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Curcumin derivative WZ35 efficiently suppresses colon
cancer progression through inducing ROS production
and ER stress-dependent apoptosis
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Abstract: Colon cancer is characterized by its fast progression and poor prognosis, and novel agents of treating
colon cancer are urgently needed. WZ35, a synthetic curcumin derivative, has been reported to exhibit promis-
ing antitumor activity. Here, we investigated the in vitro and in vivo activities of WZ35 and explored the underlying
mechanisms in colon cancer cell lines. WZ35 treatment significantly decreased the cell viability associated with
G2/M cell cycle arrest and apoptosis induction in colon cancer cell lines. We also show that WZ35 is highly effective
in inhibiting tumor growth in a CT26 xenograft mouse model. Mechanistically, WZ35 treatment significantly induced
reactive oxygen species (ROS) generation and endoplasmic reticulum (ER) stress in CT26 cells. Abrogation of ROS
production by N-acetylcysteine (NAC) co-treatment almost totally reversed the WZ35-induced cell apoptosis and ER
stress activation. Inhibition of p-PERK by GSK2606414 can significantly reverse WZ35-induced cell apoptosis in
CT26 cells. Taken together, the curcumin derivative WZ35 exhibited anti-tumor effects in colon cancer cells both in
vitro and in vivo, via a ROS-ER stress-mediated mechanism. These findings indicate that activating ROS generation
could be an important strategy for the treatment of colon cancers.
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Introduction

Colorectal carcinoma (CRC) is the third most
common malignancy and the second most
common cause of cancer death in the United
States [1]. The advanced high-grade disease is
correlated with increased metastasis and mor-
tality with a five-year survival rate less than
10% [2, 3]. Current treatment includes surgical
resection (debulking), followed by multi-agent
chemotherapy, to provide almost no benefit
because of the high recurrence rate, and a poor
prognosis. The morbidity of CRC is increasing
during recent years. However, the knowledge of
treatments is still limited [4]. Thus new thera-
peutic strategies of improving survival for the
patients with CRC are needed.

Curcumin, known as 1,7-bis(4-hydroxy-3meth-
oxyphenol)-1,6-heptadiene-3,5-dione, is obta-

ined and purified from a natural plant turmeric
(Curcuma longa). It has been widely studied for
its anti-inflammatory, anti-angiogenic, anti-oxi-
dative, and anti-cancer effects in Indian and
Chinese medicines [5]. Moreover, extensive
research has shown that curcumin possesses
anti-proliferative and anti-carcinogenic proper-
ties in a wide variety of cell lines and animals,
partly due to its ability to arrest the cell cycle,
induce apoptotic activity and inhibit the prolif-
eration and metastasis of tumor cells [6, 7].
However its chemical instability and fast metab-
olism limits the clinical efficacy. [8]. Various
approaches including chemical modification
have been investigated to overcome the limita-
tions of curcumin.

In the past several years, our lab has been
engaged in the chemical modification of cur-
cumin to design novel molecules with higher
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chemical stability and stronger pharmacologi-
cal effects than curcumin. Previously, a series
of mono-carbonyl analogs of curcumin were
synthesized and evaluated against various can-
cer cells [9]. Among them, compound 1-(4-hy-
droxy-3-methoxyphenyl)-5-(2-nitrophenyl)pen-
ta-1,4-dien-3-one (WZ35, Figure 1A) exhibited
high chemical stability and good cancer activi-
ty. Here, we investigate the anti-cancer ability
and mechanism of a curcumin analogue WZ35
in colon cancer cell lines. These results show
that the anti-colon cancer action of WZ35 could
be via the induction of intracellular reactive oxy-
gen species (ROS) generation, resulting in the
activation of endoplasmic reticulum (ER) stress-
dependent cell apoptosis. Our study not only
identifies WZ35 as a new candidate but also
reveals that ROS activation may be a feasible
strategy for the treatment of CRC.

Materials and methods
Materials and reagents

Curcumin was prepared in our lab. N-acetyl-
cysteine (NAC) and 3-[4,5-dimethylthiazol-2-
yl]12,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO).
WZz35 (>98% purity, HPLC). Primary antibodi-
es PERK, p-PERK (Thr980), p-elF2a, Cyclin B1,
Cdc2, Bax, Bcl-2, cleaved PARP and horserad-
ish peroxidase-conjugated goat anti-rabbit sec-
ondary antibody were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies
ATF-4, CHOP, cleaved Caspase-3 and GAPDH
were obtained from Cell Signaling Technology
(USA).

