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Abstract—Methylation of the 5'-region of the calcitonin gene was investigated in bone marrow and peripheral blood cells of
27 healthy volunteers and 25 leukemic patients. In all patients suffering from various forms of myeloid and lymphoid
leukemia, hypermethylation of CpG sequences was observed in this region of the calcitonin gene. Cytosine hypermethylation
in the CpG sequence did not involve cytosines of adjacent CpNpG sequences (where N is any nucleoside). The 5'-region of
the calcitonin gene lacked CpNpG methylation both in healthy controls and in leukemic patients; this apparently represents
specific “non-alternative” type of CpG methylation in the extended DNA sequence. Methylation of the calcitonin gene was
monitored in 18 leukemic patients during malignant progression and medical treatment. Hypermethylation of the calcitonin
gene was not observed on long-term clinical hematological remission. In ten patients characterized by unstable (or incom-
plete) remission hypermethylation of the calcitonin gene persisted through the whole period of observation. In relapses,
hypermethylation of the calcitonin gene appeared again and in six patients, this “molecular relapse” being registered 1-8
months before onset of clinical and laboratory signs of disease progression. The leukemia-specific hypermethylation of CpG
sequences of the 5'-region of the calcitonin gene is a promising prognostic and diagnostic marker of leukemias and might be
useful for monitoring of this disease.
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The first reports of a relationship between altered
enzymatic methylation of DNA and malignant growth
were published more than 20 years ago [1, 2]. However,
only recently it has been clearly recognized that tumor
transformations determine not only classic genetic
changes, but also epigenetic modifications related to
DNA methylation [3]. Tumor cells simultaneously exhib-
it two opposite phenomena: hypomethylation of both
genes and the whole genome and hypermethylation of
certain genes; the latter requires increased level of DNA-
methyl transferase activity which was actually detected;

Abbreviations: ALL) acute lymphoid leukemia; AML) acute
myeloid leukemia; CML) chronic myeloid leukemia; MDS)
myelodysplastic syndrome.
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however, in some studies its assay was not methodologi-
cally correct [3, 4]. Each component of this “methylation
imbalance” makes a significant contribution to develop-
ment of a malignant tumor by causing chromosomal
instability, mutations, activation of protooncogenes, and
silencing of tumor and apoptotic suppressor genes [3].
Special attention is now given to analysis of hypermethy-
lation of tumor suppressor genes, which might help to
find reliable markers for early diagnostics of various spe-
cific forms of malignant tumors. Good evidence also
exists that abnormal methylation of some genes may
highly correlate with progression of specific malignant
tumors. However, in some cases the role of these hyper-
methylated genes in tumor transformation and their
functions in carcinogenesis remain unclear [3, 4]. In the
case of leukemias, methylation status of the calcitonin
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gene may provide valuable prognostic and diagnostic
information. Hypermethylation of the calcitonin gene
was found in some kinds of malignant transformation
including leukemias [5-8]. However, data on quantitative
correlation between various forms of leukemias and
hypermethylation of the calcitonin gene are contradicto-
ry, and usually such correlation is observed in 50-90%
cases of this disease [5, 9-12]. It is possible that such vari-
ations may be (at least partially) attributed to different
resolution capacity of methods employed for analysis of
DNA methylation [10, 11].

It should be noted that studies of most functions of
enzymatic DNA methylation have focused only on CpG
type of methylation. Although cytosine methylation in
human DNA preferentially occurs in CpG sequences,
such modification also occurs in symmetric (CpNpG)
[13] and asymmetric (CpN) sequences (where N is any
nucleoside) [14-16]. It is possible that various types of
DNA methylation play various roles in the cell, but until
recently this problem has not been investigated yet.

So, in the present study we have investigated site-
specific (CpG and CpNpG) types of methylation of the
5'-region of the human calcitonin gene in patients with
various forms of myeloid leukemias and acute lymphoid
leukemias. We have also evaluated the possible impor-
tance of calcitonin gene methylation pattern as prognos-
tic and diagnostic markers of leukemias. Special attention
has been given to monitoring of the calcitonin gene
methylation in 18 leukemic patients during development
of malignant process, chemotherapy, and transplantation
treatment. In this paper, we consider biochemical aspects
of site-specific types of calcitonin gene methylation in
leukemic patients. A detailed characteristic of clinical
material was described in our previous publications [17,
18].

