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Background: Gallotannin (GT) is a polyphenol that possesses interesting anticancer properties. However,
the mechanisms underlying its antitumor effects have not been well defined.
Objective: This study was designed to clarify the mechanisms underlying GT antitumor effects in colon
cancer cell lines.
Methods: Three isogenic HCT116 cell lines (p53*/+, p53~/-, and p21-/~) were treated with GT for differ-
ent time points then Western blot, flow cytometry, and senescence analysis were performed to examine
the effect of GT on Mitogen-activated protein kinase (MAPK) and Janus kinase (JAK)/signal transducer
and activator of transcription (STAT) effectors, STAT3 downstream apoptotic targets, Sub-G1 phase, and
programmed cell death induction. Transfection using Invitrogen Lipofectamine 2000 Transfection Reagent
(Thermo Fisher Scientific, Waltham, Massachusetts) were used to identify the role of p53 and p21 in the
p53~/~ and p21-/- cell lines.
Results: Both low and high GT concentrations caused MAPKs activation marked by upregulation of ex-
tracellular signal-regulated kinase (p-ERK). The preincubation with the antioxidant Tiron (Sigma-Aldrich,
St Louis, Missouri) showed that GT's antitumor effects were not mediated by reactive oxygen species. We
then examined the effect of GT on the JAK/STAT pathway, which is known to be activated in colorectal
cancer. GT totally inhibited the JAK/STAT pathway effectors JAK2, STAT1, and STAT3 and their downstream
apoptotic regulators B-cell lymphoma-extra large (Bcl-x;) and c-Myc in all 3 cell lines. HCT116 cancer cells
exhibited differential sensitivity to GT with p21-/~ cells being the most sensitive and p53+/* cells that ex-
press p21 protein being the least sensitive. In p53*/* cells, GT induced senescence, whereas in p53~/~ and
p21-/= cells, GT induced apoptosis in a caspase independent manner marked by Poly(ADP-Ribose) Poly-
merase (PARP) cleavage, Bcl-2 downregulation, and upregulation of the Bcl-2 associated X (Bax) to B-cell
lymphoma 2 (Bcl-2) ratio. In addition, the sub-G1 phase exceeded 50% in p21-/- cells.
Conclusions: Considered together, our results indicate that GT is potent inhibitor of the JAK/STAT pathway
in colon cancer irrespective of the p53 and p21 status, which provides insights into its mechanism of
anticancer activities and future potential for clinical translation. (Curr Ther Res Clin Exp. 2020; 81:XXX-
XXX)
© 2020 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Colorectal cancer is the third most commonly occurring cancer
in men and the second in women. According to Global Cancer Inci-
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new cases of colorectal cancer were diagnosed worldwide with
1,026,215 new cases in men and 823,303 in women. The mortality
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rate was about 880,792 with 484,224 deaths in men and 396,568
deaths in women.! The incidence of colorectal cancer increased
among adults younger than age 50 years. This increase has been
associated with an unfavorable diet and the prevalence of obesity.?

Colorectal cancer is initiated by alterations of 1 or more es-
sential genes such as the tumor suppressor gene, adenomatous
polyposis coli gene or APC, leading to the formation of aberrant
crypt foci. Acquiring further molecular alterations allows these
foci to progress into adenomas. At this stage the tumor is still
benign, but additional genetic and/or epigenetic defects will lead
to malignant transformation that upon further alterations in key
genes, such as the tumor suppressor protein p53, the tumor will
gain invasive potential.> Colorectal cancer bears multiple genetic
aberrations that render it resistant to therapy.* For instance, the
signal transducer and activator of transcription 3 (STAT3) was
found to be constitutively activated in colorectal cancer.” More-
over, in many cases, late colorectal cancers are characterized by
the accumulation of B-catenin in the nucleus where it enhances
the expression of several prosurvival genes, including c-Myc and
c-Jun.5 During the past few years, despite advancements in cancer
therapy, the response rates in advanced stages of colorectal cancer
did not increase to more than 50% and the median survival of
patients to more than 5 years.’

Natural products are source of numerous drugs and are the
origin of about 35% of medicines. At the preclinical stage, many
were tested and showed promising results against cancer such as
resistin and bitter melon. Resistin, a proinflammatory cytokine,
caused G1 arrest in colon cancer cells through upregulation of
SOCS3.8 Bitter melon induced autophagy in colorectal and breast
cancer cells’ and enhanced the natural killer mediated toxicity
against head and neck cancer cells.'0-1!

Polyphenols, which are plant secondary metabolites found in
fruits, vegetables, and some of their derived products tea and wine,
have been shown to have anti-colon cancer effects.'? Gallotannin
(GT), an hydrolyzable tannin, can be found in a variety of plants
such as Chinese rose, Chinese gall, mango, and sumac among
others and can be extracted from dried, fresh, or frozen plant
sources. HPLC, column chromatography, and high-speed counter-
current chromatography can recover GT with a level of purity of
99%.13 GT was previously shown to act as an anticancer agent in
colon cancer by inhibiting 1, 2-dimethylhydrazine-induced colonic
aberrant crypt foci and tumors.'* GT was also reported to induce
cell senescence and apoptosis in colorectal carcinoma p53+/+
HCT116 and p53~/~ HCT116 cell lines, respectively, associated with
reactive oxygen species (ROS) generation.”> Nevertheless, many
aspects of the molecular mechanisms underlying the anti-colon
cancer properties of GT remain elusive.