Cell culture

Three types of colon cancer cell lines were pur-
chased from the Institute of Biochemistry and
Cell Biology, Chinese Academy of Sciences.
Media RPMI-1640 for HCT116 and CT26 cells
and DMEM for SW620 cells were used and
supplemented with 10% fetal bovine serum
(FBS, Invitrogen, USA), penicillin (100 units/mL)
and streptomycin (100 pg/ml) (Invitrogen, USA).
Cells were grown at 37°C in a humidified atmo-
sphere of 5% CO,,.

Assessment of cell viability by MTT assay
The viability of the cultured cells was deter-

mined by MTT assay. Briefly, cells were seeded
in a 96-well plate. After culturing overnight,
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cells were treated with the drugs for 24 h. Then
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (Sigma-Aldrich) solution (5
mg/ml) was added at the indicated time points,
and cells were incubated for 4 h at 37°C in a
humidified atmosphere (5% CO,). Formazan
formed in living cells was dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich), and absor-
bance of the solution was measured at 490 nm
using a microplate reader (Reader 400 SFC,
Lab Instruments, Hamburg, Germany).

Cell cycle analysis

All the three colon cancer cell lines were treat-
ed with or without WZ35 and curcumin for 18 h.
The cells were harvested and washed twice
with PBS, then fixed in ice-cold 70% (v/v) etha-
nol for 16 h at 4°C. Before analysis, cells were
washed with PBS, stained with PI, and incubat-
ed for 30 min in darkness at 37°C, according to
the manufacturer’s instructions. The samples
were analysed by flow cytometry (BD, FACS
Calibur, San Jose, CA, USA) using Cell Quest
software.

Measurement of apoptosis by flow cytometry

Annexin V-FITC apoptosis detection kits were
used according to the manufacturer’s instruc-
tions to measure apoptosis. Cells were incubat-
ed with or without WZ35 for 24 h, collected
and washed with PBS, gently re-suspended in
annexin V binding buffer, and incubated with
annexin V-FITC/7-AAD. Flow cytometry was per-
formed using CellQuest Pro software (BD Sci-
ence Technology).

Measurement of intracellular reactive oxygen
species

The level of intracellular ROS was quantified
using a fluorescent probe 2070-Dichloroflu-
orescindiacetate (DCFH-DA Invitrogen). 2070-
Dichlorofluorescindiacetate is able to diffuse
through the cell membrane readily and is enzy-
matically hydrolyzed by intracellular esterases
to generate nonfluorescent DCFH, which is rap-
idly oxidized to highly fluorescent DCF in the
presence of intracellular ROS. After treatment
with or without WZ35 and curcumin for 8 h,
cells were harvested and incubated with with
10 mmol/L DCFH-DA in dark at 37°C. After
incubation for 30 min, cells were centrifuged,
and the pellet was washed twice with ice-cold
PBS and re-suspended in PBS, followed by flow
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cytometric analysis using FL-1 as a detector.
The fluorescence was analyzed using a FA-
CSCalibur flow cytometer (BD Biosciences, CA).

Western blot analysis

Cells or tissue samples were lysed in lysis buf-
fer. The lysates were then centrifuged, and the
protein content was quantified. Whole protein
(50 pg/lane) from each sample was separated
via SDS-polyacrylamide gel electrophoresis
(12-15%), and then transferred to a PVDF mem-
brane (Millipore, UK), followed by immunoblot-
ted with the corresponding antibodies. Non-
specific binding was avoided by blocking the
nitrocellulose membrane with 5% skimmed
milk in TBST for 1.5 h. TBST was used to dilute
primary and secondary antibodies. The mem-
branes were incubated with the primary anti-
bodies overnight at 4°C and in the secondary
antibody for 1 h at room temperature. The sig-
nals were detected using a chemiluminescence
kit (Bio-Rad). All the antibodies were obtained
from Cell Signaling Technology and Santa Cruz
Biotechnology (Santa Cruz, USA).

