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Nitric oxide-donating aspirin inhibits B-catenin/T cell
factor (TCF) signaling in SW480 colon cancer cells by
disrupting the nuclear B-catenin—-TCF association
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Dysregulation of the Wnt pathway and altered p-catenin expres-
sion are central early events in colorectal carcinogenesis. We
studied the ortho, meta, and para (o-, m-, and p-) positional isomers
of NO-donating aspirin (NO-ASA), a chemopreventive agent
against colon cancer, for their effect on B-catenin/T cell factor (TCF)
signaling. In human SW480 colon carcinoma cells, cell-growth
inhibition by NO-ASA [ICs¢ values for p-, 0-, and m- were 48.1 + 4.3
(mean = SEM), 60.4 += 2.1, and 900 = 50 uM, respectively] was
accompanied by significant inhibition of B-catenin signaling. We
determined B-catenin-dependent TCF-4 transcriptional activity by
measuring the activity of the luciferase gene placed under the
control of TCF-4 regulatory sequences. The ICso values for -
catenin/TCF-4-signaling inhibition by NO-ASA were: o-, 2.6 + 0.4;
m-, 15 = 5; p-, 1.1 = 0.1 puM; and for ASA, >5,000 M. Total or
nuclear levels of B-catenin and its distribution in the cell were not
altered by NO-ASA, as judged by protein expression levels and
semiquantitative immunofluorescence analysis. NO-ASA disrupted
the association of B-catenin and TCF-4 in the nucleus, whereas ASA
did not affect it. NO-ASA reduced the expression of cyclin D1, a
downstream target gene that plays an important role in colon
carcinogenesis. In contrast, a structural analog of NO-ASA lacking
the —NO; moiety did not affect TCF-4 transcriptional activity. Thus,
NO-ASA inhibits B-catenin-mediated TCF activity by preventing the
formation of the B-catenin/TCF-4 complex. This effect, occurring at
NO-ASA concentrations far below those required to inhibit cell
growth, may be a critical early event in the chemopreventive
activity of NO-ASA against colon cancer.

olorectal cancer (CRC), the third leading cause of cancer

mortality in the United States, is a highly preventable
cancer. Of several strategies that can reduce colon cancer risk,
chemoprevention is emerging as a promising approach (1). The
aim of chemoprevention is to decrease the incidence of the
cancer being targeted in an at-risk population. Nonsteroidal
antiinflammatory drugs (NSAIDs) are the prototypical chemo-
preventive agents against CRC, as evidenced by a plethora of
data, including >30 epidemiological studies, and by recent
human interventional trials using aspirin (ASA) (2). The major
impediments to the general application of NSAIDs as chemo-
preventive agents are their limited efficacy (at best 50% reduc-
tion of tumor incidence) and considerable side effects, mainly
from the gastrointestinal system and the kidneys. NO-donating
NSAIDs (NO-NSAIDs) have been introduced as a class of safer
compounds with minimal damage to the gastric mucosa as
compared with traditional NSAIDs (3). A recent study in healthy
humans demonstrated that, at least in this group, NO-donating
aspirin (NO-ASA) avoids gastrointestinal damage, while it main-
tains cyclooxygenase-1 and platelet inhibitory activity (4).

A phenomenon that is central to the early stages of colorectal
carcinogenesis is dysregulation of the Wnt pathway, including
altered B-catenin expression. In particular, mutations of the APC
gene, which occur in 85% of human sporadic CRC:s or activating
mutations in the CTNNBI (B-catenin) can lead to the accumu-
lation of free catenin in the cytosol (reviewed in ref. 5). Current
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understanding indicates that free B-catenin in the cytoplasm and
nucleus lead to its association with T cell factor (TCF) family of
transcription factors and to subsequent transcriptional activation
of target genes such as cyclin DI, resulting in increased cell
proliferation. For CRC chemoprevention, agents that can mod-
ulate this pathway and control the expression of B-catenin and
its downstream targets could be highly effective. In several CRC
cell lines, ASA attenuates B-catenin/TCF signaling; however,
the molecular mechanism behind this effect remains elusive (6).
We have demonstrated that NO-ASA inhibits the growth of
CRC and other cancer cell lines far more potently than ASA (7,
8). Such enhanced potency has also been demonstrated in animal
models of colon cancer prevention (9).% In the present study, we
investigated the effect of NO-ASA on the B-catenin/TCF path-
way in human CRC cells, examined which part of the NO-ASA
molecule likely causes the enhanced effect that we observed, and
explored the molecular mechanism of its chemopreventive effect
against CRC.

