohistochemistry.33,34 All procedures
involving animals were approved by the Animal Investigation
Committee at Wayne State University School of Medicine.

Immunohistochemical analysis

Paraffin-embedded tumor remnants were sectioned and ana-
lyzed for proliferation and apoptosis as described previ-
ously.33,34 Proliferation was determined by counting mitotic
bodies in H&E stained sections. TUNEL assay was performed
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to detect apoptotic cells using the in situ cell Death
Detection kit from Roche Applied Science (Indianapolis, IN)
according to the manufacturer’s instructions as described previ-
ously.33,34 3-Amino-9-ethylcarbazole was used as chromagen,
and the sections were counterstained with hematoxylin. Apopto-
tic cell nuclei appeared as red stained structures against a blue-
violet background. The mitotic or apoptotic cells were counted
for four to six microscopic fields under a 10� objective.

Statistical analysis

Unless otherwise stated, data were expressed as mean 6 SD.
Where applicable, the results were compared by using the
unpaired, two-tailed Student t-test, as implemented by Excel
2000 (Microsoft, Redmond, WA). p values smaller than 0.05
were considered statistically significant.

Results
Curcumin synergizes with dasatinib to inhibit the

growth of colon cancer cells

We have postulated that curcumin in combination with dasa-
tinib will be a superior therapeutic strategy for colorectal can-

cer. As a first step in testing this hypothesis, we examined
the effects of incremental doses of curcumin and dasatinib,
each alone or in combination, on the growth of different human
colon cancer cells. We have reported previously that curcumin
inhibits the growth of both HCT-116 and HT-29 cells, which
are p53 positive and p53 mutant, respectively, suggesting that
the growth inhibitory properties of curcumin are independent
of p53 status.29 In the current investigation, we examined the
effects of curcumin and dasatinib, each alone or in combination,
on the growth of HCT-116 cells containing either p53 (p53þ/
þ) or devoid of p53 (p53�/�), HT-29 and SW-620 cells. Cellu-
lar growth, as determined by MTT assays, revealed that, both
dasatinib and/or curcumin were effective in inhibiting the
growth of p53-positive and p53-negative colon cancer cells in a
dose-dependent manner (Figs. 1a–1d). Dose response curves
were generated for the drugs in colon cancer cells using Calcu-
syn software (Biosoft, Ferguson, MO) (Figs. 1a–1d). In each co-
lon cancer cell line, the combination therapy caused a signifi-
cantly greater growth inhibition compared to that achieved in
response to a single agent (Figs. 1a–1d). While curcumin
(1 lM) and dasatinib (10 lM), each alone caused a 20–30%

Figure 1. Effects of dasatinib and/or curcumin on the growth of different colon cancer cells: Growth as determined by MTT assay after 48-hr

incubation with incremental doses of dasatinib and/or curcumin in colon cancer cells (a) HCT-116 (wt), (b) HCT-116 p53 (�/�) (c) HT-29

and (d) SW-620. Dose response curves were generated for the drugs using Calcusyn software. [Correction to Figure 1 was made after initial

online publication.]
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reduction, the combination therapy caused a marked inhibition
of 81% in growth of the p53-positive HCT-116 cells (Fig. 1a).

The fraction of cells affected in response to each treatment
was thus utilized to perform synergy analysis with Calcusyn.
The CI as formulated by the software, revealed values of less
than 1.0 indicating a synergistic interaction between the two
agents at most of the dose combinations tested (Table 1).
The results suggest that curcumin act synergistically with
dasatinib to inhibit the growth in colon cancer cells. How-
ever, the synergy was not observed at high combinatorial
doses of curcumin and dasatinib. This could be due to the
fact that since the maximal inhibition by either curcumin or
dasatinib was also achieved with high doses, CI values for the
corresponding combination failed to demonstrate synergy.
Since the synergistic interaction between dasatinib and curcu-
min, observed at lower doses, is not p53 dependent, subse-
quent experiments were carried out with the wild type
(p53þ/þ) HCT-116 cells. In all further in vitro studies, 1 lM
dasatinib and 10 lM curcumin were used.

