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Cinnamtannin B-1 inhibits cell survival molecules
and induces apoptosis in colon cancer
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Abstract. Colon cancer patients receiving chemotherapy
continue to be burdened with therapeutic failure and adverse
sideeffects,yielding aneed to develop more effective treatments.
The present study investigates Cinnamtannin B-1 (CTB-1)
as a potential low-toxicity therapeutic alternative for colon
cancer. CTB-1-treated DLD-1, COLO 201 and HCT-116
(WT p53 and p53 null) colon cancer cells and CCD 841
CoN normal colon epithelial cells were assessed for changes
in survival using MTT assay. The effects of CTB-1 on cell
cycle progression and the apoptosis of colon cancer cells were
measured using flow cytometry and/or immunofluorescence.
The expression profiles of cell survival molecules, particularly
apoptotic proteins, in the colon cancer cells were evaluated
following CTB-1 treatment via antibody array, then validated
by western blot analysis. Additionally, the potential synergy
between CTB-1 and 5-fluorouracil (5-FU), a conventional
chemotherapeutic agent used in the treatment of colon cancer,
against colon cancer cells was assessed using MTT assay and
Calcusyn software. The results revealed that CTB-1 signifi-
cantly decreased the survival of the DLD-1, COLO 201 and
HCT-116 cells in a time and/or dose-dependent manner, with
minimal cytotoxicity to normal colon cells. CTB-1 treat-
ment was shown to induce cell cycle arrest and apoptosis of
DLD-1 and COLO 201 cells. Of note, CTB-1 modulated the
expression of several cell survival molecules, which tend to be
deregulated in colon cancer, including p53, a key transcription
factor involved in apoptosis. The downstream regulation of
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Bcl-2 and Bak expression, as well as cytochrome c release into
the cytosol, was also observed following CTB-1 treatment.
Furthermore, CTB-1 was shown to significantly enhance
the potency of 5-FU via a synergistic drug interaction. This
study reveals for the first time, to the best of our knowledge,
the ability of CTB-1 to decrease the survival of colon cancer
cells through pro-apoptotic mechanisms and display synergy
with conventional chemotherapy, demonstrating the potential
therapeutic benefit of CTB-1 in colon cancer.

Introduction

Colon cancer continues to be a major health concern, due
to high rates of incidence and mortality (1,2). Current treat-
ments for advanced-stage colon cancer are limited in their
capacity to target tumor cells employing adaptive mechanisms
necessary for survival, often resulting in the recurrence of
disease and a poor prognosis. In addition, the adverse side
effects from toxicity associated with conventional treatment
approaches continue to hinder the quality of life for vulnerable
patients (3-6). Therefore, it is critical to develop novel thera-
peutic approaches targeting pro-survival mechanisms in colon
cancer that are also less toxic.

Conventional chemotherapeutic drugs are commonly used
in combination as a neoadjuvant and/or adjuvant treatment
for advanced-stage colon cancer, or when surgical resec-
tion and radiation are no longer deemed effective treatment
options. Several combination chemotherapy regimens may be
considered, with each of these regimens commonly consisting
of two or three drugs with different mechanisms of action.
In the United States, advanced-stage colon cancer patients
are generally offered conventional chemotherapies, such as
5-flurouracil (5-FU), oxaliplatin, or a combination of both as
a first-line regimen, which has shown success in prolonging
patient survival, but still leaves the patient vulnerable to
recurrence of the disease (3). In addition, the conventional
regimens are also associated with high costs and a multitude of
debilitating side effects which can hinder the quality of life of
patients (7). Of note, recent studies have demonstrated the use
of natural plant products, such as flavonoids, in combination
with conventional chemotherapy, as a therapeutic strategy to
mitigate toxicity and enhance efficacy (8-11). These findings
show the potential for natural plant products to help increase
survival and improve the quality of life of colon cancer
patients, and provide the basis for further investigation into
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combinations of other natural agents and conventional chemo-
therapy in colon cancer.

Proanthocyanidins are naturally occurring polyphenolic
bioflavonoids, which are diverse in biological function (12,13).
Both in vitro and in vivo experimental data support the anti-
cancer capacity of proanthocyanidins, as they have been shown
to reduce survival of tumor cells by inducing cell cycle arrest
and apoptosis (14-18). Multiple studies have also revealed the
various molecular targets of proanthocyanidins, which could
prove to be useful in the prevention or treatment of different
cancers (19-22). Although numerous proanthocyanidins have
been identified, grape seed proanthocyanidins have been more
extensively studied for their anti-cancer effects, as compared
with many which have yet to be holistically evaluated in
different types of cancer.

Cinnamtannin B-1 (CTB-1) is a naturally occurring
trimeric proanthocyanidin, present in a limited number of
plants, including Cinnamomum zeylanicum and Laurus
nobilis (23,24). CTB-1 has been mostly studied for its ability to
inhibit platelet aggregation and potentiate the action of insulin,
likely due to its antioxidant properties (25-28). Researchers
have also investigated the anti-cancer properties of CTB-1,
revealing its cytotoxicity in melanoma cells, and its capacity to
induce cell cycle arrest and apoptosis in hepatocellular carci-
noma and cervical cancer cells (29,30). Given the observed
efficacy of CTB-1 in a select number of cancers, further studies
are warranted to determine its efficacy and mechanism of
action in other cancers, particularly colon cancer. The current
study investigated the anti-survival and pro-apoptotic effects
of CTB-1 in colon cancer, while also elucidating cellular
and molecular mechanisms underlying CTB-1 function and
evaluating the potential for CTB-1 to enhance the potency of
conventional chemotherapy. Collectively, these findings, for
the first time, at least to the best of our knowledge, implicate
CTB-1 as a potential therapeutic alternative to improve colon
cancer outcomes.

