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We studied the expression of inducible heat shock protein (HSP27, HSP72) and multidrug-resistance protein (MRP)
in co-cultures of human colon carcinoma cell spheroids obtained from different grades of tumour with normal human
colon epithelium, myoﬁbroblast and endothelial cell monolayers. We also measured the inﬂuence of recombinant
human transforming growth factor β1 (rhTGF-β1) and camptothecin (CPT-11), added as single agents or in
combination, on the levels of the HSPs, MRP, interleukin (IL)-6 and nitric oxide (NO).
An immunoblotting analysis with densitometry showed that rhTGF-β1 and/or CPT-11 increased HSP27, HSP72
and MRP expression in tumour cells and myoﬁbroblasts, as well as in co-cultures compared with appropriate controls.
By contrast, in colonic epithelium, inhibition of HSPs and MRP was comparable with that of the control. In endothelial
cells, HSP72 was undetectable.
Direct interaction of colon tumour spheroids with normal myoﬁbroblasts caused a signiﬁcant, tumour-grade
dependent increase in IL-6 production. Production of IL-6 was signiﬁcantly lowered by rhTGF-β1 and/or CPT-11.
Tumour cell spheroids cultivated alone produced larger amounts of NO than normal cells. In co-culture, the level of
the radical decreased compared with the sum of NO produced by the monocultures of the two types of cells. rhTGF-β1
and/or CPT-11 decreased NO production both in tumour and normal cell monocultures and their co-cultures.
In conclusion, direct interactions between tumour and normal cells inﬂuence the expression of HSP27, HSP72 and
MRP, and alter IL-6 and NO production. rhTGF-β1 and/or CPT-11 may potentate resistance to chemotherapy by
increasing HSP and MRP expression but, on the other hand, they may limit tumour cell spread by decreasing the level
of some soluble mediators of inﬂammation (IL-6 and NO).
[Paduch R, Jakubowicz-Gil J and Kandefer-Szerszeń M 2009 Expression of HSP27, HSP72 and MRP proteins in in vitro co-culture of colon tumour
cell spheroids with normal cells after incubation with rhTGF-β1 and/or CPT-11; J. Biosci. 34 927–940] DOI 10.1007/s12038-009-0107-2

1.

Introduction

Colorectal carcinoma (CRC) is one of the most commonly
occurring human malignancies of the gastrointestinal tract.
A majority of patients are diagnosed at advanced stages of

the disease and, therefore, after primary operation, they
receive adjuvant chemotherapy. The gold standard is the use
of 5-ﬂuorouracil (5-FU)-based chemotherapy commonly
administered together with leucovorin (LV). However, when
5-FU/LV therapy fails, second-line treatment with irinotecan
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Abbreviations used: 5-FU, 5-ﬂuorouracil; ANOVA, one-way analysis of variance; CPT-11, camptothecin; ECGF, endothelial cell growth
factor; FCS, foetal calf serum; FITC, ﬂuorescein isothiocyanate; HSP, heat shock protein; HUVEC, human normal umbilical vein vascular
endothelium; Ig, immunoglobulin; IL, interleukin; LV, leucovorin; MDR, multidrug resistance; MRP, multidrug-resistance protein; NO,
nitric oxide; PgP, P-glycoprotein; rhTGF-β1, recombinant human transforming growth factor β1; SDS, sodium dodecyl sulphate; TGF,
transforming growth factor; topo I, topoisomerase I
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(camptothecin) (CPT-11) is typically used. Besides 5-FU/
LV/CPT-11 therapy (IFL regimen), CPT-11 is also conﬁrmed
to be the most active single agent for CRC, both in ﬁrst- and
second-line treatments (Fujishima et al. 2004). It is a potent
inhibitor of topoisomerase I (topo I), preventing strand
religation leading to DNA breaks and cell apoptosis (Adlard
et al. 2002). Unfortunately, in cancer patients treated with
chemotherapeutic agents, multidrug resistance (MDR) is
very frequently observed. MDR is deﬁned as the ability of
cells to simultaneously resist unrelated drugs (Ling 1997).
It has been shown that the mechanisms of drug resistance
can develop rapidly, and in human cancers they are mainly
mediated by P-glycoprotein (PgP), multidrug-resistance
proteins (MRPs), and heat shock proteins (HSPs) (Stein and
Walther 1998; Choi et al. 2007).
Colorectal tumours express MRP more frequently than
PgP (Nanashima et al. 1999). MRP is a large membrane
protein (190 kDa) acting as a drug-efﬂux pump exporting
cytotoxic drugs to the extracellular space (Quar et al.
1999; Quan et al. 2000). In turn, HSPs are a group of
proteins called molecular chaperones, which control protein
folding, transport and degradation, actin polymerization and
cytoskeleton organization. They also protect cells against
many stressors (oxidative stress or ultraviolet radiation)
and several chemotherapeutic agents (Jakubowicz-Gil et
al. 2002; Paduch et al. 2007). It has been conﬁrmed that in
colon cancer, HSP27 is abundantly expressed but tumour
cell survival also requires the presence of members of the
HSP70 family (Choi et al. 2007; Grivicich et al. 2007).
Besides the intrinsic mechanisms reducing intracellular
drug accumulation, the tumour cell microenvironment
also inﬂuences cell response to cytotoxic drugs (Dalton
1999). It has been established that soluble mediators such
as interleukin (IL)-6 or transforming growth factor (TGF)β1 modulate tumour behaviour and enhance tumour cell
survival (Dalton 1999; Hatakeyama et al. 2002; Tokuda et
al. 2003).
IL-6 is one of the most important pro-inﬂammatory
cytokines implicated in promoting the growth, survival,
angiogenesis and invasion of tumour cells but is also
associated with a lack of response to immuno- and
chemotherapy, blocking tumour cell apoptosis (Dalton 1999;
Jiang et al. 2000; Ashizawa et al. 2006). TGF-β1 has been
also documented to stimulate the induction of HSP27 and
prevent tumour cell death (Hatakeyama et al. 2002; Tokuda
et al. 2003; Di et al. 2007).
Tumour cells are also inﬂuenced by nitric oxide (NO)
present in the intra- and extracellular microenvironment. NO
regulates numerous biological processes including tumour
progression and metastasis, which, in some circumstances,
may prevent apoptosis (Rao 2004).
In the present study, as the ﬁrst aim, we analysed
HSP27, HSP72 and MRP expression in co-cultures of colon
J. Biosci. 34(6), December 2009

