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Abstract

It has long been debated whether the accumulation of allelic losses in
tumors involves the selection of cells which have stochastically lost chro
mosomal regions or whether there is, inherent to the neoplastic state, a
process which predisposes to genetic instability. Changes in DNA methy-

lation are commonly seen in human tumors and can alter chromosome
structure. We now have examined specific types of primary neural tumors
which allow us to determine relationships between abnormal DNA hyper-

methylation and allelic loss. In primary brain tumors which frequently
lose chromosome 17p (30-50%) even in the earliest stages, we now show

that 84% (21 of 25) exhibit hypermethylation at locus D17S5, on 17p.
However, in primary neuroblastomas, a tumor type which does not lose
chromosome I7p, no regional hypermethylation is observed. These data
suggest that on chromosome 17p, regional D17S5 hypermethylation con
stitutes a molecular change which is associated with genetic instability.

Introduction

Abnormal DNA methylation patterns are characteristic of neoplas
tic cells (1, 2). Widespread areas of genomic hypomethylation (1,3)
coexist with regional increases in DNA methylation ( 1. 2.4. 5) at early
stages of tumor progression. We have shown that the chromosomal
locations of DNA hypermethylation in lung and colon cancers are not
random but may occur in areas thought to harbor tumor suppressor
genes (4, 5). During colon cancer progression, a normally unmethy-
lated CpG-rich region (D17S5; Ref. 6) of chromosome 17p, recog

nized by the probe YNZ22, becomes increasingly methylated (5). This
change begins in noncultured colonie polyps, which are benign pre
cursors to colon carcinoma (7), before 17p losses have appeared (5).
These data suggested that regional hypermethylation could be asso
ciated with a predisposition for allelic losses of chromosome 17p in
colon cancer.

The above hypothesis concerning regional hypermethylation and
allelic loss leads to several predictions, which we have now examined
directly. If regional DNA hypermethylation is associated with predis
position to chromosomal loss in tumors, then the methylation abnor
mality should: (a) be present predominantly in those tumor types in
which specific allelic losses commonly occur and infrequent in tumor
types in which these losses are rarely seen; (b) have a higher fre
quency in tumors predisposed to the chromosome loss than the actual
incidence for reduction to homozygosity; (c) potentially involve both
chromosomes at risk for structural changes: and (d) coincide with or
precede the timing of reduction to homozygosity during defined stages
of tumor progression.

To test these predictions, we have examined a series of primary
neural tumors, which either do or do not exhibit loss of chromosome
17p regions. All stages of human brain tumors, derived from cells of
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astrocytic lineage, from premalignant stages to cancers, and from
medulloblastomas arising in the cerebellum, are frequently (30-50%)

reduced to homozygosity for chromosome 17p, including the D17S5
region and the Â¡>53tumor suppressor gene (8-19). The remaining p53
alÃeleis often (60-70%) simultaneously mutated in those tumors with

17p allelic loss (12, 13, 15, 16, 19). However, reduction to allelic
homozygosity of the DI7S5 region can occur separately (12, 13. 15.
16, 19) from loss or mutation of the p53 gene, which has led to the
suggestion that there are other tumor suppressor genes on 17p. distal
to/;5^(12, 13, 15. 16. 19). In contrast to brain tumors, neuroblastomas
rarely if ever demonstrate loss of the D17S5 or other 17p regions (20).
In the present study, we have compared the methylation status of
D17S5 in human brain tumors and neuroblastomas to determine if
there is an association between DNA hypermethylation and chromo
some I7p loss in neural tumors.

Materials and Methods

Tissue Preparation. DNA from surgically removed brain tumors, adjacent
normal brain, and neuroblastomas was prepared exactly as previously de
scribed (8. 9. 20)

Determination of 17p Allelic Status. We used ÃŸiimHIrestriction analysis
(21) and a polymerase chain reaction analysis, with primers flanking the
D17S5 variable number of tandem repeats region (22), to document the DI7S5

allelic status of the samples in Figs. 2 and 3. We also used polymerase chain
reaction analysis, with primers flanking the more centromeric 17p locus.

