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Abstract—A method has been proposed for the “Hayflick Limit” prediction by the
analysis of the 5-methylcytosine content in DNA at earlier and later cell passages.
The following facts were used as the basis of the method: (i) the rate of m’C loss from
DNA remains approximately constant during cell divisions and it does not depend on
the cell donor age; (ii) this rate is inversely proportional to the “Hayflick Limit” as
well as to the life span of cell donor species; (iii) the period corresponded to loss of all
m°C residues from the genome coincides with or somewhat exceeds the “Hayflick
Limit” of normal cells. The prognosis of the “Hayflick Limit” has usually been found
in good agreement with the experimental data for the various human, hamster, and
murine normal and cancer cell lines. The age-related m°C loss may result from
accumulation of the m’C-to-T+C transition mutations occurring with DNA
methylation in every division of normal cells. In cancer cells, DNA methylation
system begins to operate as if in the opposite direction increasing the m°C content in
genome. The method proposed may be used for early detection of precrisis and
cancer cells.
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INTRODUCTION

IN THE CLASSIC study of Hayflick (1965), the division of animal normal cells in culture
has been found to be usually limited, and the number of cell doublings until cessation
of proliferation was termed the “Hayflick Limit”. One of the possible mechanisms
counting cell divisions may be related to gradual shortening of telomeric DNA
sequences with each cell division (Counter et al., 1992). DNA methylation can be
hypothesized as the other such mechanism.

DNA methylation is a natural enzymatic modification, which in eukaryotes proceeds
by DNA(cytosine-5)-methyltransferase [MTase: EC 2.1.1.37] during and after DNA
replication (Adams ef al., 1990). This enzyme transfers CH; groups from S-adenosyl-
L-methyonine to the C5 atom of cytosine residues to produce 5-methylcytosine (m’C,
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*C) at *CG and *C;G sites of DNA (Woodcock et al. 1987). This DNA modification system
is typical for the majority of eukaryotes but far from all species (Mazin et al., 1984). DNA
methylation may affect many genetic processes, although the true biological function of this
mod1f1cat10n is not yet clear.

The m’C residues were noticed to be the subject to deamination to "minor" thymine,
and that is why they are "hotspots" for m ’CT transitions in DNA (Coulondre et al., 1978).
Methylation of a cytosine at a CG site is through a many-fold increase in the potential for
CG>TG or CG>CA mutations (Cooper and Youssoufian, 1988; Sved and Bird, 1990; Mazin,
1993c, 1994). Therefore 75-80% of the CG sites were lost from vertebrate DNA during
evolution (Josse et al., 1961; Mazin and Vanyushin, 1987a,b). It has been found recently that
deamination of m°C res1dues may proceed both spontaneously and directly during the very
DNA methylation, and this reaction is catalyzed by the same MTase (Ivanetich and Santi,
1992; Shen e al., 1992; Mazin et al., 1985; 1993c¢). Thus, m°C>T transitions evidently are a
result of the DNA methylatlon as such, and MTases are the generators of a special kind of
mutations in cells (Mazin, 1993c).

It has been shown in many laboratories that gradual loss of m’C from DNA takes place
with cell aging both in vivo (Wilson et al., 1987; Mays-Hoopes, 1989; Helden and Helden,
1989) and in vitro (Table 1). The animal genome may lose the bulk of, if not all, m’C residues
during the life span (Mazin, 1993a), and this phenomenon usually coincides with the “Hayflick
Limit” of aging cell lines (Mazm 1993b). Age-dependent m’C loss was recently explained by
accumulating in DNA of m >C-to-T+C transitions, which occur with every cell division as a
result of DNA methylation (Mazin, 1993a-c). In the present report this phenomenon is
considered as one of the possible molecular mechanisms underlying the “Hayflick Limit”.

THEORY OF THE METHOD

Let us consider some results of the m>C>T substitutions at CG sites of DNA. If during
replicative DNA methylation (Fig. 1,1) m’C deamination takes place (Fig. 1, 2) then
mismatched G-T pairs will occur in DNA. These mispairs are usually corrected by the special
G/T-repair system (Brown and Jiricny, 1987) to restore the initial G-C pairs in DNA (Fig. 1,
3). Occurring hemimethylated CG sites are a good substrate for maintenance MTase and will
be modified postreplicatively (Fig. 1, 4). As a result, some portion of newly formed m’C
residues will be deaminated again (Fig. 1, 5), and the cycle (5->2->5) may be repeated several
times until the next S-phase (II). Symmetrlcal methylated and nonmethylated CpG du 5plexes
will occur in DNA after the next DNA replication round (Fig. 1, 7). Hence, m’C—>C
substitutions will be accumulated in DNA with each cell division.

