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4-Hydroxynonenal, a lipid peroxidation product of dietary polyunsaturated fatty
acids, has anticarcinogenic properties in colon carcinoma cell lines through the
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Abstract

The effects of polyunsaturated fatty acids (PUFAs) obtained from the diet on colorectal cancer have been widely explored. However, controversial results have
been obtained about the role played by the lipid peroxidation products of PUFAs, such as 4-hydroxy-nonenal (HNE), in the control of colon cancer growth. This
aldehyde, indeed, showed both procarcinogenic and protective effects. In an attempt to verify the action of HNE, we studied the effects of a low dose of HNE (1
μM), similar to those “physiologically” found in normal cells and plasma, on telomerase activity, a key parameter of malignant transformation. Caco-2 cells were
exposed to HNE and, paralleling cell growth inhibition, we observed the down-regulation of telomerase activity and hTERT expression. Similar effects have also
been observed in HT-29 cells, in which HNE inhibited cell proliferation, telomerase activity and hTERT expression, suggesting that the inhibition of telomerase
activity could be a general mechanism involved in the antiproliferative effect exerted by this aldehyde. Finally, we elucidated the mechanism of hTERT inhibition
by HNE. A reduction of GSH content preceded the decrease of telomerase activity, but this only partially explained the telomerase activity inhibition. The major
mechanism of HNE action seems to be the modulation of expression and activity of transcription factors belonging to the Myc/Mad/Max network.

Since the presence of PUFAs in the diet exposes epithelial colon cells to HNE, this aldehyde could contribute to cell growth control through the inhibitory
action on telomerase activity and hTERT expression, suggesting a protective effect on colon mucosa.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Polyunsaturated fatty acids (PUFAs) cannot be synthesized in
mammals and they must be obtained from the diet. Their effects in
colorectal cancer have been widely explored [1,2]. However, con-
troversial results have been obtained about the role played by the lipid
peroxidation products of PUFAs in the control of colon cancer growth.
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The induction of lipid peroxidation largely results from free radical
reactions. The unsaturated bonds of PUFAs undergo the auto catalytic
process of peroxidation which produces a complex mixture of end-
products, including a series of 4-hydroxy-alkenals. Among them, 4-
hydroxy-2-nonenal (HNE) is the most intensively studied [3].
Intriguingly, free radical species and HNE can have both carcinogenic
and pro-apoptotic effects.

Several authors demonstrated that HNE has mutagenic and
genotoxic effects on prokaryotic systems or eukaryotic cell lines,
mainly through the formation of HNE-DNA adducts [4]. Hu et al. [5]
demonstrated that the formation of HNE-dG adducts may contribute
greatly to G→A transition at codon 249 of the p53 gene, and this may
play an important role in carcinogenesis. However, HNE has been
demonstrated to have pro-apoptotic effects on several cell lines,
through the involvement of numerous pathways, such as c-Jun N-
terminal kinase, p38 mitogen-activated protein kinase, tyrosine
kinase receptors, Akt/PKB protein kinase [6], the death receptor Fas
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(CD95)-mediated extrinsic pathway and the p53-dependent intrinsic
pathway [7]. Moreover, HNE is able to induce differentiation in several
leukemia cell lines [8–10] and exerts its antiproliferative effect by
modulating the expression of several genes involved in the control of
the cell cycle, such as oncogenes [9,11,12], cyclins and their inhibitor
p21 [13,14], transcription factors [14,15] and tumor suppressors [16].
Recently, this double-edged sword property has been outlined in
different reviews [17–19].

In an attempt to study the role of oxidative stress in cell growth
control, several research groups have considered the biological effects
of HNE because this aldehyde is more stable than free radicals, it can
diffuse from the site where it is produced and it can reach different
intracellular and extracellular targets [3,7,20]. Recently, we demon-
strated that HNE induced cellular senescence in leukemic cell lines by
inhibiting telomerase activity and the expression of the hTERT gene,
the catalytic subunit of telomerase [21]. Reactivation of telomerase
activity, the enzyme essential for the maintenance of replicative
potential in cells, is a crucial event in tumorigenesis. Telomerase is
expressed in embryonic cells, but it is not expressed in most somatic
cells, with the exception of regenerative tissues, such as germline
cells, hematopoietic stem cells and lymphocytes [22]. In tumors,
reactivation of telomerase activity represents an important step,
leading tumor cells to escape from senescence [23,24]. Telomerase
activity decreases during terminal differentiation of human and
murine immortalized cells in response to pharmacological agents
[25–27]. In colon cancer, as expected, telomerase activity and hTERT
gene expression are significantly higher with respect to normal colon
mucosa [28,29]. Moreover, a progressive increase of hTERT expression
and telomerase activity from adenomas to invasive colon carcinoma
has been demonstrated in patients [30,31].

Colon epithelial cells can be physiologically exposed not only to
fatty acids but also to lipid peroxidation end products, such as HNE,
originated by dietary PUFAs [32], as also demonstrated by the
presence of HNE in faecal water [33].

