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Abstract

Background

The non-steroidal anti-inflammatory drug (NSAID) sulindac has shafficacy in
preventing colorectal cancer. This potent anti-tumorigenic eeuediated through multiple
cellular pathways but is also accompanied by gastrointestinalefielets, such as colgn
inflammation. We have recently shown that sulindac can cause uptregutd pro-
inflammatory factors in the mouse colon mucosa. The aim oftilnity svas to determine the




signaling pathways that mediate the transcriptional activatigmasfnflammatory cytokine
in colon cancer epithelial cells treated with sulindac sulfide.

[

Results

We found that sulindac sulfide increased &B-signaling in HCT15, HCT116, SW480 and
SW620 cells, although the level of induction varied between cell lines.dfug caused |a
decrease inkBa levels and an increase of p65(RelA) binding to thekBHDNA response
element. It induced expression of IL-8, ICAM1 and A20, which was inhitbtethe NF<B
inhibitor PDTC. Sulindac sulfide also induced activation of the APafstription factor,
which co-operated with NkB in up-regulating IL-8. Up-regulation of NEB genes wa
most prominent in conditions where only a subset of cells was undergpoyosis. I
TNFo stimulated conditions the drug treatment inhibited phosphorylatiokBum (Ser 32
which is consistent with previous studies and indicates that sulindigescan inhibit
TNFa-induced NF«B activation. Sulindac-induced upregulation of NEB-target gene
occurred early in the proximal colon of mice given a diet containing sulindac foreeie w

[92)

[

Conclusions

This study shows for the first time that sulindac sulfide can mgwo-inflammatory NR<B
and AP-1 signaling as well as apoptosis in the same experimental conditierefofe, these
results provide insights into the effect of sulindac on pro-inflammatignaling pathways
as well as contribute to a better understanding of the mechasfissulindac-induce
gastrointestinal side effects.

|
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Background

NSAIDs, including sulindac, have shown promising potential in colon cancer
chemoprevention [1]. The chemopreventive potential of sulindac and oth&IDBISvas
initially attributed to COX inhibition, however, it is now recognizbdt the anti-proliferative
and anti-inflammatory effects of sulindac can also be mediatedghmon-COX targets [2-

5]. Sulindac sulfide is the pharmacologically active metabolfitsulindac, and is 5000-fold
more potent in inhibiting COX activity than the sulfone metabolitecain also induce
apoptosis in colon cancer cells at concentrations 4-5 times lowethbse of the sulfone
metabolite [6].

Long-term NSAID use is associated with gastrointestinal andiasescular side effects,
including colon mucosal inflammation, which has also been reporteicen[i9]. We have
recently shown that apart from chemoprevention, long-term sulindamiattation induces
inflammatory lesions in the mouse colon, which show up-regulation ofnflemamatory
factors such as MIP-2 (the mouse homologue of IL-8) [9] and cayrge® to cancer in mice
that are deficient for tumor suppressor genes. The mechanisnhibly sulindac can up-
regulate pro-inflammatory genes is not known, but some of these genesgulated by NF-



kB, whose activity is central to orchestrating the immune resddf$eThis prompted us to
investigate the molecular effects of sulindac sulfide on th&Blpathwayin vitro.

NF-kB is the collective name for a family of transcription factansl is a major regulator of
processes such as inflammation, cell survival and apoptosis. Thd Nethway can be
activated by a large variety of factors, including cytokines sinelss stimuli and NkB
activation is central to the pathogenesis of chronic inflammathsorders such as
inflammatory bowel disease [11]. Cytokines and growth factorsatsaminduce the activator
protein-1 (AP-1) transcription factor, which regulates genes involwegumerous tumor-
promoting functions as well as inflammatory processes [12].

NF-xB dimers function as a transcription factor in the nucleus andeapgestered in an
inactive form in the cytoplasm, bound to Inhibitor of kappa B proteixB) (Imost often
IxBa. Upon stimulation by pro-inflammatory cytokines, such as ddfd IL-1, | kappa B
kinase (IKK) is activated. IKK phosphorylategBk, which is then degraded by the
proteasome, allowing translocation of the RE-dimers to the nucleus. NEB signaling can

be modulated by NSAIDs in experimental models but the exachanem is poorly
understood [13,14]. Sulindac or its derivatives, sulindac sulfone and sulindide,swere
found to inhibit NF«B activation in stimulated COS, human leukemic and human embryonic
kidney cell lines [14,15]. However, sulindac and sulindac sulfide had faot efn NF«B
driven reporter gene expression in non-stimulated cells (basal leléld-«B activity)
[15,16]. Subsequent studies in colon cancer cells found that aspirin, sulindasulindac
sulfone inhibit NFkB-dependent transcriptional activity and cause apoptosis, but this was
shown to involve initial NReB pathway activation throughxBa degradation and NkB
nuclear translocation [17-19]. Therefore the effect of sulindac tanderivatives on NkB
signaling may vary depending on the experimental conditions.

The aim of this study was to determine the signaling pathweading to sulindac sulfide
induced upregulation of IL-8 and other pro-inflammatory mediators ircotan. IL-8 was
chosen because of the strong effect of sulindac on inducing MIP-th{thee homologue of
IL-8) in the mouse colon mucosa in our previous study, [9] while ICAMDIsidered to be

a classic NFeB target [19]. A20 was chosen for this study because it is an early response NF-
kB target gene, which is not known to be targeted by any other tiggimtifactor. NFkB
activation is necessary for A20 transcription as IKK deficiemoglishes TN&-induced A20
transcription [20,21]. We have used COX-2 non-expressing or low-expressinignes in
order to study COX-independent effects of sulindac sulfide. We gwoevidence that
sulindac sulfide can activate both XB-and AP-1 signaling pathways in the colon mucosa
leading to upregulation of IL-8.