carcinoma cell spheroids obtained from different tumuor
grades with colon epithelium, myoﬁbroblast and endothelial
monolayers mimicking different stages of cancer metastasis
after incubation with rhTGF-β1 and/or CPT-11. A second
aim was to assess the amounts and role of IL-6 and NO
production in such co-cultures.
2.

Materials and methods
2.1

Cell culture

Human colon adenocarcinoma cell lines HT29 (ATCC No.
HTB-38), derived from a grade I tumour, LS180 (ATCC No.
CL-187) from a grade II tumour, and SW948 (ATCC No.
CCL-237) from a grade III tumour, were cultured in RPMI
1640 medium supplemented with 10% foetal calf serum
(FCS) (GibcoTM, Paisley, UK) and antibiotics (100 U/ml
penicillin and 100 μg/ml streptomycin) (Sigma, St Louis,
MO, USA) at 37°C in a humidiﬁed atmosphere with 5%
CO2.
Human normal colon myoﬁbroblasts CCD-18Co (ATCC
No. CRL-1459) and normal epithelial cells CCD 841 CoTr
(ATCC No. CRL-1807) were cultured in RPMI 1640 +
DMEM (1:1) medium (Sigma) supplemented with 10%
FCS at 37°C (CCD-18Co) or 34°C (CCD 841 CoTr) in a 5%
CO2/95% air atmosphere.
Human normal umbilical vein vascular endothelium
(HUVEC) (ATCC No. CRL-1730) was cultured in CS-C
medium (Sigma) supplemented with 75 μg/ml endothelial
cell growth factor (ECGF) (Sigma) and 10% FCS in a
humidiﬁed atmosphere with 5% CO2.
2.2

Preparation of tumour cell spheroids

Tumour cell spheroids were prepared by the liquid overlay
method, as described previously (Paduch and KandeferSzerszeń 2005). In brief, the tumour cell suspension (200
μl) at a density of 1x105 cells/ml in RPMI 1640 medium
supplemented with 10% FCS was plated on 1% agarosecoated 96-multiwell culture plates (2x104 cells/well). After
4 days’ incubation at 37°C in a humidiﬁed atmosphere with
5% CO2, the cells formed spheroids.
2.3

Co-culture of tumour spheroids with normal cell
monolayers

The tumour spheroids were harvested with glass pipettes
from the agarose-coated microplates and transferred into
a Petri dish ﬁlled with warm RPMI 1640 medium. After
washing for 5 min, 5 spheroids each were transferred onto
conﬂuent myoﬁbroblast or colon epithelium or HUVEC
monolayers in 24-well tissue culture plates in RPMI 1640
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medium supplemented with 2% FCS and incubated at
37°C in a humidiﬁed atmosphere with 5% CO2. Parallel
experiments were performed with tumour spheroids or
normal cell monolayers alone as culture controls. After 12 h
culture, supernatants and cell lysates were collected and
stored at –80°C until further estimation.
2.4

