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Enhanced TLR4 Expression on Colon Cancer Cells
After Chemotherapy Promotes Cell Survival
and Epithelial-Mesenchymal Transition
Through Phosphorylation of GSK3f
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Abstract. Background: Phosphorylation of glycogen
synthase kinase 3 (GSK3[3) by phosphatidyl-inositide 3-
kinase (PI3K)/protein kinase B (AKT) or inhibition of GSK33
with small-molecule inhibitor attenuates cell survival and
proliferation and increases apoptosis in most cancer cell
lines. In this study, we investigated the role of phosphorylated
GSK3f activated by enhanced toll-like receptor 4 (TLR4)
expression in drug-treated colon cancer cells as a model of
post-chemotherapy cancer cells. Materials and Methods: The
effect of TLR4 stimulation on metastasis and apoptosis in
drug-exposed colon cancer cells was determined by real-time
polymerase chain reaction (PCR) and immunoblotting.
Results: Despite the induction of apoptosis after treatment
with oxaliplatin and 5-fluorouracil, lipopolysaccharide (LPS)
stimulation via increased TLR4 in drug-treated cancer cells
effectively inhibited apoptosis through up-regulation of
expression of anti-apoptosis-related B-cell lymphoma 2
(BCL2) family proteins [X-linked inhibitor of apoptosis
protein (XIAP), BCL2, and survivin] and drug-resistance
proteins [multidrug-resistance protein 1 (MDRI), multidrug
resistance-associated protein (MRP)1/2/3]. LPS-mediated
signaling in drug-treated cancer cells elevated the expression
of phosphorylated GSK3f3, extracellular signal-regulated
kinase (ERK), and the p65 subunit of nuclear factor kappa-
light-chain-enhancer of activated B-cells (NF-kB).
Pharmacological inhibition of GSK3f (using SB216763)
reduced phosphorylation of GSK3p, re-activated caspase-
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dependent apoptosis, and blocked the expression of cancer
stem cell markers and invasive characteristics in LPS-
stimulated drug-treated cells. In addition, the ERK-specific
inhibitor, PD98059, triggered the apoptosis of TLR4-
activated drug-exposed colon cancer cells, whereas there was
no effect on the expression of epithelial-mesenchymal
transition markers or GSK3[3 phosphorylation. Conclusion:
These results suggest that TLR4-induced GSK3f3 and ERK
phosphorylation independently controls cancer cell survival
and regulation of GSK3[f and ERK after chemotherapy,
making TLR4 a critical target for reducing drug resistance
and metastasis in patients with colon cancer.

Toll-like receptor 4 (TLR4) is expressed in various types of
human cancer, including prostate, pancreatic, liver, colon,
and breast cancer (1-5). TLR4, the receptor for
lipopolysaccharide (LPS), primarily induces inflammatory
cytokines in immune cells, but it is also involved in
carcinogenesis and cancer cell survival (1). Furthermore,
LPS modify cytokine levels of the tumor
microenvironment to promote tumor growth, invasion and

can

metastasis in vitro and in vivo (6). Adjuvant chemotherapy
with 5-fluorouracil (5-FU) and leucovorin is commonly
adopted to reduce the risk of recurrence in patients with
advanced colon cancer after surgery (7). 5-FU induces TLR4
expression in colon cancer cells and synergistically enhances
apoptotic cell death. In addition, the drug significantly
induces the expression of TLR4 regardless of stimulation
with LPS (8). TLR4 and interleukin (IL-6) up-regulation is a
common feature of colorectal cancer and high expression of
TLR4 and myeloid differentiation (MyD) 88-mediated
signaling are associated with liver metastasis and poor
prognosis (6). Based on these results, the exact role of
increased TLR4 expression after anticancer drug treatment
of cancer cells is still unclear and the role of LPS-induced
TLR4 signaling after chemotherapy is also controversial.
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GSK3p is a ubiquitously expressed serine/threonine kinase
that regulates glycogen synthesis (9). The activity of GSK3[} is
regulated by the phosphorylation of N-terminal serine-9 (p-
GSK3p5¢) (14). The phosphorylation of GSK3 is necessary
to induce inflammatory responses in LPS-stimulated
macrophages through increased nuclear translocation and
accumulation of P-catenin (10). LPS-mediated GSK3[3
phosphorylation, or inactivation, in macrophages enhances
production of the pro-inflammatory cytokine interferon-f3 (11).
The dephosphorylated and active form of GSK3f in resting
cells regulates cell activation, differentiation, and survival
(12). GSK3p, as a tumor suppressor, also inhibits a diverse
group of pro-oncogenic substrates, such as cyclin D1, c-JUN,
¢-MYC and cAMP response element-binding protein (CREB)
via induction of phosphorylation (13). In addition, inactivation
by phosphorylation of GSK3p has been reported in many
cancer cells (15, 16).