Immunofluorescence

Cells were grown in 35 mm-well chambered
slides. Treated or untreated cells were fixed
with paraformaldehyde (4%) and incubated wi-
th 100% methanol at -20°C for 5 min before
blocking with 1% fetal bovine serum (FBS).
Cells were then washed with cold PBS for 3
times and then incubated with respective pri-
mary antibodies overnight at 4°C; the next day
the cells were washed with PBS for 3 times
and incubated with fluorescein isothiocyanate
(FITC) conjugated goat anti-rabbit IgG (Era or
ERDb) at RT for 1 h, and then washed again with
PBS for three times. After washing, the cells
were stained with DAPI at RT for 5 min in dark.
Following incubation, the cells were washed
twice with PBS and immediately visualized un-
der fluorescence microscope (Zeiss LSM 700
confocal).

Electron microscopy

After treatment, the cells in 60-mm plates were
collected and fixed in phosphate buffer (pH 7.4)
containing 2.5% glutaraldehyde overnight at
4°C. The cells were postfixed in 1% 0sO, at
room temperature for 60 min, stained with 1%
uranyl acetate, dehydrated through graded ac-
etone solutions, and embedded in Epon. Aeras
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containing cells were block mounted and cut
into 70-nm sections, and examined with the
electron microscope (H-7500, Hitachi, Ibaraki,
Japan).

In vivo antitumor study

Animals: Five-week-old BalB/c female mice
(18-22 g) purchased from Vital River Labora-
tories (Beijing, China) were used in the present
investigation. Animals were housed at a con-
stant room temperature with a 12 h:12 h light/
dark cycle. Animals had free access to pellet
food and water. All the procedures of laboratory
animal care in research were approved by
Wenzhou Medical University Policy on the Care
and Use of Laboratory Animals.

Experimental design: BalB/c female mice were
divided into four groups (10 mice per group).
After subcutaneous inoculation of CT26 (5 x
10° cells in 100 yL of PBS/mouse), mice dev-
eloped palpable mass (tumor volume range
(100-220 mm?3). Animals received a single dose
treatment as described below:

Group | served as control (Vehicle Oral); Group
Il received WZ35 (25 mg/kg Oral); Group Il
received WZ35 (50 mg/kg Oral); Group IV
received Curcumin (50 mg/kg Oral);

Length and width of the tumor were measured
with the help of a digital vernier caliper. Tumor
volume of each animal was calculated using
the following formula:

Tumor volume (mm3) = Length (mm) x [Width
(mm?)] x 0.5

At the end of treatment, all the animals were
sacrificed, and tumor specimens were excised,
weighed and homogenized with protein isolat-
ing buffer. The homogenate was used for the
assessment of cleaved Caspase 3 activity and
cleaved PARP by western blot analysis. In addi-
tion, tumor specimens were fixed in neutral
10% buffered formalin (pH 7.2) for tunel sta-
ining.

TUNEL staining: Tunel staining was done with
One-step TUNEL apoptosis detection kit (Be-
yotime, Shanghai, China) according to the man-
ufacturer’s instructions. The cancer tissue slic-
es were put into xylene before different concen-
tration of ethanol to devaxing. After devaxing
incubated the slices with protease K (with no
Dnase) for 30 min. Slices were washed with
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Figure 1. WZ35 inhibits cell proliferation of colon cells. A. Chemical structures of WZ35 and curcumin. B, C. Effects
of WZ35 or curcumin on the proliferation of colon cancer cells. HCT116, SW620, or CT26 cells were incubated with
increasing doses of WZ35 or curcumin (1.25-20 uM) for 24 h, respectively. Cell viability was determined by MTT as-

say and the IC, values were calculated.

PBS for 3 times and then incubated with tunnel
detection of liquid at 37°C for 60 min in the
dark. Slices were examined using a Nikon mi-
croscope.

Statistical analysis

Data were collected from at least 3 indepen-
dent experiments for in vitro studies and 10
mice in each group for the in vivo studies, and
were presented as mean + SD. ANOVA and
Student’s ttest in GraphPad Pro software
(GraphPad, San Diego, CA) were used to ana-
lyze the statistical significance between sets of
data. Differences were considered to be signifi-
cant at P<0.05.