MATERIALS AND METHODS

DNA samples were obtained from nuclei-containing
peripheral blood cells and bone marrow of patients with
various forms of leukemia and also from healthy volun-
teers.

DNA was isolated by phenol—chloroform extraction
after overnight incubation of cells at 37°C in 0.1% SDS
with proteinase K (100 pg/ml; Sigma, USA) followed by
subsequent treatment with RNase A (100 ug/ml; Sigma)
at 37°C for 2 h as described earlier [19].

Restriction endonucleases Hpall and Mspl were pur-
chased from New England BioLabs (USA); EcoRII and
BstNI were isolated at the Pushchino Branch of the
Institute of Bioorganic Chemistry using previously
described methods [20, 21].

DNA cleavage by restriction endonucleases was car-
ried out under conditions optimal for catalytic activity of
each particular enzyme. DNA (8-12 pg) was cleaved by
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either restriction endonucleases Hpall (12 U/ug of DNA)
and EcoRIl (20 U/ug of DNA), recognizing internal
methylated cytosine in the CCGG and CCWGG
sequences, or by restriction endonucleases Mspl (20 U/ug
of DNA) and BsfNI (15 U/ug of DNA), which are insen-
sitive to this type of methylation. The reaction was carried
out at 37°C (or 55°C in the case of BstNI) for 16-18 h.

Electrophoresis of products of DNA digestion was
carried out in 0.8% agarose gel (in the case of Hpall and
Mspl restrictases) or in 6% polyacrylamide gel (in the case
of EcoRIl and BstNI restrictases) at the ratio acryl-
amide/bis-acrylamide 19 : 1. In both cases TBA buffer
(0.089 M Tris, 0.089 M boric acid, 1 mM EDTA, pH 8.3)
containing ethidium bromide (0.5 pg/ml) was used. The
electrophoresis was carried out at voltage 3 V/cm.
Separation of DNA fragments was monitored in the UV
(310 nm).

Digestion products were transferred onto Hybond-
N* (Amersham, England) nylon membrane by elec-
troblotting using a Mini Trans Blot apparatus (BioRad,
USA). Southern blot hybridization analysis of DNA was
carried out using slightly modified protocol [19].

DNA probe. A fragment of 5'-region of human calci-
tonin gene (1.7 kb) kindly provided by Dr. S. Baylin
(Johns Hopkins University Oncology Center, Baltimore,
USA) was used as the hybridization probe. The probe was
cloned as EcoRI-Hindlll fragment in pUCI18 plasmid
and isolated by electrophoresis followed by subsequent
purification by phenol—chloroform extraction.

The DNA probe was labeled by the method of ran-
dom multiple priming using Multiprime DNA Labelling
System (Amersham) according to the supplier’s protocol
and using [a-**P]dATP (5000 Ci/mmol) produced by
Physico-Energetic Institute (Obninsk, Russia). The
resulting probe had specific activity 5:10%-1-10° pulse/min
per ug of DNA.

Pre-hybridization, hybridization, and washing of
membranes were carried out at 65°C using the supplier’s
recommendations. Membranes exposed for radioauto-
graph preparation were then analyzed on a
Phosphoimager radioactivity analyzer (Molecular
Dynamics, USA). DNA samples were analyzed twice.
For verification of complete cleavage of DNA by Hpall
and EcoRII restrictases, DNA samples were hydrolyzed
by higher concentration of these enzymes (25-30 U/ug of
DNA) and the hybridization pattern remained the same.