Many studies have demonstrated that pharmacological
inhibitors of GSK3p, such as thiadiazolidinone or SB216763,
can prevent proliferation and induce apoptosis of tumor cells,
including multiple myeloma and ovarian cancer cell lines (17,
18). The phosphorylation of GSK3f by protein kinase B
(PKB), also known as AKT, was also found to cause a dose-
and time-dependent decrease in cell proliferation after TLR4
stimulation, while inhibition of GSK3f with lithium chloride
reversed LPS-mediated growth inhibition in normal intestinal
enterocytes (19). The levels of active GSK3f expression in
colon cancer cells and patients with colorectal cancer are
higher than in their normal counterparts (20), whereas the
inactive form, phosphorylated GSK35°™, is frequently
detected at high levels in normal tissues (20). Inhibition of
GSK3p leads to attenuated proliferation and increased
apoptosis by blocking the nuclear factor-kB (NF-xB)
activation in pancreatic and colon cancer cells (21, 22).
GSK3p is also significantly more activated in drug-resistant
versus responsive patients after treatment with 5-FU (23).
Based on these results, the precise role of GSK3f in different
types of cancer and under diverse conditions remains unclear.

In the present study, we investigated whether an increase
in TLR4 expression in drug-treated cancer cells regulates
colon cancer cell survival after exposure to LPS. We also
examined subsequent GSK3p-mediated activation of
downstream factors in drug-treated colorectal cancer cells,
including NF-kB and mitogen-associated protein kinase
(MAPK), that control the epithelial-mesenchymal transition
(EMT), and identified mechanisms for resistance to
chemotherapeutic agents after treatment with LPS.

Materials and Methods

Cell lines and reagents. The human colorectal cancer cell lines
HCT-116, HCT-8 and HT-29 were purchased from the American
Type Culture Collection (ATCC) (Manassas, VA, USA). These cells
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were maintained in RPMI-1640 medium, supplemented with 10%
fetal bovine serum (FBS) (HyClone, Logan, UT, USA),
streptomycin, and glutamine at 37°C in 5% CO,. LPS, oxaliplatin
and 5-FU were purchased from Sigma-Aldrich (St. Louis, MO,
USA). LY294002 (PI3K/AKT inhibitor), PD98059 (ERK inhibitor),
and SB216763 (GSK3{ inhibitor) were purchased from Calbiochem
(San Diego, CA, USA).

Analysis of apoptosis by flow cytometry. Cells (1.5x105 cells/ml)
were cultured in 6-well plates and pre-treated with either oxaliplatin
(5 uM) or 5-FU (10 pM) singly for 8 h and then treated with LPS
(500 ng/ml) for an additional 18 h. For comparison, cells were
treated either with oxaliplatin (5 uM) or 5-FU (10 uM) alone for 8
h, subsequently washed and then incubated with complete medium
for an additional 18 h. The percentages of cells undergoing
apoptosis were determined by flow cytometry using fluorescein
isothiocyanate (FITC)-labeled annexin-V (BD Biosciences, San
Diego, CA, USA) and 7-aminoactinomycin D (7-AAD) (BD
Biosciences). Cells were harvested, rinsed with phosphate-buffered
saline (PBS), and resuspended in 100 pl of 1x annexin-V binding
buffer. Next, 3 pl of annexin-V-fluorescein isothiocyanate (FITC)
and 3 ul of 7-AAD were added, and cells were incubated at room
temperature for 15 min in the dark with gentle vortex. The stained
cells were analyzed using a FACSCalibur flow cytometer (BD
Biosciences) equipped with CellQuestpro software (BD
Biosciences).

Quantitative real-time polymerase chain reaction (PCR). Total
cellular RNA was extracted using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. cDNA
was made from 2 pg total RNA using oligo(dT) (Bioneer, Daejeon,
Korea) and reverse transcriptase (Bioneer). Quantitation of mRNA
levels was measured using an ABI7300 real-time PCR system
(Applied Biosystems, Foster City, CA, USA) and SYBR Green
Master Mix kit (Takara, Tokyo, Japan) with specific primer sets for:
X-linked inhibitor of apoptosis protein (X/AP) (upstream primer, 5’°-
GTG CCA CGC AGT CTA CAA ATT CTG G; downstream primer,
5’-CGT GCT TCA TAA TCT GCC ATG GAT GG), B-cell lymphoma
2 (BCL2) (upstream primer, 5’-GGA TTG TGG CCT TCT TTG AG;
downstream primer, 5’-CAG CCA GGA GAA ATC AAA CAT); and
survivin (upstream primer, 5’-GAT TTG AAT CGC GGG ACC CGT
TG; downstream primer, 5’-TCA AGA CAA AAC AGG AGC ACA
GT). A specific primer set for $-actin (upstream primer, 5’-ATC CAC
GAA ACT ACC TTC AA; downstream primer, 5’-STC CAC ACG
GAG TAC TTG C) was used as a control. The relative mRNA
quantification was calculated using the arithmetic formula 2-AACq,
where ACq was the difference between the threshold cycle of a given
target cDNA and an endogenous reference cDNA.

Detection of PI3K, GSK33, and ERK activity using each inhibitor.
HCT-116 cells (1.5x105 cells/ml) were exposed to either oxaliplatin
(5 uM) or 5-FU (10 uM) for 8 h, subsequently washed, and then
treated with LPS (500 ng/ml) for 18 h. Cells treated with oxaliplatin
(5 uM) or 5-FU (10 uM) for 8 h, subsequently washed and then
incubated with complete medium for an additional 18 h were used as
a control, while cells treated with dimethylsulfoxide (DMSO) were
used as a negative control. For preventing PI3K, GSK3f, and ERK
activity, drug-exposed colon cancer cells were pre-treated with
LY?294002 (PI3K inhibitor, 25 uM), PD98059 (ERK inhibitor, 10 uM),
or SB216763 (GSK3 inhibitor, 10 uM) for 2 h. Total cell lysates were
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immunoblotted with antibodies against phospho-PI3K, PI3K, phospho-
AKT, AKT, phospho-ERK, ERK, phospho-GSK3f}, and GSK3. 3
Actin served as an internal control.