Results

In vitro studies: WZ35 inhibited colon cancer
cell proliferation and induced apoptotic death
and cell cycle arrest

Using MTT assay, we evaluated the direct effect
of WZ35 on the proliferation of colon cancer
cell lines: HCT116, SW620 and CT26. Cells
were treated with either vehicle (DMSO), in-
creasing concentrations of WZ35 (uM) or cur-
cumin for 24 h. WZ35 exposure for 24 h signifi-
cantly inhibited cell proliferation in a dose-
dependent manner, with the IC, values of 3.3
UM (HCT116), 2.7 uM (SW620), and 1.6 uM
(CT26), respectively (Figure 1C). Compared to
the natural product curcumin, WZ35 showed
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much stronger anti-proliferation activity (Figure
1B). In order to determine whether the cancer
cell proliferation inhibition by WZ35 was associ-
ated with apoptosis, three kinds of colon can-
cer cells were treated with DMSO, WZ35 and
curcumin for 24 h, and then were analyzed
using Annexin V-FITC/PIl-staining flow cytometry
(Figure 2A). Quantitative results showed that
treatment of colon cancer cells with different
concentrations of WZ35 resulted in a signifi-
cant increase in the number of apoptotic cells
in a dose-dependent manner compared with
curcumin and control group (Figure 2B). In
addition, Western Blot analysis of cell apopto-
sis-regulatory molecules demonstrated that
cleaved PARP, Bcl2, and Cleaved Caspase-3
were changed in all of three cancer cell lines
treated with WZ35 for 24 h in a dose-depen-
dent manner, while 20 yM curcumin treatment
showed litter effect on the levels of these pro-
teins (Figure 2C).

We also examined whether WZ35 induced cell
cycle arrest using Pl-staining flow cytometry in
three kinds of colon cancer cell lines. Expo-
nentially growing colon cancer cells were treat-
ed with WZ35 (2.5, 5, and 10 yM) and curcumin
(20 uM) for 18 h and then subjected to flow
cytometry. As shown in Figure 3A and 3C, the
cells treated with WZ35 were arrested in the
G2/M phase. Most of the untreated and cur-
cumin treated colon cancer cells were in the S
phase, while the cells treated with WZ35 (2.5,
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Figure 2. WZ35 induces apoptosis in colon cancer cells. A. Induction of apoptosis in colon cancer cells was de-
termined by flow cytometry after treatment with WZ35 (5 yM or 10 uM) and curcumin (20 uM) for 24 h. Similar
results were obtained in three independent experiments. B. The percentage of apoptotic cells in the treatment
groups was calculated. C. The three colon cancer cells were treated with WZ35 (2.5, 5 or 10 yM) or curcumin (20
uM) for 24 h. Whole-cell lysates were subjected to western blot to assess the expression of cell apoptosis related
proteins. GAPDH was used as internal control. Data represent similar results from three independent experiments.

**p<0.01; ***p<0.001, vs DMSO group.

5, and 10 uM) showed a significantly greater
proportion of cells in the G2/M phase in a
dose-dependent manner. Similar results were
observed in all three kinds of colon cancer
cells. We then examined the expression of cell
cycle-related proteins including MDM2, Cdc2,
and Cyclin B1 by Western Blot analysis. Com-
pared to the control and curcumin treated cells,
the WZ35-treated cells exhibited dose-depen-
dent decreases in the expression of MDM2,
Cdc2, and Cyclin B1, which is consistent with
the role of these proteins in the regulation of
cell cycle (Figure 3B).
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In vivo study: WZ35 significantly inhibits CT26
cell growth in mouse models

To validate the antitumor effect of WZ35 in
vivo, tumor xenografts transplanted by mouse
colon cancer CT26 cells were used. It was
found that the tumor volume in saline-treated
mice was time-dependent increased, 50 mg/
kg curcumin-treated tumor-bearing mice exhib-
ited significant tumor inhibitory effects from
post-treatment day 10 to 14 (Figure 4A), com-
pared to which tumor-bearing mice treated with
WZ35 at both 25 and 50 mg/kg showed much

Am J Cancer Res 2017;7(2):275-288
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Figure 3. WZ35 induces cell cycle arrest in colon cancer cells. A. Induction of cycle arrest in colon cancer cells was
determined by flow cytometry after treatment with WZ35 (2.5 uM, 5 uM or 10 yM) and curcumin (20 uM) for 18 h.
Similar results were obtained in three independent experiments. B. Expression of cell cycle relative proteins were
determined by western blot after treatment with WZ35 (2.5, 5.0 or 10 pM) or curcumin (20 uM) for 18 h. GAPDH was
used as internal control. C. The ratio of different cells phase was determined via GraphPad Prism.

