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ABSTRACT Inactivation of normally expressed genes may
play a role in the formation and/or progression of human
cancers. Methylation of cytosine in DNA could potentially
participate in such alterations of gene expression. Abnormal-
ities in DNA methylation are a consistent feature of human
neoplasms, and we now show that these include not only
previously recognized widespread genomic hypomethylation,
but also regional increases in gene methylation. A hot spot for
abnormal methylation ofC + G-rich areas has been detected on
the short arm of chromosome 11 in an area known to harbor
tumor suppressor genes. This change occurs consistently in
common forms of human cancer and appears early during the
transformation of cells with viruses including members of the
human T-cell leukemia (HTLV) family. Furthermore, in one
chromosome 11 gene examined, calcitonin, the increased meth-
ylation in somatic tumor cells coincides with the presence of an
"inactive" chromatin pattern in the transcriptional regulatory
area. The increased regional DNA methylation demonstrated
may then participate in or mark chromosomal changes asso-
ciated with gene inactivation events that are central to the
genesis and/or progression of human cancers.

Loss of expression of "tumor suppressor" genes may be a
fundamental process underlying formation and/or progres-
sion of many types of cancer (1-5). One event in DNA that
may mark and/or participate in chromosomal events influ-
encing such changes in gene transcription, and that is altered
in human cancer, is DNA methylation. Decreased methyla-
tion of C+ G-rich areas in the 5' region of genes may be
''permissive" but not sufficient for allowing gene expression
(6, 7). In contrast, in vitro studies suggest that increased
methylation in these same areas prevents gene transcription
(8).

Studies of overall DNA methylation have revealed either
no difference between normal and cancer cells or hypometh-
ylation in cancer cells (9-11). Where specific genes have been
studied, hypomethylation has been observed in human neo-
plasms (12-14). By contrast, Kautainien and Jones (15)
recently reported increased activity ofa C + G-specific meth-
ylase in cancer cells. This increase did not correlate with
changes in overall DNA methylation and the authors sug-
gested that unidentified localized hot spots for DNA hyper-
methylation, not reflected in the total DNA methylation
pattern (15), might exist in cancer cells. In this regard, we
recently found in human cancers a pattern of increased
methylation in the 5' region of the calcitonin gene (CALCI)
(16, 17). This gene resides on the short arm of chromosome
11 (18, 19), the site of at least two "tumor suppressor" genes
(4, 5). Clusters of genes in this area are conserved on other
chromosomes in nonhuman species (20). We now show that
this change in the CALCI gene is associated with a region of

increased methylation on the short arm of chromosome 11,
which coexists with widespread genomic hypomethylation.
This CALCI gene hypermethylation occurs early in viral
transformation and marks and/or participates in structural
changes in the DNA regulatory region of the gene that would
inactivate transcription. Regional DNA hypermethylation
must then be considered as one potential mechanism for gene
inactivation in human cancer.

MATERIALS AND METHODS

Cell Lines, DNA Preparation, and DNA Hybridization.
Human cells studied consisted of lung cancer lines started in
either our own laboratory (21) or that of Adi Gazdar (22),
colon cancer lines (23), fibroblasts (24, 25), teratocarcinoma
cells (26), and cord blood lymphocytes infected with the
human T-cell lymphotropic virus (HTLV) type I (27). Fresh
human T lymphocytes were infected with this virus as de-
scribed (28). DNA and RNA extraction and Southern and
RNA blot hybridizations were performed as described (16,
17).
Molecular Probes. The 5' region CALCJ genomic probe has

been described (16, 17). Other probes for the short arm of
chromosome 11 included an anonymous region, pADJ 762
(29), a full-length genomic probe of the HRAS gene, which
spans 5' and 3' flanking regions (30-32), and a 5' region
genomic probe for catalase (CAT) (33). Probes for genes on
other chromosomes included a full-length genomic probe of
human MYC (34), an Xho I/Nco I 5' fragment of a genomic
probe for FOS (35, 36), a genomic probe for the transferrin
receptor (37, 38), and 5' region genomic probes for the
HLA-A2 (39) and HLA-B7 (40) genes.

