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Impact statement

The mechanism by which natural products
such as resveratrol suppresses TNF-
p-promoted tumor cell proliferation, inva-
sion, and colony formation is unknown. In
this study, we explored for the first time the
effect of resveratrol on the proinflammatory
cytokine TNF-f-, compared to TNF-
a-stimulated proliferative and pro-
inflammatory signaling in HCT116 cells.
Our findings suggest that expression of
TNF-$ and TNF-p-receptor, like TNF-u, can
lead to activation of inflammatory tran-
scription factor (NF-xB) and NF-xB-regu-
lated gene biomarkers, which are involved
in the promotion of cancer proliferation,
invasion, metastasis, and cell survival of
tumor. Resveratrol can block TNF-S/TNF-
f-receptor-induced activation of NF-«B,
NF-xB-modulated gene products, and
inhibition of caspase-3 cleavage. These
results highlight the therapeutic effect of
resveratrol-mediated anti-tumor activity by
multitargeting cellular signaling pathways.

Abstract

Although much is understood about the proinflammatory cytokine TNF-«, very limited data
are available about TNF-f (lymphotoxin). Whether TNF-f can induce the proliferation of
tumor cells, how TNF-f-induced proliferation of tumor cells is affected by natural products
such as resveratrol and the role of NF-«B in this process, is not understood. In the present
study, we used clonogenic and cytotoxic methods to show the effect of TNF-f on cell
proliferation. We also examined the impact of resveratrol on TNF-f-promoted proliferation
and on NF-«B activation in HCT116 colorectal cancer (CRC). Our findings showed that TNF-
p induced the proliferation and invasion in CRC cells and this was comparable with that of
TNF-o. TNF-p-stimulated proliferation of CRC cells was blocked via anti-TNF-f-receptor.
We found that resveratrol reversed the TNF-f-induced proliferation and invasion of CRC
cells, and this correlated with the suppression of TNF-f-stimulated NF-xB signaling. Like
resveratrol, IkB-kinase (IKK) inhibitor (BMS-345541), also reversed TNF-p-stimulated pro-
liferation, NF-xB activation and these were mediated through inhibition of IxB-kinase, phos-
phorylation of 1kBa, suppression of phosphorylation, and nuclear translocation of the p65
subunit of NF-kB. Furthermore, resveratrol similar to BMS-345541 suppressed TNF-f3-pro-
moted NF-xB-mediated gene biomarkers linked with proliferation, apoptosis, and invasion.
Overall, our findings indicate for the first time that TNF-f/TNF-p-receptor signaling is

involved in proliferation of CRC cells in parallel to TNF-«, and that resveratrol down-modulates TNF-f/TNF-f-receptor-mediated
inflammatory response, at least in part through down modulating NF-xB activation, thereby regulating tumor cell growth.
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Introduction

Comprising approximately 10% of estimated cancer death

around 65%, as a majority of patients’” tumors develop che-
moresistance to standard treatments allowing for the tumor

worldwide, colon cancer is the third most common cancer.
Although the incidence of this cancer has stabilized
through the use of improved screening methods, five-year
overall survival rates in industrial countries still range

to metastasize."?

Colorectal cancer development is a multi-step process
modulated by cellular and non-cellular interactions in the
tumor microenvironment which subsequently trigger
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tumor progression and invasion.>* One of the known risk
factors for colon cancer includes chronic inflammatory
bowel diseases such as Crohn’s disease and ulcerative coli-
tis.” Indeed, chronic inflammation plays a major role as a
mediator for a number of diseases, including cancer® and it
is now widely recognized that chronic inflammation drives
cancer development and progression.”®

Inflammatory cells and inflammatory mediators (e.g.
pro-inflammatory cytokines and chemokines, carcinogens,
and chemotherapeutic agents, radiation, physical, and
chemical stress) in the tumor microenvironment have
been shown to lead to abnormal activation of specific
transcription factors, such as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB), and thereby
stimulate and promote proliferation and survival of malig-
nant cells, angiogenesis, and metastasis.®”""' Under physi-
ological conditions, a group of inhibitory proteins (e.g.
IxBa, Bcl-3, p100, and others), all belonging to the IxB
family, tightly control activation of NF-xB.'>!® However,
in the case of carcinogenesis, the NF-xB transcription
factor was shown to be constitutively active and its gene
end-products shown to markedly stimulate tumor progres-
sion and metastasis.®!! Further, the activation of NF-«B in
tumors modulates the expression of diverse genes involved
in blocking apoptosis and thus stimulates the tumor cell

proliferation.'*"
Several reports indicate that among other pro-
inflammatory cytokines, tumor necrosis factor-alpha

(TNF-a) is crucial in cancer development by regulating
communication in the tumor microenvironment. It does
this primarily by its activation of the NF-xB-pathway
which up-regulates inflammatory cytokines, cell-adhesion
molecules, and invasive factors.®'*" Intriguingly, TNF-o is
activated by a large number of tumors, which induces its
own expression and that of other cytokines demonstrating
the capacity of the tumor for autocrine and paracrine sig-
naling.’*?° Indeed, TNF-« has been suggested to play an
important function in stimulating proliferation of tumors.**

