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ABSTRACT

Cell adhesion plays an important role in neoplastic transformation. Thus, anchorage-independent growth
and epithelial-mesenchymal transition, which are features associated to anoikis-resistance, are vital
steps in cancer progression and metastatic colonization. Cell attachment loss may induce intracellular
oxidative stress, which triggers DNA damage as methylation changes. HaCaT lineage cells were submitted
to periods of 1, 3, 5 and 24 h of anchorage blockage with the purpose of study of oxidative stress effect on
changes in the DNA methylation pattern, derived from attachment blockade. Through this study, HaCaT
anchorage blockage-induced oxidative stress was reported to mediate alterations in global DNA me-
thylation changes and into TP53 gene promoter pattern during anoikis-resistance acquisition. Further-
more, at the first experimental time-periods (1, 3 and 5 h), genome hypermethylation was found;
however, genome hypomethylation was observed in later time-periods (24 h) of attachment impedi-
ment. The TP 53 methylation analyses were performed after 24 h of replated anoikis-resistance cells and
same methylation pattern was observed, occurring an early (1 and 3 h) hypermethylation that was fol-
lowed by late (5 and 24 h) hypomethylation. However, LINE-1, a marker of genomic instability, was
perceived in time-dependent hypomethylation. The mRNA levels of the DNMTs enzymes were influenced
by cell attachment blockage, but non-conclusive results were obtained in order to match DNMTs tran-
scription to pattern methylation results. In conclusion, DNA damage was found, leaded by oxidative
stress that has come up from HaCaT anchorage blockade, which rises a global genome hypomethylation

tendency as consequence, which might denote genomic instability.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Epithelial cells depend on appropriate cell-matrix attachment
to survive and to maintain their ordinary homeostasis, controlling
appropriate tissue turnover. When the epithelial anchorage to
extracellular matrix is lost, epithelial and endothelial cells ex-
periment the apoptosis phenomenon termed anoikis [1]. This
phenomenon is a programmed cell death, induced upon cell de-
tachment from extracellular matrix, behaving as a critical me-
chanism in preventing adherent-independent cell growth and at-
tachment to an inappropriate matrix, thus avoiding colonizing of
distant organs [2]. Anchorage-independent growth and epithelial-
mesenchymal transition, features associated with anoikis-re-
sistance, are vital steps to cancer progression and metastatic co-
lonization [3]. Thus, these features are some of tumor cells hall-
marks which lead to the increase of cells lifetime and corroborates
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with epithelial-mesenchymal transition events; in a second step,
metastatic malignant cells can reattach in (an)other site(s) [1].

Metastasis of cancer cells to distant sites in the body is re-
sponsible for the vast majority of cancer-related passings. Several
studies have revealed that the loss of attachment to ECM gives up
distinct variety of cellular and molecular alterations which ulti-
mately contribute to the viability of ECM detached cells [4]. Hence,
blockade epithelial attachment in vitro (anchorage blockade) has
been employed as an alternative model to detachment resistance
studies [5,6]. The adverse conditions of anchorage blockade result
in oxidative stress, which leads to serious damage to cell con-
stituents, including DNA, proteins and lipids. It is well known that
DNA is targeted by reactive oxygen species (ROS) which originate
multiple oxidative products able to mutate purine, pyrimidine and
deoxyribose, such as the well-known oxidative damage DNA
marker 8-hydroxy-2’-deoxyguanosine (8-OHdG) [7].

Reports have suggested that oxidative stress affects the epigenetic
machinery, promoting chemical modifications into chromatin, in-
cluding DNA methylation changes. DNA methylation represents the
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addition of methyl radicals (CHs) to cytosine residues in the context
of CpG dinucleotides, especially in CpG-rich regions termed as CpG
islands [8]. This process is achieved by working of a group of en-
zymes named DNA methyltransferases (DNMT1, 3A and 3B) that
have the nucleosome as substrate [9]. CpG islands are enriched in
regulatory regions such as promoters and near the transcription start
site (TSS). It is well known that DNA methylation represents an im-
portant mechanism within carcinogenesis since methylation may
completely silence tumor suppressor genes [8]. Recently, an in vitro
anoikis-resistance model was developed to induce murine melano-
cytes transformation [6]. After submitting non-tumorigenic melan-a
cells to a battery of anchorage blockade cycles (5 sequential ancho-
rage blockades of non-tumorigenic melan-a melanocytes), trans-
formed melanoma cell lineage was obtained (4C11— and 4C11+),
which became tumorigenic and contained dramatically methylated-
altered genome [5].

Based on this previous study, the hypothesis of human kerati-
nocyte cell line HaCaT anchorage-blockage was tested, to also lead
to oxidative stress and DNA methylation changes. Our results re-
port anchorage blockage consequences on oxidative stress, DNA
damage, global DNA methylation pattern, LINE-1 sequence and
TP53 gene, as well as the impact over DNMTs transcription.

