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Celecoxib reduces fluidity and decreases
metastatic potential of colon cancer cell lines
irrespective of COX-2 expression
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ﬂynopsis

CLX (celecoxib), a selective COX-2 (cyclo-oxygenase-2) inhibitor, has numerous pleiotropic effects on the body that
may be independent of its COX-2 inhibitory activity. The cancer chemopreventive ability of CLX, particularly in CRC
(colorectal cancer), has been shown in epidemiological studies. Here we have, for the first time, examined the
biophysical effects of CLX on the cellular membranes of COX-2 expressing (HT29) and COX-2 non-expressing (SW620)
cell lines using ATR-FTIR (attenuated total reflectance—Fourier transform IR) spectroscopy and SL-ESR (spin label-
ESR) spectroscopy. Our results show that CLX treatment decreased lipid fluidity in the cancer cell lines irrespective
of COX-2 expression status. As metastatic cells have higher membrane fluidity, we examined the effect of CLX on the
metastatic potential of these cells. The CLX treatment efficiently decreased the proliferation, anchorage-independent
growth, ability to close a scratch wound and migration and invasion of the CRC cell lines through Matrigel. We propose
that one of the ways by which CLX exerts its anti-tumorigenic effects is via alterations in cellular membrane fluidity
which has a notable impact on the cells’ metastatic potential.
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INTRODUCTION inflammatory drugs) are associated with a reduced risk of colon

CRC (colorectal cancer) is one of the leading causes of morbidity
and mortality worldwide and chronic inflammation is accepted
to have a significant effect in the promotion and progression of
this disease [1]. COXs (cyclo-oxygenases) are key enzymes
of the eicosanoid cascade that can convert arachidonic acid into
prostaglandins, some of the important mediators of inflammation.
The two COX isoforms, COX-1 and COX-2, have different ex-
pression patterns in the tissues, with COX-1 being constitutively
expressed and with housekeeping functions such as gastrointest-
inal cytoprotection, renal functions and vascular homoeostasis.
COX-2, on the other hand, is not expressed in most normal tis-
sues and can be induced by a number of inflammatory stimuli,
such as bacterial LPS (lipopolysaccharide), IL-1 (interleukin-1)
and IL-2, and TNF« (tumour necrosis factor «) [2]. COX-2 is
also overexpressed in the early adenoma stage of colon cancer
[3]. It is not surprising therefore that NSAIDs (non-steroidal anti-

cancer [4,5].

CLX (celecoxib) is a selective inhibitor of COX-2 which gives
the advantage of reduced gastrointestinal bleeding compared with
classical NSAIDs (e.g. acetylsalicylic acid and indomethacin)
[6]. This new generation of NSAID has been indicated to relieve
the symptoms of osteoarthritis and rheumatoid arthritis [6].

CLX has numerous pleiotropic effects in the human body,
many of which are unrelated to its COX-2 inhibitory effects.
According to epidemiological studies, long-term CLX usage is
related to a chemopreventive activity in colorectal [7], breast [8]
and lung carcinogenesis [9]. However, it is not clear whether
CLX exerts its anticarcinogenic effects through a direct interac-
tion with membrane-bound enzymes or whether its interaction
with cellular membranes alters the activity of these enzymes.
Amphipathic and lipophilic compounds, which can alter the bio-
physical characteristics of membrane lipids, are also able to alter
membrane function by influencing the activity of integral mem-
brane proteins [10-13]. CLX, being a lipophilic compound, is

Abbreviations used: ATR-FTIR, attenuated total reflection-Fourier transform IR; CLX, celecoxib; COX-2, cyclo-oxygenase-2; 16-DSA, 16-doxylstearic acid; DSPC, distearoyl
phosphatidylcholine; EMEM, Eagle’s minimum essential medium; IL, interleukin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; NSAID, non-steroidal
anti-inflammatory drug; RT-PCR, reverse transcription—-PCR; SL-ESR, spin label-ESR; TNF, tumour necrosis factor.
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also a potential modulator of membrane-lipid structure and dy-
namics which may account for its COX-2 independent activities
[14].

Studies on membrane fluidity have been considered as a prom-
ising approach for cancer therapy since metastatic tumour cells
have higher membrane fluidity compared with non-metastatic
cells [15-17]. Using DSPC (distearoyl phosphatidylcholine)
model membranes, we have previously shown that CLX de-
creases the fluidity of the membrane and induces phase separ-
ation of the lipids [18]. In the present study, we wanted to see
if these effects of CLX were also valid in in vitro models and
could account for the anticarcinogenic properties of CLX. We
also wanted to determine whether COX-2 expression could af-
fect these properties of CLX.

