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ABSTRACT Regional increases in DNA methylation occur
in normally unmethylated cytosine-rich areas in neoplastic
cells. These changes could potentially alter chromatin structure
to inactivate gene transcription or generate DNA instability.
We now show that, in human lung and colon cancer DNA,
hypermethylation of such a region consistently occurs on
chromosome 17p in an area that is frequently reduced to
homozygosity in both tumor types. Over the progression stages
of colon neoplasia, this methylation change increases in extent
and precedes the allelic losses on 17p that are characteristic of
colon carcinomas. We also show on chromosome 3p that
regional hypermethylation may nonrandomly accompany
chromosome changes in human neoplasia. Increased methyl-
ation is consistent in small-cell lung carcinoma DNA at two 3p
loci that are constantly reduced to homozygosity in this tumor,
but it is not seen in colon cancer DNA, in which these loci are
infrequently structurally altered.

Alterations in DNA cytosine methylation are one of the most
consistent, but poorly understood, molecular changes in
human cancers (reviewed in refs. 1 and 2). These abnormal-
ities appear early in progression of tumors and reflect an
imbalance in the DNA methylation process that includes
widespread hypomethylation (3), regional areas of hyper-
methylation (4), and an increased cellular capacity to meth-
ylate DNA (5, 6). The regional hypermethylation may be
particularly important. Our laboratory (4) and others (7, 8)
have found this change in clusters of CpG dinucleotides near
regulatory areas of genes. A normally unmethylated status of
these ‘‘CpG islands’’ appears to be essential for active gene
transcription (reviewed in ref. 9). Conversely, cytosine meth-
ylation within CpG islands can either stabilize or cause
alterations in chromatin structure that render chromosome
regions transcriptionally inactive (for review, ref. 10) or
subject to DNA instability (11).

We now explore whether chromosomal regions that are
distinctively altered in human cancers are nonrandomly
associated with hypermethylation and how the timing of this
abnormality relates to changes in chromosome structure
during tumor progression. A CpG-island-rich area on chro-
mosome 17p, consistently reduced to homozygosity in both
lung and colon cancers, is extensively hypermethylated in
both tumor types. During progression stages for colon neo-
plasia, this abnormal methylation occurs early, increases in
extent, and precedes allelic losses of the involved region. We
also find that regions of chromosome 3p that are consistently
reduced to homozygosity in lung, but not colon, cancers are
hypermethylated only in lung cancer. We suggest that DNA
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hypermethylation nonrandomly marks chromosome regions
altered during the development of specific tumors.

MATERIALS AND METHODS

Cells and Tissues Studied. All established cell lines of lung
and colon carcinomas (4, 12-14) were grown in our laboratory
as previously described (4). All fresh tumors and adjacent
normal tissues have also been previously studied and were
processed as reported (4, 15, 16).

DNA Probes and Hybridization Conditions. All DNA
probes have been mapped to chromosome regions and have
a known frequency for detecting reductions to allelic ho-
mozygosity in the examined tumor types (17-23). Each probe
was isolated as an insert from the growth vector and labeled
by the random priming procedure (24). Southern hybridiza-
tions were performed exactly as in our previous studies (4),
using 5-7.5 ug of DNA digested with Msp I, Hpa 11, and Not
I at high concentrations (15 units/ug or higher) to ensure
complete digestion of both normal and tumor DNA.

Pulsed-Field Gel Electrophoresis (PGFE). DNA was pre-
pared in agarose plugs as described (25) and incubated with
high amounts of Not I (200 units per sample) to ensure
complete digestion. The plugs were covered with mineral oil,
incubated overnight at 37°C, and then loaded onto 1.0%
agarose gels in 0.045 M Tris-borate/0.001 M EDTA, pH 8.0.
DNA was separated by pulse times of 70 s for 20 hr and 100
s for 23 hr at 4°C. Separated DNA was transferred to nylon
filters and Southern hybridizations were performed exactly
as previously reported (4).