Materials and methods

Materials. CTB-1, isolated from the L. nobilis plant, was
purchased from Enzo Life Sciences (Farmingdale, NY, USA),
and was dissolved in DMSO (Corning Life Sciences, Corning,
NY, USA). 5-Fluorouracil (5-FU) was purchased from Sigma-
Aldrich (St. Louis, MO, USA) and was also dissolved in
DMSO. For western blot analysis, p53 rabbit antibody (Ab;
cat. no. 2527P), phospho-p53 (Ser6) rabbit Ab (cat. no. 9285P),
phospho-p53 (Ser9) rabbit Ab (cat. no. 9288P), Bak (D4E4)
rabbit monoclonal antibody (mAb; cat. no. 12105P), cyto-
chrome c rabbit Ab (cat. no. 11940S), GAPDH (D16H11) XP®
rabbit mAb (cat. no. 5174S), anti-rabbit [gG HRP-linked Ab
(cat. no. 7074P2), and anti-mouse IgG HRP-linked Ab (cat.
no. 7076P2) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-mouse Bcl-2 mAb (cat. no. 05-826)
was purchased from Thermo Fisher Scientific, Inc. (Waltham,
MA, USA). Primary antibodies were diluted 1:1,000 and
secondary antibodies were diluted 1:2,000 in 5% non-fat milk
dissolved in TBS with 0.1% Tween-20. For immunofluores-
cence, PE-Annexin V Ab (cat. no. 640908) was purchased
from Biolegend (San Diego, CA, USA) and used at a concen-
tration of 5 pg/ml. The ProLong™ Gold Antifade Mountant
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with DAPI for nuclear stain was purchased from Thermo
Fisher Scientific, Inc.

Cell lines and cell culture. Normal colon epithelial cells
(CCD 841 CoN) and colon cancer cells (DLD-1 from node-
positive adenocarcinoma patients; and COLO 201 cells
from adenocarcinoma patients with distant metastases) were
obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). These cell lines were cultured in
RPMI-1640 medium (Corning Cellgro, Manassas, VA, USA)
supplemented with 10% fetal bovine serum (FBS), 100 pzg/ml of
streptomycin and 100 U/ml of penicillin (both from HyClone,
Pittsburgh, PA, USA). Wild-type p53 and p53-null HCT-116
colorectal carcinoma cells were generously donated by
Dr Upender Manne (University of Alabama at Birmingham,
Birmingham, AL, USA) and cultured in McCoy's 5A medium
(ATCC) supplemented with glutamine, penicillin/streptomycin
and 10% FBS. All cells were maintained at 37°C with 5% CO,,
and cultured in either RPMI-1640 or McCoy's SA media with
1% FBS, 24 h prior to each experiment.

Cell viability. The effect of CTB-1, either alone or in combina-
tion with 5-FU, on colon cancer cell survival, was assessed by
cell viability assay using the tetrazolium dye, MTT. Briefly,
normal colon epithelial cells or colon cancer cells (5x10%) were
cultured in triplicate in a 96-well plate for 24 h at 37°C with
5% CO,. Cells were then treated with increasing concentrations
of CTB-1 (10, 20, 50 and 100 uM) or an equivalent dilution
of the DMSO vehicle control for 24, 48 and 72 h. For drug
combination experiments, cells were treated with increasing
concentrations of 5-FU (10, 20 and 40 uM) alone, 5-FU in
combination (1:1) with CTB-1 (10, 20 and 40 yM), or an equiv-
alent dilution of the DMSO vehicle control for 72 h. To each
well, 20 ul of MTT reagent (0.5 mg/ml in 1X PBS) was added
following treatment, followed by incubation for 2 h to allow
the formation of insoluble formazan crystals. The media was
then discarded, and DMSO was added to dissolve formazan
crystals. The optical density was measured at 570 nm using
a SpectraMax M5 spectrophotometer (Molecular Devices,
San Jose, CA, USA). All concentrations were tested in quadru-
plicate and experiments were repeated 3 times.

Flow cytometric analysis. To ascertain the effects of CTB-1 on
cell cycle progression and apoptosis, DLD-1 and COLO 201
colon cancer cells were treated with CTB-1 (20 or 40 uM) or
the vehicle control for 24 h (cell cycle) or 48 h (apoptosis). The
range of CTB-1 concentrations was selected based on subop-
timal (20 pM) and above-optimal (40 #M) concentrations
relative to the half maximal effective concentration (ECs;)
values determined from the cell viability assay, and the time
points based on the inferred sequence and timing of intracel-
lular biological events. For cell cycle analysis, 1x10° cells were
harvested and washed 3 times with fluorescence-activated cell-
sorting (FACS) buffer (PBS supplemented with 2% FBS). Cells
were then stained with propidium iodide containing RNase
(Cell Signaling Technology, Danvers, MA, USA) according to
the manufacturer's instructions. To assess the populations of
apoptotic cells following CTB-1 treatment, cells were harvested
and washed in ice-cold PBS. Subsequently, 1x10° cells were
stained with PE-Annexin V and 7-aminoactinomycin D
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(7-AAD) using the PE-Annexin V Apoptosis Detection
kit I (BD Biosciences, San Jose, CA, USA), according to
the manufacturer's instructions. The fluorescent intensity of
the stained cells was acquired (20,000 events/sample) using
a Guava flow cytometer (Millipore, Billerica, MA, USA)
and analyzed using FlowJo 10.0.06 software (Treestar Inc.,
Ashland, OR, USA). Apoptotic cells could be grouped into
early-stage apoptosis (Annexin V* and 7-AAD") and late-stage
apoptosis (Annexin V* and 7-AAD") shown in the lower right
and upper right quadrants of the FACS dot plots, respectively.
The experiment was repeated 3 times for both cell cycle and
apoptotic analyses.