For this reason, we investigated the effects of HNE on cell
proliferation, differentiation, apoptosis and telomerase activity in
colon cancer cells. Human colon carcinoma Caco-2 cells were exposed
to a low dose of HNE (1 μM), similar to those “physiologically” found
in normal cells and plasma [34]. Moreover, in order to determine
whether HNE produced similar effects in other colon cancer cell lines,
telomerase activity and hTERT expression were also studied in human
colon cancer HT-29 cells. In an attempt to investigate the HNE
mechanisms in inhibiting telomerase activity, the content of reduced
glutathione (GSH), the natural scavenger of HNE [34], was analyzed
since reduced GSH content has been found to parallel decreased
telomerase activity [35]. Moreover, since the major control mechan-
ism of telomerase activity seems to be the regulation of hTERT
expression, which, in turn, is regulated by three major transcription
factors (Myc, Mad-1 and Sp-1) [36,37], we investigated in HNE-
treated cells, the regulation of hTERT promoter activity.

2. Materials and methods

2.1. Cells and culture conditions

Caco-2 and HT-29 colon carcinoma cells, obtained from European Collection of Cell
Cultures, were cultured at 37°C in a humidified atmosphere of 5% CO2 air. For all
experiments, cells from 1 to 10 passages were used. Caco-2 cells were grown in
Dulbecco's modified eagle medium (D-MEM) medium supplemented with 2 mM
glutamine, 10% foetal calf serum (FCS) (Biochrom Seromed, Berlin, Germany), 1%
nonessential amino acids solution and 1% antibiotic mixture (penicillin-streptomycin)
(Sigma, Milano, Italy). HT-29 cells were grown in RPMI 1640 medium supplemented
with 2 mM glutamine, 1% antibiotics and 10% FCS (Biochrom Seromed).

2.2. Cell treatments

Repeated treatments with HNE were performed by adding 1 μMHNE (Calbiochem,
La Jolla, CA, USA) to the cells at regular intervals of time (45 min) up to 10 treatments
(the overall time of exposure to the aldehyde was 7.5 h) as previously described [8].
This experimental procedure was used because 1 μM HNE disappears from the culture
medium within 45 min and must be repeatedly added to activate the differentiation
program in HL-60 cells [8].

Caco-2 cells treated with 2 and 10 mM butyrate (Sigma) were used as positive
control for differentiation and apoptosis, respectively.

2.3. Assay of cell growth and cell viability

Caco-2 were seeded, about 4000 cells per well, in a 96-well plate and cell
proliferation was evaluated by using the kit “CellTiter96-Non Radioactive Cell
proliferation Assay” (Promega, Milano, Italy). This highly sensitive assay detects the
luminescence released by the metabolically active cells. Quantification of luminescence
was expressed as relative light unit (RLU) (Luminescence Spectometer LS 55; Perkin
Elmer, Milano, Italy). Cytotoxicity was measured by the kit “CellTiter-Glo Luminescent
Cell Viability Assay” (Promega), according to the manufacturer's protocol. This reaction
develops colour detected bymeasuring the absorbance at 570 nm by an enzyme-linked
immunosorbent assay (ELISA) plate reader (Bio-Rad Laboratories, Segrate, Italy).

HT-29 cell growth was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, which is based on the conversion of the
yellow tetrazolium dye MTT to purple formazan crystals by metabolically active cells.
HT-29 cells were seeded, 4000 cells per well, in a 96-well plate. After HNE
treatment, 30 μl MTT dye solution [5 mg/ml in phosphate-buffered saline (PBS) 1×]
were added to each well, and the plate was incubated for 3 h at 37°C. Dimethyl
sulphoxide (150 μl) was added for 20 min and the absorbance at 540 nm was
recorded using an ELISA plate reader (Bio-Rad Laboratories).

2.4. Detection of apoptotic cells

Apoptosis in Caco-2 HNE-treated cells was detected by the terminal deoxynucleo-
tidyl transferase dUTP nick end-labeling (TUNEL) method. The TUNEL method from
Promega consists of the terminal deoxynucleotydil transferase-mediated nick-end
labelling of fluorescein isothiocyanate FITC-conjugated deoxyuridine triphosphate.
Briefly, cells cultured in the four-well chambers (800,000/ml) were treated with HNE
and, at the indicated times, fixed in 4% paraformaldehyde for 30 min and washed for
5 min. The manufacturer's protocol was then followed. Incorporated fluorescein was
detected using a fluorescence microscope (Leitz, Dialux 20, Oberkochen, Germany).
The number of apoptotic cells was determined by counting the percentage of green
fluorescence-positive cells. At least 100 cells were counted for each experiment
(three separate experiments from three different preparations for each condition).

Caco-2 cells treatedwith 10mMbutyratewere used as positive control of apoptosis.

2.5. Detection of differentiated cells

Caco-2 cell differentiation was determined by counting the dome formation in
control or HNE-treated cells. Dome formation, which can be attributed to ion and water
transport across polarized epithelial cells [38], was quantified in confluent CaCo-2
monolayers using inverted light microscopy and expressed as the number of domes per
square centimetre. Domes were recognised as a cohesive group of approximately 30
cells or more that were in a different plane of view compared to cells attached to the
culture plate.

Caco-2 cells treated with 2 mM butyrate were used as positive control of
differentiation.