RESULTS

Methylation Status of Chromosome 17p CpG Islands in
Colon and Lung Cancers. We first examined the CpG island
methylation status at the locus 17p13.3, which is consistently
reduced to homozygosity in colon cancers (15, 16), lung
cancers (26), and breast cancers (27). We employed
pYNZ22.1, a probe that frequently detects allelic losses of
chromosome 17p in tumors (15, 16, 26, 27). In previous
studies with DNA from immortalized lymphocytes of normal
individuals (28), probe pYNZ22.1 detected small fragments in
digests with Not I [4.7 kilobases (kb)] and BssHII (2.4 kb)
(Fig. 1A). These sizes contrast with the large fragments
(>100 kb) usually generated by these restriction enzymes,
which recognize 8- and 6-base-pair (bp) sequences, respec-
tively, containing CpG dinucleotides. The enzymes are in-
hibited by CpG methylation, and clusters of restriction en-
donuclease sites help define the presence of CpG islands (9,
29). Therefore, the small pYNZ22-complementary fragments

Abbreviations: SCLC, small-cell lung carcinoma; PFGE, pulsed-
field gel electrophoresis.
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FiG. 1. Methylation patterns for locus 17p13.3 in DNA from
normal tissues, lung and colon carcinomas, and colon adenomas. (A)
Not 1 sites (numbered 1-8) around the recognition site for the
pYNZ22.1 probe as discussed in the text. Short bar above the line
denotes position of the pYNZ22.1 probe. (B) Conventional gels of
Not 1 digests (15 units/ug) of DNA samples, probed with pYNZ22.1,
including normal lung (lanes 1 and 2), thyroid (lane 3), liver (lane 4),
and colonic mucosa (lanes 11, 13, and 16); fresh human small-cell
lung carcinoma (SCLC) (lane 5) from the patient whose germ-line
DNA is shown in lane 4; established SCLC culture lines (4, 12)
NCI-H209, OH-3, NCI-H64, NCI-H60, and OH-1 (lanes 6-10,
respectively); fresh colon carcinoma (lanes 12, 14, 15, 17, and 18)
from the same patients as in lanes 11, 13, and 16; and three
established culture lines (14) of colon carcinoma (lanes 19-21). Lanes
15 and 18 represent longer exposures of samples in lanes 14 and 17,
to compensate for the single 17p allelic status of these cancers (see
text). (C) PFGE of selected DN A samples and hybridization to probe
pYNZ22.1. Yeast chromosome marker positions are indicated on the
left-hand side. DNA samples are as follows: lane 1, fresh lympho-
cytes; lane 2, cultured normal fetal fibroblasts (line WI38 from the
American Type Culture Collection); lane 3, fresh SCLC; lane 4,
NCI-H209 line of SCLC (the same sample as in lane 6 of B); lane 5,
established line of non-SCLC lung cancer [NCI-H157, large-cell
carcinoma (12)]; and lane 6, a line of colon carcinoma. (D) Conven-
tional gels of Not I digests, probed with pYNZ22.1, of DNA from
normal colonic mucosa and colon adenomas from seven patients.
Each lane contained approximately 5 ug of DNA. N, normal mucosa;
A, adenoma.

produced by Not I and BssHII suggest the presence of one or
more CpG islands around this region.