Exposure of cells to camptothecin (CPT-11) and
rhTGF-β1

After 24 h incubation of the cells in RPMI 1640 with 10%
FCS, the medium was discarded and fresh RPMI 1640
containing 2% FCS and CPT-11 (1 μg/ml) (MP Biomedicals,
Inc., Eschwege, Germany) or/and rhTGF-β1 (2 ng/ml)
(Strathmann Biotec GmbH) was added.
The incubation with the substances mentioned was
performed for 6 h. Thereafter, the culture medium was
changed, and the cells were incubated in a new medium
without the addition of CPT-11 and rhTGF-β1 for another
6 h at 37°C/5% CO2. Culture supernatants and cell lysates
were then collected and stored at –80°C for up to 3 months.
2.5

ELISA

The level of human IL-6 was tested immunoenzymatically
(ELISA) using a commercially available kit (Bender
MedSystems, Vienna, Austria) according to the
manufacturer’s instructions. The optical density at 450
nm with the correction wavelength (570 nm) of each
ELISA sample was determined using a microplate reader
(Molecular Devices Corp., Emax, Menlo Park, CA, USA).
Concentrations of IL-6 were calculated on the basis of a
standard curve. The detection limit was 1.4 pg/ml.
2.6

Nitric oxide (NO) measurement

Nitrate, a stable end product of NO, was determined in culture
supernatants by a spectrophotometric method based on the
Griess reaction. Brieﬂy, 100 μl of supernatant was plated in
96-well ﬂat-bottomed plates in triplicate and incubated with
100 μl of Griess reagent (1% sulphanilamide/0.1% N-(1naphthyl)ethylenediamine dihydrochloride) (Sigma) in 3%
H3PO4 (POCH Gliwice, Poland) at room temperature for 10
min. The optical density was measured at 550 nm using a
microplate reader. A standard curve was performed using
0.5–25 μM sodium nitrite (NaNO2) for calibration.
2.7

Indirect immunoﬂuorescence

Tumour and normal cells were inoculated in 8-well LabTek slides at a density of 1×105 cells/ml in RPMI medium
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supplemented with 10% FCS. After 24 h, the medium was
changed to one containing 2% FCS, followed by the addition
of rhTGF-β1 and CPT-11. Incubation was performed for
the next 6 h. Thereafter, the cells were incubated in a new
medium without CPT-11 and rhTGF-β1 for another 6 h.
Then, the cells were washed twice with PBS, ﬁxed in 4%
paraformaldehyde for 10 min, washed three times with
PBS, permeabilized with 0.1% Triton X-100 for 7 min,
washed three times with PBS and blocked with 7.5% FCS
for 1 h at room temperature. The cells were then incubated
overnight at 4°C with primary goat polyclonal anti-HSP27,
goat polyclonal anti-HSP72 or goat polyclonal anti-MRP
antibodies (Santa Cruz Biotechnology, Inc.). After washing
twice with PBS, the cells were incubated with secondary
ﬂuorescein isothiocyanate (FITC)-conjugated donkey antigoat IgG. The cells were examined with a laser confocal
microscope (LSM 5 PASCAL) at an excitation wavelength
of 480 nm and an emission wavelength of 530 nm.
2.8

Immunoblotting

Total lysate of the treated cells was prepared by adding 150
μl of sodium dodecyl sulphate (SDS)-loading buffer with
protease inhibitor cocktail (Sigma) directly to the cells cultured
on 24-well plates and detaching them with a cell scraper. The
protein concentration was determined using a BCATM Protein
Assay Kit (Pierce Biotechnology, Rockford, IL, USA).
The extracts were boiled for 5 min at 95°C and centrifuged
at 10.000 rpm for 10 min at 4°C. Of each protein sample, 15
μl was then loaded onto a 9% SDS-polyacrylamide gel.
Following electrophoresis, the proteins were electrotransferred
onto Immobilon-P transfer membranes (Millipore, Bedford,
MA, USA). The membranes were blocked with 5%
skimmed milk for 1 h at room temperature and probed for
2 h with primary goat anti-human immunoglobulin (Ig)G
polyclonal antibodies: anti-HSP27, anti-HSP72 and antiMRP (Santa Cruz Biotechnology, Inc.). After washing in
phosphate buffered saline (PBS)/1% Tween 20 (TBS-T), the
membranes were labelled with alkaline phosphatase (AP)conjugated donkey anti-goat IgG-AP secondary antibodies
(Santa Cruz Biotechnology, Inc.) for 1 h at room temperature.
After washing with TBS-T, the membranes were visualized
with alkaline phosphatase substrates (5-bromo-4-chloro-3indolyphosphate and nitroblue tetrazolium) (BCIP/NBT)
(Sigma) in colour development buffer (100 mM Tris with 5
mM Mg2+ at pH 9.5).
As an endogenous control to ensure the same protein
loading for each sample, we used β-actin.
2.9