Western blotting. Cells were washed in PBS and lysed in NP-40
buffer (Elpis Biotech, Daejeon, Korea) supplemented with a
protease inhibitor cocktail (Sigma-Aldrich). Protein phosphorylation
states were preserved through the addition of phosphatase inhibitors
(Cocktail II, Sigma-Aldrich) to the NP-40 buffer. Protein
concentrations were determined using a BCA assay kit (Pierce,
Rockford, IL, USA). Proteins (10 pg/sample) were resolved through
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then
transferred to a nitrocellulose membrane (Millipore Corp., Billerica,
MA, USA). Membranes were blocked with 5% skim milk prior to
western blot analysis. Chemiluminescence was detected using an
ECL kit (Advansta Corp., Menlo Park, CA, USA) and the multiple
Gel DOC system (Fujifilm, Tokyo, Japan). The following primary
antibodies were used: MyD88, E-cadherin, N-cadherin, snail family
transcriptional repressor 1 (SNAIL), vimentin, alpha-smooth muscle
actin (a-SMA), transcription factor 8 (TCF8)/Zinc finger E-box-
binding homeobox 1 (ZEB1), octamer-binding transcription factor
4 (OCT4), sex determining region Y-box 2 (SOX2), multidrug-
resistance protein 1 (MDR1), multidrug resistance-associated
protein 1 (MRP1), MPR2, MRP3, Survivin, XIAP, BCL2, BCL-XL,
caspase-9, caspase-3, caspase-7, poly (ADP-ribose) polymerase
(PARP), phospho-p65 (Ser339), p65, phospho-GSK3f (Ser?),
GSK3p, phospho-PI3K (Tyr438), PI3K, phospho-AKT (Ser473),
AKT, phospho-ERK 1/2 (Thr202/Tyr204), ERK 1/2 (Tyr925), phospho-
p38-MAPK (Thr!80/Tyr!82), p38-MAPK, phospho-c-Jun N-terminal
kinase (JNK), (Thr!83/Tyr!85), JNK, and f-actin (Cell Signaling
Technology, Beverly, MA, USA).

Statistical analysis. Data are expressed as the meanzstandard
deviation (SD). Statistical analysis was conducted using one-way
analysis of the variance. A p-value of less than 0.05 was considered
to be statistically significant.

Results

Increased expression of TLR4 in drug-treated colon cancer
cells inhibits apoptosis through induction of anti-apoptotic
and drug-resistance proteins. Three different human colon
cancer cell lines (HCT-116, HT-29, and HCT-8) were analyzed
to detect changes in TLR4 expression after treatment with 5-
FU and oxaliplatin. The mRNA and protein levels of TLR4 in
drug-treated colon cancer cells were significantly enhanced at
an early time point in the presence of LPS stimulation (Figure
1A and B). Apoptosis of drug-treated colon cancer cells was
enhanced at 48 h in a dose-dependent manner (data not
shown). However, apoptotic cell death was blocked in HCT-
116 cells subsequently activated with LPS 8 h after treatment
with 5-FU or oxaliplatin (Figure 1C and D). Next, we
investigated whether post-treatment with LPS modulates
apoptosis-related proteins and sensitivity of colon cancer cells
to anticancer drug. The expression of mRNA and anti-
apoptotic proteins in drug-treated HCT-116 cells, including
survivin, BCL2, and XIAP were enhanced after stimulation
with LPS (Figure 2A). The mRNA levels of stem cell markers,

including OCT4 and SOX2, were significantly up-regulated in
colon cancer cells after post-drug treatment with LPS (Figure
2B). Drug resistance-related MDRI, MRP1, MRP2, and MRP3
gene expression increased profoundly compared with
untreated cells as measured by quantitative real-time PCR
(Figure 2B). The protein levels of transcriptional factors for
stem cells and drug resistance-related genes were also
enhanced in cancer cells after post-drug treatment with LPS
(Figure 2B). These results suggest that TLR4-mediated
signaling plays an important role in survival and modulates
sensitivity of cancer cells to chemotherapeutic agents.

LPS stimulation prevents apoptosis signaling in drug-treated
cancer cells through phosphorylation of GSK33 and ERK.
The PI3K/AKT signaling pathway is activated by TLR4 in
response to LPS binding and plays a central role in the
growth and progression of colorectal cancer (24). The
PI3K/AKT pathway is also responsible for inactivation of
GSK3[ by phosphorylation (25, 26). Next, we investigated
whether exposure to LPS alters the activity of PI3K/AKT,
resulting in phosphorylation of GSK3f and MAPK in drug-
treated HCT-116 and HCT-8 cells. Increased TLR4 in drug-
treated colon cancer cells induced phosphorylation of
MyD88, PI3K, AKT, and the p65 subunit of NF-kB after
stimulation with LPS (Figure 3A). Exposure of drug-treated
colon cancer cells to LPS enhanced the phosphorylation of
ERK and GSK3, but prevented the activation of JNK and
p38 MAPK (Figure 3B). Inhibition of GSK3f by SB216763,
an ATP-competitive inhibitor of GSK-3, promoted
phosphorylation of PI3K/AKT in drug-exposed colon cancer
cells after LPS stimulation; however, the expression of
phosphorylated ERK was sustained. In addition, the
expression of the active form of NF-xB, the phosphorylated
p65 subunit, was blocked by SB216763 (Figure 3C). We also
examined the effect of TLR4-mediated signaling pathway on
inhibition of caspase-dependent apoptosis. Although 5-FU
and oxaliplatin induced the cleavage of caspase-3 or caspase-
7 for apoptosis signal transduction, LPS stimulation inhibited
apoptosis of drug-treated colon cancer cells (Figure 4A).
Meanwhile, pre-treatment with SB216763 attenuated the
prevention of LPS-induced cell survival in drug-treated colon
cancer cells (Figure 4B). These results suggest that up-
regulation of TLR4 by anticancer drugs and TLR4-mediated
GSK3p phosphorylation or inactivation are closely related to
inhibition of apoptosis and survival in cancer cells.