2. Materials and methods
2.1. Materials

Dulbecco’s Modified Eagle’s medium (DMEM), penicillin,
streptomycin and fetal calf serum (SFB) were purchased from LGC
Biotecnologia Ltda (Sdo Paulo, SP, Bz). Tween, bovine serum al-
bumin (BSA), [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] (MTT), specific primers, sodium dodecyl sul-
fate (SDS), Trizma, Tween 20, acrylamide, Bis-acrylamide, primers
and catalase were acquired from Sigma Chemical Co. (St. Louis,
MO, USA). OxyDNA Kit was obtained from Calbiochem (Mill Valley,
CA, USA). Primary antibodies anti-5-Methyl Cytosine (5-meC) was
obtained from CALBIOCHEM (°Merck KGaA) (Darmstadt, Hesse,
DE). Secondary antibodies anti-mouse IgG conjugated with PE and
anti-rabbit IgG conjugated with FITC were obtained from BD
Bioscience (San Jose, CA, USA). Proteinase K, Platinum®™ Taq DNA
Polymerase, phenol, chloroform, Alexa Fluor 633-conjugated wheat
germ agglutinin (WGAG633), dichlorodihydrofluorescein diacetate
(H,-DCFDA) and boron-dipyrromethene (C11-BODIPY581/591)
were acquired from Invitrogen/Molecular Probes, Inc. (Eugene, OR,
USA). Bisulfite Conversion Kit (MethylSEQr™) was purchased from
Applied Biosystems (Van Allen Way, Carlsbad, CA). Endonucleases
Taql and Tasl were purchased from MBI-Fermentas (Burlington,
Ontario, CA). GelRed™ was obtained from Biotium Inc. (Hayward,
CA, EUA).

2.2. Methods

2.2.1. Cell culture and anchorage blockade

The human keratinocyte cell line HaCaT was provided by Dr.
Carmen Verissima Ferreira (Biology Institute, University of Cam-
pinas, Sdo Paulo, Brazil). The cells were cultured in Dulbecco’s
Modified Eagle’s medium (DMEM; Sigma Chemical Co.) supple-
mented with 10% fetal calf serum, 100 U/mL of penicillin and
100 pg/mL of streptomycin at 37 °C in a humidified atmosphere
containing 5% CO,. Viability and cell density were determined by
the trypan blue dye exclusion test and sub cultured during 3 days.
For anchorage blockade assays, adherent HaCaT cells were re-
moved from plates via trypsin treatment (DO) and re-plated
(10° cells/mL) on 1% agarose-coated dishes for 1, 3, 5 and 24 h (D1,
D3, D5 and D24). Anchorage blockade effects on cell viability were

evaluated by MTT reduction assay (MTT) as previously described
[10]. Results were expressed as percent of cell viability of un-
treated control cells (DO) (100%).

2.2.2. Catalase cytotoxicity assay

HaCaT cells (3.5 x 10%/well) were seeded in sextuplicate into 96-
well plates in DMEM supplemented with 10% FCS and antibiotics.
After 24 h of incubation at 37 °C in a humidified atmosphere con-
taining 5% CO,, the medium was replaced and cells were then treated
with different catalase concentrations (0.05-2 mg/mL) in DMEM
supplemented with 10% FCS, while control samples were treated
with the corresponding volume of catalase-free culture medium. All
samples were incubated for 24 h at 37 °C in a humidified atmosphere
containing CO, at 5%. After treatment, cell viability was evaluated
through MTT reduction assay (MTT). The results were expressed as
percent of cell viability of untreated control cells (100%).

2.2.3. Assessment of redox status

2.2.3.1. Analysis of intracellular ROS presence and lipoperoxidation
by flow cytometry and confocal microscopy. Intracellular ROS pre-
sence and lipoperoxidation were investigated by means of flow
cytometry and confocal microscopy after incubation with specific
probes. One hour previous to the end of treatment, 1 pM DCFDA
and C11-BODIPY581/591 were added to cell cultures. Cells were
then washed with PBS and fixed in paraformaldehyde 2% in PBS for
one hour. For flow cytometry analysis, cells were washed in PBS,
re-suspended in 300 pl PBS and analyzed (10.000 events were
collected per sample) using FACSCalibur flow cytometer (Becton
Dickinson, CA, USA) through CellQuest software (BD). Cells mem-
branes were labeled with 10 pg/ml Alexa Fluor 633-conjugated
WGA (WGA633) for 30 min, in order to confirm evidence of ROS
presence and lipid peroxidation with confocal microscopy analysis.
Cells were placed onto Cell-Tak coated glass coverslips, washed in
PBS and mounted in Fluoromount-G. Cells were then analyzed
using inverted laser scanning confocal microscope (Zeiss LSM 510
Confocal Microscope, Jena, Germany). The H,-DCFDA was excited
with a 488 nm argon laser and emission was detected by means of
a bypass filter at 500-550 nm, and WGA633 was excited with a
HeNe laser (excitation=633 nm) and light emission was detected
at 635-700 nm. For lipoperoxidation analysis, BODIPY C11 was
excited with 488 nm laser and emission was detected via bypass at
495 to 540 for the oxidized form and 550-610 for the non-oxi-
dized form the BODIPY molecule. Examiner 4.2 (Zeiss) and Adobe
Photoshop 9.2 were the software used for image preparation

2.2.3.2. Measurement of 8-OHdG by flow cytometry. The levels of
8-OHdG, a DNA damage marker for oxidative stress, were mea-
sured by means of specific OxyDNA Test kit conjugated to fluor-
escein isothiocyanate (FITC). After anchorage blockade, the cells
were washed in PBS and fixed in paraformaldehyde 2% in PBS for
1 h. After permeabilization in PBS containing 0.2% Triton-X 100
and 1% BSA for one hour at room temperature, the cells were
washed with Wash Solution and marked according to instructions
(Calbiochem). The intensity of FITC fluorescence was measured
with flow cytometer (10.000 events were collected per sample)
using FACSCalibur flow cytometer (Becton Dickinson, CA, USA)
through CellQuest software (BD).