Densitometric analysis

Semiquantitative densitometric analysis of the bands was
carried out with the Bio-Proﬁl Bio-1D Windows Application
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V.99.03 program. The results were presented as density/
volume of the bands.
2.10

Statistical analysis

Results are presented as means ± SD of three independent
experiments. The data were analysed using one-way
analysis of variance (ANOVA) followed by Bonferroni
multiple comparison post-hoc test. Differences of P≤0.001
(IL-6 analysis) or P≤0.05 (NO analysis) were considered
signiﬁcant. Immunoblots after densitometry were calculated
using the Student t-test. P values <0.05 were considered
signiﬁcant.
The Spearman rank correlation test was used to determine
the correlations between the expression levels of IL-6 and
NO in the co-culture models. Probability values below 5%
were considered statistically signiﬁcant.
3.

Results

3.1 Expression of HSP27, HSP72 and MRP in cancer and
normal cells after rhTGF-β1 and/or CPT-11 treatment
In this study, the level of HSP27, HSP72 and MRP proteins
was analysed in co-cultures of human colon tumour
carcinoma cell spheroids (HT29, LS180 and SW948)
with human normal colon epithelium, myoﬁbroblast and
endothelial monolayers. Changes in these proteins were
also analysed after co-culture treatment with rhTGF-β1
(2 ng/ml) and/or CPT-11 (1 μg/ml). As we had previously
tested, rhTGF-β1 and CPT-11 at these concentrations had
no cytotoxic effect after 6 h of incubation, and cell viability
remained above 90%.
Immunoblotting analysis with densitometry revealed
that rhTGF-β1 and/or CPT-11 signiﬁcantly increased the
expression of HSP72 and MRP in human colon tumour cells
(HT29) (ﬁgure 1A and C) and human normal myoﬁbroblasts
(ﬁgure 1B and D). The increase in HSP27 was insigniﬁcant.
In LS180 tumour cells, only the level of HSP27 increased
signiﬁcantly, while in SW948, the increases in HSP and
MRP levels were insigniﬁcant (ﬁgure 1C). In human normal
colon epithelial cells, an insigniﬁcant inhibition of HSP27,
HSP72 and MRP expression was observed (ﬁgure 1D). In
endothelial cells, no increase in HSP27 or MRP expression
was observed and no HSP72 expression was detected
(ﬁgures 1D and 2).
In HT29 tumour cell spheroids co-cultured with normal
colonic epithelium (841 CoTr), and in all the analysed cocultures of LS180 and SW948 tumour spheroids, rhTGF-β1
and/or CPT-11 increased the level of HSP27 as compared
with appropriate co-culture controls (ﬁgures 3A–D). The
MRP level increased signiﬁcantly in co-cultures of early
(HT29) and advanced (SW948) tumour spheroids with
J. Biosci. 34(6), December 2009

colonic epithelium after the addition of rhTGF-β1 plus
CPT-11 or rhTGF-β1, CPT-11, and their combination,
respectively (ﬁgure 3B). No signiﬁcances were calculated
for HSP72 expression in the analysed co-cultures (ﬁgure
3B–D). Finally, signiﬁcant increases in HSP27 were found
in co-cultures of HT29 and LS180 with endothelial cells
after the addition of CPT-11 or rhTGF-β1 plus CPT-11
(ﬁgure 3D).
3.2

Localization of HSPs and MRP in tumour and normal
cells

Indirect immunoﬂuorescence revealed that in normal
and tumour cells, HSP27 and HSP72 were distributed
uniformly in the cytoplasm (ﬁgures 4A, B and 5A, B).
After cell treatment with CPT-11, the localization
of HSP27 did not change while the concentration of
HSP72 increased in the cytoplasm surrounding the
nucleus, where the protein formed a kind of ring
(ﬁgure 5C and D). MRP is a transmembrane protein
functioning as a broad substrate-speciﬁc, energydependent drug efﬂux pump. As observed under ﬂuorescence microscopy, immunoreactivity for transmembrane
MRP was found mainly in the nuclear membrane, both
in the tumour and normal cells. The quantities of the
protein in the cytoplasmic membrane were rather small
(ﬁgure 6A and B).
3.3