better tumor suppressive effect (Figure 4A).
Sizes of the tumors in mice treated with WZ35
were visibly much smaller than those in control
and treated with curcumin (Figure 4B). The
result demonstrated that WZ35 significantly
inhibited tumor growth during the 2-week tre-
atment. This result was further confirmed by
quantitative analysis of the tumor weights (Fi-
gure 4C). In addition, none of the mice died dur-
ing the treatment and the body weight of the
mice was similar among all groups during the
period of 14-day treatment, indicating a good
safety profile of WZ35 at the indicated dosages
(Figure 4D). Western Blot and immunohisto-
chemistry analysis using the tumor tissues re-
vealed treatment with WZ35 at both dose lev-
els significantly increased the expression of
cleaved-PARP and cleaved-Caspase 3 in the
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tumor tissues compared to the vehicle and cur-
cumin groups (Figure 4F). Correspondingly, an
increased incidence of TUNEL-positive cells
was observed in the tumor tissues of WZ35-
treated mice in comparison with the tumor tis-
sues taken from vehicle and curcumin treat-
ed mice (Figure 4E). These data are consistent
with anti-proliferation activities of WZ35 in
vitro. In addition, WZ35 had more potent anti-
tumor activity than curcumin in vivo.

Mechanistic study: WZ35 induces colon can-
cer apoptotic death via evoking ROS genera-
tion and ER stress-related cell death pathway

Overproduction of ROS can induce apoptosis

through both extrinsic and intrinsic pathways.
Curcumin was reported to induce apoptosis by

Am J Cancer Res 2017;7(2):275-288
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Figure 4. WZ35 inhibits colon cancer tumor xenograft growth in vivo. A. Tumor volumes in WZ35 and curcumin treat-
ed mice were smaller than those of vehicle treated mice. CT26 cells were injected to the flaks of Balb/C mice and
the tumors were allowed to develop for 14 d. Subsequently, Balb/C mice bearing CT26 xenografts received WZ35
orally at the dose of 25 or 50 mg/kg or 50 mg/kg curcumin for a total of 14 days. Tumor volume was monitored. B,
C. On day 14, tumors were excised and subjected to weight analysis. D. Body weight of the Balb/C mice in vehicle
treated, WZ35 treated and curcumin treated mice. E. Tumor sections were performed for TUNEL staining analysis to
detect apoptotic cells. F. Western blot analysis on the expressions of caspase 3, GAPDH was used as protein loading
control, and tumor sections were stained with an anti-Cle-PARP Ab to detect PARP cleavage from respective tumor
tissue. *p<0.05; **p<0.01, vs control group.

stimulating the ROS formation [10]. WZ35- Pre-treatment of CT26 cells with a ROS inhibi-
treated cells showed an increased ROS produc- tor NAC, before the WZ35 treatment, complete-
tion in a dose-dependent manner (Figure 5A). ly blocked the WZ35-induced generation of
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Figure 5. WZ35 induces cytotoxicity in colon cancer cells is dependent on intracellular ROS generation and subse-
quent ER stress activation. A. Intracellular ROS generation induced by increasing doses of WZ35 was measured in
CT26 cells by staining with DCFH-DA (10 pM) and flow cytometry analysis. B. CT26 cells were pre-incubated with
5 mM NAC for 1 h before exposure to WZ35 (10 M) for 8 h. Intracellular ROS generation was measured by flow
cytometry. C. Blocking of ROS generation CT26 Cells were pre-incubated with or without 5 mM NAC for 1 h before ex-
posure to WZ35 (10 uM) for 24 h. Cell shape was observed. D. CT26 cells were pretreated with or without 5 mM NAC
for 1 h before exposure to WZ35. Percentage of cell apoptosis was determined by Annexin-V/PI staining and flow
cytometry. E. Effect of WZ35 on the morphology of endoplasmic reticulum in CT26 cells. Cells were pre-incubated
with or without 5 mM NAC for 1 h before exposure to WZ35 (10 uM) for 4 h. The morphology of endoplasmic

282 Am J Cancer Res 2017;7(2):275-288



ROS induction contributes to colon cancer treatment

reticulum in CT26 cells was examined with an electron microscope (x 10000 or x 30000). F. Effect of WZ35 on
CHOP expression in CT26 cells. Cells were pre-incubated with or without 5 mM NAC for 1 h before exposure to WZ35
(10 pM) for 12 h. The fluorescence of CHOP was observed through immunostaining and fluorescence microscope.