Although much is known about the importance of
TNF-u in carcinogenesis, much less is known about its clos-
est structural homologue TNF-f, also called Lymphotoxin-
% because it was primarily derived from lymphocytes.?***
TNEF-f belongs to the TNF superfamily and activates apo-
ptosis and inflammatory signals similar to TNF-2.>* Alike
to TNF-«, TNF-f signals via the lymphotoxin-fi receptor
(LTAR)* and activates canonical and non-canonical
NF-«B signal.®®® The LTfR is established to play essential
function in inflammation, lymphoid organogenesis, and
retaining architecture and compartmentalization of B and
T lymphocytes in the adult spleen through stimulating the
NF-xB pathway.” Interestingly, induction of LTSR via
Helicobacter pylori in gastric cancer has been suggested
to stimulate the non-canonical NF-xB pathway.*’ In bladder
tumor, LTBR activation by lymphotoxin promoted an
inflammatory microenvironment through upregulation of
endogenous TNF-« and IL-1f expression; however, no sig-
nificant effect on cell proliferation was observed although
the cyclin D levels increased.®

Natural compounds have been shown to directly and
indirectly regulate inflammatory pathways in the colon,

thus influencing the tumor growth, progression, and
tumor relapse.**? The natural stilbene and non-flavonoid
polyphenol resveratrol possesses anti-oncogenic and anti-
inflammatory features.*> Multiple reports have suggested
that in various tumors, as well as in colorectal carcinoma
cells, resveratrol blocks NF-xB activation, inhibits the cell
cycle, and induces apoptosis.*~

This investigation was designed to elucidate the role of
TNEF-f in colorectal cancer cell proliferation, invasion, apo-
ptosis, and to examine the capability of resveratrol in sup-
pressing TNF-f-promoted tumorigenesis in alginate
cultures in vitro. Furthermore, we researched potential rec-
iprocity among the TNF-f and the NF-«B signaling path-
ways, together with the role of resveratrol or BMS-345541 in
suppressing TNF-f-stimulated NF-xB-dependent gene
products. These gene products lead to inflammation,
tumor cell growth, invasion, and metastasis.

Materials and methods

Antibodies and chemicals

Monoclonal antibodies to MMP-9, to phospho-IxBe, to
phospho p65 (NF-xB), to cyclin D1, and antibody to cleaved
caspase-3 were from R&D (Heidelberg, Germany).
Polyclonal antibody against CXCR4 was from Abcam
(Cambridge, UK). Monoclonal anti-f-Actin was from
Merck-Sigma-Aldrich (Munich, Germany). Monoclonal
antibodies to Ki-67 and secondary antibodies for immuno-
fluorescence were from Dianova (Hamburg, Germany).
TNF-f5, TNF-o, monoclonal antibodies to TNF-f, to TNF-
o, to TNF-f-receptor (LTfSR), and to TNF-o-receptor were
from eBiosciences (Frankfurt, Germany). TNF-f and TNF-a
were a kind gift from Genetech, Inc. (San Francisco, CA,
USA).*” Secondary antibodies for western blotting were
from Millipore (Schwalbach, Germany) and for immunoe-
lectron microscopy from Amersham (Braunschweig,
Germany). Alginate, IKK inhibitor (BMS-345541) and res-
veratrol were purchased from Sigma. Epon was purchased
from Plano (Marburg, Germany).

Growth media and chemicals

Culture growth medium (Dulbecco’s modified Eagle’s
medium/Ham’s F-12 (1:1)), supplemented with as
described before, was obtained from Biochrom
(Berlin, Germany).*

Cell culture

The human colon cancer cell line (HCT116) was derived
from the European Collection of Cell Cultures (91091005,
Salisbury, UK) and cultured as described previously.*
Before starting the treatment, cells were washed with
medium containing 3% FBS (serum-starved medium). All
investigations were performed in serum-starved medium.

Alginate culture

Three-dimensional cultivation of CRC cells in alginate

beads has been previously described in detail by our
35,36,38,39

group.



Light microscopy of alginate cultures

The effect of TNF-a, TNF-f, and/or resveratrol on the pro-
liferation and colonosphere formation of HCT116 cells in
alginate bead culture (cells were left untreated, and treated
with 10ng/mL TNF-o, 10ng/mL TNF-f, or resveratrol
(5uM) by itself or co-treated with either 10ng/mL TNF-«
or 10ng/mL TNF-f) was visualized at day 10 under a light
microscope (Zeiss, Jena, Germany).

Cell proliferation assay

Effect of TNF-a, TNF-f, resveratrol, and anti-TNF-f-recep-
tor alone or in combination on cell proliferation of HCT116
cells was probed using MTT-Assay as described previous-
ly.*** Briefly, monolayer cultures were left untreated, and
treated with TNF-z (1, 5, 10ng/mL), or TNF-§ (1, 5,
10ng/mL), or resveratrol (5uM) by itself, or co-treated
with either TNF-o (1, 5, 10ng/mL) or TNF-f (1, 5,
10ng/mL) for 24 h. In complementary experiments, cells
were left untreated, and pre-treated in suspension with
anti-TNF-f-receptor (0, 1, 10, 100, 200 pg/mL) for 10 min
and then incubated with or without 10ng/mL TNE-§ for
10min and cultivated for three days in alginate cultures.
For subsequent MTT investigation, cells were retrieved
from the alginate with 55 mM sodium citrate solution.*

Invasion assay

Invasive ability of HCT116 cells was investigated in 3D-
alginate culture. HCT116 cells were left untreated, and
treated with TNF-o (1, 5, 10, 20ng/mL), or TNF-§ (1, 5,
10, 20ng/mL). In complementary experiments, HCT116
cells were left untreated, and treated with resveratrol
(5uM) by itself or co-treated with either TNF-« (1, 5, 10,
20ng/mL) or TNF-f (1, 5, 10, 20ng/mL) for 10 days.
Cells migrated from the alginate and formed new colonies
in the Petri dish. They were visualized and quantified as
described before.*®

Immunoelectron microscopy

Demonstration of TNF-f-receptor and TNF-o-receptor on
tumor cells by immunogold labeling was performed as pre-
viously described.® Sections were investigated under a Jeol
1200 EXII, Akishima Tokyo, Japan.