RESULTS

Effect of methylation state on the Hpall-digestion
pattern of the 5'-region of the calcitonin gene. According
to Baylin et al. [5], Fig. 1 shows the restriction map of the
calcitonin gene and various patterns of digestion of 5'-
region of this gene by restriction endonucleases Mspl and
Hpall depending on methylation of this region. Digestion
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of the 5'-region of the calcitonin gene by restriction
endonuclease Mspl produces several restriction frag-
ments. Three of these fragments (of 0.5, 0.6, and 1.0 kb)
were detected after hybridization with the DNA probe
(Fig. 2, lane 2). Since restriction endonuclease Mspl is
insensitive to methylation of internal cytosine of CCGG
sequence, the Mspl pattern of blot-hybridization of the
calcitonin gene was the same in healthy volunteers and
leukemic patients. In this study, MsplI-blot-hybridization
analysis was used twice as specific internal control for all
DNA preparations (Fig. 3, lane 2; Fig. 4, lane 6).
Digestion of the calcitonin gene by restriction endonu-
clease Hpall, which cannot cleave CCGG sequences
methylated by internal cytosine, revealed the presence of
an additional fragment of 2.0 kb due to partial methyla-
tion of cytosine in the specific sequence CCGG M; in the
5'-region of the calcitonin gene; this is the normal pattern
for healthy tissues [5] (Fig. 1; Fig. 2, lane ). In this study,
a similar pattern of Hpall-blot hybridization of the calci-
tonin gene with the DNA probe was observed in all 24
control samples of DNA from peripheral blood and in
three DNA samples obtained from bone marrow cells of
healthy donors (Fig. 2, lane 7). With the hypermethylat-
ed state of the CCGG sequence of the 5'-region of the
calcitonin gene, Hpall-blot hybridization analysis
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revealed the appearance of additional (abnormal) restric-
tion fragments of 1.2, 2.2, 2.6, and 3.1 kb (Figs. 1, 3, and
4). (Since the restriction pattern of the calcitonin gene
below 1.0 kb was poorly informative, these fragments of
the restriction pattern are not shown in Figs. 3 and 4.)

Hypermethylation of the 5’-region of the calcitonin
gene in chronic myeloid leukemia (CML). The hyperme-
thylation of this gene by abnormal Hpall-fragments was
clearly recognized in four patients at the terminal stage
(blast crisis) and in the case of relapse of this disease after
allogenic transplantation of bone marrow (Fig. 3, lanes /-
5).

Hypermethylation of the 5'-region of the calcitonin
gene in acute myeloid leukemia (AML). This was found in
peripheral blood and bone marrow cells of all six primary
patients (Fig. 3, lanes 6, 10-14). Similar changes in the
methylation pattern of this gene were also found in two
patients with relapse of this disease (Fig. 3, lanes 9 and
16). This form of leukemia was characterized by maximal
hypermethylation of the 5'-region of calcitonin in tumor
cells: registration of abnormal Hpall-fragment of 3.1 kb
and (in one case) even larger fragment of 3.3 kb (Fig. 3,
lane 13). During clinical and hematological remission
abnormal fragments almost disappeared (Fig. 3, lanes 75
and 77). This suggests low degree of hypermethylation of
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Fig. 1. Restriction map and possible variants of digestion of the 5'-region of the human calcitonin gene by restriction endonucleases Hpall
and Mspl. Restriction endonuclease Mspl always cleaves fragments of 0.5, 0.6, and 1.0 kb irrespectively to methylation state of this region.
Restrictase Hpall cleaves the same fragments in absolutely non-methylated 5'-region of the calcitonin gene. Fragments of 1.2, 2.0, 2.6, and
3.1 kb (with indicated methylation positions) are cleaved only by restrictase Hpall under conditions of various methylation degree at the
methylation points M,-M;. Marked regions 1-3 show exons. The solid line shows the size and position of the hybridization probe.
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Fig. 2. Digestion of the 5'-region of the human calcitonin gene
from normal bone marrow and peripheral blood cells by restric-
tion endonucleases Hpall (1) and Mspl (2). Size of fragments is
shown as kb on the right.

5'-region of the calcitonin gene. Abnormal Hpall-frag-
ments were not found in bone marrow cell DNA from a
patient with AML in the state of long-term remission for
9 years (Fig. 3, lane &). This implies full “molecular
remission”. In three patients, it was possible to monitor
time-course of changes of the methylation state of the
calcitonin gene in dependence on the effectiveness of
chemotherapeutic treatment. The pattern of pathologi-
cal hypermethylation of the calcitonin gene in one
patient with primary resistance to treatment with cyto-
statics remained unchanged after three courses of
chemotherapy (Fig. 3, lanes 6 and 7). However, in two
other patients with favorable prognosis to chemothera-
peutic treatment it normalized on remission (Fig. 3,
lanes /5 and 17).

