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Abstract

Resistance to cytotoxic chemotherapy is a major cause of mortality in colorectal cancer (CRC) patients. Chemoresistance
has been linked primarily to a subset of cancer cells undergoing epithelial-mesenchymal transition (EMT). Curcumin, a
botanical with antitumorigenic properties, has been shown to enhance sensitivity of cancer cells to chemotherapeutic
drugs, but the molecular mechanisms underlying this phenomenon remain unclear. Effects of curcumin and 5-fluorouracil
(5FU) individually, and in combination, were examined in parental and 5FU resistant (5FUR) cell lines. We performed a
series of growth proliferation and apoptosis assays in 2D and 3D cell cultures. Furthermore, we identified and analyzed
the expression pattern of a subset of putative EMT-suppressive microRNAs (miRNAs) and their downstream target genes
regulated by curcumin. Chemosensitizing effects of curcumin were validated in a xenograft mouse model. Combined
treatment with curcumin and 5FU enhanced cellular apoptosis and inhibited proliferation in both parental and SFUR

cells, whereas 5FU alone was ineffective in SFUR cells. A group of EMT-suppressive miRNAs were upregulated by curcumin
treatment in S5FUR cells. Curcumin suppressed EMT in 5FUR cells by downregulating BMI1, SUZ12 and EZH2 transcripts,
key mediators of cancer stemness-related polycomb repressive complex subunits. Using a xenograft and mathematical
models, we further demonstrated that curcumin sensitized SFU to suppress tumor growth. We provide novel mechanistic
evidence for curcumin-mediated sensitization to SFU-related chemoresistance through suppression of EMT in 5FUR cells
via upregulation of EMT-suppressive miRNAs. This study highlights the potential therapeutic usefulness of curcumin as an
adjunct in patients with chemoresistant advanced CRC.

Introduction

Colorectal cancer (CRC) is one of the most common causes of (SFU) is an antimetabolite used as the first-line chemothera-
cancer-related deaths in the USA (1). Although chemotherapy for peutic agent of various cancers. However, the response rates
CRC has improved, resistance to chemotherapy remains a major of 5FU for advanced CRC is only 10-15% (2), whereas combin-
obstacle to obtaining a cure for this malignancy. 5-fluorouracil ing SFU with oxaliplatin or irinotecan have only improved the
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Abbreviations

SFU 5-fluorouracil

SFUR 5-fluorouracil resistant

CRC colorectal cancer

EMT epithelial-mesenchymal transition
miRNA microRNA

PRC polycomb repressive complex

response rates for patients with advanced CRC to 40-50% (3,4).
Furthermore, patients who respond to chemotherapy initially
will eventually acquire resistance to these treatments, and the
mechanisms underlying such acquired chemoresistance remain
unclear.

To gain mechanistic insights into chemoresistance in cancer
patients, cancer cell lines resistant to cytotoxic chemothera-
peutic drugs have been developed for few tumor types. These
cell lines feature an epithelial-mesenchymal transition (EMT)
phenotype and demonstrate resistance to different chemo-
therapies suggesting that EMT and chemoresistance are closely
inter-related processes (5,6). Loss of E-cadherin is a critical step
involved in EMT and is inhibited by zinc finger transcriptional
suppressors ZEB, TWIST, SNAIL and SLUG, as these function to
facilitate conversion of well-differentiated epithelial cells into
mesenchymal cells (7-9). Moreover, EMT is essential during
embryogenesis and induces phenotypic changes such as loss of
cell adhesion and polarity, and the acquisition of migratory and
invasive properties (10). Therefore, EMT is considered as a key
process for cancer stem cell generation (11).

MicroRNAs (miRNAs), which regulate expression of mul-
tiple genes by antisense complementarity to 3’-UTR region of
their target genes, have recently emerged as the major regu-
lators of EMT in embryonic development and cancer (12,13).
Well-established EMT-inducing transcription factors such as
SNAIL and ZEB1/2 have been shown to be tightly regulated by
miRNAs. In particular, the miR-200 family was identified as a
potent inducer of epithelial differentiation through suppres-
sion of ZEB1/2 (14-16). Similarly to the miR-200 family, miR-34
targets alternative EMT-inducing transcription factor, SNAIL, to
mediate mesenchymal-to-epithelial transition (MET) in cancer
(17). Although using EMT-suppressive miRNAs to treat patients
who develop drug resistance appears to have enormous thera-
peutic potential, these miRNAs also have the capacity to down-
regulate cancer unrelated genes which could lead to potential
adverse effects.

Curcumin, a derivative of the spice turmeric curcuma longa,
is a well-researched botanical with antitumorigenic proper-
ties (18). Recently, we and others have demonstrated that
curcumin enhances the sensitivity of cancer cells to chemo-
therapeutic drugs (19-22), but the mechanisms through which
this phenomenon occurs remain unclear. Herein, we for the
first time demonstrate that curcumin chemosensitizes CRC
cells to 5FU by suppression of EMT through upregulation of
EMT-suppressive miRNAs in 5-fluorouracil resistant (5FUR)
cell lines. Furthermore, we demonstrate that the curcumin-
mediated chemosensitization of S5FU-resistant cells can be
further controlled through modulation of miR-200c expres-
sion. Finally, quantifying the dynamics of tumor growth in
xenograft preclinical animal models, we demonstrate that cur-
cumin is able to re-sensitize CRC resistant cells to 5FU treat-
ment. Collectively, these data indicate that supplementation
of curcumin to patients receiving conventional chemotherapy
could tremendously benefit from the use of such a safe and
cost-effective adjunct treatment strategy.