Immunofluorescence

Investigation of location of phosphorylated p65 in HCT116
cells was performed using monolayer cultures, as previous-
ly described.>® Tumor cells were left untreated, and treated
with 10ng/mL TNF-¢, or 10ng/mL TNF-f, or resveratrol
(5uM) by itself or co-treated with either 10 ng/ mL TNF-o or
10ng/mL TNF-f. In complementary experiments, tumor
cells were either left untreated, and treated with BMS-
345541 (5uM) by itself or co-treated with either 10ng/mL
TNF-o or 10ng/mL TNEF-f for 24 h and immunofluores-
cence staining performed as previously described.*
Primary p65 antibody was diluted 1:80 in 1% BSA/PBS
and secondary antibodies were diluted 1:100 in 1% BSA/
PBS and co-stained with DAPL>*® Percentage of NF-xB
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positive cells and apoptotic cells was quantified by scoring
800-1000 cells from 10 different microscopic fields.

Western blot analysis

Dose- and time-dependent experiments of HCT116 cells in
monolayer culture were investigated using immunoblotting
as described previously.*! To study the effect of dose of TNF-
f, tumor cells were left untreated, and treated with TNF-f (0,
1,5,10ng/mL), or resveratrol (5 uM) by itself, or pre-treated
with resveratrol (5 uM) for 12 h, followed by incubation with
increasing concentrations of TNF-f (0, 1, 5, 10ng/mL) for
additional 12 h. In complementary experiments, cells were
left untreated, and treated with TNF-f (0, 1, 5,10 ng/mL), or
BMS-345541 (5 uM) by itself, or co-treated with BMS-345541
(5uM) for 4 h, followed by co-incubation with increasing
concentrations of TNF-f (0, 1, 5, 10ng/mL) for 12 h. To
examine the effect of time, HCT116 cells were left untreated,
and treated with TNF-f (10ng/mL), TNF-« (10ng/mL), or
resveratrol (5 uM) by itself, or pre-treated with resveratrol
(5uM) for 12 h followed by co-treatment with 10ng/mL
TNE-f or TNF-o for 10, 20, and 40 min. In complementary
experiments, cells were left untreated, and treated with
TNF-f (10ng/mL), TNF-o (10ng/mL), or BMS-345541
(5uM) by itself, or pre-treated with BMS-345541 (5 uM) for
4 h followed by co-treatment with 10 ng/mL TNE-f or TNF-
o for 10, 20, and 40 min.

Statistics

The data were analyzed by Wilcoxon-Mann-Whitney test.
The results are shown as mean =+ standard deviation or
SEM and were compared by one-way or a two-way
ANOVA using SPSS Statistics, if the normality test passed
(Kolmogorov-Smirnov test). Each study was repeated at
least three times. P-value of < 0.05 was considered statisti-
cally significant.

Results

Resveratrol suppresses proliferation promoted by
TNF-p or TNF-« in CRC cells in 3D-alginate
tumor cultures

We compared TNF-f with TNF-u to see if it would affect the
proliferation of CRC cells in a 3D alginate culture model
which mimicked approximately the tumor microenviron-
ment. The effects of TNF-f or TNF-o and/ or resveratrol on
cell proliferation were examined by performing a morpho-
logical investigation and MTT assay in HCT116 cells as
indicated in Material and Methods (Figure 1(a) and (b)).
Encapsulated tumor cells grew and formed typical colono-
sphere in the alginate beads (Figure 1(a)). TNF-f similar to
TNEF-o increased proliferation and colonosphere develop-
ment of cells compared to control (Figure 1(a)). In opposite,
resveratrol blocked proliferation and colonosphere devel-
opment of tumor cells. It was noted that TNF-f or TNF-o
and resveratrol significantly reduced cell proliferation com-
pared to respective TNF treatment alone (Figure 1(a)).
These results demonstrate that TNF-f, like TNF-o, marked-
ly stimulates HCT116 proliferation in CRC. Further, as
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Figure 1. Resveratrol blocks and down-modulates TNF-$- and TNF-«-induced proliferation of CRC cells. HCT116 cells in alginate bead cultures were treated as
described in Materials and Methods. (a) Light microscopic demonstration of HCT116 cells grown in alginate beads culture (*) after 10 days. The number of colono-
spheres (arrows) was quantified by counting 15 different microscopic fields. Magnification x24, bar = 0.2 mm in all cases. (b) The MTT method was used to investigate
cell proliferation of HCT116 cells as described in detail in Materials and methods. All experiments were performed at least three times. P <0.05 (*) and P < 0.01 (**)
indicate a significant difference compared to the control group. (A color version of this figure is available in the online journal.)

demonstrated by MTTresults (Figure 1(b)), TNF-f or TNF-o
by itself increased significantly cell proliferation dose-
dependently, compared to control, by 11%, 110%, 267%
and by 30%, 103%, and 223%, for TNF-f and TNF-«, respec-
tively. Resveratrol alone reduced significantly proliferation
of CRC cells, compared to control cultures, by ~57%. In
contrast, combination treatment of TNFs with resveratrol
significantly induced cytotoxicity in HCT116 cells reducing
cell proliferation compared to respective TNF treatment
alone by about 66%, 55%, 65% and by about 74%, 61%,
and 59%, TNF-f or TNF-o, respectively (P <0.05)
(Figure 1(b)). Taken together, these findings suggest that
resveratrol inhibited cytokine-induced cell proliferation

(Figure 1).