Assessment ofCCGG Methylation Patterns. The numbers of
CCGG sites methylated were assessed by digesting DNA
with Msp I and Hpa II, which cut at the sequence CCGG.
Hpa II will not cut when the internal cytosine is methylated
(41). DNA (5 Mg) was digested with either 10 units of Msp I
per ug or 4 units of Hpa II per ,g, electrophoresed,
transferred to nylon filters (DuPont), and hybridized to
selected 32P-labeled DNA probes. Filters were used for
multiple hybridizations and the previous probe was removed
by boiling for 20 min in 0.1 x SSC/0.1% NaDodSO4 (1 x SSC
= 0.15 M NaCI/0.015 M sodium citrate).
Studies of CALCI Gene Chromatin Conformation. For

identification of nuclease hypersensitive sites at the 5' end of
the CALCI gene, intact nuclei were digested with restriction
endonucleases for known sites in this region. Intact nuclei
were prepared as described by Sweet et al. (42) and sus-
pended at 2 x 108 nuclei per ml of digestion buffer (20 mM
Tris, pH 7.9/50 mM NaCl/3 mM MgC12/0.1 mM EGTA/1
mM 2-mercaptoethanol). After incubation for 1 hr at 37°C
with increasing concentrations of Msp I (0, 45, 90, and 450
units/ml) or selected other restriction enzymes, samples

Abbreviation: HTLV, human T-cell lymphotropic virus.
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were deproteinized, DNA was extracted, digested with Bgl II
or BamHI, electrophoresed, and hybridized to the 5' CALCI
gene probe.

RESULTS
Methylation Patterns of the CALCI Gene in Cultured Hu-

man Cancer Cells. Our initial studies of DNA from patient
tumor samples indicated that hypermethylation of the
CALCI gene was present in virtually all leukemias (17) and
small cell lung cancers (16). Recently, we have studied 23
established lines of all types of lung cancers, 17 of gastroin-
testinal tumors, and 1 teratocarcinoma line and found that
83% (data not shown) contained the previously reported
methylation abnormalities of the CALCI gene. As discussed
later, this change is not induced by culture conditions alone.

Methylation Patterns of Chromosome 11 Genes vs. Genes
from Other Genomic Locations. To place the above findings
into perspective with previous reports of DNA hypometh-
ylation in human tumors, we studied the methylation status
of C+ G-rich regions in DNA samples from 7 human tumors
selected to demonstrate a full range of CALCJ gene methyl-
ation patterns (Fig. 1A). Four genes on the short arm of
chromosome 11, from the centromere toward the terminal
portion, including catalase at 11p13 (33), CALCI at 11p15 (18,
19), HRAS at 11p15.5 (43, 44), and an anonymous region
termed pADJ 762 at lip15.5 (29) had a remarkable concor-
dance for increased numbers of methylated CCGG sites (Fig.

S

1). Three of the 4 tumors that exhibited the greatest degree of
CALCI gene methylation (Fig. 1A, lanes 4, 6, and 7) also had
increased CCGG methylation in pADJ 762 (Fig. 1B, lanes 6,
8, and 9), HRAS (Fig. 1C, lanes 9, 11, and 12), and catalase
(Fig. 1D, lanes 4, 6, and 7). In one cancer showing only a
moderate increase in CALCI gene methylation (Fig. 1A, lane
8) two of the three other chromosome 11 regions were also
moderately hypermethylated (Fig. 1C, lane 13; Fig. 1D, lane
8), and the other was normally methylated (Fig. 1B, lane 10).
In DNA from two tumors hypomethylated for the CALCI
gene (Fig. 1A, lanes 9 and 10), pADJ 762 and the catalase gene
were also hypomethylated (Fig. 1B, lanes 11 and 12; Fig. 1D,
lanes 9 and 10), while HRAS gene methylation was similar to
normal tissues in one tumor (Fig. 1C, lane 14) and hypo-
methylated in the other (lane 15). Only one tumor DNA,
extracted from a small cell lung carcinoma sample, was
differentially methylated for the four chromosome 11 genes
studied, exhibiting hypermethylation for CALCI (Fig. 1A,
lane 5), normal methylation for pADJ 762 (Fig. 1B, lane 7),
and hypomethylation for HRAS (Fig. 1C, lane 10) and
catalase (Fig. 1D, lane 5).