ROS as shown by DCF fluorescence assay
(Figure 5B). We also measured the apoptotic
cell rates using cell morphology and flow cytom-
etry in cancer cells treated with WZ35 alone,
and cancer cells pre-incubated with NAC. The
robust down-regulation of apoptotic cell rate
observed in cells with the NAC pre-incubation
further supports that ROS is involved in the
induction of apoptosis (Figure 5C, 5D).

Having clearly established that WZ35 can in-
duce apoptosis at least partially via induction
of ROS production in colon cancer cells, we fur-
ther investigated the underlying molecular me-
chanism of the cell death and ROS role in CT26
cell lines. ER stress has been considered as
a major pathway for ROS-mediated cell death
[11]. We first examined the effect of WZ35 on
the morphology of ER in CT26 cells by electron
microscopy. Figure 5E shows that ER was sm-
ooth (the arrow) in vehicle-treated CT26 cells,
while 4 h after the treatment with WZ35 (10
uM), the ER in CT26 cells became swelling
(arrow), suggesting the accumulation of mis-
folded protein in ER. NAC pretreatment could
totally block the ER swelling (Figure 5E). CHOP
is a hallmark in ER stress activation and ER
stress-induced apoptosis. We then determined
the CHOP expression in CT26 cells treated with
WZ35/NAC by immunofluorescence. Figure 5F
depicts that WZ35 treatment significantly in-
creased CHOP expression, while pretreatment
with NAC completely abrogated the CHOP in-
duction in CT26 cells. These results demon-
strate that WZ35 could activate ER stress in
CT26 cells, which is mediated by ROS gene-
ration.

We further analyzed the expression of the fol-
lowing key signal transduction molecules in
pro-apoptotic ER stress pathway: protein ki-
nase RNA (PKR), ER kinase (PERK), eukaryotic
initiation factor 2 (elF2a), activating transcrip-
tion factor 4 (ATF4), and growth arrest and DNA
damage-inducible gene 153 (GADD153/CHOP).
Expressions of p-PERK and p-elF2a increased
in 1 h upon the WZ35 treatment (Figure 6A), so
were for ATF4 in 3-6 h and CHOP in 12 h upon
the WZ35 treatment (Figure 6A). The time se-
quence is consistent with the notion that ATF4
is an upstream mediator of CHOP and down-
stream effector of P-PERK and p-elF2a. Then
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we carried out the WZ35 dose-effect study for
the expression of these four proteins in CT26
cells. WZ35 treatment for respective time do-
se-dependently increased the expression of p-
PERK, p-elF2a, ATF-4, and CHOP, while treat-
ment with curcumin at 20 yM showed slightly
activation of ER stress (Figure 6B). The data
also show that the WZ35 induced a time-series
cascade activation of p-PERK and p-elF2a in 1
h, ATF-4 in 3-6 h, and CHOP in 12 h.

Given that CHOP and ATF4 are key proteins in
the ER stress pathway, next we tested whether
the induction of ER stress is also related to
WZ35-stimuated ROS generation. We pretreat-
ed the cells with 5 mM NAC 1 h prior to the
treatment of WZ35. The results show that pre-
incubation with NAC completely blocked the
expression of CHOP induced by WZ35, and sig-
nificantly attenuated the expression of ATF4
(Figure 6C), indicating the causative of ROS
for the WZ35-induced ER stress. To determine
whether ER stress is a direct cause for WZ35 to
induce apoptotic death in colon cancer cells, a
small PERK inhibitor GSK2606414 was used.
After pre-incubation with GSK2606414, PERK
phosphorylation was significantly reduced in
WZ35-treated cells, so was the overexpression
of its down-stream effector CHOP (Figure 6D).
The down-regulation of p-PERK and CHOP by
GSK2606414 in WZ35-treated cells resulted in
a high survival rate of CT26 cells compared
with the group that was treated with WZ35
alone (Figure 6E). Such results indicate that ER
stress signaling activation at least partly medi-
ated the CT26 cell apoptosis induced by WZ35.