D17S261. and the proximal 17q. D17S250 region, to observe reduction to

homozygosity at other chromosome 17 regions (23).
D17S5 Methylation Status. The methylation-sensitive restriction enzyme

Noil was used to determine the methylation status of the D17S5 region exactly
as previously described (5) and as outlined in Fig. 1. Double digests with Not\
and BiimHl were also used to determine the methylation status of Noti site 2.

Results

D17S5 Hypermethylation Is Observed in All Stages of Primary
Astrocytomas and Medulloblastomas. The CpG-rich region (6),

D17S5, recognized by probe YNZ22 (Fig. 1), is unmethylated at the
Noti restriction sites in this region (Fig. 1) in normal brain (Fig. 2), as
we have found in other normal tissues (5). In studies using a probe
specific for the region between Noti site 2 and the far left BamHl site
(Fig. 1), with BamHl and Nail double digestions, we determined that
Noti site 2 remained unmethylated in all neural tumors examined
(presence of a predicted 600-base pair fragment in all samples tested:

data not shown). However, DNA from 17 of 20 (85%) primary brain
tumors, representing each stage of tumor progression along the astro
cytic cell lineage (8, 24), exhibited extensive methylation at Noti sites
3-6 (see Fig. 2, A, low-grade astrocytoma: B. intermediate grade
anaplastic astrocytoma: C, high-grade glioblastoma multiforme; and

legend to Fig. 2, which describes band patterns specific for the me
thylated versus unmethylated status of Noti sites 3-6). In addition, in

4 of 5 (80%) cerebellar medulloblastomas these same Noti sites were
shown to be methylated (Fig. 2D).
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Fig. I. Strategy for analyzing allelic and methvlation status of the region delected by YNZ22. The hatched har represents the position of the YNZ22 probe (note that the figure is

not drawn to scale). A variable number of tandem repeals, flanked by Bnm\\\ sites IÃŸ). renders the region detected by YNZ22 polymorphic in 86^i of the population (21 ). The Not\
restriction sites used to assess the methylalion status of the DI7S5 reginn are numbered 1-8. The recognition sequence for the restriction enzyme Not\ contains 2 CpG dinucleotides.
If these cytosines are unmethylated. as we have found in all normal human tissues tested (5), Not\ produces a polymorphic 4.5-5.0-kilobase fragment detected by YNZ22. Since Not\
site 2 appears not to be methylated in the examined neural tumors, the presence of a >20-kilobase band on conventional Southern blot gels is due to the sequential methylation of Noi\
sites 3-6 (Ret. 5; and Figs. 2 and .H Fragment sizes between >2() kilobases and 6 kilobases, previously seen in colon adenomas (5) and in some neural tumors in this study, are due

to sequential methylation of sites 3, 4, and/or 5 bul not sites 2 or 6.

The overall incidence of 84% for D17S5 regional hypermethylaiion
in brain tumors exceeds the known high frequency (30-50%; Refs.
8-19) of chromosome I7p and D17S5 loss in these tumor types. The
extensive hyperrnethylation of this region in low-grade astrocytomas
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also coincides with the described early timing of chromosome 17p
loss in astrocytic tumor progression (8. 10. 11, 15, 17). Furthermore,
we studied the allelic status in a subset of the brain tumors in each
progression stage (data not shown) and found that the extensive hy
perrnethylation of this region occurred not only in cases in which one
alÃelewas already lost (Fig. 2, A, Lane 3T', B, Lanes IT and 3T) but

even in those tumors in which both alÃeleswere retained (Fig. 2, A,
Lanes IT. 2T, 4T-6T: C, Limes IT. 2T, 4T; D. Lane 2T).

Finally, we determined that none of the tumors which had a normal
D17S5 methylation pattern had evidence for loss of chromosome 17
alÃeles.Each of these tumors was informative for one or more chro
mosome 17 loci, and none had lost alÃelesat D17S261 (17pl2-ll.l)
or D17S250 ( 17qll.2-12). These tumors were unfortunately either

noninformative for DI7S5 (Fig. 2. C, Lane 8T: D, Lane 5T) or the
germline tissue was unavailable (Fig. 2C, Lane 77").