In contrast to the above findings, genes examined on other
chromosomes (three examples given; Fig. 2) had no increased
CCGG methylation. In the four tumor DNA samples most
extensively methylated for chromosome 11 genes, the MYC
gene on chromosome 8 (46, 47) had no methylation of 5'
CCGG sites (Fig. 2A, lanes 5-10). Similarly, the methylation
patterns of the FOS gene (Fig. 2B) on chromosome 14 (48)
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FIG. 1. Tumor-associated CCGG methylation in selected chromosome 11 regions. (A) Calcitonin. A representative Msp I pattern (example for
lung) is shown in lane 1. Lanes 2 and 3 (lung and liver), Hpa 1I patterns typical for normal tissues. The decrease in the 1.0-kb band seen with Msp
I and appearance of a 2.0-kb band are due to methylation of site M5 (refs. 16 and 17; see also Fig. 4). Lanes 4-10, Hpa II pattern of 7 human tumor
DNAs. Extensive methylation is present in teratocarcinoma (lane 4), small cell lung carcinoma (SCLC) (lanes 5 and 6), acute lymphocytic leukemia
(lane 7), and modest hypermethylation in a non-SCLC lung cancer (lane 8). A rare pattern of hypomethylation is represented by medullary thyroid
carcinoma (lane 9) and a culture of SCLC (lane 10). (B) pADJ 762. Lanes 1-3, Msp I digests; lanes 4 and 5, Hpa II digests typical for normal tissues.
Lanes 6-12, the same Hpa II digests, respectively, shown in lanes 4-10 ofA. Note extensive methylation (lanes 6, 8, and 9), normal methylation (lanes
7 and 10), and hypomethylation (lanes 11 and 12). (C) HRAS. The CCGG sites in the 3' region of the HRAS gene are highly polymorphic (12, 13).
We determined the full range ofMsp I polymorphisms in normal and tumor tissues (lanes 1-3) and the range ofHpa II patterns in normal tissues (lanes
4, 5, and 8). We then compared Hpa II and Msp I patterns for each individual tumor. Extensive methylation was seen (lanes 9, 11, and 12), representing
3 of the 4 tumors hypermethylated for CALCI (lanes 4, 6, and 7 of A). The fourth tumor was hypomethylated for HRAS (lane 10). To prove further
that these differences were not simply due to polymorphisms, we studied tumor and corresponding normal DNA from the same patient (lanes 6-8).
The Msp I pattern was identical in both normal and tumor samples (lane 6). The Hpa II digest of leukemia blast cells (lane 7) showed extensive
methylation compared to the normal blood cells after disease remission (lane 8). Identical results were previously seen in these same samples for the
CALCI gene (17). (D) Catalase. Lane 1, Msp I digest typical of normal and tumor DNA; lanes 2 and 3, Hpa II digests typical of normal tissues. Lanes
4-10, the same Hpa II digests oftumorDNA shown in A, B, and C. DNA methylation patterns in lanes 4, 6, 7, and 8 are concordant with the increased
methylation of the CALCI gene (lanes 4, 6, 7, and 8 in A). Hypomethylation is seen in lanes 9 and 10, as was true for the CALCI gene (lanes 9 and
10 in A). The same tumor, which deviated from the CALCI gene pattern for pADJ 762 and HRAS, also was less methylated for catalase (lane 5). M,
Msp I; N, normal; and T, tumor cut with Hpa II.
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FIG. 2. Tumor-associated CCGG methylation in selected non-
chromosome 11 genes. (A) MYC. Lanes land 2, typical Msp I digests
of normal DNA (lung and liver). C + 0-rich areas of the 5' flanking
region and first exon account for the bands of 1.0, 0.8, and 0.56 kb,
while infrequent CCGG sites in the 3' region of the gene result in the
3.4- and 2.2-kb bands (45). In normal tissues (lanes 3 and 4), the 5'
sites are unmethylated, while the 3' sites are methylated with
resultant loss of the 3.4- and 2.2-kb bands. In the tumors (lanes 5-
11) representing the same DNA samples, in order, as shown in lanes
4-10 of Fig. 1A, ilpa II digests are either identical to normal DNA
(lanes 5, 6, 8, 9, and 10) or show relative hypomethylation (lanes 7
and 11) of the 3' CCGG sites. The SCLC line NCI-H82 (lane 11)
contains an amplified MYC gene (45). (B) FOS. Normal tissues show
several methylated CCGG sites (compare Hpa 11 digests in lanes 3-
6 to Msp I digests in lanes 1 and 2). In the tumor DNA (lanes 7-13),
Hpa II patterns were either similar to normal (lanes 7, 10, and 11) or
revealed relative hypomethylation (lanes 8, 9, 12, and 13). (C)
Transferrin receptor. Normal tissues are considerably methylated at
CCGG sites (Hpa II patterns in lanes 3 and 4 compared to Msp I
patterns in lanes 1 and 2). The seven tumor DNA samples (lanes 5-
11) are either methylated identically to normal tissues (lanes 6, 7, 8,
and 9) or are relatively hypomethylated (lanes 5, 10, and 11).