Results

Sulindac sulfide induces up-regulation of NR<B target genes and
concurrently induces cell death in HCT-15 colon cazer cells

As apoptosis induction is one of the well-established anti-tumodgerechanisms of
sulindac sulfide [6] we first established a concentration that irsdapeptosis in HCT-15
cells. Sulindac sulfide treatment induced concentration-dependemnteedti (Figure 1A). A
concentration of 5QM significantly increased apoptotic cell death (4.7 fold £ 0.6 SEM,
0.01) while leaving the majority of the cell population viable at 4 h. The higher coso@mt



120uM sulindac sulfide also induced a significant increase in necrosis (2.6 fold = 0.4 SEM, P
< 0.02) (Figure 1A). In addition the 120/ concentration caused a change in morphology -
cell rounding and a swollen appearance, indicating toxicity with higileacentrations
(Figure 1B).

Figure 1 Sulindac sulfide induces activation of the NReB pathway and increases cell
death. (A) Quantification of apoptosis and necrosis of sulindac sulfide (SS) treatedicells (
hours), assessed by trypan blue exclusion assay or FACS analysis of Anndxws\RF
stained cells. Bars represent mean percentage of cells in each population & SBM

(B) Photomicrographs of HCT-15 cells treated with sulindac sulfide for 8 hours (phase-
contrast, scale bars @@n and insert 24um). (C) HCT-15 cells were treated with the
indicated doses of sulindac sulfide or the control DMSO (equivalent to the higheSS)ose
for 2 and 4 hours, after which lysates were collected and western blot ana@gperformed
for IkBa and the loading contr@tactin. Densitometry ofkBa levels normalized t@-actin.
Error bars represent SEM (n = 3-@)) qPCR analysis for A20, ICAM1 and IL-8 mRNA
expression. HCT-15 cells were treated with the indicated concentratio8saoftBe control.
Gene expression was normalized to the house-keeping gene GAPDH. The gedaerted
as fold change + SEM (from 3 independent experimefiE$Western blot forkBa levels in
cells treated with SS or the control for the indicated time points. Densitoaidkio levels
normalized tg-actin. Error bars represent SEM.

It was previously shown that sulindac and sulindac sulfone decreagmtem level of NF-

kB inhibitor IkBa in colon cancer cells within 2-5 hours [19]. We next assessedftiue @ff
sulindac sulfide onkBa. Treatment of HCT-15 cells with 50M and 120uM sulindac
sulfide decreasedkBo protein levels after 2 hours and @M after 4 hours of treatment
(Figure 1C). The decrease in lkBvas accompanied by an increase in mRNA expression of
NF-kB target genes A20, ICAM1 and IL-8, which was more pronounced with 50 andVv120
sulindac sulfide (Figure 1D). Thus the p®I concentration of sulindac sulfide could trigger
apoptosis and pro-inflammatory gene up-regulation in the same experimentabosnditi

In order to determine if this activation was transient or sustiiwe studied the kinetics of
IxBo degradation in cells treated with s sulindac sulfide for 0.5, 1, 2, 4 and 16 hours.
We observed a significant decreasewdd protein levels 2 hours post treatment (P < 0.05)
and this was sustained until the conclusion of the experiment at 16 (roguse 1E). This
was not due to decreased transcription asi0sulindac sulfide actually increase«Blo.
MRNA transcripts by 3.3 fold (x 1.14 SEM) 4 hours post-treatmentpaced to control-
treated cells, which is consistent with NB- pathway activation where increased
transcription of kBa is an early response.

Sulindac sulfide-induced pro-inflammatory gene up-egulation is dependent
on NF-B activity but is not mediated by apoptosis

NF-kB is most commonly composed of p50 and p65(RelA) heterodimers, of whighp65
has transactivation potential [22]. We tested whether sulindadesuitreases the binding of
p65 to the NFR<B DNA response element. HCT-15 cells were treated with sulisdHicle
and/or TNFe and nuclear lysates were prepared. A colorimetric p65 transerifaittor assay
was used to assess the amount of nuclear p65 bound to the consendBisrddponse
element immobilized on the assay plate (Figure 2A). Both sulisdiicde alone and TNF
alone significantly increased p65 binding to DNA (P < 0.01).