LPS-induced activation of ERK and NF-kB prevents
apoptosis of drug-treated cancer cells. To further understand
the signaling mechanisms involved in blocking apoptosis, we
examined whether PI3K/AKT and ERK signaling are
required to prevent apoptosis of drug-treated HCT-116 cells
and are related to GSK3f after stimulation with LPS. Pre-
treatment with PI3K/AKT inhibitor LY294002 prevented the

3385



ANTICANCER RESEARCH 36: 3383-3394 (2016)

“aprxofins (&yrouwiq QSN “SUOUDUIULIDIZP 22.4Y] JO UOYDIAID PADPUDISFUDIW Y] SD PJuasad a.4p DID( *(S]]20 422UDD P2IDAI-SNAP PIVINUWNIS-S T SNSA2A $]]2D A2DUDD PIID2AI-SNAP) GO (> e
(87122 422UDD PAIDII-SNAP SNSAIA S]]2D 420UDD P2IV2I-OSI) [00° 0>y *$1122 d101dodp Surlfiudis ‘1120 L qVV-L/+A-uxouun Jo 28vjuadiad 2y :q ‘Ku32wo01ld moyf £q paz{jpun puv (qQvyv-/£) d
UI2KUOUNIDOUTUD- / PUD A-UIXIUUD P2]2GD]-(D[]]) 21DUDLI01Y10ST U120S2.L0M)f YJIM PIUIDIS 2.42M $]]2D ‘s1so1dodp fo 22.182p Y] 19212p O Y §[ [PUONIPPD UD A0f WnIpawu 212]dui0d YjIm pajpgnoul udiyj
pupv paysvm Kuuanbasqns ‘y § 10f (W1 0) NA-S 40 (W1 §) uupjdipxo ynm 42yj12 pajpatl 2420 $1122 “Uos1pdwod 10, "y 9 10f (ju/su 00S) (Sd'1) 2privydovsjododny yim paipay pun ‘payspm
Kpuanbasqns uayy ‘y § 10f (W1 0I) N4-S 40 (WH ¢) uyvdiypxo 4oyna 01 pasodxa aiam $112)) 1) "pautiofiad asom LT 40f () $10]q uL2182M pup (y) u01o0aL UIDYDd asviowljod duig-jpal uaiy)
pup ‘s210s&] 1122 WoLf parov.4jx2 249m Su12304d pup YNY 1010 WYS11240 $2i0]d []2M-9 UL P2UNIIND 24dMN (JUt/S]]2D O] XS [) S]129 §<LDH PUD ‘6Z-LH ‘9I[-LDH "Sisipuv 124a] uiap04d 10f y 9J 10 @
10 pup “s1sKppuv 1242] yNyu 10f Y § 10  10f (WN O]) (NA4-S) 1ovno10n)f~¢ 10 (W1 ¢ XO) unv)dipxo 12yi1a 0j pasodxa a1am $1ja) “1YS1LIIA0 sip]d 1]oM-9 Ul PN 2490 (JUl/S]]129 O] XS [ )
($<IDH Puv ‘6Z-LH ‘9I[-LDH) Saui] ]2 120upd u0jod upwny juaiaffip a4y sisordodp sjuaaaid $1129 120upd UOJ0I PaIDaLI-SNp Ul UOISS2UAXD (FT])  401d2da.4 2Y1]-]]01 pasvaLou] *| In3L]

x°® [s) o n
@0),,9 Ow-n.. G%Anr 40 00&0 070%0
-0 »
3
Lor 3
Z
-a"_..m o | —— — - a— unOV-{
3 D)
Log 4 A-UIxauuy m
Loy M L nﬁgm.uu. m.-. o T o_o_.o. A — — — Pa1L
3% o.ol"ll’_h_uut-n
E =
Q
%o% T e e s PAIL
ke W SdT€Nd-§ O a— e c— a— a— U1)OV-{
JuER —
0L w [T Tl o
= . Dl - -—aa . L
-0z L
< S & 40 A} ~
N 372 (¥ m_q.o ol
.3w RGO d
> N
a 1
o & b5 S >
2 m AR AP I -4
los & & & § K F P
N _ 0=
o - i =
g8
: ¥
=5
[}
X =
o 3 =
Iy L
S -
Lo W 9T1-LDOH 3
o J 9IIFLOH | , &
+ 9=
* * S Vv

