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ABSTRACT

The 5-methylationcytosine (5-MC) DNA content of murine embryonic fibroblasts arrested in G, by four growth condi-
tions (Ge, Gn, Gd, and Gs) were hypermethylated relative to rapidly growing (RG) fibroblasts. Normal human kerati-
nocytes (NHK) arrested in G; by suspension were hypermethylated relative to RG cultures. Four RG cultures of epi-
dermoid carcinoma cells (ECC) were hypomethylated relative to RG NHK cultures, and two cultures (SCC25 and A431)
were further hypomethylated by SUS-induced arrest. Linear regression analyses established a positive linear correlation
between growth rate and 5-MC content for three murine fibroblasts lines, and a negative correlation for both NHK and

ECC lines.
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1. Introduction

DNA methylation is an epigenetic modification of mam-
malian cell DNA that plays a major role in health and
disease [1,2]. It occurs predominantly at carbon 5’-posi-
tion of CpG dinucleotides by the action of one of two
enzymatic activities, a maintenance and a de novo DNA
methyltransferase [3]. Alterations of DNA methylation in
cancer development has been extensively reviewed [4-12]
with examples of more than 40 different hypermethylated
genes found in human tumor cell genomes. Promoter
methylation is an important mechanism of inactivating
tumor suppressor gene, accomplished by hypermethyla-
tion of CpG islands of promoter regions. Conversely,
when methyl groups are removed from a cluster of me-
thylated CpGs associated with gene promoters, tran-
scription of that gene are reactivated. Many proteins in-
teract with DNMT1 maintenance methyltransferase in-
cluding PCNA, p53, EZH2, HP1 and the RAS family of
GTPases that promote cell proliferation by their onco-
genic nature [12]. A second alteration of DNA methyl-
lation associated with carcinogenesis is global hypo-
methylation, the loss of methyl groups attached to the
DNA of highly repeated sequences in the cell genome
[13-15]. This loss results is associated with chromosomal
instability and loss of embryonic imprinting [16-20].
Hypomethylation of specific DNA repeat elements, sat-
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ellites and retroelements associated with disease-specific
cancers were reported [21] that may be used to predict
disease onset or progression. A list of gene specific de-
methylation related to seven different cancer types in-
cluding breast, colon, lung, ovarian, pancreatic, prostate
and testicular has been reported [22]. A complete map of
the human methylome is now available for two human
cell types, a fibroblast and a pluripotent stem cell, pro-
viding insight into the epigenetic mechanisms underlying
the interface between a changing environment and the
stable genome [23,24].

Temporal and regional changes in DNA methylation
occur during early embryonic development [25]. Game-
togenesis is associated with a profound genomic deme-
thylation followed by global de novo methylation of CpG
island DNA sequences. A massive demethylation occurs
during induced differentiation of mouse teratocarcinoma
cells [26]. This dramatic demethylation occurs to remove
gamete specific regulatory region, which were related to
gamete function and allow facilitating embryogenesis
process [27].

Recently, Choi et al. [28] compared differential me-
thylation patterns of genes between early and late-passa-
ge cells and estimated the relationship between sense-
cence and DNA methylation patterns. They identified
2739 hypermethylated genes at early or late passages,
and 1205 hypermethylated genes at early and late pas-
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sages, respectively. These genes are involved in DNA
replication, cell cycle and the PPAR signaling pathways.
These results suggested that hypermethylation in global
DNA increases due to long-term culture, which may in
part affect senescence and aging.

Here, we examine the physiological mechanism un-
derlying variation in genomic DNA methylation patterns
associated with different growth arrest states, and vari-
able growth rates obtainable with normal and tumor cells
cultured in vitro under a range of controlled culture con-
ditions. For this purpose we employed mouse embryonic
fibroblasts cells lines, their virally- and chemically-
transformed cell line counterparts, as well as, normal
human epidermal keratinocytes (NHK) and several of
their epithelioid carcinoma (ECC) line counterparts.