It has been found that 1-2% of G-T mispairs by this or other reasons are not repaired at all
(Brown and Jiricny, 1987) and preserved in DNA until the next replication (Fig. 1, 8). In
addition, about 8% of G-T mispairs may be repaired not into G-C but into A-T pairs by
mistake (Fig. 1, 6). In both cases, instead of *CG, new TG and CA dinucleotides appear after
DNA replication (II), and CG>TG+CA mutations take place in DNA (Fig. 1, 8).

C-G
G-c,
I l 1
*C-G
G-cC,
-
T-G 6| T-G 3 C-G 4 *c_G 5
ALc ¥ G-oc.|— s.c. e FIG. 1. Scheme of m°’C->T+C
* = T T substitutions occurring as result of
IT 8 7 replicative (1) and postreplicative (4)
\_P ’G/ >é ’G/ \é o DNA methylation, of m°C deamination (2
h h h and 5), and of G/T-repair mistakes (6 and
A-C G-C, G-C 8) during a cell cycle (I-IT).
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The m°C>T transitions are, in essence, irreversible, as the probability of inverse
mutations is very small, and will be continuously accumulated in the genome with time. That
is why cytosine methylation in DNA of long-lived organisms would lead to the following
main results: (i) loss of m’C from DNA with aging (Fig. 1, 7), and (ii) gradual accumulation of
*CG->TG + CA mutations in DNA (Fig. 1, 8) (Mazin, 1993a-c; 1994). The m°C loss from
DNA with cell divisions can be described by the function:

M, = My(1 + k/100)" (1)

where M, is the m°C content in DNA at the present moment, M, is the content after a certain
number (n) of cell population doublings (PD), and & is the rate of m’C loss from DNA in
relative percents per one PD.

TABLE 1. AGE-RELATED DYNAMICS OF DNA METHYLATION IN NORMAL AND CANCER CELLS

5 s a N Rate of “Hayflick Limit”, PD
m’Cx100/(m’C + C), % Number of PD m’C loss,
Cell lines 9wPD References
M, M, (M;—M )% n, n; ® H Experiment
Human 70-100 1.2
MRC-5 3.60 1.80 -50.0 20 56 -1.39 72 69-71 3
MRC-5 4.82 335 -30.5 18 39 -1.45 69 4
MRC-5, imm. -0.002 > 50000 4
MRC-5, imm. 0.014 0 4
MRC-5 3.50 0.30 -91.4 20 43 -3.97 25 5
MRC-5, imm. 4.00 4.00 0.0 650 750 0.0 0 >750 5
IMR-90 325 255 -21.5 18 48 -0.72 139 100 1
IMR-90 335 2.24 -31.1 25 61 -0.86 116 65-70 6
IMR-90, imm. 2.60 2.72 4.4 139 170 0.14 ) >170 6
T1 3.00 2.37 -21.0 8 36 -0.75 133 1
A2(11) 54.0° 48.0 -11.1 17 58 -0.27 370 62 7
DS (36) 58.5° 48.0 -18.0 17 53 -0.50 200 60 7
J089 (68) 55.0° 51.6 -6.4 14 31 -0.38 263 41 7
JO88 (76) 52.0° 445 -14.4 16 42 -0.55 182 47 7
T98G, imm. 2.70 2.94 8.2 421 451 0.27 0 >451 6
Hamster 25-30 1,2
SHE 2.90 1.75 -39.7 0 25 -1.59 63 25 1
SHFB -42.5 17 -2.50 40 8
SHEB, imm. 0.0 0.0 0 1
FAF-28 4.37 3.29 -24.7 3f 17 -1.76 57 9
CHO, imm. 321 3.15 -1.9 1 6 -0.38 263 10
Mouse 10-15 2
C3HME 375 0.85 -77.3 0 5 - 15.46 6 6 1
C3YCIV, imm. 295 3.64 19.0 5 23 1.05 ) 1
373, imm. 3.60 375 4.0 6 17 0.36 ) 1
10T1/2, imm. 2.60 2.75 5.5 6 17 0.50 ) 1
PCC3/A, imm. 420 380 9.5 1 30 -0.33 303 11

