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Abstract
Recent studies have suggested that 5-aminosalicylic acid (5-
ASA) inhibits colorectal cancer (CRC) development. However,
the mechanism underlying the antineoplastic effect of 5-ASA
remains unknown. We here examined the effect of 5-ASA on
epidermal growth factor receptor (EGFR) activation, a path-
way that triggers mitogenic signals in CRC cells. We show
that 5-ASA inhibits EGFR activation, through a mechanism
that does not rely on CRC cell death induction. 5-ASA
enhances the activity, but not expression, of phosphorylated
(p)-EGFR-targeting phosphatases (PTPs), and treatment of
cells with PTP inhibitors abrogates the 5-ASA-mediated EGFR
dephosphorylation. Both SH-PTP1 and SH-PTP2 interact
with EGFR upon 5-ASA treatment. However, knockdown of
SH-PTP2 but not SH-PTP1 by small interference RNAs
prevents the 5-ASA-induced EGFR dephosphorylation. Final-
ly, we show that 5-ASA attenuates p-EGFR in ex vivo organ
cultures of CRC explants. Data indicate that 5-ASA disrupts
EGFR signalling by enhancing SH-PTP2 activity, and suggest
a mechanism by which 5-ASA interferes with CRC growth.
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Introduction

Despite considerable advance in our understanding of colo-
rectal cancer (CRC) pathogenesis, the overall incidence of
this neoplasia is yet increasing. Moreover, CRC is the second
most common fatal malignancy in Western world, due to
the lack of effective treatment of advanced disease.1 The
development of new preventive therapies is thus worth
pursuing.
CRC often develops in a stepwise fashion from normal

mucosa to adenomatous polyps to carcinoma, a complex
and multistage process involving specific gene alterations
and environmental insults that ultimately affect cell pro-
liferation and death of intestinal epithelial cells.2 Several
lines of epidemiological and experimental investigation
have shown that regular intake of nonsteroidal anti-inflam-
matory drugs (NSAIDs) is effective in the chemoprevention
of CRC in the general population.3–5 Unfortunately, the
widespread use of NSAIDs in the chemoprevention of CRC
has been limited by their frequent and often severe side
effects.6–8

Epidermal growth factor receptor (EGFR) is thought to
play a key role in the pathogenesis or maintenance of a
number of human cancers of epithelial origin, including CRC.9

This supposition is based on the demonstration that EGFR
itself is overexpressed in CRC cells and that within the
neoplastic microenvironment there is secretion of factors
that activate EGFR in an autocrine/paracrine manner.10,11

Evidence also indicates that the aberrant activation of EGFR
contributes to sustain the growth of CRC cells.12 Indeed,
EGFR expression seems to represent an independent
predictor of decreased survival in CRC patients. Consistent
with this, the EGFR has become a biochemical target for
chemoprevention and chemotherapeutic agents against
CRC.11,13,14

The clinically well-characterised 5-aminosalicylic acid
(5-ASA) or mesalazine is the drug of choice in the
maintenance of remission, and treatment of mild flare-ups of
inflammatory bowel disease (IBD). 5-ASA has been proven to
be safe and free of serious adverse effects. In recent years,
evidence has also been provided to suggest that long-term
consumption of 5-ASA reduces the rates of CRC developing
in patients with ulcerative colitis.15,16 Moreover, studies
both in vitro and animal models of carcinogenesis have
shown that 5-ASA negatively regulates the growth of CRC
cells,17–20 further supporting the antineoplastic properties of
this drug. The molecular mechanism by which 5-ASA exerts
the antiproliferative effect on CRC cells remains however
unknown.
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In the present study, we have examined whether 5-ASA
directly regulates the activation of EGFR in CRC cell lines
and human CRC explants, and explored the molecular
mechanism by which 5-ASA controls EGFR activation.