2.2.4. Levels of Long Interspersed Nuclear Element-1 (LINE-1) me-
thylation via COBRA PCR analysis

The genomic DNA was purified using the phenol/chloroform/
isoamilic alcohol sequence protocol. The purified gDNA was
modified by sodium bisulfite treatment using MethylSEQr™ Bi-
sulfite Conversion commercial kit, according to manufacturer’s
instructions (Applied Biosystems). The modified DNA was eluted in
50 pL of 1.0 mM TE buffer (pH 7.6). The bisulfite-treated DNA was
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submitted to 40 cycles of PCR using the follow primers set: foward
5'-CCGTAAGGGGTTAGGGAGTTTTT-3’ and reverse 5'-
RTAAAACCCTCCRAACCAAATATAAA-3’ at the annealing tempera-
ture of 50 °C, aiming to generate 160 bp amplicons. Amplicons
were further digested with Tagl (2 U) and Tasl (2 U) in Taql buffer
(MBI Fermentas) at 65 °C overnight. The methylated amplicons,
Tagl positive, yielded two 80 bp DNA fragments; whereas the
unmethylated amplicons, Tasl positive, yielded 63 and 97 bp
fragments. After digestion, samples were electrophoresed in an 8%
non-denaturing polyacrylamide gel, stained with GelRed (Biotium)
and the intensities of the LINE-1 fragments in the polyacrylamide
gel were quantified through a photo-imager (MultiDoc-It™ Ima-
ging System) and graphics software/Scion Image (Scion Corpora-
tion). The details for band intensity quantitation were fully de-
scribed elsewhere [11].

2.2.5. Analysis of 5-methylcytosine (5-meC) content by flow
cytometry

After anchorage blockade, HaCaT cells were harvested by cen-
trifugation, washed with PBS and fixed in paraformaldehyde 2% in PBS
for 1 h at room temperature. Cells were then permeabilized in PBS
containing 0.2% Triton-X 100 and 1% BSA for 1 h at room temperature
and washed with PBS. For 5-meC evaluation, cells were incubated for
1 h at room temperature with 50 pl of specific primary antibody to
5-meC (Calbiochem) at final concentration of 1 mg/ml, followed by
incubation for one hour in the dark and at room temperature with
anti-mouse IgG PE-conjugated and anti-rabbit IgG FITC-conjugated
secondary antibodies (BD Bioscience). The antibodies were diluted
according to manufacturer's instructions. Cells were then washed in
PBS, resuspended in 300 pl PBS and analyzed (10.000 events were
collected per sample) using FACSCalibur flow cytometer (Becton
Dickinson, CA, USA) through CellQuest software (BD).

2.2.6. RNA isolation and real-time quantitative-polymerase chain
reaction (RT-PCR)

Total RNA was extracted from adherent (DO) and deadherent
(D1, D3, D5 and D24) HaCaT cells with TRIzol reagent (Invitrogen,
Carlsbad, CA). Previously, 2 pig of total RNA was treated with DNase
(Invitrogen, Carlsband, CA, USA) and followed by input for cDNA
synthesis with Superscript Il (Invitrogen) according to manufac-
turer's instructions. The reaction of qPCR carried out in a total
volume 10 pl, containing SYBR Green I Master 1 x (5 pl) (Light-
Cycler® 480, Roche Applied Science, 250 nM of each primer, 2 pL
of ¢cDNA and nuclease free H,O. PCR conditions were: 95 °C for
10 min, 45 cycles at 95 °C for 10 s. Primers and annealing tem-
perature to amplify reference gene (GAPDH) along DNMTI,
DNMT3A, and DNMT3B are described in Table 1. The qPCRs were
performed at Light Cycler 480 II (Roche). Determination of relative
levels of gene expression was performed using the cycle threshold
(Ct) method in reference to GAPDH gene expression.

Table 1
Expression primers sequences and PCR cycle conditions I.

2.2.7. TP53 methylation analysis by methylation-sensitive restriction
enzymes

To evaluate the TP53 methylation status of anoikis-resistance
cells, HaCaT cells were exposed to anchorage blockade for 1, 3,
5 and 24 h as described above and after different time-points, cells
were re-plated in normal conditions. After 24 h in culture, the cells
were washed with PBS and trypsinized and the gDNA was ex-
tracted using the phenol/chloroform/isoamilic alcohol sequence
protocol. For TP53 gene analysis, gDNA was initially digested by
Hpall enzyme at 37 °C for 16 h, which recognized the restriction
site (CCGG). Hpall enzyme is sensitive to methylation and CpG
methylation blocks enzyme activity. After Hpall treatment, the
templates were subjected to semi-quantitative PCR in order to
compare methylation levels in the different groups. Therefore, a
specific number of cycles of PCR reaction were defined at the ex-
ponential phase of amplification. An aliquot of 50 ng (10 pl) of the
digested product was then used as template in PCR reaction:
12.5 ul Green Master Mix, 1 ul each primer: 5’-CTCCCCAACTC-
CATTTCCTT-3' and antisense 5’-TGGACGGTGGCTCTAGACTT-3’,
with 186 bp. The PCR was performed for 28 cycles under the fol-
lowing conditions: 95 °C, 5 min, 30 x (95 °C, 1 min; 62 °C, 1 min;
72 °C, 1 min), 72 °C, 7 min. Then, a 5 ul PCR reaction was electro-
phoresed on polyacrylamide gel, stained with SYBR Gold and
photographed. Amplified DNAs of TP53 gene were used as controls
for restriction enzymes. An input of 100 ng of amplified DNA was
submitted to restriction of each enzyme in order to ensure their
effectiveness. The non-enzyme treated control DNA sample was
always amplified with the primers, in parallel with the enzyme-
treated samples, and both were subjected to electrophoresis in
adjacent lanes. This provided a positive control for the PCR reac-
tion and for DNA loading.