For that purpose, we have treated two different colon cancer
cell lines, HT29 (COX-2 positive) and SW620 (COX-2 negat-
ive), with CLX, allowing us to delineate the COX-2-independent
effects of CLX.

Using ATR-FTIR (attenuated total reflectance—Fourier trans-
form IR) spectroscopy and SL-ESR (spin label-ESR) techniques,
we investigated for the first time the alterations caused by CLX
on lipid dynamics in the cell system. ATR-FTIR is used to study
the structure, concentration and dynamics of macromolecules in
biological systems [19-23]. Besides the ease of sample prepar-
ation, automated technology and the need for a small sample
size, this technique allows rapid monitoring of functional groups
in intact biological systems. In addition, the high sensitivity of
the technique makes it a preferable tool for biodiagnostics and
cell line discrimination [20,24,25]. ESR spectroscopy provides a
sensitive way of determining lipid fluidity by the use of a spin
probe that positions itself into the lipid bilayer [17,26]. Both these
techniques have recently been applied to a breast cancer cell line
for the characterization of microRNA-125b expression, by our
group [22].

Following spectroscopic studies, we examined the effects of
CLX on functional characteristics of colon cancer cells such as
tumour cell proliferation, anchorage-independent growth, cellu-
lar migration and invasion. We propose that these changes may
be independent of COX-2 expression status; rather, they may be
associated with the changes in the membrane properties.

MATERIALS AND METHODS

Cell culture and reagents

The HT29 cell line was purchased from SAP Enstitlisi and grown
in McCoy’s 5a modified medium supplemented with 1.5 mM L-
glutamine. The SW620 (CCL-227) cell line was purchased from
the A.T.C.C. and grown in Leibovitz’s L-15 medium supplemen-
ted with 2 mM L-glutamine. The normal colon fibroblast cell
line, CCD-18Co (CRL1459), was purchased from the A.T.C.C.
and propagated in EMEM (Eagle’s minimum essential medium).
The cells were grown in a humidified atmosphere containing 5 %
CO; for HT29 and CCD-18Co and 100 % air for SW620. Cell
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culture media were supplemented with 10% FBS (fetal bovine
serum) and 1% penicillin/streptomycin. All cell culture media
and supplements were purchased from Biochrom.

CLX was obtained from Ranbaxy Laboratories and was dis-
solved overnight in molecular biology grade DMSO (Applichem)
freshly before each treatment. The working concentration of
DMSO in all treatments was adjusted to less than 0.1 %.

RNA isolation and RT-PCR (reverse
transcription—-PCR)

Total cellular RNA was extracted from HT29 and SW620 cells
using the Rneasy Minikit (Qiagen) according to the manufac-
turer’s instructions. First-strand cDNA synthesis was carried out
from total RNA (1 pg) using oligo(dT),g primers and was PCR-
amplified using COX-2-gene-specific primers (forward primer,
5'-TGCCTGGTCTGATGATGTATGCCA-3'; reverse primer, 5'-
GCGGGAAGAACTTGCATTGATGGT-3). After denaturing at
94°C for 3 min, the cDNA was subjected to 32 cycles of ampli-
fication at 94°C for 30 s, 60°C for 30 s and 72°C for 45 s, with a
final extension at 70°C for 10 min. The PCR products were sep-
arated by gel electrophoresis on a 2 % agarose gel and visualized
under UV transillumination.

Western blot analysis

Cell lysates were isolated using M-PER isolation buffer (Pierce)
containing protease inhibitors (Roche). The protein content was
measured using the modified Bradford assay using a Coomassie
Plus protein assay reagent (Pierce). Whole-cell extracts (40 j1g)
were separated on a 10% polyacrylamide gel and transferred
on to a PVDF membrane (Bio-Rad Laboratories). The mem-
brane was blocked in 5% BSA and incubated overnight with
COX-2 primary antibody (1:500 dilution; Santa Cruz Biotechno-
logy) fol-lowed by incubation for 1 h with an HRP (horseradish
peroxidase)-conjugated anti-rabbit (1:2000), secondary antibody.
The bands were visualized using an enhanced chemilumines-
cence kit (ECL Plus; Pierce) according to the manufacturer’s
instructions.