References: 1) Wilson and Jones, 1983: 2) Holliday, 1986; 3) Fairweather e/ al., 1987; 4) Matsumura et al.. 1989; 5) Fairweather et al., 1985; 6) Grey
et al. 1991: 7) Shmookler-Reis and Goldstein, 1982; 8) Fairweather, 1989; 9) Chochlov e/ al.. 1988; 10) Palitti et al., 1990; I1) Fabricant et al., 1979.
*Level of cytosine methylation in cell DNA: M, - at an earlier passage (n,), M, - at a later passage (n;).

°PD, number of cell population doublings.

‘Rate of age-related changes in m’C content in DNA; k from equation (2).

“H, prognosis of “Hayflick Limit” from equation (3).

‘Percents of methylated CCGG sites in DNA, in brackets, age of cell donors (years).

Age in days.
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The theoretical graphs of DNA hypomethylation are shown in Fig. 2. If £ < 0 m’C
content is seen to decrease faster, the higher the rate of m’C loss, and vice versa. So,
if k = -20% the loss of 50% of m’C residues proceeds after 3 PD (graph 1), if k& = -5%
after 14 PD (graph 2), and if k¥ = - 1% only after 70 PD (graph 3). Thus, eventually most
of m’C residues would be lost from the DNA of actively dividing cells (Fig. 2).

It is obvious that the initial part of graphs 1-3 may be approximated by the direct line
in the first approach. If, for convenience, we assume the function of the m’C loss from
DNA to be close to linear, then the rate of DNA demethylation can be determined
according to the linear regression:

M, = My+ nk ()

And, the potential number of PD up to 100% m°C loss, that is, the limit of DNA
demethylation (H), can be calculated from the equation:

1001 3)
M,~M,

H=

The H limit has the same physical meaning as the “Hayflick Limit.”

m°C %

100

50

0 40 80 100
PD

FIG. 2. Dynamics of age-related DNA methylation. Theoretical
graphs calculated from equation (1) for different rates of mC loss: 1) k = -20%,
2) k=-5%, 3) k =-1%, 4) k = 0.5%, 5) k = 0% per one cell population doubling
(PD).
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METHOD

The level of cytosine methylation (m’Cx100/(m’C+C) in total DNA can be determined
by any method usually used for m’C analysis (Table 1). First of all the m’C content should
be found in DNA isolated from cells before cultivation or during the earliest passages (M).
Then, after a certain number (1) of cell population doublings the m’C content in DNA is
determined again (M,). The rate of age-related m’C loss from DNA (k) may be found
according to the function (1) or (2), and the DNA demethylation limit (H) - from the formula
(3). The more experimental points we have, the more precise is the determination of the H
value and of the expected “Hayflick Limit”.

In Table 1, I included all known data with the exception of TM and J069 human
fibroblasts from the paper of Shmookler-Reis and Goldstein (1982). The reliability of these
results seem to be doubtful because the method used was not very precise, the number of
passages between assessments was relatively small, and the initial DNA methylation level
was also lower.

RESULTS

The level of cytosine methylation in DNA of normal cell cultures is lowered considerably
with age (Table 1). In DNA of human diploid fibroblasts (DF) MRC-5, the m’C content
decreases by 50% in 36 PD or by 30.5% in 21 PD, and the rate of m’C loss from DNA (k) is
equal to -1.39% and to -1.45% per PD, respectively. In human DF IMR-90 this rate is -
0.72% or -0.86%, and in murine embryonic cells C3HME -15.46% per PD (Table 1).
The two latter examples may be approximated by theoretical graph 3 and 1, respectively

(Fig. 2).

The rate of m°C loss from DNA remains more or less constant during the period of active
cell division in culture (Wilson and Jones, 1983; Fairweather ef al., 1985; 1987; Matsumura
et al., 1989; Gray et al., 1991). In this case there is an analogy with the linear dependence
of the age-related DNA hypomethylation in tissues of adult animals (Wilson et al., 1987;
Mays-Hoopes, 1989; Mazin, 1993a). Hence, the linear eqn (2) is quite adequate to the
experimental data.