TNF-p and TNF-« receptors are expressed on the
surface of human CRC cells and functionality markedly
influences CRC cell proliferation

To demonstrate the localization and expression of TNF-f
and TNF-o receptors on an ultrastructural level, we per-
formed immunoelectron microscopy. Immunoelectron
microscopic pictures in Figure 2(I) demonstrate basal
expression and diffusely distributed TNF-f (A) and TNF-
o (B) receptors predominantly on the round and planar cell
surface. To elucidate further the importance of TNF-f
receptors functional role for CRC cell proliferation, we per-
formed an MTT assay. HCT116 were either left untreated,
and pre-incubated in suspension with anti-TNF-f-receptor
(0,1, 10,100, 200 pg/mL) for 10 min, then incubated with or
without TNF- for 10 min and cultured in alginate beads as
indicated in Materials and Methods. Treatment with TNF-f
alone led to significant enhance in cell proliferation com-
pared to control cells by 8%. Pre-treatment with increasing
amounts of anti-TNF-f-receptor to HCT116 cells stimulated
with TNF-p, led to significant decrease in cell proliferation
by 12%, 41%, 62%, and 86%, respectively (Figure 2(II)).
More interestingly, anti-TNF-f-receptor treatment alone
(Figure 2(IlI)) markedly decreased CRC cell proliferation
compared to control by 3%, 10%, 30%, and 62%,

respectively, with increasing dosage of antibody. These
data not only demonstrate clearly the expression of TNF-
p and TNF-a receptors on the tumor cell surface, but they
show the important role of TNF-f receptors as signaling
receptors on CRC cells for tumor cell survival.

Resveratrol, as a multitargeted agent suppresses
invasion and colony formation, stimulated by TNF-p
or TNF-« in CRC cells

Figure 3 demonstrates, TNF-f (a), like TNF-a (b) promoted
the invasion and colony development of CRC cells dose-
dependently. These findings demonstrate that TNF-§, as
TNF-0, markedly stimulates tumor cells migration in
CRC. Next, we investigated whether TNF-f-promoted
invasion and colony formation of HCT116 cells is affected
by resveratrol treatment (Figure 3(c) and (d)). Therefore,
CRC cells were left untreated, treated with resveratrol by
itself or in combination with the TNFs as indicated in
Material and Methods. Resveratrol alone inhibited clearly
cell invasion in comparison to the control. Moreover, even
the addition of 20ng/mL of TNF-§ or TNF-« could not
totally block the inhibitory effect of resveratrol on invasion
of HCT116 cells through the alginate-based matrix and sup-
pressed colony formation (Figure 3(c) and (d)). The fact that
neither TNF-o or TNF-f were able to totally overcome the
effects of resveratrol highlights the multitarget potential of
resveratrol suggesting that resveratrol may act through
additional pathways independent of the TNFs.

Resveratrol blocks nuclear translocation of p65
promoted by TNF-p or TNF-« in HCT-116 cell as
revealed by immunofluorescence microscopy

We further investigated whether TNF-f or TNF-o induced
proliferation, invasion, and colony formation of CRC via
activation of NF-xB.** The p65 subunit is found in the cyto-
plasm of cells; however, after activation, p65 is translocated
to the nucleus where it can modulate gene expression.*®
Therefore, we investigated the effect of resveratrol on the



TNF-B-receptor

n-"!"n

TNF-o-receptor

50 nm)

-
-

on = o
1

{Abs 5
S

Cell proliferation

[

-

=
I

100 200
Anti-TNF-B-receptor (pg/ml)

Co. 0 1 10

TNF (10ng/ml)

—
=
1
*

=
(%]
I

Cell proliferation
{Abs 550 nm)

=
[—]
1

Co. 1 10 100 200
i Anti-TNF-B-receptor (pg/ml)

Figure 2. Expression of TNF-f- and TNF-a-receptors on the surface of HCT116 cells and the effect of a TNF-$-receptor antibody on HCT116 cell proliferation. I.
Detection of TNF-f- (a) and TNF-«-receptor (b) expression (arrows) on HCT116 cells in suspension by pre-embedding immunogold labeling was performed as
described in Materials and Methods. Ultrathin sections were examined under a transmission electron microscope. Scale bar =0.2 um; Insets: Scale bar =0.09 um.
MTT-assay demonstrating the effect on proliferation of HCT116 cells by blocking the TNF-p-receptor co-treated with TNF-$ (Il) or without TNF- (lll) as described in

Materials and Methods. *P < 0.05, **P < 0.01.