The intensity of the bands related to the samples are be ob-
tained using Scion Image software and results are shown in per-
cent as mean + standard deviation. Our relative quantification
considered that non-digested samples represented the totally
amplified DNA template (100% of the initial template copies were
amplified). Ttis way, the value of the quantification of enzyme-
digested samples was subtracted from the value of the quantifi-
cation of non-digested samples. This difference is the relative va-
lue of the not amplified unmethylated DNA. Therefore, methyla-
tion levels were classified into three groups: unmethylated =when
the intensity of band matched from 0% to 25% of undigested DNA
PCR band (0-25% of methylation); partially methylated=when the
intensity of band matched from 25% to 75% of undigested DNA PCR
band (25-75% of methylation); Methylated=when the intensity of
band matched from 75% to 100% of undigested DNA PCR band (75-
100% of methylation). DNA samples which were not treated with
restriction enzyme were considered as control template, re-
presenting 100% of input DNA amplified after PCR.

Gene Primer Sequence Annealing temperature Extension temperature Fragment

GAPDH Forward 5’-CCA CTCCTCCAC CTTTGA C-3’ 56 °C 15s 103 bp
Reverse 5’-ACC CTGTTGCTG TAGCCA-3

DNMT1 Forward 5’-ACC TGGCTAAAG TCAAAT CC-3’ 56 °C 20s 80 bp
Reverse 5’-ATT CACTTCCCG GTTGTA AC-3’

DNMT3A Forward 5’-GAA GGACTTGGG CATTCA GGT-3’ 56 °C 20s 105 bp
Reverse 5°-CCGACGTAC ATGATCTTC CC-3’

DNMT3B Forward 5’-CGA GTCCTGTCA TTGTTTGAT GG-3’ 56 °C 20s 60 bp
Reverse 5’-GCG ACGTACTTT CCTACCTTT ATG-3'

In all runs, a negative control containing master mix, RNA free water and primers, but no cDNA, was included. All reactions were made in duplicate, both genes of interest —
DNMT1, DNMT3A and DNMT3B - as for the housekeeping gene — GAPDH. The analysis of melting curves were performed on heating ramp from 65 °C to 95 °C with 25

acquisitions/°C. F= forward; R= reverse.
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3. Statistical analysis

All tests were performed in three independent experiments
and analyzed in duplicate. Results were expressed as mean + -
standard deviation. Statistical analysis was performed by the
Student's t-test, or analysis of variance (ANOVA) followed by the
post hoc Tukey test when more than two groups were compared
using Instat software (SigmaStat for Windows version 3.1, Systat
Software Inc., USA). Differences were considered significant at
P <0.05, representing two-sided test of statistical significance.
Densitometric analysis of bands was performed using the Scion
Image software.

4. Results

4.1. Anchorage blockade induced reactive species of oxygen (ROS)
generation in keratinocytes

The non-tumorigenic human keratinocyte lineage HaCaT was
submitted to anchorage blockade through blocking adhesion to
substrate, as described above. After 1, 3, 5 and 24 h of anchorage
blockade, the cell viability was evaluated by MTT reduction in
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As shown in Fig. 1A, HaCaT cells reached 50% of viability (ICsq
value) only after 24 h of anchorage blockade. Following, the
emergence of oxidative stress induced by blocking adhesion on
keratinocytes was investigated. The analysis of intracellular ROS
production was performed by flow cytometry and confocal mi-
croscopy, using the oxidation-sensitive fluorescent probe DCFH-
DA. The diacetate form of DCF (H,-DCFDA) is taken up by cells and
hydrolyzed to membrane-impermeant dichlorofluorescein (DCFH),
which is oxidized in the presence of ROS to form the highly
fluorescent dichlorofluorescein (DCF). As shown in Fig. 1B (An-
chorage Blockade) and Fig. 1C, significant increase in the in-
tracellular ROS production was observed in a time-dependent
manner after blocking adhesion when compared to control cells
(adherent - DO). Considering that ROS may be involved in the
cytotoxic effects observed by anchorage blockade, the HaCaT cells
were pre-treated with catalase. In order to test if catalase pre-
treatment was able to avoid the cytotoxic effects of anchorage
blockade, the catalase cytotoxicity after a 24-h incubation period
using the colorimetric MTT assay was initially evaluated. The re-
sults (data not shown) showed that catalase was not cytotoxic at
concentrations below 2.0 mg/ml. Then, to confirm the catalase
cytoprotective potential, HaCaT cells were submitted to anchorage
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Fig. 1. Effects of anchorage blockade on cell viability and intracellular ROS production. (A) HaCaT plated on blocking adhesion to substrate for 1, 3, 5 and 24 h (D1, D3, D5 and
D24). After anchorage blockade the cells were re-plated in normal growth conditions, and cellular viability was assessed after 24 h by MTT reduction. The results were
expressed as percentage of control (DO) cell viability (100%) and represented as mean + SD of three independent experiments run in triplicate. (B) Significant increase of
intracellular ROS production was detected by flow cytometry in suspended (D1, D3, D5, and D24) when compared to control cells (DO) using the oxidation-sensitive
fluorescent probe DCFH-DA during anchorage blockade. (C) Confocal microscopy of intracellular ROS using the oxidation-sensitive fluorescent probe DCFH-DA. Anchorage
blockade significantly increases intracellular ROS production in a time-dependent manner compared with control cells (DO and D) catalase treatment affected ROS pro-
duction during anchorage blockade. Membranes were stained with WGA633. Images are representative of three independent experiments. Bars=20 pm.*P < 0.05 compared
with control DO (Anchorage Blockade), **P < 0.05 compared with control DO (Anchorage Blockade + Catalase) and ***P < 0.05 compared between anchorage blockade and