2.6. RNA isolation and semiquantitative reverse transcriptase–polymerase chain
reaction analysis

RNA analyses were performed by a semiquantitative polymerase chain reaction
(PCR) method as previously described [13]. Briefly, the experimental strategy
included the following precautions: (1) the number of PCR cycles was kept low in
order to obtain an exponential amplification of PCR products; (2) all results were
standardised using the signal obtained with glyceraldehyde 3-phosphate dehydro-
genase (GAPDH); (3) all experiments were performed with at least three
independent cDNA preparations; (4) to control for DNA contamination, primers
were designed to span at least one exon-intron boundary. Total RNA was isolated
using the RNA fast Kit (Molecular System, Genenco, Milano, Italy). cDNA synthesis
was performed with 4 μg of total RNA in a reaction volume of 40 μl containing 1.25 μg
of random primers; 1 mM of dATP, dGTP, dCTP and dTTP (Invitrogen, Milano, Italy);
66 U of RNAguard (Amersham Biosciences, Cologno Monzese, Milano, Italy); 8 μl of
5× first-strand buffer; 10 mM DTT and 300 U of MMLV reverse transcriptase
(Invitrogen). Samples were incubated for 1 h at 37°C and the reaction was stopped by
heating for 10 min at 95°C. PCR reactions were performed in a GeneAmp PCR System
9600 (Perkin Elmer), with 1 μl of cDNA reaction mixture in a volume of 50 μl
containing 200 μM of dATP, dTTP, dGTP and dCTP; 1 μM of 5′- and 3′-primer and
1.25 U of TAQ DNA polymerase (Finnzymes, Milano, Italy). Samples were subjected
to denaturation at 95°C for 45 s, annealing (30 s at 58°C for hTERT primers, 1 min
at 60°C for c-myc and mad-1 primers, 30 s at 64°C for sp-1 primers, 1 min at 52°C
for GAPDH primers) and extension at 72°C for 45 s, followed by a final extension at
72°C for 3 min. Negative controls contained water instead of cDNA. The primer pair
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sequences used for PCR amplification and the numbers of PCR cycles done are
indicated as follows:

hTERT: 33 cycles
(forward primer): 5′-ACGGCGACATGGAGAACAA-3′
(reverse primer): 5′-CACTGTCAACCGCAAGTTCAC-3′
amplifying a 175-bp fragment.

c-myc: 35 cycles
(forward primer): 5′- GAGACAACGACGGCGGTG -3′
(reverse primer): 5′-GCTCGTTCCTCCTCTGGC -3′
amplifying a 788-bp fragment.

mad-1: 35 cycles
(forward primer): 5′- CCAGGTGGAGCGGGAGAAAATGC-3′
(reverse primer): 5′- CCACTGCAGTTCCGAGATCCTCC-3′
amplifying a 318-bp fragment.

sp-1: 33 cycles
(forward primer): 5′- ACAGGTGAGCTTGACCTCAC-3′
(reverse primer): 5′- GTTGGTTTGCACCTGGTATG-3′
amplifying a 369-bp fragment.

GAPDH: 25 cycles
(forward primer): 5′-GTCGGAGTCAACGGATTTGG-3′
(reverse primer): 5′-GGGTGGAATCATATTGGAACATG-3′
amplifying a 119-bp fragment.

A 10-μl sample of the PCR reaction mixture was separated on a 1% agarose gel and
amplification products were stained with GelStar nucleic acid gel staining (FMC
BioProducts, Rockland, ME, USA). Densitometric analysis was performed by using a
software program (Multi-Analyst, version 1.1, Bio-Rad Laboratories).

2.7. Telomerase activity

2.7.1. Samples collection and extraction
Telomerase was extracted from the Caco-2 and HT-29 cells; 5×106 cells were

seeded and resuspended in 200 μl of 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) lysis buffer, containing 0.5% CHAPS, 1 mM MgCl2, 10%
Fig. 1. Cell proliferation, apoptosis and differentiation in HNE-treated Caco-2 cells. (A) Caco-
with 1 μM HNE). Cell proliferation was detected by measuring the luminescence released b
four separate experiments. Variance analysis: ⁎Pb.05; ⁎⁎Pb.01 vs. control. (B) Apoptosis in Ca
10 mM butyrate (BUT 10 mM) was used as positive control. Apoptosis was detected by TUN
and are the means±S.D. of three separate experiments from three different preparations o
untreated (C) and HNE -treated cells (10 repeated treatments with 1 μM HNE); 2 mM butyra
the dome formation at the indicated time and expressed as numbers of domes per cm2.
preparations of each condition. Variance analysis: ⁎⁎Pb.01 vs. control.
glycerol, 10 mM Tris HCl pH 7.5, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N′,
N′-tetraacetic acid, di 0.1 mM phenylmethylsulphonyl fluoride (PMSF) and 5 mM β-
mercaptoethanol (Sigma-Aldrich). After 30 min of incubation on ice, the lysates were
centrifuged at 16,000×g for 20 min at 4°C, and the supernatant was rapidly frozen and
stored at −80°C.