D17S5 Hypermethylation Is Not Observed in Primary Neuro-
blastomas. Findings for the methylation and allelic loss status of the
D17S5 region in neuroblastoma are in stark contrast to those above for
brain tumors. Recently, it was reported that 0 of 20 noncultured
neuroblastomas had lost the D17S5 region (20). In the 12 primary
tumors we examined here, ranging from the lowest to highest stage of
malignancy (20). 11 were informative by BamHl restriction analysis
(Fig. 1) tor the allelic status of D17S5, and each of these ncuroblus-

tomas retained both alÃeles(data not shown). Furthermore, 0 of these
12 primary neuroblastomas exhibited the extensive methylation ab
normality observed in brain tumors for the D17S5 region (Fig. 3A).
Only one neuroblastoma (Fig- 3/1, Lane 8) showed minor methylation
changes involving Noti sites 3-5 (Fig. 1).

Fig. 2. Methylation status of the D17S5 region in DNA from brain tumors. A, low-grade
astrocytomas. All normal brain samples (LMnes IN, 2N, .W, 4N, 5N, 6iY) from patients
with tumor exhibit the 4.5-5.0-kilobase polymorphic Nt>t\ fragments, as expected if Noti
sites 2-6 (Fig. I ) are unmethylated. All 7 noncultured. low-grade tumors exhibit abnormal
methylation of the YNZ22 region. Six of the tumors showed extensive melhylation of Ntn\
sites 3-6. as indicated by complete loss of the 4.5-5.0-kilobase bands and gain of a
hybridization signal at >20 kilobases (Lanes IT, 2T, JT, 4T, ST. 67"). One tumor (Lane 77")

exhibited abnormal methylation which was not as extensive as in the previous samples,
shown by the multiple bands of <8.0 kilobases. These bands are produced when N(H\ sites
3-5 are methylated (see Fig. ! ). B. intermediate-grade (anaplastic) astrocytomas. DNA
from the normal brain of each patient exhibits the polymorphic 4.5-5.0-kilohase fragments
(Lttnes /M 2M .W. 4N). In the tumors, 4 of 5 samples show extensive abnormal meth
ylation of Niii\ sites 3-6, as indicated by the loss of the normal 4.5-5.0-kilobuse bands,
and the gain of hybridization signal at >20 kilobases. Only tumor sample 5T shows the
normal unmethylated pattern for this probe. C high-grade astrocytomas (glioblastoma
multiforme). DNA from normal brain samples again shows an unmethylated pattern. Six
of eight of the high-grade tumors show abnormal methylation. indicated by both hybrid
ization at >2() kilobases (Lune* IT, 2T, .?7~.and ^7") and at 8.0 kilobases (Liines 4T, 5T,
67"). Samples 7T and 8T show no methylation. since the fragments produced in the tumors

are identical in size to the normal tissue DNA. D. medulloblastomas. In this brain tumor.
4 of 5 tumors show some degree of abnormal methylation when compared to correspond
ing normal tissue. Samples IT and 2T show the same extensive methylation of Noil sites
3-6 (>20-kilobase band), as was seen in the majority of astrocytomas. Samples 3T and
4T also show abnormal methylation, with the formation of 6.0-8.0-kilobase bands, indi
cating that Noti sites 3-5 (Fig. I ) are methylated. Only tumor 5T has no methylation when

compared to adjacent normal tissue.
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Fig. 3. Methylation status of the D17S5 region in DNA from primary neuroblastomas and tumor-derived cell lines. A. primary neuroblastomas. DNA from 12 primary neuroblastomas
does not show the extensive methylation patterns seen in the brain tumors in Fig. 2. indicated by the absence of a hybridization signal at >20 kilobases and strong hybridization at
the 4.5-5.0-kilobase range. lume # contains DNA from a tumor which does show partial methylation involving only Noti sites labeled 3-5 in Fig. I. The allelic status for the D17S5
region was examined by RamH\ restriction as outlined in Fig. I. and 11 of 12 of these primary neuroblastomas were informative and showed heterozygosity at this locus (data not
shown). B. neuroblastoma cell lines. All four established cell lines exhibit the extensive methylation of Non sites 3-6 characteristic of most noncultured brain tumors (Fig. 2). There
is virtually no hybridization signal at the 4.4-kilobase marker, with most of the hybridization at the >20-kilobase unresolvable range. Although we were unable to allelotype the

corresponding normal tissue from these cell lines, all four were homozygous for the DI7S5 region, as determined by Buni\\\ restriction analysis, which detects 86$ heterozygosity
in the normal population (21).