Immunofluorescence. To determine the effect of CTB-1 on
apoptosis, colon cancer cells (DLD-1 and COLO 201) were
cultured on Nunc™ Lab-Tek™ II Chamber Slides™ (Thermo
Fisher Scientific, Inc.) and then treated with CTB-1 (20 or
40 uM) or the vehicle control for 48 h. Following treatment,
cells were washed twice with ice-cold PBS and once with
1X Annexin V Binding Buffer (BD Biosciences). Cells were
then incubated with the PE-conjugated Annexin V primary
antibody for 20 min. Samples were then mounted on a slide
with ProLong™ Gold Antifade Mountant with the nuclear
stain DAPI. Images were acquired using Observer.Z1 micro-
scope (Carl Zeiss Microscopy GmbH, Konigsallee, Germany).

Antibody array. Antibody microarrays (cat. no. APP069 and
PCCO076; Full Moon Biosystems, Inc., Sunnyvale, CA, USA)
were used to determine the changes in the expression and
phosphorylation profile of molecules involved in survival
and apoptosis in colon cancer cells (DLD-1 and COLO 201)
following CTB-1 treatment. The array layout consisted of
highly specific and well characterized antibodies against
apoptosis and cell cycle markers, each replicated 6 times, with
B-actin and GAPDH as controls. Briefly, colon cancer cells
were treated with CTB-1 (40 uM) or DMSO vehicle control
for 48 h, and their total protein extracted and biotinylated
(75 pg protein/reaction) using an antibody array assay kit (Full
Moon Biosystems, Inc.) as per the manufacturer's instruc-
tions. Biotinylated samples were coupled with the array slides,
which were then labeled with 0.5 mg/ml Cy3-Streptavadin
and processed following the manufacturer's instructions.
The arrays were scanned and signal quantified by an Axon
GenePix 4000B microarray scanner (Molecular Devices,
Sunnyvale, CA, USA). For each antibody, the average signal
intensity of replicate spots is normalized first to the median
signal of the slide, then to the normalized average signal inten-
sity of the GAPDH internal control. Fold changes in protein
expression and/or phosphorylation were calculated by dividing
normalized average signal intensities for CTB-1 treated
samples by untreated controls. Array data was used to generate
a heat map using the CIMminer platform (https://discover.nci.
nih.gov/cimminer/oneMatrix.do) developed by the Genomics
and Bioinformatics Group at the National Cancer Institute.

Isolation of cytoplasmic protein fraction. To determine the
effects of CTB-1 treatment on the level of cytosolic cyto-
chrome c, cytoplasmic protein was extracted from DLD-1
and COLO 201 colon cancer cells treated with CTB-1 (20
or 40 uM) or the DMSO vehicle control for 48 h using the
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NE-PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Briefly, 5x10° cells were harvested, washed
and centrifuged at 500 x g for 3 min. Cytoplasmic Extraction
Reagent 1 (CER I) was added, followed by vortexing and
incubation on ice for 10 min. CER II was then added, followed
by vortexing and incubation on ice for 1 min. The cytoplasmic
extract was collected by centrifugation at 16,000 x g and stored
at -80°C for further analysis.

Western blot analysis. The expression and/or phosphorylation
profile of apoptosis related proteins was assessed by western
blot analysis. Total protein from colon cancer cells (DLD-1,
COLO 201 and HCT-116 WT p53) treated with CTB-1 (20
or 40 uM) or DMSO vehicle control for 48 h were isolated
using RIPA lysis buffer containing protease and phosphatase
inhibitor cocktail, and quantified by the Pierce bicinconic acid
(BCA) method (both from Thermo Fisher Scientific, Inc.).
Isolated proteins (30 pg) were resolved on 10% SDS-PAGE
and transferred to PVDF membranes using a semidry transfer
apparatus (both from Bio-Rad, Hercules, CA, USA). The
membranes were incubated in blocking buffer (5% non-fat
milk dissolved in Tris-buffered saline with 0.1% Tween-20)
for 1 h at room temperature, followed by overnight incuba-
tion with primary antibodies at 4°C. Subsequently, the
membranes were incubated with secondary antibody for 2 h
after washing (3X) with TBST. GAPDH was used as the
loading control. Protein bands were developed using Super
Signal West Pico Chemiluminescent substrate kit (Thermo
Fisher Scientific, Inc.) and images were captured using the
ImageQuant LAS 4000 (GE Healthcare Life Sciences, Logan,
UT, USA). ImageJ software (http://www.rsbweb.nih.gov/ij)
was used to quantify the optical density for treated samples,
which were normalized to the GAPDH internal controls.

Evaluating drug interactions. Calcusyn software was used to
evaluate drug interactions between CTB-1 and 5-FU, which
utilizes the combination index method derived from the median-
effect principle established by Chou and Talalay (31-33). The
basis of the mathematical model is the median-effect equation
f/f, = [D/D,],, where ‘f,” is the fraction of cells affected, f, is
the fraction unaffected (1-f,), ‘D’ equals the concentration of
the drug, ‘D,,’ the drug dose required for 50% inhibition, and
‘m’ is a measurement of the sigmoidicity of the dose-effect
curve yielded by Calcusyn. The combination index (CI) is a
quantitative representation of the pharmacological interactivity
between CTB-1 and 5-FU, which factors in both the potency
(D,,) and the shape of the dose-effect curve. CI is derived from
the formula CI = (D),/(D,), + (D),(Dy), + (D),(D),/(Dx),(D),,
where (D,), and (D,), are the concentrations for Drug 1 (CTB-1)
and Drug 2 (5-FU) separately, resulting in X% inhibition, and
(D), and (D), the concentrations of the respective drugs in
combination, resulting in the same percentage inhibition. The
CI quantitatively defines synergism as CI<1, additive effect as
CI=1 and antagonism as CI>1. The CalcuSyn software gener-
ated CI values over a range of F, levels at different growth
inhibition percentages (ECs,, EC;5s and EC,). The F,-CI plot,
also generated by Calcusyn, is a graphical representation of
the pharmacological interaction, which connects the F, points
against the fixed ratio combinations of Drug 1 (CTB-1) and
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Drug 2 (5-FU) on the X and Y axes. The dose-reduction index
(DRI) is a measure of how much the dose of each drug in a
synergistic combination may be reduced at a given effect level
compared with the doses for each drug alone, and is calculated
by the equation (DRD)p,, o = (DX)pue 4/(D)pryg a-

Statistical analysis. Statistically significant differences
between control and treatment groups were determined by
one-way ANOVA followed by Dunnett's multiple comparisons
test using GraphPad Prism 7.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). A two-way ANOVA followed by Tukey's
multiple comparisons test was done to compare statistically
significant differences in cell viability between different time
points. An unpaired t-test with Welch's correction was used to
compare CTB-1 ECy, values in HCT-116 WT p53 and HCT-116
p53 null colon cancer cells. Statistical significance was estab-
lished at p<0.05 and results are shown as mean + SEM of
3 independent experiments.