IL-6 levels in co-cultures treated with rhTGF-β1
and/or CPT-11

The tumour cells produced trace amounts of IL-6, which
were in the range of the ELISA test detection limit. The
normal cell monolayers produced signiﬁcantly higher
amounts of IL-6 than the tumour cells, with normal colon
epithelium being the most active (211.2±11.8 pg/ml) (ﬁgure
7A). IL-6 concentration in culture supernatants was found
to be signiﬁcantly higher only in the co-cultures of colon
tumour spheroids with myoﬁbroblasts as compared with
the normal cell monoculture. The level of the cytokine was
related to the grade of the tumour that the cells originated
from, as the highest concentrations (1304.1±37.1 pg/ml)
were seen in the co-culture with tumour cells obtained from
Duke C colon cancer (SW948) (ﬁgure 7A). The addition
of rhTGF-β1 to the tumour spheroid co-culture with colon
epithelium resulted in a slight increase in IL-6 production.
By contrast, rhTGF-β1 decreased IL-6 level in the tumour
spheroids co-cultured with myoﬁbroblasts. The effect was
dependent on the grade of cancer that the tumour cells were
derived from (ﬁgure 7A). The addition of CPT-11 resulted
in a decrease of IL-6 both in the tumour and normal cell
monocultures, and in the co-cultures of those cells after
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4 h of incubation as compared with controls (ﬁgure 7B).
A similar effect was observed when rhTGF-β1 plus CPT-11
were added to the mono- and co-cultures. In the co-culture
of tumour spheroids with myoﬁbroblasts, rhTGF-β1 and
CPT-11 administered simultaneously additionally decreased
IL-6 levels as compared with their activity as single agents,
but the effect revealed no more than an additive action
(ﬁgure 7C).

3.4

Nitric oxide (NO) levels in co-cultures treated with
rhTGF-β1 and/or CPT-11

In the tumour cell cultures, the amounts of NO produced
by the tumour cells were higher than those released by
the normal cell monolayers. In the co-cultures, decreased
amounts of NO were found when tumour cell spheroids
were implanted onto normal colon myoﬁbroblasts and colon

Figure 2. Western blot analysis of HSP27 and HSP72 in endothelial cells (HUVEC) after 6 h of incubation with rhTGF-β1 and/or CPT11. Note that HSP72 was not detected. Analysis of the expression of HSP72 and HSP27 in normal colon epithelial cells (841 CoTr) was
performed on the same blot for easy comparison of the results. Lane M, molecular weight marker; lane 1, 841CoTr cells control; lane 2,
841CoTr cells treated with rhTGF-β1; lane 3, 841CoTr cells treated with CPT-11; lane 4, 841CoTr cells treated with CPT-11 plus rhTGFβ1; lane 5, HUVEC control; lane 6, HUVEC cells treated with rhTGF-β1; lane 7, HUVEC cells treated with CPT-11; lane 8, HUVEC cells
treated with CPT-11 plus rhTGF-β1.
Figure 1. (A) Western blot analysis of HSP27, HSP72 and MRP after 6 h of incubation with rhTGF-β1 and/or CPT-11 in HT29 colon
carcinoma cells. The increase in band density indicates an increase in protein levels. The protein levels were elevated after the addition of
rhTGF-β1 and/or CPT-11 to the tumour cell culture. Lane 1, control; lane 2, HT29 cells treated with rhTGF-β1; lane 3, HT29 cells treated
with CPT-11; lane 4, HT29 cells treated with CPT-11 plus rhTGF-β1. The differences in HSP72 and MRP expression were signiﬁcant
(P<0.05) compared with the control. (B) Western blot analysis of HSP27, HSP72 and MRP after 6 h of incubation with rhTGF-β1 and/
or CPT-11 in normal colon epithelial cells (841 CoTr). The level of HSPs and MRP slightly decreased after rhTGF-β1 and/or CPT-11
treatment. The differences were, however, not signiﬁcant in comparison to the control as calculated after semiquantitative densitometry.
Lane 1, control; lane 2, 841CoTr cells treated with rhTGF-β1; lane 3, 841CoTr cells treated with CPT-11; lane 4, 841CoTr cells treated
with CPT-11 plus rhTGF-β1. (C, D) Semiquantitative results of densitometric analysis of the bands from the monocultures of tumour cell
spheroids (C) and normal cells (D) are shown. *P<0.05 – co-cultures treated with rhTGF-β1, CPT-11 or their combination compared with
control co-culture.
Figure 3. (A) Western blot analysis of HSP27, HSP72 and MRP after 6 h of incubation with rhTGF-β1 and/or CPT-11 in the co-culture of
human colon carcinoma cell spheroids (HT29) with human normal colon epithelial cells (841 CoTr). After co-culture treatment with rhTGFβ1 and/or CPT-11, the level of the analysed proteins increased. Lane 1, control; lane 2, HT29 +841CoTr co-culture treated with rhTGF-β1;
lane 3, HT29+841CoTr co-culture treated with CPT-11; lane 4, HT29+841CoTr co-culture treated with CPT-11 plus rhTGF-β1. (B–D)
Semiquantitative results of a densitometric analysis of the bands from co-cultures of tumour cell spheroids with normal cells. Co-cultures
of tumour spheroids with colonic epithelium (B), myoﬁbroblasts (C) and endothelial cells (D) were analysed. *P<0.05, co-cultures treated
with rhTGF-β1, CPT-11 or their combination compared to control co-culture.
J. Biosci. 34(6), December 2009
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Figure 4. Indirect immunoﬂuorescence showing HSP27 distribution in normal endothelial cells (HUVEC) (A) and colon tumour cells
(HT29) (B). Note the uniform localization of the protein in the cellular cytoplasm (see arrows). Magniﬁcation 400x. Bar 20 μm.