Anchorage Blockade + Catalase groups.
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blockade in medium containing 0.2 mg/ml of catalase. The results
from flow cytometry assay and confocal microscopy assay showed
that catalase significantly reduced ROS generation during different
periods of cell adhesion blockade when compared to control cells
(adherent - DO) (P < 0.05) (Fig. 1B — Anchorage Blockade + Catalase
and Fig. 1D, respectively).

4.2. Oxidative stress promotes lipid peroxidation, oxidative DNA-le-
sions and genomic instability during anchorage blockade

ROS can damage not only DNA, but also other cellular compo-
nents such as lipids. In consequence, the application of lipid per-
oxidation using fluorescent probe method C11-BODIPY581/591
was investigated, as previously described by Pensalfini and colla-
borators [12]. Lipid peroxidation after anchorage blockade was
also investigated by flow cytometry and confocal scanning mi-
croscopy. In particular, C11-BODIPY581/591 by mimicking the
properties of natural lipids [13] can be used to measure
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antioxidant activity in lipid environments, since it behaves as a
fluorescent lipid-peroxidation reporter that shifts its fluorescence
from red to green when challenged with oxidizing agents [14].
After the cells anchorage blockade assay, a gradual reduction of
the red fluorescence (Fig. 2A — Anchorage Blockade) followed the
concomitant green fluorescence increase (Fig. 2B - Anchorage
Blockade) were observed through flow cytometry analysis, which
provided indication of lipid peroxidation. Using confocal micro-
scopy, the oxidation of C11-BODIPY581/591 can have been at cel-
lular level. Over time, in the presence of normal cellular mem-
branes, the C11-BODIPY581/591 fluorophore maintained its red
fluorescence (610 nm) and presented no green fluorescence
(510 nm). During anchorage blockade, the BODIPY fluorophore
decreased in red fluorescence and increased in green fluorescence,
confirming membrane oxidation (Fig. 2C). After confirmation of
lipid peroxidation, the ROS-mediated DNA damage was in-
vestigated by dint of measuring the genome 8-OHdG levels.
Aiming to explore the presence of oxidized bases which could be
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Fig. 2. Anchorage blockade-induced HaCaT cell damage oxidative is mediated by oxidative stress. Lipid peroxidation was analyzed by flow cytometry and confocal mi-
croscopy in suspended (D1, D3, D5, and D24) and adherent (DO) HaCaT using the oxidation-sensitive fluorescent probe C11-BODIPY581/591. The oxidation of C11-BODI-
PY581/591 fluorophore is monitored simultaneously at 510 nm and 610 nm, A and B respectively. (A) Flow cytometry analysis demonstrated significant reduction in the
intensity of red fluorescence (nonoxidized probe), and (B) increased fluorescence intensity of green fluorescence (oxidized probe). (C) Fluorescence micrographs obtained by
confocal microscopy analysis revealed increased lipid peroxidation in a time-dependent manner compared with control cells (DO). Images are representative of three
independent experiments. Bars=20 pm. (D) Flow cytometry analysis showing oxidative DNA damage. Note a time-dependent increase in fluorescence intensity of the
8-OHdG during anchorage blockade. (E) Comparison of the percentages of methylation patterns of LINE-1 detected by COBRA PCR in HaCaT cells during anchorage blockade
and Anchorage Blockade+ Catalase. Black horizontal bars represent the median (IQR). The results were expressed as percentage of control (DO) lipid peroxidation and
oxidative DNA-lesions (100%) and represent the mean + SD of three independent experiments run in triplicate.*P < 0.05 compared with control DO (Anchorage Blockade),
**P < 0.05 compared with control DO (Anchorage Blockade +Catalase) and ***P < 0.05 compared between Anchorage Blockade and Anchorage Blockade + Catalase groups.
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Fig. 3. Global DNA methylation and DNMTs expression levels during Anchorage Blockade. Total global DNA methylation and DNMTs expression levels were evaluated by
flow cytometry and RT-PCR analysis in HaCaT cells exposed to blockade adhesion to substrate for 1 to 24 h, compared to the adherent cells (DO). (A) The effects of Anchorage
Blockade on global DNA methylation were also demonstrated by flow cytometry analysis of cells stained with anti-5-meC specific antibody (Calbiochem). Results were
represented as mean + standard deviation of three independent experiments. (B-D) The levels of DNMT1 (A), DNMT3A (B) and DNMT3B (C) mRNA detected by RT-PCR
analysis. Expression was normalized to GAPDH mRNA levels. Results were represented as mean + standard deviation of three independent experiments performed in
duplicate. *P < 0.05 compared with control DO (Anchorage Blockade), **P < 0.05 compared with control DO (Anchorage Blockade+ Catalase) and ***P < 0.05 compared

between Anchorage Blockade and Anchorage Blockade + Catalase groups.

produced by oxidative events during anchorage blockade, the
8-OHdG levels were determined by flow cytometry. As disclosed in
Fig. 2D, anchorage blockade promoted genotoxicity, as demon-
strated by the increased fluorescence intensity of 8-OHdG.