We investigated some of the molecular mechanisms under-
lying GT anticancer effect using 3 isogenic colon cancer cell
lines, HCT116 p53+/+, p53~/-, and p21~/-. GT inhibited JAK/STAT
pathway in the different cell lines irrespective to their p53 or
p21 status. Whereas HCT116 p53*/* undergoes senescence upon
GT treatment, a caspase-independent apoptotic response was
detected in HCT116 p53~/~ and p21~/- marked by PARP cleavage,
downregulation of Bcl-2, and upregulation of Bax.

Materials and Methods
Cell culture and GT treatment

HCT116 (p53~/~) and HCT116 (p21-/~) cells were grown in
Dulbecco’s Modified Eagle Medium (Sigma—Aldrich, Munich,
German) supplemented with sodium pyruvate and 4500 mg/L
glucose. Roswell Park Memorial Institute (RPMI) 1640 with 25 mm
N-2-hydroxyethylpiperazine-N-ethanesulfonic acid (HEPES) and
L-glutamine was used as a medium for HCT116 (p53*/*) human

colon cancer cells. One percent penicillin-streptomycin (100 U/mL)
and 10% heat-inactivated foetal bovine serum (FBS) were added
to all cell media. All culture cells were grown in a humidified
atmosphere of 5% carbon dioxide and 95% air.

A stock of 10 mg GT (Sigma-Aldrich) was dissolved in 50 pL
70% ice-cold ethanol and, depending on the cell type, 950 uL
either Dulbecco’s Modified Eagle Medium or RPMI. The cells were
treated with different drug concentrations (0-60 pg/mL). Depend-
ing on the experiment done, the 3 cell lines were plated in 100
mm, 60 mm, 6-well, or 96-well plates at a plating density of 10°
for senescence and proliferation analyses or 1.2 x 10° cells/mL for
proteins. At 50% confluency, the cells were treated and incubated
with GT for 6, 15, 24, 48, or 72 hours. The HCT116 p53 null cells
were kindly provided by Dr Carlos Galmarini, MD, PhD (INSERM,
Lyon, France) and the HCT116 p53*/* and p21-/- were provided by
Dr Regine Schneider-Stock, PhD (Erlangen, Germany).

Cell proliferation assay

The 3 isogenic HCT116 human colon cancer cells (p53*/+,
p53~/=, and p21-/-) cells were cultured at 105 cells/mL in 96-well
plates. After 24 hours, cells were treated in triplicates with 20
1M caspase-3, caspase-8, caspase-9 inhibitors, or the universal
caspase inhibitor for 1.5 hours followed with 20, 40, or 60 pg/mL
GT treatment. Proliferation effects were studied 48 hours post-
treatment using the Cell Titer 96 (Promega Corporation, Madison,
WI) nonradioactive cell proliferation kit.

The proliferation assay is a dye compound 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidefor (MTT)-
based method, which measures the ability of metabolically active
cells to convert tetrazolium salt into a blue formazan product
and the absorbance is recorded at 570 nm. In experiments that
involved Tiron (Sigma-Aldrich, St Louis, Missouri), the cells were
treated in triplicates with 1 or 2 mM Tiron for 1.5 hours followed
by GT treatment.

Cell cycle analysis using flow cytometry

HCT116 (p21-/~) cells were plated in 60-mm tissue culture
dishes at a density of 1.2 x 10° cells/mL. At 50% confluency, cells
were treated with different concentrations of GT and incubated for
48 hours. Cells were centrifuged at 4°C for 5 minutes at 1200 rpm.
After that, pellets were washed by 1 x phosphate buffered saline
(PBS) then fixed with 70% ice-cold ethanol and stored at -20°C.
After 24 hours, cells were washed with 1 x PBS and incubated with
200 pg/mL RNase for 1.5 hours at 37°C. A 6.25 pg/mL propidium
iodide was used for cells staining for at least 15 minutes. Fluo-
rescence Activated Cell Sorter flow cytometer (Becton Dickinson,
Research Triangle, NC) was used to measure the cellular fluores-
cence. Cell cycle analysis was then performed using the Cell Quest
(BD Biosciences, USA) program and the percentages of cells dis-
tributed, according to their DNA content, were calculated. Cells in
pre-G1 have DNA content <2n and represent apoptotic or necrotic
cells.

Senescence analysis using the Senescence B-Galactosidase Staining
Kit

HCT116 (p53*/*, p53~/~, and p21-/~) cells were plated in
6-well plate at a density of 10° cells/mL. Cells were treated with
20 or 40 pg/mL GT and incubated for 72 hours at 50% confluency.
At 72 hours, the growth medium was removed from the cells and
the wells were washed with 2 mL 1 x PBS. The cells in each well
were then fixed with 1 mL 1 x fixative solution provided by the
Senescence B-Galactosidase Staining Kit (Sigma-Aldrich) for 15
minutes at room temperature. Cells were then washed twice with



M. Houssein, W. Abi Saab and M. Khalil et al./Current Therapeutic Research 92 (2020) 100589 3

2 mL 1 x PBS. To each well, 1 mL staining solution mix containing
930 pL staining solution, 10 pL staining supplement A, 10 upL
staining supplement B, and 50 pL 20 mg/mL X-gal dissolved in
dimethylphenol was added. The cells were incubated overnight at
37°C. The next day, the development of blue color was detected
under the microscope at 100 x magnification. For quantification
of senescent cells, 5 random regions were taken for each well
and the percentage of senescing cells was calculated for each
image.