The rate of DNA demethylation in human DF lines A2, DS, T089, and T088 does not
depend on the age of the cell donor (Table 1). If time is determined in days, this rate drops
by 20 times with a decrease in the portion of dividing cells in the population (Fairweather,
1989). By analogy, during animal embryogenesis the rate of DNA demethylation falls by a
factor of 29 to 96 in adult organisms of various species (Mazin, 1993a). Thus, the rate of

m’C loss is likely to reflect the intensity of the replicative DNA methylation itself (Fig. 1, 1)
and therefore to depend mainly on the proliferative activity of the cell population (Mazm
1993a).

If cells become immortal the m’C loss from DNA usually slows down quickly (Table 1).
Thus, as a result of SV40 transformation of MRC-5, a stable level of DNA methylation is
observed during more than 100 passages (Fairweather et al, 1985). This situation
corresponds to theoretical graph 5 where k = 0, M, = M, for any n, and H becomes
infinitely large (Frg 2). Moreover this process can change direction, and instead of m°C
loss, a gradual increase in the m°C content is observed in the DNA of cancer cell lines
(Table 1).

For 1nstance in precrisis AG3204 cells derived by SV40 transformation of IMR-90, the
rate of m°C loss from DNA initially decreases from - 0.86% to - 0.67% per PD (Gray et al,
1991). Then, m°C is no longer lost, and its accumulation in DNA is observed in transformed
cells AG2804 at the rate of 0.14% per PD. In F1g 2 theoretical graphs 3 and 4 may describe
this experrmental situation. Another example is related to the murine cells C3HME, which
lose 77% of m’C 1n only 5 PD and then stop to divide (Table 1). After spontaneous
transformation the m’C content in DNA of C3YCIV cells increases at the rate of 1.05% and
reaches the initial value during 18 PD. The m’C content in DNA of immortal cells increases at
a constant rate, as a rule (Table 1). It is intriguing that the dynamics both of DNA
methylation and of the telomeric DNA shortening, in principle, change with cell
immortalization in the same direction (Counter, et al., 1992).

The rate of m°C loss from DNA markedly varies in cell cultures from different species
(Table 1). The average rate for human normal DF (without data for MRC-5 (Fairweather et
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al., 1985) is -0.76%, for hamster cells -2.05%, and for murine cells C3HME - 15.46%
per PD. By analogy, this rate for adult mice is 10.2% of m’C loss per year and their
maximum life span is about 3.5 years, for rats 8.8% and 4 years, for hamster 2.6% and 8
years, for cows 1.5% and 30 years, and for human 0.18% and 120 years, respectively
(Mazin, 1993a). The life span of mice is 34 times shorter than humans, and their genome
loses m°C in vivo 57 times faster, and in vitro 20 times faster than human cells do. Hence, an
inverse correlation is observed between this rate and the life span of animal species
(Wilson et al., 1987).

The data in Table 1 support an earlier conclusion that the rate of DNA demethylation in
cell cultures is usually inversely proportional to their “Hayflick Limit” (Wilson and Jones,
1983). Murine embryonic cells C3HME have a maximal rate of m’C loss and are capable of
only 6 PD. As well as in vivo, the m’C is lost from the DNA of mouse cells 57 times faster
than from DNA of human cells, and on average the “Hayflick Limit” of the mouse C3HME
cells is 22 times shorter than that of human lines (Table 1).

Knowing the rate of age-related m°C loss (k), it is easy to calculate using eqn (3) the
potential limit of DNA demethylation (H) in a corresponding cell line (Table 1). For
instance, the H prognosis for MRC-5 is equal to 69-72 PD, and it is in good accord with the
experimental estimates of their “Hayflick Limit”, 69-71 PD. The predicting H limit for
IMR-90 runs as high as 116-139 PD and are somewhat higher than the “Hayflick Limit”, 65-
100 PD. The differences between the H value and the “Hayflick Limit” observed in human
lines A2, DS, J089, and JO88 can be partly explained by the m’C analysis only at CCGG
sites of DNA. In murine cells C3HME, capable of only about 6 PD, all the m’C residues
are lost also during 6 PD.