Methods

Reagents and Cell Culture. NO-ASA; the para isomer (NCX4040),
2-(acetyloxy)benzoic acid 4-(nitrooxy methyl)phenyl ester; the
ortho isomer (NCX 4060), 2-(acetyloxy)benzoic acid 2-(nitrooxy
methyl)phenyl ester; and the meta isomer (NCX 4016),
2-(acetyloxy)benzoic acid 3-(nitrooxy methyl)phenyl ester were
obtained from Nicox, Sophia Antipolis, France. ASA was from
Sigma. Stock solutions (100 mM) were made in DMSO; final
DMSO concentration was adjusted in all media to 1%. SW480
cells (CCL-228, American Type Culture Collection) were grown
per American Type Culture Collection instructions.

Plasmids, Transient Transfection, and Reporter Gene Assay. Transient
transfection was performed by using FuGENE 6 (Roche Mo-
lecular Biochemicals) according to the manufacturer’s instruc-
tions. In brief, 10° cells were transfected with 400 ng of luciferase
reporter constructs TOPflash or FOPflash (Upstate Biotech-
nology, Lake Placid, NY) and 200 ng of pSV-Bgal vector as
internal control. TOPflash contains three copies of the TCF/
LEF-binding site (AAGATCAAAGGGGGT) upstream of a TK
minimal promoter. FOPflash contains a mutated TCF/LEF-
binding site (AAGGCCAAAGGGGGT). The plasmid S33Y-
CAT (containing the cDNA for a constitutive active mutant of
B-catenin) was provided by B. Vogelstein (Johns Hopkins On-
cology Center, Baltimore). Two hours after transfection, cells

This paper was submitted directly (Track ) to the PNAS office.

Abbreviations: ASA, aspirin; NO-ASA, NO-donating aspirin; CRC, colorectal cancer; NSAID,
nonsteroidal antiinflammatory drug; NO-NSAID, NO-donating NSAID; pBgal, B-galactosi-
dase; COX, cyclooxygenase; TCF, T cell factor.

*To whom correspondence should be addressed. E-mail: brigas@ifcp.us.

SRao, C. V., Cooma, I., Rigas, B., Kopelovich, L. & Reddy, B. S. (2002) American Association
of Cancer Research Annual Meeting 2002: Frontiers in Cancer Prevention Research,
Oct. 14-19, 2002, Boston, MA (abstr.).

© 2003 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.2134840100



z
/|
~ |

were treated for 18 h with NO-ASA or ASA. Luciferase activity
was measured according to the manufacturer’s instructions, and
B-galactosidase (Bgal) activity was measured by using standard
protocols. The activity was normalized to Bgal values and
expressed as relative fold compared with control.

Cell-Growth Inhibition Assay. The growth-inhibitory effect of NO-
ASA on SW480 cells was measured by using a colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay kit (Roche Molecular Biochemicals). In brief, cells
were plated in 96-well plates at a density of 13.7 X 103 cells per
well and, after overnight incubation, NO-ASA was added to the
culture medium. At indicated times of treatment, viable cells
were quantified with MTT substrate according to the manufac-
turer’s instructions. Growth inhibition was expressed as percent-
age of the corresponding control.