2. Material & Methods

Chemicals: The following chemicals were ordered from
Sigma Chemical Co., (St. Louis, MO): Cytosine, 5-me-
thylcytosine, proteinase K, calf thymus DNA, sodium
duponal, sodium hydroxide, hydrochloric acid, potassium
hydroxide, Tris-HCI buffer, perchloric acid, and tri-
chloroacetic acid. Sterile phosphate buffered saline solu-
tion, pH 7 was ordered from Grand Island Biologicals,
Grand Island, NY). Precoated thin layer plates (EM
#:5757-9H) (20 x 20 cm), isopropanol, n-butanol, metha-
nol and ammonium hydroxide were ordered from Cur-
tin-Matheson Scientific, Inc (Elk Grove, IL). Uridine, [5,
6-"H]-(Lot 2083-015), specific activity (38.9 Ci/mmol)
was obtained from New England Nuclear (Boston, MA).
Mouse cells and cell culture: The following Balb/c
mouse embryonic fibroblasts cell lines 3T3A31 and 3T3
T were obtained from Dr. Robert E. Scott (Mayo Medical
School, Rochester, MN). 3T3-SV is a simian virus trans-
formed derivative of the Swiss 3T3 mouse embryo fibro-
blasts, and 3T3-MCA is a methylcholanthracene deriva-
tive of the Swiss mouse embryo fibroblasts were also a
gift from Dr. Robert E. Scott’s laboratory. Fibroblast cell
lines were grown in DMEM-10% FCS medium. Growth
arrest in the G, phase of the cell cycle was achieved by
various media substitutions as previously described [29].
Briefly, density-dependent growth arrest (G.) occurs in
well fed cultures refed growth medium beyond confluent
cell density; serum-depletion arrest, G,, occurs in low
cell density cultures deprived of serum; nutrient arrest
also occurs in low cell density cultures deprived of the
amino acid, isoleucine. Finally, differentiation arrest, Gp,
occurs in low cell density cultures refed medium con-
taining dialysed human platelet-poor plasma as described
[30], and is a necessary prelude to the induction of adi-
pocyte differentiation in Balb/c 3T3 proadipocytes. The
values for the average population doubling time were
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obtained from log-linear curves plotting daily cell densi-
ties (cells/cm?) over five days of rapid exponential cell
growth.

Human foreskin neonatal epidermal keratinocytes
(NHK): Primary and secondary cultures of neonatal
foreskin epidermal keratinocytes were prepared and cul-
tured in a growth factor supplemented serum free me-
dium [31] (MDCB 153 medium). Suspension-induced G,
arrest occurs when cell dispersions of cultured keratino-
cytes are resuspended in 1.3% methylcellulose as previ-
ously describe [32]. The values for the average popula-
tion doubling time were obtained from log-linear curves
plotting daily cell densities (cells/cm®) over five days of
rapid exponential cell growth.

Human epithelioid tumor cell culture: The following
epithelioid carcinoma cell lines were obtained from
American Tissue Type Culture (ATTC) collection: KB, a
human epithelioid carcinoma of nasopharnyx, D562, a
human immortalized pharyngeal epithelial tumor line,
HeLa, a human cervical carcinoma cell line, A431, a
human epidermal cell carcinoma cell line. SCC9 and
SCC25 are human tongue squamous carcinoma cell lines
obtained from Dr. James G. Rhienwald of the Dana Far-
ber Cancer Lab of Harvard University, Cambridge, MA.
All tumor cells were maintained in a modified DMEM
medium (YL) containing sodium pyruvate and L-gluta-
mine, and supplemented with 10% dialyzed fetal calf
serum and cultured at 37°C in a humidified tissue culture
incubator with a gas mixture of 5% dry carbon dioxide
and 95% compressed air. The methods of suspension
culture of the above tumor cell lines is the same as that
described above for NHK cultures. The values for the
average population doubling time were obtained from
log-linear curves plotting daily cell densities (cells/cm?)
over five days of rapid exponential cell growth.