Curcumin and/or dasatinib treatment attenuates

EGFRs, IGF-1R and c-Src signaling

Previously, we reported that the marked growth inhibition of
colon cancer cells in response to the combination of curcumin
and ERRP, a pan-erbB inhibitor,27 was associated with attenu-
ation of EGFR, HER-2, HER-3 and IGF-1R activation and sig-
naling.28 Similar changes were noted with HCT-116 cell
growth inhibition with the combination of curcumin and
FOLFOX.29 To determine whether and to what extent the sig-
nal transduction pathways activated by the receptor and non-
receptor tyrosine kinases would be affected by curcumin and/
or dasatinib, we examined the constitutive levels of activated
(tyrosine phosphorylation) forms of EGFR, HER-2 and HER-
3, IGF-1R as well as c-Src in HCT-116 (wt) cells following
treatment with curcumin or dasatinib, or a combination of
both for 48 hr. As can be seen from the densitometric analysis
(percent of control), although curcumin or dasatinib signifi-
cantly decreased (50–90%) the levels of activated (phosphoryl-
ated) EGFR (tyr845) and (tyr1068), HER-2 (tyr877) and HER-3
(tyr1289), curcumin together with dasatinib resulted in a much
greater reduction when compared to the controls (Fig. 2a). As
expected, dasatinib caused a 77% reduction in c-Src activation,

as determined by phosphorylation of tyrosine residue at 416
(Fig. 2a). Curcumin had a minor (14%) effect but the combi-
nation treatment inhibited c-Src phosphorylation by 85%,
when compared with the controls (Fig. 2a). Interestingly, dasa-
tinib was found to be slightly more effective in reducing IGF-
1R phosphorylation than curcumin, and the combination of
curcumin and dasatinib caused further reduction (Fig. 2a).

Curcumin and/or dasatinib inhibits downstream

effectors and NFjB activity

We then examined the effect of the current treatment strategy
on Akt and Erk activation and expression of BcLxL and Cox-2,
which are critically involved in cell survival.35 Although curcu-
min and dasatinib, each alone, markedly decreased the phos-
phorylated (activated) forms of Akt and Erks, the magnitude of
this reduction was found to be much greater in response to the
combination therapy than either agent alone (Fig. 2b). Similar
changes were noted for BcLxL and Cox-2 expression (Fig. 2b).

Further, to unravel the molecular mechanism of therapeu-
tic benefit observed by the combinatorial regimen in potenti-
ating the antitumor effect, we performed EMSA to examine
the status of the transcription factor NF-jB in HCT-116 cells
following curcumin and/dasatinib treatment. Our results
revealed that, whereas curcumin or dasatinib caused a minor
30–35% reduction in DNA binding activity of NF-jB, curcu-
min together with dasatinib produced a marked 88% attenua-
tion of the same, when compared with the controls (Fig. 2c).

Curcumin and/or dasatinib inhibits colony formation and

induces morphological changes in colon cancer cells

To determine whether combination therapy is effective in in-
hibiting cell transformation properties, we carried out colony
formation assay. Combined therapy significantly inhibited
colony formation in anchorage-dependent settings (Figs. 3a–
3c). It should also be noted that the combined therapy not
only reduced the size but also the number of colonies formed
by HCT-116 cells. Drastic change in the morphology of the
cells was seen in dasatinib and combined treatment groups.
Dasatinib essentially caused rounding off of the cells (Fig.
3a). The cells were allowed to revive after pretreatment with
dasatinib and/or curcumin. The cells continued to proliferate
as round floating balls rather than growing as adherent

Table 1. ‘‘Calcusyn’’ analysis reveals synergistic interactions between dasatinib and curcumin in
variety of human colon cancer cells

Combination therapy Combination index (CI)

Das (lM) Cur (lM) HCT-116 (p53 wt) HCT-116 (p53 null) HT-29 SW-620

0.25 2.5 0.14 0.25 0.29 1.09

0.5 5.0 0.17 0.56 0.51 0.71

1.0 10.0 0.23 0.53 0.77 0.86

2.0 20.0 0.32 0.92 1.16 0.71

4.0 40.0 0.65 1.2 1.86 0.45

CI < 1.0 suggests synergy.
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Figure 2. Effects of dasatinib and/or curcumin (a) on levels of phosphorylated forms of EGFR, HER-2, HER-3, IGF-1R and c-Src, (b) on

downstream signaling effector proteins and (c) NFjB activity, in colon cancer HCT-116 (wt) cells following 48 hr of treatment.