Western Blot Analysis and Immunoprecipitation. After treatment
with the test drug, cells were harvested and lysed in 50 mM
Tris'HCl buffer (pH 7.5) containing 150 mM NaCl, 1 mM
EDTA, 0.5% octylphenyl-polyethylene glycol, and 10% glycerol
in the presence of proteinase inhibitors. Nuclear extracts were
prepared as described (10). Proteins were fractionated by SDS/
PAGE and transferred to Immobilon P membrane (Millipore).
Primary mouse monoclonal antibodies were against the follow-
ing at the dilutions indicated: B-catenin, 1:1,000 (BD Transduc-
tion Laboratories); TCF-4, 1:500 (Upstate Biotechnology);
B-tubulin, 1:1,000, and a-actin, 1:1,000 (Santa Cruz Biotechnol-
ogy); and rabbit polyclonal anti-Cyclin D1, 1:1,000 (Upstate
Biotechnology). Secondary antibodies conjugated to horserad-
ish peroxidase (1:4,000) were from Sigma. Immunoreactive
protein was detected by using ECL chemiluminescence (Amer-
sham Pharmacia). For coimmunoprecipitation, TCF-4 antibody
(1 pg) and 100 ul of protein A-Sepharose (3 mg/ml) were added
to 100 ug of nuclear extract in the above-mentioned buffer and
incubated at 4°C for 2 h. The beads were washed three times with
this buffer, and the proteins were dissolved in sample buffer for
SDS/PAGE.

Detection of B-Catenin by Inmunofluorescence. SW480 cells (0.2 X
10%), plated in Nalge Nunc slide chambers and treated as
described above, were fixed with 4% paraformaldehyde and
blocked with PBS containing 5% goat serum. Primary mouse
monoclonal B-catenin antibody was used at a concentration of
2.5 pg/ml (BD Transduction Laboratories) in PBS containing
1% BSA and 0.2% Tween 20 (buffer B); goat anti-mouse IgG,
rhodamine-conjugated, 1:200 (Pierce), diluted in buffer B, was
used as secondary antibody. Ten random fields in mounted slides
were observed with an Olympus Provis microscope at X400
magnification to assess the subcellular localization of B-catenin.
Each study, performed in duplicate, was repeated at least once.

Results

NO-ASA Inhibits B-Catenin/TCF Transcriptional Activity More Potently
than ASA. To investigate whether NO-ASA modulates B-catenin-
dependent TCF transcriptional activity, we used the SW480
human CRC cell line. In most CRC cell lines the B-catenin/TCF
pathway is constitutively active because of defective APC or
B-catenin functions. The SW480 cell line (mutant APC, wild-type
CTNNBI1, COX-2 negative) has elevated levels of B-catenin and
is a good representative for the majority of dysplastic epithelial
cells in human sporadic colorectal adenomas (11). SW480 cells
were transiently transfected with the reporter plasmids TOP-
flash or FOPflash and pCMV-B galactosidase to normalize for
transfection efficiency and as an indicator of potential toxicity of
the treatments. A range of concentrations of p-NO-ASA and
ASA were added to transfected cells followed by assay for
luciferase activity. Fig. 1 shows that p-NO-ASA strongly inhibits
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Fig. 1. Inhibition of the TCF-4-responsive luciferase reporter gene by NO-
ASA. SW480 cells were cotransfected with luciferase reporter plasmids that
have TCF-4-binding sites (TOP) or a mutant TCF-binding site (FOP) and the lacZ
expression plasmid pSV-Bgal as internal control and treated with NO-ASA or
ASA. Luciferase activity, normalized to the corresponding $-gal activity, was
expressed as fold activation compared with control (DMSO control) cells.
Values represent mean = SEM of two representative experiments performed
in triplicate.

TCEF activity in these cells in a concentration-dependent manner.
At 18 h, p-NO-ASA (10 uM) inhibited B-catenin/TCF tran-
scriptional activity by 90% compared with control. In contrast,
a rather high concentration of ASA (5 mM) inhibited transcrip-
tional activity by ~35%, which is consistent with the observa-
tions made by other investigators (6). The ICsy of NO-ASA for
this effect is 1.1 = 0.1 uM (mean = SEM), whereas for ASA it
is >5,000 uM. Thus, p-NO-ASA is a much more potent down-
regulator of B-catenin/TCF signaling than traditional ASA.

We compared the kinetics of inhibition of B-catenin/TCF
activity by the three positional isomers of NO-ASA (p-, m-, and
0-). SW480 cells were transiently transfected as described and
treated with 1, 10, 50, and 100 uM each isomer for 18 h;
luciferase activity was measured. The p- and o-isomers showed
stronger inhibitory activity as compared with the m-isomer (Fig.
2A4). The p- and o-isomers at 10 uM concentration reduced the
transcriptional activity by 72% and 90%, respectively, compared
with control; however, the m-isomer was less potent, requiring
100 uM concentration to get the same effect. Further compar-
ison was done at lower concentrations and various times up to
18 h and beyond. A time- and concentration-response curve
shows that 50% reduction in TCF activity occurred after ~8 h
of treatment with 10 uM p- and o-isomers (Fig. 2B). At this time
interval, p-NO-ASA was also effective at the very low concen-
tration of 0.1 wM, reducing the transcriptional activity by
~40% compared with control. The ICs for p-isomeris 1.1 = 0.1
uM, for o-isomer, 2.6 = 0.4 uM, and for m-isomer, 15 = 5 uM
(Table 1).