Discussion and conclusions

As one of the most common malignant tumors,
colon cancer is characterized by its fast pro-
gression and poor prognosis. Currently, though
surgical operation is the main effective treat-
ment option for colon, assisted therapies such
as chemotherapy and radiotherapy are still
indispensable, especially for patients at ad-
vanced stage [12]. Extensive efforts have been
put on discovering new targets and molecular
pathways to develop novel drugs. Curcumin has
been widely reported for its anti-cancer proper-
ties in various cancers. However, poor pharma-
cokinetic profiles limit its clinical application. In
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Figure 6. ER stress is involved in WZ35-induced colon cancer cells apoptosis. A. CT26 cells were treated with
Wz35 (10 uM) for different time, the protein levels of P-elF2«a, P-PERK, ATF4 and CHOP were determined by west-
ern blot. B. CT26 cells were treated with WZ35 (2.5, 5 or 10 yM) or curcumin (20 uM) for indicated time, the
expression of p-elF2a«, p-PERK, ATF4 and CHOP were detected by western blot. GAPDH was used as internal control.
C. CT26 cells were pre-incubated with 5 mM NAC for 1 h before treated with WZ35 (10 uM) for 4 or 12 hours. The
expression of ATF-4 or CHOP was detected by western blot assay. D. CT26 cells were incubated with p-PERK inhibitor
(GSK2606414), the expression of p-PERK or CHOP in CT26 cells was determined by western blot after stimulation
with WZ35 (10 uM) for 2 h or 12 h. E. CT26 cells were pre-incubated with 2 yM GSK2606414 for 2 h before treated
with WZ35 or were only treated with WZ35 for 24 h. Cell viability was determined by MTT assay.

the present study, we investigated the effects Although curcumin has been reported to be
of WZ35, an anolog of curcumin, on colon can- able to induce a broad range of cancer cell
cer cells and xenograft tumors, as well as the death both the in vitro and in vivo, it only
underlying signaling pathways and mecha- showed a modest inhibition of colon cancer cell
nisms. The results show that WZ35 had excel- proliferation in vitro in this study (Figure 1C).
lent anticancer effects against colon cancer Previously, we have demonstrated that WZ35 is
both in vitro and in vivo, possibly via inducing a chemically stable mono-carbonyl analog of
ROS production to trigger ER stress-dependent curcumin that has anti-proliferative effects in
apoptosis, accompanied with cell cycle arrest. gastric cancer cell lines [13]. Here, we found
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that WZ35 was much more potent than cur-
cumin in inducing cell apoptosis (Figure 2)
and cell cycle arrest (Figure 3) in all three colon
cancer cell lines. Figure 3 suggests that WZ35
could induce G2/M phase cell cycle arrest in
colon cancer cell lines, which is consistent with
the result in gastric cancer cells [13]. Strikingly,
treatment with WZ35 dramatically suppresses
the expression of MDM-2, CyclinB1 and Cdc2,
all of which are correlated with the cell cycle
arrest (Figure 3). Coincide with the cell cycle
arrest, the activation of Caspase-3 and PARP
were also observed in the cell apoptosis in-
duced by the WZ35 treatment in all three colon
cancer cell lines (Figure 2). Compared with
WZz35, curcumin (20 pM) showed much less
potent anti-cancer effects on both cell cycle
arrest and apoptosis.

ROS are highly reactive oxygen free radicals
and mainly originated from NADPH oxidase
(NOX) and mitochondria [14]. ROS act as impor-
tant multi-faceted signalling molecules that
regulate multiple cellular pathways and play
key roles in cell fate determination [15]. It is
well known that accumulation of ROS can result
in oxidative stress, impairment of cell function,
and necrosis or apoptosis. Accumulating evi-
dence suggest that the excessive oxidative
stress could be an effective strategy to elimi-
nate cancer cells [16]. Agents with the potential
of inducing ROS generation have demonstrated
anti-cancer effects in colon cancer cells [17-
19]. Previous studies have demonstrated that
ROS production play a vital role in curcumin-
triggered apoptosis in some cells [20]. Herein,
an increased ROS production was also ob-
served in the WZ35-treated CT26 cells (Figure
5A and 5B). Importantly, abrogation of ROS pro-
duction by NAC co-treatment almost totally
reversed the WZ35-induced cell apoptosis,
suggesting a significant role of ROS in mediat-
ing WZ35-induced cell death (Figure 5C, 5D).
Our results further validated that the induction
of ROS could be a good strategy for colon can-
cer therapy.