Results

5-ASA inhibits the activation of EGFR in colon
cancer cells

To examine the effect of 5-ASA on the constitutive level of
p-EGFR, we used four different CRC cell lines (i.e. HT-29,
HT-115, T84 and Caco-2), which express high levels of
p-EGFR. To this end, CRC cell lines were either left untreated

or treated with physiological doses of 5-ASA, and then p-
EGFR assessed by Western blotting. Immunoblot analysis of
lysates of CRC cells showed a dramatic reduction in the
constitutive level of p-EGFR after culture with physiological
concentrations of 5-ASA (Figure 1a),21,22 and this was evident
in each of the four CRC cell lines used (not shown).
We then attempted to dissect the mechanism by which

5-ASA interferes with p-EGFR. First, we showed no change in
p-EGFR in cells treated with equivalent concentrations of
mannitol (Figure 1a) or butyric acid (not shown), suggesting
that the 5-ASA-mediated EGFR dephosphorylation is due to
neither osmotic nor pH shifts in the culture medium. Data
in Figure 1b also show that the effect of 5-ASA on p-EGFR
was reversible. Indeed, 5-ASA-treated cells recovered
the p-EGFR expression upon removal of the drug. Such
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Figure 1 5-ASA dose-dependently inhibits the phosphorylation of epidermal growth factor receptor (p-EGFR) in HT-29 cell lines. HT-29 cells were starved overnight
and then cultured in Mc Coy’s medium containing no FBS in the absence (uns¼ unstimulated) or presence of increasing concentrations of 5-ASA or mannitol for 6 h.
After analysis of p-EGFR, blot was stripped and incubated with an antibody recognizing total EGFR. One of eight representative experiments, in which similar results
were obtained, is shown. (b) The inhibitory effect of 5-ASA on p-EGFR is reversible. HT-29 cells were cultured with or without graded doses of 5-ASA for 6 h (1st culture),
then extensively washed and cultured with Mc Coy’s medium containing 10% FBS for additional 16 h (2nd culture). Both p- and total EGFR were assessed by Western
blotting. One of four representative experiments, in which similar results were obtained, is shown. (c–d) 5-ASA does not enhance HT-29 cell death. HT-29 cells were
cultured in Mc Coy’s medium containing no FBS in the absence (unstimulated) or presence of 50 mM 5-ASA. After 6 h cells were recovered and the percentage of AV
and/or PI positive cells assessed by flow cytometry. One of four representative experiments is shown. (d)The content of cytoplasmic histone-associated-DNA-fragments
in HT-29 cells cultured with the indicated compounds for 6 h. As a positive control, HT-29 were treated with staurosporin (500 ng/ml). Data are expressed in densitometric
arbitrary units (a.u.) and indicate mean7S.D. of four separate experiments
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experiments were carried out in parallel to those depicted in
Figure 1a in order to prove that 5-ASA inhibits p-EGFR when
maintained in the culture medium. Moreover, flow cytometry
analysis revealed that 5-ASA did not change the percentage
of annexin V (AV)/propidium iodide (PI) positive cells
(1174.5% in 5-ASA-treated cells versus 1073.9% in
unstimulated cells) within the timeframe of p-EGFR analysis
(Figure 1c). A similar finding was seen when analysis of cell
apoptosis was assessed by a colorimetric kit (Figure 1d), thus
indicating that the dephosphorylation of EGFR by 5-ASA does
not rely on induction of cell death.
Finally, no change in the expression of the extracellular

EGFR was seen after 5-ASA exposure (not shown), thus
excluding the possibility that the reduced content of p-EGFR
in 5-ASA-treated cells was due to a shedding of the receptor.
We also evaluated whether 5-ASA negatively regulates the

activation of EGFR induced by EGF. For this purpose, CRC

cells were cultured in the absence of serum for 12 h, in order
to reduce the basal level of p-EGFR, then treated with 5-ASA
for different time points followed by various concentrations
of exogenous EGF for 10min. As expected, EGF dose-
dependently enhanced p-EGFR (Figure 2a). However,
preincubation of cells with 5-ASA largely reduced the EGF-
induced p-EGFR expression, at all applied EGF concentra-
tions (Figure 2a). Importantly, the inhibitory effect of 5-ASA
was also confirmed when the overall level of p-EGFR was
analyzed (Figure 2b). Time course studies revealed that
the inhibition of EGF-induced p-EGFR in 5-ASA-treated
cells occurred as early as 1 h after 5-ASA preincubation
(Figure 2c). In contrast, no inhibition in EGF-induced p-EGFR
was seen in cells preincubated with mannitol or butyric acid
(Figure 2d).
To confirm the functional relevance of these findings,