Hypermethylation of the 5'-region of the calcitonin
gene in myelodysplastic syndrome (MDS). MDS refers to
a group of pathological states of bone marrow and periph-
eral blood, which finally transform into AML. In one
patient with this syndrome the presence of abnormal
DNA fragment of 3.1 kb was recognized in bone marrow
cell DNA in the favorable period of clinical course fours
months before syndrome transformation into acute
leukemia (Fig. 3, lanes /& and 79, respectively). The
hypermethylation of the 5'-region of the calcitonin gene
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may indicate existence of a stable clone of tumor cells and
increase in its proliferative activity. Similar hypermethy-
lation of the 5'-region of the calcitonin gene was also
found in the other patient with M DS in the state of trans-
formation of this syndrome into AML (Fig. 3, lane 20).
Our data on hypermethylation of the 5'-region of the
calcitonin gene in patients with AML and on possible
hypermethylation of this region in patients with MDS are
consistent with observations by other authors [7, 8, 22].
Progression of AML and MDS was accompanied by
hypermethylation of the 5'-region of the calcitonin gene
in peripheral blood and bone marrow cells.
Hypermethylation of CCGG sequence of the 5'-
region of the calcitonin gene in acute lymphoid leukemia
(ALL). In the case of ALL (as well as in the case of AML),
the pattern of digestion of the 5’'-region of the calcitonin
gene by restriction endonuclease Hpall is characterized
by the presence of abnormal fragments related to hyper-
methylation of this region. After a course of chemothera-
py hypermethylation of the 5'-region of the calcitonin
gene was detected in bone marrow cells from a patient
with clinically and hematologically diagnosed remission
(Fig. 4, lane ). This suggests maintenance of proliferat-
ing activity of a malignant cell clone even when morpho-
logical parameters of bone marrow remained within the
normal range in this period. Thus, even under conditions
of clinical remission there were signs of “molecular
relapse” of this disease. Abnormal Hpall fragments
(except poorly detectable fragment of 1.2 kb) disappeared
three weeks after an additional course of chemotherapy
(Fig. 4, lane 2). However, four weeks later, these frag-
ments appeared again (Fig. 4, lane 3) and did not disap-
pear up to clinical and laboratory confirmation of relapse
of this disease diagnosed six months later (Fig. 4, lanes 4
and 5). Thus, the pattern of “molecular relapse”
appeared 5 months earlier than the first clinical signs reg-
istered by the increase in blast cells in the bone marrow.
Although peripheral blood of this patient was character-
ized by low percentage of blast cells, there was detectable
hypermethylation of the calcitonin gene registered by
appearance of Hpall-fragments of 1.2 and 2.6 kb, which
obviously indicate initial and intermediate stages of
hypermethylation of this region (Fig. 4, lane 5). A similar
pattern was also observed in the other patient with rela-
tively low percentage of blast cells (3%) in peripheral
blood (Fig. 4, lane 23). This patient was characterized by
extremely aggressive progression of this disease which was
resistant to chemotherapy and which was accompanied
by maximal methylation of the 5'-region of the calcitonin
gene recognized by abnormal Hpall-fragment of 3.1 kb in
bone marrow cells (Fig. 4, lane 22). Detection of an addi-
tional fragment of 1.2 kb in cell samples from this patient
suggests proliferation of tumor cells (Fig. 4, lane 22).
With a similar hypermethylation pattern of the 5'-region
of the calcitonin gene in corresponding DNA samples
(Fig. 4, lanes 22 and 23) there was inconsistence between



344

1 2 3 4 5 6 7 8 9 10

MARINITCH et al.