Because activated B-catenin/TCF signaling modulates cell
proliferation, we examined in parallel the effect of NO-ASA on
SW480 cell growth. Compared with ASA, all three isomers of
NO-ASA inhibited cell growth strongly (Table 1); e.g., the ICs
of p-NO-ASA for cell-growth inhibition is 48.1 * 4.3 uM in
contrast to ASA, which has a value of >5,000 uM. Of note, when
the effect of NO-ASA on cell growth was compared with its
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Concentration- and time-dependent inhibition TCF-4 responsive reporter gene by NO-ASA isomers. SW480 cells, cotransfected with luciferase reporter

plasmids (TOP/FOP) and the pSV-Bgal as in Methods, were treated with p-, m-, or o-NO-ASA, as in Methods. Relative TCF activity (fold) of treated cells is shown
(DMSO control was set as 1); values are mean =+ SEM of two representative experiments performed in triplicate. (Top) p- and 0-NO-ASA inhibit TCF signaling more
potently than the m-isomer. Cells were treated for 18 h. (Bottom) Compared with m-isomer, the p- and 0-NO-ASA inhibit TCF, earlier and with lower 1Csq values,

effect on B-catenin/TCF signaling for all three positional iso-
mers, the ICsy for B-catenin/TCF-signaling inhibition ranged
from 1.1% to 3.8% of the ICs, for cell-growth inhibition.

NO-ASA Acts on p-Catenin or Its Downstream Elements. An impor-
tant step in the activation of TCF is its interaction with B-catenin.
We investigated if NO-ASA acts by inhibiting B-catenin or other
Want-pathway components. To distinguish these possibilities,
SW480 cells were cotransfected with a constitutively active
mutant of B-catenin (S33Y cat) along with the reporter con-
structs. This constitutively active mutant cannot be phosphory-
lated by GSK3, a property that leads to its accumulation in the
cytosol. On cotransfection, TCF activity was substantially in-
creased (5-fold) in these cells, confirming that the S33Y-B-
catenin was expressed amply (Fig. 3). The positional isomers p-
and 0-NO-ASA (1 or 10 uM) essentially abrogated this increased
activity, returning it to the basal level, whereas the m-isomer
exhibited a somewhat weaker effect. These results indicate that
NO-ASA exerts its inhibitory effect on B-catenin/TCF signaling

Table 1. The 1Cso values for NO-ASA-induced inhibition of cell
growth and B-catenin/TCF-4 transcription in SW480 colon cancer
cells at 18 h

B-Catenin/TCF transcription

Cell growth % |Cso for
Compound 1Cs0, uM 1Cs0, UM growth
NO-ASA
o- 60.4 = 2.1 2604 3.8
m- 900 = 50 15+ 5.0 1.1
p- 48.1 = 4.3 1.1 = 0.1 1.9
ASA >5,000 >5,000

Values are mean = SEM (n = 3).
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either by acting on B-catenin itself or on components down-
stream of B-catenin in this pathway.

NO-ASA Does Not Affect Total Cellular Levels of B-Catenin or Its
Distribution in the Cell. We considered the possibility that NO-
ASA acts on B-catenin itself. If so, then it would down-regulate
either its cellular levels or its translocation from the cytoplasm
into the nucleus. The possibility of down-regulation of B-catenin
expression by NO-ASA was examined by assessing its cellular
levels after NO-ASA treatment. Lysates of SW480 cells were
made after treatment with NO-ASA at concentrations causing
near-maximal B-catenin/TCEF inhibition. As shown in Fig. 44,
the total levels of B-catenin were not altered by 10 or 20 uM
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Fig.3. NO-ASA inhibits mutant B-catenin-mediated increase in TCF activity.
SW480 cells were transiently transfected with TOP/FOP reporters and pSV-
Bgal as in Methods. S33Y CAT, an expression vector for constitutively active
mutant of B-catenin, was cotransfected as indicated. Two hours after trans-
fection, cells were treated with 1 or 10 uM p-, m-, or 0-NO-ASA, and the
relative transcriptional activity was determined.