Results

CTB-1 decreases the survival of colon cancer cells. The effect
of CTB-1 on the survival of colon cancer cells was assessed
using an MTT assay. A dose- and time-dependent reduc-
tion in cell viability was observed following treatment with
increasing concentrations of CTB-1 in DLD-1 and COLO 201
cells. Compared with the vehicle-treated controls (presented
as VT in the figures), a significant reduction was observed
after 72 h (DLD-1 cells, 76%, p<0.0001; COLO 201 cells,
74%, p<0.0001) and to a lesser degree at 24 h (DLD-1 cells,
41%, p<0.0001; COLO 201 cells, 39%, p<0.0001) following
treatment with CTB-1 (50 zM). Similar time-dependent trends
occurred at all concentrations of CTB-1. The EC;, value of
CTB-1 was 32.4+3.3 uM in the DLD-1 cells and 35.0+1.3 uM
in the COLO 201 cells, calculated from the equation for
the line-of-best-fit for the 72-h treatment (Fig. 1A and B).
However, minimal effects on the viability of the normal colon
cells (CCD 841 CoN) treated within the effective concentra-
tion range of CTB-1 (40 uM) were observed (72 h with 40 uM
CTB-1 treatment, 16% reduction, p=0.0037), as compared with
the vehicle-treated controls (Fig. 1C). These findings highlight
the potential of CTB-1 to selectively target colon cancer cells,
while possibly decreasing the propensity for adverse side
effects from treatment.

CTB-1 induces cell cycle arrest in colon cancer cells. Flow
cytometric analysis was performed to ascertain the effects of
CTB-1 on the cell cycle phase distribution in colon cancer cells.
The DLD-1 (%G2/M: 19.8 to 32.1, p=0.0009) and COLO 201
(%0G2/M: 19.8 to 34.7, p=0.0001) colon cancer cells were
both significantly arrested in the G2/M phase of the cell cycle
following CTB-1 (40 yM) treatment. Our data also revealed
that CTB-1 (40 M) treatment resulted in a significant reduc-
tion in the number of DLD-1 (%S: 44.4 to 30.2, p=0.0003) and
COLO 201 (%S: 36.4 to 23.2, p=0.0003) cells in the S phase,
compared to the vehicle-treated controls (Fig. 2A and B). The
ability of CTB-1 to arrest the cell cycle progression of colon
cancer cells indeed contributes to the reduction in viable cells
observed following treatment, and demonstrates its potential
to slow down the growth of tumors.
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Figure 1. Cinnamtannin B-1 (CTB-1) decreases the viability of colon cancer
cells. (A) DLD-1 and (B) COLO 201 colon cancer cell lines were treated
with increasing concentrations of CTB-1 or the DMSO vehicle control for
24,48 and 72 h, then assessed for cell viability via MTT assay. The half
maximal effective concentration (ECs,) of CTB-1 against colon cancer
cell lines following treatment for 72 h is displayed in the graph, calculated
from the equation of the line-of-best-fit. (C) CCD 841 CoN normal colon
epithelial cells were treated with CTB-1 within the effective concentration
range to assess cytotoxicity via MTT assay. For all graphs, the mean value
(% vehicle control-VT) + SEM from 3 replicates is shown. Significant dif-
ferences between time-matched CTB-1-treated and vehicle-treated samples
are denoted by (*) for 24 h, (+) for 48 h, and (#) for 72 h (*p<0.05, #p<0.01,
“"p<0.001, “H+##111540,0001, Dunnett's multiple comparisons test).

CTB-1 induces the apoptosis of colon cancer cells. Flow cyto-
metric analysis of apoptosis was performed to ascertain whether
the reduction in the viability of the colon cancer cells following
CTB-1 treatment was due to the induction of apoptosis. Our data
revealed an almost 3-fold increase (p<0.05) in the percentage
of total apoptotic DLD-1 cells treated with 40 uM CTB-1
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(30.6%), as compared with the vehicle-treated controls (11.7%).
Similarly, there was >2-fold increase (p<0.05) in the percentage
of total apoptotic COLO 201 cells treated with 40 M
CTB-1 (27.1%), as compared with the vehicle-treated controls
(12.4%) (Fig. 2C and D). To qualitatively observe the effects of
CTB-1 on the apoptosis of colon cancer cells, the DLD-1 and
COLO 201 colon cancer cells were treated with CTB-1 (20 or
40 uM) or the vehicle control for 48 h, and then analyzed by
immunofluorescence following the PE-Annexin V/DAPI double
staining of apoptotic cells. As shown in Fig. 2E, the colon cancer
cells treated with CTB-1 exhibited increased PE-Annexin V
(red) fluorescent intensity as compared with the vehicle-treated
controls. These results indicate that CTB-1 is capable of inducing
apoptosis in colon cancer cells.