We examined the methylation status of five known Not 1
sites clustered in a 8-kb region around pYNZ22 (Fig. 14). In
DNA from normal lung, thyroid, liver, and colonic mucosa
(Fig. 1B, lanes 1-4, 11, 13, and 16) we found these sites to be,
as expected, unmethylated. The polymorphic Not 1 frag-
ments between 4 and 5 kb indicate cutting of Not I sites 6 and
7 (Fig. 1A). The polymorphisms reflect length differences due
to a variable number of tandom repeats within the pYNZ22
region (30). In contrast, 10 of 12 (83%) DNA samples from
fresh and cultured cell lines of lung and colon cancers showed
abnormal methylation of the Not I sites (Fig. 1B). This
occurred in five of six SCLCs examined, including a non-
cultured tumor (lane 5) from a patient whose germ-line DNA
does not show this change (lane 4). The abnormal methyl-
ation results in partial (lanes 5, 7-10) or complete (lane 6)
inability of high amounts of Not I enzyme (15 units/ug of
DNA) to generate the normal polymorphic 4.0- to 5.0-kb
bands (Fig. 1B, lanes 5-8). The normal bands are replaced by
either a >20-kb band that does not resolve on conventional
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gels (Fig. 1B, lanes 5-9) or a new 8.0-kb band (Fig. 1B, lanes
7-9). In one tumor, only some cells show the change, since
the normal 5.0-kb bands are present in amounts equal to those
of the >20-kb and 8.0-kb bands (Fig. 1B, lane 9). The
abnormal 8.0-kb band represents methylation of Not I sites
4-6 (Fig. 1A) and the >20-kb band results from methylation
of sites 3—7. The SCLC sample in lane 10 of Fig. 1B, gave a
normal pattern.

Identical results were obtained in DNA of colon cancer
(Fig. 1B, lanes 11-21). One of the three fresh colon tumors
(lane 12) had virtual loss of the normal 5.0-kb band and
presence of only the >20-kb band (Fig. 1B; compare lanes 11
and 12). The other two fresh tumors had a decrease of the
normal 5.0-kb band and presence of both the abnormal
>20-kb and 8.0-kb bands (compare lanes 13-18). Lanes 15
and 18 of Fig. 1B are longer exposures for tumor DNA that
compensate for the reduced allelic status of these cancers. In
two of three established colon cancer culture lines (Fig. 1B,
lanes 20 and 21) there was complete loss of the normal 5.0-kb
band and presence of only the >20-kb band. The third culture
line of colon carcinoma gave a normal unmethylated pattern
(Fig. 1B, lane 19).

We next examined, by PFGE, the distance that the abnor-
mal methylation extended around the pYNZ22 region (Fig.
1C). On these gels, the small fragments from normal cultured
fibroblasts or fresh lymphocytes were not detected (Fig. 1C,
lanes 1 and 2). However, in the DNA from lung and colon
cancer cultures (Fig. 1C, lanes 4-6), and fresh SCLC (lane 3),
large fragments are seen that represent resolution of the
>20-kb band seen on conventional gels. These indicate that,
in tumor DNA, the distance between unmethylated CpG
islands around pYNZ22 has been extended from =5.0 kb to
300-500 kb, representing methylation of Not I sites 1 and/or
2 (Fig. 1A) in addition to those clustered directly within the
pYNZ22 region (Fig. 1A, sites 3-7).

Timing of pYNZ22 Methylation Changes During Colon
Tumor Progression. We next explored, in progression stages
of colon cancer, the relationships between the pYNZ22
methylation status, allelic losses of 17p, and point mutations
in the p53 gene at 17p13.1. These last 2 parameters are the
consistent molecular changes associated with chromosome
17p in colon carcinoma DNA (15, 16). We compared the
above Not I restriction patterns for the pYNZ22 region in
DNA from normal colonic mucosa and colon cancers with
those for the premalignant adenomas, which are thought to be
precursors to colon cancers (for review, see ref. 16).

Table 1. pYNZ22 methylation status and 17p structural changes
in colonic neoplasia

pYNZ22 No. 17p pS3
Tumor Type methylation alleles mutation

44 A Hyper; 8.0 1 Yes
110 A Hyper; 6.0 2 No
122 A Hyper; 6.0 2 ND
127 A Hyper; 6.0 2 No
137 A Hyper; 6.0 2 No
139 A Hyper; 6.0-8.0 2 ND
157 A Hyper; 6.0 2 ND
S15 C Hyper; >20.0 1 Yes
S93 C Hyper; >20.0, 8.0 1 Yes
S98 C Hyper; >20.0, 8.0 1 Yes