TNF-f- or TNF-a-induced activation of p65.** In control
cells, immunofluorescence microscopy revealed intense
cytoplasmic but weak nuclear staining (52%) for
phospho-p65. TNF-f like TNF-0, induced comparable per-
centages of phospho-p65 to translocate to the nucleus (88%
and 78%, respectively; Figure 4(a) and (b)). In contrast, pre-
incubation with resveratrol before TNF-f or TNF-o treat-
ment led to reduction of nuclear labeling of p65 (20% and
23%, respectively) (Figure 4(a) and (b)). There was marginal
nuclear labeling of p65 in HCT116 cells treated with resver-
atrol by itself (10%) (Figure 4(a) and (b)). To confirm these
results and the MTT assay, we investigated the extent of cell
death using DAPI staining and fluorescence microscopy to
reveal the nuclear morphological changes. We show that
untreated, TNF-f, and TNF-o-treated HCT116 cells display
normal nuclear size and minimal morphological changes
resulting in 8%, 10%, and 7% apoptosis for control and
TNF treatments, respectively. In contrast, significant
increases in fragmented nuclei and apoptotic morphologi-
cal changes were seen in HCT116 cells treated with resver-
atrol by itself (45%) or co-treated with TNF-f (33%) or TNF-
o (37%) (Figure 4(a) and (b)). These results are consistent
with results from the MTT study and support the fact that
TNF-$ and TNF-« have little or no effect on apoptosis in
CRC cells (Figure 4(a) and (b)).

Resveratrol down-modulates TNF-f- or TNF-a-induced
p65 and IxBa phosphorylation in a time- and
dose-dependent fashion in HCT116 cells

Because NF-«xB activation is one of the first steps in the
process of inflammation,*> we examined whether resver-
atrol modulates cytokine-promoted NF-xB activation
time-dependently. Serum-starved HCT116 cells were
examined for phosphorylated NF-xB after the tumor
cells were treated as indicated in Material and Methods
(Figure 4(c)). Western blotting results demonstrated that
TNE-f, like TNF-o, induced phospho-p65 in a time-
dependent fashion (Figure 4(c)). Interestingly, resveratrol
inhibited both TNF-f- or TNF-a-promoted phosphoryla-
tion of p65 in a time-dependent fashion (Figure 4(c)).
These Western blotting results were in accordance with
the inhibition of phospho-p65 observed by immunomor-
phological methods. We wanted to know more about the
mechanistic relationship of TNF-f and the NF-xB signal-
ing in CRC cells. Phosphorylation and degradation of
inhibitor of IxB-alpha, the natural suppressor of NF-«B,
are required for the activation of NF-xB.*> We investigat-
ed this up-stream signaling of NF-«xB activation by mea-
suring p65 and IxBo phosphorylation by TNF-f or TNF-«
in CRC cells.
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Figure 3. Resveratrol blocks and down-modulates TNF-/- and TNF-«-induced invasion and colony formation of CRC cells. HCT116 cells in alginate bead cultures
were treated with TNF-f (a), or TNF-« (b), or resveratrol and TNF- (c) or resveratrol and TNF-« (d) as described in Materials and Methods. Invasive colonies were

stained with Toluidine blue after 10 days. The number of invasive and adhered colonies was visualized and quantified by counting all colonies under a light microscope
(Zeiss, Germany). *P < 0.05, **P < 0.01. Invasion cell numbers were significantly lower in the resveratrol+TNF groups than in the TNF groups. (A color version of this

figure is available in the online journal.)

TNF-$ or TNF-o induced IxBa phosphorylation in a
time-dependent fashion and phosphorylation was almost
completely suppressed through addition of resveratrol
(Figure 4(c)). These outcomes suggest that TNF-f/-o stim-
ulates IxBa phosphorylation by acting up-stream to p65
phosphorylation and  resveratrol  inhibits = TNEF-
p/-o-stimulated IxBo phosphorylation. They further indi-
cate that the suppressing role of resveratrol on TNF-f
signaling pathway, like TNF-o, in HCT116 cells is through
blocking p65 phosphorylation. We probed whether the
impact of resveratrol on TNF-f-promoted HCT116 cell pro-
liferation and invasion in alginate was linked with the sup-
pression of NF-«B signaling, as well as the down-regulation
of p65-dependent gene products involved in tumor prolif-
eration and metastasis. It is known that NF-xB modulates
the expression of genes participating in proliferation (Ki-67,
cyclin D1),44’45 invasion and metastasis (MMP-9, CXCRZL),46
and apoptosis (caspase-3).*”** HCT116 cells were treated
with TNF-$ (1, 5, 10 ng/mL), or with resveratrol, or resver-
atrol plus TNF-$ for 12 h. As demonstrated in Figure 4(d),

immunoblotting for phospho-p65 showed that TNF-f up-
regulated phosphorylated p65 in a dose-dependent fashion,
while resveratrol blocked this TNF-f-stimulated expression
of phospho-p65 (Figure 4(d)). Similarly, TNF-f induced
expression of MMP-9, cyclin D1, Ki-67, and CXCR4
(cancer-promoting proteins) but did not induce activity of
caspase-3 (an anti-cancer protein). Conversely, resveratrol
suppressed TNF-fi-promoted expression of these cancer
stimulating proteins and up-regulated the activity of
caspase-3 in a dose-dependent fashion (Figure 4(d)).
These results support the conclusion that resveratrol
blocks TNF-f/-a-induced p65 phosphorylation and NEF-
kB-mediated inflammatory, proliferative, and invasive
gene expression in tumor cells dose- and time-dependently.