ATR-FTIR spectroscopy

HT29 and SW620 cells were grown and treated with 20 uM
CLX for 24 h in five separate flasks, and collected by trypsiniz-
ation. Control cells (not treated with CLX) for both HT29 and
SW620 were also grown and collected from five separate flasks.
The cells were placed on the Di/ZnSe (diamond/ZnSe) crystal
plate of the ATR-FTIR spectrometer (5 million cells/10 ul of
PBS). The solvent was slowly evaporated under a gentle stream
of N, flow for 30 min as described previously [22,23,27]. FTIR
spectra were obtained using a Spectrum 100 FTIR spectrometer
equipped with a Universal ATR accessory (PerkinElmer). Inter-
ferograms were averaged for 100 scans between 4000 and 650
cm ! at 4 cm ! resolution. The independent replicates for these
experiments were carried out on different days to eliminate pos-
sible artefacts resulting from variations in ambient conditions.
In order to ensure the same sample thickness, consistent sample
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drying conditions and duration were maintained. Furthermore,
each independent sample was scanned in three replicates under
the same conditions by taking 10 ul from the same pellet of
cells. The spectra were found to be identical for all the replicates.
The results of the same sample were then averaged and used in
detailed data and statistical analysis.

The spectra were analysed using Spectrum One software
(PerkinElmer). The interfering spectrum of air was recorded to-
gether as background and subtracted automatically by the use
of appropriate software. The band positions were measured ac-
cording to the centre of weight and bandwidth was measured at
0.80x peak height position.

ESR spectroscopy
HT29 and SW620 cells were treated with a low dose (20 uM)
and a high dose (40 uM for SW620 and 70 uM HT29) CLX in
three separate flasks for 24 h and collected by trypsinization. Spin
labelling of the cells was performed using the 16-DSA (16-doxyl-
stearic acid) spin label as described previously [22,28,29]. Briefly,
a stock solution of 16-DSA (10 ~2 M) was prepared by dissolving
in ethanol, and was kept at — 20°C. HT29 and SW620 cells were
spin labelled by incubating a suspension of cells (5x 10° cells/ml
PBS) for 60 min at 37°C to a final concentration of 10~% M
16-DSA. Unbound spin labels were removed by washing the
cells in PBS and centrifuging at 1200 g for 4 min until no free
spin-label signal was observed in the supernatant.

For the ESR measurements, the cell film was transferred to
a disposable glass capillary and ESR spectra were obtained at
X-band, at 9.85 GHz, 100 G sweep width, 2 Gauss modulation
amplitude and at 10 mW microwave power by using a Bruker
EMX X-band (9-10 GHz). The membrane fluidity information
was obtained from the calculation of the rotational correlation
time (z.) as described previously [17,30].

Cellular proliferation

Cell proliferation was measured using the Vybrant MTT assay kit
(Invitrogen) according to the manufacturer’s guidelines. Briefly,
10 000 cells were plated in a final volume of 100 ul in complete
McCoy, Leibovitz’s medium or EMEM for HT29, SW620 and
CCD-18Co cells respectively in 96-well tissue culture dishes.
Cells were treated with CLX between the concentrations 20
and 100 uM in at least six replicates for each concentration.
After 24, 48 and 72 h, the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H -tetrazolium bromide] labelling reagent was ad-
ded, incubated for 4 h and solubilized with a 1% solution of
SDS for another 4 h. The absorbance (A) was determined in a
microplate reader (Bio-Rad Laboratories) at 570 nm.

In vitro scratch-wound healing assay

Cellular motility was measured by an in vitro scratch-wound heal-
ing assay. Equal number of SW620 or HT29 cells were seeded
in six-well plates and incubated until they were 90 % confluent.
The monolayer of cells was scratched with a sterile pipette tip
and debris was removed from the culture by washing twice with
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PBS. Images were captured immediately after wounding with
an inverted microscope with x4 objective (Olympus). The cells
were then incubated in complete medium with or without CLX
(40 uM for SW620 and 70 uM for HT29). Wound closure was
monitored microscopically after the wound persisted for 72 h.
The percentage wound closure between the wound edges were
analysed using the ImageJ 1.42 program. The experiments were
performed in three replicates.

