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DNA methylation is related to the occurrence of breast cancer
and is not affected by culture conditions
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Abstract. The present study aimed to explore the relationship
between DNA methylation and breast cancer under different
cell culture conditions. MCF-7 breast cancer cells were
cultured in two-dimensional (2D), three-dimensional (3D) and
orthotopic transplantation (Ti) adhesion substrates. Principal
component analysis (PCA) was used for global visualization
of these three samples. The methylation status of CpG sites
was examined by unsupervised clustering analysis. Scatter
plots and histograms were constructed from the mean
B-values from 3D vs. 2D, 3D vs. Ti and Ti vs. 2D analysis. In
addition, analyses of Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
were conducted to explore the putative biological functions
in which mutL homolog (MLH), phosphatase and tensin
homolog (PTEN), runt-related transcription factor (RUNX),
Ras association domain family (RASSF), cadherin 1 (CDH]I),
0O-6-methylguanine-DNA methyltransferase (MGMT) and
P16 may serve a role. Quantitative methylation-specific
polymerase chain reaction (QMSP) was performed to
determine the influence of culturing conditions on important
gene expression. Results from PCA analysis indicated that
the three samples were closely connected with each other.
Venn diagrams revealed that certain differential methylation
positions were common among the three sample groups,
and 116 CpG positions were identified that appeared to be
hypermethylated. The methylation patterns were more similar
between 3D vs. 2D cultures compared with those between
3D vs. Ti or between Ti vs. 2D. Results of GO term and KEGG
pathway analyses indicated that genes were enriched in four
pathways, including transporter activity and G-protein coupled
receptor activity. In addition, QMSP analysis identified no
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notable differences in the methylation status of MLH, PTEN,
RUNX, RASSF, CDHI, MGMT and P16 under 2D, 3D and Ti
culture conditions. In conclusion, abnormal DNA methylation
is related with breast cancer, and the methylation status did not
change in breast cancer cells cultured in different conditions.

Introduction

Breast cancer is a heterogeneous disease and is the most
frequently diagnosed type of cancer in women, with an
estimated 1.38 million new cases per year worldwide (1).
Breast cancer patients with the same stage of disease may
have different treatment responses and overall outcome (2).
In breast cancer, epigenetic modifications are often noticed,
including aberrant DNA hypermethylation (3). As previously
reported, DNA methylation often occurs at carbon-5 of cyto-
sine residues in CpG dinucleotides (4). Methylation changes in
CpG islands (CGI) and CpG shores (low CpG density areas
~2 kb close to CGI) affect gene expression and reprogram-
ming (5,6). In general, hypermethylation of CpG sites at tumor
suppressor gene promoters and hypomethylation at oncogene
promoters is thought to be involved in cancer (7). CpG islands
are often observed in the promoter region and serve a crucial
role in regulating key cellular functions (8). Hypermethylation
in gene promoters seems to be an early event in carcinogenesis
and the number of genes affected increases with breast cancer
progression (9). DNA methylation has long been considered
a key regulator of gene expression. The genetic basis of gene
expression has been investigated across tissues and popula-
tions (10). It plays an important regulatory role in eukaryotic
genomes. Alterations in methylation can affect transcription
and phenotypic variation (11). A previous study indicated
that genetic variation may have a substantial impact on local
methylation patterns (12).

The culture of mammalian cells in vitro provides a
defined platform for investigating cell and tissue physiology
and pathophysiology outside of the organism (13).
Traditionally, this has been done by culturing single cell
populations on two-dimensional (2D) substrates such as
tissue culture polystyrene (TCPS) or the surface of tissue
analogs (14). Experiments with these 2D cell constructs have
provided the base for preliminary interpretation of complex
biological phenomena, including molecular biology, stem
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cell differentiation, and tissue morphogenesis. Furthermore,
2D experiments have given rise to seminal findings in the
dynamic association between cell function and interactions
with the cellular microenvironment (15). However, previous
work demonstrated that cells often exhibit unnatural behavior
when excised from native three-dimensional (3D) tissues and
confined as a monolayer (16). 2D culture is technically easier
and simple, but there is a lack of a natural microenvironment.
Tumor cell growth is easily affected by internal and external
environments and the cost of 2D culture is high. 3D culture
can simulate the complex growth environment in the body,
tumor tissue complex signal transduction pathways and the
formation of new blood vessels (17). It is similar to Ti culture,
it can simulate cell complex growth environment and is easy
to establish, but it is still different from the internal growth
environment for tumor cells. However, whether changes
in DNA methylation state are influenced by the cell culture
method in breast cancer is still unknown.