Specific IKK inhibitor BMS-345541 blocks TNF-f- or
TNF-a-promoted nuclear translocation of phospho-p65
to the cell nucleus in HCT116 cells

To further investigate the mechanisms involved in TNEF-
p-dependent activation of NF-xB, next we used
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Figure 4. Effect of resveratrol on 10 ng/mL TNF-$- or TNF-a-induced activation and nuclear translocation of p65 and NF-«xB-regulated gene end-products in HCT116
cells. (@) HCT116 cells in monolayer culture were treated as described in Materials and Methods, labeled for p65 by immunofluorescence and counterstained with
DAPI. The white arrows indicate apoptotic cells. Magnification 600x; bar =30 um. (b) Percentage of positively stained cells and apoptotic nuclei was quantified by
counting 800-1000 cells from 10 different microscopic fields and values were compared to the control and statistically significant values with P < 0.05 are designated
by an (*); P < 0.01 by two (**). Number of NF-xB-/apoptotic-positive cells was significantly lower/higher in the resveratrol+TNF groups than in the TNF groups. (c) Time-
and (d) dose-dependent experiments of HCT116 cells in monolayer culture were performed as described in Materials and Methods. Immunoblotting of whole cell
lysates was performed for anti-phospho-p65, anti-phospho-IxBx, anti-MMP-9, anti-cyclin D1, anti-Ki-67, anti-CXCR4, and anti-cleaved-caspase-3. The results are
shown from at least three independent experiments and the housekeeping protein f-actin served as an internal loading control. Densitometric evaluation was
performed for phospho-p65, MMP-9, cyclin D1, Ki-67, CXCR4 and cleaved-caspase-3. *P < 0.05, **P < 0.01.

immunofluorescence to monitor the effect of BMS-345541,
a specific IKK (IxB kinase) inhibitor. Tumor cells were
treated as indicated in Material and Methods and labeled
with phospho-p65 antibody (Figure 5(a) and (b)). In
untreated HCT116 cells, 50% of nuclear staining was
observed. Treatment with TNF-f or TNF-o markedly
increased nuclear staining (85% and 76%, respectively).
BMS-345541 treatment alone markedly blocked nuclear
translocation of phospho-p65 and only marginal nuclear
staining was observed (8%). Interestingly, combining
BMS-345541 with TNF-f or TNF-« blocked phospho-p65
nuclear translocation resulting in 20% and 12% positive
stained cells, respectively. Additional investigation of apo-
ptosis induction with DAPI revealed minimal apoptotic
changes in untreated cells or treated with TNF-f or TNF-«
(9%, 5%, 7% respectively). Consistent with the results
found with phospho-p65 translocation, treatment with
BMS-345541 by itself or co-treated with TNF-f or TNF-«
increased apoptotic morphological changes in HCT116

cells with 38%, 30%, and 37%, respectively (Figure 5 (a)
(b)). These results demonstrated that IKK is one of the kin-
ases which is essential in TNF-f/-2-NF-xB-mediated sig-
naling pathway. Taken together, these results further
argue that phosphorylation of p65 nuclear translocation is
necessary for TNF-f tumorigenic effects.

BMS-345541 blocks TNF-f- or TNF-a-induced p-65
and IxBa phosphorylation in a time- and dose-
dependent fashion

Additionally, we investigated up-stream in the NF-xB sig-
naling pathway to elucidate the effect of TNF-f-induced
IxBo phosphorylation as pre-requisite for p65 phosphory-
lation. Because IxBo phosphorylation and degradation
require activation of IxB kinase (IKK), we investigated the
impact of BMS-345541, a specific IKK inhibitor, on TNF-f-
or TNF-o-promoted IKK activity. HCT116 cells were left
untreated or treated as indicated in Material and Methods
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Figure 5. BMS-345541 suppresses TNF-f- or TNF-a-induced activation and nuclear translocation of p65 and NF-xB-regulated gene end-products involved in
proliferation, survival, invasion, and metastasis in HCT116 cells. (a) HCT116 cells were treated as described in Materials and Methods. They were labeled for p65 by
immunofluorescence and counterstained with DAPI. Magnification 600x; bar =30 um. (b) All experiments were performed at least in triplicate and quantification of
positively stained nuclei and apoptotic cells was performed by counting 800-1000 cells from 10 different microscopic fields. *P < 0.05, **P < 0.01. Number of NF-xB-/
apoptotic-positive cells was significantly lower/higher in the BMS-345541+TNF groups than in the TNF groups. (c) Time- and (d) dose-dependent experiments of
HCT116 cells in monolayer culture were performed as described in Materials and Methods. Immunoblotting of whole cell lysates was performed for anti-phospho-p65,
anti-phospho-1kBo, anti-MMP-9, anti-cyclin D1, anti-Ki-67, anti- CXCR4, and anti-cleaved-caspase-3. The results are shown from at least three independent
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Ki-67, CXCR4 and cleaved-caspase-3. *P < 0.05, **P < 0.01.

and whole cell lysates were probed for phosphorylated
p65- and p-IxBa (Figure 5(c)). Western blotting results dem-
onstrated that in HCT116 cells treated only with TNE-p, like
TNF-o, time-dependent increases in phosphorylated p65
and IxBo were observed. In contrast, BMS-345541 pre-treat-
ment markedly suppressed TNF-f- or TNF-o-promoted
phosphorylation of p65 and IxBe in a time-dependent fash-
ion (Figure 5(c)). These results highlight our previous find-
ings and underline that resveratrol, like BMS-345541,
suppresses TNEF-f-induced IKK activity and IxBa phos-
phorylation thus blocking the NF-«xB activation at an up-
stream level. Next, HCT116 cells were treated with TNF-f
(1, 5, 10ng/mL), or BMS-345541 by itself or co-treated as
indicated in Material and Methods, and subjected to immu-
noblotting to detect p65-NF-xB, MMP-9, cyclin D1, Ki-67,
CXCR4, and cleaved-caspase-3. As shown in Figure 5(d),
TNEF-f up-regulated phospho-p65 in a dose-dependent
fashion and this impact of TNF-f was suppressed by pre-
treatment with BMS-345541. Furthermore, TNF-f induced