A, adenoma; C, carcinoma; Hyper, hypermethylation; ND, not
done. Numbers in methylation status column show largest predom-
inant abnormal Not I fragments detected; normal fragment size =
4.5-5.0 kb. In Fig. 1D, the DNA samples are tumor 44 in lane 1, 110
in lane 2, 122 in lane 3, 127 in lane 4, 137 in lane 5, 139 in lane 6, and
157 in lane 7. In Fig. 1B, S15 is in lane 12, 593 in lanes 14 and 15, and
S98 in lanes 17 and 18.
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In normal colonic mucosa of seven individuals with colon
adenomas (Fig. 1D and Table 1), probe pYNZ22 detected the
normal polymorphic Not I fragments between 4.5 and 5.0 kb.
By contrast, in seven of seven premalignant colon adenomas
from these same individuals (Fig. 1D, Table 1), abnormal
methylation of the pYNZ22 Not I sites was detected. How-
ever, the patterns differed between DNA from the adenomas
and carcinomas. First, the normal 5.0-kb band is more
intense in the adenoma DNA (Fig. 1D, each A lane) than in
the colon cancer DNA (Fig. 1B, lanes 12, 14, 15, 17, and 18).
Second, the abnormal bands in adenoma DNA ranged from
5.5t08.0kb (Fig. 1D, Table 1) and did not include the >20-kb
bands present in the colon cancer DNA (Fig. 1B). The bands
between S and 8 kb represent variable methylation of sites
4-6 (Fig. 1A). Thus, while abnormal methylation of the
pYNZ22 region exists in the adenomas, the numbers of cells
involved and the extent of the abnormal methylation increase
in the colon cancers.

We correlated the above methylation data to the timing of
17p allelic losses and point mutations within the p53 gene,
which have been previously assessed in most of the samples
we studied (15, 16). These structural changes were present in
only one of seven adenomas, but each of the three fresh colon
carcinomas had both lost one pYNZ22 allele and had muta-
tions in the p53 gene (Table 1). Therefore, abnormal meth-
ylation around pYNZ22 precedes the structural changes on
17p that characterize the progression of colon adenomas to
carcinomas (16). The abnormal methylation of Not I sites is
more extensive on the remaining 17p allele in the carcinomas
than on the two alleles in the adenomas.

Methylation Patterns of Chromosome 3 in Human Tumors.
We next considered whether hypermethylation maps to chro-
mosome loci that are consistently altered in lung cancer and
not in colon cancer. We constructed a methylation status map
of eight loci along chromosome 3p in DNA from colon cancer
and the four major types of lung cancer (SCLC and large cell
carcinoma, adenocarcinoma, and squamous cell carcinoma,
the latter three referred to as non-SCLC). This entire region
exhibits consistent reductions to homozygosity in each of the
lung tumor types (17-22), but 3p allelic losses are particularly
frequent in SCLC, especially at specific telomeric and cen-
tromeric regions (20). Moreover, despite the wide number of
chromosome losses that occur in colon cancer, chromosome
3pis not frequently involved (15). We would then predict that
the pattern and frequency of hypermethylation at 3p loci
might differ between SCLC and other forms of lung tumors
and colon cancer.

To study chromosome 3p, we utilized a series of mapped
probes that have a known frequency for reductions to ho-
mozygosity in human tumors (refs. 17-22 and references
therein). For these probes, relationships to CpG islands have
not been determined. Therefore, we used the methylation-
sensitive enzyme Hpa II to examine the methylation status of
a short widely distributed sequence, CCGG. Hpa II will not
cut this site if the internal cytosine is methylated, but its
isoschizmer, Msp 1, cuts regardless of methylation status
(31). The Msp 1 cuts recognized by each probe used were
identical in normal and tumor DNA. For each probe we also
found that the Hpa II restriction patterns for normal lung
(Fig. 2) and colonic mucosa (data not shown) were similar.
None of the probes exclusively detect CpG islands, since
some CCGG sites were methylated at each locus examined in
normal tissue DNA (Fig. 24, compare lanes 6 and 7 with
lanes 4 and 5; Fig. 2 B, compare lanes 4 and 5 with lane 3; and
Fig. 2C, compare lanes 4 and 5 with lane 3).