Figure 2 Sulindac sulfide-induced pro-inflammatory gene up-regulation is dgendent on
NF-kB activity but is not mediated by apoptosis. (AlColorimetric assay of p65 DNA

binding activity to NF«B response element in nuclear lysates of HCT-15 cells. Cells were
treated with the control or SS for 4 hours and where indicated 10 ng/nol Whls-added for

the last 40 minutes before cell lysis. The DNA-binding activity of p65 is expresste

optical density at 450 nm. Error bars indicate SEB).gPCR analysis for A20, IL-8 and
ICAM-1 mRNA expression levels. HCT-15 cells were pretreated withithiowt 50uM

PDTC for 1.5 hours, followed by treatment with the control (DMSOyMGsulindac sulfide
(SS), 10 ng/ml TNE or both in combination for 4 hours. Bars represent fold change of
relative gene expression, normalized to the house-keeping gene GAPDiHvaliges +

SEM (from 3 to 4 independent experimen(€)) Quantification of apoptosis and necrosis of
cells treated with 5aM SS, PDTC or both compounds in combination for 4 hours, assessed
by FACS analysis of Annexin-V-Fluos/PI stained cells. Bars rept@sean percentage of

cells in each population + SEM (n = 8R) HCT-15 cells were pre-treated with 2Bl pan-
caspase inhibitor Q-VD-OPh or the control DMSO for 1 hour and then stimulated with 50
uM sulindac sulfide (SS) or the vehicle DMSO (control) for 2 hours A western blotsaaly
for cleaved caspase 3 (17/19 kDa) and the house-keepin@-getia.(E) gPCR analysis for
A20, ICAM1 and IL-8 in cells treated with the indicated concentrations oh 8& presence

or absence of Q-VD-Oph for 2 hours. The data are presented as fold change + SEM (from 3
independent experiments).

In order to test whether sulindac sulfide-induced pro-inflammatone ge-regulation is
dependent on NkB activity, we treated cells with the NéB specific inhibitor PDTC [23].

Pre-treatment of cells with 50M PDTC effectively inhibited both TNkinduced and

sulindac sulfide-induced up-regulation of the NB-target genes A20, ICAM-1 and IL-8
(Figure 2B). Concurrent treatment of cells with PDTC and sutirstdfide also reduced the
proportion of viable cells (Figure 2C). Thus PDTC potentiated sulirstdfecde-induced

cancer cell death.

Cells undergoing cell death can release pro-inflammatory mekeauch as high mobility
group box 1 protein (HMGB1) that can induce MB-signaling cascade [24]. Therefore, we
next tested whether sulindac sulfide-induced apoptotic response ivedvol NF«B
activation. In order to inhibit sulindac sulfide-induced apoptosis, wer@aged cells with the
irreversible caspase inhibitor Q-VD-OPh, a broad-spectrum casgabdor with very low
cytotoxicity which is also known to inhibit HMGB1 release [25]. Wesessed NkB
activation by qPCR for the NkB target genes A20, ICAM-1 and IL-8 in the presence or
absence of the caspase inhibitor. Q-VD-OPh effectively inhibiteddad sulfide-induced
apoptosis, assessed by western blot analysis for cleaved caqjpagare 2D). NReB target
genes were significantly up-regulated in cells co-treatéldl sulindac sulfide and Q-VD-OPh
compared to control treated cells and cells treated with thpasasnhibitor alone (Figure
2E). Therefore these data suggest that sulindac sulfide-inducegB Nkctivation is
independent of the apoptotic response, triggered by the drug.

Sulindac treatment of mice induces pro-inflammatorygenes within one week

We previously reported that sulindac up-regulates pro-inflammatorgsgm the proximal
colon of mice treated with sulindac for 20 weeks [9]. These midedbaeloped pronounced
mucosal damage and transmural inflammatory response caused bydhdlugrefore, we
investigated mice treated with sulindac for 1 week in orderdesasthe effect of sulindac on
gene expression at an early time point prior to the developmengjof tissue damage [9].



We selected NkeB target genes previously implicated in colon pathogenesis [26-28], and
analyzed their expression in colon mucosal tissue from control amdiaultreated mice.
While the pro-inflammatory genes Cox-2, iNOS, MIP-2, [L.dnd c-Fos were significantly
up-regulated by the sulindac diet €F0.01) in the proximal colon, there was no significant
change in ICAM1, A20 or c-Jun gene expression (Figure 3). Thisromnfihe effect of
sulindac on inducing pro-inflammatory gene expressionvivo but suggests different
dynamics or selectivity of sulindac-induced NB-target genem vivo.

Figure 3 Sulindac feed modulates the expression of pro-inflammatory NkB target

genes in the mouse colon mucosgPCR analysis of A20, ICAM1, COX-2, INOS, MIP-

2,IL1B, c-Jun and c-Fos in the proximal colon mucosa of control and sulindac-treated mice (1
week). mMRNA expression was normalised to the housekeeping gene rpl19. Gpapbeite
relative gene expression. Error bars indicate SEM.

Sulindac sulfide treatment induces up-regulation oNF-kB target genes in
HCT116, SW480 and SW620 cells

In order to assess whether sulindac sulfide can activate thkd@NB&thway in the background

of a variety of molecular defects, we selected three additmlalectal cancer cell lines,
HCT116, SW480 and SW620. NdB pathway activation was assessed by a western blot
analysis for kBa total levels and NkB target gene expression (Figure 4A, B, C). Up-
regulation of NF«B target genes A20, ICAM1 and IL-8 was observed in SW480 and SW620
cells following stimulation with sulindac sulfide but only A20 and Ilw&re strongly
upregulated in HCT116 cells (Figure 4C). Furthermore, thee waaation in kBa levels
following the drug treatment. The decreasekBad levels in response to sulindac sulfide
treatment was the most pronounced in HCT116 cells but no signifctertges were
observed in SW620 cells. Nevertheless, mRNA levels of ICAM1 did rgtifisiantly
increase in HCT116 cells except in cells treated withiMGsulindac sulfide for 4 hours, in
contrast to the strong response seen in HCT-15, SW480 and SW620 luslisudgests that

in addition to NF«B other factors may be modulating sulindac-induced up-regulatiproef
inflammatory cytokines.