we examined whether 5-ASA blocks CRC cell proliferation
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Figure 2 5-ASA inhibits EGF-induced EGFR activation. (a) Representative expression of phosphorylated-EGFR (p-EGFR) (upper blot) and total EGFR (lower blot)
protein in HT-29 cells cultured in the presence or absence of 50 mM 5-ASA for 4 h and then treated or not with various concentrations of EGF for 10 min. p-EGFR was
examined by Western blotting using an antibody that recognizes phosphorylation of EGFR on tyrosine residue 1173. One of three representative blots is shown. Note
that the level of p-EGFR in unstimulated cells is lower than that shown in the first lane of the Figure 1a. This is due to the fact that the amount of total proteins used in the
present experiment was lower than that in the experiment depicted in Figure 1a. (b) Total extracts of HT-29 cells cultured with or without the initial addition of 50 mM 5-
ASA for 4 h followed by EGF (200 ng/ml) for 10 min were immunoprecipitated using a monoclonal anti-human EGFR antibody and then incubated with a p-Tyr antibody.
No band was seen when proteins were immunoprecipitated using a control isotype antibody (ve�). After detection of p-EGFR, bots were stripped and incubated with a
second anti-EGFR to ascertain equivalent loading of the lanes (lower blot). (c) Effect of 50 mM 5-ASA preincubated for the indicated time points on the expression of p-
EGFR induced in HT-29 cells by 10 min stimulation with EGF (200 ng/ml) is shown. One of three representative experiments, in which p-EGFR was assessed as
indicated in the (a), is shown. (d) Effect of mannitol or butyric acid on the EGF-induced p-EGFR expression in HT-29 cells. Cells were preincubated with 50 mM mannitol
or 400mM butyric acid for 4 h then stimulated with EGF (200 ng/ml) for 10 min. One of three representative Western blots is shown. (e–f) 5-ASA inhibits HT-29 cell
proliferation induced by EGF or FGF or FBS. HT-29 cells were cultured in the presence or absence of EGF (200 ng/ml), FGF (100 ng/ml) or FBS (10%) with or without the
initial addition of 50 mM 5-ASA. EGF, FGF and FBS significantly enhance HT-29 cell growth (P¼ 0.02), but the proliferative effect exerted by each of these reagent is
inhibited by 5-ASA (Po0.01). Data are expressed in arbitrary units and indicate mean7S.D. of four separate experiments
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induced by exogenous EGF. EGF enhanced HT-29 cell
growth, but this effect was significantly inhibited by 5-ASA
(Figure 2e) (Po0.01). Similar findings were seenwhen 5-ASA
was added to cultures of HT-115, T84 or Caco-2 cells (not
shown). The fact that inhibition of p-EGFR occurred in a very
short time after 5-ASA treatment (i.e. 1 h) and was also
maintained in CRC cell cultures to which exogenous EGFwas
added, would suggest that the 5-ASA-mediated inhibition of
EGFR activation is not due to a reduced synthesis of EGFR
ligands, such as EGF. The demonstration that the level of
p-EGFR was higher in cells cultured with 50mM 5-ASA and
200ng/ml EGF than in unstimulated cells, whereas the result
of proliferation was inverted (Figure 2, panels A, C, E)
prompted us to explore the possibility that 5-ASA may
negatively regulate additional pathways, which eventually
sustain CRC cell growth. To this end, we analyzed the effect
of 5-ASA on HT-29 cell growth induced by basic fibroblast
growth factor (FGF) or fetal bovine serum (FBS). As expected
both FGF and FBS enhancedHT-29 cell growth, but this effect
was inhibited by 5-ASA (Figure 2f).