Materials and methods

Cell lines and materials

HCT116 and SW480 CRC cells were purchased from ATCC. 5FU resistant
(SFUR) cell lines were established by a previously described method (19)
by treating them with increasing concentrations of SFU over a duration
of 9 months. All cell lines were grown in Iscove’s modified Dulbecco’s
medium (Invitrogen) with 10% fetal bovine serum and 1% penicillin and
streptomycin, and maintained at 37°C in a humidified incubator (5% CO,).
SFUR cells were maintained in medium containing 5 pM 5FU (Sigma-
Aldrich). All cell lines were routinely tested and authenticated using a
panel of genetic and epigenetic markers. Both 5FU and curcumin (BCM-95,
Dolcas Biotech) were dissolved in DMSO and diluted to appropriate con-
centrations with tissue culture medium.

Viability, cell cycle, apoptosis and clonogenic assays

Cell cytotoxicity was determined using the 3-(4,5-dimethylthiazole-
2-yl_2,5-diphenyl tetrazolium bromide (MTT)) assay as previously
described (23). Cells were incubated with various concentrations of cur-
cumin and/or 5FU for 72h. Optical density was determined using the
Infinite 200 Pro multi-reader and i-control 1.10 (Tecan Group Ltd,). The
combination index (CI) was calculated using Chou-Talalay equation (24)
at 50% inhibitory concentration to determine synergism between cur-
cumin and 5FU. Cell cycle analysis was conducted using the Cell Cycle
Assay Kit (Millipore) and apoptotic cell fraction was measured using the
Annexin V and Dead Cell Assay Kit (Millipore) according to the manu-
facturer’s instructions. In addition, apoptotic cells were evaluated using
the 4,6-diamidino-2-phenylindole (DAPI) nuclear staining assay as previ-
ously described (25). The cells were incubated with curcumin, 5FU or both
compounds for 24h and evaluated using fluorescence microscopy (Leica
Camera AG). Clonogenic assays were conducted as previously described
(23). The number of colonies (>50 cells) was counted using GeneTools
(Syngene). All experiments were conducted in replicates and at least three
independent times.

miRNA expression and transfection analyses

Expression of miRNAs was analyzed using the TagMan® real-time PCR
assay kit (Applied Biosystems) as previously described (26). Cells were
treated with curcumin (10 pM) and/or 5FU (10 pM) for 24h and RNA was
extracted using the miRNeasy Mini Kit (Qiagen). All data were analyzed
using AAC, method and normalized to RNU6EB. In order to transiently
induce or inhibit miR-200c expression, hsa-pre-miR-200c or hsa-anti-miR-
200c (Ambion), was used to transfect SFUR cells as previously described
(26). Verification of transfection efficiency was conducted using pre-miR-
negative-control 1 or anti-miR-negative-control 1 (Ambion), respectively.

Western blotting

Western immunoblotting experiments were performed as previously
described (27). Cells were treated with curcumin and/or 5FU for 24h. The
list of primary antibodies is provided in Supplementary Table 1, available
at Carcinogenesis Online and anti-mouse or anti-rabbit antibodies (Santa
Cruz Biotechnology) were used as secondary antibodies. All samples were
compared against -actin (Sigma-Aldrich) as a reference protein. The pro-
tein bands on the gels were visualized using GeneTools (Syngene).

Toluidine blue staining of 3D cultures

3D cultures were generated as previously described (22). Cell lines were
treated with curcumin (10 pM), SFU (10 pM) or both agents for 0, 1 or
3 days. The 3D cultures were embedded in Tissue-Tekcassette (Sakura
Finetek), cryopreserved at —80°C and cut into 5-7 pm sections using acry-
omicrotome (Zeiss). Slides were stained with toluidine blue and examined
under a light microscope (Leica) and number of apoptotic and degraded
cells were quantified manually. Each experiment was performed at least
in triplicate or more.

Animal experiments

The 5 week-old male athymic nude mice (Harlan Laboratories) were
housed under controlled conditions of light and fed ad libitum. Xenograft



tumors were generated by subcutaneous injection of 5x10° HCT116-5FUR
cells. Tumor volume was calculated using formula: (/6) (length x width x
height). Once average tumor size reached 50 mm?, animals were randomly
divided into four groups with 10 animals in each group: (i) control vehi-
cle (DMSO), (ii) 5FU (20mg/kg once every 2 days), (iii) Curcumin (50 mg/kg
daily) or (iv) 5FU and curcumin. All treatments were injected intraperito-
neally daily for 40 days before animals were euthanized; mice in the 5FU
group received DMSO every other day. Tumor samples were dissected and
stored in RNAlater (Sigma-Aldrich) for later analysis. The animal protocol
was approved by Institutional Animal Care and Use Committee, Baylor
Research Institute, Dallas, TX.