Nath et al.



ONAS _PNAS _PNAS _PNAS PNAS _PNAS PN/

A  meta_ ortho para
NO-ASA - - 0 10 20 0 10 20 0 10 20 pMm

ASA 0 5000 -
- SN SR ED SRR SR SR SR

L ——————————t— &, _tubulin

B o 3 6 18 24 hr
W p————— o _cat

Co 10 20 s um
=T 2 IR
—— L

SERg == 5 .tubulin WS WS W W [ - tubulin

control

meta Indomethacin

Fig. 4. NO-ASA does not alter the expression and distribution of B-catenin
(B-cat). p-Catenin expression was detected by immunoblotting in lysates of
SW480 cells treated with p-, m-, or 0-NO-ASA or ASA for 18 h (A), or with
p-NO-ASA for up to 24 h (B). (C) B-Catenin and TCF-4 |levels were determined
by immunoblotting in nuclear lysates of SW480 cells treated with p-NO-ASA
(0-50 uM) for 18 h; blots were reprobed with an anti-g-tubulin antibody as
loading control. (D) The cellular distribution of B-catenin in SW480 cells
treated with p- or m-NO-ASA (each 20 uM) or indomethacin (200 M) for 18 h
was determined by immunofluorescence analysis. After fixation, cells were
stained with anti-B-catenin antibody as in Methods and observed under X400
magnification.

NO-ASA. All three isomers of NO-ASA and ASA (5 mM) were
similar in this respect. To examine the possibility of a reduction
followed by recovery of B-catenin (i.e., an oscillatory behavior),
we performed a time-response study. SW480 cells were treated
with NO-ASA for up to 24 h, covering times both well before and
after 18 h. Fig. 4B shows that the levels of B-catenin remained
essentially unaltered during the 24-h period of observation.

Translocation of B-catenin into the nucleus is required for its
transcriptional activity as a coactivator. Because -catenin exists
both in the cytosol and in the nucleus, we explored the possibility
that NO-ASA may alter its distribution between the nucleus and
the cytosol, thereby inhibiting TCF activity. SW480 cells were
treated with NO-ASA for 18 h as described earlier, and B-catenin
was detected by immunofluorescence. Fig. 4D shows strong
nuclear and cytoplasmic expression of B-catenin in control
SW480 cells; neither the distribution nor the intensity of B-cate-
nin was significantly affected by 20 uM NO-ASA. The nuclear
staining of B-catenin remains similar overall in cells treated with
any one of the three positional isomers of NO-ASA. ASA (5
mM) also showed no effect on B-catenin. Similar results were
obtained with lower concentrations of NO-ASA (data not
shown). As a control for cell response, treatment with 200 uM
indomethacin caused rounding of the cells, which remained
adhered. In such cells the overall B-catenin expression was lower
than control, although its cellular distribution was not signifi-
cantly altered.

To strengthen our conclusion that NO-ASA does not affect
the expression of nuclear B-catenin, we determined by immu-
noblotting the nuclear levels of both B-catenin and TCF-4.
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Fig. 5. NO-ASA disrupts the interaction of B-catenin and TCF-4 in the

B-catenin/TCF complex. SW480 cells were treated with NO-ASA or ASA as
indicated for 18 h. TCF-4 and B-catenin were coimmunoprecipitated from
nuclear lysates by using an anti-TCF mouse monoclonal antibody, and B-cate-
nin levels were analyzed by immunoblotting. The blot was reprobed for TCF-4
levels.

Treatment of SW480 cells with 10, 20, or 50 uM NO-ASA did
not alter the nuclear levels of either B-catenin or TCF (Fig. 4C).
These findings suggest that NO-ASA decreases B-catenin/TCF-
dependent transcription by mechanisms other than reduced
nuclear levels of either component of this complex.