Detection of genomic 5-methylcytosine: Procedures
for the detection of genomic 5-methylcytosine are modi-
fications of previous publications [33]. Briefly, cells
were labeled for 16 hours with 6-*H-uridine (15 puCi/ml).
The cells were then washed with 1X PBS, pH 7 and
lysed by treatment with 0.5% sodium dupanol in the
presence of 0.3 N NaOH and incubated overnight (>16
hours) at 37°C. The lysate was neutralized with NaOH
and HCI and an equal volume of 0.25 M Tris-HCI (pH
7.6) and proteinase K (0.1 mg/ml) was added, and the
mixture incubated overnight at 37°C. The ‘H-labelled
DNA was precipitated with calf thymus DNA (1 mg/ml)
as carrier with 10% trichloroacetic acid (TCA, final con-
centration). The precipitate was washed extensively with
cold 5% TCA. The precipitate was dried and then di-
gested overnight with 10% perchloric acid at 65°C. The
digest was neutralized with 1 N KOH and clarified by
low speed centrifugation.
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Thin layer chromatography: Separation of DNA bases
was accomplished by a thin layer chromatographic pro-
cedure in two-dimensions. As Rf markers 20 pul of unla-
belled uridine is spotted on site 1of the baseline and a 1:1
equimolar (1 x 107> M) mix of unlabelled cytosine and
5-methylcytosine is spotted at position 2 on the baseline.
The plates are placed vertically in battery jars baseline
down with sufficient volume of solvents (isopropanol:
n-butanol:methanol:NH,OH) to achieve capillary mo-
bility of solvents and separation allowed to continue over
a 24 hours period. Clean separation occurs in the second
dimension rotated 90° away from the first dimension
with Rf values of 5.5 cm for cytosine, and 6.5 cm for
5-metylcytosine. For labeled uridine and labeled and
separated DNA bases the spots were eluted with 0.1 N
HCI and their radioactive contents determined by scintil-
lation spectrophotometric analysis.

Statistical method: The 5-methylcytosine between dif-
ferent cultures was compared using t-test using the SPSS
(ver.18).

3. Results

Genomic DNA methylation of rapidly growing (RG)
mouse embryo fibroblast cell lines.

Table 1 shows the extents of genomic DNA methyla-
tion between two embryonic mouse fibroblasts cell lines
(Balb/c and Swiss) are compared with a SV-40 viral
transformed and a methylcholanrtacene-transformed strain
of the Swiss A31 3T3 fibroblasts. The differentiation-
capable proadipocyte (Balb/c 3T3 T) cell line is less me-
thylated relative to the differentiation-incapable, “ini-
tiated” A31 cell line (3.4% vs. 4.6%). Both transformed
and tumorigenic cell lines (3T3-SV and 3T3-MCA) are
hypomethylated relative to the A31 parent cell line (4.0%
and 3.9% respectively).

Effect of growth rate on extent of mouse fibroblast
genomic DNA methylation.

Figure 1 is a histogram plot of the growth rate plotted

as the reciprocal (f) of the average population generation
time (GT) versus the extent of genomic DNA methyla-
tion (5-MC%) for several mouse embryonic fibroblast
cell lines. Figure 2 is a scatter plot of the above data. It
was employed to statistically analyze the data by linear
regression analysis. There is a strong positive correlation
for the three normal embryonic fibroblast lines between
growth rate (GT) and 5-MC content (r = 0.9). A weak
linear correlation was found when the two outliers repre-
senting the transformed cells were included (r = 0.53).

Effect of G, phase growth-arrest on extent of genomic
DNA methylation.

Table 2 presents data showing that four different types
of G; growth arrest states of 3T3 T proadipocyte cells
achieved by various media and growth conditions re-
sulted in hypermethylation (4.1% - 4.3% 5-MC) of ge-
nomic DNA methylation by 20% (£ 0 o) a value that was
uniformly greater than that observed for rapidly cycling
undifferentiated 3T3 T fibroblasts (3.4% 5-MC).

Extent of genomic DNA methylation between NHK
and various ECC cell lines.

Table 3 presents data showing the extent of genomic
DNA methylation of NHK (NF238P1) and six different
ECC cell lines (D562, Hela, KB, SCC 25, SCC 9, and
A431). The 5-MC% for NHK strain and the A431 tumor
cell lines were identical (3.6% 5-MC). Three of the ECC
cell lines (KB, SCC25 and SCC9) tested was signifi-
cantly different from normal keratinocytes (p < 0.05).
Hela appeared to be hypermethylated (4.2% = 1 o), but
the remaining four were hypomethylated by an average
0f 2.5% 5-MC (% 0.6 o) relative to NHK.