Figure 4 Sulindac sulfide treatment induces up-regulation of NR¢B target genes in
HCT116, SW480 and SW620 cells. (AICT116, SW480 and SW620 cells were treated
with the indicated doses of sulindac sulfide (SS) or the control DMSO (equivalkbet t
highest dose SS) for 2 and 4 hours, after which lysates were collected arrd bleste

analysis was performed fatBa and the loading contr@lactin.(B) Densitometry ofdBa

levels normalized t@-actin. Error bars represent SEM (n = 3). * represents P < 0.05, +
average from two data poin{€) gPCR analysis for A20, ICAM1 and IL-8 mMRNA
expression. Gene expression was normalized to the house-keeping gene GAPDKa The da
are presented as fold change + SEM (from 3 independent experiments).

AP-1 as well as NF«B transcription factors are involved in sulindac-sufide
induced activation of IL-8 gene expression

Strong up-regulation of mMRNA levels for the IL-8 gene was obsenvel ifour cell lines
tested (Figures 1D, 4C). IL-8 gene expression levels are knovie tstrikingly variable,
ranging from not detectable levels to over 100-fold activation depeminipe inducing
stimuli [29]. The core IL-8 promoter contains a NB-element as well as activating protein



(AP)-1 and CAAT/enhancer-binding protein (C/EBP)-binding sites. [P®llike the NF«B
binding sites, the AP-1 and C/EBP sites are not essential f®rinduction but are required
for maximum gene expression in some cell types (reviewed in [29]).

We hypothesized that the strong expression of IL-8 gene follosuligdac sulfide treatment
may be due to activation of both NB- and AP-1 transcription factors. AP-1 is a
transcription factor composed of homo or heterodimers of the Jun, Fos Tdndasily
members [30]. We studied the nuclear and cytoplasmic protein lefvéie NF«xB subunit
p65 and the AP-1 members c-Fos and c-Jun in control and sulindac seétesiticells
(Figure 5A). Treatment with sulindac sulfide increased the anafumiclear p65, associated
with a decrease in cytoplasmic p65 levels, indicative of p65 nuttkeaslocation following
the drug treatment (Figure 5A). The levels of total c-Jun and evEos up-regulated in both
the cytoplasmic and nuclear fraction upon sulindac sulfide treatmenthere was a marked
increase in phosphorylated c-Jun and JunD indicative of activation dikeathway [31].
In consensus with the western blot results, the mRNA expressiels & c-JUN and c-FOS
were markedly upregulated in the presence of 50 andull2@ulindac sulfide and c-FOS
levels also increased following treatment with | 2@ sulindac sulfide for 4 hours (Figure
5B).

Figure 5 AP-1 and NF«B transcription factors are involved in sulindac-sulfide induced
activation of IL-8 gene expression. (AHCT-15 cells were treated with p®1 sulindac

sulfide (SS) or the control DMSO for 4 hours. Western blot analysis of the cytoplasd
nuclear fraction for phosphorylated c-Jun (and phosphorylated junD), c-Jun, c-Fos and p65.
PARP is used as a nuclear marker wAiteibulin is used as a cytoplasmic marker. Loading
controlB-actin. Representative blot of two independent experim@itsjPCR analysis for c-
JUN and c-FOS. Bars represent fold change of relative gene expressioaljzestio the
house-keeping gene GAPDH. Mean values = SEM (from three independent expgriments
(C) Luciferase reporter gene assay was performed to measure tramsakigttivity from the
human endogenous IL-8 promoter. HCT-15 cells were transfected with the IL-8 promot
reporter (—133-luc) or reporters with mutated AP-1 andBHminding sites (-133(AP-1-
mut)-luc and -133(NksB-mut)-luc respectively) anglglactosidase reporter and treated with
20 uM sulindac sulfide (SS), the vehicle control DMSO (control) or the positive control
TNFa (20 ng/ml) for 2 hours. Luciferase activity was normalizef-galactosidase activity
and is presented as mean Relative Luciferase Activity + SEM (fram thdependent
experiments performed in duplicate). * represents P < 0.05

Next we assessed whether both transcription factors are kdoirthe strong up-regulation
of IL-8 gene expression using an IL-8 promoter construct cloned utiterase reporter
vector, with or without mutated NkB and AP-1 binding sites (Figure 5C). Treatment with
TNFo was used as a positive control and resulted in a strong iadre&gciferase activity,
which was slightly down-regulated in cells transfected withAP-1 mutant binding sites but
completely abolished in cells transfected with mutatedcRMsinding sites (Figure 5C). In
contrast, in sulindac sulfide-treated cells both the mutated AP-IN&rdB binding sites
strongly reduced the up-regulation in luciferase activity (P <)qfigure 5C). These results
indicate that the strong up-regulation of IL-8 gene expression iddogesulindac sulfide
treatment is dependent on both the dB~and AP-1 transcription factors, whereas BINp-
regulates IL-8 mainly through N&B.



Sulindac sulfide modulates TNle-induced IkBa phosphorylation and
degradation

Since sulindac sulfide caused a decreasexBu Iprotein levels in basal conditions, and
induced up-regulation of NkB target genes, we next tested the effect of sulindac swlfide
IxBa in conditions where the canonical NB-pathway is activated through stimulation by
the cytokine TNE. Upon stimulation with TNé&, NF«B activation is preceded by rapid
IxBa phosphorylation on serine 32 and 36 residues by the Inhibitor of kappa B KiK&3
complex [32], leading to its proteosome-mediated degradation. Wezadalye kinetics of
IxBa phosphorylation and degradation in sulindac sulfide andofikFated cells.