In the present study, it was aimed to investigate the influ-
ence of breast cancer cell culture method on DNA methylation
state. Results indicated that methylation status did not change
in breast cancer cells cultured under either 2D, 3D or Ti
conditions.

Materials and methods

Cell culture. The breast cancer cell line MCF-7 was obtained
from Ruijin Hospital, Affiliated to Shanghai Jiaotong University
(Shanghai, China). Cells were cultured in Dulbecco's modified
Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc.
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Subsequently, cells were cultured in 2D (density, 60,000/cm?),
3D (density, 70,000/cm?) and Ti adhesion substrates (density,
60,000/cm?) in 5% CO, at 37°C. For 2D substrates, 2% alginate
solution was mixed with calcium sulfate (Sigma-Aldrich; Merck
KGaA) and cast between glass plates, from which topographi-
cally flat hydrogel disks were punched out. Excess calcium
was leached out by changing the medium every day for 4 days
prior to seeding. The 3D adhesion substrate was prepared by
suspending cells in 2% alginate solution. A custom-designed
encapsulation unit was used, and the alginate/cell suspension
was extruded into an isotonic 5.0% (w/v) CaCl, cross-linking
solution (Sigma-Aldrich; Merck KGaA); the generated beads
were washed with PBS to remove excess Ca®* and were dynami-
cally cultured in spinner flasks (Bellco Glass, Inc., Vineland, NJ,
USA). For Ti culture, cells were added to in situ culture flasks
with 3 ml Active Messages 2.0 (AM-II; Gibco; Thermo Fisher
Scientific, Inc.). Finally, flasks were placed into a humidified cell
incubator containing 5% CO, at 37°C for 5-7 days.

Total RNA isolation and chip genome-wide methylation
detection. The RNeasy mini kit (Qiagen, Inc., Valencia, CA,
USA) was used to isolate total RNA from 6x10%/ml cells
according to the manufacturer's protocol. Subsequently,
the DNA was performed whole-genome detection by DNA
methylation 450k BeadChips (Illumina Inc., San Diego,
CA, USA). The extracted genomic DNA was processed by
hydrosulfite transformation using EZ DNA Methylation kit
(Zymo Research Corp., Irvine, CA, USA). Bisulfite-converted
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genomic DNA is amplified using locus-specific PCR primers
flanking an oligonucleotide probe with a 5' fluorescent reporter
dye (6FAM) and a 3' quencher dye (TAMRA) (18). Amplified
DNA was cut into segments by DNA restriction endonucleases
at 37°C, and the DNA fragments were precipitated by
isopropanol. DNA pellet after centrifugation at 12,000 g, at
room temperature for 5 min was resuspended in buffer RA1,
and the resuspended DNA samples with concentration of
2x10° pg/ul were dispersed on BeadChip chips and Illumina
Human HT-12 V4.0 expression BeadChip (Illumina, Inc.)
was used for hybridization at 37°C (19). Arrays were scanned
on the Illumina iScan system, and raw data was imported
and analyzed with the BeadStudio software (version 3.1.3.0
Illumina, Inc). Prior to use, Illumina data we reserved on the
basis of the MIAME guidelines in Gene Expression Omnibus
database (www.ncbi.nlm.nih.gov/geo/).

DNA bisulfite modification. A total of 1.5 ug DNA was dena-
tured in 50 pl of 0.2 M NaOH at 37°C for 10 min. Then, 30 pl of
freshly prepared 10 mM hydroquinone (Sigma-Aldrich; Merck
KGaA) and 520 pl of 3 M sodium bisulfite (Sigma; Merck
KGaA) at pH 5.0 were added and mixed. The samples were
overlaid with mineral oil to prevent evaporation and incubated
at 50°C for 16 h. The bisulfite-treated DNA was isolated using
Wizard DNA Clean-Up System (Promega; Thermo Fisher
Scientific., Inc.). The DNA was eluted by 50 ul of warm water
and 5.5 pl of 3 M NaOH were added at 37°C for 5 min. The
DNA was ethanol precipitated with glycogen as a carrier and
resuspended in 20 p1 of water. Bisulfite-treated DNA was stored
at -20°C until further use.