CTB-1 regulates cell-signaling molecules impacting cell
survival and apoptosis. Given the effects of CTB-1 on cell
viability and the induction of apoptosis, it was of interest
to broadly evaluate proteins that may be regulated and/or
activated by CTB-1 using an antibody array. Treatment with
CTB-1 (40 uM) was shown to modulate the expression of
anti-apoptotic (Bcl-10, Bcl-2a, Bcl-6, Bel-x and Bcel-xL) and
pro-apoptotic (Bak and Bax) Bcl-2 family proteins located
on the mitochondrial membrane. Treatment with CTB-1
also modulated the expression of initiator (caspase-2 and
-8), effector (caspase-3, -6 and -7) and inflammation-related
caspases (caspase-1 and -5), as well as downstream proteins
involved in DNA fragmentation (PARP and DFF40/CAD). In
addition, CTB-1 modulated the expression of anti-apoptotic
proteins involved in the inhibition of extrinsic (SODD) and
intrinsic (survivin) apoptotic signaling cascades (Fig. 3A).
Most notably, an increase in the phosphorylation of Ser9 (72%
increase) and Ser6 (83% increase) p53 residues in the DLD-1
cells was observed following treatment with CTB-1. However,
antibody microarray data did not reveal any change in the
phosphorylation status of p53 serine residues in CTB-1-treated
COLO 201 cells. In addition, there was an increase in the
expression of Bak (114% increase) in COLO 201 cells, while
no variation was observed in DLD-1 cells. Taken together,
these data suggest that CTB-1 may be regulating p53, thereby
leading to a modulation of downstream molecules involved in
apoptosis.

CTB-1 increases the expression and phosphorylation of
p53. The results from the antibody arrays led us to validate
the expression of p53, as well as the phosphorylation of Ser6
and Ser9 p53 residues by western blot analysis. There was a
significant increase (p=0.005) in the expression of total p53
following treatment with 20 xM CTB-1 as compared with the
vehicle-treated controls in the DLD-1 cells, yet a decrease was
observed at40 uM CTB-1. There was also a significant increase
in the phosphorylation of Ser6 (40 yM CTB-1, p=0.0036) and
Ser9 (20 uM CTB-1, p=0.0026; 40 uM CTB-1, p=0.0319) p53
residues following CTB-1 treatment; however, the increase in
Ser9 phosphorylation was more pronounced at 20 uM CTB-1
than at 40 uM CTB-1. In the COLO 201 cells, there was a
significant dose-dependent increase (40 M CTB-1, p=0.0002)
in total p53, as well as in the phosphorylation of Ser6 (40 M
CTB-1, p=0.0001) and Ser9 (40 uM CTB-1, p=0.02) p53
residues, contrasting from the array data (Fig. 3B and C).
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The discrepancy in the results of the arrays and western blot
analysis were likely due to the maintenance of the tertiary
structure for the protein targets in our sample for the array,
limiting the number of exposed epitopes to bind to antibody.
Our data further revealed that CTB-1 might contribute to the
stabilization of p53, and the phosphorylation of activating
residues.

CTB-1 regulates the expression of Bcl-2, Bak and the release
of cytochrome c into the cytosol. To better understand the
downstream molecular consequences following p53 regulation
by CTB-1, the expression of key proteins related to apoptosis,
namely Bcl-2, Bak and cytochrome c, was evaluated by western
blot analysis. In the DLD-1 cells, a significant dose-dependent
decrease (40 uM CTB-1, p=0.0049) in the expression of the
anti-apoptotic Bcl-2 protein was observed, coupled with a
significant increase (p=0.0032) in the expression of the pro-
apoptotic Bak protein. Additionally, there was a significant
dose-dependent increase (20 uM CTB-1, p=0.0033; 40 uM
CTB-1, p=0.0001) in the amount of cytosolic cytochrome ¢
in the CTB-I1-treated samples. Of note, in the COLO 201
cells, there was a significant dose-dependent increase (40 pM
CTB-1, p=0.02) in the expression of Bcl-2, coupled with no
notable change in Bak expression, in contrast to the antibody
array results. However, a significant increase (20 uM CTB-1,
p=0.0036; 40 uM CTB-1, p=0.0017) in the levels of cytosolic
cytochrome ¢ was observed response to CTB-1 (Fig. 3D-F).
These findings shed light on the propensity for CTB-1 to
induce the initiation of apoptosis by regulating the expression
and localization of mitochondrial proteins, possibly through a
p53-dependent mechanism.

Loss of p53 mitigates the effect of CTB-1 on colon cancer
cells. In order to further validate whether CTB-1 exerts its
effects on survival via p53, we wished to determine whether
CTB-1 similarly decreased the survival and regulated p53 in
a colon cancer model with wild-type (WT) p53 rather than
the mutated form of p53 in DLD-1 and COLO 201 cells. To
do so, HCT-116 colon cancer cells with WT p53, or HCT-116
cells with knockdown of p53 [p53 (-/-)] were compared for
the expression of p53 (Fig. 4A) and for the extent to which
CTB-1 affected cell viability (Fig. 4B). As shown in Fig. 4C,
the EC;, value of CTB-1 (calculated from the equation for the
line-of-best-fit for the 72-h treatment) in the HCT-116 WT
pS3 cells (58.8+1.6 puM) was significantly lower (p=0.003)
than the EC;, value of CTB-1 in the HCT-116 p53 null cells
(106.1+£5.8 uM). In the HCT-116 WT p53 cells, CTB-1 treat-
ment also increased the expression of total p53, and the
phosphorylation of Ser6 and Ser9 p53 residues (Fig. 4D), as
was observed in the DLD-1 and COLO 201 cells. These data
strengthen the notion that CTB-1 may be mediating its effects,
in part, via p53.