HCT-15 cells were pre-treated with 5 sulindac sulfide for 2 hours and then stimulated
with TNFa for 15 min to 3 hours. Western blot analysisiBd showed that sulindac sulfide
pre-treatment in the absence of TdNBid not increasexBo phosphorylation on Ser32,
whereas TNE stimulation induced rapickBa phosphorylation on Ser32. However, in cells
pre-treated with sulindac sulfide, ThHinduced kBa phosphorylation was less pronounced
(Figure 6A, B). TN caused a gradual decrease in ovekdll protein abundance, which
reached its lowest point 40 minutes after stimulation and retumadrmal levels 3 hours
following TNFa treatment. Sulindac sulfide pre-treatment caused a decrehd®u protein
levels at 2 hours post-treatment and there was little charigBanintensity upon subsequent
stimulation with TNF (Figure 6A, C).

Figure 6 Sulindac sulfide modulates TNe-induced IkBa phosphorylation and

degradation. HCT-15 cells were treated with sulindac sulfide or the vehicle DMSO (control)
for 2 hours. TNk (10 ng/ml) was added to culture media for the indicated periods and cell
lysates were prepare@®) Western blot analysis for phosphorylateBd. (Ser32), total¢Ba
andp-actin. Representative blot from four independent experim@it&sraph representing

the intensity of phosphorylatedBa, normalized to totakiBo andp-actin + SEM.(C) Graph
representing the intensity aédBa, normalized t@-actin + SEM.

In summary, sulindac sulfide treatment reduced the total le¥éBao in unstimulated cells,
suggesting activation of the N&B pathway, but with a slower kinetics compared to &NF
In contrast, sulindac sulfide treatment appeared to inhibitafiNéuced phosphorylation on
IxBa (Ser 32) which is consistent with previous studies [14]. Thesetgesnply that
sulindac sulfide inhibits TN&induced NF«B activation at a level upstream okBl
degradation.

Sulindac sulfide promotes up-regulation of the NRB target gene A20

To further explore the effects of sulindac sulfide on thexdBRpathway in basal and TNF
stimulated cells, we studied the expression of the early respibiigB target gendNFAIP3
(A20), which is not known to be targeted by any other transcriptidarfadF+«B activation
is necessary for A20 transcription as IKK deficiency abolishé#a-induced A20
transcription [20,21]. HCT-15 cells were treated with sulindacdrililone, TNE alone, or
both compounds in combination for 1 to 4 hours (Figure 7A). Both sulindac salfide
TNFa, as well as the combination of the two, increased A20 mRM&ldecompared to cells
treated with the control. The combination of sulindac sulfide andaT@i& not result in a
sustained increase in A20 mMRNA levels more than that ofultfatment alone (Figure 7A).



Taken together these results imply that sulindac sulfide doesynergise with TNd& or
inhibit TNFo-induced A20 mRNA expression.

Figure 7 Sulindac sulfide induces transcriptionally-dependent up-regution of A20

MRNA levels.qPCR analysis for A20 mRNA expression. HCT-15 cells were treated with 50
uM sulindac sulfide (SS), the vehicle DMSO (control line) or 10 ng/ml d I the

indicated time points. A20 gene expression was normalized to the house-keeping gene
GAPDH. The data are presented as fold change £ SEM (from 4 to 7 independent
experiments)(A) Cells were treated with the control, SS, TIN¥ both in combination for

the indicated time point¢B) Cells were pre-treated withyidM actinomycin D (ActD) and

then treated with the indicated compounds for 4 hours.

In order to test whether sulindac sulfide-induced A20 up-regulatiomarsdriptionally
dependent, cells were pre-treated with the transcription inhibitiooatycin D. As expected
actinomycin D reduced A20 mRNA expression in cells stimulated WNFo, confirming
that the selected dose ofuM actinomycin D inhibits gene transcription. Sulindac sulfide
also failed to up-regulate A20 mRNA expression in the presenagind@ycin D compared
to vehicle control cells (Figure 7B). This result is consisteittt a mechanism of sulindac
sulfide-induced up-regulation of A20 mRNA that is dependent on transcriptional activati

Discussion

The NSAID sulindac has shown promising potential in colon cancer chewsppion.
However, serious concerns about gastrointestinal and cardiovasculaffeitts, including
colon inflammation, perforation and bleeding, limit the clinical as&ISAIDs. We recently
reported that long-term use of dietary sulindac can causézied¢ahflammation in the mouse
proximal colon and that the inflammatory lesions are charaatebyeexpression of pro-
inflammatory NF-kB target genes [9], This led us to exptbeemolecular effects of sulindac
sulfide on the NReB pathwayin vitro, a pathway implicated in both inflammation and
malignancy. This study shows for the first time that sulindditdde can induce NF-kB and
AP-1 mediated pro-inflammatory gene expression as well ggetricancer cell death in the
same experimental conditions. These findings may have implicattonsflerstanding the
mechanism of NSAID-induced colon damage and inflammation.