Mathematical modeling of tumor growth

The parameters underlying xenograft growth were estimated by fitting a
mathematical model to the data. The model contains two variables, the
resistant cell population, x, and the susceptible cell population y. The
model is given by the following pair of ordinary differential equations that
describe the development of these populations over time.

dx
- = '}esis(x
dr
dy
x [7 — d(®)]y,
gt”
here d(?) = ——.
whered() =

Resistant tumor cells grow with a rate r ., susceptible cells grow in
the absence of treatment at a rate r_ , and treatment reduces the growth
with a rate d(t). This is a time-dependent function (of the Hill type) to
account for the observation in the data that a response to treatment can
require a certain time-delay. The parameter k denotes the duration of the
time delay, and the parameter g denotes the maximal reduction in tumor
growth that is achieved after the time-delay. The Hill coefficient o deter-
mines how steeply the function d(t) rises from zero to g. The model was
fit to the data using least squares fitting procedures, implemented by the
software Berkeley-Madonna (Ver. 8.3.18, Berkeley, CA). The fitting proce-
dure was set up as follows. First, the Hill coefficient o was set to 3, and the
rest of the parameters obtained by fitting. Next, the Hill coefficient was
modified (first increased and then decreased with a fixed increment), and
the fitting procedure repeated. We observed that the goodness of fit (meas-
ured by the sum of squares), as a function of parameter «, exhibited a very
flat valley-like minimum around the value o = 3. Inside this valley, the
values of the fitted parameters were exceptionally stable in a wide range
of the Hill coefficient values. For values of a less than one and also for very
large values of a, the fit was significantly worse, and the fitted parameter
values diverged [the latter situation corresponds to a biologically unrealis-
tic situation of a ‘digital’ (not analogue) time-delay]. The parameter values
presented here correspond to the value o = 3.

Statistical analysis

All analyses were performed using GraphPad Prism Ver.6.0 (GraphPad
Software, Inc.). All data were expressed as mean + SEM with statistical
significance indicated when P < 0.05. Statistical comparisons were deter-
mined using unpaired t-test or one-way ANOVA with Tukey’s post hoc
tests.

Results

5FU resistant cells acquire mesenchymal
characteristics

Two primary CRC cell lines (HCT116 and SW480) were used
to generate 5FU resistant cells (SFUR) cells (Figure 1A). After
treating these cell lines with 5FU for over 9 months, both cell
lines developed altered cellular morphology resembling that of
their mesenchymal origin (Figure 1B). We found HCT116 cells
developed stronger acquired resistance to 5FU compared with
SW480 cell lines. This could be due to higher proliferation rate
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of HCT116-5FUR cell line compared with SW480-5FUR. We then
confirmed 5FU resistance of these cell lines by treating them and
their parental cell lines with increasing doses of 5FU and com-
pared their viability to their respective parental cell lines using
the MTT assay (Figure 1C). Since miRNAs are heavily involved in
the regulation of EMT, we assessed whether an EMT phenotype
acquired by these 5FUR cells reflected a change in the expression
of miRNAs related to EMT (Figure 1D).The expression of miR-
34a, miR-200c, miR-141, miR-429 and miR-101 was decreased in
HCT116-5FUR in comparison to its parental cell line, while the
SW480-5FUR cell line showed a significant decrease only in lev-
els of miR-34a, miR-200c and miR-429. Finally, we measured the
corresponding expression of proteins to ensure that the mesen-
chymal phenotype acquired by these cells. As expected loss of
E-cadherin protein expression, which is a critical event for EMT
was observed in 5FUR cell lines, while the ZEB1 protein was sig-
nificantly upregulated (Figure 1E).

Curcumin enhances sensitivity to 5FU in 5FUR
cell lines

In order to determine whether curcumin enhances the efficacy
of SFU, we assessed the cytotoxicity of both compounds individ-
ually and in combination using both parental and 5FUR HCT116
and SW480 cell lines. 5FU caused greater cytotoxicity than cur-
cumin in both parental cell lines, and the combination of the
two compounds moderately increased cytotoxicity (Figure 2A).
Chou-Talalay CI showed weak synergism between curcumin
and 5FU for HCT116 cell line, while the combined cytotoxicity
was additive for SW480 (Figure 2A insets). In contrast, curcumin
exerted greater cytotoxicity compared with 5FU in S5FUR cell
lines, while the combined curcumin and 5FU treatment further
enhanced cytotoxicity. The combined treatment resulted in sig-
nificant synergistic enhancement in cytotoxicity in both cell
lines (CI < 1), indicating that curcumin may sensitize S5FU in the
two chemoresistant cell lines (Figure 2A insets).

While MTT data suggests that SW480-5FUR cell line appears
to respond to 5FU treatment, these data are represented as com-
parison of cell growth over 3 day incubation between resistant cells
treated with 5FU compared with untreated controls. Hence these
cells are growing in the presence of 5FU, but at a slower rate. Next,
we evaluated the combinatorial effects of curcumin and 5FU on
cell growth/survival using a clonogenic assay. In the parental cell
lines, both 5FU and curcumin inhibited colony formation, while
the combined treatments effectively inhibited colony formation at
a low individual dose (Figure 2B). In contrast, SFU treatment was
less effective in inhibiting colony formation in 5FUR cell lines. The
addition of curcumin enhanced the ability of SFU to inhibit colony
formation compared with either treatment alone (Figure 2B).