2.7.2. Telomerase assay
Telomerase activity was assayed by a modification of conventional TRAP assay [24],

as described by Gelmini et al. [39]. This method is based on the use of a sensitive
fluorochrome that selectively binds double-stranded DNA. Because telomerase,
contained in a protein extract, generates double-stranded DNA by adding nucleotide
to a primer and because the amount of newly synthesized DNA is proportional to
telomerase activity, themeasurement of DNA concentration in post-PCR samples can be
considered quantitatively related to telomerase activity [39]. Each sample was assayed
for telomerase activity in duplicate, starting from protein extracts of cell lines. A
negative control, obtained after pre-treatment of the sample with RNase, was also
assayed for each specimen. The protein concentration was measured in each extract by
the Bio-Rad Protein Assay (Bio-Rad Laboratories). An aliquot of extract containing 3 μg
of protein was used for each duplicate. RNase (Roche Diagnostic, Monza, Milano, Italy)
was used at 0.5 μg/assay for 30 min at 37°C to inactivate telomerase. Each extract was
assayed in 47.2 μl of reaction mixture containing 10 mM Tris–HCl pH 8.3, 50 mM KCl,
4.5 mM MgCl2, 1 mM each dNTP, 20 pmol of TAG-U primer [39] and 0.5 μM T4 gene
32 protein (Roche Diagnostic). After 60 min incubation at 30°C for telomerase-
mediated extension of TAG-U primer, the reaction mixture was heated at 90°C for 3
min and then subjected to 50–60 PCR cycles of 95°C for 30 s, 64°C for 30 s and 72°C
for 30 s, followed by 72°C for 10 min after the addition of 2.8 μl of a second reaction
mixture containing 20 pmol of CTA-R primer [39] and 0.3 μl of 5 U/μl of Taq Gold
(Applera Italia, Monza, Italy). Ten microliters of each PCR product was diluted with
490 μl of 10 mM Tris–HCl, 1 mM EDTA pH 7.5 (Sigma-Aldrich) and then 500 μl of
ultrasensitive fluorescent dye PicoGreen (Molecular Probes, Leiden, The Netherlands;
1:1000 diluted stock solution) was added. Fluorescence was measured in a
Luminescence Spectrometer LS 55 (Perkin Elmer) using standard wavelengths
(excitation at 480 nm, emission at 520 nm). The DNA concentration was calculated
for each sample on a calibration curve generated by dilutions of a control DNA
(0–100 μg/L). The final DNA concentration of each sample was obtained by
subtracting the DNA amount obtained in the same specimen after RNase
treatment. Telomerase activity was calculated as the mean of duplicates, expressed
in terms of nanograms of DNA per microgram of protein and reported in figures
as percentage of control sample.
2 cell proliferation in untreated (C) and HNE -treated cells (10 repeated treatments
y the metabolically active cells. The values, expressed in RLU are the means±S.D. of
co-2-untreated cells (C), HNE-treated cells (10 repeated treatments with 1 μM HNE);
EL test at the indicated time. Results are expressed as percentage of fluorescent cells
r each condition. Variance analysis: ⁎⁎Pb.01 vs. control. (C) Caco-2 differentiation in
te (BUT 2 mM) was used as positive control. Differentiation was detected by counting
The values are the means±S.D. of three separate experiments three and different
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2.8. GSH content

For determination of GSH content, 4×106 Caco-2 cells were seeded in culture flasks,
collected at 8, 24 and 48 h from the beginning of HNE treatment, in PBS 1× with a cell
scraper. After centrifugation, cells were resuspended in a lysis buffer containing Hepes
pH 7.9 10 mM, MgCl2 1.5 mM, KCl 10 mM, 1% Triton, 1 mM sodium orthovanadate,
1 mM PMSF and 0.05% aprotinin for cytosolic protein extraction. Samples were
centrifuged at 1900 RPM for 10 min at 4°, and the supernatant was collected and
centrifuged at 10,000×g for 20 min at 4°C. The supernatant was collected and the
protein content was measured by using the commercially available Bio-Rad protein
assay (Bio-Rad Laboratories).

GSH content was determined by the Owens and Belcher procedure [40]. Briefly, the
cytosolic protein fraction (100 μl) was mixed with 0.05 M Na-phosphate buffer, pH 7.0,
1 mM EDTA pH 7.0 and 10 mM 5,5′-dithiobis-2-nitrobenzoic acid in cuvette. The
mixture was incubated for 1 min at room temperature and the absorbance was
monitored at 412 nm for 2 min using a spectrophotometer. The concentration of GSH in
the cell lysate was calculated using a standard curve and expressed as μmoles of GSH
per mg of protein. GSH content was then expressed as percentage of control.

2.9. Preparation of nuclear extracts

Caco-2 nuclear protein extracts were obtained from control and HNE-treated cells,
by using the Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA), according to the
manufacturer's protocol.

2.10. DNA binding activity of c-Myc, Mad-1 and Sp-1 transcription factors

The c-Myc, Mad-1 and Sp-1 DNA binding activity assays in Caco-2 cell extracts
were performed by using Trans-AM ELISA-based kits from Active Motif according to
the manufacturer's protocol. Briefly, 2.5 μg of nuclear extracts from control and HNE-
treated cells were incubated in a 96-well plate coated with an oligonucleotide
containing the E-box motif (5′-CACGTG-3′) or the GC-box motif (5′-GGGCGG-3′).
Activated transcription factors from extracts, specifically bound to the respective
Fig. 2. hTERT expression and telomerase activity in HNE-treated Caco-2 cells. (A) hTERTmRNA
repeated treatments with 1 μM HNE) at the indicated time. (B) the relative quantification of R
using the GAPDH signal and expressed as arbitrary densitometric units. Values represent the
control. (C) Telomerase activity. The activity was evaluated at the indicated times in Caco-2-unt
indicated time. Telomerase activity was calculated in terms of nanograms of DNA produced pe
percentage of control sample. (D) GSH content. The GSH content was evaluated in Caco-2-untr
indicated time. GSH contentwas calculated in terms of nanomoles of GSH permilligram of prot
sample. RT-PCR, reverse transcriptase–PCR.
immobilized oligonucleotide, were detected using the antibody to c-Myc, Mad-1 or
Sp-1. Activated transcription factors from extracts, specifically bound to the respective
immobilized oligonucleotide, were detected using the antibody to c-Myc, Mad-1 or
Sp-1 followed by a secondary antibody conjugated to horseradish peroxidase in an
ELISA-like assay. The absorbance at 450 nm was recorded by an ELISA plate reader
(Bio-Rad Laboratories).