Sulindac sulfide-induced up-regulation of MB-target genes was detected in four colorectal
cancer cell lines, HCT-15, HCT-116, SW480 and SW620 as well as mubesa of mouse
proximal colon one week after the start of sulindac diet. Sulinddidesureatment also
resulted in transcriptional and translational up-regulation of thel ARnscription factor
components ¢c-FOS and c-JUN, accompanied by an increase in nucl@aubation of p65,
c-Fos and c-Jun.

The strongest up-regulation was seen for the chemokine IL-8, ibothvo (the murine
homologue MIP-2) andh vitro (IL-8) [9]. IL-8 plays a key role in promoting proliferation
and survival of endothelial and cancer cells, angiogenesis and neuindifthaition [11,33].
IL-8 was the single most differentially expressed gene anG@@f significantly expressed
genes in gastric epithelial cell line in responseHedicobacter pylori exposure [34].
Cooperation between AP-1 and KB-is required for optimal IL-8 gene induction in virus
infected airway epithelium [35]. In order to assess whethekBIBnd AP-1 cooperation was
required for the up-regulation of IL-8 mMRNA levels in HCT-15Ig;elve used the IL-8



promoter element cloned into a luciferase reporter construct with wilctypeitated NFReB
and AP-1 binding sites. Mutation of either MB-or AP-1 binding sites diminished the
luciferase activity upon sulindac sulfide stimulation, whereas mutaif the AP-1 binding
site had less effect after TMFstimulation. These results indicate that the strong up-
regulation of IL-8 gene expression induced by sulindac sulfidenissdtis dependent on
both the NF«B and AP-1 transcription factors, whereas TiNip-regulates IL-8 mainly
through NF«B. In agreement with this study, it has been reported thatmeaa of acute
myeloid leukemia (AML) cell lines or bone marrow cells frorvA patients with sulindac
sulfide increases the expression of AP-1 family transcriptiotofa [31]. AP-1 transcription
factor is involved in the regulation of many cytokine genes and igftreran important
component of the inflammatory response [36]. Furthermore it has bggasted that NkB
can modulate AP-1 activity, raising the intriguing possibility ttheg interplay by the two
transcription factors can fine-tune the inflammatory response [37].

Treatment of mice for 1 week with sulindac also resulted mifsgsggnt up-regulation of other
NF-xB target genes IL{], INOS and Cox-2 as well as c-Fos in the colon mucosa. This
suggests that sulindac induces an early strong immunogenic respahgemouse colon.
However, in contrast to sulindac sulfide treatmentitro there was no significant change in
ICAM-1 or A20 gene expression. This is consistent with our previmdéinfis in mice
treated with sulindac for 20 weeks [9], Although A20 is a target BB, it is actually
suppressed in inflammatory bowel disorders, wherexRks activated. A20 is a part of the
negative feedback loop of NéB signaling and A20 deregulation in inflammatory disorders
is consistent with its role as an anti-inflammatory fac&8].[ For example, A20 is down-
regulated in Crohn’s disease and enterocyte-specific deficieh@&20 in mice results in
increased susceptibility to experimental colitis [28,39]. This ple the complex
microenvironment in the colon inflamed tissue, where cross-talk betiww8ammatory and
colon epithelial cells further modulates gene expression.

NF-kB also regulates the transcription of TdN&nd we have previously shown that sulindac
sulfide induces TNé& expression [9]. It is possible that sulindac sulfide-inducedol&ifts in

an autocrine manner to activate the fRB-pathway. TNk-mediated NFReB activation can
lead to cell survival or cell death depending on the metabolic dootethe cell and the
contribution of other signalling pathways such as AKT activation andlfi€ signalling
cascade [40-42]. Although TNFwas initially associated with tumour necrosis [43],
mounting evidence suggests that T\Hays a role in tumour growth and progression [44],
induction of genes involved in inflammation, tissue repair [45] and gegesis [46]. Thus
sulindac sulfide-induced activation of the NB-pathway may result in a positive feedback
loop through induction of TNk and may contribute to the pro-inflammatory or anti-
tumorigenic activity of the drug depending on the cellular context.

NF-kB is known to exert pro-survival signals, but here we show that sulsudfide induces
cell death at a concentration that also activatexBIFFhe most prominent activation of NF-
kB target genes was seen with concentrationu{@pof the drug that left the majority of cells
viable. In some conditions molecules released during the apoptotic sespam activate the
NF-xB pathway. However, here sulindac sulfide treatment resulted-kB\&etivation in the
presence or absence of the pan-caspase inhibitor Q-VD-Oph, whichivefie inhibits
apoptosis, indicating that the drug-induced fB-activity is not a consequence of sulindac-
induced apoptosis. Our experiments do not exclude the involvement B Nisulindac
sulfide-induced apoptosis. Under certain stimuli dB-activity may lead to cell death but
sulindac also activates N&B-independent pro-apoptotic pathways [47]. Interestingly,



suppression of NiB activity with the inhibitor PDTC potentiated sulindac sulfide-iretlic
cell death by necrosis. PDTC use in the clinic for the treatrof colon cancer has been
supported by a number of studies and there are reports of PDTC ieghthr@c anti-cancer
potential of 5-fluorouracil (5-FU) [48]. As PDTC potentiates sulinsiléide-induced cancer
cell death while inhibiting sulindac-sulfide-induced up-regulation of pflinmatory
factors, it is possible that the combination of PDTC and sulindadoméayrther explored as a
relevant therapeutic option for colorectal cancer.