5-ASA enhances PTP activity in colon cancer cells

EGFR phosphorylation is a tightly controlled phenomenon
being the net result of the action of the tyrosine kinase and
PTPs.23 Therefore, we then examined whether the 5-ASA-
mediated inhibition of p-EGFR reflected changes in the
expression/activity of PTPs, which have been reported to
control the extent of EGFR activation. To this end, we first
evaluated the PTPs activity in total extracts from CRC cells
using a synthetic phosphorylated EGFR peptide as a
substrate. Data depicted in Figure 3a indicate that treatment
of HT-29 cells with 5-ASA resulted in a significant increase
in the activity of p-EGFR-targeting PTPs in comparison to
untreated cells, regardless of whether cells were stimulated or
not with EGF (P¼ 0.01). The addition of Na3VO4 to proteins
extracted from 5-ASA-treated EGF-stimulated cells signifi-
cantly reduced the p-EGFR-targeting PTP(s) activity
(P¼ 0.03). In contrast, exposure of CRC cells to 5-ASA
resulted in no increase in the general PTPs activity
(Figure 3b). In the light of these observations, we then
examined whether the inhibitory effect of 5-ASA on p-EGFR
could be prevented by treatment of CRC cells with PTPs
inhibitors. Preincubation of cells with Na3VO4 largely reduced
the inhibitory effect of 5-ASA on EGF-induced p-EGFR
(Figure 3c). As Na3VO4 is quickly inactivated once inside
the cell, we also carried out experiments in which CRC cells
were preincubated with iodoacetamide, an irreversible PTP
inhibitor,24 prior to adding 5-ASA. Iodoacetamide completely
blocked the ability of 5-ASA to dephosphorylate EGFR
(Figure 3d). These findings were also seen when experiments
were carried out using HT-115, T84 and Caco-2 (not shown).

5-ASA does not alter the global expression of
PTPs but enhances the interaction of SH-PTP1 and
SH-PTP2 with EGFR

The data described above prompted us to investigate the
PTP(s) implicated in the 5-ASA-mediated EGFR dephos-

phorylation. To address this issue, we first looked at the
expression of several PTPs, which have been reported to
control the strength of EGFR signaling.23 For this purpose,
protein extracts from CRC cells cultured in the presence or
absence of 5-ASA were analyzed for the content of SH-PTP1,
SH-PTP2, PTP1b, RPTPa, LAR and PEST by Western
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Figure 3 5-ASA enhances the activity of p-EGFR-targeting (a) but not general
(b) PTPs. HT-29 cells were cultured with or without the initial addition of 50 mM 5-
ASA for 4 h and then stimulated with 200 ng/ml EGF for 10 min. At the end, total
extracts were prepared and incubated with a synthetic p-EGFR peptide (a) or 4-
nitrophenyl phosphate (b). 5-ASA significantly enhances p-EGFR targeting PTP
activity regardless of whether cells are treated or not with EGF (P¼ 0.01). In vitro
incubation of proteins extracted from 5-ASA-treated EGF-stimulated cells with
Na3VO4 significantly reduces PTP activity (P¼ 0.03). (c, d) The addition of
general PTPs inhibitors Na3VO4 (c) or iodoacetamide (d) to HT-29 cell cultures
reduces the 5-ASA-mediated EGFR dephosphorylation. Cells were cultured with
or without the initial addition of Na3VO4 (100 mM) or iodoacetamide (250 mM) for
30 min prior to adding 50 mM 5-ASA. After 4 h culture, cells were stimulated with
200 ng/ml EGF for 10 min. At the end, total extracts were prepared and the
expression of EGFR assessed by Western blotting. Blots are representative of
four experiments in which similar results were obtained
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blotting. As shown in Figure 4, 5-ASA did not alter the
expression of any PTP regardless of whether HT-29 cells
were either left untreated or treated with EGF.
As PTPs selectively couple to EGFR in the course of the

dephosphorylation reaction,23 we then examined whether
5-ASA enhances the interaction of specific PTP(s) with
EGFR. For this purpose, EGFR immunoprecipitates from
EGF-stimulated CRC cell cultures preincubated with medium
or 5-ASA were blotted onto a nitrocellulose membrane and
screened for interaction between EGFR and PTPs. By using
this procedure, we showed that 5-ASA enhanced the
association of both SH-PTP1 and SH-PTP2 with EGFR
(Figure 5a). In contrast, immunoreactivity corresponding to
the interaction between EGFR and PEST was evident at
the same level in cells cultured with or without 5-ASA. No
association between EGFR and any of the remaining PTPs
investigated was induced by 5-ASA (Figure 5a, left panels).
At the end, blots were stripped an incubated with a second
EGFR antibody to confirm the nature of immunoprecipitates
(Figure 5a, right panels, lower blot). To prove that SH-PTP1
and SH-PTP2 interact with EGFR upon 5-ASA treatment,
EGFR immunoprecipitates from EGF-stimulated CRC cells
cultured with or without the addition of 5-ASA were separated
on a SDS gel and incubated with a specific monoclonal
anti-human SH-PTP1 or SH-PTP2 antibody. Data in Figure 5b
show that 5-ASA stably enhanced the interaction of both these
PTPs with EGFR. No PTP band was detectable when
immunoprecipitation was carried out with isotype-matched
IgG (ve�), confirming the specificity of the assay (Figure 5b).