TUNEL assay

To assess the induction of apoptosis by GT, fragmented DNA
was detected by terminal deoxytransferase-mediated dUTP nick-
end labeling (TUNEL assay; Roche Diagnostics, Basel, Switzerland).
HCT116 (p21~/~) cells were plated in 60-mm tissue culture dishes
at a density of 105 cells/mL. The next day, cells were treated with
different GT concentrations for 48 hours. Cells were then harvested
and processed according to the manufacturer’s instructions. The
samples were examined by FACS can flow cytometer to determine
the percentage of apoptotic cells in treated samples compared
with the control samples.

Protein extraction and immunoblot analysis

HCT116 (p53*/*, p53~/~, and p21-/~) cells were plated in
100-mm tissue culture dishes at a density of 1.2 x 10> cells/mL
and treated with 40 pg/mL GT for different durations. Cells were
then washed with 1xPBS. This was followed by lysing and
shearing steps. These steps were performed using a lysis buffer
containing 50 mM Tris-HCL (pH 7.5), 150 mM sodium chloride,
1% Nonidet P40, 0.5% sodium deoxycholate, 4% protease inhibitors,
and 1% phosphatase inhibitors. The cell lysates were centrifuged
at 4°C for 30 minutes at a speed of 14,000 rpm and the pellets
were discarded. Protein concentrations were quantified by the DC
BioRad protein assay kit (BioRad Laboratories, Hercules, California)
using bovine serum albumin as a standard. Protein samples were
mixed with 10% pB-mercaptoethanol and 2 x sample buffer with
bromophenol blue for gel electrophoresis.

Cellular proteins (40-80 ng) were resolved by sodium
dodecylsulphate-polyacrylamide gel electrophoresis on an 8%,
10%, 12%, or 15% denaturing polyacrylamide gel. The proteins were
then transferred onto an activated polyvinylidene difluoride mem-
brane in cold transfer buffer (14.4 g Glycine (BIO-RAD), 3 g Tris,
and 1 g sodium dodecylsulphate dissolved in 20% methanol) at 30
volts overnight. After transfer, the membrane was blocked for 1
hour with 5% nonfat milk dissolved in Tris-buffered saline (TBS)
containing 0.1% Tween-20 (BIO-RAD) and probed with primary
antibodies diluted in 1% blocking buffer, either for 2 hours at room
temperature or overnight at 4°C. The primary antibodies for PARP
and JAK2 were diluted in 5% nonfat milk and the antibodies for p-
STAT3 and p-STAT1 in 5% bovine serum albumin. All the antibodies
were used at the dilution 1:1000. The membrane was then washed
3 times for 10 minutes each in 1 x TBS containing 0.1% Tween 20
and incubated for 1 hour at room temperature in the appropriate
secondary antibody. The membrane was again washed 3 times be-
fore protein detection by ECL (Santa-Cruz) chemiluminescence. The
membrane was exposed to X-ray films (Hyperfilm ECL). Glyceralde-
hyde 3-phosphate dehydrogenase antibody was used as a loading
control.

Transfection using Lipofectamine 2000

A measure of 8 nug pCMV-p53 or pCMV-p53mt135 were diluted
in 0.5 mL Opti-MEM I Reduced Serum Medium and mixed gently.

A measure of 20 pL Lipofectamine 2000 (Thermo Fisher Scien-
tific, Waltham, Massachusetts) was diluted in 0.5 mL Opti-MEM
I (Thermo Fisher Scientific, Waltham, Massachusetts), Reduced
Serum Medium. These were then mixed gently and incubated at
room temperature for 5 minutes. After 5 minutes, the diluted DNA
was combined with the diluted Lipofectamine 2000. The combina-
tion was then mixed gently and incubated for 20 minutes at room
temperature to allow the DNA-Lipofectamine 2000 complexes to
form. HCT116 (p53~/~) cells were plated in 60-mm tissue culture
plates in 5 mL growth medium without antibiotics at a density of
1.5 x 10° cells/mL. At 80% to 90% confluency, the growth medium
was removed and 4 mL Opti-MEM [ Reduced Serum Medium
was added to each plate. One milliliter DNA-Lipofectamine 2000
complexes were then added to each plate. The cells were then
incubated at 37°C in a carbon dioxide incubator for 30 hours and
the transfection efficiency was about 80%. Transfected cells were
then plated for subsequent senescence and Western blot analyses
experiments. Backup plates were used to check for positive trans-
fection by probing for p53 expression in these cells using Western
blot analysis.

