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ABSTRACT  The state of DNA methylation in mouse
erythroleukemia (MEL) cells has been analyzed in relation to
commitment to differentiation in response to treatment with
hexamethylenebisacetamide (HMBA). Previous experiments
have shown that induction by HMBA involves transient ge-
nome-wide hypomethylation of DNA that is achieved by re-
placement of S-methylcytosine with cytosine residues. The
experiments described in the present communication revealed
that hypomethylation is a very early event in the process of
differentiation. Exposure of the cells to 3-deazaadenosine, an
adenosine analog, in combination with homocysteine, resulted
in the intracellular accumulation of 3-deazaadenosylhomocys-
teine, which caused an inhibition of HMBA-induced hypo-
methylation that was correlated with a comparable inhibition
of differentiation. While these experiments suggest that hypo-
methylation is a necessary step in the process of differentiation,
other experiments reported here indicate that hypomethylation
of DNA may be necessary but not sufficient to trigger the whole
program of differentiation in MEL cells. We found, for
example, that exposure of the cells to cycloheximide during the
first 24 hr of induction by HMBA resulted in compléte
inhibition of differentiation without significant effect on the
HMBA-induced hypomethylation. This result also indicates
that the enzymatic machinery required for the hypomethyla-
tion of DNA is present in uninduced cells.

Murine erythroleukemia (MEL) cells can be induced to
differentiate by a variety of agents. It has become increas-
ingly clear that the decision to ‘‘switch’’ upon induction from
a state of continuous proliferation to terminal differentiation
involves a complex multistep mechanism, and that the
response of MEL cells to induction proceeds through various
stages. Terminal differentiation is a late response, usually
measured 72-96 hr after induction and first detectable at 40
hr. However, as clearly demonstrated by the elegant studies
of Marks and his collaborators (1), terminal differentiation is
preceded by a state of ‘‘commitment’’ that can be detected as
early as 18 hr after induction.

Recently, two cytoplasmic factors that act synergistically
in the process of MEL differentiation have been isolated and
characterized (2, 3). A variety of events, such as changes in
membrane permeability, chromatin structure, and expres-
sion of oncogenes take place before cells become committed
(1). Clearly, these changes reflect a major alteration in the
repertoire of genés expressed in these cells before and after
induction. Activation and silencing of genes have been shown
in many instances to be associated with a change in the DNA
methylation pattern (4). It is evident that a change in the
methylation pattern of DNA may involve both the loss of
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methylated cytosines at some sites of the genome and
methylation of previously unmethylated cytosines at other
sites.

We have previously shown (5) that when MEL cells are
treated with a variety of inducers of terminal differentiation,
their DNA undergoes a transient and quickly reversed
genome-wide decrease in the content of 5-methylcytosine.
Further experiments revealed that hypomethylation is ac-
complished by an active mechanism whereby, in the absence
of DNA replication, a large fraction (as much as 60%) of the
5-methylcytosine residues in the DNA are replaced by
cytosine residues (6), which subsequently become methyl-
ated at position 5. In biochemical terms, this experiment
indicates that the modulation of the pattern of DNA meth-
ylation involves at least two enzymatic steps catalyzing,
respectively, the replacement of a number of methylcytosine
residues by cytosine and methylation of the newly incorpo-
rated cytosines by a de novo methylase.

We report here the results of experiments designed to
explore further the possibility that these changes in DNA
methylation play a role, together with a number of other
processes, in setting the stage for cell commitment and to
define more precisely the relationship between the observed
transient hypomethylation and the process of terminal dif-
ferentiation of the erythroleukemia cells.

METHODS AND MATERIALS

Cell Culture and Materials. MEL cell line clones 745,
DR10, and R1 were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 15% fetal calf serum
(Beit Haemek, Israel). Cells were diluted 48 hr before use to
a freshly split culture (1.5 X 10° cells per ml) in the medium
described above. MEL clone 745 cells were used in all
experiments unless specified in the text. Deazaadenosine
(deaza-Ado) was a gift from Burroughs Wellcome. L-
Homocysteine thiolactone (Hcy) was purchased from Cal-
biochem, and hexamethylenebisacetamide (HMBA) and cy-
cloheximide were purchased from Sigma.