A previous report has suggested that sulindac sulfide inhibits theBNgathway but the
experimental conditions were different from our study and IL-8, AR@ ICAM1 gene
expression was not analyzed [14]. Sulindac sulfide inhibitedBHrducible kinase (NIK)-
induced IKKB kinase activity in COS cells, but at a concentration that eastimes higher
than used here. In the same study this inhibition was not seetheitOuM concentration
of sulindac sulfide [14]. IKI§ is an essential kinase upstream ©Bd, crucial for the
activation of NFkB through the canonical pathway. Also, in another study sulindadesulf
administered at doses higher than ®0 inhibited IKKp activity and NF«B DNA binding
activity in HCT116 colon cancer cells [49]. This implies that titehitory effect of sulindac
sulfide on the NReB pathway may be concentration dependent.

Although this study is the first to report an activating roléhef NSAID sulindac sulfide on
the NF«B pathway, celecoxib, a COX-2 selective NSAID was previoustyws to have
similar effects on NReB signaling bothin vitro andin vivo. At 50 uM celecoxib resulted in
an increase in IL{-induced NF«B DNA binding activity and NR<B-dependent gene
expression, although in another study celecoxib was found to have an iyhibleoon NF-

kB activity [15,50]. Similarly, the COX-2 selective NSAID NS-33&liiced an increase in
NF-xB DNA binding activity but not in NReB-reporter gene expression in colon cancer cells
while indomethacin, a drug closely related to sulindac, was reparteaitice gastropathy
through activation of NkB in gastric microvascular endothelial cells [51,52]. Further
studies are necessary to determine if other NSAIDs activate thé@NBathway.

Conclusions

In summary, this study provides experimental evidence that the pt@ogaally-active
sulindac metabolite, sulindac sulfide, activates W#mediated endogenous gene
transcription in colon cells, including NEB target pro-inflammatory factois vitro andin
vivo. This is the first report to show that sulindac sulfide acts/déeth NF«B and AP-1
transcription factors, which may be important in NSAID-inducedrgedestinal toxicity
[53-56] and the increased risk of acute myocardial infarction iremqatireceiving some
NSAIDs [57], These results imply that some of the adverseteféaused by sulindac in the
mouse colon such as inflammation and ulceration may be causedbdyard
immunoregulation in the colon mucosa. Further studies are requireddtesa sulindac
activation of NF«B in vivo and whether this is responsible for the side effects in the human
colon.



Methods

Tissue culture and reagents

HCT-15, HCT116 and SW620 cells (CCL-225, CCL-247, CCL-227; ATCC, USAE wer
propagated in RPMI 1640 (GIBCO®, Invitrogen Corporation) supplementedl@ith fetal
bovine serum (FBS) (Hyclone Laboratories Inc., Australia), HERFE) mM, GIBCO®),
glutamine (4 mM, GIBCO®), insulin (1@g/ml, Actrapid, Novo Nordisk, Australia) and
gentamycin (2Qug/ml, Pfizer, Australia), except as noted. SW620 cells were gabea in
RPMI 1640 (GIBCO®) with 10% FBS and 2@/ml gentamycin. For experiments cells were
plated at 2x10cells/well in 6-well culture plate (Corning) and cells wiereubated overnight
in reduced serum conditions (0.2% FBS) prior to treatment with theaiiedi reagents. The
cell lines were authenticated by CellBank Australia in 2011 usingldentifiler PCR
Amplification Kit (Applied Biosystems, USA). Tumor necrosis faaiqiTNFo) was obtained
from Peprotech Inc., (USA); sulindac sulfide, PDTC, actinomycin D and DM&® $igma-
Aldrich (MO, USA); Q-VD-OPh from MP Biomedicals (USA). Sufiac sulfide,
actinomycin D and Q-VD-OPh were dissolved in DMSO while PDTG wasolved in
distilled water.

Mice and sulindac diet

Mice on the C57BI/6J background were housed in specific pathogendneltians and
weighed weekly. Mice (6 weeks old) were given a diet contai@2g@ p.p.m. sulindac
(Sigma-Aldrich; Specialty Feeds, Australia) for 1 weelcontrol feed ad libitum. The diet
was standard mouse cubes. This study was carried out in accordaticethes
recommendations of the National Health and Medical Research CoAusiralian Code of
Practice for the Care and Use of Animals for ScientificpBses). All animal experiments
were approved by the Garvan Institute of Medical Research Anitrats Committee
(protocol no. 10/40).

MRNA and protein analysis

The mucosal surface of the proximal colonic tissue was liglktigped and snap frozen in
liquid nitrogen for RNA extraction. RNA from mouse tissue or liels was extracted using
Qiagen RNeasy mini (QIAGEN GmbH, Germany). Q-PCR reactiogr® performed using
SYBRgreen, (Applied Biosystems, USA), Tagman (Applied Biosystdd®A) or UPL
assays (Roche Applied Science) on ABI Prism 7900-HT Real Tigfe $stem (Applied
Biosystems) or the Roche Lightcycler 480 (Roche Applied ScjeRoe protein analysis cell
lysates [58] were separated on polyacrylamide gels (10-15%) eartkfdrred to
polyvinylidene difluoride (PVDF) membranes. The membranes wexkéd with 5% (w/v)
bovine serum albumin, dissolved in 0.2% (v/v) Tween20/ tris-buffered s@i8). The
membranes were incubated with primary antibodies for 1 h RT or gherai 4°C §-actin,

1:10 000, clone AC15, SigmagBa #9242, 1:1000; PhosphokBa (Ser32) #2859 14D4;
cleaved caspase 3 (Aspl75) #9661, Phospho-c-Jun (Ser73) #9164, c-Jun #9165 (Cell
Signalling Technology Inc., USA), c-Fos ab7963, beta-tubulin ab6046 (Abcam, UK), p65 (A
sc-109 (Santa Cruz Biotechnology Inc., USA). ImageJ densitomettwasef (National
Institutes of Health, USA) or Quantity One software (Bio-Rabdratories, Canada) were
used for gel band quantitative densitometric analysis.