Consistent with the known widespread DNA hypometh-
ylation in cancer cells (1-3), we found a decrease in meth-
ylation at six of the eight 3p loci in each of the tumor types
examined as compared with DNA from normal tissues (sum-
mary in the hatched bars in Fig. 3; an example for a
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FiG. 2. Methylation status of 3p loci in DNA from normal human
lung and established lines of human lung and colon cancers. (A)
Hybridizations with probe D3S2 located at 3p21. In normal lung DNA,
Msp 1 produces a polymorphism with 3.5-kb (lane 1, DNA from a
homozygous individual) or 1.3-kb (smaller fragment in lane 2, DNA
from a heterozygous individual) fragments. Msp I plus HindIII (lane
3, HindIlI alone) digestion generates either a 3.3-kb fragment (lane 4)
or two additional smaller fragments from the smaller Msp 1 allele (lane
5). Normal lung DNA is methylated, since Hpa II does not cut the
Hindlll fragments (lanes 6 and 7). DNA (cut with HindIII plus Hpa II)
from SCLC lines (4, 12) OH-3, NCI-H69, NCI-H64, OH-1, NCI-H60,
and NCI-H31 (lanes 8-13, respectively); from non-SCLC (NSCLC)
lung cancer lines (13) U1752, NCI-H23, NCI-1355, NCI-H292, NCI-
H520, NCI-H322, and NCI-H596 (lanes 14-21, respectively); and
from established lines (14) of human colon carcinoma (lanes 22-27) is
hypomethylated relative to normal lung DNA, since the 4.5-kb band
(lanes 6 and 7) is absent from tumor samples, and, in lanes 8, 9, 10, 13,
and 25, Hpa 11 generates fragments from the smaller Msp 1 allele.

(B) Hybridization of the above DNA samples to probe D3S518 at
3p25-26 (see Fig. 3). DNA from lungs of normal individuals (NI) was
digested with Msp I alone (lane 1), HindIII (lane 2), and HindlII plus
Msp 1 (lane 3). Several Msp I sites in lung DNA from two normal
individuals are methylated (note higher molecular weight bands, 2.5 to
7.0kb, in HindIII plus Hpa 11 digests, lanes 4 and 5). Four of six SCLC
DNA samples (lanes 6, 7, 9, and 10), digested with HindIII plus Hpa
II, are hypermethylated (note loss of all bands below =7.0 kb, as
compared to lanes 4 and S). Only two SCLC samples (lanes 8 and 11)
had normal patterns. In contrast, five of seven non-SCLC DNA
samples showed hypomethylation (lanes 12, 13, 15, 16, and 18—note
accentuation of bands in 2.5-kb region and muitiple bands between 1.0
and 2.5 kb). One non-SCLC lung tumor (lane 14, NCI-H292) had a
relatively normal pattern and one (lane 17, NCI-H322) showed hy-
permethylation. All colon cancer samples (lanes 19-24) showed hy-
pomethylation.