CTB-1 synergizes with 5-FU in exerting its effects on colon
cancer cells. To determine whether CTB-1 can function in
concert with conventional chemotherapeutic agents, such as
5-FU, to achieve an enhanced potency against colon cancer
cells, MTT assay was carried out. Following treatment of the
DLD-1 and COLO 201 colon cancer cells with increasing
concentrations of 5-FU alone, or in combination with either
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Figure 2. Cinnamtannin B-1 (CTB-1) induces cell cycle arrest and apoptosis of colon cancer cells. (A) Representative histograms of flow cytometric analysis of
the PI-stained DLD-1 and COLO 201 colon cancer cells. Cells in GO/G1 phase are represented in red; S phase in green; G2/M in blue. (B) Graph representing
the percentage of cells in each cell cycle phase following vehicle or CTB-1 treatment. The mean value (% vehicle control-VT) £ SEM from 3 replicates is shown.
Significant differences between CTB-1-treated and vehicle-treated samples are denoted by (*) for 20 uM CTB-1 and (+) for 40 uM CTB-1. ("p<0.05, “'p<0.01,
***p<0.001, ****p<0.0001, Dunnett's multiple comparisons test). (C) Representative dot plots of the flow cytometric analysis of the PE-Annexin V-7-AAD
double-stained DLD-1 and COLO 201 colon cancer cells. QI represents the necrotic cells; Q2 represents the late apoptotic cells; Q3 represents the viable
cells; Q4 represents the early apoptotic cells. (D) The percentage of apoptotic colon cancer cells in response to CTB-1. The mean value of total apoptotic cells
(% vehicle control-VT) = SEM from three replicates is shown ("p<0.05, Dunnett's multiple comparisons test). (E) Immunofluorescent PE-Annexin V (red) and
DAPI (blue) nuclear staining of colon cancer cells treated with vehicle control or CTB-1.
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Figure 3. Cinnamtannin B-1 (CTB-1) modulates the expression and phosphorylation of apoptotic proteins. DLD-1 and COLO 201 colon cancer cell lines
treated with increasing concentrations of CTB-1 or the DMSO vehicle control for 48 h were assessed for fold changes in i) total protein or ii) phosphorylated
protein to normal protein. (A) Heatmap representing modulated apoptosis-related proteins included in apoptosis and phospho-specific cell cycle protein
antibody arrays. Each row represents one phosphorylation site. Cells shaded red indicate increased expression or phosphorylation and cells shaded green
indicate a decrease. (B) Protein expression levels of total p53 and phosphorylation of Ser6 and Ser9 p53 residues were assessed by western blot analysis.
(C) Graphs representing the expression of total p53, p53 (Ser6) and p53 (Ser9) based on the optical density (OD) of each protein normalized to the GAPDH
control. (D and E) Western blot images of the apoptotic proteins Bcl-2, Bak and cytosolic cytochrome c are shown, as well as (F) graphs representing the
expression of each protein based on the optical density of each protein normalized to the GAPDH control. The mean OD value + SEM from 3 replicates is
shown. Significant differences between CTB-1-treated and vehicle-treated samples are denoted by (*) for DLD-1 cells, and (+) for COLO 201 cells (**p<0.05,
#p<0.01, "+ p<0.001, T +*++*p<0.0001, Dunnett's multiple comparisons test).

10 uM CTB-1, 20 uM CTB-1 or 40 uM CTB-1, viability was  5-FU alone (40 yuM 5-FU/CTB-1; p=0.0001). In contrast to
significantly lower in cells treated with the combination of = the DLD-1 cells, in which an enhanced potency was observed
5-FU and CTB-1, as compared with that of cells treated with ~ with 5-FU treatment in combination with all concentrations
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of CTB-1, the enhanced potency of the combination treat-
ment in the COLO 201 cells was more prominent in the cells
treated with 5-FU and either 20 uM CTB-1 or 40 uM CTB-1
(p=0.0001), as compared with the cells treated with 5-FU and
10 uM CTB-1 (Fig. 5A). To elucidate whether the enhanced
effect was due to additive or synergistic drug interactions
between 5-FU and CTB-1, Calcusyn software was used to
generate dose-effect curves and F,-CI plots (Fig. 5B). In the
dose-effect curve for the DLD-1 and COLO 201 cells, it is
shown that the effect of the combination of 5-FU and CTB-1
(1:1 ratio) is greater than the effect of either 5-FU or CTB-1
given alone. The F,-CI plots for the DLD-1 and COLO 201
cells revealed that the combination index (CI) for 5-FU and
CTB-1 (1:1 ratio) at multiple concentrations of both drugs
(10, 20 and 40 uM) was below CI=1, indicating a synergistic,
rather than additive (CI=1) or antagonistic (CI>1), association
between the two drugs. The quantification of the CI at the
EC,, (DLD-1, 0.54; COLO 201, 0.62), EC,5 (DLD-1, 0.55;
COLO 201, 0.39) and EC,, (DLD-1, 0.61; COLO 201, 0.33)
of the drug combination is shown in Table I. Additionally in
Table I, the Dm, another metric of drug potency, of both 5-FU
and CTB-1 is shown to be significantly reduced when given
in combination. This increase in drug potency for both 5-FU
and CTB-1 was quantified by the drug reduction index (DRI),
revealing that in the DLD-1 cells, 5-FU had a DRI=3.85 and
CTB-1 had a DRI=3.53 at F,=0.5. In the COLO 201 cells,
5-FU had a DRI=2.72 and CTB-1 had a DRI=3.99 at F,=0.5.

Ser9 p53 residues were assessed by western blot analysis.

Overall, these findings indicate there is a true synergistic asso-
ciation between 5-FU and CTB-1 (Table II), indicating CTB-1
may be able to reduce the dosage of 5-FU needed to maintain
effectiveness in colon cancer.

Discussion

The majority of colon cancer patients are diagnosed at an
advanced stage, at which point chemotherapy often becomes
the best, if not only, therapeutic option (34-36). While there
have been effective advancements in treatment approaches,
from combination therapy to targeted therapy, the fact remains
that the 5-year survival rate for advanced stage (stage I1IB-
stage I'V) patients ranges from 30 to 80%, lower than that of
early-stage patients (1). Additionally, the adverse side effects
associated with chemotherapy prove to be burdensome. These
realities demonstrate room for improvement in therapy, and
warrant investigation into alternative treatment approaches,
which may simultaneously address issues of efficacy and
toxicity.