NO-ASA Disrupts the B-Catenin/TCF Complex in the Nucleus. The
integrity of the B-catenin/TCF complex is required for its proper
transcriptional activity. Because the nuclear levels of these two
proteins remained the same after NO-ASA treatment and no
evidence appeared of their degradation (no breakdown products
on immunoblots), we examined the possibility that NO-ASA
disrupts the association of B-catenin with TCF-4. Thus, we
treated SW480 cells with either NO-ASA or ASA as described
earlier. TCF-4 and B-catenin were coimmunoprecipitated from
nuclear lysates by using an anti-TCF antibody. As shown in Fig.
5, in the nucleus of untreated cells, a substantial level of
B-catenin is associated with TCF-4. In contrast, NO-ASA (p- and
0-) used at concentrations that inhibit B-catenin/TCF-
dependent transcription, disrupted significantly the association
between B-catenin and TCF. Concentrations of 10 or 20 uM
Pp-NO-ASA reduced this association to 43% and 30%, respec-
tively, with respect to untreated control. The m-isomer inhibited
this association, but less potently, in agreement with our obser-
vations with the transcription reporter assay. ASA, on the other
hand, had no appreciable effect on the TCF-4—B-catenin inter-
action. Comparable amounts of TCF-4 were immunoprecipi-
tated from each of the extracts. Because the total amount of
nuclear B-catenin remained unchanged, NO-ASA disrupts the
B-catenin-TCF interaction without interfering with the trans-
location of B-catenin into the nucleus.

NO-ASA Modulates the Expression of p-Catenin/TCF-Dependent
Genes. Of the several of the genes whose transcription is regu-
lated by B-catenin/TCF-4, cyclin DI plays an important role in
colon carcinogenesis (12, 13). Therefore, we investigated
whether NO-ASA affects the expression of cyclin DI in SW480
cells. SW480 cells were synchronized by serum deprivation for
24 h followed by NO-ASA treatment in the presence of 15%
serum for 5 or 24 h. Cyclin D1 protein expression is down-
regulated in a concentration-dependent manner in response to
NO-ASA (Fig. 6). For example, at 24 h, 100 uM p-NO-ASA
reduced cyclin D1 expression by nearly 80% compared with
control.

The —NO; Group of NO-ASA Is Critical for the Modulation of -
Catenin/TCF Activity. To investigate the contribution of key struc-
tural components of the NO-ASA molecule, we used two
structural analogs of p-NO-ASA, one with its —NO; group
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replaced by —OH and another in which the —CH30OO0H is
replaced by —OH. Pharmacologically, —NO, is considered
pivotal for the properties of NO-ASA beyond those of ASA. The
—CH;3;0O0H group, on the other hand, is the critical part of ASA
for inactivation of cyclooxygenase (COX).

SW480 cells were treated for 18 h with 1 uM p-NO-ASA or its
denitrated analog, i.e., the one that lacks —NO, (Fig. 7). The
denitrated derivative down-regulated B-catenin/TCF-depen-
dent transcriptional activity by only 15%, compared with control.
In contrast, p-NO-ASA decreased it, as expected, by 70%.
Equimolar concentrations of ASA were equipotent with the
denitrated analog. Of note, the exogenous NO donor S-nitroso-
N-acetyl-D,L-penicillamine (SNAP), administered at equimolar
concentrations, inhibited B-catenin/TCF-dependent transcrip-
tion by 55%, thus strengthening the conclusion that the —NO,
group is critical for the modulation of B-catenin/TCF activity.
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Fig. 7. The effect of NO-ASA structural analogs on TCF-4-dependent tran-
scriptional activity. SW480 cells were cotransfected with reporters TOP/FOP
and pSV-Bgal, and treated for 18 h with a 1 uM concentration of each of the
following: p-NO-ASA, denitrated analog of p-NO-ASA, deacetylated analog of
p-NO-ASA, ASA, or the NO donor S-nitroso-N-acetyl-p,L-penicillamine (SNAP).
Relative luciferase activity was determined as in Methods.
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The deacetylated analog of NO-ASA was virtually equipotent
with NO-ASA, indicating that the —CH3OOH group plays no
role in inhibiting transcriptional activity by NO-ASA.