Quantitative methylation-specific polymerase chain
reaction (QMSP) for detecting differential methylation. The
Multisource Genomic DNA Miniprep kit (Axygen Scientific,
Inc. Union City, CA, USA) was used to extract total DNA
from 60,000 cells/well, following the manufacturer's protocol.
The CpGenome Universal DNA Modification kit (Chemicon
International, Inc., Temecula, CA, USA) was used for DNA
bisulfite modification. To determine the methylation status
of mutL homolog (MLH), phosphatase and tensin homolog
(PTEN), runt-related transcription factor (RUNX), Ras
association domain family (RASSF), cadherin 1 (CDHI1),
O-6-methylguanine-DNA methyltransferase (MGMT) and
P16. QMSP was performed in a TagMan probe system using
an Applied Biosystems 7900HT Fast Real-Time PCR System
in a total volume of 20 ul reaction mixture containing 2 ul
of bisulfite template DNA, 250 nM of each primer (primer
sequences of MLH, PTEN, RUNX, CDHI1, MGMT and P16
are in Table I), 225 nM TaqMan probe, and 10 pl of FastStart
Universal Probe Master (ROX; Roche Diagnostics, Roche
Applied Science, Mannheim, Germany).

Analysis of differential gene transcription. Principal compo-
nent analysis (PCA) was used to analyze data obtained from
QMSP in which the content contains some inter-correlated
quantitative dependent variables. Partek Genomics Suite 6.5
(Partek, Inc., St Louis, MO, USA) was used to analyze the
gene expression data. The analyzed data were corrected and
normalized by quantile normalization and summarization.
PCA was used for global visualization of all data sets.
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Table I. Primer sequences.

Gene Primer Sequences (5'-3")
MLH
R ATGGCCTGAATGGAGCCCCAGGAGAGG
F TCCATTCAGGCCATCGCCTGTGCTGAG
PTEN
R TTTCATGGTGTTTTATCCCTC
F TTTCCTGCAGAAAGACTTGA
RUNX
R CCTGACGAAGTGCCATAGTAGA
F CCACCACTCACTACCACACCTA
RASSF
R TTTGTGAGAGTGTGTTTAGTTTTG
F CCCAATTAAACCCATACTTCA
CDH1
R TCCCCAAAACGAAACTAACGAC
F AATTTTAGGTTAGAGGGTTATCGCGT
MGMT
R CAACATCACTAACACCTAACC
F CCTAATGTTGGGATAGTT
P16
R ACCCGACCCCGAACCGCGACCGTAA
F TTATTAGAGGGTGGGGCGGATCGCGTCG

MLH, mutL homolog; PTEN, phosphatase and tensin homolog;
RUNX, runt-related transcription factor; RASSF, Ras association
domain family; CDH1, cadherin 1; MGMT, O-6-methylguanine-DNA
methyltransferase; F, forward; R, reverse.

Functional enrichment and pathway enrichment analysis.
The Database for Annotation, Visualization and Integrated
Discovery (DAVID) online tool was used to conduct Gene
Ontology (GO; www. geneontology. org/) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway enrichment
analysis (www. genome. jp/kegg/). DAVID is used to convert
collected data into biological meaning and contributes to the
explanation of data sets on a genome-wide scale. GO terms and
KEGG pathways of which P<0.1 were chosen as previously
described (20).

Statistical analysis. SPSS 18.0 (SPSS, Inc., Chicago, IL,
USA) and GraphPad Prism 6 (GraphPad Software, Inc., La
Jolla, CA, USA) were used to analyze the data. A two-tailed
t-test was used to differentiate the mean methylation scores
between two samples. A paired t-test and one-way analysis of
variance were applied to determine the differences of average
sib pair in methylation scores. The network representation was
generated using GeneGO MetaCore software (version 4.3;
www.genego.com/. metacore.php, GeneGo, Inc., Encinitas, CA,
USA). The Venn diagram is a graphic organizer constructed by
overlapping circles to indicate features common or unique to
two or more concepts (21). Methylation diversity was obtained
by Genomestudio software version 2010.1.
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Results