In the initiation and progression of colon cancer, pro-
survival cellular and molecular mechanisms are elevated,
allowing cells to divide uncontrollably and avoid apoptosis,
normally designed to eliminate abnormal cells (37). As the
evasion of apoptosis in advanced-stage colon cancer has been
shown to be an important factor in poor response to chemo-
therapy and radiation, therapies designed to induce apoptosis
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Figure 5. Cinnamtannin B-1 (CTB-1) synergizes with 5-fluorouracil (5-FU) in colon cancer cells. (A) DLD-1 and COLO 201 colon cancer cells were treated
with increasing concentrations of 5-FU either alone or in combination with CTB-1 (10, 20 and 40 M) for 72 h, then assessed for cell viability via MTT
assay. The mean value (% vehicle control) + SEM from 3 replicates is shown. Significant differences between 5-FU/CTB-1-treated samples and samples
treated with 5-FU alone are denoted by (*) for 5-FU + CTB-1 (10 uM), (+) for 5-FU + CTB-1 (20 uM), and (#) for 5-FU + CTB-1 (40 uM) ('p<0.05, “p<0.01,
p<0.001, " H <0.0001, Dunnett's multiple comparisons test). (B) Dose-effect curve and F,-CI plot generated by Calcusyn software for DLD-1 cells
and COLO 201 cells treated with 5-FU alone, CTB-1 alone, or a combination of 5-FU and CTB-1 (1:1 ratio). On the F,-CI plot, combination index (CI) values

below 1 indicate synergism between two drugs.

in target cells would play a critical role in controlling tumor
growth (38).

A key cell cycle regulator and apoptosis-related tran-
scription factor is p53, which functions in response to stress
and DNA damage in cells. Regarded as 'the guardian of the
genome', active pS3 causes growth arrest, which provides a
window for DNA repair or elimination of cells with severely
damaged DNA (39-41). The phosphorylation of serine residues,
including Ser6 and Ser9, are essential for the stabilization and
activation of p53 (42,43). Once activated, p5S3 can regulate anti-
apoptotic and pro-apoptotic mitochondrial membrane proteins
such as Bcl-2 and Bak, respectively, which play a role in the

permeabilization of the mitochondrial membrane by opening
of voltage-gated anion channels. This consequently leads to the
release of cytochrome ¢ from the mitochondria into the cytosol
coinciding with the initiation of apoptosis (44). Inactivating
mutations in p53 are found in approximately 50% of human
cancers, inhibiting its function of transcriptional transactiva-
tion of downstream target genes that regulate apoptosis (45).
Our study demonstrates CTB-1, a proanthocyanidin with
multiple observed biological functions, can selectively reduce
the survival of colon cancer cells (both representative of
advanced-stage colon cancer) by approximately 75%, due, to
a certain extent, to the induction of apoptosis resulting from
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Table I. Combination index values for colon cancer cells treated with combination of 5-fluorouracil and cinnamtannin B-1.

Combination index (CI) values at

Cell line Drug EDy, ED,s EDy, D, DRI (F,=0.5)
DLD-1 5-FU - - - 30.20 uM 3.85
CTB-1 - - - 27.68 uM 353
5-FU + CTB-1 (1:1) 0.54 0.55 0.61 7.85 uM -
COLO 201 5-FU - - - 21.80 uM 2.72
CTB-1 - - - 31.99 uM 3.99
5-FU + CTB-1 (1:1) 0.62 0.39 0.33 8.03 uM -

Table II. Interpretation of combination index values as it relates
to additive, synergistic, or antagonistic association between
two or more drugs [as described by Chou (33) and analyzed
using Calcusyn software].

Range of CI Symbol Description

<0.1 +++++ Very strong synergism
0.1-03 ++++ Strong synergism
0.3-0.7 +++ Synergism

0.7-0.85 ++ Moderate synergism
0.85-0.90 + Slight synergism
0.90-1.10 + Nearly additive
1.10-1.20 - Slight antagonism
1.20-1.45 -- Moderate antagonism
1.45-33 - Antagonism

3.3-10 -—-- Strong antagonism
>0 Very strong antagonism

regulation of pro- and anti-apoptotic proteins. Of note, the
CTB-1-induced increase in the apoptosis of colon cancer
cells did not fully correlate with the observed reduction in
cell viability, indicating that CTB-1 may be influencing the
survival of DLD-1 and COLO 201 cells by alternate cell
death mechanisms, such as autophagy. Given the effect of
CTB-1 on cell cycle progression, the proliferative capacity
of the colon cancer cells may also be reduced in response to
treatment, causing the cells to enter cellular senescence. In
both p53-mutated DLD-1 and COLO 201 colon cancer cells,
CTB-1 treatment resulted in an increased expression of total
p53, suggesting that CTB-1 may contribute to the stabilization
of p53 within the cells. Furthermore, in response to CTB-1,
both cell lines exhibited an increase in the phosphorylation
of Ser6 and Ser9, demonstrating that CTB-1 may selectively
cause stress in colon cancer cells, and can subsequently restore
the activation and function of p53. Although it is possible
that the p53 mutations in DLD-1 and COLO 201 cells may
have a dominant-negative effect, the fact that CTB-1 treat-
ment demonstrated higher potency against HCT-116 WT
p53-expressing cells than HCT-116 p53 null cells, while also
increasing the expression of p53 and the phosphorylation of
Ser6 and Ser9 residues in HCT-116 WT p53-expressing cells,

further demonstrates that CTB-1 may exert its effects, at least
in part, through p53-dependent mechanisms.