Colony formation in soft agar

To evaluate the ability of cells to grow in an anchorage-
independent manner, SW620 and HT29 cells (60000) were grown
on Noble agar (Difco; BD Biosciences). The bottom agarose
layer was prepared by layering 1 ml of complete medium with or
without CLX (40 uM) containing 0.6 % agar and allowing it to
solidify for 1 h at room temperature (25°C) in a six-well plate.
Cells were suspended in 400 pl of complete medium contain-
ing 0.33 % agarose with or without 40 uM CLX. This solution
(1 ml) was added on to the solidified bottom layer. After 2 weeks,
the plates were stained with Crystal Violet (0.005 %), the image
was captured under a Leica light microscope with x 10 objective
and the colonies were counted manually. Each experiment was
performed in three replicates.

Boyden chamber cell migration and invasion assays
The effect of CLX on the migratory and invasive capabilities of
HT29 and SW620 cells was determined by an in vitro Boyden
chamber assay as described before [31]. The cell numbers used
were: 5x 10* cells for both cell lines for the migration assay and
10x 10* cells for both cell lines for the invasion assay. Cells were
treated with CLX (40 uM for SW620 and 70 uM for HT29) and
allowed to migrate or invade for 72 h. The experiments were
performed in six replicates for migration and five replicates for
invasion assays.

Statistical analyses

Data analysis and graphing were carried out using the GraphPad
Prism 5 software package. Unless otherwise mentioned, the mean
for the indicated number of experiments was plotted together with
the S.E.M. Statistical significance was assessed using two-tailed
Student’s 7 test. Significant difference was statistically considered
at the level of P < 0.05.

RESULTS

Expression levels of COX-2 in HT29 and SW620
cells

The mRNA levels of COX-2 in HT29 and SW620 cells were
determined by duplex semi-quantitative RT-PCR (Figure 1A).
While HT29 expressed COX-2, no COX-2 mRNA expression was
seen in SW620 cells. COX-2 protein levels were then determined
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(A) HT-29 SW-620 NC

COX-2

GAPDH
(B) HT-29 SW-620
COX-2

GAPDH -

Figure 1 The HT29 cell line expresses COX-2 while the SW620
cell line does not

(A) mRNA and (B) protein levels of COX-2 in HT29 and SW620 cells were
determined by RT-PCR and Western blot analysis respectively. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

by Western blot analysis (Figure 1B) and a negligible amount of
protein was detected in SW620 cells, while HT-29 cells expressed
a robust amount of COX-2.

CLX affects membrane fluidity in colon cancer cells
The effect of CLX treatment on membrane fluidity of HT29 and
SW620 cells was determined by two non-invasive biophysical
techniques, namely ATR-FTIR and SL-ESR.

In the ATR-FTIR study, five independently grown, CLX-
treated and untreated sets of HT29 and SW620 cells were used.
To obtain a homogenous film of cells, a mild N, stream was ap-
plied as reported by us and others in previous studies [22,23,27].
ATR-FTIR spectroscopy was used to monitor the changes in the
cellular lipid dynamics by analysing the bandwidth of the spec-
tral bands corresponding to lipids. The band position at 2850
cm~! in a typical IR spectrum of a biological sample corres-
ponds to the CH, symmetric stretching mode and results mainly
from acyl chains of lipids. Information about the lipid dynamics
can be obtained by analysing the variations in the bandwidth of
the CH, stretching mode [22] and an increase in the bandwidth
is an indication of an increase in the dynamics of the membrane
system [32,33]. A representative IR spectrum of untreated and
CLX-treated HT29 cells is shown in Supplementary Figure S1 (at
http://www.bioscirep.org/bsr/032/bsr0320035add.htm) in which
the difference in bandwidth of the CH, symmetric stretching
mode can be seen in the inset. Similar spectra were also observed
for SW620 cells (results not shown). Figure 2(A) shows the CLX-
induced changes in the bandwidth of CH, symmetric-stretching
band. For HT29 cells, the bandwidth decreased from 5.10 to 4.71
with CLX treatment (*P < 0.05), whereas for SW620 cells, a de-
crease from 4.48 to 4.10 was observed (*P < 0.05). This implies a
reduction in lipid dynamics when the cells are treated with CLX.