Nuclear/cytoplasmic fractionation

Cells were plated at 32.575x16ells in 150x20 mm Petri dish (Corning) and cells were
incubated overnight in reduced serum conditions (0.2% FBS) prior to &newth sulindac
sulfide. Cells were lysed with Cayman nuclear extraction Ni10009277 (Cayman
Chemicals, USA) according to the manufacturer’s instructions.téysaere resolved on
10% polyacrylamide gels and transferred to polyvinylidene difluoride (PVDR)branes.

P65(RelA) DNA-binding assay

P65 binding was assessed using Cayman's p65 transcription faap(@agman Chemicals,
USA). A double-stranded oligonucleotide that contained a consensus p65 bineings
immobilized in all plate wells and incubated with previously pregdtash frozen nuclear
extracts (7.5ug/well) overnight at 4°C without shaking. The plate was washedgxtdy
according to manufacturer’s instructions and incubated with a priaatiyp65 antibody,
followed by a secondary antibody conjugated with horseradish peroxid&$®) that was
used for detection. The absorbance is expressed as the optical dedS@ynm, normalized
to the background readings. Positive and negative controls were included in yhidgtassa

Detection of apoptosis

Trypan blue exclusion assay

After the indicated treatments, cells floating in the mediateypdinized adherent cells were
collected. Cells were incubated in 1:1 ratio with 0.4%Trypan blu8QGl) and were
counted under a phase contrast microscope or using the Coliraessmated cell counter
(Invitrogen). Cells with compromised membrane integrity are positvdrypan blue and
were represented as a percentage of total counted cells.

Flow cytometry analysis for AnnexinV/propidium iodide

Apoptosis was detected by dual staining for phosphatidylserine é@R&ynalization
(AnnexinV-fluorescent isothiocyanate-conjugated Fluos) and propidium iddit)e cell
incorporation by flow cytometry (BD FACSCanto™ flow cytometenngshe Annexin-V-
Fluos staining kit (Roche Applied Science) according to the manuféstumstructions.
Briefly, after treatment and trypsinization, adherent and detackfd ftom different
treatment groups were counted and incubated for 15 min at 15-25°C with AWiEkilos
labeling solution. PS externalization is a specific markeadf@poptotic events while Pl is
taken only by cells with compromised cell membrane (necrosidls Gere considered
apoptotic when they were Annexin-V-positive and Pl-negative andtieevhen they were
Annexin-V- and PI- positive or Annexin-V-negative and Pl-positive. Appab@relectronic
compensation of the instrument was used in order to exclude ovegagime two emission
spectra.

Luciferase reporter assay for IL-8 expression

Cells (2x105/well) were plated into a 6-well plate, in duplicate dach treatment group.
Transfection for every well was performed with Quf B-galactosidase internal control
plasmid (pEF-DEST51lacZ) and 0.8g IL-8 promoter luciferase reporter constructs.



Transfection was performed in 10% FCS media, usind/\8Bell X-tremeGene HP DNA
transfection reagent (Roche) following the manufacturer’s insbng After stimulation,
adherent cells were lysed in lysis buffer (Galacto-Star™e8ysT2071-0607049, Tropix®,
USA) on ice. The supernatant was used for the luciferase &mayples (from each well of
cultured cells) were pipetted in duplicate into a 96-well luminemplate (OptiPlate™-96,
6005290, PerkinElmer®, Zaventem, Belgiurfijgalactosidase activity was determined by
addition of freshly diluted Galacto-Star™ reagent, following an incabdtr 30 min at RT.
Plates were read using the FLUOstar OPTIMA micropleseler (BMG LABTECH GmbH,
Germany) with a luminescence optic reader configuration and atitoneagent injection.
Luciferase activity was determined by addition of freshly dduuciferine (Luciferase Assay
System, Cat #E1501, Promega, USA) to the lysates and the plaeeseadrimmediately as
above. Control for transfection efficiency in each well fromrthdti-well culture plate was
obtained by assessing tlfegalactosidase activity of the lysate for that well. Reta
luciferase activity for a sample was determined by dividiegaverage luciferase activity by
the relative amount ¢f-galactosidase activity.

The reporter constructs were a kind gift by professor Naofakaida, Cancer Research
Institute, Kanazawa University Kakuma-machi, Japan [59]. The cotstrsed contained the
5’ region of the IL-8 gene spanning downstream from —133 bp with wild type oteduA®-

1 and NF«B sites. This region contains three cis elements, AP-1 (2126 to 2120Md).-
6-like (member of the C/EBP family) (294 to 281 bp), aBdlike (280 to 270 bp) sites [59].
The constructs were named: -133-luc; -133@8~mut)-luc; -133(AP-1-mut)-luc.

Statistical analysis

The data is graphed as mean + SEM from at least 3 indepengeningants. Student t test
was used for comparisons between two groups. A P value of <0.85cwssidered
significant.
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