NF-«B regulated gene products MMP-9, cyclin D1, Ki-67,
CXCR4 and had no effect on caspase-3 activation, all factors
relevant for promoting tumorigenesis. TNF-f-induced
expression of these same factors was blocked by pre-
treatment with BMS-345541. Addition of BMS-345541
induced cleavage of caspase-3. In sum, these data indicate
that one way TNF-f promotes tumorigenesis in CRC cells is
through the induction of the NF-xB pathway. Moreover, the
anti-carcinogenic effects of resveratrol are, partially, medi-
ated through up-stream inhibition of activation of this
pathway, similar to BMS-345541 suppression of the NF-
kB pathway.

Discussion

The purpose of this paper was to investigate whether the
pro-inflammatory cytokine TNF-f (lymphotoxin ¢) can pro-
mote the proliferation and malignant potential of CRC cells.
How TNF-f-stimulated proliferation of cancer cells is



affected by natural products such as resveratrol and the
role of the transcription factor NF-xB in this process is
also not understood. In this study, therefore, we examined
the impact of resveratrol on TNF-f-, compared to TNEF-
o-stimulated proliferative and pro-inflammatory signaling
in HCT116 CRC cells.

In this study, we were able to demonstrate that TNF-$, as
TNF-o, had a similar capability to induce proliferation,
invasion, and colony development of tumor cells in an in
vitro 3D-alginate tumor microenvironment. Interestingly,
use of a TNF-f-receptor antibody blocked significantly
TNF-f-induced cell proliferation. Pre-treatment of
HCT116 cells with resveratrol or BMS-345541 (IKK-inhibi-
tor) blocked cell proliferation, invasion, and colony forma-
tion stimulated by the TNFs, indicating that NF-«xB
signaling is involved in TNEF-f-activated inflammatory
tumor microenvironment. Further, resveratrol, similar to
BMS-345541 inhibited the activation of NF-xB-specific bio-
markers involved in tumorigenesis. TNF-f, like TNF-o pro-
moted phosphorylation and translocation of p65 from the
cytoplasm to the cell nucleus and these impacts were
blocked by resveratrol or BMS-345541. Downregulation of
NEF-xB phosphorylation by resveratrol was mediated by the
suppression of TNEF-f/TNF-f-receptor-stimulated IKK
activation, which resulted in suppressing IxBo and p65.
Finally, to our knowledge, this is the first study showing
that TNF-p like TNF-o acts as a potent inflammatory cyto-
kine stimulating the cancer microenvironment. The sup-
pressive impacts of resveratrol on TNF-f/TNF-
p-receptor-stimulated tumor cell proliferation were found
to be regulated, partially by blocking NF-«B signal-
ing pathway.

Using this vitro model of HCT116 cells, after five days in
culture, untreated cells proliferated, formed colonospheres,
and migrated from the 3D culture matrix forming colonies
on the bottom of the Petri dish. The proliferation, formation
of colonosphere, and migration of HCT116 cells were
clearly stimulated in the presence of TNF-f or TNF-« in a
dose- and time-dependent fashion. These findings are in
accordance with reports suggesting strong correlation
between inflammation and tumor development in several
cancers.***® Inflammation has been reported to promote a
microenvironment that can lead to tumor formation and
this is associated with tumorigenesis, including cellular
transformation, promotion, proliferation, and metasta-
Sig 47,49-51

In support of the role of the TNFs in promoting inflam-
mation and carcinogenesis, this study provides evidence of
both TNE-f- and TNF-a-receptors in CRC cells, underlining
that the TNFs receptor signaling may play a role in prolif-
eration of CRC cells in response to these pro-inflammatory
cytokines. Moreover, we surprisingly found that blocking
of TNF-f-receptors (LTSR) significantly suppressed TNF-
p-induced CRC cell proliferation and colonosphere devel-
opment. This supports the idea that cancer cell survival is
dependent on pro-inflammatory signaling in the tumor
microenvironment and TNF-f/TNEF-f-receptor play a
major role as a mediator for inflammatory signaling.
Furthermore, it underlines that TNEF-f-receptor not only
mediates cell-cell interaction but it shows the importance
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of functional role of TNF-f receptors as one of the major
signaling receptors for communication of cancer microen-
vironment for cancer cell survival. Our data are in accor-
dance with those studies, which showed the essential role
of LTAR signaling in lymphoid organogenesis,” tumori-
genesis,””*°~>° and that it is involved in many inflammatory
diseases.?® Indeed, it has been shown that the interaction of
TNFs to their receptor induced stimulation of various intra-
cellular pathways (such as NF-«B, JNK) and expression of
TNF-o and IL-1f, and thus leads to cell proliferation, migra-
tion, and apoptosis.”” >

Because genetic biomarkers are regulated by transcrip-
tion factors mediating the inflammatory process such as
NF-«xB, it is expected molecules that block NF-«xB promo-
tion could contribute to downregulation of these gene
products. Indeed, previous studies have suggested that
pro-inflammatory factors are linked with cancer growth
through the activation of genes coding for NF-xB-mediated
anti-apoptotic and pro-proliferation molecules.****! We
demonstrated that TNF-f, like TNF-o, promoted p65 phos-
phorylation and nuclear translocation. Given that we are
using phosphorylation of p65 as a marker for activation of
NEF-«B, this means that the TNFs increase the expression of
pro-inflammatory gene products regulating cell survival,
proliferation, and metastasis of tumor cells. In contrast to
the tumor-promoting effect of the TNFs, resveratrol was
potent in suppressing TNF--/-ua-induced invasion, metas-
tasis, and colony formation of CRC cells by blocking NF-«xB
signaling. Suppression of this pathway resulted in
decreased tumorigenic gene products which play a role in
tumor proliferation and survival. These data are in agree-
ment with other investigations suggesting that downregu-
lation of cytokine-induced NF-«B inhibits proliferation and
colony formation of tumor cells.**%*"**