Results
Effect of GT on MAPK proteins

Considering that MAPK signaling pathway is implicated in the
modulation of oxidative stress and in mediating the intracellular
effects of ROS,'® we determined GT effects on p-ERK (Tyr 204),
p-p38 (Tyr 182), and p-JNK (Thr 183, Tyr 185). In HCT116 (p53+/+),
a concentration of 40 pg/mL GT led to an increase in p-ERK levels
15 hours posttreatment. However, the expression of this protein
was transient and its levels started to decrease primarily 48 hours
after treatment. The expression of p-p38 was not significantly
changed at all time points. p-JNK levels, on the other hand,
decreased in response to this GT concentration. MAPK protein
levels were also modulated in HCT116 (p53~/~) cells in response
to 40 pg/mL GT. p-ERK and p-JNK expression increased within
6 hours after treatment. The expression of these proteins was
transient, attaining maximum increase at 15 hours, after which
we observed a time-dependent decrease in their levels. The p-p38
protein expression levels were not modulated at all time points. In
HCT116 (p21-/-), p-JNK levels slightly decreased upon 40 pg/mL
GT treatment. At this GT concentration, p-ERK was significantly
induced 6 hours after treatment. Moreover, a slight increase was
detected in p-p38 15 hours posttreatment. The expression of both
p-ERK and p-p38 was transient, and their levels decreased 24
hours after treatment (Fig. 1A).

The effect of 20 pg/mL GT on the MAPK (p-p38, p-JNK, and
p-ERK) proteins was also tested in the 3 cell lines. No changes in
the expression levels of p-p38 and p-JNK were detected upon GT
treatment. Nevertheless, GT significantly increased p-ERK proteins.
This shows that activation of MAPKs, mainly p-ERK, is among the
probable mechanisms by which GT mediates its oxidative effects
(Fig. 1B).

ROS and GT-induced cell death

ROS in addition to its established role in promoting cell
survival, can also trigger cell death and cell cycle arrest.'” To
explore the role of ROS in GT-induced cell death, we preincubated
cells with the ROS scavenger Tiron. HCT116 (p53+/*, p53~/~, and
p21-/~) cells were incubated with either 1 or 2 mM of Tiron before
GT treatment and cell viability was assayed 48 hours posttreat-
ment. In all cases, Tiron failed to rescue cells from GT-induced cell
death. Rather, Tiron enhanced the antitumor effects of GT (Fig. 2A).
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Fig. 1. (A) Treatment of HCT116 (p53+/*, p53~/-, and p21-/-) cells with gallotannin (GT) did not significantly modulate the levels of MAPK proteins except for a slight
increase in the levels of p-ERK (Tyr 204). In HCT116 (p53~/~) cells p-JNK increased 15 hours posttreatment. The cells were treated at 50% confluency with 40 ug/mL GT for 6,
15, 24, 48, and 72 hours. Whole-cell lysates were then immunoblotted with p-ERK (Tyr 204), p-JNK (Thr 183, Tyr 185), and p-p38 (Tyr 182) antibodies. The membranes were
also probed with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody to ensure equal loading. (B) Treatment of HCT116 (p53+/+, p53~/-, and p21-/~) cells with GT
increased the levels of p-ERK (Tyr 204) proteins. The cells were treated at 50% confluency with 20 ng/mL GT for 6, 15, 24, 48, and 72 hours. Whole-cell lysates were then
immunoblotted with p-ERK (Tyr 204), p-JNK (Thr 183, Tyr 185), and p-p38 (Tyr 182) antibodies. The membranes were also probed with GAPDH antibody to ensure equal

loading.

Effect of GT on JAK/STAT pathway and STAT3 downstream apoptotic
regulators

We then examined the effect of GT on JAK/STAT pathway
because STAT3 is constitutively activated in colon cancer and
the inhibition of STAT3 expression has been shown to be ac-
companied by increased ROS levels'® and mitochondrial dys-
function.'® Previous studies showed that GT inhibits the viability
of HCT116 (p53*/*), HCT116 (p53~/-), and HCT116 (p21-/-)
cells with ICsg values of 45 pg/mL, 30 pg/mL, and 30 pg/mlL,
respectively.’> Here we show that the addition of 40 ug/mL
GT caused a time-dependent decrease in the expression of
both STAT3, STAT1, p-STAT1, and p-STAT3; JAK2 and p-JAK2

(Tyr1007/1008) in the 3 cell lines irrespective of their p53 or
p21 status with maximum decrease being observed at 72 hours
(Fig. 2B). This inhibition of STAT3 may explain the origin of ROS
and the persistence of cell death even when using the antioxidant
Tiron.

STAT1 and STAT3 have opposing effects; STAT1 is apoptotic
and STAT3 is antiapoptotic.2? However, both proteins were down-
regulated in response to 40 pg/mL GT. To further understand
the mechanism of this inhibition, we examined the effects of
GT on downstream regulators of STAT3. Bcl-x; and c-Myc are 2
downstream targets of STAT3 that possess antiapoptotic and proto-
oncogenic functions, respectively.?! Thus, the expression patterns
of these proteins in response to 40 pg/mL GT were studied. Bcl-x;
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Fig. 2. (A) Gallotannin (GT) treatment reduces the proliferation of HCT116 (p53*/*, p53~/-, and p21-/-) cells and Tiron addition does not counteract this antiproliferative
activity. Cells were treated at 60% confluency with either 1 or 2 mM Tiron for 1.5 hours followed by addition of GT (20, 40, or 60 pg/mL) for 48 hours. Cell proliferation
was determined by the Cell Titer96 nonradioactive cell proliferation assay as described in the Materials and Methods section. Each value is the mean (SD) of 3 separate
experiments each done in triplicates. *P < 0.05 and **P < 0.01 defined the statistical significance from control using 1-way ANOVA test. (B) Treatment of HCT-116 (p53+/+,
p53-/-, and p21-/-) cells with GT showed a decrease in the protein expression levels of STAT3, STAT1, p-STAT1 (Tyr 701), and p-STAT3 (Tyr 705) JAK2 as well as p-JAK2
(Tyr1007/1008). The cells were treated at 50% confluency with 40 pg/mL GT for 6, 15, 24, 48, and 72 hours. The membranes were also probed with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) antibody to ensure equal loading. Whole-cell lysates were immunoblotted with STAT1 and STAT3, p-STAT1 (Tyr 701), p-STAT3 (Tyr 705),