Knockdown of SH-PTP2 but not SH-PTP1
expression prevents the 5-ASA-induced EGFR
dephosphorylation

To establish the role of SH-PTP1 and SH-PTP2 in the 5-ASA-
mediated attenuation of p-EGFR, we specifically knocked
down the expression of these two PTPs by small interference
RNA (siRNA) and then examined the effect of 5-ASA on

p-EGFR. As shown in Figure 6a, transfection of CRC cells
with PTP1 or PTP2 but not control siRNA reduced the level of
the corresponding PTP, without altering the rate of cell death
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(not shown). Importantly, 5-ASA still inhibited EGF-induced
p-EGFR in cells with knockdown of SH-PTP1. In contrast,
SH-PTP2-deficient cells were largely resistant to the inhibitory
effect of 5-ASA on p-EGFR (Figure 6b, c and right inset). This
finding was seen independently on the CRC cell line used (not
shown).

5-ASA enhances PTP activity and attenuates
p-EGFR in human CRC tissue

To extend our observations to primary CRC cells, we used a
well-characterized ex vivo organ culture system of tissue
explants from patients with primary CRC. Freshly obtained
CRC explants were either left untreated or treated with 5-ASA
for 6 h. At the end, epithelial cancer cells were purified and
analyzed for the level of PTPs activity and p-EGFR. As shown
in Figure 7a, 5-ASA caused a two-fold increase in the activity
of PTPs that target p-EGFR (P¼ 0.02). Consistent with this,
5-ASA reduced p-EGFR in CRC cells (Figure 7b,c), thus
confirming the data obtained with the CRC cell lines. No

change in cell viability was observed after 6 h treatment with
5-ASA (not shown). Similar results were obtained when
PTPs activity and p-EGFR analysis was carried out in whole
mucosal CRC samples (not shown).

Discussion

This study was undertaken to examine whether 5-ASA inhibits
the activation of EGFR, a transmembrane tyrosine kinase,
which triggersmitogenic signalling in CRC cells.11,12We show
that 5-ASA is able to downregulate p-EGFR both in
established CRC cell lines and ex vivo mucosal explants of
patients with CRC. Importantly, attenuation of p-EGFR is
obtained with 5-ASA concentrations, which are reachedwithin
the gut tissue under standard oral treatment.21,22 The effect
of 5-ASA on p-EGFR is reversible and associates with no
induction of cell death. In contrast to our data, two different
groups have recently shown that 5-ASA promotes apoptosis
of adherent HT-29 cells.17,18 To this regard, it is however
noteworthy that, in both those studies, the induction of
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apoptosis by 5-ASA was seen only after 2 and 4 days of
culture, respectively. In addition, when cell death was
quantified by Reinacher-Schick et al.,17 it appeared evident
that 5-ASA induced only a slight increase in the percentage of
apoptotic cells (9 versus 4% in unstimulated cells). Together,
these data therefore suggest that the early EGFR dephos-
phorylation documented in the present study is not secondary
to a toxic effect of 5-ASA. It is also unlikely that 5-ASA inhibits
p-EGFR by promoting ubiquitin-mediated degradation of the
receptor, given that no change in the total level of EGFR was
seen in 5-ASA-treated cells. In contrast, some observations
made in this study strongly support the possibility that the

attenuation of p-EGFR by 5-ASA relies on the activity of
specific PTPs. First, the activity of PTPs targeting the p-EGFR
was significantly enhanced by 5-ASA both in fully transformed
cell lines and primary CRC cells. Second, PTPs inhibitors,
such as sodium orthovanadate or iodoacetamide, prevented
the 5-ASA-induced EGFR dephosphorylation. An analysis
of the expression of several PTPs, which have been reported
to control the extent of p-EGFR,23 revealed, however,
no induction upon 5-ASA treatment. As PTPs, which dephos-
phorylate a receptor tyrosine kinase, should at least
transiently bind to their substrate in the course of the
dephosphorylation reaction, we have carried out experiments
to examine whether and which PTP interacts with EGFR in
5-ASA-treated CRC cell lines. Our dot blot and coimmuno-
precipitation assays indicate that both SH-PTP-1 and SH-
PTP2 stably interact with EGFR in 5-ASA-treated CRC cells.
However, the activity of SH-PTP-2 but not SH-PTP1 appears
to be important in the 5-ASA-mediated EGFR dephosphory-
lation. Indeed, knockdown of SH-PTP2 but not SH-PTP1
by siRNA largely prevents the inhibitory effect of 5-ASA on
p-EGFR. A semiquantitative analysis of Western blots reveals
that the level of p-EGFR in SH-PTP2-deficient cells after
5-ASA treatment is, however, lower than that measured in
wild-type cells. As we were not able to completely knockout
SH-PTP2 by siRNA strategy, we do not know if this finding is
due to either the activity of the remaining SH-PTP2 or
additional PTP(s), which could contribute to dephosphorylate
EGFR in 5-ASA-treated cells.
SH-PTP2 has been implicated as either a positive or