Correlation of S-methylcytosine content of genomic
DNA and cellular growth rate

Figure 3 presents a histogram plotting the pair-wise
data for growth rate and 5-MC% for NHK and each of
the ECC cell lines. Figure 4 presents a scatter plot of the
data. Linear regression analyses showed that there was a
strong negative correlation between average growth rate
(GT) and 5-MC content (r =0.9).

Table 1. Genomic DNA methylation in normal and transformed mouse fibroblast cell Lines.

Growth mode 5-MC-cpm (mean * o) Cytosine-cpm (mean + o) 5-MC"(%) p value
Normal:
A.Balbc 3T3 T RG 144 £ 15 4033 + 80 34 referent
B. Swiss 3T3 RG 1832 +£32 3765 + 131 4.6 0.11
Transformed:
C. Swiss 3T3-SV RG 618 =99 14797 + 836 4.0
D. Swiss 3T3- MCA RG 446 + 75 11056 + 419 39 0.65
"A is significantly different than B; B is significantly different from both C and D. Student’s t-test was used.
Copyright © 2013 SciRes. JCT
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Figure 1. Relationship of growth rate (f) and 5-methylcytosine for various fibroblast cell lines.

w

45 ¢

5-MC (%)

0 T T T T T T T 1
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Growth rate (f)

Figure 2. Correlation of growth rate (f = 1/GT) and 5-methylcytosine content in fibroblast cell lines.

Table 2. Genomic DNA methylation between various growth arrest states of the mouse Balb/c 3T3 T fibroblast cell line.

Cell Cycle G; Arrest States 5-MC-cpm (mean + 1 o) Cytosine-cpm (mean + 1 ) 5-MC”" (%) p value
Balb/c 3T3 T-RG (rapid growth) 144 £ 15 4033 + 80 34% referent
3T3 T-Ge (density-dependent) 21248 4977 + 289 4.1 0.36
3T3 T-Gn (nutrient depletion) 32+£6 730 £52 4.1 0.43
3T3 T-Gd (differentiation) 158+0 3533 +£211 43 0.21
3T3 T-Gs (serum deprivation) 133+ 12 2934 +£57 43 0.28

Student’s t-test was used. "3T3-RG is marginally significant statistically from all the combined average of four of the above arrest states (p = 0.06).

Copyright © 2013 SciRes. JCT
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Table 3. Comparison of DNA methylation between cultured normal keratinocytes and tumor cell lines.

5-MC-cpm (mean + 1 5)* Cyt-cpm (mean = 1 ¢)* 5-MC (%) p value
Normal Human Keratinocytes:
NF 238P1 RG 289+3 7744 £ 119 3.6 referent
Tumor cell lines:

A.D562 RG (YL) 184 +3 5325 +385 34 0.48
B. HELA RG (YL) 375+43 8556 + 19 42 0.33
C.KB RG (YL) 16117 5698 £ 1017 2.8 0.04
D.SCC25 RG (YL) 426+ 1 18647 + 941 2.2 0.02
E.SCC9 RG (YL) 406 £ 8 22860 +2199 1.8 0.01
F. A 431 RG (YL) 259 +39 6900 = 111 3.6 0.77

"Mean values are given for duplicate TLC plates except KB cell lines, which has triplicate TLC.
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Figure 3. Relationship of Growth rate to 5-methylcytosine content of NHK and ECC lines. Suspend 2.3 x 10° rapidly divid-
ing K B cells in 4.0 ml of 1.3% methylcellulose for 24 hours. "Suspend 4.3 x 10° rapidly dividing A 431 cells in 4.0 of 1.3%
methylcellulose for 24 hours.
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Figure 4. Correlation of growth rate (f) and 5-methylcytosine content of NHK and ECC cell lines.
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Extent of genomic DNA methylation of cycling and
suspension-arrested NHK and ECC cell lines.