Curcumin sensitized 5FUR cells and resulted in
enhanced apoptosis and cell cycle arrest

Next we assessed whether the synergy between curcumin and
SFU resulted in a corresponding increase in cellular apoptosis.
Consistent with our previous data, incubation with curcumin or
SFU enhanced apoptosis in parental cell lines (Figure 3A) and the
combination of the two agents further elevated the apoptotic cell
population (25). In contrast, incubation with S5FU alone did not
increase apoptosis in 5FUR cell lines, whereas curcumin enhanced
apoptosis. Although incubation of cells with 5FU had a limited
effect on apoptosis in 5FUR cell lines, combining curcumin and
SFU significantly elevated apoptosis. We then determined whether
the reduced rates of apoptosis observed in 5FUR cells resulted in
decreased caspase activity. Both Bcl-2 and Bcl-x;, anti-apoptotic



358

A Repeated over 9 months

Parental Cells Surviving
cells

===

d

collecte:
e

5FU (low dose)

HCT116

Grown in normal media

H .
1 Surviving cells

i collected 5FU-Resistant Cells

Passage
— e

t

5FU (increasing dose)

Sw480

5FUR

C HCT116 Parental
-~ Parenta
1007 = 5FUR
X 801
>
= 60
8
'S 404
8 20
0 ‘ k : : ; ,
0 5 10 15 20 25 30
5FU (uM)
D 15 HCT116 Il Parental

I 5FUR

Relative expression

Sw4s0 Il Parental

I 5FUR

Relative expression

Parental 5FUR

SW480
-e- Parental
1007 = 5FUR
X 80
g 60-
8
= 40
8 20
0 : . . . . )
0 5 10 15 20 25 30
5FU (uM)
HCT116 SwW480
s s
s 5 s 5
© [T © [T
o w o 0

E-cadherin

ZEB1 m\
B-actin M

Fig. 1. Chemoresistant colorectal cancer cell lines acquire mesenchymal phenotype. (A) Schematic diagram for the establishment of chemoresistant cell lines. (B)
Microscopic images illustrating SFUR cells in comparison to their parental counterparts (left HCT116, right SW480). (C) 5FU sensitivity in SFUR cell lines in comparison
to their respective parental controls. (D) qRT-PCR analysis of miRNA expression changes in 5FUR cell lines compared to parental cell lines. (E) Western blot analysis of

E-cadherin and ZEB1 of parental and 5FUR cell lines.*P < 0.05.

markers, were down-regulated by SFU in parental cell line,
whereas 5FU had limited effect on Bcl-2 and Bcl-x, expression in
the resistant cell line (Figure 3B). In contrast, 5FU downregulated
PARP1 in both parental and resistant cell lines indicating that SFU
can still inhibit DNA strand break repair in a resistant cell line. We

used DAPI staining to confirm that the apoptotic cell population
was reduced in 5FUR cells following SFU treatment, whereas the
combined treatment enhanced apoptosis (Figure 3C).

Next, we determined whether curcumin and 5FU exert anti-
tumorigenic effects through regulation of the cell cycle. 5FU is
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Fig. 2. Curcumin enhances 5FU sensitivity in colorectal cancer cells. (A) Cytotoxicity of curcumin and 5FU in HCT116 and SW480 and their respective resistant counter-
part cell lines treated with 2.5-30 pM of curcumin and/or S5FU. Inset: Synergy between curcumin and 5FU was calculated by CI. (B) Colony formation assays of HCT116

and SW480 and their respective SFUR cells treated with curcumin and/or 5FU.

a potent inducer of cell cycle arrest by inducing both G /G, and
G, arrest in CRC cells (28). In parental cell lines, 5FU treatment
induced significant alterations in cell cycle dynamics in the
parental HCT116 and SW480 cell lines (Figure 3D), whereas S5FU
treatment did not have any significant effect in SFUR cell lines. In
contrast, curcumin moderately affected the cell cycle distribution
in both parental and 5FUR cell lines. The combined treatment
with curcumin and 5FU significantly altered cell cycle phases
in both parental and resistant cell lines. These data indicate
that although 5FU treatment alone had little influence on cell
cycle regulation in S5FUR cells, combined treatment had a more

profound effect on cell cycle dynamics than curcumin treatment
alone. To further investigate the combined effects of curcumin
and 5FU, we compared the expression of key cell cycle-regulatory
proteins in parental and 5FUR cell lines (Figure 3E). In parental
cells, 5FU upregulated p21 expression, while inhibiting its down-
stream targets cMyc and Cyclin D1. In contrast, p21 and cMyc
expression remained unaffected by 5FU treatment in HCT116-
SFUR cells. The combined treatment resulted in enhanced upreg-
ulation of p21 in 5FUR cell lines while downregulating cMyc and
Cyclin D1, indicating that curcumin-mediated re-sensitization to
SFU may occur through p21-induced cell cycle arrest.
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Fig. 3. Curcumin, but not 5FU, induces cellular apoptosis and cell cycle arrest in SFU resistant cell lines. (A) Cells were stained with Annexin V and 7-AAD, and apoptotic
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combination, followed by staining with propidium iodide and subjected to flow cytometry analysis for the determination of DNA content. (E) Western blot analysis of

p21, cMyc and Cyclin D1 treated with curcumin and/or 5FU in HCT116 or HCT116-5FUR cell lines.*P < 0.05, **P < 0.01, ***P < 0.001 compared to control.