Analysis of differential gene transcription. Partek Genomics
Suite 6.5 (Partek, Inc.) was used to analyze the gene expression
data. The data were subsequently corrected and normalized
by quantile normalization and summarization. Cells were
cultured at 2D, 3D and Ti substrate. PCA was used for global
visualization of all data, which revealed the close connections
between the 3D, 2D and Ti groups (Fig. 1A). Gene lists were
established with a P<0.05. A Venn diagram of bisulfite modifi-
cation DNA in 3D group, 2D group and Ti group was created
(Fig. 1B). The results revealed that 116 genes were common
among the 231-3D vs. 231-2D group, 231-3D vs. 231-Ti group
and 231-Ti vs. 231-2D group. Other than the 116 common genes,
152 genes were shared in the 231-3D vs. 231-2D group and
the 231-Ti vs. 231-2D group, 109 genes were common in the
231-3D vs. 231-2D group and the 231-3D vs. 231-Ti group, and
80,311 genes were common in the 231-3D vs. 231-Ti group and
the 231-Ti vs. 231-2D group. Unsupervised clustering analysis
of the CpG location indicated that 268 CpGs presented different
levels of methylation in the three groups of samples, and 116 CpG
were highly methylated in the three groups of samples (Fig. 1C).

Analysis on different CpG location. To analyze the different
CpG locations in breast cancer cells cultured in 2D, 3D and
Ti substrates, scatter plots were prepared that compared
the CpG sites in 231-3D, 231-2D and 231-Ti group (Fig. 2).
The methylation patterns between 231-3D vs. 231-2D
(Fig. 2A) are more similar compared with those between
231-3D vs. 231-Ti (Fig. 2B) or 231-Ti vs. 231-2D (Fig. 2C).
Fig. 2D-F displays the column distribution of B-values in the
three groups of samples.

Functional analysis of methylated DNA. To identify the
biological functions, cellular components and molecular
functions in which the identified genes may serve a role, GO
term analysis was performed. GO term analysis identified
numerous genes that were expressed differentially in different
cellular processes, including signal transduction, transmem-
brane transport, cell differentiation, sequence-specific DNA
binding transcription factor activity, sequence-specific-DNA
binding, G-protein coupled receptor activity and transporter
activity (Fig. 3A). To further refine the biological functions
of genes corresponding to differential methylation, KEGG
enriched pathway analysis was used to systematically analyze
gene functions based on networks of genes and molecules.
Pathway analyses of the corresponding genes identified
14 significantly over-represented cellular pathways (Fig. 3B), of
which 8 were more significant, including pathways in cancer,
mitogen-activated protein kinase (MAPK) signaling pathway,
regulation of actin cytoskeleton, intestinal immune network
for immunoglobulin (Ig)A production, Staphylococcus aureus
infection, neuroactive ligand-receptor interaction,
type 1 diabetes mellitus and Notch signaling pathway. To
determine whether the different cell culture methods effected
methylation of important genes, QMSP analysis was used. To
determine whether the different cell culture methods have an
effect on genomic DNA methylation, the methylation levels of
MLH, PTEN, RUNX, RASSF, CDH1, MGMT and P16 genes
was investigated in breast cancer cell lines MCF-7 cultured
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Figure 1. Hypermethylated genes are found in breast cancers cultured under 2D, 3D and Ti conditions. (A) Principal Components Analysis. The 231-3D, 231-2D
and 231-Ti data sets were analyzed to study the association of differential methylation DNA among 3 culture conditions. (B) Venn diagram was used to identify
differential methylation sites in 3 culture conditions. (C) Unsupervised clustering analysis of the CpG location. The color gradient green to red indicates the
p-value (0-1). D, dimensional; Ti, orthotopic transplantation.
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Figure 3. (A) GO analysis of corresponding genes with different methylation sites. (B) KEGG pathway analysis of the corresponding genes with different
methylation sites. GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.

in 2D, 3D or Ti culture pattern, respectively. By methylation
analysis, methylation levels of MLH, PTEN, RUNX, RASSF,
CDHI1, MGMT and P16 genes had no significant difference
between 2D, 3D and Ti culture pattern (data not shown).