11 12 13 14 15 16 17 18 19 20

e R W -y o
mm,* *‘m : | 2.0

‘ 2.6

1.2

Fig. 3. Digestion of the 5'-region of the human calcitonin gene from bone marrow (BM) and peripheral blood (PB) cells of patients with var-
ious forms of myeloid leukemia by restriction endonuclease Hpall (with exception of lane 2, which shows the digestion pattern by restriction
endonuclease Mspl): 1) DNA of PB cells from patient with chronic myeloid leukemia (CML) relapsed after BM transplantation; 2) the same
as 1, but DNA was digested by restriction endonuclease Mspl; 3) DNA of PB cells from a patient with terminal stage of CML; 4) DNA of PB
cells from a patient with terminal stage of CML; 5) DNA of PB cells from a patient with terminal stage of CML; 6) DNA of BM cells from
a patient with acute myeloid leukemia (AML), primary investigation; 7) DNA of BM cells from the same patient (as in 6) seen on the 27th
day, appearance of tolerance to treatment with cytostatic preparation; &) DNA of BM cells from a patient with AML after nine years of full
remission; 9) DNA of PB cells from a patient with relapse of AML; 10) DNA of PB cells from a patient with AML, primary investigation;
11) DNA of PB cells from a patient with AML, primary investigation; /72) DNA of BM cells from a patient with AML, primary investigation;
13) DNA of PB cells from a patient with AML, primary investigation; /4) DNA of BM cells from a patient with AML, primary investigation;
15) DNA of BM cells from the same patient (as in /4) but after one month, full hematological remission; /6) DNA of BM cells of a patient
with relapse of AML; 17) DNA of BM cells from the same patient (as in /6) but after 27 days, repeated remission; /8) DNA of BM cells of
a patient with myelodysplastic syndrome (MDS); 79) DNA of PB cells of the same patient (as in /8) but after 4 months, AML; 20) DNA of

PB cells from a patient during transformation of MDS to AML. Size of fragments is shown as kb on the right.

percentage of blast cells in bone marrow and peripheral
blood (56 and 3%, respectively). Although percentage of
blast cells in peripheral blood was low, clear registration of
the abnormal fragment of 3.1 kb suggests the presence of
a clone of malignant cells characterized by significant
proliferating activity.

Detection of abnormal Hpall-fragments in bone
marrow cell DNA in acute lymphoid leukemia (ALL)
may be explained by the fact that in most cases there was
a repeated remission in patients with this disease and this
remission is usually rather short and transforms into a
new clinical relapse.

At the phase of unstable remission the patient with
ALL was characterized by hypermethylation of the 5'-
region of the calcitonin gene three months after the
beginning of chemotherapy (Fig. 4, lane 9). This observa-
tion was consistent with laboratory analyses demonstrat-
ing slightly increased percentage of blast cells (7.5 versus
normal 5%). One month after the course of additional
intensive chemotherapy, the pattern of methylation of the
5'-region of the calcitonin gene normalized (Fig. 4, lane

10) and clinical and laboratory parameters of bone mar-
row normalized as well. However, four months later there
was “molecular relapse” of this disease, which was
observed during maintenance therapy with normal clini-
cal parameters (Fig. 4, lane 17); this “molecular relapse”
appeared eight months before onset of clinical manifesta-
tions.

In the patient with ALL characterized by document-
ed hematological remission the abnormal restriction frag-
ment of 2.6 kb in bone marrow cell DNA was detected
five months before the clinical relapse (Fig. 4, lane 12).
This suggests “molecular relapse” of this disease. It
should be noted that after onset of clinical relapse the pat-
tern of hypermethylation of the 5'-region of the calci-
tonin gene remained unchanged (Fig. 4, lane 13). In the
other patient with ALL with documented hematological
remission the “molecular relapse” was also found 60 days
before the appearance of clinical manifestations of
relapse (Fig. 4, lane 14). In a patient with unstable remis-
sion of ALL the “molecular relapse” was observed in
peripheral blood and bone marrow cells one month
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Fig. 4. Digestion of the 5'-region of the human calcitonin gene from bone marrow (BM) and peripheral blood (PB) cells of patients with var-
ious forms of acute lymphoid leukemia by restriction endonuclease Hpall (with exception of lane 6, which shows the digestion pattern by
restriction endonuclease Mspl): ) DNA of BM cells from a patient in hematological remission, “molecular relapse”; 2) DNA of BM cells
of the same patient (as in 7) but 25 days after additional treatment with chemotherapy; 3) DNA of BM cells of the same patient (as in 2) but
after 38 days, hematological remission; 4) DNA of BM cells of the same patient (as in 3) but seven months later, clinical relapse; 5) DNA of
PB cells from the same patient (as in 3) but seven months later, clinical relapse; 6) DNA of BM cells (digestion by restriction endonuclease
Mspl) from a patient, primary investigation; 7) DNA of BM cells from the same patient (as in 6), primary investigation; §) DNA of BM cells
from the same patient (as in 7) but after 18 days, hematological remission; 9) DNA of BM cells from a patient at the stage of unstable remis-
sion three months after the beginning of chemotherapy; /0) DNA of BM cells from the same patient (as in 9) but 27 days after additional
course of intensive chemotherapy; /7) DNA of BM cells from the same patient (as in /0) but at the stage of hematological remission, 8§
months before relapse of disease, “molecular relapse”; 12) DNA of BM cells from a patient at the stage of hematological remission, “molec-
ular relapse”; 13) DNA of BM cells from the same patient (as in /2) but after five months, clinical relapse; /4) DNA of BM cells from a
patient at hematological remission, 60 days before clinical relapse, “molecular relapse”; 15) DNA of donor BM cells; 16) DNA of BM cells
of a patient nine months after bone marrow transplantation; /7) DNA of BP cells from a patient at unstable repeated remission; /8) DNA of
BM cells from the same patient as in /7, 19) DNA of BM cells of the same patient (as in /7 and /&) but after one month, the second clini-
cal relapse; 20) DNA of PB cells from a patient, primary investigation; 27) DNA of PB cells from a patient, primary investigation; 22) DNA
of BM from a patient, tolerant to cytostatic treatment; 23) DNA of PB cells from the same patient (as in 22). Size of fragments is shown as
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kb on the right.