Figure 3. Effects of dasatinib and/or curcumin on morphology as well as anchorage-dependent growth of human colon cancer cells. (a)

Photomicrographs depicting changes in the number and size of colonies formed after 8 days of treatment with dasatinib and/or curcumin.

One set of treated cells were stained with 0.1% crystal violet stain and photographed at the end of treatment. Other sets of cells were

allowed to grow after the removal of drugs, subsequently stained with 0.1% crystal violet stain and photographed after (b) colony

formation after 5 days of recovery. (c) Effects of dasatinib and/or curcumin on colony formation and morphological changes after 21 days

post-treatment. The experiment was repeated at least three times.
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monolayers (Fig. 3b). After 3 weeks of revival period, these
ball-like structures started adhering and forming layers on
the culture plates (Fig. 3c). This morphological change was
more significant in response to combined treatment.

Dasatinib and curcumin inhibit metastatic potential

of colon cancer cells

To examine the effectiveness of combination therapy in inhibi-
ting metastatic processes, cell invasion through extracellular
matrix and changes in tubule formation by HUVECs, a param-
eter of angiogenesis, were investigated. Although the cell inva-
sive properties of HCT-116 cells, as determined by their ability
to pass through the extracellular matrix, were inhibited by dasa-
tinib, the combination treatment was found to have a greater
effect than either agent alone (Fig. 4a). On the other hand, cur-
cumin alone was found to be highly effective in abrogating the
sprouting and tubule formation by HUVEC cells. At the end of
12 hr treatment, HUVECs had completely failed to form closed
vesicles that represent the neoangiogenic potential of the cancer
cells (Fig. 4b). Taken together, the results suggest that the com-
bination therapy may be effective in modulating multiple proc-
esses of metastasis, by differential inhibition of the processes by
dasatinib and curcumin. Curcumin is shown to exert its antian-
giogenic action through inhibition of key effectors of angiogenic
process: VEGF and b-FGF.36,37 An indirect role of curcumin in
inhibiting angiogenesis is thought to be via inhibition of EGFR
and/or its family members and matrix-metalloproteinases.38

Dasatinib and/or curcumin lead to regression of

intestinal adenomas in APCMin1/2 mice

Next, we determined the therapeutic effectiveness of the com-
bination therapy in regression of adenomas in C57BL/6J-

APCMinþ/� mice. The APCMinþ/� mice, harboring a truncat-
ing mutation in codon 850 of the Apc gene39 develop sponta-
neous intestinal adenoma are widely used as a model for
colorectal cancer. Treatment of Min mice began when most,
if not all, tumors had already developed. As shown in Figure
5a, dasatinib and curcumin, each alone caused a significant
(50–85%) regression of tumors in both small intestine and
colon. On the other hand, combination therapy caused 90–
99% regression of intestinal tumors (Fig. 5a). To determine

Figure 4. Effects of curcumin and/or dasatinib on (a) extra cellular invasion by colon cancer HCT-116 cells as determined by ECM invasion

assay and (b) neoangiogenesis as determined by tubule formation by HUVECs in the absence (control) or presence of drugs.