Therefore, Combined Bisulfite Restriction Analysis (COBRA)
assay was performed to assess the methylation levels of LINE-1 in
different periods of blocking cell adhesion. Statistical differences
were found and results clearly revealed hypomethylation ten-
dency in a time-dependent manner in response to anchorage
blockade (Fig. 2D). In an additional set of studies, catalase was
added to the cells during anchorage blockade as a test to de-
termine if the oxidative damage to HaCaT cells could be prevented.
Results demonstrated that lipid peroxidation did not occur when
HacCaT cells were submitted to anchorage blockade in the presence
of catalase (Fig. 2A and B - Anchorage Blockade+ Catalase); thus,
preventing the occurrence of oxidative DNA-lesions and LINE-1
hypomethylation events during to anchorage blockade (Figs. 2D
and 3E - Anchorage Blockade + Catalase).

4.3. Catalase treatment prevents DNA methylation changes during
anchorage blockade

Blocking adhesion to substrate promoted increase in global
DNA methylation levels (5-fold) in suspended HaCaT cells (D1)
when compared to adherent ones (DO) (Fig. 3A - Anchorage
Blockade). However, after the first hour, the 5-meC levels pro-
gressively decreased, maintaining the hypermethylation status
during 3 and 5 h while in suspension (D3 and D5) and normalizing
up to 24 h (Fig. 3A - Anchorage Blockade). Since the increase in
ROS production and hypermethylation events have direct

association in this model, the effect of catalase treatment during
the anchorage blockade in global DNA methylation levels was
evaluated. Results showed that catalase completely prevents
5-meC increase levels during all periods (D1, D3, D5 and D24) of
cells suspension if compared to control cells (DO) confirming the
involvement of oxidative stress in this process (Fig. 2A - Ancho-
rage Blockade + Catalase).

4.4. DNA methyltransferases (DNMTs) expression during HaCaT an-
chorage blockade

In order to determine if the altered level of DNA methylation
observed during blocked anchorage is associated to differential
expression of DNMTs, DNMT1, 3A and 3B mRNA content at dif-
ferent time-points (DO, D1, D3, D5 and D24)were evaluated. Re-
sults showed mild increase of DNMT1 mRNA in D1 when com-
pared to DO (catalase free-medium) and reduction when com-
pared to other time-points (Fig. 3B). In turn, DNMT3B mRNA
reached significant increase in D5 when compared to other time-
points (catalase free-medium) (P < 0.05) (Fig. 3D). No differences
were found in DNMT3A (Fig. 3C). Results showed that catalase
treatment promotes significant decrease in DNMTs mRNA
levels during anchorage blockade (Fig. 3B-D) (Anchorage
Blockade + Catalase).

4.5. TP53 methylation pattern

The methylation status of a CpG site-specific into TP53 gene
promoter in anoikis-resistance cells was investigated in order to
verify the methylation status of a specific gene which takes part in
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Fig. 4. P53gene promoter methylation analysis in anoikis-resistant HaCaT cells. After different time-points of anchorage blockade (D1, D3, D5 e D24) the cells were re-plated
and anoikis-resistant HaCaT cells were cultured in adherent normal conditions. After 24 h of the re-plated the P53 methylation pattern in anoikis-resistant cells were
performed by specific restriction endonuclease digestion as described in Section 2. (A) Schematic representation of amplified region of P53 gene. The sequence amplified
shows primers set in red and underlined bases containing CG dinucleotide show sequences amenable to recognize by restriction enzymes Hpall (CCGG). (B) One re-
presentative electrophoresis of Hpall-PCR P53 methylation. (-) indicates non-digested DNA samples and (+ )Hpall-digested DNA samples. (C) Densitometric analysis of the
P53 methylation after 24 h anchorage blocked. The percentage of P53 gene promoter methylation is performed relation between band intensity to control samples (un-
digested) by intensity of Hpall-digested DNA samples. The percentage of P53 gene promoter methylation is performed by dividing the intensity of the band related to control
samples (undigested) by band intensity on the Hpall enzyme digestion (methylation sensitive). Results were represented as mean + standard deviation of three independent
experiments performed in duplicate. *P < 0.01 compared with control (D0) and **P < 0.05 compared with control (D0) and anoikis-resistant cells (D1 and D3).

the cellular cycle control. The promoter region of TP53 gene con-
tains CpG sites placed between bases -277 and -91 (GenBank Ac-
cession Number ]J04238). Hpall restriction site was placed up-
stream and represented the unique CCGG consensus sequence
(Fig. 4A). Results showed TP53 gene promoter was partially me-
thylated (63%) in DO group and then anchorage blockade pro-
moted significant hypermethylation in groups D1 and D3 (92% and
95%, respectively) and hypomethylation in D5 and D24 if com-
pared to TP53 methylation pattern of HaCaT anoikis-resistance cell
to control group (DO) (Fig. 4B).