Figure 5. Indirect immunoﬂuorescence showing HSP72 distribution in normal endothelial cells (HUVEC) (A) and after CPT-11 treatment
(B); colon tumour cells (HT29) (C) and after CPT-11 treatment (D). In the controls, HSP72 is localized uniformly in the cytoplasm (see
arrows). After incubation of the cells with CPT-11, HSP72 tended to concentrate around the nuclear membrane forming a kind of ring (see
arrows). Magniﬁcation 400x. Bar 20 μm.
J. Biosci. 34(6), December 2009
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Figure 6. Indirect immunoﬂuorescence localizing multidrug-resistance protein (MRP) in normal endothelial cells (HUVEC) (A) and
colon tumour cells (HT29) (B). Note the distribution of MRP in the nuclear membrane (see arrows). Magniﬁcation 400x. Bar 20 μm.

epithelium as compared with both monocultures. When
tumour spheroids were co-cultured with endothelial cells,
the NO level increased together with the grade of cancer the
cells were derived from in comparison with endothelial cell
monoculture (ﬁgure 8A).
The addition of rhTGF-β1 slightly decreased NO
production both in the normal and tumour cell monocultures,
and in the co-cultures of those cells. In higher grades
of tumour cells (LS180, SW948), the inhibitory action
of rhTGF-β1 on NO production was more pronounced
as compared with cells obtained from low-grade cancer
(HT29) (ﬁgure 8A).
CPT-11 also decreased NO production (ﬁgure 8B). In
the tumour spheroid and normal cell monocultures, the
decreases were comparable with those effected by rhTGF-β1
activity. However, in the tumour spheroid co-cultures with
HUVEC, CPT-11 led to a more signiﬁcant decrease than that
observed after the addition of rhTGF-β1.
When the combination of rhTGF-β1 plus CPT-11 was
used, NO level also decreased but, as was observed for IL-6,
the effect could be interpreted as a merely additive action
(ﬁgure 8C).
3.5

Correlations

A statistically signiﬁcant Spearman correlation (P<0.05)
between IL-6 and NO levels (R=0.89, P<0.019) was found
only in the co-culture of advanced colon carcinoma cells
(SW948) with the HUVEC monolayer after incubation with
rhTGF-β1 plus CPT-11.

4.