9IT-LOH ‘o9 ﬁ—

3386



Chung and Kim: TLR4 Regulates GSK-3f-dependent EMT

“Spuauiiadxa juapuadapul 22.y) JO 2a1IDIUIS2AADL 24D SINSIY *SUONDUIULIDIP 224Y] JO UOUDIAID PADPUDISFUDIUL Y] SD PaJudSaid 2.0 DID(] *(S]]29 420UDD PaID2AI-SIAD PIADINUIS-SJT SNSA2A S]]2D A2IUDD
PaaL-3Nip) GO ()>dy “]0UOD [DULIUL UD SV PIALIS UIY-¢ “pauriofiad 2uom () EAIN PUD ‘TdAW ‘(IdYN) [ U12104d paip1dossp-a2ounisisad Snapypnu ([W) [ utdaro4d 2oupisisa.-Snapyinu
“(ZXO0S) T X0q-x uo18a. Sutuiutid3ap xas ‘(£10) t 101o0f uoydiiosuv.y Suipuiq-1o0uvioo puv (y) uiaains “Tx-1og (z109) 7 vwoydui] jj2o-g “(Jvix) urzjo.d sisoydodp fo .1o31qryur payuij-X 10f s10jq
UI2]SIM PUD UONIDL UIDYD 2sDLouk]od aui-1pad pun ‘sajps] 1120 woaf pa1onaixa a1am suajoid pun YN [PIQL Y Q [PUONIppD up 1of wnipaw 212]dwiod yjim pajpgnoul uayj pun paysom Kuanbasqns
‘(1242) w12104d 10f) Y § 40 (1242] YN 40f) Y £ 40f (W1 OF) NA-S 40 (W1 §) unpjdiypxo yim 12yna paipail 2420 $7722 “UOSLIDAWOD 10,1 “Y QT A0f (Jui/Su )0S) SdT YHIM PaIna; Uyl pun ‘payspm
Kpuanbasqns “(1242] urz10.4d 40f) y § 40 (1242] YNYUL 40f) Y  40f (W1 O]) (NA-S) [PovamoLonlf-¢ 40 (W1 ¢ XO) uup)dippxo 4ay112 03 pasodxa a1am §1]a7) 1S40 $20]d 1]oM-Q Ul P2UNIND 242M (JUl/S]]2D
OIXST) S1122 9[[<LDH “su12jo4d 2ouvjsisa-gnap pun dnojdodp-yup fo uondonpul ayj ysnoyy 122 122und u0jod pasodxa-snip fo sisoydodp spquyur uouvpnuins (S477) aprivy2ovsijododry ~g dmsty

-— S = - - —
naw|S= == 2 = = Uy — — %
.uk!‘ﬂum - - -—p -« v ow
vh.u.o_ oy e - . . 4 ' - 0
2
Wu@ W\nu dvo munro 470 &g (— - = E— — 1 W
)?&/9 9@9 },ow. o o° Lz
s ¢ dVIX | = = e Gl
FEa
5 g
. & UIAIAING | G oy o - 2
% o & % &% o%o S o o 4
a il , 0 o% 0% h%o n%o %o s§
4| - I I ’ - z ?%v & & ¥ o upAAIng | o
£ z > & B
€ € ﬂm
s M £ - S
S g s
£a > o S QW O o
9 9 & & o & G & 2 W N
* squw | | s W |, TR qm % SEIPS S SO 8 0 o°
i 0 w0
2 o omo o %o RS | B J T 3
) Zz
&Y Ow.m &Y 50 Om..v v} o o.%p mv © o _ z w >
'Rl 0 - 0 L | 0g '3 g £
- [ - I m | & . _:m
re Nm Z a (41 m
a: z = * | “8& PIg
= | == 91 =]
[ e 5 avix [ gp=
* s £ 2 * g | T 81
¥ L4AW | * XOS | * pL20 | E VvV

3387



ANTICANCER RESEARCH 36: 3383-3394 (2016)

©
0@50 OJSQO &ﬂ\':;g&:@ﬁ& 0“\50 & d@o &'0"'\" @ﬂp 0\5’9“')
‘-._.. - e - —‘Mydss ‘-- -— — — -]Mrdss
‘H - -‘ p-PI3K ‘- " - aa -]p-PISK
l«.._..-..--._._...‘mx “""'—""""'—""!P”“
| — —4—‘p-AKT§ l'— —— —Ip'“m%
‘.—-—--—--———‘AKT s ‘—_----‘!AKT Z
= — e w—ppes i [
(o= —— 5 [ =~ e — o8
) ‘_ _-_—lﬁ-ﬁctin
‘————_‘B-Actm
B qu‘-' o ’05\36 ,‘é\ﬂe‘q}ﬁ ‘q,\\i\'gs
P T ® o P g
— - — --]p—p38 — " — --lp-p38
’—-—-_ -——-|p38 |__—_—|p38
|- e @a  PINK l-_ — - |p-JNK
= =— =— = = 5 [=====|JNK S
[—- - — —lp-ERK = |._. R — _lp-ERK :
| = -] ERK [ e e e | ERK
[ = e = =—=|p-GSK3p (o= e | p-GSK3p
[—————-—-lGSKJﬂ |-—--—-—-—_|GSK3ﬂ
C &
‘\&’ g‘k'bsooﬁ 01»'1\’ 015\39@ @“}:—é‘» ,,‘.\0‘96; o 015\) 0‘!5\’ & QOW‘G‘:'\\S%
| p— .nu]p-rlsx = :_::.:..:—:"IPPHK
|--—-—--u---—|[-‘l3l{ |“.-----“".-.‘P]3K
|"'""" p e 4 ""'""lp“‘” |---~- ------;-.--]p-AKT
|----—-—-—|AKT - "-ﬁ--_i‘-‘_-qAKT
}
|" e " |"'GSK3'3 ; |._ —— = ‘p~GSK3ﬂ é