Figure 5. (a) The effects of dasatinib and/or curcumin on

regression of intestinal tumors in APCMinþ/� mice. (b) Effects of

dasatinib and/or curcumin on proliferation and apoptosis in the

tissue remnants from adenomas.
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whether the regression of adenomas in response to these
treatments could at least in part be due to inhibition of pro-
liferation and stimulation of apoptosis, we analyzed the for-
malin-fixed intestinal tissues for changes in proliferative ac-
tivity and apoptosis. While the changes in proliferative
activity were examined by counting mitotic bodies in H&E
stained sections, apoptosis was determined by TUNEL assay.
As shown in Figure 5b, the combination therapy significantly
decreased the mitosis and induced apoptosis in the intestinal
adenomas.

Discussion
Several Src inhibitors including dasatinib, have been tested in
solid tumors with limited success,17,18,40 which could partly
be attributed to the presence and dominance of compensa-
tory pathways in the cancer cells. For instance, STAT-3 path-
way is inhibited by dasatinib transiently and through a com-
pensatory pathway,41 and is re-activated as early as 24 hr.42

It has been suggested that STAT-3 inhibitors show synergistic
interactions with dasatinib in HNSCC.42 Therefore, to
achieve a better therapeutic efficacy, targeting multiple path-
ways simultaneously is warranted. We have reported that die-
tary agent curcumin enhances the efficacy of Folfox and the
pan-ErbB inhibitor ERRP in colon cancer cells in vitro.28,29

In the current investigation, we further demonstrate that cur-
cumin also synergizes with c-Src targeting therapy; dasatinib
and is effective in inhibiting different transformation proper-
ties of human colon cancer cells.

Our current observation that curcumin inhibits growth of
colon cancer cells that are either p53 functional or mutant in
a dose-dependent manner is in agreement with what we
noted earlier in colon cancer HCT-116 and HT-29 cells.28,29

Interestingly, the growth inhibitory effect of curcumin was
found to be greater in colon cancer cells that were p53-nega-
tive (HCT-116 p53-null and HT-29) than those that had
functional p53. This observation is similar to that reported
by Howells et al.43 Although the reasons for increased sensi-
tivity of p53-negative colon cancer cells to curcumin is not
known, it has been suggested by Howells et al. that curcumin
exerts its growth inhibitory effect on p53-negative cells by
targeting a different pathway.43 Interestingly, our data also
show for the first time, that the growth inhibitory properties
of dasatinib are independent on p53 status, in that both p53-
wild type and p53 null colon cancer HCT-116 cells are re-
sponsive to the growth inhibitory effect of dasatinib. Addi-
tionally, we have also observed that the growth inhibitory
effect is more pronounced in response to combination of cur-
cumin and dasatinib at most of the doses tested, but the syn-
ergistic interaction appears to be independent of p53 status.
Similar p53-independent synergistic interactions of curcumin
with oxaliplatin; a standard chemotherapy for colon cancer,
had been reported by Howells et al.43 The fact that the syn-
ergy between dasatinib and curcumin is independent of p53
status in cancer cells, provides a rationale for utilizing such a

combination as a therapeutic strategy for colorectal cancer,
which harbors 40–50% p53 mutation.

Aberrant activation of growth factor receptors as well as
nonreceptor tyrosine kinases is often implicated in initiation
and progression of cancer.6–8 The combination therapy was
found to be effective in inhibiting the activation of EGFRs at
different tyrosine residues. The combination therapy inhib-
ited the activation of EGFR in c-Src dependent (tyr-845) as
well as c-Src independent manner (tyr-1068 and tyr-1173).
Cancer cells develop resistance to anticancer therapies
through overexpression/coexpression of EGFR and/or other
HER family receptors.9 Our current observation that the
combination and dasatinib also inhibits the activation of
HER-2 and HER-3 in colon cancer cells suggests that the
combination therapy could be a superior therapeutic strategy
for colon cancer. In addition, IGF-1R is often overexpressed
in colon cancer.12 The fact that the current combination ther-
apy also causes a marked inhibition of IGF-1R activation in
colon cancer cells suggests that the IGF-1R signaling could
be effectively attenuated by the combination of curcumin and
dasatinib. The mechanisms for attenuation of IGF-1R activa-
tion by the combination of curcumin and dasatnib have not
been fully elucidated.