Hence, the experimental estimates of the “Hayflick Limit” coincide with, or are some-
what lower than, the H prognosis calculated from the rate of age-related DNA deme-
thylation (Table 1). Evidently, most of the cells in a population can reach the “Hayflick
Limit” long before their genome loses all m’C residues. The situation with aging in vitro and
in vivo is similar: the animal genome may lose the bulk of; if not all, m’C residues during its
life span (Mazin, 1993a,b).

DISCUSSION

The natural process of enzymatic DNA methylation can be considered as an ideal
"counter" of cell divisions. A half of m’C residues arises in each round of DNA replication
(Fig. 1, 1) as a result of maintenance methylation of the daughter DNA chain. Up to 30-
50% of newly formed m’C is usually deaminated to thymine residues (Fig. 1, 2) (Gulp et al.,
1970; Mazin el al., 1985; Mazin, 1993c). About 10% of m°C-T transitions are incorrectly or
no repaired (Fig. 1, 6 and 8) (Brown and Jiricny, 1987), and gradually accumulate in the
genome with each cell division. Complete exhaustion of the m’C reserve in DNA seems to
reflect accumulation of some critical load of the *CG->TG+CA mutations in the genome
(Mazin and Vanyushin, 1987a,b; Cooper and Youssoufian, 1988). They can disturb many
genetic functions and result in aging of cells, organs, and of the entire organism (Mazin,
1994).

The simplicity with which this mechanism functions should be especially stressed. Only
one special gene coding for MTase is required. Accumulation of m°C->T transitions in DNA
is intrinsically irreversible, discrete, and finite (Mazin, 1993c). This mechanism is a part of
the DNA replication system (Leonard ef al., 1992), and automatically counts one cell cycle
after another like a clock. It can stop cell proliferation when a critical number of the
mutations accumulates and the m’C reserve in the genome is depleted.

The m’C content in mammalian DNA is usually equal to 1 mole % or about 3x10’ residues
per genome (Table 1). If the efficiency of the G/T-repair system is about 90% (Brown and
Jiricny, 1987), the loss of all m’C residues from DNA may correspond to the accumulation
of about 3x10° *C>T transitions per genome or 3x10” per each site during the life span.
Thus, at least one such mutation, on average, may take place in every gene by the end of
life span, and this may cause a "catastrophe of errors." Analysis of mutations has shown
that CG>TG+CA transitions contribute up to 30-40% of all single-base substitutions
observed among human genes (Cooper and Youssoufian,1988). Methylation of the CG
sites in the human clotting factor IX gene may generate from 50 to 70% of 750 point
mutations causing hemophilia B (Mazin, 1995). However, these estimates may reflect only a
part of the m’C-dependent mutations because another part of m°C residues may be at the
*C%G sites of human DNA (Woodcock ef al, 1987). So much may be a direct contribution
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of gene methylation to overall mutability.

The rapidly increasing number of m°C->T mutations can activate, with age, some
protooncogenes, like pS3 (Jones et al., 1992). Cell transformation may start some "anti-
aging" mechanism that activates de novo DNA methylation or in other ways lead both to
growth or stabilization of the m°C content in DNA and to the immortalization of cells
(Table 1). This DNA modification, as well as telomere shortening, allows us to consider cell
aging and immortalization as two sides of the same coin (Counter ef al., 1992; Mazin, 1994).

The idea that DNA methylation is an endogenous generator of mutations is a point in
support of the concept of the accumulation of stochastic errors with aging (Szilard, 1959).
On the other hand, DNA methylation can be regarded as a special genetic program that is
inherited within genome of germ-line cells (Hayflick, 1965; 1991). DNA, especially from
female germ cells, is methylated to a far lesser degree than that of somatic cells (Driscoll
and Migeon, 1990), and this may protect them from the CG-mutagenesis. Establishment of
this genetic program begins at the earliest stages of embryonal development presumably
from the moment of de novo DNA methylation (Mazin, 1993a; 1994). Then this
mechanism may work automatically and essentially does not require any additional
regulation.

It may be concluded that enzymatic DNA methylation combines rather naturally both
main concepts of aging and can be considered as a genetically programmed mechanism for
accumulating mutations with age.
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