'.-'v-.-rﬂ "= T = —lcsx_‘;p

|-------—‘GSK3|1

|-M-a--- ---lp-ERK

|-— - em ‘--]p-ERK
|--------|ERK

|_----—-ﬁERK

| ---—--—----l—'lp-pﬁs

|——-----—|p65 |'_ —©f -’-r_-r-‘p-pﬁs

|---—.-—--‘p65

Figure 3. Increased toll-like receptor 4 (TLR4) expression in drug-treated colon cancer cells induces the activation of phosphatidyl-inositide 3-kinase (PI3K),
protein kinase B (AKT), and p65 and the phosphorylation of glycogen synthase kinase 33 (GSK3[3) and extracellular signal-regulated kinase (ERK) after
stimulation with lipopolysaccharide (LPS). HCT-116 and HCT-8 cells (1.5x10° cells/ml) were cultured in 6-well plates overnight. Cells were exposed to
either oxaliplatin (Ox; 5 uM) or 5-FU (10 uM) for 8 h, subsequently washed, and then treated with LPS (500 ng/ml) for 18 h. For comparison, cells were
treated either with oxaliplatin (5 uM) or 5-FU (10 uM) for 8 h, subsequently washed and then incubated with complete medium for an additional 18 h. Total
protein was subjected to western blot analysis with antibodies against MyDS8S8, phospho-PI3K, PI3K, phospho-AKT, AKT, phospho-p65, p65 (A) and phospho-
P38, p38, phospho-c-Jun N-terminal kinase (JNK), JNK, phospho-ERK, ERK, phospho-GSK3[3, and GSK3{3 (B). -Actin served as an internal control. C:
Drug-exposed colon cancer cells were pre-incubated with 10 uM SB216763 (SB) for 2 h and then treated with 500 ng/ml LPS for 18 h. Total proteins were
extracted from cell lysates, and western blots for the indicated antibodies were performed. Results are representative of three independent experiments.
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Figure 4. Lipopolysaccharide (LPS) stimulation blocks apoptosis signaling in drug-exposed cancer cells through glycogen synthase kinase 3f3
(GSK3B). HCT-116 or HCT-8 cells (1.5x 105 cells/ml) were cultured in 6-well plates overnight. Cells were exposed to either oxaliplatin (Ox; 5 uM)
or 5-fluorouracil (5-FU) (10 uM) for 8 h, subsequently washed, and then treated with LPS (500 ng/ml) for 18 h. For comparison, cells were treated
with either with oxaliplatin (5 uM) or 5-FU (10 uM) for 8 h, subsequently washed and then incubated with complete medium for an additional 18
h. A: Total protein was subjected to western blot analysis with antibodies to caspase-3, caspase-7, and poly (ADP-ribose) polymerase (PARP). B:
Drug-exposed colon cancer cells were pre-incubated with 10 uM SB216763 (SB) for 2 h and then treated with 500 ng/ml LPS for 18 h. Total proteins
were extracted from cell lysates, and western blots for caspase-9, caspase-3, caspase-7, PARP. 3-Actin served as an internal control. Results are

representative of three independent experiments.

activation of GSK3f and the p65 subunit of NF-kB in LPS-
stimulated drug-treated cancer cells, whereas it failed to
suppress the phosphorylation of ERK (Figure S5A).
Meanwhile, the ERK inhibitor (PD98059) re-activated the
apoptosis signaling pathway in drug-treated HCT-116 cells

through cleavage of caspase-3 and PARP, despite stimulation
with LPS (Figure 5B). Although PD98059 blocked the
activation of ERK and NF-kB for cancer cell survival, the
expression of phosphorylated PI3K and GSK3f was
sustained in LPS-exposed drug-treated HCT-116 cells
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Figure 5. Activation of phosphatidyl-inositide 3-kinase (PI3K)/protein kinase B (AKT) and extracellular signa-regulated kinase (ERK) by
lipopolysaccharide (LPS) stimulation inhibits apoptosis of drug-treated cancer cells. HCT-116 cells (1.5x103 cells/ml) were cultured in 6-well plates
overnight. Cells were exposed to either oxaliplatin (Ox; 5 uM) or 5-fluorouracil (5-FU) (10 uM) for 8 h, subsequently washed, and then treated with
LPS (500 ng/ml) for 18 h. For comparison, cells were treated either with oxaliplatin (5 uM) or 5-FU (10 uM) for 8 h, subsequently washed and then
incubated with complete medium for an additional 18 h. Drug-exposed colon cancer cells were pre-treated with 25 uM LY294002 (LY) (A) or with
10 uM PD98059 (PD) (B and C) for 2 h and then treated with 500 ng/ml LPS for 18 h. Total proteins were extracted from cell lysates, and western
blots performed for p-PI3K, PI3K, p-ERK, ERK, phospho-glycogen synthase kinase 33 (GSK33), GSK3[3, p-p65, p65, and [-catenin (A), caspase-
9, caspase-3, and PARP (B), and p-PI3K, PI3K, p-ERK, ERK, p-GSK3[3, GSK3p3, p-p65, and p65 (C). 3-Actin served as an internal control. Results

are representative of three independent experiments.