(C) Hybridization with probe pYNZ86.1 for region 3p13-14 (see Fig.
3). Normal lung DNA was digested with Msp I (lane 1), HindlII (lane
2), and HindIllI plus Msp I (lane 3). Hpa 11 plus Hindlll digestion (lanes
4 and 5) produces high molecular weight bands (above 3.1 kb) and
diminished hybridization at 1.7 kb (lanes 4 and 5) as compared with
Msp 1 and Hindlll digests (lane 3), indicating some methylated CCGG
sites in normal lung DN A. A similar pattern was seen in normal colonic
mucosa (not shown). Six of seven SCLC DNA samples (lanes 6-11),
digested with HindIllI plus Hpa 11, are hypermethylated (compare to
normal in lanes 4 and 5) as evidenced by a marked reduction or loss
of bands between 0.9 and 6.0 kb (lanes 6-9 and lane 11) or loss of the
1.7-kb band (lane 10). In contrast, four of seven DNA samples from
the non-SCLC lung tumor lines are hypomethylated (note decreased
6.0-kb band and increased bands between 1.7 and 3.1 kb). Two
non-SCLC DNA samples (lanes 17 and 18, NCI-H520 and NCI-H320)
have a more normal pattern, while line NCI-H596 (lane 19) is hyper-
methylated. Four of five DNA samples from colon cancer lines (lanes
20-23) show relative hypomethylation and one (lane 24) has a more
normal pattern.
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chromosome 3p21 region is shown in Fig. 2 A—details are
given in the figure legend). However, two regions in SCLC
DNA, one near the telomere, 3p25-26 (Fig. 2B), and one more
centromeric, 3pl13-14 (Fig. 2C), were hypermethylated as
compared with the normal lung pattern. Four of seven SCLC
DNA samples had these patterns at both 3p regions, and all
seven at either 3p25-26 or 3p13-14. In sharp contrast, only
one non-SCLC tumor and none of the colon cancers were
hypermethylated at either locus (Fig. 2 B and C; summary in
Fig. 3). Moreover, hypomethylation was the predominant
pattern in these latter tumor types.

DISCUSSION

We show that abnormal DNA hypermethylation nonran-
domly maps to chromosome loci frequently altered in lung
and colon tumors. Current data concerning relationships
between chromatin structure, regulation of gene expression,
and cytosine methylation suggest that such changes, espe-
cially in CpG islands, could either mark or cause alterations
of chromatin structure associated with DNA instability and
gene inactivation. The potential association with DNA insta-
bility is stressed by our observation that the abnormal 17p
CpG island methylation preceded the structural alterations of
this chromosome that characterize colon cancer progression
(15, 16). Hypermethylation changes may then be a harbinger
of, or directly involved in, allelic losses in cancer. The
underlying mechanisms may involve relationships between
DNA methylation and DNA replication. Normally unmeth-
ylated CpG-rich regions, and transcriptionally active genes,
replicate early during the cell cycle (for review, see ref. 32).
Increased DNA methylation can cause delayed rates of DNA
synthesis (32) which, around fragile sites, could predispose to
altered DNA structure (11). This is stressed by recent find-
ings for the fragile X mental retardation syndrome. The
appearance of an abnormally methylated CpG island, and an
altered length of a series of CGG repeats within this island
located adjacent to an X-chromosome gene, coincides with
appearance of the disease phenotype (33-35).

If abnormal CpG island methylation is associated with
DNA instability, our data would suggest, based on the
sensitivity of conventional Southern blots, that at least 10%,
or more, of the cells in premalignant colonic adenomas
harbor such a tendency on chromosome 17p. This predispo-
sition might explain the high frequency of the genetic changes

seen for 17p in the colon cancers that arise from adenomas
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FiG.3. CCGG methylation status at mul-
tiple chromosome 3p sites in the DNA sam-
ples shown in Fig. 2. The chromosomal
positions of the hybridization probes, from
the most telomeric (3p25-26) to the most
centromeric (3p12) locations, are shown
along the horizontal axis. Precise order of
the probes within brackets is not known. No
rearrangements for any of the probes have
been found in lung cancer DNA (17-22).
HindllI plus Hpa II digests were compared
for normal vs. tumor DNA samples as shown
in Fig. 2. The percentage of DNA samples
showing normal methylation (open bars),
hypomethylation (hatched bars), or hyper-
methylation (dark bars) is shown along the
vertical axis. A high incidence of hyper-
methylation or retained normal methylation
occurred only in SCLC DNA at loci D3S18
at 3p25-26 and D3S3 and D3S30 at 3p13-14,
while these loci, and all remaining regions,
were predominantly hypomethylated in the
other tumor types tested. *, Maximally
methylated in normal lung.

and in other human neoplasms (15, 16, 26, 27).