2.11. Generation of hTERT-GFP constructs

After cloning of the hTERT promoter in 1999 [41], deletion analysis identified the
proximal 200–300-bp region functioning as the core promoter, essential for cancer-
specific transcriptional activation [42]. Two constructs containing the core promoter of
hTERT (sequence available on NCBI Gene Bank, accession number AF098956) were
generated by PCR, by using as template DNA from healthy blood donor leukocytes. The
first fragment (284 bp) spans a region between −279 and +5 of hTERT promoter; it
contains one E-box and five GC-boxes, and it corresponds to the hTERT minimal core
promoter [41]. The second one (154 bp) spans a region between−149 and+5 of hTERT
promoter and it corresponds to the E-box deleted form of the minimal core promoter.

The primers used for amplification of the 284- and 154-bp fragments were,
respectively: 5′-gatacgagatctgacccccgggtccg-3′ (forward) and 5′-gatacggaattcgctgcct-
gaaactcgcgcc-3′ (reverse); 5-gatacgagatctgccccttcaccttccagc-3′ (forward) and 5′
gatacggaattcgctgcctgaaactcgcgcc-3′(reverse). PCR products sequence was checked by
direct sequencing (3100 Avant Genetic Analyzer, Applied Biosystems, Milano, Italy).

After digestion with EcoRI and BamHI, the two fragments were cloned into the
multicloning site of pmaxFP-Green-PRL (Amaxa, Cologne, Germany) upstream of the
maxFP-Green coding sequence, an improved variant of maxGFP cloned from copepod
(Pontellina plumata) [43]. Orientation and sequence of each insert were checked by
automatic sequence analysis (3100 Avant Genetic Analyzer, Applied Biosystems). The
constructs were named Ebox-hTERT-GFP (containing the 284 bp fragment) and Ebox-
less-hTERT-GFP (containing the 154 bp fragment).

The plasmids were propagated in Escherichia coli Competent Cells (Promega)
employing standard procedures and purified employing the EndoFree Plasmid Maxi Kit
(QIAGEN, Milano, Italy).
levels determined by RT-PCR in Caco-2-untreated cells (C) and in HNE-treated cells (10
T-PCR products performed by densitometric scanning is shown. Data were normalized
means±S.D. of three independent experiments. Variance analysis: ⁎Pb.05; ⁎⁎Pb.01 vs.
reated cells (C) and in HNE-treated cells (10 repeated treatments with 1 μMHNE) at the
r microgram of protein from three independent experiments and reported in figures as
eated cells (C) and in HNE-treated cells (10 repeated treatments with 1 μMHNE) at the
ein from three independent experiments and reported in figures as percentage of control
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2.12. Transient transfection

For transfection experiments, Caco-2 cells were seeded into six wells and grown
until 80% confluence; 4 μg of Ebox-hTERT-GFP or Ebox-less-hTERT-GFP plasmid
constructs were transfected using Lipofectamine 2000 reagent (Invitrogen, Milano,
Italy), according to the manufacturer's instruction. Four hours after transfection, cells
were treated with HNE and promoter activity was determined at 24 h by analyzing
maxFP-Green expression by Western blot.

Cells transfected with the promoter-less pmaxFP-Green-PRL vector were used as
negative control. For positive control, pmaxGFP plasmid (Amaxa) encoding the
maxGFP protein, under the control of the cytomegalovirus promoter pCMV, was used.
At least three independent experiments for each condition were performed.

2.13. Preparation of total extracts and Western blot analysis

5×106 Caco-2 cells were washed twice in cold PBS, pH 7.4. Total extracts were
prepared by lysis in a buffer containing Tris-HCl buffer, pH 7.4, 150 mM NaCl, 5 mM
EDTA, 1% Nonidet P-40, 1 mM sodium orthovanadate, 1 mM PMSF and 0.05% aprotinin.
After high-speed centrifugation at 4°C, supernatant was collected and the protein
concentration was measured in triplicate using the commercially available Bio-Rad
protein assay (Bio-Rad Laboratories).