Curcumin, but not 5FU, inhibits EMT and upregulates displayed a mesenchymal phenotype, we investigated whether
EMT-suppressive miRNAs in 5FUR cell lines curcumin can induce epithelial differentiation. Since cur-

cumin is a potent inducer of cell death, it was hard to deline-
Recent reports indicate that curcumin inhibits EMT in breast ate whether curcumin alters mesenchymal phenotype of 5SFUR

and renal cancer cells (29,30). Considering 5FUR CRC cell lines cells to epithelial cells microscopically due to curcumin treated



cells undergoing various phases of apoptosis. Therefore, we
performed western blotting to determine whether curcumin
can downregulate a well-established EMT marker, ZEB1. Both
curcumin and 5FU treatments resulted in downregulation of
ZEB1 in parental cell lines (Figure 4A). However, such treatment
in 5FUR cell lines leads to upregulation of ZEB1 (Figure 4A), sug-
gesting that the cells that have adapted to regular S5FU treat-
ment may still be responsive to additional S5FU treatment
through upregulation of ZEB1. In contrast, curcumin treatment
downregulated ZEB1 expression in 5FUR cell lines, both indi-
vidually and in combination with 5FU, indicating that curcumin
may induce epithelial differentiation in chemoresistant CRC
cell lines. Given that miRNAs have emerged as the key regula-
tors of EMT, we next investigated whether curcumin treatment
modulates key EMT-suppressive miRNAs in 5FUR CRC cell lines.
We examined the miR-200 family cluster as well as other nota-
ble miRNAs involved in regulation of EMT and ‘stemness’ in
SFUR cell lines. Curcumin upregulated the expression of miR-
200b, miR-200c, miR-141, miR-429 and miR-101, whereas 5FU
treatment did not affect expression of these EMT-suppressive
miRNAs in 5FUR cells (Figure 4C). MiR-34a expression was the
only one upregulated in HCT116-5FUR cells, but not in SW480-
SFUR cell line. Since SW480 is p53-mutated, and miR-34a is
primarily upregulated by p53 (31), we suspect that curcumin
upregulates miR-34a through p53 activation. The expression of
these EMT-related miRNAs in the combined curcumin and 5FU
treatment group were similar to that of curcumin treatment
alone, indicating that curcumin, but not 5FU, regulates EMT-
suppressive miRNAs in SFUR cells. To confirm EMT suppressive
activity of curcumin in 5FUR cell lines, we used scratch assays
to show that curcumin treatment markedly reduced the ability
to migrate (data not shown), whereas S5FU treatment did not
affect cell migration.

Curcumin inhibits cancer stemness through
downregulation of the polycomb repressive complex

Considering EMT and stemness are strongly interrelated and
both mechanisms are major contributors to chemoresist-
ance (11), we investigated whether curcumin inhibits ‘cancer
stemness’ in CRC 5FUR cell lines. A previous study demon-
strated that EMT activity in cancer cells results in upregulation
of the polycomb group of epigenetic gene silencers, including
BMI-1, SUZ12 and EZH2 (32). Since many of the EMT and poly-
comb repressive complex (PRC) target genes are regulated by
the same cluster of EMT-suppressive miRNAs, we investigated
the expression of PRC subunits regulated by miRNAs identi-
fied in the present study in 5FUR cell lines. While curcumin
and the combined curcumin and 5FU treatments resulted in
downregulation of EZH2, BMI1, SUZ12 and RinglB (Figure 4B),
SFU treatment by itself did not alter the expression of PRC
subunits. Furthermore, we showed that inhibition of PRC sub-
units by curcumin in 5FUR cell lines resulted in downregula-
tion of H3K27me3 (Figure 4B). To ensure that curcumin targets
cells with stem-like properties we generated 3D cultures using
HCT116 and HCT116-5FUR cell lines. We have demonstrated
previously that HCT116-5FUR generated 3D cultures highly
expressing stem cell markers ALDH1, CD44 and CD133 (22).
While 5FU-induced apoptosis and cell degradation in 3D HCT
116 cultures, its effect was inhibited in HCT116-5FUR cultures
(Figure 4D). In contrast, the combined curcumin and 5FU treat-
ment resulted in a significant increase in apoptotic and necrotic
cells, confirming that curcumin can enhance SFU sensitivity
against 3D cultures.
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EMT-suppressive miRNA modulates 5FU
chemosensitivity in CRC cells

Next, we investigated whether modulation of EMT-suppressive
miRNAs expression in SFUR cell lines can regulate the efficacy
of 5FU. Since we identified that miR-200c was upregulated by
curcumin, we examined whether altering miR-200c expression
could modulate SFU sensitivity in 5FUR cell lines. Transient
knockdown of miR-200c in HCT116-5FUR (Supplementary
Figure 1A, available at Carcinogenesis Online) resulted in upreg-
ulation of ZEB1 and BMI1, both established direct targets of
miR-200c (Supplementary Figure 1B, available at Carcinogenesis
Online). Next we assessed the functional role of miR-200c in
SFUR cells by MTT and clonogenic assays. MiR-200c inhibi-
tion significantly increased S5FU resistance demonstrating
enhanced S5FU resistance in miR-200c-knockdown-5FUR cells
(Supplementary Figure 1C—left panel, available at Carcinogenesis
Online). We then treated these miR-200c-knockdown-HCT116-
SFUR cells with curcumin and/or 5FU to confirm that the che-
mosensitizing property of curcumin is not solely dependent on
miR-200c (Supplementary Figure 1C—right panel, available at
Carcinogenesis Online). Indeed curcumin and 5FU synergistically
enhanced cellular cytotoxicity in the miR-200c-knockdown-5FUR
cell line indicating that curcumin enhances chemosensitivity in
part through miR-200c (Supplementary Figure 1C—right inset,
available at Carcinogenesis Online). Clonogenic assays revealed
that miR-200c knockdown resulted in increased colony forming
ability. Inhibition of miR-200c expression in 5FUR cells not only
enhanced 5FU chemoresistance, but also increased resistance to
curcumin as well as the combined treatments (Supplementary
Figure 1D, available at Carcinogenesis Online). Similarly, miR-200c
knockdown in 5FUR cells contributed to attenuation of apop-
tosis in all treatment groups (Supplementary Figure 1E, avail-
able at Carcinogenesis Online). Since the efficacy of curcumin
was attenuated by downregulation of miR-200c, this suggests
that the antitumorigenic capacity of curcumin is at least in part
mediated through miR-200c.