5. Discussion

It is well known that cell-cell and cell-ECM interactions play
crucial roles in controlling appropriate cellular functions. Thus,
cell-detachment-induced apoptosis is a self-defense strategy used
to eliminate ‘misplaced’ cells [1]. In this context, the anchorage
blockade is an experimental model used in the anoikis resistance
and carcinogenic transformation studies, by means of enabling the
identification of biochemical, the genetic and epigenetic altera-
tions involved in homeostatic loss control [6]. The efforts are pri-
marily based in the belief that the use of experimental models
which enables studies on how normal cells may respond to ad-
herence lock will certainly help to decipher the role attributed to
of the anoikis resistance and carcinogenic process.

In the present study, the effects promoted by de-attached
model was analyzed by submitting the non-tumorigenic human
keratinocyte lineage HaCaT cells to anchorage blockade for 1, 3,
5 and 24 h. The exposure of HaCaT cells to adhesion impediment
induced oxidative stress from the moment increased levels of in-
tracellular ROS production and lipid-peroxidation were found. Due
to its characteristics, lipid components of the membranes are the
preferential targets of oxidants species. The lipid peroxidation is
able to trigger an autocatalytic cascade that generates numerous
genotoxic substances, which are able to damage the integrity of

the DNA [15]. Lipid peroxides, formed by the attack of radicals on
polyunsaturated fatty acid residues of phospholipids, are able to
react further with redox metals, finally producing mutagenic and
carcinogenic malondialdehyde, 4-hydroxynonenal and other exo-
cyclic DNA adducts [16].

In this context, 8-OHdG is one of the major forms of free ra-
dical-induced DNA oxidative lesions and it has, therefore, been
widely used as a biomarker for oxidative stress. The results of this
study clearly showed a time-dependent increment of 8-OHdG.
After periods of 3, 5 and 24 h of anchorage blockade, the 8-OHdG
levels in no-adherent cells (D0O) have increased significantly if
compared to their adherent counterparts (D3, D5, D24). In CpG
dinucleotides, the cytosine is the preferred base for DNA methy-
lation, whereas the guanine is the site for oxidative damage.
Consequently, the oxidation of guanine to 8-OHdG converts the N7
position of guanine from a hydrogen bond acceptor into a hydro-
gen bond donor, as well as it replaces the 8-proton with an oxygen
atom. Replacement of guanine to 8-OHdG diminishes MBP binding
substantially when 8-OHdG is adjacent to the 5-methylcytosine
and may promote genomic instability and DNA methylation
changes [17].

LINE-1 hypomethylation in cancer cells is correlated to genome
instability, leading to retro transposition activation, endogenous
DNA double-strand break (EDSB) repair, and the dysregulation of
DNA repair genes [18]. However, the relationship between in-
creased oxidative stress and hypomethylation of LINE-1 is still
completely unknown [19]. This study shows, for the first time, the
relationship between LINE-1 hypomethylation and oxidative stress
during the anchorage blockade and it has been found as one of the
first evidences of anchorage blockade genomic instability promo-
tion in normal human keratinocytes. LINE-1 is one amongst dif-
ferent types of transposable repetitive sequence elements and it
represents approximately 17% of human genome; thus, LINE me-
thylation investigation is widely considered and used to compose
studies of global methylation. LINE hypomethylation is directly
associated with increased genomic instability [11,18,20] and
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reinforce the hypothesis of association between cellular redox
state and changes in global DNA methylation pattern [16,21].
Oxidative stress and DNA methylation are metabolically linked by
the relationship between the metabolism of one-carbon and the
transsulfuration pathway Glutathione (GSH), a product of trans-
sulfuration pathway donates one electron to reactive oxygen
species;a reaction in which the enzyme glutathione peroxidase
takes part [22]. However, in order to produce glutathione, the cell
metabolism may promote disorders in the cycle of molecules
which are implicated to produce S-adenosylmethionine (SAM), the
main substrate of DNMTs, since GSH derived from Cys, a product of
homocysteine (Hcy) that takes part within methionine cycle [21].

The current work emphasizes the importance of cellular redox
state and changes in global DNA methylation. It is noteworthy that
results demonstrated that oxidative stress is able to exert influence in
genomic instability and DNA methylation patterns, promoting in-
crease in the 5-methylcytosine levels in the trial. Another interesting
phenomenon observed in this study which should be further ex-
plored is the progressive decrease in global 5-methylcytosine levels
during 3 and 5 h and the equating of 5-methylcytosine levels after
24 h. Two working hypotheses can be generated; the existence of a
“cellular epigenetic memory”, which may be contributing to cellular
epigenetic machinery and the restoration of the initial epigenetic
patterns as a defense mechanism to maintain DNA methylation
pattern. Studies show that increased oxidative stress causes DNA
lesions resulting in increased DNA repair activity to reverse the global
DNA methylation patterns changes [23,24]. However, we shall not
affirm that epigenetic marks are the same as results herewith only
showed global DNA methylation patterns after exposure to cell ad-
hesion block for 24 h. Necessary Additional studies are required, with
the view to assess the patterns and specific genes, aiming to confirm
that cells exposed to blocked anchorage during a 24-h period do not
evidence epigenetic changes, camouflaged by the normalization of
global methylation patterns of observed DNA.