Assays. The content of S-methylcytidine in DNA was
assayed by HPLC (7); commitment of MEL cells (8) and
benzidine-reactive cells were determined as described (9).
Intracellular levels of deaza-AdoHcy were analyzed as de-
scribed (10).
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RESULTS

The replacement of a fraction of the methylcytosine residues
by cytosine in the DNA of MEL cells induced with HMBA
is a very early event. Fig. 1 shows that DNA hypomethyla-
tion reached its maximum =12 hr after induction and was
followed by a methylation process that was essentially
complete by 18 hr. These events precede both differentiation,
which can first be detected at 40 hr, and commitment, which
begins 18-20 hr after induction.

To examine whether both hypomethylation and methyla-
tion of hypomethylated DNA are involved in the process of
differentiation, we used deaza-Ado, expecting that this com-
pound might specifically inhibit the methylation process.
Deaza-Ado is an adenosine analog that in the presence of
homocysteine can be utilized as a substrate by S-adenosyl-
homocysteine hydrolase and converted to deaza-AdoHcy
(10). Deaza-AdoHcy like AdoHcy is a potent inhibitor of
transmethylation reactions, but it differs from the natural
congener in its affinity for various methyltransferases, and,
hence, in the spectrum of its biological activity (12, 13).

As a first step, we have confirmed earlier observations
(14), which demonstrated that HMBA-induced differentia-
tion can be inhibited completely by deaza-Ado in a dose-
dependent manner. We have also confirmed the fact that the
inhibition produced by deaza-Ado is potentiated by Hcy (14).
This observation provides very strong evidence that the
inhibitory effect of deaza-Ado is due to its conversion to
deaza-AdoHcy. In further support of this conclusion, we
have established (data not shown) that in MEL cells, as in
other eukaryotic cells, deaza-Ado is rapidly and effectively
converted to deaza-AdoHcy, which accumulates intracellu-
larly.

An experiment designed to establish the relationship be-
tween the deaza-Ado-dependent inhibition of differentiation
and changes in the pattern of DNA methylation yielded an
interesting and unexpected result. We observed that admin-
istration of deaza-Ado and Hcy to HMBA-induced MEL cells
inhibited both the differentiation and the DNA hypomethyl-
ation induced by HMBA. Fig. 2 and Table 1 show that these
inhibitory effects depend strictly on the duration and timing
of the exposure of the cells to deaza-Ado and Hcy. When
deaza-Ado and Hcy were added at the same time as the
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FiG.1. Time course of changes in DNA methylation with respect
to commitment and differentiation. MEL cell cultures at 2 x 10° cells
per ml in Dulbecco’s modified Eagle’s medium and 15% fetal calf
serum were treated with 5 mM HMBA. At 6-hr intervals cell culture
aliquots were withdrawn for DNA preparation, plating on semisolid
medium, and benzidine staining. The extent of DNA methylation was
determined by HPLC (7) or nearest-neighbor analysis (11). Cell
commitment and differentiation were analyzed, respectively, by
benzidine staining of colonies formed on semisolid medium (9) or
staining the cells grown in suspension in Dulbecco’s modified Eagle’s
medium/15% fetal calf serum (8). o, Hypomethylation; ®, commit-
ment; O, differentiation. 5-Methylcytosine content: 100% methyla-
tion corresponds to 3.1 + 0.2 mol % of total cytosine.
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FiG. 2. Relationship between differentiation and length of expo-
sure of HMBA-induced cells to deaza-Ado and Hcy. MEL cells were
cultured and treated with HMBA as described in Fig. 1 except 20 uM
deaza-Ado (3-DZA) and 50 uM Hcy were added together with
HMBA. Cell culture aliquots were withdrawn at the times indicated,
and cells were washed with Dulbecco’s modified Eagle’s medium
and recultured in fresh medium/serum with 5 mM HMBA alone.
Differentiation was estimated by benzidine staining of the cells in
suspension 96 hr after induction.

inducer and removed 4, 6, or 8 hr later, there was no effect
on differentiation; if the cells were exposed to deaza-Ado and
Hcy for 12 or 18 hr after the beginning of induction, differ-
entiation was inhibited by 20% and 90%, respectively; exposure
of the cells to deaza-Ado and Hcy for the first 24 hr after
induction resulted in complete inhibition of differentiation (Fig.
2). Table 1 shows that if exposure to deaza-Ado and Hcy was
terminated 8 hr after induction, the extent of HMBA-induced
hypomethylation was the same as in control (HMBA-induced)
cells, whereas exposure to deaza-Ado and Hcy for 24 hr
resulted in complete inhibition of hypomethylation. The inhib-
itory effects of deaza-Ado and Hcy on DNA hypomethylation
were greatly decreased if Hcy was omitted (data not shown).