Discussion

DNA hypermethylation is reported to serve a role in many
cancers such as breast cancer. During the progression of
cancer, hypermethylation of CpG islands serves a key role
in silencing tumor regulatory genes (22). The observation of
epigenetic changes indicated that DNA hypermethylation is
a key factor influencing the progression of breast cancer (23).
DNA hypermethylation often occurs in cancer cells and
specific sets of genes (24).

PCA is a very useful method to analyze data tables, and
data are expressed with some inter-correlated quantitative
dependent variables (25). Previous studies have used PCA to
extract information and to display the pattern of similarity

between the number of variables and the number of observa-
tions in PCA maps (26). In the present study, PCA was used to
analyze the methylation differences of DNA in MCF-7 breast
cancer cells under 2D, 3D or Ti adhesive substrate culturing
conditions. The results indicated that the differentially meth-
ylated DNA in the three groups was closely related with each
other. In addition, a total of 116 differentially methylated
sites were identified as commonly occurring in the 3 groups
of samples, and the common sections presented high rates of
methylation. Unsupervised clustering analysis was used to
explore the methylation status of CpGs. The results demon-
strated that 268 CpGs presented different levels of methylation
in the three groups of samples and 116 CpGs of which all
appeared high methylation status. Abnormal DNA methyla-
tion often occurs in CpG islands, and CpG island shores serve
a key role in harboring the changes of DNA methylation (27).
In breast cancer, methylation of CpG island shores is asso-
ciated with clinical features (28). Scatter plots comparing
all CpG sites among the 231-3D, 231-2D and 231-Ti groups
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were constructed to analyze the different CpG locations
in breast cancer cells cultured in 2D, 3D and Ti substrate.
The results revealed that the methylation pattern between
231-3D vs. 231-2D, 231-3D vs. 231-Ti and 231-Ti vs. 231-2D
was no significant different.

GO analysis results indicated that genes with differential
expression are involved in different cellular processes,
such as signal transduction, transmembrane transport,
cell differentiation, sequence-specific DNA binding
transcription factor activity, sequence-specific-DNA binding,
G-protein coupled receptor activity and transporter activity.
Abnormalities in PTEN, k-RAS, or [3-catenin genes can alter
several different signal transduction pathways (29). RASSF
play an important role in transmembrane transport. They
are Ras effectors and are transported into the nucleus by
classical nuclear transport pathways (30). CDHI is involved
in cell differentiation and has a capacity to control cell fate
by altering directional cell proliferation and apoptosis (31).
KEGG results demonstrated that genes were enriched in 14
pathways including pathways in cancer, MAPK signaling
pathway, Regulation of actin cytoskeleton, Intestinal immune
network for IgA production, Staphylococcus aureus infection,
Neuroactive ligand-receptor interaction, Type 1 diabetes
mellitus and Notch signaling pathway. Therefore, the role of
different culture methods on the methylated level of MLH,
PTEN, RUNX, RASSF, CDH1, MGMT and P16 gene was
investigated, via QMSP and demonstrated that the was no
significant difference between 2D, 3D and Ti culture pattern.
PTEN suppresses tumor development and metastasis, and is
mutated in many cancers (32). Abnormal expression of PTEN
was observed in many tumors (33). In breast cancer, PTEN
inhibits cell growth and induces apoptosis (34). RUNX genes
have attracted increasing attention, owing to their roles in
suppressing or promoting tumors (35). In many key pathways,
RUNX may regulate lineage-specific gene expression (27,36).
RUNX family members may serve a broader role in multistep
breast tumorigenesis (37). In the progression of many cancers,
RASSF proteins are often downregulated and may suppress
tumor development and metastasis (38). RASSF gene is often
silenced by promoter methylation (39). The present study
demonstrated that methylation of MLH, PTEN, RUNX,
RASSF, CDHI1, MGMT and P16 genes had no difference
under 2D, 3D or Ti culture conditions.

In conclusion, changes in methylation status may be asso-
ciated with the occurrence and metastasis of breast cancer.
Growth environment of breast cancer cells have no influence
on methylation status of MLH, PTEN, RUNX, RASSF, CDH1,
MGMT and P16 genes. The present findings may shed light to
treating breast cancer by identifying known and novel gene
targets.
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