and the transferrin receptor gene (Fig. 2C) on chromosome
3 (49) were either identical to normal tissues (Fig. 2B, lanes
7, 10, and 11; Fig. 2C, lanes 6, 7, 8, and 9) or hypomethylated
(Fig. 2B, lanes 8, 9, 12, and 13; Fig. 2C, lane 5, 10, and 11).
Interestingly, both tumors hypomethylated for CALCJ (Fig.
1A, lanes 9 and 10) were frequently hypomethylated in each
of the genes on other chromosomes (Fig. 2A, lane 11; Fig. 2B,
lanes 12 and 13; Fig. 2C, lanes 10 and 11). Finally, the
HLA-A2 and HLA-B7 genes on chromosome 6 (39, 40) were
also either normally methylated or hypomethylated in all the
same tumors studied (data not shown).
Changes in CALCJ Gene Methylation Induced by Trans-

forming Viruses. The high frequency of DNA methylation
changes in human cancers makes it important to time their
appearance during the transformation process and define the
causative steps. To determine whether the hypermethylation
changes on chromosome 11 are also an early neoplastic

event, we investigated the methylation status of the CALCI
gene during viral transformation of human cells.

Since culture alone can induce changes in DNA methyla-
tion (24, 25), we first examined uninfected young and senes-
cing fibroblasts. Cultured fibroblasts actually develop, with
time, as previously reported for genomic DNA methylation
(24, 25), a tendency to hypomethylation of the CALCJ gene
(Fig. 3, lanes 1 and 2). By contrast, simian virus 40-infected
cells develop aberrant methylation at some of the same
CCGG sites involved in human tumors (lane 3).
More directly applicable to human cancers are findings

with T-cell lymphotropic viruses (HTLVs). Normal T cells in
culture induced to proliferate by interleukin 2 develop re-
duced methylation of the CALCJ gene (Fig. 3, lane 5
compared to lane 4). In contrast, HTLV induces the new sites
ofCCGG methylation previously seen in leukemias (17). The
CT gene is extensively methylated in a HTLV-I-positive
T-cell lymphoma (lane 6), in long-term cultures of HTLV-I-
positive T-cell leukemia (lane 7), and HTLV II-associated
leukemia (lane 8). Established lines of adult human T cells
(lane 9) and normal cord blood T cells (lane 10) infected in
vitro with HTLV-I also show extensive hypermethylation.
Most importantly, acutely infected T cells become abnor-
mally methylated within 8 weeks of exposure to HTLV-I
(lane 11), demonstrating that abnormal DNA methylation can
occur relatively early during the transformation process,
before the evolution of frank tumorigenicity.

Correlation of CALCI Gene Methylation with Conformation
of the Transcription Regulatory Region. DNA hypermethyl-
ation in cancer cells could have important functional impli-
cations. Recent studies suggest that demethylation of gene
regulatory areas may not alone alter gene transcription (6, 7).
In contrast, in vitro studies have shown that extensive
cytosine methylation within C +G-rich "islands" in the 5'
regions of genes may result in a marked reduction of
transcriptional activity (8). DNA hypermethylation could
then provide one mechanism for the loss of gene function
thought to underlie initiation and progression of human
cancers (1-5). Consequently, we have examined the chro-
matin structure of the CALCI gene in cells that exhibit
various degrees of CALCJ gene methylation and expression.
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FIG. 3. CALCI gene Hpa I1 digestion patterns in cells infected
with transforming viruses. Human fibroblasts (lane 1), passage 20,
had a normal pattern of methylation involving site M5 (see Fig. 4
Upper) but showed decreased methylation (lane 2) of this site during
senescence (passage 50; note decrease in the 2.0-kb band and
increase in the 1.0-kb band). Simian virus 40 infection of human
fibroblasts produced new methylation patterns (lane 3) for 5' sites
(note loss of the normal 2.0-kb band and appearance of abnormal
bands at 2.2, 1.6, and 0.7 kb). Normal T lymphocytes stimulated to
grow with interleukin 2 (obtained from Alan Hess, Johns Hopkins
Oncology Center) undergo decreased methylation at site M5 (lanes 4
and 5). T cells infected with HTLV retroviruses become hyper-
methylated. Note the abnormal 1.6-, 2.2-, and/or 2.6-kb bands in
DNA from a HTLV-I-positive T lymphoma (lane 6), from established
lines of HTLV-I-positive T-cell leukemia (lane 7), and HTLV-II
leukemia (lane 8). Cells infected with HTLV-I by coculture also had
extensive methylation as seen in established lines of adult T cells
(lane 9), umbilical cord blood T cells, MT2 line (27) (lane 10), as well
as within 2 months after infection of adult T cells (lane 11).
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Our studies focused on a region located from -1000 to + 200
base pairs relative to the start of exon 1, which is important
for the induction of transcription of the CALCI gene in vitro
(refs. 50 and 51; B.D.N. and A.d.B., unpublished data).
The TT line of human medullary thyroid carcinoma (MTC)