Discussion

Colon carcinoma is one of the most common human
malignancies and is characterized by a high rate of
mortality. This is caused by the fact that the majority of
patients are diagnosed at advanced stages of the disease,
often with distant metastases (Grivicich et al. 2007).
Because of this, chemotherapy is required, which remains
the mainstay of treatment for advanced and disseminated
tumours. Unfortunately, it has been observed in clinical
practice that a signiﬁcant number of patients fail to respond
to chemotherapy. The reason for this is the development in
patients of drug resistance, which could be present before
treatment (intrinsic) or may appear during therapy (acquired)
(Lazaris et al. 2002). Drug resistance is currently the major
problem in solid and haematological tumour treatment, as
it may not only signiﬁcantly decrease long-term survival
but also potentiate long-term side-effects of chemotherapy.
Therefore, there is an urgent need to resolve the general
mechanisms of drug resistance in primary studies, which
must also take into consideration the kind and origin of the
analysed tumours. Moreover, special attention should be
paid in the analysis of resistance to the grade of the tumour
and the stage of metastasis that the analysed cells are derived
from. It is also currently evident that the microenvironment
of tumours formed by the local cytokine and growth factor
network, and direct tumour–normal cell interactions, may
strongly inﬂuence the behaviour of cancer cells and their
response to chemotherapy (Dalton 1999).
In our study, we have tried to answer the question of
interdependencies among the amounts of IL-6, NO and
J. Biosci. 34(6), December 2009
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Figure 7. Interleukin (IL)-6 secretion in co-cultures of colon carcinoma cell spheroids with colon normal epithelial cells, normal
myoﬁbroblasts and endothelial cells during 6 h of incubation with rhTGF-β1 (A), CPT-11 (B), or rhTGF-β1 plus CPT-11 (C). ELISA test.
Normal cells produced low amounts and tumour cells trace amounts of IL-6. In the co-cultures, the amounts of IL-6 increased as compared
to the sum of the cytokine produced by both monocultures. The highest level of IL-6 was produced in the tumour spheroid co-culture with
myoﬁbroblasts, and the level of IL-6 was tumour-grade dependent. CPT-11 alone or in combination with rhTGF-β1 decreased the IL-6 level
in the mono- and co-cultures. Columns and bars show the mean ± SD (N = 3). * P≤0.001, a co-culture of tumour/normal cells compared
with an appropriate monoculture of normal cells. #P≤0.001, a culture of tumour and/or normal cells treated with rhTGF-β1 and/or CPT-11
compared with an appropriate control culture
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Figure 8. Nitric oxide (NO) production in co-cultures of colon carcinoma cell spheroids with normal colon epithelial cells, normal
myoﬁbroblasts and endothelial cells during 6 h of incubation with rhTGF-β1 (A), CPT-11 (B), or rhTGF-β1 plus CPT-11 (C). An analysis
was performed using the Griess method. In the normal cell monocultures and co-cultures with tumour cells, a decrease in NO secretion was
observed as compared with tumour cells cultivated alone. Treatment of the monocultures and co-cultures with rhTGF-β1 and/or CPT-11
resulted in a decrease in NO level as compared with a control sample. Columns and bars show the mean ± SD (N = 3). * P≤0.05, a co-culture
of tumour/normal cells compared with an appropriate monoculture of normal cells. #P≤0.05, a culture of tumour and/or normal cells treated
with rhTGF-β1 and/or CPT-11 compared with an appropriate control culture
J. Biosci. 34(6), December 2009
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levels of MRP, and HSP27 and HSP72 expressed in different
models of colon tumour cell metastasis after treatment with
CPT-11 and/or rhTGF-β1. Co-cultures of tumour spheroids
with colon epithelial cells or myoﬁbroblasts reﬂected the
early stages of tumour development and metastasis, while
interactions with the endothelium resembled tumour cell
dissemination via the blood circulation. In this study, CPT11 and/or TGF-β1 stimulated HSP and MRP accumulation
in the normal and tumour cells studied, which conﬁrmed the
observations of other authors. Hatakeyama et al. (2002) and
Tokuda et al. (2003) showed that TGF-β stimulates HSP27
expression in osteoblast-like cells. This factor also enhances
the metastatic and invasive potential of gastric cancer cells,
among others, via upregulation of HSP27 expression, and
signiﬁcantly increases MRP activity in human hepatoma
cells, leading to their resistance to chemotherapy (Wang
et al. 2008). The increase in MRP and HSP levels in cells
is also caused by the addition of chemotherapeutic drugs.
In colon carcinoma, CPT-11 induces the expression of
HSP27 while 5-FU stimulates the synthesis of HSP70,
which accumulate in the cells and, as a consequence,
protect tumour cells against drug-induced apoptosis. This
mechanism partially underlies the chemoresistance of colon
carcinoma and the associated increased risk of treatment
failure (Choi et al. 2007; Grivicich et al. 2007). Moreover,
it has been shown that overexpression of HSP27 plays an
important role in colon tumour progression and metastasis
(Zhao et al. 2007).
We found that rhTGF-β1 and/or CPT-11 decreased HSP
and MRP expression in colon epithelial cells, which may
lead to increased apoptosis. Drug-sensitive cells are then
relatively quickly removed and the possible mutations
caused by toxins or cytostatic drugs are not memorized.
Because of a high regenerative activity of the epithelium,
the apoptotic cells are then replaced by new ones without
changes in the DNA and the risk of cancer. We suppose
that this effect protects the colon wall against development
of cancer. Further, we did not observe HSP72 expression
in HUVEC cells even after their treatment with rhTGFβ1 and/or CPT-11. This phenomenon is closely related
to the increased endothelial cell sensitivity to many
apoptosis-inducing factors. Gill et al. (1998) also revealed
a lack of HSP72 production in heat-untreated HUVEC
cells both measured as the protein and mRNA levels.
Although HSP72 was not produced in HUVECs, high levels
of HSP27, which increased further after rhTGF-β1 and/or
CPT-11 treatment, were found. Therefore, our results clearly
indicate that HSP72 and HSP27 may be independently
involved in endothelial cell protection against damaging
stimuli.
Anticancer drugs localize and act in different cell
compartments. CPT-11, for instance, targets the eukaryotic
nuclear DNA enzyme topo I and is preferentially distributed
J. Biosci. 34(6), December 2009