We next investigated whether over-expression of miR-200c
can enhance 5FU sensitivity through inhibition of EMT in a 5SFUR
cell line. MiR-200c over-expression in HCT116-5FUR (Figure 5A)
resulted in upregulation of E-cadherin indicating suppression of
EMT, while ZEB1 and BMI1 were downregulated (Figure 5B). The
MTT assay confirmed that miR-200c over-expression enhanced
SFU sensitivity (Figure 5C, left panel), while the combination of
curcumin and S5FU synergistically enhanced cytotoxicity in these
cell lines (Figure 5C right panel and inset). Both clonogenic and
apoptosis assays confirmed that over-expression of miR-200c
enhanced curcumin and 5FU sensitivity in HCT116-5FUR cells
(Figure 5D and E). These data collectively demonstrated that
EMT-suppressive miRNAs can dictate sensitivity to SFU-based
chemotherapy.

Curcumin mediates 5FU sensitization in a xenograft
animal model

Finally, we determined whether curcumin can induce sen-
sitization to 5FU in a xenograft model. We generated chem-
oresistant xenograft tumors by injecting HCT116-5FUR cells
into athymic nude mice followed by curcumin and/or SFU
treatments (Figure 6A). Throughout the experiment, the body
weight of the animals was unaffected by any of the treat-
ments (Supplementary Figure 2A, available at Carcinogenesis
Online). Although the average tumor volume of 5FU treated
animals appeared to be lower than the vehicle treated animals,
no statistical differences were observed throughout the study
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(Figure 6B), indicating that these SFUR-derived tumors have
higher tolerance to 5FU treatment. In contrast, daily curcumin
treatment suppressed tumor growth compared with the con-
trol group (Figure 6B and C). The combined treatment with 5FU
and curcumin further attenuated tumor growth indicating that
curcumin mediates 5FU re-sensitization. In addition, miR-200c
expression was elevated in the combined curcumin and 5FU
treatment group in xenograft tumors confirming that curcumin

A miR-200c
500 s
c
2 400
8
S 300
x
)
2 200
S
o 100
i
0
©
N S
Aq.ﬂ’
N\
@'@
<

HCT116-5FUR

C 1201

1004

—o- Negative cont
- Pre-miR-200c

Cell viability (%)
8

363

treatment results in upregulation of miR-200c (Supplementary
Figure 2B, available at Carcinogenesis Online).

Next we used a mathematical model to estimate key param-
eters that underlie tumor growth dynamics following curcumin,
SFU and the combined treatments. The treated xenografts had
the tendency to first show a relatively short phase of decline,
followed by exponential growth (Figure 6D). We hypothesize
that this decline phase is due to the presence of susceptible cell
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populations within the xenograft, while the subsequent growth which translates into a tumor doubling time of ~10 days. For the
is caused by cell populations that reflect a degree of resist- susceptible subpopulation of cells, cells were assumed to grow
ance to the treatment. While resistant cell lines were used to at a rate r_, before treatment, and treatment was assumed to
initiate xenograft growth, the initial decline is probably due to cause a decline of this cell population, which is determined by
the generation of heterogeneity within the growing xenograft the rate constant g. Resistant cells, on the other hand, were
before treatment was started, which could have created some assumed to grow exponentially during treatment, described by
susceptible cell variants. Hence, a fraction of the cell popula- the rate constant r___. The parameter estimates for the differ-
tion f was assumed to be resistant to treatment, while a fraction ent treatment scenarios are shown in Supplementary Table 2,
1 - f was assumed to be susceptible. The following key param- available at Carcinogenesis Online, and the model fits to the data
eters were estimated: In the absence of treatment (control), cells are shown in Figure 6Dii-iv. For treatment with 5FU only, the
grew exponentially (Figure 6Di) with a rate r_, = 0.07 per day, fraction of the cell population that is resistant to the drug was
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tumor weight with treatments. (D) Mathematical modeling of xenograft tumor growth. All data are represented as normalized averages of the xenograft tumor sizes
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plotted individually as indicated. Squares represent observed data points, the thick solid line represents the best model fit. The parameter estimates are given in Sup-
plementary Table 2, available at Carcinogenesis Online. *P < 0.05, **P < 0.01, ***P < 0.001.