JAK2, and p-JAK2 (Tyr1007/1008) antibodies.

and c-Myc showed a time-dependent decrease in their expression
levels compared with the control, in the 3 cell lines. This decrease
was most evident at 72 hours of treatment in HCT116 (p53+/+)
and at 48 and 72 hours in p53~/~ and p21-/~ cells, respectively
(Fig. 3A).

The antiapoptotic protein Bcl-2 is also a downstream target
of STAT3. This protein blocks apoptosis by counteracting the
effects of Bax.>2 Therefore, whether apoptosis is executed or not
depends on the ratio of Bax to Bcl-2 protein levels. As a result,
possible modulation in the Bax/Bcl-2 ratio upon GT treatment
was investigated. In HCT116 (p53*/*), the Bax/Bcl-2 ratio was not
significantly modulated. This ratio underwent a gradual increase
starting 24 hours posttreatment, reaching about 2.9- and 4-fold
increase in HCT116 (p53~/~) and HCT116 (p21~/-), respectively,
and this increase was mainly due to an inhibition of Bcl-2 protein
expression rather than an increase in Bax protein levels (Fig. 3B).

STAT3 is a negative regulator of mitochondrial-dependent cell
death particularly caspase-dependent apoptosis.2> Among the
hallmarks of this type of death is PARP cleavage and inactivation.
To determine whether the cell death effects of GT in HCT116 cell
lines is mediated through the mitochondria, the expression levels
of PARP and its cleaved product were monitored by Western blot
analysis. No significant variation in the levels of full-length PARP
was detected in the 3 cell lines, upon treatment with 40 pg/mL
GT except for a major decrease in HCT116 (p21~/~) cells 72 hours
posttreatment. Nevertheless, the cleaved PARP (87 KDa) fragment
was detected in the 3 cell lines starting 15 hours of treatment,
indicating PARP cleavage. Cleaved PARP then exhibited a time-

dependent increase with maximum expression being observed at
72 hours (Fig. 3C).

Cell death and apoptotic effects of GT in HCT116 (p21~/~) cells

Previous studies showed that GT caused S-phase arrest and
cell death mainly through apoptosis in HCT116 (p53*/*) cells
and HCT116 (p53~/~) cells, respectively, at 48 hours, at 40 or
60 pg/mL.®> To investigate the effects of GT on HCT116 (p21-/-)
cells, cells were treated with GT doses ranging from 20 to 60
pg/mL for 24 or 48 hours then harvested for flow cytometric
analysis by propidium iodide staining. A concentration of 20
pg/mL GT caused only 2% increase in the sub-G; population. This
percentage increased to 28.6% and 55.5% at concentrations of 40
and 60 pg/mL GT. To investigate the mode of cell death by GT,
TUNEL assay was performed in HCT116 (p21~/~) cell line and the
results confirmed the induction of apoptosis by GT in this cell line
(Fig. 4A).

Role of caspases in GT-induced cell death effects in p53~/~ and
p21~/~ HCT116 cells

The caspase signaling cascade is the major pathway that leads
to PARP cleavage and that elicits mitochondrial-dependent apop-
tosis.?* Therefore, caspase involvement in GT-induced apoptosis
was investigated in HCT116 (p53~/~) and HCT116 (p21-/~) cells by
MTT assay using 20 uM of the different caspase inhibitors; namely
caspase-3, -8, and -9 inhibitors and the universal caspase inhibitor
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Fig. 3. Treatment of HCT116 (p53*/*, p53~/-, and p21-/-) cells with gallotannin (GT) (A) downregulated the 2 anti-apoptotic proteins, Bcl-x; and c-Myc; (B) did not modulate
the Bax/Bcl-2 ratio in HCT116 (p53*/*) cell line that is increased in HCT116 (p53~/~) and (p21-/-) cell line; and (C) induced PARP cleavage. The cells were treated at 50%
confluency with 40 pg/mL GT for 6, 15, 24, 48, and 72 hours. Whole-cell lysates were then immunoblotted with specific antibody. The membranes were also probed with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody to ensure equal loading.
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Fig. 4. (A) Treatment of HCT116 (p21-/~) cells with gallotannin (GT) induced cell death as evidenced by the accumulation of cells in the subGO/G1 phase. Cells were
treated at 50% confluency with GT (20, 40, and 60 pg/mL) for 48 hours. Cells were then harvested and DNA stained with propidium iodide (PI) for flow cytometric analysis
of DNA content with FACScan flow cytometry. The percentage of cells in each of the cell cycle phases was calculated using Cell Quest. TUNEL assay (Roche Diagnostics,
Basel, Switzerland) indicates that GT induced apoptosis in HCT-116 (p21-/~) cells at 40 and 60 mg/mL 48 hours posttreatment. Cells were treated at 50% confluency with
either <0.1% ethanol (control) or GT (40 or 60 mg/mL) for 48 hours. Cells were then harvested and DNA fragmentation was evaluated by TUNEL assay and reading by
flow cytometry as described in the Materials and Methods section. The percentage of apoptotic cells under each treatment was obtained with Cell Quest. Each value is
the mean of 2 separate experiments performed in duplicates. *P < 0.05 and **P < 0.01 defined the statistical significance from control using 1-way ANOVA test. (B) GT
treatment inhibits the proliferation of HCT116 (p53~/~) and HCT116 (p21-/-) cells, whereas concomitant treatment with the different caspase inhibitors had no effect on
the antiproliferative effects of GT. Cells were treated at 50% confluency with 20 pM caspase inhibitors followed by addition of GT (0, 40, or 60 pg/mL) for 48 hours. Cell
proliferation was determined by the Cell Titer 96 nonradioactive cell proliferation assay as described in the Materials and Methods section. Each value is the mean (SD)
of 3 separate experiments each done in triplicates. *P < 0.05 and **P < 0.01 defined the statistical significance from control using 1-way ANOVA test. (C) Treatment of
HCT116 (p53~/-) cells and HCT116 (p21-/-) cells induced slight reduction in the levels of pro-caspase-3 and pro-caspase-9 protein levels; however, it failed to trigger caspase
cleavage. The cleaved caspase product expressed by Molt-4 cells subjected to irradiation is used as positive control for pro-caspase-3 cleavage. The cells were treated at 50%
confluency with 40 pg/mL GT for 6, 15, 24, 48, and 72 hours. Whole-cell lysates were then immunoblotted with caspase-3 and caspase-9 antibodies. The membranes were
also probed with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody to ensure equal loading.