(50-52) and the DMS 53 (53) line of human small cell lung
carcinoma (SCLC) highly transcribe the CALCJ gene (data
not shown) and are hypomethylated at CCGG sites in the
CALCI gene (example for MTC, Fig. 1A, lane 9). Both cell
types exhibited (Fig. 4) the fully open chromatin pattern
typical for transcriptionally active genes. Msp I sites M2, M3,
and M4 (see Fig. 4 Upper) are fully accessible in whole nuclei
to cleavage with this enzyme and sub-bands are generated
within a 4.3-kilobase (kb) BgI II and 2.7- and 1.9-kb BamHI
fragments as shown (Fig. 4 Lower). Other enzyme sites
within this region (Fig. 4 Upper) such as Ban II, BamHI, Ava
I, and Bgl II were also accessible (data not shown).
One line of SCLC, NCI H82 (22), and a line of normal

fibroblasts exhibit 5' region hypomethylation but do not
transcribe the CALCI gene (data not shown). Both cell types
had a "partially" open CALCI gene conformation (see H82
in Fig. 4 Lower). Thus, sites M3 and M4 are only partially

Proc. Natl. Acad. Sci. USA 85 (1988)

accessible to digestion and site M2 does not cleave. These
results fit the hypothesis that hypomethylation in the 5'
region does not, directly or alone, fully dictate the confor-
mation or expression level of genes and that other cellular
factors must be operative (6-8).
Two cell lines, the OH3 line (21) ofSCLC and the Colo 320

line of colon carcinoma (34), have extensive methylation of
(patterns such as those in Fig. 1A, lanes 5-7) and do not
transcribe the CALCI gene (data not shown). In these cells,
the CALCJ gene appears to be in a fully "closed" confor-
mation. No. 5' Msp I sites were accessible to digestion (see
OH3 in Fig. 4 Lower). This closed conformation is specific for
CALCI, since the MYC gene, which is unmethylated in its 5'
region in these cell lines (examples in Fig. 2, lane 7), showed
equal accessibility of Msp I sites in known DNase I hyper-
sensitive regions (45) (data not shown).
The Tera-I line of teratocarcinoma cells (26), which are

hypermethylated for (Fig. 1A, lane 4) and do not spontane-
ously express the CALCI gene (data not shown), showed,
surprisingly, a fully open conformation pattern (Fig. 4).
Teratocarcinomas, unlike lung and colon cancers, are neo-
plasms of embryonic rather than mature somatic cells, and
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Groudine and Conkin (54) have shown that extensive 5'
region methylation and nuclease hypersensitivity may tran-
siently coexist during early embryonic development.

DISCUSSION
We have now shown that the abnormalities of DNA meth-
ylation frequently found in human cancer include not only
widespread hypomethylation but also regional hypermethyl-
ation on chromosome 11. Furthermore, this increased meth-
ylation occurs early in viral transformation of human cells
and is associated, in common somatic cell tumor types, with
a closed transcriptional site conformation in the CALCJ gene.
This latter finding stresses the potential relationship between
hypermethylation and gene inactivation. Precedent for asso-
ciation between altered chromosome structure, increased
methylation, and gene inactivation is also found in normal
cells. During, or shortly after, inactivation of one X chro-
mosome in female mammals, sites unmethylated in the active
X chromosome become methylated in genes no longer
transcriptionally active (55, 56).

In transformed cells, aberrant increases in DNA methylation
could thus have similar implications for chromosomal structure
and gene expression. The region in which we have demon-
strated a hot spot for increased DNA methylation in human
cancer is particularly important. The short arm of chromosome
11 is morphologically and/or functionally altered in several
human cancers (3-5). This chromosome also harbors genes
whose normal expression may be integral to preventing emer-
gence of the cancer phenotype in some cell systems (3-5).
Structural abnormalities that might inactivate key regions of
chromosome 11, either marked or caused by increased DNA
methylation, could thus be an important step in the formation or
progression of important types of human tumors.
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