estimated to be 67%. This high fraction is expected because a
resistant cell line was used to initiate the xenograft. The minor-
ity population of susceptible cells was inhibited by the drug
with a rate g = 0.4 per day. Not surprisingly, the growth rate of
the resistant cell population, r__, was estimated to be iden-
tical to that of the control tumor in the absence of treatment
(Supplementary Table 2, available at Carcinogenesis Online). For
treatment with curcumin only, 16% of the tumor was estimated
to be resistant to treatment, that is the majority of the popu-
lation was susceptible. However, growth of the susceptible cell
population was reduced with a rate g = 0.1, which is lower than
observed for 5FU treatment. The growth rate of the resistant
cells was found to be higher than that of the control popula-
tion (Supplementary Table 2, available at Carcinogenesis Online).
Finally, while considering treatment with a combination of 5FU
and curcumin, the growth of the susceptible cell population was
inhibited with a rate g = 0.4, which is identical to the estimate
for 5FU treatment alone. About 39% of the tumor cell population
was estimated to be resistant. Interestingly, the growth rate of
the resistant cells was found to be only r_. = 0.045, which is
30% lower than the growth rate of the control population or the
growth rate of the resistant population in the presence of 5FU
only (Supplementary Table 2, available at Carcinogenesis Online).
Therefore, this analysis indicates that treatment with curcumin
modulates the degree of resistance of cells to 5FU. In particular,
it reduces the degree of resistance by 30%, thereby confirming
that curcumin not only sensitizes resistant cells to chemother-
apy in vitro, but also in vivo.

Discussion

In this study, we first demonstrate a novel molecular mecha-
nism for curcumin-mediated chemo-sensitization to 5FU in CRC
cell lines through inhibition of EMT. Using a series of system-
atic assays, we reveal that curcumin induced EMT suppression
corresponded with upregulation of multiple EMT-suppressive
miRNAs in S5FU-resistant (SFUR) CRC cells. Furthermore, cur-
cumin treatment resulted in the down-regulation of key PRC
subunits which are involved in mediating cancer stemness in
SFUR cell lines. Collectively, these results not only highlight cur-
cumin’s potential as an adjunct to conventional chemotherapy
in CRC patients, but also suggest that EMT-suppressive miRNAs
regulated by curcumin may also be exploited as potential thera-
peutic targets in patients who develop resistance to SFU-based
chemotherapy. Accordingly, we demonstrated that the altera-
tion of miR-200c expression, a key EMT-suppressive miRNA,
dictated SFU efficacy in 5FUR cells. Finally, by quantifying the
dynamics of tumor growth in a xenograft model and by estimat-
ing crucial parameters, we provided additional evidence for cur-
cumin-mediated inhibition of tumor growth, thus confirming
that curcumin acted as a chemosensitizer in this animal model.

Elucidating the mechanisms of chemoresistance is criti-
cal for development of effective therapeutic strategies. In this
study, we derived SFUR cells from common CRC cell lines to
investigate the combined effects of curcumin and 5FU. While
we primarily focused on the sensitivity of these compounds to
SFUR cells, further research is required to clarify how these cells
acquire resistance to chemotherapy drugs. 5FU resistance cell
lines were established from single cell clones, and these clones
were subsequently expanded over a period of several months.
In other words, although originally these cells originated from a
single clone, it is likely that over time these cell lines may have
evolved into heterogeneous clones, as reflected in our math-
ematical modeling data which indicates that 5FUR cells are
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heterogeneous and have varying response to 5FU. Furthermore,
for this particular study, we focused primarily on SFUR cell lines,
but we have tested response of these cell lines to other chemo-
therapeutic drugs such as oxaliplatin in the past in the context
of other chemopreventive compounds. Interestingly, we noticed
that 5FUR cell lines also demonstrated cross-resistance to other
drugs such as oxaliplatin in these models, highlighting the
involvement of common acquired resistance pathways in these
cell lines. Similarly, we found oxaliplatin and irinotecan resist-
ant cell lines which also demonstrate cross resistance to SFU.
Our findings are in line with a previous study which reported
similar cross drug resistance in CRC chemoresistant cell lines
(33).

Recently, it has become increasingly clear that EMT not only
plays important role in the progression and metastasis of can-
cer, but is also responsible for inducing the resistant phenotype
in cancer cells to conventional chemotherapy (34). In pancre-
atic cancer, ZEB1 has been identified as the major inducer of
EMT by down-regulating E-cadherin and subsequently promot-
ing chemoresistance (35). 5SFUR CRC cell lines generated in this
study displayed EMT characteristics such as elongated fibro-
blastoid shape and low expression of E-cadherin confirming
that EMT plays a critical role in CRC chemoresistance. Although
the mechanisms by which prolonged 5FU treatment leads to the
acquisition of EMT phenotype remain unknown, residual rem-
nants of cancer following conventional chemotherapy display a
mesenchymal phenotype (36). The present study demonstrates
for the first time that curcumin attenuated EMT in 5FUR CRC
cell lines, and also re-sensitized 5FUR cells to 5FU. Moreover, we
provide further insights into the potential EMT inhibitory mech-
anisms of curcumin by identifying a group of EMT-suppressive
miRNAs upregulated by curcumin.