The analysis of the frequency of CH, symmetric-stretching
band to monitor acyl chain flexibility did not show a signi-
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Figure 2 CLX reduces fluidity in the membranes of HT29 and
SW620 cells

(A) ATR-FTIR: the average reduction in the bandwidth of the CH, sym-
metric stretching mode (indicating a reduction in fluidity) resulting from
a 24 h treatment of HT29 and SW620 cells with 20 uM CLX are shown.
(B) SL-ESR: the average increase in the rotational correlation time (in-
dicating a reduction in fluidity) resulting from a 24 h treatment of HT29
and SW620 cells with a low (20 xM) and a high (70 uM for HT29 and
40 uM for SW620) dose CLX are shown. Each data point represents
the means + S.E.M. (n = 5 for FTIR and n = 3 for ESR). *P < 0.05 and
**P < 0.01 compared with controls for each cell line.

ficant change. In addition, the changes in the frequency of
the C=0 stretching (1740 cm~!) and PO,~ antisymmetric
double-stretching (1238 cm™!) bands, which monitor hydra-
tion status of the glycerol backbone and lipid head groups re-
spectively, were not significant (Supplementary Figure S2 at
http://www.bioscirep.org/bsr/032/bsr0320035add.htm).

The reduction in lipid dynamics was also confirmed by ESR
spectroscopy. 16-DSA is a stearic acid analogue, having a ni-
troxide radical ring at the 16th carbon position of its acyl chain.
The molecule positions itself along the acyl chain of the lipid
bilayer that monitors the hydrophobic interior of the membrane
[28]. The signal coming from the nitroxide radical is directly
affected by the biophysical characteristics of its immediate en-
vironment and the rotational correlation time (7. ) calculated from
the ESR spectrum is inversely correlated with the fluidity of the
membrane [22,26,34]. A representative ESR spectrum of un-
treated and CLX-treated cells is given in Supplementary Figure
S3 (at http://www.bioscirep.org/bsr/032/bsr0320035add.htm).
Figure 2(B) shows the CLX-induced changes in the fluidity of
the cell membrane reflected by the rotational correlation time. A
low (20 uM) and a high (40 uM for SW620 and 70 uM HT29)
concentration of CLX were used for each cell line in order to see
the effect of different doses of the drug. As seen in the Figure,
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Table 1 IC5, values for the inhibition of cellular proliferation in HT29, SW620 and CCD-18Co cells after 24,48 and 72 h

treatment with CLX (0-100 xM)

IC5o value
CLX treatment time (h) Cell line. .. HT29 SW620 CCD-18Co
24 122+5.3 56+2.2 119+5.3
48 70+3.9 47+3.0 73+4.7
72 41+29 49+3.4 67+4.1
Mean 78 51 86
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Figure 3 The effect of CLX on the proliferation of HT29, SW620
and CCD-18Co cells

HT29 (A), SW620 (B) and CCD-18Co (C) cells were placed in 96-well
plates and treated with 20, 30, 50 and 100 uM CLX for 24, 48 and
72 h. The cellular proliferation was determined for each time point by
an MTT assay. Each point represents the means + S.E.M. (n = 10 for
SW620 and HT29 and n = 6 for CCD-18Co).

the rotational correlation time increases significantly with CLX
treatment for both cell lines indicating a decrease in membrane
fluidity, which is consistent with our FTIR results. An approxim-

ate increase of 15 % in the 7. is observed for both low and high
concentrations of the drug.

Effects of CLX on cellular proliferation, motility and
anchorage-independent growth

The sensitivity of HT29 and SW620 cell proliferation to CLX
was determined by the colorimetric MTT cell proliferation assay.
CCD-18Co, a non-transformed colon fibroblast cell line, was also
included in order to compare the effect of the drug in cancerous
and normal cells. CLX induced a decrease in proliferation in all
cell lines in a dose-dependent manner (Figures 3A-3C). How-
ever, for both HT29 and CCD-18Co non-transformed fibroblast
cell lines, but not SW620, a time-dependent decrease in prolifer-
ation was also observed (Table 1). Surprisingly, the effective dose
needed to reduce the proliferation by 50 % (ICs) for the COX-2
positive HT29 cell line (average ICs, values for 3 days: 78 uM;
Figure 3A) was found to be higher than that of COX-2 negative
SW620 (average ICsy values for 3 days: 51 uM; Figure 3b).
This implies that the antiproliferative effect of CLX could be in-
dependent of the COX-2 expression status. In addition, the ICsg
for the normal colon cell line, CRL1459, was found to be the
highest (average ICs, values for 3 days: 86 uM; Figure 3c). The
DMSO concentration (0.1 %) used in the present study showed
no significant effect on cell viability (results not shown). The ICsg
values determined in the MTT assay were taken as the maximum
CLX concentration to be used in the consequent experiments in
order not to confuse inhibition of proliferation with inhibitory ef-
fects on other functional characteristics such as cellular motility,
migration and invasion.