before clinical registration of the second relapse of this
disease (Fig. 4, lanes 17-19). In all the cases, the pattern
of hypermethylation of the 5'-region of the calcitonin
gene remained unchanged. This pattern was character-
ized by the absence of normal Hpall fragments of 1.0 and
2.0 kb. This suggests especially hard progression of this
disease and significant reduction in normal cells in blood
and bone marrow. In the case of positive result of autolo-
gous transplantation of bone marrow to a patient with
acute lymphoblastic leukemia, we did not register hyper-
methylation of the 5'-region of the calcitonin gene nine
months after the transplantation (Fig. 4, lanes 15 and 16).
In the other patient transition of acute development of
this disease into clinical remission was accompanied (at
the 18th day) by normalization of methylation pattern of
the 5'-region of the calcitonin gene in bone marrow cells;
the phase of remission was characterized by almost total
disappearance of abnormal Hpall fragments (Fig. 4, lanes
7and &).
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Our observations on hypermethylation of the 5'-
region of the calcitonin gene in ALL are consistent with
data from other laboratories [10-12].

Methylation of CCWGG sequences of the 5'-region of
the calcitonin gene in various forms of leukemia. DNA
from nucleus-containing cells of peripheral blood and
bone marrow from patients with various forms of myeloid
and lymphoid forms of leukemia was used for analysis.
DNA from peripheral blood leukocytes of healthy volun-
teers was used as control. For each type of leukemia, we
analyzed DNA from two patients. In these DNA samples,
we initially analyzed the methylation state of internal
cytosine in CCGG sequences of the 5'-region of the cal-
citonin gene. In all leukemic patients, this region was
characterized by hypermethylation of CpG.

Figure 5 shows the BstNI/EcoRII restriction map of
the 5'-region of the calcitonin gene. The 1.7 kb fragment
of the 5'-region of this gene was used as the hybridization
probe. Blot-hybridization analysis of the 5'-region of the
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Fig. 5. Position of CCWGG sequence at the 5'-region of the human calcitonin gene. The position of the hybridization probe is shown at the
top. The size of DNA fragments (as base pairs) cleaved by restrictase BsfNI is given on the bottom. The marked region shows exon 1.

calcitonin gene using BsfNI restrictase and the probe
revealed expected nucleotide fragments of 962, 331, 274,
235, 205, 157, 130, 101, and 83/80 bp (Fig. 6). Relatively
weak intensity of the radioactive signal of the fragment of
962 bp may be attributed to its insignificant overlapping
with the hybridization probe and difficult (for this partic-
ular fragment) hybridization conditions. Conditions of
electrophoresis and subsequent blot-hybridization of
restriction digestion products did not allow us to localize

smaller BstNI fragments of this site of the calcitonin gene
on the radioautogram. In all the cases, the pattern of
digestion of the 5'-region of the calcitonin gene by
EcoRII restrictase sensitive to the presence of 5-methyl-
cytosine in the recognized sequence did not change from
the corresponding BstNI-pattern. This suggests lack of 5-
methyl-cytosine in the CCWGG sequence in this region.
(The latter means lack of methylation of this region of
CpNpG type.) The CpNpG type of methylation of the