We have recently demonstrated that curcumin targets cancer
stem-like cells in chemoresistant CRC cell lines (22). Alternation
from EMT to MET generates cellular plasticity in cancer cells,
which presumably contributes to higher cancer stem cell pop-
ulation in chemoresistant cells (37). The polycomb group is a
class of chromatin modifying enzymes which regulate gene
expression by methylating both DNA and core histones, and
this process has been shown to directly regulate developmen-
tal factors that maintain embryonic stem cell self-renewal and
pluripotency (38). PRC subunits such as BMI1 and EZH2 are often
over-expressed in various cancers (39) and are required for the
formation and maintenance of cancer stem cells (40). The pre-
sent study demonstrated that curcumin inhibited both PRC1 and
PRC2 by downregulating multiple PRC subunits in 5FUR cell lines
including BMI1, SUZ12 and EZH2. Since EMT and PRC are both, in
part, regulated by the same miRNAs (41), it is not surprising that
curcumin is capable of suppressing both pathways. We therefore
propose a potential mechanism in which curcumin sensitizes to
chemotherapeutic drugs such as 5FU by simultaneously target-
ing EMT and cancer stemness (Supplementary Figure 2C, avail-
able at Carcinogenesis Online). The ability of curcumin to reverse
EMT while targeting cancer stem cells could have significant
therapeutic implications in the management of CRC patients.

Modulation of EMT and elimination of cancer stem cells
while killing the bulk of the tumor cells using a combination of
drugs has been proposed as a key strategy for cancer treatment
(34). Accordingly, the present study supplemented conven-
tional chemotherapy with curcumin to induce differentiation
of mesenchymal-like cells and suppress cancer stemness. The
combined curcumin and 5FU treatment resulted in a syner-
gistic enhancement of cytotoxicity in SFUR cells confirming
that curcumin chemosensitizes to 5FU-based drug regimens.
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Furthermore, we alternatively explored this combinatorial
adjunctive therapeutic concept by examining the efficacy of
SFU in relation to the expression level of an EMT-suppressive
miRNA in 5FUR cells. As expected, miR-200c expression dic-
tated SFU sensitivity in chemoresistant cells confirming that
EMT-suppressive miRNAs could be used therapeutically as che-
mosensitizers. The miR-200 family is a well-established EMT
inhibitor, but there are conflicting data on the role of miR-200
as a suppressor or promoter of cancer (42,43), thereby rais-
ing concern over the therapeutic use of miRNAs, as they can
potentially downregulate key tumor suppressors. Interestingly,
botanicals such as curcumin regulate the expression of indi-
vidual miRNAs by a relatively small increment. However, these
botanicals have the ability to simultaneously regulate multiple
putative tumor suppressive and oncogenic miRNAs. Although
it is still unclear whether the combined modulation of miRNAs
or targeting one key miRNA has a superior therapeutic effect,
a recent study showed that coordinated regulation of multi-
ple miRNAs resulted in synergistic tumor growth suppression
in pancreatic cancer (44). In theory, co-regulation of multiple
miRNAs could minimize unwanted upregulation of oncogenes,
while maintaining upregulation of tumor suppressor genes.
Therefore, targeting multiple miRNAs could be more effective
and perhaps a safer strategy for CRC treatment than targeting
individual miRNAs.

The present study generated xenografts using 5FUR cells
to confirm the chemosensitizing property of curcumin in vivo.
Although it is difficult to convincingly correlate intraperitoneal
concentrations of curcumin to the equivalent in vitro concen-
tration, considering the challenges with curcumin absorption,
short half-life and the nature and spectrum of its metabolites
with antitumorigenic effects. In this study, the primary con-
siderations we had were to use lowest possible concentration
of each agent, and the dose that was consistent with previ-
ous studies (45-48). In addition using a dose translation from
animal to human, 50mg/kg curcumin dose in mice equates
to human equivalent dose of 283 mg (for a 70kg human body
weight), which is a physiologically achievable dose (49). In
order to quantify the chemosensitizing effect exerted by cur-
cumin, we fitted a mathematical model to the experimental
data to estimate key parameters. Our data revealed that SFU
is significantly more potent at inhibiting tumor growth com-
pared with curcumin, but had a low susceptible cell popula-
tion. In contrast curcumin treatment displayed a significantly
higher susceptible cell population, but low tumor growth
inhibitory rates compared with 5FU. The combined treatment
showed a reduction in the degree of S5FU resistance by approxi-
mately 30%, confirming that curcumin functions as a chemo-
sensitizer. Although curcumin has been shown to enhance
the antitumorigenic activity of paclitaxel and gemcitabine in
cervical and pancreatic cancer xenograft models (50,51), this
is the first in vivo study to confirm that curcumin acts as a
chemosensitizer.

In conclusion, we demonstrate that curcumin-mediated sen-
sitization to 5FU in CRC cells occurs through the suppression of
EMT and PRC, which are regulated by miRNAs. Together with the
demonstration that miR-200c expression dictates SFU sensitiv-
ity in CRC 5FUR cells, we highlighted the therapeutic potential
of curcumin through modulation of EMT-suppressive miRNAs.
Targeting both EMT and cancer stemness is proposed to be a
promising therapeutic strategy in overcoming chemoresistance,
and our study provides strong evidence for use of curcumin as an
adjunct to SFU-based chemotherapy in CRC—a strategy that may
eventually be applicable to other human tumors in future as well.

Supplementary material

Supplementary Tables 1 and 2 and Figures 1 and 2 can be found
at http://carcin.oxfordjournals.org/
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