Five micrograms of proteins were separated by electrophoresis in 9.3% poly-
acrilamide gel (Bio-Rad Mini Protean II system). Proteins were electroblotted to
nitrocellulose membranes (GE Healthcare, Milano, Italy) using the Biometra-Fast-Blot,
a semidry blotting apparatus (400 mA, 30 min) (Biometra, Goettingen, Germany).
Membranes were blocked overnight at 4°C in Tris-buffered saline containing 5% milk
Fig. 3. hTERT expression, telomerase activity and cell proliferation in HNE-treated HT-29 cells. (
treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. (B) the relative q
were normalized using the GAPDH signal and expressed as arbitrary densitometric units. Va
⁎Pb.05; ⁎⁎Pb.01 vs. control. (C) Telomerase activity. The activity was evaluated at the indicated t
1 μM HNE) at the indicated time. Telomerase activity was calculated in terms of nanograms
reported in figures as percentage of control sample. (D) HT-29 cell proliferation in untreated (C
assessed by MTT assay, from four independent experiments and reported in figures as percen
plus 0.5% Tween 20 and then incubated at room temperature with the primary
antibody TurboGFP (Evrogen Joint Stock, Russia), able to recognize both maxGFP
fluorescence protein and its improved variant maxFP-Green. After incubation with
horseradish peroxidase-conjugated secondary antibody (Bio-Rad Laboratories), detec-
tion was carried out by enhanced chemiluminescence according to the manufacturer's
protocol (Amersham-Pharmacia Biotech. Italia). Densitometric analysis was performed
by using a software program (Multi-Analyst, version 1.1, Bio-Rad Laboratories). All
results were standardised using the signal obtained with β-actin antibody (Sigma).

2.14. Statistical analysis

Statistical significance of data were checked by analysis of variance and paired
Student's t test. The corresponding probability (P) value b.05 or b.01 was considered to
be significant.
3. Results

3.1. HNE effect on cell proliferation, differentiation and apoptosis in
Caco-2 cells

Repeated treatments with 1 μMHNE caused the inhibition of Caco-
2 cell proliferation from Day 2 (Fig. 1A), until the end of the
experiment (Day 4), as previously reported [44]. To determine
A) hTERTmRNA levels determined by RT-PCR in Caco-2-untreated cells (C) and in HNE-
uantification of RT-PCR products performed by densitometric scanning is shown. Data
lues represent the means±S.D. of three independent experiments. Variance analysis:
imes in HT-29 untreated cells (C) and in HNE-treated cells (10 repeated treatments with
of DNA produced per microgram of protein from three independent experiments and
) and HNE -treated cells (10 repeated treatments with 1 μMHNE). Cell proliferationwas
tage of control sample.
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whether the inhibition of growth was due to apoptosis, cells exposed
to HNE were analysed by TUNEL test (Fig. 1, panel B). In these
experiments, 10 mM butyrate, able to induce apoptosis in 23.0% of the
cells, was used as positive control. A significant percentage of
apoptotic cells was observed in HNE-treated cells, starting from 8.7%
at 24 h and reaching 15.2% at 72 h.

HNE-induced differentiation in Caco-2 cells was also assayed by
monitoring the number of domes, at different times after the
treatments (Fig. 1C). Butyrate 2 mM, used as positive control, was
able to induce more than 35 domes/cm2 from Day 1. HNE, on the
contrary, was not able to induce differentiation in Caco-2 cells.

3.2. HNE effect on hTERT expression and telomerase activity in
Caco-2 cells

Fig. 2 shows the analysis of hTERT expression and telomerase
activity in control Caco-2 cells and after HNE treatments. This
aldehyde was able to down-regulate hTERT mRNA expression at
Fig. 4. Gene expression and DNA binding activity of c-myc in HNE-treated Caco-2 cells.
(A) c-myc mRNA levels determined by RT-PCR in Caco-2-untreated cells (C) and in
HNE-treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. (B)
the relative quantification of RT-PCR products performed by densitometric scanning is
shown. Data were normalized using the GAPDH signal and expressed as arbitrary
densitometric units. Values represent the means±S.D. of three independent experi-
ments. Variance analysis: ⁎⁎Pb.01 vs. control. (C) DNA binding activity of c-Myc
transcription factor in Caco-2 cells. Nuclear extracts were obtained from control (C) and
HNE-treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. DNA
binding activity was quantified using an ELISA-based kit, as reported in Materials and
methods. Results are expressed as a percentage with respect to the control cells and
they are indicated as means±S.D. of three independent experiments.

ig. 5. Gene expression and DNA binding activity of mad-1 in HNE-treated Caco-2 cells.
A) mad-1 mRNA levels determined by RT-PCR in Caco-2-untreated cells (C) and in
NE-treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. (B)
e relative quantification of RT-PCR products performed by densitometric scanning is

hown. Data were normalized using the GAPDH signal and expressed as arbitrary
ensitometric units. Values represent the means±S.D. of three independent experi-
ents. Variance analysis: ⁎⁎Pb.01 vs. control. (C) DNA binding activity of Mad-1
anscription factor in Caco-2 cells. Nuclear extracts were obtained from control (C) and
NE-treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. DNA
inding activity was quantified using an ELISA-based kit, as reported in Materials and
ethods. Results are expressed as a percentage with respect to the control cells and
ey are indicated as means±S.D. of three independent experiments.
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24 h from the beginning of treatments. After 48 h from the treatment,
hTERT was still down-regulated, but its expression was higher than
that detected at 24h (Fig. 2A-B). Telomerase activity (Fig. 2C) was also
down regulated in HNE treated cells, paralleling hTERT expression.

3.3. GSH content in HNE-treated Caco-2 cells

In Caco-2 control cells GSH content was 21.5±3.75 nanomoles of
GSH per milligram of protein. Exposure to 1 μM HNE caused
significant decreases in GSH content at 8 h (by 36% of inhibition
with respect to the control), and at 24 h, GSH content returned to the
control values (Fig. 2D).