M. Houssein, W. Abi Saab and M. Khalil et al./Current Therapeutic Research 92 (2020) 100589 7

Z-VAD-fmk. The caspase inhibitors were added to the cells 1.5 hour
before treatment with 40 pg/mL GT and the samples were left for
48 hours. In the 2 cell lines, none of the above-mentioned caspase
inhibitors were found to rescue cell death upon GT treatment,
thus ruling out the possibility of caspase-dependent cell death
(Fig. 4B).

To further corroborate our findings, alterations in the expres-
sion of 2 caspases; pro-caspase-3 and pro-caspase-9 and their
cleaved and active forms were investigated. Pro-caspase-3 protein
levels exhibited about 20% reduction in HCT116 (p53~/~) cells
and about 10% reduction in HCT116 (p21-/~) cells. However, the
cleaved product failed to appear in any of the treatments com-
pared with total cleavage in positive control Molt-4 cells subjected
to irradiation. Similarly, although pro-caspase-9 underwent a
slight decrease in its expression upon GT treatment, this decrease
was not associated with induction of the cleaved and active p‘10
fragment (Fig. 4C).

Role of p53 and p21 in GT-induced cell death effects

The 3 isogenic cell lines exhibited different sensitivities to GT,
whereby HCT116 (p53+/*) cells arrested at S phase and HCT116
(p53~/~) and HCT116 (p21~/~) cells underwent apoptosis. To inves-
tigate whether the observed cell cycle arrest in HCT116 (p53+/+)
is due to senescence and whether this effect depends on p21
expression, senescence induction in response to 20 and 40 pg/mL
GT was assayed in these cell lines 72 hours posttreatment by
the Senescence B-Galactosidase Staining Kit. In HCT116 (p53~/~
and p21-/-), the percentage of senescent cells at both 20 and 40
pg/mL GT were relatively comparable to that of the control and
only ranged between 2% and 5% However, in HCT116 (p53+/+)
cells, the percentage of senescent cells increased from 2.5% in the
control to about 14% in response to 20 pg/mL GT and to 12% in
response to 40 pg/mL GT (data not shown).

The role of p53 and p21 proteins in inducing senescence is well
established. The p53-dependent senescence is mainly mediated by
p21 that hypophosphorylate Retinoblastoma (p-Rb), increasing the
levels of unphosphorylated and active Rb. Knowing that protein
expression levels of p53 and p21 in HCT116 (p53+/*), increase in
a time-dependent manner in response to 40 pg/mL GT, senescence
induction in the 3 cell lines was further tested by monitoring
changes in protein expression levels of p-Rb (Ser 780) and hy-
pophosphorylated p-Rb or Rb. In HCT116 (p21-/-), the levels of
both p-Rb and Rb were not significantly modulated. In HCT116
(p53~/-), although p-Rb expression decreased in a time-dependent
manner, the protein levels of Rb did not vary much from the con-
trol. In contrast, p-Rb was almost totally inhibited 48 and 72 hours
posttreatment in HCT116 (p53*/*). This inhibition was associated
with an increase in Rb protein levels at 24 and 48 hours (Fig. 4A).

To further confirm the role of p53 and p21 in senescence
induction, HCT116 (p53~/~) were transfected with either a plasmid
encoding wild type p53 gene, pCMV-p53, or a plasmid encoding
a p53 gene that harbors a G to A conversion at nucleotide 1017,
pCMV-p53mt135. This gene encodes a dominant-negative muta-
tion of p53, p53m that blocks normal p53 activity. Senescence
induction in transfectants was also assayed using the Senescence
B-Galactosidase Staining Kit. However, unexpectedly, senescence
was not detected in either transfectant. The percentage of senes-
cent cells upon treatment increased by only 2% to 5% at 20 and
40 pg/mL GT in HCT116 (p53~/-) cells transfected with p53mt
and p53, respectively. These results were comparable to those of
HCT116 (p53~/~); however, were much less than those of HCT116
(p53+/*) that exhibited 10% to 12% increase at these concentrations
(Fig. 5B).