After ROS overproduction, a series of pro-apop-
totic signaling pathways including ER stress
were activated [21]. ER stress is a highly con-
served cellular defense mechanism that res-
ponds to perturbations of ER function [22].
ROS can be an essential event that leads to
protein misfolding in ER and ER stress-induced
apoptosis [23]. Through the initiation of ER
stress, ROS can affect a broad range of cellular
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pathways including modulate cell cycle arrest,
cell differentiation and canonical apoptotic
pathways [24]. We also found that blockage of
ROS production by NAC totally blocked WZ35's
induction of ER stress activation (Figures 5E,
5F and 6C). In addition, ER stress-induced can-
cer cell apoptosis becomes an important sig-
naling target for development of cancer thera-
peutic drugs [25]. The inductions of cancer cell
apoptosis by some anti-cancer agents such as
paclitaxel [26], farnesol [27] and polyphyllin D
[28] have been reported to be mediated by ER
stress. These observations in turn raised the
question of whether or not the pro-apoptotic
action of WZ35 is associated with ER stress
signalling pathways mediated by ROS.

Prolonged activation of unfolded protein re-
sponse (UPR) leads to excessive ER stress, and
activates apoptotic pathways in mammalian
cells [29]. Once the UPR signaling pathway is
activated, PERK, which is a typical member of
UPR, is activated and then phosphorylates the
subunit of elF2a [30]. Phosphorylation of elF2a
up-regulates ATF4 expression. In the commit-
ment phase of ER stress-induced apoptosis,
signaling through ATF-4 can trigger pro-apop-
totic signals via activation of downstream tran-
scriptional factor CHOP, triggering ER stress-
specific cascade for implementation of cell
apoptosis [31]. Recently, it was reported that
curcumin exerts pro-apoptotic effects by induc-
ing endoplasmic reticulum (ER) stress in hum-
an leukemia HL-60 cells [32], human lung car-
cinoma NCI-H460 cells [33], A549 cells and
mouse melanoma cells [34]. To confirm wheth-
er WZ35-induced cell apoptosis is ER stress-
related, we evaluated the effect of WZ35 on the
morphology of ER in CT26 cells. Our data show
that treatment with WZ35 (10 uM) for 4 h
induced a significant swelling of the ER in CT26
cells, suggesting an accumulation of misfolded
protein in ER (Figure 5E). Using western blot
analysis, we found a time-dependent activation
of ER stress-related pro-apoptotic signaling,
including p-PERK and p-elF2a (1 h treatment),
ATF-4 (3-6 h treatment), and CHOP (12 h treat-
ment) in WZ35-treated CT26 cells. These re-
sults show that the WZ35 induced ER stress
from initiation to commitment, and finally to
execution of ER stress-related apoptosis in a
time-dependent manner (Figure 6). Therefore,
ER stress was possibly involved in WZ35-in-
duced colon cancer cell apoptosis. We further
examine whether or not WZ35-induced cell
apoptosis is ER stress-dependent. CT26 cells
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were pre-treated with a PERK inhibitor. In-
hibition of p-PERK by GSK2606414 can signifi-
cantly inhibit WZ35-induced CHOP expression
and cell apoptosis in CT26 cells, suggesting
that the anti-tumor effects of WZ35 is at least
partially ER stress-dependent (Figure 6D and
6E). In addition, the results in Figure 6E sug-
gest that ER stress is not the sole ROS-
downstream pathway mediating the effect of
Wz35.

The activation of ROS-mediated apoptosis in
cancer cells may open up the possibility to
extend the therapeutic options for WZ35 in
colon cancer treatment. Indeed, besides the
cellular effects, we have shown that WZ35 is
highly effective in inhibiting tumor growth in a
CT26 xenograft mouse model (Figure 4). In
addition, WZ35 exhibited a good safety profile
(Figure 4D). Taken together, the novel com-
pound WZ35 exhibited anti-tumor effects in
colon cancer cells both in vitro and in vivo, via
ROS-ER stress-mediated mechanism. These
properties of WZ35 could be further explored in
the development of effective anticancer agents
for the treatment of human colon cancer. The
findings also indicate that activating ROS gen-
eration could be an important strategy for the
treatment of colon cancers. However, despite
the current data, the direct molecular target
and the ROS-producing mechanism of WZ35
remain unclear. Therefore, further studies are
necessary to establish this concept definitively,
and to evaluate the in vivo pharmacodynamics
of WZ35 as a candidate.
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