To further elucidate the mechanism by which the anti-
tumorigenic effects of resveratrol are mediated by blocking
of NF-kB, we used BMS-345541. We found that BMS-
345541, similar to resveratrol, inhibits NF-«B specific acti-
vation in TNF-f- or TNF-o-stimulated HCT116 cells, pre-
venting proliferation, invasion, and colony formation of
CRC cells. Our findings correlate with another study show-
ing that downregulation of NF-«xB in cancer cells through
expression of a dominant-negative mutant IxBo suppressed
proliferation, survival, and cancer growth.®®

Anti-tumorigenic effects of resveratrol were observed in
the MTT and invasion assays in TNF-f- or TNF-a-stimulat-
ed CRC cells. We showed that treatment with resveratrol
inhibited TNF-f- or TNF-a-induced NF-xB stimulation as
well as NF-kB-mediated proteins through down-regulation
of IKK, similar to BMS-345541. Indeed, it has been shown
that resveratrol can inhibit IKK-NF-«B signaling.®®
Furthermore, the anti-proliferative and anti-cancer impacts
of resveratrol in TNF-f-stimulated HCT116 cells correlated
with blocking of various cell proliferation, invasion, and
survival gene products, e.g., cyclin D1, Ki-67, CXCR4, and
MMP-9, all of which contain an NF-xB binding site in their
promoters, regulating their transcription. Moreover, our
data on morphological changes in response to treatment,
for example pyknosis, chromatin condensation, apoptotic
body formation and cleavage of caspase-3, demonstrated
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Figure 6. Schematic diagram showing resveratrol-mediated anti-tumorigenic
activity by down-regulation of NF-xB signaling in TNF-j-stimulated colorectal
cancer cells.

that resveratrol suppresses CRC proliferation by inducing
apoptosis, which is consistent with earlier reports.>>>%°°
The down-modulation of NF-xB and its downstream gene
products leads to suppression of TNF-f-induced HCT116
cell proliferation, colony formation and invasion, which
may be a mechanism for preventing the colorectal tumor
cell metastasis. NF-xB is known to serve as a master tran-
scription factor switch to turn on and off appropriate gene
expression which plays major roles in carcinogenesis.***

TNF-f- or TNF-a-induced IKK activation, resulted in
enhanced IxBa phosphorylation. Resveratrol not only was
able to block this effect of TNF-f-/-az-induced IKK activa-
tion, but it suppressed TNF-f-/-a-promoted activation of
p65, along with its nuclear translocation and enhanced pro-
duction of NF-kB-regulated proteins.

How resveratrol suppresses NF-xB activation in TNF-
f-stimulated HCT116 cells was also explored. We have
shown that resveratrol, similar to the IKK-specific inhibitor,
blocked IxBo phosphorylation and IKK activity, which is in
agreement with earlier studies,”” " suggesting direct sup-
pression of this kinase activity. Indeed, resveratrol clearly
suppressed NF-«B activation, as revealed by immunohisto-
chemical and immunoblotting techniques and these results
may be associated with its anti-tumor mechanism.”*

We found that HCT116 cells express the proliferation
markers cyclin D1 and Ki-67 proteins and resveratrol sup-
presses their expression. Furthermore, the CCND1 gene is a
proto-oncogene, which is upregulated through gene
enhancement or translocation in various tumor cells.”>”*
Interestingly, cyclin D1 and Ki-67 activation were previous-
ly demonstrated to be regulated via NF-«B in cancer cells
and their metastatic counterparts.””~”” Moreover, we found
that HCT116 cells express MMP-9 and CXCR4 and TNEF-f
induced the expression of these proteins, which is consis-
tent with previous studies.*®”® These genes are also modu-
lated by NF-xB and we showed that pre-treatment of
HCT116 with resveratrol or BMS-345541 decreased TNEF-
f-stimulated expression. Interestingly, the downregulation
of gene products and thus suppression of proliferation of
CRC cells through resveratrol may be by mechanisms other

than NF-xB suppression and this cannot be entirely
ruled out.

In conclusion, our findings are the first to suggest that
expression of TNF-f and TNF-f-receptor, like TNF-o, can
promote inflammatory transcription factor (NF-xB) and
NEF-xB-regulated gene biomarkers, which are involved in
promotion of tumor cell proliferation (Cyclin D1, Ki-67),
cell invasion (MMP-9), metastasis (CXCR4) and cell surviv-
al, all traits of cancer cells. Use of a natural product such as
resveratrol can block TNEF-B/TNF-f-receptor-stimulated
activation of NF-xB, NF-«xB-regulated gene products and
inhibition of caspase-3 cleavage, suggesting that resveratrol
activates caspase-dependent CRC cell death, rather than
modulating NF-xB-regulated apoptotic gene biomarkers.
These findings underline the therapeutic effect of
resveratrol-mediated anti-tumor activity by multitargeting
cellular signaling pathways (Figure 6).
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