negative mediator in receptor tyrosine kinase signalling
pathways. For example, SH-PTP2 mediates activation of
the mitogen-activated protein (MAP) kinase cascade in
response to a variety of growth factors and biological evidence
that SHP-2 is an important component of growth factor
signalling pathways has been provided by multiple genetic
studies as well as studies with both negative and activated
mutants.25,26 On the other hand, there is overwhelming
evidence that SH-PTP2 may have negative regulatory
influences. For instance, in Chinese hamster ovary cells
expressing insulin receptors, SHP-2 attenuates insulin meta-
bolic responses by reducing insulin receptor substrate-1
tyrosine phosphorylation.27 SH-PTP2 also acts as a negative
regulator in both platelet-derived growth factor (PDGF)
receptor-mediated signalling and the RAS pathway in T-cell
receptor cascade.28,29 In addition, SH-PTP2 has been shown
to negatively regulate EGFR signalling in cells which over-
express EGFR, such as tumour cells.30 It is thus plausible that
the ability of SH-PTP2 to differently transduce receptor
tyrosine kinase signals is regulated in a cell-specific manner,
and that this stems, at least in part, from the capacity of
SH-PTP2 to participate in a multitude of protein–protein inter-
actions. Our data do not help to clarify the biochemical
mechanism by which 5-ASA promotes and stabilizes the
interaction of SH-PTP2 with EGFR. Similarly, we do not
yet know whether, upon 5-ASA, SH-PTP2 causes dephos-
phorylation of EGFR either directly or indirectly via adapter
proteins.31–33 Studies are now in progress to specifically
address these issues.
Both epidemiological and experimental data suggest that

5-ASA exerts antiproliferative effects on CRC cells.15–20 Data
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Figure 7 5-ASA enhances PTP activity (a) and attenuates p-EGFR (b) in
primary CRC cells. Freshly obtained CRC explants were cultured in the absence
(Uns¼ unstimulated) or presence of 50 mM 5-ASA. After 6 h, epithelial cells
were purified and used for preparing total extracts, which were then incubated
with a synthetic p-EGFR peptide for 15 min. Data indicate mean7S.D. of three
separate experiments in which total extracts from five CRC mucosal explants
were analyzed. (b) Total extracts were also analyzed for the content of both
p- and total EGFR by Western blotting. One of two representative Western blots
analyzing in total five CRC samples is shown. (c) Quantitative analysis of
p-EGFR/totalEGFR protein ratio in epithelial cells of CRC explants, cultured with
or without 5-ASA (Uns) for 6 h. Values are expressed in arbitrary units (a.u.).
Each point represents the value (a.u.) of p-EGFR/totalEGFR protein ratio in
epithelial cells taken from a single subject. Horizontal bars indicate the mean



of the present study confirm and expand on these observa-
tions and suggest a potential mechanism by which 5-ASA
could interfere with CRC cell growth. We would like, however,
to point out that our results also suggest the possibility that
5-ASA may affect additional pathways other than EGFR
that sustain CRC cell growth. Indeed, we were able to show
that 5-ASA inhibited CRC cell growth induced by FGF or FBS.
The demonstration that 5-ASA inhibits p-EGFR in CRC

cells, and particularly in freshly obtained mucosal explants
from CRC patients, strongly suggests the necessity of
additional in vivo studies, both in animal models of CRC and
human, in order to confirm the antineoplastic properties of
5-ASA. In designing such studies, it would however be
necessary considering that the majority of both sporadic and
IBD-related CRC occurs in the left colon, a site that is not
reached by the current oral formulations of 5-ASA.