3.4. HNE effect on hTERT expression, telomerase activity and cell
proliferation in HT-29

In order to determine whether the effect of HNE on telomerase
was a specific phenomenon on Caco-2 cells or a more common
effect on colon cancer cells, telomerase activity and hTERT



824 S. Pizzimenti et al. / Journal of Nutritional Biochemistry 21 (2010) 818–826
expression, after HNE treatment, was also determined in human
colon cancer HT-29 cells.

Fig. 3 shows the analysis of hTERT expression (Panels A–B) and
telomerase activity (Panel C) in control and in HNE-treated HT-29
cells. HNE was able to down-regulate hTERT mRNA expression and
telomerase activity at 8 and 24 h from the beginning of treatments. As
observed in Caco-2 cells, HNE significantly reduced proliferation of
HT-29 cells starting at 24 h (Fig. 3D).

3.5. HNE effect on expression and DNA binding activity of transcription
factors involved in hTERT promoter regulation

The expression of c-myc, mad-1 and sp-1, the major transcription
factors involved in the control of hTERT gene expression, was
examined.

HNE was able to down-regulate c-mycmRNA expression in Caco-2
cells at 24 h (Fig. 4A–B) and Myc DNA binding activity paralleled c-
myc expression (Fig. 4C).
Fig. 6. Gene expression and DNA binding activity of sp-1 in HNE-treated Caco-2 cells.
(A) sp-1 mRNA levels determined by RT-PCR in Caco-2-untreated cells (C) and in HNE-
treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. (B) the
relative quantification of RT-PCR products performed by densitometric scanning is
shown. Data were normalized using the GAPDH signal and expressed as arbitrary
densitometric units. Values represent the means±S.D. of three independent experi-
ments. Variance analysis: ⁎⁎Pb.01 vs. control. (C) DNA binding activity of Sp-1
transcription factor in Caco-2 cells. Nuclear extracts were obtained from control (C) and
HNE-treated cells (10 repeated treatments with 1 μM HNE) at the indicated time. DNA
binding activity was quantified using an ELISA-based kit, as reported in Materials and
methods. Results are expressed as a percentage with respect to the control cells and
they are indicated as means±S.D. of three independent experiments.
An up-regulation of mad-1 mRNA expression was observed at 24
and 48 h after HNE treatments (Fig. 5A–B). Accordingly, an increase of
Mad-1 DNA binding activity (Fig. 5C) occurred at 24 and 48 h in HNE-
treated cells.

The expression of sp-1 transcription factor or its DNA binding
activity did not change after HNE treatment (Fig. 6A–C).

3.6. Effects of HNE in controlling hTERT promoter activity

To confirm the DNA binding assay results, we performed transient
transfection of Caco-2 cells with plasmid constructs containing the
proximal promoter region of the hTERT promoter (Ebox-hTERT-GFP)
and its E-box deleted form (Ebox-less-hTERT-GFP), in control and
HNE-treated cells, as described under Materials and methods. HNE
treatment caused, at 24 h, a significant decrease (54.2%) in the activity
of hTERT promoter containing the E-box and five GC-boxes, when
compared to untreated controls (Fig. 7A).

To assess the role of the Sp-1 transcription factor in HNE-mediated
inhibition of hTERT promoter, the E-box-less-hTERT-GFP construct,
lacking the c-myc recognition sequence but still containing the Sp-1
binding sites, was used (Fig. 7A). After transfection, we did not
observe any significant modulation of promoter activity in HNE-
treated cells, compared with control cells.

The basal activities of the two promoters are different. A reduction
of 50.1% in the untreated cells transfected with the Ebox-less-hTERT-
GFP, with respect to those transfected with the Ebox-hTERT-GFP
construct has been demonstrated.

When cells were transfected with pmaxGFP plasmid, containing a
strong promoter, we did not observe any significant modulation of
promoter activity after HNE treatments, with respect to control cells.
Therefore, transfection efficiency was not affected by the aldehyde
treatment (Fig. 7B). As expected, after transfection with the empty
vector pmaxFP-Green-PRL, no signal was observed.

4. Discussion

Inhibition of cell proliferation, obtained with micromolar doses of
HNE, has also been described in diverse tumour cell lines, such as in
myeloid leukemia [8–10,21], neuroblastoma [16] and osteosarcoma
[45] cells, underlying the importance of this aldehyde in controlling
this parameter. In Caco-2 cells, HNE strongly inhibits proliferation,
induces apoptosis in a small number of cells (15.2% at 72 h) and does
not induce differentiation of this cell line. Thus, the antiproliferative
effect exerted by the aldehyde was not related to differentiation
induction nor to apoptosis, which only partially can contribute to the
reduction of proliferation, but it may be related to the telomerase
activity down-regulation. This phenomenon seems not only restricted
to a specific type of colon cancer cell because we demonstrated that
HNE is able to inhibit telomerase activity and hTERT expression also in
another human colon carcinoma cell line, the HT-29 cells, suggesting
that the effect of HNE on telomerase could be common to other colon
cancer cells.