Discussion

The strong growth-inhibitory effect of NO-ASA on various colon
cancer cell lines and its chemopreventive efficacy against CRC
in animal model systems have raised the important question of
the underlying molecular mechanisms. Our findings document
that NO-ASA inhibits profoundly the B-catenin/TCF-signaling
pathway in a human colon cancer cell line. Our work has two
particularly interesting findings. First, inhibition of B-catenin/
TCF signaling by NO-ASA occurs at concentrations far lower
than those that inhibit cell growth, suggesting a potentially
clinically important effect. Second, our results indicate that the
mechanism by which this effect is brought about appears to be
distinct.

The inhibition of B-catenin/TCF signaling by NO-ASA, as
measured by changes in the luciferase reporter gene under the
control of the TCF-4 regulatory sequences, was profound. The
three main features of this inhibition are its concentration, time,
and positional isomer dependence. The concentration depen-
dence of this inhibition is best appreciated if viewed in conjunc-
tion with the biological effect of NO-ASA that is relevant to
colon cancer, namely, inhibition of cell growth. For all three
positional isomers, the ICsy for B-catenin/TCF-signaling inhi-
bition ranged between 1.1% and 3.8% of the ICs, for cell-growth
inhibition. The effect of NO-ASA became evident as early as3 h
and started to plateau at 9 h, becoming maximal at 24 h when the
highest concentration of NO-ASA studied (10 uM) is consid-
ered. Finally, a remarkable feature was the influence of posi-
tional isomerism. The p- and o-positional isomers of NO-ASA
inhibited cell growth and B-catenin/TCF signaling with similar
potency, which was at least one order of magnitude lower than
that for the m-isomer.

The effect of NO-ASA on B-catenin/TCF-dependent gene
transcription can be important for the function of the cell. The
importance of this effect is clearly indicated by the reduced
expression of cyclin D1, a protein that plays an important role in
cell-cycle transitions. NO-ASA led to a sustained suppression of
cyclin D1 levels, which is consistent with the inhibition of G;-to-S
transitions that it brings about in colon cancer cells (7).

Experiments designed to elucidate the underlying mechanism
have revealed a distinct way of modulating B-catenin/TCF
signaling. Expression of a constitutively active B-catenin mutant
increased the expression of the reporter gene 5-fold; this B-cate-
nin is stable because it lacks Ser-33 and therefore GSK-383
cannot phosphorylate it and degrade it by means of ubiquitina-
tion (14). That NO-ASA suppressed this enhanced expression by
~80% suggests that NO-ASA acts either at the B-catenin level
or downstream of it in the Wnt-signaling cascade. Consequently,
we examined whether NO-ASA affects either the expression or
the distribution of B-catenin in the colon cancer cell. Both
possibilities were ruled out based on (i) the lack of change of
total or nuclear B-catenin levels and (i) the lack of changes in
the distribution of this molecule in the cell, as judged (semi-
quantitatively) by the immunofluorescence study. Moreover, the
nuclear levels of TCF-4, a molecule with which B-catenin must
interact in the nucleus to effect gene transcription, were not
altered by NO-ASA.

We investigated the possibility that, under the influence of
NO-ASA, these two molecules, present in their normal amounts
in the nucleus, do not associate with each other, as they normally
do to perform their physiological function. That this was the case
was clearly shown by our finding that TCF-4 immunoprecipitated
from the nuclei of NO-ASA-treated cells had significantly
reduced amounts of B-catenin associated with it. Thus, 20 uM
m-isomer reduced the B-catenin-TCF-4 association by 50%
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compared with control, the p- and o-isomers at the same
concentration reduced it by 70% and 75%, respectively. At least
two possible explanations exist for this effect of NO-ASA. First,
NO-ASA could modify either B-catenin or TCF-4 or both in a
way that such modification sterically or otherwise inhibits their
physical association, thus diminishing their transcriptional ac-
tivity. Two types of covalent changes of these proteins that could
account for this effect are their S-nitrosylation or tyrosine
nitration. This notion is consistent with the reported effects of
NO-ASA on other target proteins, such as caspases, and with our
observation that denitrated NO-ASA had only a marginal effect
on our B-catenin/TCF gene transcription assay. A second pos-
sible explanation is that NO-ASA may induce a protein(s) that
somehow inhibits the formation of a transcriptionally active
complex between TCF-4 and B-catenin.