Materials and Methods

Cell culture and proliferation

The human colon adenocarcinoma cell lines HT-29, HT-115, T84 and
Caco-2 were used in this study, given that we preliminarily documented
high levels of p-EGFR in all these cell lines (not shown). Cells were
maintained in appropriate media supplemented with 10% FBS. For cell
growth assay, single-cell suspensions were plated at 2� 103 cells/well in
96-well culture dishes and allowed to adhere overnight. Nonadherent cells
were then removed and fresh media containing 0.5% bovine serum
albumin (BSA), (Sigma-Aldrich, Milan, Italy) but not FBS and the desired
concentrations of the test compounds were added and incubated for the
indicated times points. Additionally, cells were cultured in the presence of
10% FBS with or without 5-ASA. 5-ASA was kindly provided by Giuliani
S.p.A. (Milan, Italy) and dissolved as a 100 mM stock solution in culture
medium. The pH of the drug solution was adjusted to 7.4 with NaOH, and
experiments carried out protected from light. Mannitol (50 mM, pH 7.4,
Sigma-Aldrich) was used as both osmolar and pH control. As additional pH
control, cells were incubated with butyric acid (400 mM, pH 7.4, Sigma-
Aldrich). To assess the effect of 5-ASA on cell proliferation induced by
either EGF or basic FGF, cells were preincubated with 5-ASA (50 mM) for
4 h prior to adding EGF (200 ng/ml) or basic FGF (100 ng/ml) (both from
Peprotech EC Ltd, London, UK). Bromodeoxiuridin (BrdU) was added to
the cells during the last 6 h of incubation, and the level of BrDU-positive
cells assessed after 22 h culture by a colorimetric kit (Roche Diagnostic,
Monza, Italy).

For analysis of EGFR and PTPs expression, single-cell suspensions
were plated at 1–2� 106 cells/well in six-well culture dishes and allowed
to adhere for 24–72 h. Nonadherent cells were then removed and fresh
media containing no FBS and the desired concentrations of the test
compounds were added and incubated for the indicated time points. To
examine if the effect of 5-ASA on p-EGFR was reversible, cells were
stimulated with graded doses of 5-ASA for 3–6 h, then extensively washed
and cultured with medium containing 10% FBS for additional 16 h. To
examine if general inhibitors of PTPs modified the effect of 5-ASA on
p-EGFR, HT-29 cells were cultured in medium with no FBS in the absence
(unstimulated) or presence of iodoacetamide (250mg/ml) or sodium
orthovanadate (Na3VO4, 100mg/ml) (both from Sigma) for 30 min prior to
adding 5-ASA. To examine the overall expression of PTPs and the
interaction between EGFR and PTPs, cells were cultured with or without
5-ASA for 1–4 h and then stimulated with EGF (200 ng/ml) for 10 min. To
assess the role of SH-PTP1 and SH-PTP2 in the control of p-EGFR by

5-ASA, HT-29 cells were transfected with SH-PTP1, SH-PTP-2 or control
siRNA according to the manufacturer’s instructions (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) using a Nucleofector (Amaxa
GmbH, Koeln, Germany). Cells were then cultured in complete medium for
48 h. Nonadherent cells were then removed and fresh media containing no
FBS and the desired concentrations of the test compounds were added
and incubated for the indicated time points.

Organ culture

Freshly obtained CRC mucosal explants were taken from five patients
undergoing colon resection for primary adenocarcinoma, as confirmed
by histological analysis of the resected tissue. Patients received neither
radiotherapy nor chemotherapy prior to undergoing surgery. Organ culture
was performed as previously described.34 Briefly, CRC explants were
cultured with or without the initial addition of 50 mM 5-ASA in medium
containing no FBS. After 6 h, mucosal explants were harvested and used
for isolating epithelial cells by treatment with 2 mM EDTA for 5 min. At the
end, morphology and viability of isolated cells was checked, and total
extracts prepared for analysis of PTP activity and Western blotting.