In order to determine the effect of CLX on the motility of
HT29 and SW620 cells, an in vitro scratch-wound healing assay
was performed. Figure 4(A) displays the pictures of the wound
at the day of application and after 72 h of incubation for HT29
and SW620 cells. As seen in the histogram in Figure 4(B), CLX
treatment (70 uM for HT29 and 40 uM for SW620) signific-
antly reduced percentage wound closure; indicating a loss in the
motility of HT29 (*P < 0.05) and SW620 (**P < 0.01) cells after
72 h.

The influence of CLX on the anchorage-independent growth
capacity of HT29 and SW620 cells was investigated using the soft
agar assay for colony formation. The results shown in Figure 5
indicate that CLX treatment (40 M) significantly decreased the
number of colonies formed by HT29 (*P < 0.05) and SW620
(**P < 0.01) cells. In addition, the size of the colonies formed by

www.bioscirep.org / Volume 32 (1) / Pages 35-44

39



@ A. Sade and others

40

CONTROL CLX

HT-29

Oh

T2h

SW-620

Oh

3 Control
W CLX

3
=
*

Wound closure (%)
*
*

HT29 SW620

Figure 4 CLX reduces cellular motility of HT29 and SW620 cell
lines

(A) A scratch-wound healing assay was conducted and inverted micro-
scope images (x4) for 72 h CLX treatment (70 uM for HT29 and 40 uM
for SW620) are given. Cells treated with CLX were not able to close the
wound in the confluent culture, when compared with untreated control
cells, after 72 h. (B) The histogram shows that CLX-treated cells sig-
nificantly reduced motility (*P < 0.05) in HT29 cells with 18 % wound
closure for treated cells compared with 29% for untreated cells. The
same was for SW620, 27 % for CLX-treated cells and 54 % for untreated
cells (**P <0.01). The results are the means + S.E.M. for three inde-
pendent experiments for both cell lines.

both cell lines was smaller in the CLX-treated samples compared
with control ones.

Effects of CLX on the migratory and invasive
characteristics of colon cancer cells

In order to assess how CLX alters the migration and invasion
of HT29 and SW620 cells, in vitro cell migration and Matrigel
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Figure 5 CLX treatment decreases anchorage-independent
growth on soft agar

(A) HT29 and SW620 cells were treated with 40 uM CLX and grown
on 0.6 % Noble agar for 2 weeks. Colonies were stained with 0.005 %
Crystal Violet and counted under a light microscope. (B) The histogram
shows that cells treated with CLX formed significantly fewer colonies
(45% for HT29, *P < 0.05 and 25 % for SW620, **P < 0.01) compared
with untreated cells (colony formation represented as 100 %). Error bars
represent three independent experiments carried out in triplicate. The
scale bars for all figures indicate 100 pum.

invasion assays were performed based on the principle of the
Boyden chamber assay. The migration assay was carried out by
adding the cells in medium to Transwell inserts containing mem-
branes with 8-um-diameter pores. Figure 6 shows the repres-
entative pictures and results for the CLX-treated HT29 (70 uM
CLX) and SW620 (40 uM CLX) cells. The results indicate that
CLX caused a significant decrease in the number of migrated
cells for both HT29 (**P <0.01) and SW620 (***P <0.001)
cells.

The invasion assay was carried out by adding the cells in
medium to Transwell inserts containing membranes with 8- um-
diameter pores coated with Matrigel which served as a reconsti-
tuted basement membrane in vitro. CLX treatment significantly
(**P < 0.01 for both cell lines) decreased the invasive capacity
of both colon cancer cell lines (Figure 7).

DISCUSSION

In the present study, the effects of CLX on the biophysical prop-
erties of the cellular lipids of two colon cancer cell lines, HT29
(COX-2 positive) and SW620 (COX-2 negative), and functional
characteristics of the cell lines upon treatment with the drug were
investigated. We have observed that CLX-inhibited cellular pro-
liferation significantly in both cell lines irrespective of the COX-2
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Figure 6 CLX treatment reduces cellular migration of HT29 and
SW620 cell lines

(A) A Transwell migration assay was performed in the presence of serum
as a chemoattractant. (B) The histogram shows that CLX-treated HT29
and SW620 cells migrated through the 8 um pores of the Transwell in
significantly less numbers (***P < 0.001) compared with the untreated
control cells. The representative images (x4) for CLX treatment (70 uM
for HT29 and 40 uM for SW620) for 72 h are given. The histogram
shows the means + S.E.M. for six independent experiments for both
cell lines. The scale bars for all panels indicate 40 um.

expression status. Additionally, CLX also inhibited the prolifer-
ation of a non-transformed colon fibroblast cell line CCD-18Co,
although the ICs, value (86 uM) for inhibition was higher than
that for the cancer cell lines HT29 (78 uM) and SW620 (51 uM).
The fact that the inhibitory dose needed for SW620 cells was less
than that of HT29 cells indicates a possible involvement of mech-
anisms other than COX-2 inhibition.