501/489
404

331

242

190
147
111/110

Fig. 6. Digestion of the 5'-region of the human calcitonin gene from bone marrow (BM) and peripheral blood (PB) cells from healthy vol-
unteers and leukemic patients by restriction endonucleases EcoRII and BsfNI: A) pUC19/Mspl; 1, 2) DNA of BM cells from a patient with
acute lymphoid leukemia (ALL), full remission; 3, 4) DNA of PB cells from a patient with relapse of ALL; 5, 6) DNA of BM cells from a
patient with AML, primary investigation; 7, §) DNA of PB cells from a patient with terminal stage of CML; 9, 10) DNA of PB cells from
healthy volunteers; 1, 3, 5, 7, 9) digestion by EcoRll; 2, 4, 6, &, 10) digestion by BstNI. Size of fragments (as base pairs) is shown on the left.
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5'-region of the calcitonin gene was not found in cells of
peripheral blood and bone marrow isolated from healthy
volunteers and patients suffering from various forms of
leukemia.

DISCUSSION

In the present study, we analyzed site-specific
methylation of the human calcitonin gene and its impor-
tance as a prognostic and diagnostic marker of leukemias.
Special attention was given to monitoring of methylation
of the calcitonin gene in leukemic patients during their
medical treatment and development of malignant growth.

In accordance with observations by other authors [7-
12, 22], hypermethylation of internal cytosine of CCGG
sequences of the 5'-region of the calcitonin gene is a char-
acteristic feature of tumor progression in various forms of
myeloid and lymphoid leukemias. Under conditions of
clinical and hematological remission, hypermethylation
of the calcitonin gene was not detected. However, hyper-
methylation of the calcitonin gene persisted under condi-
tions of incomplete remission (or when full remission was
not achieved). In addition to previous studies, we found
abnormal methylation of the calcitonin gene under con-
ditions of clinical remission and resistance of leukemic
patients to treatment with cytostatic and cytotoxic drugs.
In some cases of various forms of leukemia, the appear-
ance of abnormal Hpall fragments reflecting hyperme-
thylation of the 5'-region of the calcitonin gene resulted
in the decrease or even complete disappearance of “nor-
mal” Hpall fragments of 1 and 2 kb (Fig. 3, lanes /§ and
19; Fig. 4, lanes 17-19). In these cases, the leukemic
process was characterized by heavy progression that was
resistant to chemotherapeutic treatment.

“Molecular remission” reflecting normalization of
the calcitonin gene methylation was characterized by sig-
nificant reduction or complete disappearance of abnor-
mal Hpall fragments. This accompanied clinical remis-
sion and improvement in conditions of patients.
“Molecular relapse” reflecting restoration of abnormal
hypermethylation of the 5'-region of the calcitonin gene
was observed 1-8 months before appearance of clinical
and laboratory signs of the disease. Consequently, rever-
sion of the normal pattern of methylation of the 5'-region
to the “pathological” pattern may be considered as an
early molecular stage of development of leukemias.

The search for primary changes of genome methyla-
tion related to carcinogenesis is one of the basic problems
of epigenomics [23]. The solution of this problem may
help not only better understanding of molecular mecha-
nisms of carcinogenesis but also early diagnostics and
more effective treatment of malignant tumors. However,
at the present time no universal DNA-markers for prog-
nosis and early diagnostics of the most widespread forms
of human cancer are available. Perhaps, this reflects
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involvement of different abnormal genetic and biochemi-
cal programs underlying development of various forms of
neoplastic cell transformation. If this assumption is cor-
rect, we may expect discovery of specific DNA-markers
for certain types of tumors. These may include genes with
altered methylation pattern. Hypermethylation of a rep-
resentative group of tumor suppressor genes (including
genes with documented functions in carcinogenesis) is
firmly recognized [3, 6]. Methylation of some of these
genes was observed in all (100%) cases of some types of
tumors [24]. Abnormal methylation of genes with puta-
tive suppressor function in carcinogenesis may also corre-
late well with progression of specific malignant tumors [3,
6, 25]. In the case of leukemias, the methylation pattern
of the human calcitonin gene may provide similar prog-
nostic and diagnostic information. Data from different
laboratories suggest that the (hyper)methylation pattern
of the calcitonin gene may be used as a marker gene for
monitoring of leukemia [7-12, 17, 18, 22]. It should be
noted that there is a wide range of correlation values (43-
94%) between cases of leukemia and hypermethylation of
the calcitonin gene [9-12]. However, even in the cases of
extremely low value of this parameter hypermethylation
of the calcitonin gene is considered as an independent
prognostic marker of increased risk of relapse of acute
lymphoid leukemia [12]. Various forms of leukemic dis-
eases may differ in this parameter and maximal positive
correlation (reaching more than 90%) is recognized in the
cases of acute lymphoid leukemias [10, 11]. We did not
find leukemic patients who were negative in CCGG-
hypermethylation. Variation of correlation values may be
partially attributed to different resolution ability of meth-
ods used for analysis of DNA methylation [10, 11].
Further studies are required for subsequent evaluation of
methylation pattern of the 5'-region of the human calci-
tonin gene as a diagnostic and prognostic marker of
leukemias.