Western blot analysis

To analyze p-EGFR, total proteins were separated on an 8% SDS-PAGE
gel and then incubated with a mouse anti-human monoclonal EGFR
antibody (0.2 mg/ml) (Inalco, Milan Italy), which specifically recognizes
phosphorylation of EGFR on tyrosine residue 1173. Phosphorylation of
such a residue reflects EGFR activation. After analysis of p-EGFR, blots
were stripped and incubated with an antibody recognizing total EGFR
(Santa Cruz Biotechnology, sc-03). Analysis of SH-PTP1 (sc-7289), SH-
PTP2 (sc-7384), LAR (sc-25434), PTP1b(sc-14021) and RPTPa (sc-
19116) was carried out using antibodies (1 : 500 final dilution) from Santa
Cruz Biotechnology, whereas PTP-PEST was from Cell Signalling (DBA
Milan Italy, 4864). Binding of the primary antibody was detected using
a horseradish peroxidase-conjugated secondary antibody (Dako S.p.A.,
Milan, Italy) (final dilution 1 : 20 000) and chemiluminescent substrate
(Pierce, Rockford, IL, USA). At the end, each blot was stripped and
incubated with a mouse-anti-human monoclonal b-actin antibody
(1 : 5000, Sigma) to ascertain equivalent loading of the lanes.
Computer-assisted scanning densitometry (Total lab, AB.EL Sience-Ware
Srl, Rome, Italy) was used to analyze the intensity of the immunoreactive
bands.

Immunoprecipitation and PTPs identification

Total extracts were prepared from CRC cells cultured as indicated above
and immunoprecipitated using an anti-human monoclonal EGFR antibody
(2 mg/sample, Santa Cruz Biotechnology, sc 120) or control isotype
antiserum for 2 h followed by incubation with protein A/G agarose beads
overnight. The resulting immunoprecipitates were washed thoroughly four
times with cold lysis buffer, and then transferred onto the nitrocellulose
membrane using a dot blot apparatus and incubated with the indicated
PTPs and EGFR antibodies. In parallel, immunoprecipitates were also
separated by SDS/PAGE, and immunoblotted with antibodies for
SH-PTP1 and SH-PTP2 (Santa Cruz Biotechnology). To further confirm
the effect of 5-ASA on p-EGFR, EGFR-immunoprecipitates were also
incubated with a human phosphotyrosine antibody (Santa Cruz
Biotechnology). After analysis of PTPs and p-EGFR blots were stripped
and incubated with a monoclonal anti-human EGFR antibody.
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Analysis and quantification of cell death

Adherent CRC cells (2� 105) were cultured in Mc Coy’s medium
containing no FBS in the absence (unstimulated) or presence of graded
doses of 5-ASA or mannitol (50 mM) for 6 h. To score cell death, cells were
incubated for 20 min with 5mg/ml PI (Sigma) and stained with FITC-AV in
appropriate staining buffer. In addition, cell apoptosis was examined using
a commercially available colorimetric kit (Roche Diagnostic), which is
able to determine cytoplasmic histone-associated-DNA-fragments after
induced cell death. To this end, adherent HT-29 cells (2� 103) were
cultured in DMEM containing no FBS in the presence or absence of
graded doses of 5-ASA, mannitol (50 mM) or staurosporin (500 ng/ml,
Sigma) for 6 h, and then cell apoptosis assessed according to the
manufacturer’s instructions.

PTP activity assay

For PTP assay, 20mg of total extracts from HT-29 cells or 40mg from
epithelial cells of CRC explants were incubated in a final volume of 100 ml
at 231C for 15 min in reaction buffer containing 50 mM HEPES, 150 mM
NaCl, 2 mM EDTA, 10 mM DTT, and a synthetic phosphorylated EGFR
peptide as a substrate (50 mM, DBA Italia s.r.l., Milan, Italy). The reaction
was then terminated by the addition of 1 ml BIOMOL GREEN Reagent,
and the absorption was determined at 620 nm. Serial dilutions of
phosphate standard (Biomol) were also used in order to calculate the
amount of PO2 released in the reaction. To examine whether 5-ASA
regulates general PTP activity, 20mg of total extracts from HT-29 cells
were incubated in a final volume of 100 ml at 371C for 15–30 min in
reaction buffer containing 50 mM HEPES, 2 mM EDTA, 1 mM DTT, and
10 mM 4-nitrophenyl phosphate (Sigma) as a substrate. The reaction was
stopped by the addition of 50ml of 1 M NaOH and the absorption was
determined at 405 nm.

Statistical analysis

Differences between groups were compared using the Student t-test or
Mann–Whitney U test.
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