It has been reported that the anticarcinogenic effects of
CLX can be observed only at higher doses (800 mg/day) than
that which is recommended for its anti-inflammatory efficacy
(200 mg/day) [35,36]. In addition, owing to the high hydrophobi-
city of the drug, the maximum plasma concentration achieved
after the administration of 800 mg/day CLX is 3-5 uM, which
is far lower than the concentrations used in this and previous
in vitro studies [35]. However, Maier et al. [37] have recently
shown that CLX accumulates in the hydrophobic interior of the
plasma membranes of different tumour cell types and proposed
that a high intracellular drug concentration may explain the anti-
carcinogenic effects. Therefore the CLX concentrations used in
the present study (20-70 M), although higher than the amount
found physiologically in the plasma, was required to observe the
effects reported, and supports the necessity for higher intracellu-
lar drug concentration for its antitumorigenic efficacy.
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Figure 7 CLX reduces the invasive characteristics of HT29 and
SW620 cell lines

(A) A Transwell invasion assay was conducted to determine the ability of
CLX-treated HT29 and SW620 cells to invade through Matrigel, a recon-
stituted basement membrane. CLX-treated HT29 and SW620 cells in-
vaded through Matrigel in significantly less numbers (**P < 0.01) com-
pared with the untreated control cells. The representative images (x4)
for CLX treatment (70 uM for HT29 and 40 M for SW620) for 72 h are
given. (B) The histogram shows the means + S.E.M. for five independ-
ent experiments for both cell lines. The scale bars for all of the panels
indicate 40 pum.

FTIR spectroscopy is based on monitoring the energy ab-
sorbed between vibrational energy levels of different functional
groups belonging to macromolecules. Therefore it gives a spec-
trum unique to the system where the bands assigned to differ-
ent functional groups can be monitored simultaneously. In the
past decade, this technique has been successfully applied to the
identification of malignancies [21] and drug resistance in cell
lines [27] as well as to discriminate between cancerous and nor-
mal tissues for diagnostic purposes in breast, colon, cervical and
prostate cancers [20,24,25,38]. Furthermore, this technique has
successfully been applied to monitor lipid fluidity in cells and
tissues [22,39]. Here, using an in vitro system of colon can-
cer cell lines, we have shown a decrease in the bandwidth of
the CH, symmetric stretching band indicating that 20 uM CLX
decreases the lipid fluidity of both cell lines. This finding was
also supported by ESR spectroscopy, which is a widely accep-
ted technique for studying membrane fluidity [22,26,29,34]. In
addition, we have found that there is no significant difference
between the effect of low and high concentrations of CLX on
membrane fluidity for both cell lines. This indicates that the
fluidity of the membranes of HT29 and SW620 cells are similar
regardless of the concentration of CLX used in the present study.
Similar effect of CLX on reducing membrane fluidity was also
reported by us on DSPC model membranes [18] as well as by
Gamerdinger et al. [14], where a mouse neuroblastoma cell line
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N2a was used. In addition, the magnitude of the change in the
spectral parameter reflecting fluidity in our study (10-15%) is
also similar to that reported by Gamerdinger et al. [14] (10 %)
in which steady-state fluorescence anisotropy was used. Inter-
estingly, no significant change in lipid order (acyl-chain flexibil-
ity) and strength of H-bonding around the phosphate head-group
and glycerol backbone was observed. This clearly indicates that
CLX exerts its effect by specifically changing the fluidity of the
lipids.

Lipid order and fluidity are important parameters for the proper
functioning of biological membranes which, in turn, influence
cellular processes and disease states [10,13]. For instance, mem-
branes of cancerous cells have been found to possess higher
fluidity compared with membranes of non-tumour cells [40]. An
anticancer drug, tamoxifen, was also found to reduce membrane
fluidity that was proposed to be an additional mechanism for its
anti-tumorigenic action [33,41]. Other NSAIDs such as aspirin
and etoricoxib, which are known to have chemopreventive poten-
tial, were found to restore the increased fluidity of colonic brush-
border membranes in a 1,2-dimethylhydrazine-induced colon
carcinogenesis model in rats [42]. In addition, several studies on
cancer metastasis have revealed that increased membrane fluidity
is associated with metastatic properties such as motility and inva-
sion [15,16,43], which could thus be counteracted by the ability
of CLX to decrease membrane fluidity.