Structural—functional studies of enzymatic mam-
malian DNA methylation are mainly focused on CpG-
type of methylation. However, it is firmly recognized that
in mammalian cells DNA may be methylated not only by
CpG sequences but also by CpNpG (where N is any
nucleoside) and cells may methylate CpNpG de novo and
also they may maintain this site-specific DNA modifica-
tion [13]. This raises reasonable questions on the func-
tional role of CpNpG-type of mammalian DNA methy-
lation and also on specific genetic regions subjected to
CpNpG-methylation. Studies of CpNpG-type of methy-
lation of mammalian genes are at the beginning of the
story and the human calcitonin gene represents an inter-
esting object. The 5'-region of this gene represents a typ-
ical “CpG-island” [26]. This region may also be referred
to “CpNpG-island” due to its enrichment with these
sequences, which also includes CCWGG sequences
(where W= A or T) [27]. These CCWGG sequences are
potential targets for CpNpG-specific DNA methylation.
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Until our study, methylation of CCWGG sequences
of the 5'-region of the calcitonin gene had not been inves-
tigated.

During de novo DNA methylation in mammalian
cells a “methylation wave” may cover not only adjacent
CpG-site but also cytosine residues in non-palindrome
sequences [14-16]. So we could expect that hypermethy-
lation of CpG-sequences of the 5'-region of the calci-
tonin gene, which accompanies development of various
forms of leukemia, may also involve adjacent CCWGG
sequences. However, we failed to detect methylation of
adjacent CpNpG sequences in this region of the calci-
tonin gene in all the samples from leukemic patients.
Thus, in contrast to hypermethylation of CpG dinu-
cleotides, CpNpG sequences of the 5'-region of the
human calcitonin gene remain unmethylated both in
normal conditions and during development of leukemia.
Besides our observations [28], other authors also found
some relationship between the ratio of CpG- and
CpNpG-site-specific types of methylation of regulatory
and promoter regions of eukaryotic genes. For example,
in the primary culture of B-cell lymphoma and myeloma
cells a promoter of a non-expressing B-29 gene is methy-
lated either at CG or CCWGG sequence (but not by both
sequences simultaneously) [29]. The reversed relation-
ship between methylation of CG and CCWGG
sequences was also found for the proviral genome of
Moloni mouse leukemia virus [30] and mitotic myf-3
gene [31]. Our data obtained using clinical material not
only suggest the existence of a strong reversed relation-
ship between CpG and CpNpG types of methylation of
specific genetic region, but they also imply the possibili-
ty of constant absence of CpNpG-specific methylation of
certain genes under norm and malignant growth. Thus, a
distinct and specific mode of methylation of the 5'-
region of the calcitonin gene found in leukemic patients
and healthy volunteers may represent “non-alternative”
CpG-type of methylation of extended DNA stretches.
The mechanism of inhibition of CpNpG specific methy-
lation of the 5'-region of the calcitonin gene in nucleus-
containing cells of peripheral blood and bone marrow
from leukemic patients remains unclear. It is possible that
such inhibition of CpNpG specific methylation reflects
structural features of the 5'-region of the calcitonin gene
and mutual positioning of CpG and CpNpG sequences
in this region.

In the light of these latest data, we suggest the exis-
tence of marker genes that are specific for different forms
of malignant tumors and which are characterized by dif-
ferent site-specific type of methylation. Subsequent
extension of this study of the calcitonin gene methylation
using a larger group of leukemic patients will allow better
understanding of results of the present work.
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