In another set of experiments, we observed that when the
addition of deaza-Ado and Hcy was delayed with respect to
induction, the effect on differentiation was progressively
diminished (Fig. 3). If the administration of deaza-Ado and
Hcy was delayed by 12, 18, or 24 hr after the beginning of
induction, differentiation was inhibited by 80%, 68%, or 48%,
respectively. Addition of deaza-Ado and Hcy 48 hr after
induction had no inhibitory effect on differentiation.

The experiments described above show that exposure to
deaza-Ado and Hcy during the period from 8 to 18 hr after
induction results in the inhibition of DNA hypomethylation

Table 1. Effect of 3-deaza-Ado and Hcy on the hypomethylation
of DNA from HMBA-induced MEL cells

Time of exposure to

HMBA, hr
Addition(s) 6 12 18
None 3.2 1.8 33
Deaza-Ado + Hcy 3.35 3.15 3.0
Deaza-Ado + Hcy
(removed at 8 hr) — 1.65 3.1

MEL cells were induced by HMBA in the presence of deaza-Ado
and Hcy as described in the legend to Fig. 3. Aliquots for DNA
preparation were taken 6, 12, and 18 hr after induction. DNA was
analyzed for the extent of methylation as described in the legend to
Fig. 2 and it is expressed as methylcytosine (mol % of total cyto-
sine). Deaza-Ado and Hcy were removed as described in the legend
to Fig. 3.
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F1G. 3. Relationship between differentiation and the time of
addition of 3-deaza-Ado and Hcy after induction. MEL cells were
treated with S mM HMBA as described in the legend to Fig. 1 and
20 uM 3-deaza-Ado (3-DZA) and 50 uM Hcy were added at the times
indicated. Differentiation was determined by benzidine staining of
the cell suspensions 96 hr postinduction.

and commitment to terminal differentiation. Thus, the ex-
periments described in Figs. 2 and 3 and in Table 1, taken
together, support the idea that genome-wide hypomethyla-
tion may be a necessary step in the process of commitment
of MEL cells to differentiate.

The inhibition of differentiation resulting from administra-
tion of deaza-Ado and Hcy is highly specific. This conclusion
stems from the observation that intracellular accumulation of
AdoHcy in response to the administration of adenosine (80
puM) and Hcy in the presence of erythro-9-(2-hydroxy-3-
nonyl)adenine, a potent inhibitor of adenosine deaminase,
had no effect either on HMBA-induced differentiation or on
the concomitant decrease in the methylcytosine content of
DNA.

The next series of experiments was designed to determine
whether the transient decrease of the methylcytosine content
of DNA is necessary and sufficient to trigger the process of
differentiation, or whether it is only one factor in a series of
reactions, acting in concert or in a way-station manner. We
have approached this question by examining whether hypo-
methylation takes place under the following conditions in
which treatment with HMBA does not result in cell differ-
entiation. (i) When cells were exposed to cycloheximide for
an 18-hr period, from 6 to 24 hr after induction with HMBA,
DNA hypomethylation proceeded normally (Table 2),
whereas cell differentiation was completely inhibited (Fig. 4).
As a control, HMBA-induced MEL cells were treated with
cycloheximide for the same length of time between 0 and 18
hr (data not shown) or between 18 and 36 hr after induction;
under these conditions, differentiation was delayed but not

Table 2. Extent of DNA methylation of HMBA-induced MEL
cells in the presence of cycloheximide
Time of exposure to

HMBA, hr
Addition 6 12 18
None 3.2 2.05 3.15

Cycloheximide 3.24 2.32 3.12

MEL cells were induced by HMBA as described in Fig. 1 in the
presence of cycloheximide (0.5 ug/ml) added at the beginning of the
induction. Aliquots for DNA preparation of 5-methylcytosine in the
DNA samples was carried out as described in the legend to Fig. 1 and
is expressed as methylcytosine (mol % of total cytosine).
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FiG. 4. Effect of cycloheximide on differentiation. MEL cells
were cultured and treated with HMBA as described in Fig. 1.
Cycloheximide (0.5 pg/ml) was added between 6 and 24 hr (¢) or 18
and 36 hr (m) after HMBA addition. 0, Control cells (HMBA alone).
Extent of differentiation was estimated by benzidine staining of the
cells at the times indicated.