In terms of gene inactivation, there is evidence that CpG
island hypermethylation can both cause chromatin changes
that decrease transcription and mark areas where such chro-
matin changes are occurring. Transfected genes when meth-
ylated are not generally transcribed and assume a closed
chromatin transcription configuration (for review, see ref.
10). In adult cells, CpG island methylation occurs only on the
inactivated X chromosome in female mammals (for review,
see ref. 36). In this setting, the methylation change appears
not to precede gene inactivation, but rather to follow and
stabilize a chromatin pattern that occurs early in embryo-
genesis (37).

The potential role of CpG island methylation in neoplasia
is well exemplified from findings in immortalized cells in
culture. In such cells, CpG island methylation appears to be
extensive (7) and may interfere with cell maturation by
silencing the expression of differentiation genes, such as the
transcription factor myo D (8). In fact, progression from the
immortalized to the tumorigenic state is associated with
extension of methylation within the myo D gene-associated
CpG island (8), as we now report for a 17p region in the

progression stages of noncultured colon tumors.

The full implications of the 17p methylation changes we
report will await mapping of the methylation status of addi-
tional areas of this chromosome. The p53 gene, in which point
mutations virtually always coincide with losses of 17p alleles
during colon tumor progression (16), is some distance from
the pYNZ22 region and is unlikely to be influenced directly
by the abnormalities we define. However, hypermethylation
can occur over a wide chromosome region, as our current
PFGE and previous chromosome 11p data suggest (4). In
colon cancers, we have found that, unlike the loss of DNA
methylation that is so prevalent in this tumor, the p53 gene
retains full methylation of multiple CpG sites (data not
shown). Spontaneous deamination of methylated cytosine
forms thymidine. There is, in colon cancers (16), a high
prevalence of C-to-T mutations in the p53 gene at cytosines
methylated in normal tissues (38). The implications of this
finding for rates of mutation of p53 during tumor progression

remain to be determined.

It is also possible that genes around the pYNZ22 region
play a role in tumor progression. Tumor suppressor genes in
addition to pS53 are thought to reside on 17p somewhere
between the region from pYNZ22 to p53 (for example, see
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refs. 39 and 40). The frequency with which CpG island sites
are found adjacent to genes (9, 29) suggests that multiple
genes reside in the pYNZ22 region itself. Microdeletions
around the pYNZ22 area cause brain malformations in the
rare genetic condition Miller-Dieker syndrome (28). Meth-
ylation-associated alterations in expression of such develop-
mentally important genes could play a key role in tumor
phenotype.

Finally, our chromosome 3p findings suggest that regional
DNA hypermethylation may be specifically associated with
chromosomal changes that contribute to individual types of
human cancers. In contrast, the widespread loss of DNA
methylation in tumor cells seems less specific. Both hyper-
methylated 3p sites in SCLC involve candidate regions for
the initiation or progression of this cancer. First, both the
3p25-26 and 3pl13-14 loci are virtually always reduced to
homozygosity in SCLC (17-20), less frequently in non-SCLC
lung tumors (20), and infrequently in colon cancer (15).
Second, the 3p25-26 locus has been linked to the autosomal
dominant Von Hippel-Lindau disease, in which renal tumors
occur (41). It has been proposed that a tumor suppressor
gene(s) for both SCLC and renal tumors resides in this area
(41, 42). Finally, regions within 3p13-14 have been found to
be homozygously deleted in at least one SCLC cell line (43),
and another cell line exhibits reduction to homozygosity due
to an interstitial deletion (22). This area also contains the
most common fragile site known in the human genome (44).

In summary, we have associated regional DNA hyper-
methylation with important chromosome changes in human
cancer. Studies of the methylation status of defined regions
may help elucidate the mechanisms underlying chromosome
instability in tumors and help identify chromatin patterns that
lead to important losses of gene expression during tumor
progression.
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