In this study, while CTB-1 appeared to induce apoptosis
by regulating p53 and inducing the release of cytochrome ¢
into the cytosol in both DLD-1 and COLO 201 cells, there
were differences observed in the downstream regulation of
the mitochondrial proteins, Bcl-2 and Bak, suggesting that
p53 may be uniquely interacting with Bcl-2 family proteins
in either cell line. One possible reason for the contrasting
mechanisms of p53-induced apoptosis may be related to the
p53 mutation status, as DLD-1 cells have a missense mutation
in p53 (E7 codon 241, Ser to Phe), while COLO 201 cells
have a frameshift mutation in p53 (E4 codon 103, T inser-
tion and 25 bp deletion) (46). Since p53 interacts with many
pro-apoptotic transcriptional targets, mutations can alter p53
DNA-binding domains via different mechanisms, depending
on the cellular context, and can ultimately hinder the ability
of p53 to bind to p53-responsive elements on Bcl-2 and Bak
genes, or transactivate the transcription of protein inhibitors
to Bcl-2, such as PUMA and NOXA (47). As a result, p53 in
COLO 201 cells may not have the same capacity as DLD-1
cells to regulate Bcl-2 or Bak expression, and may instead
interact with other Bcl-2 family proteins to induce apoptosis.
It is also possible that the 48 h time point we selected to
evaluate the expression of apoptotic proteins did not coincide
with the timing of molecular changes underlying the apop-
tosis of COLO 201 cells as it did in the DLD-1 cells. It is
also noteworthy that although CTB-1 caused an increase in
cytosolic cytochrome c levels in the DLD-1 and COLO 201
cells, the quantification of the mitochondrial membrane
potential (MMP) measured via JC-1 assay (data not shown)
revealed that CTB-1 treatment did not significantly alter
MMP in the colon cancer cell line. The lack of any change in
MMP following treatment does not particularly correspond
with the regulation of Bcl-2 and Bak mitochondrial proteins
and their role in membrane channel assembly. Overall, our
findings warrant additional investigation to substantiate the
observed reduction in survival.

The idea of using anti-cancer agents together is hardly
novel, as the use of combination chemotherapy has yielded
increased survival in multiple cancer types and is often
standard of care, particularly for advanced-stage cancer
patients (3). However, the prospect of finding alternative drug
combinations, including ones employing the use of natural
plant products, to enhance the potency of conventional
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chemotherapy is still of great interest, due to the possibility to
reduce the required dosage of chemotherapy and the associ-
ated adverse side effects from toxicity. Therefore, the ability of
CTB-1 to significantly enhance the potency of 5-FU by almost
3-4-fold through synergistic drug interactions highlights the
translational/clinical implications that CTB-1 may have by
simultaneously combating the high costs and adverse side
effects associated with colon cancer treatment, likely leading
to improved patient-centered outcomes.

Although our findings establish the anti-survival, pro-
apoptotic and synergistic effects of CTB-1 on colon cancer
cells in vitro, preclinical studies using a mouse model are
required to further strengthen clinical utility of CTB-1 and
synergism between CTB-1 and 5-FU.

The data reported in this study add to a growing body of
evidence demonstrating the ability of polyphenols, specifi-
cally proanthocyanidins, to selectively target cancer cells by
inducing apoptosis (14,16-18,20) and to be used in combination
with conventional chemotherapy to enhance potency (8-11).
Grape seed proanthocyanidins and oligomeric proanthocyani-
dins have been more extensively studied for their anti-survival
properties in multiple cancer types, including colon cancer,
and have also been shown to mediate their pro-apoptotic
effects via p53 activation (18,21,48,49). By contrast, CTB-1
has been shown to be cytotoxic to melanoma cells (30), and
to induce cell cycle arrest and the apoptosis of hepatocellular
carcinoma and cervical cancer cells (29); however, it has yet
to be holistically evaluated for its anti-cancer properties in
colon cancer. The present study, for the first time, at least to the
best of our knowledge, revealed CTB-1 increased the expres-
sion and phosphorylation of activating p53 residues in both a
p53-mutated and WT p53 colon cancer model, which likely
precedes the induction of apoptosis and significant reduction
in colon cancer cell survival. Given the high frequency of p53
mutations in colon cancer, it is markedly consequential that
CTB-1 may restore the p53 function in p53-mutated colon
cancer cell lines (50).

Reactive oxygen species (ROS) formation and oxidative
stress have been shown to induce neoplastic transformation,
as they are involved in several key events of tumorigenesis,
including self-sufficiency in growth signals (51,52), and
resistance to apoptosis (53,54). The anti-cancer effects of
polyphenolic compounds, such as CTB-1, are often attributed
to their capacity to scavenge ROS as potent antioxidant mole-
cules. This theory also underlies the ability of polyphenols
to target cancer cells over normal cells, as cancer cells may
be more sensitive to changes in the redox state, given their
increased oxidative stress (55,56). More recently, however, it
has been established that polyphenols are also able to induce
ROS (mainly superoxide anions or hydrogen peroxide) forma-
tion in cancer cells, activating the DNA-damage response
pathway (57-61). Since there is evidence to indicate that ROS
act as both an upstream signal that triggers p53 activation and
as a downstream factor that mediates apoptosis (62-64), it is
possible that CTB-1 may influence p53 stabilization, activation
and function by affecting ROS levels in colon cancer cells.
However, further investigations are warranted to conclude
whether this is true, and if so, to determine whether CTB-1
functions as a scavenger or inducer of ROS in colon cancer
cells.

INTERNATIONAL JOURNAL OF ONCOLOGY 53: 1442-1454, 2018

In conclusion, in this study, CTB-1 exhibited the capacity
to significantly reduce colon cancer survival and induce
apoptosis of colon cancer cells, seemingly by modulating the
expression of survival-related proteins, specifically those with
pro-apoptotic and anti-apoptotic functions, such as p53 and
downstream molecular targets. In addition to its anti-cancer
efficacy, CTB-1 also exhibited minimal cytotoxicity in normal
colon epithelial cells, suggesting a decreased likelihood for
adverse side effects. Lastly, CTB-1 displayed a synergistic
association with 5-FU, strengthening its clinical implications.
Collectively, the data presented in this study taps into the
potential of CTB-1 as a novel low-toxicity therapeutic agent
for advanced-stage colon cancer.
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