Table 4 presents data showing the extent of genomic
DNA methylation between cycling and suspension-ar-
rested NHK, and three different ECC cell lines. For NHK
(NF 284P1) there was a dramatic decrease (59%) in
overall DNA base labeling (C + 5-MC) between cycling
(RG) and suspension-arrested (SUS) cultured cells, in-
dicative of suspension-induced growth arrest, There also
was 7% increase in 5-MC labeling, indicating a relative
increase in methylation due to suspension arrest. For KB
cells, there was a 3% decline to total DNA base labeling
upon suspension in semi-solid medium, indicating that
suspension did not significantly induce growth arrest.
Nevertheless, there was a 41% increase in 5-MC base
labeling, indicating that suspension perse of KB results
in DNA hypermethylation. Flow cytometric analysis of
DNA contents (Table 5) confirmed that suspension of
KB in semi-solid medium actually led to a decrease in
cells in Gy (39%) relative to cycling KB cells (56%), and

a relative increase in combined S-phase plus G2/M (61%)
compared to cycling cells (44%). Table 4 present data
showing that SCC25 displayed a 73% decrease in total
DNA base labeling upon culture in semi-solid medium,
suggesting that suspension and loss of anchorage arrests
SCC25 tumor cells. An even greater decrease in 5-MC
base labeling was observed upon suspension of SCC25
cells, resulting in hypomethylation of SCC25 genomic
DNA relative to cycling cells. Finally, for A431 tumor
cells suspension culture induced a 33% increase in over-
all DNA labeling over cycling cells, indicating that sus-
pension in semi-solid medium not only failed to induce
growth arrest, but actually enhanced overall DNA syn-
thesis. Further, hypomethylation was observed for sus-
pension of A431 without growth arrest. Table 5 present
flow cytometric analysis of DNA contents A431 cycling
and suspension cultures. It confirms cell cycling occurred
in A431 suspension cultures resulting in a decreased
proportion of G; cells (19%) relative to cycling cells
(35%).

Table 4. Comparison of genomic DNA methylation of dividing cultures versus suspension-arrested cultures of normal kerati-

nocytes and several epithelioid tumor cells.

5-MC (cpm)’ Cyto (cpm)® 5-MC (%) SUS Arrest (%)
Normal human keratinocytes
NF284P1-RG 329 8902 3.6
NF284P1-SUS 162 3605 43 59
Human tumor cells
KB-RG 216 7275 2.9
KB-SUS* 304 6957 42 3
SCC25-RG 664 21468 3.0
SCC25-SUS® 142 5900 2.4 73
A 431P5-RG 371 9724 3.7
A 431P5-SUS® 297 13228 23 0 (+33)°
Table 5. Cell cycle analysis of human tumor cell lines suspended in semisolid medium.
Cell Line Growth condition Cell Cycle Phase (%)
RG SUS G1 S G2/M
KBP4(YL) + - 56 24 20
KBP4*(d2) - + 39 31 30
A 431P2 (YL) + - 35 47 18
A 431P2°(d5) - + 19 45 36

*Suspend 2.3 x 10° rapidly dividing K B cells in 4.0 ml of 1.3% methylcellulose for 24 hours. "Suspend 4.0 x 10° rapidly dividing SCC25 cells in 4.0 ml of
1.3% methylcellulose for 24 hours. “Suspend 4.3 x 10° rapidly dividing A 431 cells in 4.0 of 1.3% methylcellulose for 24 hours. *Values given are for results of

one TLC plate for each cell line. “Suspension enhanced cytosine labeling.

Copyright © 2013 SciRes.
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4. Discussion

Our results provide strong evidence that genomic DNA
methylation patterns of cultured mammalian cell lines are
affected by growth rate-effecting culture conditions. First,
we examined the effect of four different culture manipu-
lations that arrest murine embryonic fibroblasts (Balb/c
3T3 T proadipocytes) in the G; phase of the cell cycle
(see Table 2). This included growth arrest due to nutria-
ent-depletion (G,), confluent-arrest (G.), serum-depri-
vation (Gs) and adipocyte-induced differentiation cou-
pled growth arrest (Gp) This result suggests that the en-
zymes involved in de novo DNA methylation (DNMT3a
and DNMT3b) may be activated by arrest in the G, phase
of the cell cycle. In each case G, phase cell cycle growth
arrest was accompanied by significant genomic DNA
hypermethylation. This is the first report that global
DNA hypermethylation occurs during the transition from
rapid cycling to growth arrest in normal embryonic mur-
ine fibroblasts. Transition to reversible G; phase arrest is
known to require protein synthesis and gene expression
as well as the silencing of many growth promoting genes.
Hypermethylation in G phase cells suggests that the en-
zymes involved in de novo DNA methylation (DNMT3a
and DNMT3b) may be activated by arrest in the G, phase
of the cell cycle. We also report and confirm that chemi-
cally-(3T3-MCA) and virally (3T3-SV)-transformed mu-
rine embryonic fibroblast cells are hypermethylated rela-
tive to their normal counterparts (Swiss 3T3). Hyper-
methylation in cancer cells is usually interpreted to mean
that gene silencing has occurred to suppress tumor sup-
pressor genes.