The regulation of the B-catenin/TCF signaling has been the
subject of recent studies. For example, chemopreventive agents,
such as traditional NSAIDs and curcumin, have been reported
to down-regulate B-catenin/TCF signaling by caspase-mediated
degradation of B-catenin (15). On the other hand, complex
endogenous regulatory mechanisms of this signaling pathway are
known, such as the ubiquitin—proteasome pathway, which con-
trols the fate of B-catenin (16). The mechanism we have iden-
tified, i.e., down-regulation of B-catenin/TCF signaling by dis-
ruption of the physical association between pB-catenin and
TCF-4, perhaps represents an important pharmacological activ-
ity of NO-ASA.

The significance of the —NO, moiety of NO-ASA in its effect
on B-catenin/TCF signaling is underscored by our structure—
activity study. The analog of NO-ASA that lacked —NO; had no
effect on the transcriptional activity that we monitored. Consis-
tent with this idea is the observation that equimolar amounts of
synaptosome-associated protein, an exogenous NO donor, de-
creased this activity by half. On the other hand, our data virtually
exclude a role for COX in bringing about these results. First, the
deacetylated analog of NO-ASA had the same effect on tran-
scriptional activity as the complete NO-ASA molecule; the
acetyl group is the one that inactivates COX. Second, SW480
cells have low levels of COX-1 and no detectable expression of
COX-2 (17).

An interesting finding was the striking difference in potency
between NO-ASA and traditional ASA with respect to their
effect on B-catenin/TCF signaling, with NO-ASA being two
orders of magnitude more potent than ASA. ASA, even at
millimolar concentrations, had only a modest effect on pB-cate-
nin/TCF signaling. This difference cannot be ascribed to a
simple variation in potency but reflects a major mechanistic
difference between these two forms of aspirin. Unlike ASA,
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NO-ASA inhibits the association between B-catenin and TCF-4
in the nucleus. This finding is in agreement with the report of
Dihlmann et al. (6), who noted that ASA treatment of SW480
cells had no effect on the binding of the B-catenin—-TCF-4
complex to DNA, implying its uninhibited formation.

Our findings suggest a potential explanation for the significant
chemopreventive activity of NO-ASA against CRC, which, as
observed in preclinical work, is superior to that of traditional
ASA. Three considerations are relevant to this view. First,
activated B-catenin/TCEF signaling is an early and quantitatively
significant event in colon carcinogenesis. This signaling pathway
affects the expression of many genes relevant to colon carcino-
genesis, such COX-2, c-myc, cyclin DI, MMP-7, and others
(reviewed in ref. 5). Thus, our observations suggest that the
inhibition of this pathway by low concentrations of NO-ASA
could represent a critical disruption in the carcinogenic process.
Indeed, inhibition of several pathways may be required to
prevent a change in the cell as complex as its neoplastic
transformation. Second, the effect of NO-ASA on B-catenin/
TCF signaling takes place at very low concentrations compared
with its growth-inhibitory effect. Both these properties of NO-
ASA are entirely consistent with the concept of chemopreven-
tion, according to which successful agents act during early stages
of the process they control. Third, NO-ASA is far more potent
than traditional ASA. Because traditional ASA is a proven, albeit
less-than-optimal, chemopreventive agent against CRC, if this
pathway is, as expected, relevant to colon carcinogenesis, and if
NO-ASA has a similarly superior potency in humans as in our
system, then one might expect NO-ASA to be a strong chemo-
preventive agent against CRC. It probably requires no reitera-
tion here that cell culture data cannot be safely extrapolated to
humans and that our findings simply form the basis to explore a
mechanistic possibility in humans, to whom chemoprevention is
to be ultimately applied.

In conclusion, our data demonstrate that NO-ASA, at con-
centrations well below those needed to inhibit the growth of a
human colon cancer cell line, inhibits profoundly the B-catenin/
TCF-signaling pathway, thus modulating the expression of de-
pendent genes. In this regard, NO-ASA is far more potent than
traditional ASA, accounting, at least in part, for its grater
biological efficacy. This effect, brought about by a commensu-
rate inhibition of the physical association of B-catenin and TCF-4
that is required for their transcription-regulatory effect, may be
a critical early event in the chemopreventive activity of NO-ASA
against colon cancer.
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