The current combination therapy leads to a marked
attenuation of downstream signaling, as evidenced by a
greater reduction in the levels of the phosphorylated (acti-
vated) form of Akt and Erks (1/2), accompanied by a con-
comitant decrease in the levels of antiapoptotic protein Bcl-XL
and Cox-2. Several in vivo and in vitro studies, including our
own have demonstrated that curcumin inhibits Cox-2 expres-
sion and activity, leading to a reduction in prostaglandin syn-
thesis and loss of cancer cell growth.28,44,45

Akt-mediated stimulation of cell survival is transduced, in
part, by activation of NF-jB,35,46 which induces the expres-
sion of prosurvival genes including Bcl2.47 Several studies
have demonstrated that curcumin-mediated growth inhibition
of several epithelial cancer cells, including those in the colon
is associated with decreased activity of NF-jB.28,48 Earlier, we
reported that the inhibition of growth of colon cancer cells
in vitro in response to either curcumin or curcumin together
with ERRP is associated with a concomitant inhibition of
NFjB activity.28 The current observation is in line with our
previous observation and further demonstrates that the com-
bination therapy causes a greater reduction in DNA binding
activity of NF-jB in colon cancer HCT-116 cells than either
agent alone.

Curcumin has been reported to affect several processes of
cell transformation and metastasis by targeting multiple effec-
tor molecules.36 Similarly, dasatinib has been shown to inhibit
such properties of cancer cells, primarily by modulating Src
family kinases.49 Dasatinib has been reported to inhibit c-Src
signaling and thus inhibit cell invasion, migration and inva-
sion in a variety of cancers.17,18,40,41,49–52 Our current study
demonstrates that dasatinib and curcumin inhibit transforma-
tion properties of colon cancer cells differentially. However,
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the combination treatment of colon cancer cells shows a
greater inhibition of several transformation properties like col-
ony formation, cell adhesion and invasion as well as angiogen-
esis. The combination therapy was also found to be highly
effective in regressing adenomas in the small and large intes-
tine in APCMinþ/� mice. This could be attributed in part due
to modulation of cellular growth involving decreased prolifera-
tion and increased apoptosis.

The poor systemic availability of curcumin has raised con-
cerns about its use for the chemoprevention or treatment of
malignancies remote from the site of absorption.25 However,
for gastrointestinal cancers, it has been suggested that orally
administered curcumin may exert its inhibitory effects pri-
marily via luminal and/or intramucosal routes (although neg-
ligible levels were absorbed into the circulation via this
route).53 Therefore, poor systemic availability would not pre-
clude its use in prevention/treatment of gastrointestinal
malignancies,54 as curcumin distribution in the gastrointesti-
nal mucosa is to a great extent, independent of systemic
availability.25 In fact the accumulation of curcumin in the in-
testinal mucosa of mice was shown to be much higher than
other organs following feeding of curcumin.25,55 Our current
observation of a significant 77 and 86% reduction in adeno-
mas in the small and large intestine, respectively, in response
to curcumin supports the contention that curcumin could be

an effective preventive/therapeutic agent for gastrointestinal
cancers.

In conclusion, our data show that the combination treat-
ment of dasatinib and curcumin is highly effective in inhibi-
ting the growth of colon cancer cells, in p53 independent
manner. Combination therapy leads to attenuation of growth
factor receptor (EGFR and IGF-1R) and nonreceptor (c-Src)
signaling. The combination therapy results in decreased acti-
vation of downstream signaling pathways {Akt and Erk(s)},
associated with decreased NF-jB activity. Our data also show
that the two agents affect transformation properties differen-
tially and that the combination of dasatinib and curcumin is
a better strategy in inhibiting metastasis. Furthermore, the
combination therapy is highly effective in modulating cellular
growth leading to regression of intestinal adenomas in pre-
clinical investigations. The data presented above clearly dem-
onstrate that the combination of curcumin and dasatinib is
highly effective in suppressing EFGRs, IGF-R and c-Src sig-
naling pathways and processes of development and progres-
sion of colon cancers.
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