We next asked the question whether there is direct re-
lationship between growth rate of cells and the extent of
DNA methylation. This was accomplished by determined
for each cell culture its average population generation
time (GT) and it reciprocal (f) with 5-MC content for that
growth rate. Linear regression analysis established that
three different murine embryonic fibroblast cell lines
tested (Swiss 3T3, Balb/c 3T3 T, and C3H 10T1/2) neat-
ly demonstrate a strong positive correlation. By contrast,
the two tumorigenic and transformed derivatives of the
Swiss 3T3 line when included in the plot with the three
normal fibroblasts are clearly outliers that reduce the
correlation to non-significance. This appears to be caused
by their slower than predicted growth rates.

Earlier studies reported that cancer cells display either
hypomethylation or hypermethylation relative to untrans-
formed cells [5]. When the methylated DNA of NHK
was compared to six human ECC tumor cell lines, there
was no change for Hela and A431cells, while the four
other ECC cell lines tested (D562, KB, SCC25 and SCC9)
were all hypomethylated. Hypomethylation in tumor
cells is generally associated with gene derepression oc-

Copyright © 2013 SciRes.

curring in the promoter regions of island CpG DNA se-
quences [5]. Again, we examined the relationship of
growth rate of NHK and ECC cell lines to their pair-wise
5-MC contents. Linear regression analysis of the data
revealed a strong negative correlation. Tumor cells ap-
pear to link lower extents of DNA methylation with cor-
respondingly longer growth rates. It should be noted that
each of the ECC cell lines was established in culture
from an epithelial type cancer tissue, and are thus the
consequence of human cancer carcinogenesis not the
result of a direct chemical or viral oncogenesis as was the
case for the murine embryonic fibroblasts cells.

Finally, we examined growth arrest of cycling epithet-
lial cells induced by loss of anchorage to a solid surface
(anoikis). All of the ECC cell lines were grown on a solid
surface before suspension in semi-solid medium. The
consequence of anoikis on DNA methylation patterns for
NHK cell strain was typical G; phase growth arrest con-
firming our previous studies [32]. Anokis and G, phase
growth arrest was accompanied by genomic DNA hy-
permethylation. Based on these results we would expect
that cessation of cell cycling and arrest in the G; phase
may be implemented by de novo DNA methylation likely
in promoter regions of cell cycle-related genes. Although,
a recent report [34] indicated that DNMT3a can methyl-
late DNA in non-promoter region.

SCC25 tumor derived epithelial cell underwent sus-
pension-induced growth arrest and a drastic decrease in
DNA base labeling. Yet, they were even more hypo-
methylated relative to cycling SCC25 cells. Neither KB
nor A431 tumor-derived epitheliod cell lines were ar-
rested by suspension culture and both showed a further
5-MC hypomethylation relative to their cycling counter-
parts. Growth arrest of SCC25 cells by suspension cul-
ture is somewhat surprising as we previously reported
that it was defective in response G arrest by exposure to
TGF-B [35] and defective in coupling growth arrest with
terminal squamous differentiation [36]. It would appear
that another primary defect in SCC cells is the uncou-
pling of DNA hypermethylation of cell cycle-related
genes from growth arrest [12]. Recently, a higher fre-
quency of aberrant hypermethylation of the FOXE1 gene
was reported in cutaneous squamous cell carcinoma [37].
KB and A431 cells appear to be more defective in re-
sponding to growth controlling signals such as suspend-
sion than SCC25 cells. Overall, we have not seen any
clear correlation whether hypermethylation or hypome-
thylation is more likely to occur during growth arrest in
tumor-derived cells.
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