In the present study, we therefore examined whether the de-
creased fluidity observed by biophysical studies was reflected in
the actual abrogation in the metastatic potential of the cancer
cell lines upon treatment with CLX. We have observed that CLX
could reduce cellular motility regardless of COX-2 expression in
both HT-29 and SW620 cells as assessed by the scratch-wound
healing assay.

Anchorage-independent growth is accepted as an in vitro char-
acteristic of neoplastic cells [31]. Our results indicate that treat-
ment with CLX reduces the number and size of colonies formed
by HT29 and SW620 cells on soft agar and thereby inhibits
the ability of these cells to grow in an anchorage-independent
manner.

Next, we examined the migratory and invasive characteristics
of HT29 and SW620 cells through Transwell insert membranes.
CLX significantly reduced the ability of both cell lines to migrate
through the Transwells. Invasion was assessed using Matrigel
as an in vitro reconstituted basement membrane and both cell
lines lost their capacity to invade the basement membrane when
treated with CLX. Considering the fact that both cell lines were
affected similarly in all of the assays regardless of COX-2 expres-
sion, we can conclude that CLX may exert its anti-tumorigenic
effects independently of COX-2 inhibition. These findings are
also consistent with other studies stating that the antitumorigenic
properties, rather than COX-2 inhibitory activity, gain precedence
at high doses (50 uM) [35,44].

Metastasis involves the interaction of adhesion molecules and
their ligands in order for the tumour cells to intravasate through
the vascular endothelium into distant metastasis sites [45]. More
fluid domains enhance lateral diffusion of ligands involved in
binding to adhesion molecules. Additionally, some death recept-
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ors have been found to organize into microdomains or lipid rafts
which enhances cell apoptosis [17,46]. CLX has also been pro-
posed to form domains by us and others [18,47] and shown to
enhance co-localization of specific proteins such as APP (amyl-
oid precursor protein) and its cleaving enzyme BACE1 (B-site
amyloid precursor protein-cleaving enzyme 1) within DRMs (de-
tergent resistant membranes) [14]. Therefore a possible mechan-
ism for the loss in metastatic potential of the cells upon CLX
treatment may stem largely from the ability of the drug to reduce
the fluidity in the cell membranes.

CLX has been shown to act independently of COX-2, through
other signalling molecules or enzymes such as the inhibition of
PDKI1 (phosphoinositide-dependent kinase 1) in prostate can-
cer cells [48], increasing the levels of ceramide in mammary
tumour cells [49] or through transcription factor NF-«B (nuclear
factor kB) [50] (for a review, please see [5]). However, it is not
clear whether these enzymes are direct targets of CLX or whether
the drug exerts its action through indirect mechanisms. Several
lines of evidence have shown that the modifications of physical
characteristics of membrane bilayers leads to altered membrane
enzyme activities, permeability of ion channels and membrane-
bound receptors [40,51]. In a recent study, where cholesterol-
like effects of CLX on cellular membranes were investigated,
CLX has been shown to inhibit the activity of SERCA (sarco-
plasmic/endoplasmic reticulum Ca?* -ATPase) and it has been
proposed that this inhibition is very closely correlated with the
decrease in membrane fluidity [14].

As a conclusion, we investigated the effects of CLX on struc-
tural and dynamic properties of cellular membranes of colon
cancer cell lines, HT29 and SW620. CLX was found to decrease
the fluidity of the cellular membranes and inhibit proliferation,
migration and invasion of both colon cancer cell lines, regardless
of COX-2 expression. While it is likely that the anticarcinogenic
properties of CLX may result from direct targeting of signalling
pathways, we propose that changes in biophysical characteristics
of membranes such as the decrease in membrane fluidity caused
by the drug may also account for these effects. The association
between the changes in the membrane properties and anticarci-
nogenic effects of CLX should further be elucidated.
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Figure S3 Representative SL-ESR spectra of control and CLX-
treated HT29 cells

(A) Representative ESR spectrum from a control cell line (HT29) show-
ing the equation used to determine the rotational correlation time. (B)
Representative ESR spectra showing the changes in the spectral para-
meters upon treatment with CLX.
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