inhibited (Fig. 4). It is clear from this experiment that the
expression of differentiation requires the synthesis of several
factors that are synthesized in succession and at specific
times after induction. At least one of these has to be produced
during the period between 6 and 24 hr after induction since
exposure to cycloheximide during this time inhibits differen-
tiation. (ii) MEL cell clones R1 and DR10, which have lost the
capacity to differentiate in response to HMBA, underwent
normal DNA hypomethylation 12 hr after exposure to HMBA
(data not shown). (iii) It has been previously suggested that
dexamethasone inhibits events critical for the initiation of
commitment. We have observed that while HMBA-induced
commitment was prevented in the presence of dexametha-
sone, the HMBA-induced DNA hypomethylation was not
prevented, albeit somewhat delayed (data not shown).

The results of these experiments indicate that in MEL cells
it is possible to uncouple DNA hypomethylation from ter-
minal differentiation. The results also support the idea that in
these cells genome-wide transient DNA hypomethylation
may be a necessary, but not sufficient, event in the cascade
required for the expression of the terminally differentiated

phenotype.

DISCUSSION

The association of gene activity with specific methylation
patterns in mammalian DNA is now well established. House-
keeping genes are, in general, hypomethylated in all tissues,
including sperm; by contrast, many but not all tissue-specific
genes are heavily methylated in sperm and in somatic tissues
but undermethylated in the tissues in which they are ex-
pressed (5). The hypomethylation of genes is usually corre-
lated with the presence of DNase-sensitive and hypersensi-
tive sites, reflecting an open chromatin structure character-
istic of active genes (15). It is, therefore, probable that the
differentiation process is associated with changes in DNA
methylation and chromatin structure.

We have previously observed a genome-wide transient
reduction in the methylcytidine content of DNA in MEL cells
induced by agents such as HMBA. We show here that this
hypomethylation is an early event that precedes commit-
ment. It should be noted that in MEL cells hypomethylation
coincides with the first appearance of DNase I-sensitive sites
in the a- and B™¥-globin genes (16, 17). This suggests that
changes in the pattern of DNA methylation may be one of the
preparatory events that are essential for commitment of the
cells to terminal differentiation. In fact, a complete inhibition
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of the demethylation process by a combination of deaza-Ado
and Hcy is accompanied by a complete inhibition of cell
differentiation. There is every reason to believe that the
effects of the administration of deaza-Ado and Hcy are due
to the intracellular accumulation of deaza-AdoHcy, a con-
gener of AdoHcy, which is a product and an inhibitor of
methyl transfer reactions from S-adenosylmethionine. The
spectrum of action of deaza-AdoHcy differs from that of
AdoHcy, as has been shown (12, 13).

The fact that hypomethylation is not sufficient for terminal
differentiation is demonstrated by the fact that in a variety of
conditions induction of MEL cells with HMBA results in
hypomethylation but not in differentiation. The conclusion
that the hypomethylation of DNA, while necessary, may not
be sufficient is in accord with the observation that certain
specific genes are undermethylated but not expressed. There
is compelling evidence to suggest that the hypomethylated
state sets the stage for gene expression, but it is also known
that for expression to occur tissue-specific trans-acting fac-
tors have to be present in the cell to bind to the cis-acting
sequences and thereby activate the gene.

A second conclusion that emerges from the data is that,
although hypomethylation takes place only when MEL cells
are induced, the enzymatic machinery responsible for this
process is already present in the uninduced cells, as shown by
the fact that hypomethylation is observed in the presence of
cycloheximide.

The biological effects of deaza-AdoHcy have been gener-
ally ascribed to the ability of this compound to interfere with
AdoMet-dependent methyl transfer reactions (18). In MEL
cells, however, deaza-AdoHcy was shown to inhibit the
HMBA-induced hypomethylation of DNA, a reaction whose
mechanism is not known but presumably does not involve the
participation of S-adenosylmethionine. Further work will be
required to elucidate the molecular basis of the inhibitory
effect of deaza-AdoHcy on DNA hypomethylation.
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