in nuclei (Armand et al. 1995). On the other hand, it induces
overexpression of HSPs and MRP. We have shown that
the addition of CPT-11 to the tumour and normal cells
changed HSP72 localization. This protein tended to migrate
from the cytoplasm to the nucleus and surrounded the
nuclear envelope forming a kind of coat. Increased HSP72
concentration in the perinuclear cytoplasm and nuclear
membrane protects nuclear structures and the transcriptional
apparatus against drug-induced damage (Jakubowicz-Gil et
al. 2005).
It is now evident that the discussion of tumour cell
resistance to cytotoxic factors should be focused not only
on the accumulation of drugs within the cell and apoptosis
but also on the tumour microenvironment and direct tumour/
normal cell interactions. It has been established that apart
from drugs, cytokines, growth factors and radicals also
inﬂuence tumour cell survival and apoptosis. IL-6 and
TGF-β1 can be mentioned as classical examples of factors
that may prevent drug-induced apoptosis by increasing
tumour cell resistance. IL-6 is known to exert various
biological activities on neoplastic cells. It promotes tumour
development and differentiation as well as angiogenesis and
metastasis (Wei et al. 2001). Similarly, TGF-β1 inﬂuences
tumour growth and metastasis, but its effect depends on the
stage of cancer. In the early stages, suppressor activities
dominate, which are later replaced by pro-oncogenic
effects leading to invasive tumour (Roberts and Wakeﬁeld
2003). NO, similar to TGF-β, plays a dual role in tumour
development. This radical is implicated in tumour initiation,
promotion and progression. It may block apoptosis and
contribute to angiogenesis. On the other hand, numerous
reports indicate that NO inhibits carcinogenesis, and is
cytotoxic to tumour cells (Rao 2004).
Besides inﬂuencing tumour angiogenesis and metastasis,
IL-6, TGF-β and NO should be considered as factors
modulating colon tumour drug resistance. It is known that
these factors have a particular impact on HSPs, inducing
their production (Byrne and Hanson 1998; Lohm et al.
2005; Febbraio et al. 2002). The standard cytotoxic drug
CPT-11 used in our study decreased IL-6 production in
tumour cells but, on the other hand, increased HSP and
MRP levels, leading to tumour cell resistance. It should
be remembered, however, that chemotherapy of human
malignancies is often combined with cytostatics or other
substances which improve drug effectiveness (Stein and
Walther 1998). In our study, we analysed TGF-β1 as a
factor with potential usefulness in combined chemotherapy
for colon carcinoma. Although TGF-β1 decreased IL-6
production when used alone, it did not show any synergism
when used in combination with CPT-11. Moreover, CPT11 and/or TGF-β1 signiﬁcantly inﬂuenced NO production
in colon carcinoma co-cultures with colon epithelium
or endothelial cells. Considering the role of this radical
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in tumour development, one may speculate that such a
combined therapy will have an advantageous inﬂuence in
the early and late stages of colon tumour, when the lower
levels of potentially toxic NO do not destroy colon epithelial
or endothelial layers. Furthermore, the stimulatory effects of
NO on tumour growth, angiogenesis and metastasis can also
be decreased by these drugs.
There is an important need to introduce new, speciﬁc,
targeted therapies against colon cancer which, though they
induce drug resistance to a limited degree, simultaneously
possess an additional anti-inﬂammatory and anti-angiogenic
action. The main role of cytotoxic drugs is to kill tumour
cells, but the introduction of speciﬁc anti-angiogenic
therapies in the early stages of colon cancer may improve
the results of patients’ therapies and prolong their survival.
In conclusion, it should be stated that each stage of
tumour development and metastasis is characterized by
different changes in the cytokine network and HSP and MRP
expression, which are intensiﬁed by direct tumour/normal
cell interactions and may facilitate tumour dissemination.
We found that the most important stage of colon tumour
development and metastasis is the direct interaction of
neoplastic cells with colon myoﬁbroblasts. It is at this stage
that signiﬁcant changes in pro-angiogenic IL-6 levels and
HSP and MRP expression were observed. CPT-11 and/or in
some cases TGF-β1 (considering its dual nature in different
tumour stages) may reduce IL-6 and NO levels and may thus
decrease the migratory and angiogenic abilities of colon
carcinoma.
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