(Figure 5C). These results suggest that LPS-mediated LPS-induced phosphorylation of GSK3p modifies drug
ERK/NF-xB activation is independent of the LPS-induced resistance and epithelial mesenchymal transition in drug-
GSK3f anti-apoptosis signaling pathway in drug-treated  treated cancer cells. Next, we investigated whether GSK3[3

colon cancer cells.
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Figure 6. Phosphorylation of glycogen synthase kinase 3 (GSK3[) by lipopolysaccharide (LPS) stimulation induces drug resistance and
epithelial-mesenchymal transition in drug-exposed cancer cells. HCT-116 cells (1.5x105 cells/ml) were cultured in 6-well plates overnight. Cells
were exposed to either oxaliplatin (Ox; 5 uM) or 5-fluorouracil (5-FU) (10 uM) for 8 h, subsequently washed, and then treated with LPS (500 ng/ml)
for 18 h. For comparison, cells were treated either with oxaliplatin (5 uM) or 5-FU (10 uM) for 8 h, subsequently washed and then incubated with
complete medium for an additional 18 h. Drug-exposed colon cancer cells were pre-incubated with 10 uM SB216763 (SB) (A and B) or 10 uM
PD98059 (PD) (C) for 2 h and then treated with 500 ng/ml LPS for 18 h. Total proteins were extracted from cell lysates, and western blots performed
for MyDS88, octamer-binding transcription factor 4 (OCT4), sex determining region Y-box 2 (SOX2), multidrug-resistance protein 1 (MDRI), multidrug
resistance-associated protein 1 (MRP1), MRP2, MRP3, survivin, XIAP, B-cell lymphoma 2 (BCL2), BCL-X; (A) and E-cadherin, N-cadherin, snail
Sfamily transcriptional repressor 1 (SNAIL), vimentin, alpha-smooth muscle actin (a-SMA), and transcription factor 8 (TCF8)/zinc finger E-box-
binding homeobox 1 (ZEBI1) (B and C). 3-Actin served as an internal control. Results are representative of three independent experiments.

invasion in drug-treated colon cancer cells after LPS
stimulation. LPS stimulation in drug-treated HCT-116 cells
enhanced the expression of cancer stem cell markers (OCT4
and SOX2) and drug-resistance related proteins (MDRI,
MRP1, MRP2, and MRP3) (Figure 6A). However, inhibition
of GSK3f with SB216763 suppressed the induction of those
markers as well as expression of anti-apoptosis proteins
including survivin, XIAP, BCL2, and BCL-XL (Figure 6A).

TLR4 stimulation with LPS contributed to the expression of
EMT-related mesenchymal markers (N-cadherin, SNAIL,
vimentin, and a-SMA) in drug-treated colon cancer cells
(Figure 6B). In addition, inhibition of GSK3f also prevented
the aberrant expression of invasive phenotypes in 5-FU or
oxaliplatin-treated cancer cells after treatment with LPS
(Figure 6B). Meanwhile, exposure of cancer cells to
PD98059 before drug treatment sustained the expression of
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EMT-related mesenchymal markers after treatment with LPS
(Figure 6C). These results suggest that inhibition of the
GSK3f- and ERK-associated signaling pathways in drug-
treated cells contributes to concomitant control of drug
resistance and EMT processes.

Discussion

GSK3p phosphorylates proto-oncoproteins such as f3-catenin
to suppress carcinogenesis by interfering with the expression
of several oncogenic transcription factors (27). Aberrant
expression and activity of GSK3p is not related to WNT/(-
catenin signaling and AKT activation, but does contribute to
cancer cell survival and proliferation (20). GSK3f inhibition
using SB216763 or knockdown of GSK3f using siRNA
transfection reduces survival and proliferation of pancreatic
cancer cells (21). Based on these reports, the role of GSK3f3
in cancer cells remains controversial and difficult to define
according to cell type or condition. TLR4 expressed in
cancer cells or tumor stromal cells reflects considerably
increased risk of disease progression and poor prognosis in
colorectal cancer (28, 29). However, the role of increased
TLR4 expression in colorectal cancer after treatment with
chemotherapeutic drug is still unknown. In this study, TLR4
stimulation with LPS of drug-treated cancer cells induced
PI3K-mediated phosphorylation of GSK3f and the p65
subunit of NF-xB, inhibiting apoptosis, up-regulating
expression of drug-resistant proteins, and promoting EMT
processes. Stimulation with LPS in drug-treated colon cancer
cells also phosphorylated and activated ERK to promote cell
survival without disturbing the phosphorylation of GSK3f.
Pharmacological inhibition of GSK3[} attenuated survival
and metastasis of drug-treated cancer cells after treatment
with LPS. These results suggest that phosphorylation or
inactivation of GSK3f3 by TLR4 stimulation of drug-exposed
cancer cells induces drug-resistance and metastasis or
invasion of cancer cells, and concomitantly inhibition of
GSK3p and ERK signaling pathway, which is important in
the control of acquired drug resistance and metastasis of
cancer cells (Figure 7).