To explain the absence of senescence induction in HCT116
(p53~/7) cells transfected with pCMV-p53, the protein level of p53

and p21 was assessed in the transfectants treated with 20 and
40 pg/mL GT. In HCT116 (p53~/~) cells transfected with pCMV-
p53mt135, p53 proteins were poorly expressed in both treatments
and at all time points. Similarly, p21 proteins were very poorly ex-
pressed in all cases (Fig. 5C). In HCT116 (p53~/~) cells transfected
with pCMV-p53, at 20 pg/mL concentration, p53 protein levels 48
and 72 hours posttreatment were comparable to the respective
controls. At 40 pug/mL GT, p53 protein expression was significantly
induced at 24 and 48 hours posttreatment compared with the
controls. The p21 protein was very poorly expressed in these
cells at 20 pg/mL treatment. At 40 pug/mL GT, the increase in p53
expression was not associated with p21 induction (Fig. 5D). These
results confirm previous findings in which GT-induced senescence
was found to be independent of p53 and p21."°

Discussion

GT is known to exert anticarcinogenic effects?®> on multiple
cancer types, including prostate cancer and breast cancer, among
others.26 However, the mechanisms underlying this effect are
not well defined. In colon cancer, GT was shown to induce cell
death in HCT116 (p53*+/+, p53~/~, and p21~/~) cell lines that was
associated with ROS generation.'”> Moreover, the MAPK proteins
that can be activated by ROS were not significantly modulated in
response to GT, except for a relative increase in the expression
levels of p-ERK. This could be explained by that this increase of
p-ERK is mediated by ROS independent pathway.

The use of the ROS scavenger, Tiron, failed to rescue GT-induced
cell death. The constitutive activation of STAT3 in colon cancer
is well established. In addition, inhibition of STAT3 is known to
increase ROS production on normal and cancer cells. To create
a link between cell death, ROS, and GT; GT effects were tested
on the JAK/STAT pathway. GT was found to completely abolish
the phosphorylation of STAT3 at Y705 in the 3 isogenic human
colon cancer cell lines HCT116 (p53*/*, p53~/=, and p21-/~) at
a concentration of 40 pg/mL. This GT concentration reduced the
phosphorylation of STAT1 at Y701, and the protein expression
levels of both STAT3 and STAT1. STAT3 possesses oncogenic po-
tentials, thus promoting cell proliferation and survival.?’ STATI,
on the other hand, is apoptotic.?®6 Despite reduction in p-STAT1
levels, GT most likely exerts its anticancer and apoptotic effects
by inhibiting active STAT3, especially that this protein has been
suggested to be a therapeutic target in many malignancies.?? In
our model system, STAT3 rather than STAT1 seems to be more
important in determining cell fate, especially the effect of STAT3
on ROS production. GT also reduced JAK2 and totally blocked the
phosphorylation of JAK2 at Y1007/1008. JAK2, which is part of
the Janus kinases, is an upstream positive regulator of STAT3.30
The JAK2/STAT3 pathway is mainly activated by interleukins (ILs),
primary IL-6, and other gp130-related cytokines.’! Because the
proliferation of colorectal cancer cells is promoted by IL-6,32
which ensures the activation of STAT3 in HCT116°3 and because
GT inhibits p-STAT3 and reduces p-STAT1 levels even within 6
hours after treatment, GT could suppress the JAK/STAT pathway by
blocking the association of IL-6 or other ILs to its corresponding
receptor or by inhibiting JAK itself allowing the suppression of
its downstream effectors. The JAK/STAT pathway also activates
the transcription of STAT proteins. Therefore, the observed re-
duction in STAT3 and STAT1 levels could be due to GT-induced
inhibition and reduction of p-STAT3 and p-STAT1, respectively,
or due to the suppression of their corresponding JAKs. GT also
downregulated the protein expression levels of the negative reg-
ulators of apoptosis (ie, Bcl-x;, Bcl-2, and c-Myc) in the 3 cell
lines.

In HCT116 (p53~/- and p21-/-), apoptosis was induced in
response to 40 pg/mL GT as evidenced by the significant reduction
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Fig. 5. (A) Treatment of HCT116 (p53+/+) with gallotannin (GT) decreased p-Rb (Ser 780) expression and induced increase in Rb expression. Treatment of HCT116 (p53~/—
and p21-/-) cells decreased the levels of p-Rb (Ser 780) but did not induce Rb expression. The cells were treated at 50% confluency with 40 ug/mL GT for 6, 15, 24,
48, and 72 hours. Whole-cell lysates were then immunoblotted with p-Rb (Ser 780) and Rb antibodies. The membranes were also probed with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody to ensure equal loading. (B) GT-induced senescence only in HCT116 (p53+/+) cells but failed to induce it in HCT116 (p53~/~) cells transfected
with pCMV-p53 plasmid or pCMV-p53mt135 and in HCT116 (p53~/~) cells. Cells were treated at 50% confluency with GT (20 and 40 pg/mL) for 72 hour. Senescence induction
was assayed by the Senescence B-galactosidase Staining kit as described in the Materials and Methods section. Five random images were then taken for each sample and
the percentage of stained cells was calculated in each image. The percentage of senescent cells in each sample represents the average of the percentages of stained cells in
the 5 regions. **P < 0.01 defined the statistical significance from control using 1-way ANOVA test. (C, D) Treatment of HCT116 (p53~/~) cells, transfected with p53 plasmid
(pCMV-p53) or plasmid harboring p53 mutant p53m plasmid (pCMV-p53mt135) with 40 pg/mL GT induced significant p53 expression in cells transfected with pCMV-p53
plasmid but failed to express p21 proteins. In cells transfected with pCMV-p53mt135, p53 was slightly induced but not p21. Treatment of both types of transfected cells with
20 pg/mL GT failed to induce both p53 and p21 proteins. The cells were treated at 50% confluency with 20 or 40 pg/mL GT for 6, 15, 24, 48, or 72 hours. Whole-cell lysates
were then immunoblotted with p53 and p21 antibodies. The membranes were also probed with GAPDH antibody to ensure equal loading.