Although telomerase enzymatic activity can be regulated by
different mechanisms, including alternative splicing, chaperon-
mediated folding, phosphorylation and nuclear translocation [46–
48], transcriptional control of the hTERT gene seems to be the major
control mechanism [49]. Telomerase down-regulation by HNE in
Caco-2 cells does not seem to constitute an exception, as demonstrated
by the inhibition of hTERT gene expression.One of the best characterized
activators of hTERT transcription is the oncogene c-Myc, which is able
to bind specific E-box sequences through heterodimer formationwith
Max proteins. Switching from Myc/Max binding to Mad/Max can
function as a repressor of the hTERT promoter activity [27,50]. The
down-regulation of c-myc gene expression and the up-regulation of
mad-1 expression, after HNE treatment, paralleled hTERT down-



Fig. 7. Transient transfection with plasmid constructs containing the hTERT promoter in HNE-treated Caco-2 cells. (A) Promoter activity determined by Western blot analysis of GFP
protein levels in cells transfected with two different constructs, Ebox-hTERT-GFP and Ebox-less-hTERT-GFP. Transfected cells were nontreated (C) or treated with HNE (10 repeated
treatments with 1 μM HNE) and collected after 24 h from the beginning of the experiment. The graphic represents relative quantification of protein products performed by
densitometric scanning. Data were normalized by using the β-actin signal and expressed as arbitrary densitometric units. Values represent the means±S.D. of three independent
experiments. Variance analysis: ⁎⁎Pb.01 vs. respective control; ††Pb.01 vs. Ebox-hTERT-GFP control. (B) Evaluation of the transfection efficacy by western blot analysis of GFP protein
levels in cells transfected with the empty vector (C−) and with pmaxGFP plasmid containing the strong cytomegalovirus promoter pCMV. Cells were nontreated (C) or treated with
HNE (10 repeated treatments with 1 μM HNE) and collected after 24 h from the beginning of the experiment. The graphic represents the relative quantification of protein products
performed by densitometric scanning. Data are normalized by using the β-actin signal and expressed as arbitrary densitometric units. Values represent the means±S.D. of three
independent experiments.
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regulation. Moreover, the results of c-Myc and Mad-1 DNA binding
assay are in agreement with the respective modulation of gene
expression. Thus, the switch from c-Myc/Max to Mad/Max binding at
the hTERT promoter may occur in HNE-treated Caco-2 cells.

Transient transfection experiments sustain the key role of E-box
elements in the regulation of hTERT promoter activity, since, in Caco-2
cells, the basal activity of the E-box-hTERT-GFP is much higher than E-
box-deleted hTERT promoter (Ebox-less-hTERT-GFP). Moreover, after
HNE treatment, a strong reduction of hTERT promoter activity has
been demonstrated in E-box-hTERT-GFP transfected cells, but not in
Ebox-less-hTERT-GFP transfected cells.

Our results demonstrated that Sp-1 expression is not affected by
HNE. Sp-1 can also be activated by post translational modification,
such as phosphorylation, sumoylation and acetylation [51,52].
However, HNE treatment did not modulate Sp-1 DNA binding nor
hTERT promoter activity in Ebox-less-hTERT-GFP transfected cells,
suggesting that this transcription factor is not involved in our
experimental model.

In order to investigate the contribution of other pathways in the
down-regulation of telomerase activity, we investigated the role of
GSH in our experimental model. GSH is a natural scavenger of HNE
and Borras et al. [35] demonstrated that intracellular GSH content
paralleled telomerase activity in 3T3 fibroblast. However, our results
demonstrate that GSH can only partially contribute to the down-
regulation of telomerase activity. Indeed, when Caco-2 cells were
treated with HNE, we observed a depletion of GSH only at 8 h, when
telomerase activity is not yet significantly inhibited. Thereafter GSH
levels returned to control values while telomerase activity remained
strongly inhibited. Considering all the results presented in this article,
the major mechanism by which this aldehyde exerts the inhibition of
telomerase activity seems to be the regulation of transcriptional
control of the hTERT gene, by modulating the expression of
transcription factors belonging to the Myc/Mad/Max network.
In recent years, a wide variety of noncanonical effects of
telomerase, still important in carcinogenesis and independent of
telomere lengthening, has been discovered [53]. In particular,
telomerase has been shown to be able to inhibit apoptosis [54] and
to affect cell cycle gene expression, such as the induction of p53, p21
[55] and the inhibition of cyclin D1 [56]. Intriguingly, we can
hypothesize that the telomerase inhibition participates in the p21
up-regulation after HNE treatment in Caco-2 cells, as previously
reported [44].

Interestingly, in accordance with the antiproliferative effect of
HNE, here described, it has been reported that the extent of the lipid
peroxidation process, as well as the concentration of the aldehydic
end-products, decreased with the increase of tumor malignancy in
colon adenocarcinoma [57,58]. This impairment of membrane lipid
peroxidation, associated with tumor progression in colon cancer, has
been suggested to be a further mechanism of evading cell growth
regulation through reduced availability of antiproliferative aldehydic
end-products [32].

Since the presence of PUFAs in the diet exposes epithelial colon
cells to HNE, our results suggest that this aldehyde could contribute to
cell growth control, suggesting a protective effect on colon mucosa.
This action is carried out through the inhibition of telomerase activity
and hTERT expression. These features were also demonstrated in
human leukemic cells [21], thus suggesting that the inhibition of
telomerase activity could be a general mechanism involved in the
antiproliferative effect exerted by this aldehyde.
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