Although the level of TLR4 expression varies across colon
cancer cell lines as well as across patients of different ages
and sexes (30), elevated TLR4 expression is detected in all
tumor components, including cancer cells and stromal layers
(28). The TLR/MyD88 signaling pathway is one of key
factors for development of colitis-associated cancer and is
also related to the progression from adenoma to invasive
carcinoma (31). MyD88 signaling facilitates the growth of
intestinal polyps while the deletion of MyD88 limits polyp
growth in mice (32). In addition, overexpression of TLR4
generates a higher level of PI3K/AKT activation, which in
turn phosphorylates GSK3f and activates downstream
signaling pathways (33). Pre-treatment with the PI3 kinase
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Figure 7. Schematic diagram of intracellular signaling mechanism with
enhanced toll-like receptor 4 (TLR4) expression in human colon cancer
cells after chemotherapy. TLR4 stimulation with lipopolysaccharide
(LPS) in drug-treated cancer cells activated phosphatidyl-inositide 3-
kinase (PI3K)/protein kinase B (AKT) and subsequently phosphorylated
glycogen synthase kinase 3 (GSK3p), leading to inhibition of
apoptosis, induction of drug-resistant proteins, and promotion of
epithelial-mesenchymal transition (EMT) processes. Stimulation with
LPS in drug-treated colon cancer cells also induced the activation of
extracellular signal-regulated kinase (ERK) to promote cell survival
independently of LPS-mediated GSK3[f phosphorylation. NF-kB:
Nuclear factor kappa-light-chain-enhancer of activated B-cells;
PD98059: ERK inhibitor; MyDS88: myeloid differentiation primary
response gene 88; SB216763: selective GSK3 inhibitor.

inhibitor, wortmannin, reduces GSK3[} phosphorylation and
protects against liver damage (26). Inhibition of GSK3
activity by SB216763 significantly reduces the activation of
BCL2-like protein 4 (BAX) and caspase-3 in neural
precursor cells and efficiently blocks cell death after trophic
factor withdrawal (34). In contrast, although suppression of
PI3K and GSK3[ using a specific inhibitor ameliorated
GSK3f inactivation or phosphorylation, treatment with
LY294002 and SB216763 reactivated the caspase-dependent
apoptosis signaling pathway in LPS-stimulated drug-exposed
colon cancer cells. These results suggest that up-regulated
TLR4 stimulation in drug-treated colon cancer cells triggers
altered GSK3f-dependent signaling to promote cell survival.

LPS stimulation promotes the survival of cancer cells
through the activation of JNK and p38 MAPK, and LPS-
dependent PI3K/AKT activation stabilizes anti-apoptotic
protein myeloid cell leukemia 1 (MCLI1), resulting in
prevention of apoptosis (35). TLR/MyD88 stimulation using
LPS induces ERK phosphorylation to block the degradation
of the oncoprotein c-MYC for cell survival (36). Stimulation
of drug-treated colon cancer cells with LPS induced the
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phosphorylation of ERK in this study. Pre-treatment with
PD98059, an ERK-specific inhibitor, re-induced the cell death
signaling pathway of the drug-exposed cancer cells after LPS
stimulation through the re-activation of caspase-3 and caspase-
9. Moreover, pre-exposure to LY294002 or SB216763 failed
to attenuate the activation of ERK in drug-treated cancer cells
stimulated by LPS. In addition, PD98059 also had no
influence on the phosphorylation of PI3K and GSK3[3. These
results demonstrate that LPS-mediated ERK signaling
activates the cell-survival signal concomitantly and GSK3(3
independently in drug-damaged cancer cells (Figure 7).
LPS-induced TLR4 signaling stimulates hepatocellular
carcinoma cell invasion and EMT processes in vitro and in
vivo. A high expression of TLR4 in hepatoma is strongly
connected with both poor prognosis and survival (37). TLR4-
positive hepatocellular carcinoma cell lines also display high
migratory capacity and stem-like properties (38). Meanwhile,
inhibition of GSK3p by lithium chloride, SB216763, and
dominant-negative forms of GSK3[ promotes cell
invasiveness through the activation of the noncanonical
WNT/B-catenin pathway (39). We also observed that LPS-
mediated GSK3f phosphorylation of drug-treated cancer cells
elevated the expression of drug resistance-related genes and
anti-apoptotic proteins, as well as induced EMT phenotypes
in this study. In addition, inhibition of GSK3f by SB216763
suppressed the activation of NF-xB, metastatic characteristics,
drug resistance, and stem cell-like properties in LPS-
stimulated drug-damaged cancer cells. These results suggest
that TLR4 in cancer cells after anticancer therapy is a
promising target molecule, because it is responsible for
metastasis or invasive activity. Furthermore, phosphorylation
of GSK3f by LPS in drug-treated cancer cells also
contributes to the migratory activity and generation of cancer
stem cells. Based on these results, we need to further
investigate approaches for controlling phosphorylated GSK3f3
in order to prevent metastasis and drug resistance in patients
with cancer after treatment with chemotherapeutic drug.
Expression of TLR4 is very low in normal cells, but
increases in both precancerous colonic adenomas and colon
cancer tissue (40). Our study demonstrates that TLR4
stimulation responds to LPS derived from intestinal
microflora that may have some implications for the
chemotherapeutic strategies against cancer. Taken together,
characterization of TLR4-mediated GSK3f phosphorylation
might be critical for preventing recurrence or metastasis after
chemotherapeutic treatment. Analysis of downstream or
connected signaling pathways may be a promising goal for
defining the mechanism of progression of colorectal cancer.
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