in Bcl-2 protein levels which led to at least a 2-fold increase
in the Bax/Bcl-2 ratio. Bcl-2 and Bcl-x;, normally block mito-
chondrial membrane potential and the subsequent membrane
permeabilization and release of small apoptotic proteins such as
cytochrome ¢ and the apoptosis-inducing factor. Therefore, the
decrease in Bcl-x; and Bcl-2 protein expression levels upon GT
treatment, and which could be attributed to inhibition of STAT3
phosphorylation, would relieve their suppressive effects on the
mitochondria. This will then trigger mitochondrial-dependent
apoptosis.

GT also induced significant PARP cleavage. PARP cleavage
is mainly mediated by the caspase-signaling cascade. How-
ever, GT was found, using caspase inhibitors and Western blot
analysis of essential caspases, to induce caspase-independent
apoptosis. Thus, in our cell model, GT caused PARP cleavage
in a caspase-independent manner. The mitochondrial protein
apoptosis-inducing factor is the main protein that triggers caspase-
independent apoptosis.>* Thus, apoptosis in HCT116 (p53~/~ and
p21-/~) could be mediated by the apoptosis-inducing factor in a
caspase-independent manner.

The proto-oncogene c-myc is another downstream target of
STAT3 that is positively regulated by it.>> The protein levels of
c-Myc were reduced in response to GT's inhibitory effect on STAT3

phosphorylation. However, a marked increase in c-Myc expres-
sion was observed 6 hours posttreatment particularly in HCT116
(p53*+/*) and HCT116 (p53~/~). This protein has been reported to
elevate the intracellular levels of ROS. Knowing that GT induces
ROS in these cell lines, c-Myc induction may at least partially
contribute to this intracellular elevation in ROS.3%

The 3 cell lines used in this study display differential sensitivity
to GT, with HCT116 (p53*+/*) being least sensitive and HCT116
(p21-/=) most sensitive. This difference in response could be
ascribed to the difference in the p53 and p21 status in the 3
cell lines. GT induced senescence in HCT116 (p53+/*) cells with
concomitant reduction in p-Rb (Ser 780) and induction of Rb
levels. This cell line overexpresses p53 and p21 in response to GT.
p21 activates Rb and once activated, Rb proteins associate with
and block the activity of E2F proteins that are essential for S-phase
progression.>’

Senescence is negatively modulated by STAT3. Senescence was
induced in response to 2 GT concentrations 20 and 40 pg/mL.
p-STAT3 inhibition was achieved at 40 pg/mL GT. Increase in
intracellular ROS levels can induce senescence. GT was found to
elevate the ROS levels in HCT116 (p53*/*). The overall elevation
in ROS generated from c-Myc induction, STAT3 inhibition and GT
direct effect, can be partially involved in the senescence induction
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in this cell line. Inhibition of STAT3 in HCT116 cell line have been
reported to induce premature senescence.>® This could explain
senescence in HCT116 (p53*/*) upon GT treatment when STAT3
inhibition is the main player in this induction.

The HCT116 (p21~/~) that do not express p21 were most
sensitive to GT, with the population of cells in the sub-G1 phase
exceeding 50%. HCT116 (p53~/~) also fail to express p21 and yet
are more resistant to apoptosis. This difference in sensitivity could
be ascribed to variations in the p53 status in the 2 cell lines.
HCT116 (p21~/~) express p53. This protein is mainly implicated in
cell-cycle arrest by activating p21; however, its role in mediating
mitochondrial-dependent apoptosis is also well established.>® p53
can actually behave as the pro-apoptotic members of the Bcl-2
family and is also negatively regulated by STAT3.“C Therefore,
the increased sensitivity to GT in HCT116 (p21~/~) cells could be
due to activation of p53 following p-STAT3 inhibition. However,
because the p21 gene is absent in these cells, p53 will mainly
exert a pro-apoptotic effect, thus enhancing the apoptotic response
to GT.

Conclusions

This study sheds light on the possible mode of action of GT in
3 isogenic human colon cancer cell lines. Based on our findings,
particularly the p-STAT3 inhibitory effect, GT could be a promising
chemotherapeutic agent. However, further studies need to be
conducted to better understand the intracellular effects of GT.
Studies regarding the modulation of IL-6 as well as the gp130
receptors would be necessary to understand the mechanism by
which GT inhibits p-STAT3.
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