The maintained DNA methylation pattern in mammal cells is
mainly by DNMT1 action of hemi-methylated parent-daughter du-
plexes during DNA replication and plays an important role in main-
taining genomic stability and gene regulation [25-27]. For this reason,
in this experimental model, the time period of 24 h was applied,
mainly because the doubling time for this cell line is approximately
22 h. Curiously, data demonstrated that anchorage blockade-induced
oxidative stress promotes global DNA hypermethylation during the
adhesion impediment, but no correlate with the DNMTs gene ex-
pression in all the time-point was noticed. Importantly, the oxidation
of guanine into 8-oxoguanine within a CpG dinucleotide or DNA da-
mage may alter the specificity of DNMTT1, either inhibiting the me-
thylation of hemimethylated sites or triggering the inappropriate
methylation of previously unmethylated sites [28].

Several aspects of dynamic action of DNMTs and TETs enzymes
in the regulation of DNA methylation pattern have been described
in different biological conditions. Of interest, the oxidative stress
ability to modulate changes in the global DNA methylation during
adhesion impediment in murine non-tumorogenic melanocyte by
increase in DNMTs expression has been studied [6,29]. However, in
human cells, this mechanism is undetermined and was not clear.
Though, some studies suggest that DNMTSs’ overexpression could
be responsible for hypermethylation observed in promoter regions
of tumor suppressor in tumor cells during the carcinogenic pro-
cess, but until now, this hypothesis is not clear [30,31]. In-
vestigations demonstrated similar results were revealed inhibition
of ROS production resulted in the decrease of DNMT upregulation
and DNA methylation [32].

Campos and collaborators [6] had not observed differences be-
tween melan-a catalase treatment during adhesion impediment.
Through this, it is believed that the difference in response may be
due being different cell types with distinct biological functions.

Differences were found after the HaCaT catalase-treatment in the
DNMTs levels at all time-points in the experiments, including DO. It is
probable that the difference after catalase-treatment in the DO time-
point is a result of existing oxidative stress background into the cells
maintained in culture. In spite of the demonstration that oxidative
stress modulated the levels of mRNA transcription of DNMTs and
DNA methylation pattern [6], but in the experimental model it was
not possible to have these variations directly correlated to the ones
observed in global DNA methylation pattern, this fact may be related
to experimental conditions. Acting together with the DNMTs in
maintaining the DNA methylation pattern, there is the action of Ten-
Eleven Translocation (TET)-family demethylases proteins (TETs) [24].
In this context, another possibility would be the oxidative stress
upregulation TETs mRNA expression or activity promoting an im-
balance in the action of DNMTs and TeTs, favoring observed
hypermethylation.

In addition, detached or misplaced cells are able to overcome
anoikis and survive for a certain period of time in the absence of the
correct signals from the extracellular matrix (ECM). Nevertheless, if
cells are able to adapt to their new environment, then they have
probably become anchorage-independent, which is one of the hall-
marks of cancer cells [33]. In this way, after confirmation of the
changes shown above, effects of epigenetic alterations were in-
vestigated and observed during the adhesion impediment in the
process of acquisition of anoikis resistance. Anoikis resistance and
anchorage-independency allow tumor cells to expand and invade
adjacent tissues to disseminate through the body, giving rise to
metastasis. Thus, overcoming anoikis is a crucial step in a series of
changes undergone by tumor cells during malignant transformation.
Results demonstrated the anoikis-resistant HaCaT cells presented
characteristics compatible to tumor cells, as TP53 hypermethylation.

In order to know if HaCaT cell line has P53 mutation at dipyr-
imidine sites in codon 179 of exon 5 and 281 and 282 of exon 8 have
been implicated in the mechanism of immortalization of this cell line
[34]. However, one study demonstrated that blocking mutated p53
partially blocked UVB-induced apoptosis in HaCaT cell line and fur-
thermore confirm the key role for p53 apoptosis in human kerati-
nocytes. Moreover, these results clearly demonstrated that p53 must,
at least in part, remain functional in spite of its mutation points in
HaCaT [35]. Thus, our study demonstrates, for the first time in human
cell line, results which indicate that the involvement of methylation
in the P53 gene promoter motivated by oxidative stress in experi-
mental model of acquisition resistance anoikis.

Results support the possibility that the DNA methylation status
changes were induced in cells selected for resistance to anoikis. It
was shown that oxidative stress can have opposing effects on cell
survival [36]. On the one hand, ROS production following cell
detachment correlates with anoikis [37]. However, it is believed
that this metabolic stress may be bypassed by the epigenetic in-
activation of important tumor suppressor genes, as the TP53 and
activation of oncoproteins, which may be rescues the ATP defi-
ciency by restoring glucose uptake [38]. In contrast, increased ROS
production has been detected during metastasis, which is probably
related to hypoxia and in this situation could have a protective
effect, associated to the ability of ROS to elicit pro-survival signals
[39]. The role of ROS in anoikis protection is likely to be dependent
on several factors and also to be influenced by the potent crosstalk
between integrins, growth factor signaling and DNA methylation.
It is possible that in cells capable of survival without adhesion to
the substrate, another set of genes is activated, thus a detailed
study of DNA methylation dynamics during these processes is
necessary and will greatly help to better tease apart the molecular
events which occur during the anoikis-resistant HaCaT.

In summary, this work provides new contribution to the com-
prehension of mechanisms involved in the response of human
keratinocytes during adhesion impediment and anoikis-resistant
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acquisition. These results enrich the literature on the effects of ROS
on global DNA methylation pattern; however, complementary
studies are necessary to clarify how metabolic mechanisms influ-
enced this process in normal keratinocytes upon exposure to an-
oikis-resistant model.
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