Studies of cultured neuroblastomas further emphasize the associa
tion between D17S5 hypermethylation and 17p allelic loss. It has been
reported that normally unmethylated CpG-rich regions have increased

methylation in cultures of immortalized (25) and transformed (4)
cells. We examined cultures of neuroblastomas to determine if this
CpG-rich region would also become hypermethylated and if hyper

methylation would again correlate with 17p allelic status. Four of four
neuroblastoma cell lines exhibited extensive methylation of the Noti
sites 3-6 (Fig. 3B). Furthermore, unlike the primary neuroblastomas,

at least some of these cell lines appeared to have lost D17S5 alÃeles,
since none were heterozygous for this locus (data not shown), which
is polymorphic in 86% of the population (21).

Discussion

In summary, our current data associating regional hypermethylation
of D17S5 and I7p allelic loss in neural tumors are consistent with the
hypothesis that the neoplastic process involves mechanisms which
mark chromosomes for risk of reduction to allelic homozygosity. Our
findings for the I7p region suggest that in neoplastic cells either: (a)
there are molecular events which predispose to the loss of I7p regions
which also result in DNA hypermethylation or (b) the DNA hyper
methylation changes, themselves, predispose to allelic loss. While
both of these possibilities must be the focus of future studies, our data
demonstrating that both copies of D17S5 alÃelesare methylated in
brain tumors which have not yet lost regions of chromosome 17p, and
our findings in the following study of human renal cancers (26)
provide evidence that DNA hypermethylation precedes I7p allelic
loss.

Whichever of the two above possibilities is eventually established,
the molecular basis for the association we now report between
changes in DNA methylation and chromosome structure in tumors
will probably relate to the building body of evidence that methylation
of CpG-rich regions can either result from, or cause, changes in

chromatin structure (for a review, see Ref. 27). Examples include
changes associated with inactivation of the X-chromosome during

embryogenesis (28), hypermethylation of the genetically unstable re
gion involved with the fragile X syndrome (29), and the assumption
of a transcriptionally closed chromatin configuration by transfected
genes which are methylated, in vitro (27), or by endogenously hyper-

methylated genes in immortalized (25) or neoplastic cells (4). The
hypermethylation associated with X-chromosome inactivation (28)

and with the abnormality in the fragile X syndrome (29) are correlated
with delayed DNA replication of the involved regions (30). Such

delays have been proposed to increase chromosome fragility (31),
which could play a key role in predisposition to genetic instability and
chromosome loss during tumor progression. In the paper which fol
lows, we describe the timing sequence for D17S5 hypermethylation
and 17p structural changes, which strengthens the probability that
abnormal hypermethylation highlights chromatin changes which are
critical for increased genetic instability in tumor progression.

References

10.

14.

Jones. P. A., and Buckley. J. D. The role of DNA methylation in cancer. Adv. Cancer
Res., 54: 1-22, 1990.
Baylin, S. B., Makos. M.. Wu. J.. Yen. R-W. C. de Bustros. A.. Verrino, P.. and Nelkin,

B. D. Abnormal patterns of DNA methylation in human neoplasia: potential conse
quences for tumor progression. Cancer Cells (Cold Spring Harbor), 3: 383-390, 1991.
Goelz, S. E.. Vogelstein. B., Hamilton. S. R., and Feinberg. A. P. Hypomethylation of
DNA from benign and malignant human colon neoplasms. Science (Washington DC),
228: 187-190, 1985.

de Bustros, A.. Nelkin, B. D., Silverman, A.. Ehrlich, G., Poiesz, B., and Baylin, S.
B. The short arm of chromosome 11 is a "hot spot" for hypermethylation in human

neoplasia. Proc. Nati. Acad. Sci. USA. 85: 5693-5697. 1988.

Makos, M., Nelkin. B. D., Lerman, M. I., Lauf, F.. Zbar, B.. and Baylin. S. B. Distinct
hypermethylation patterns occur at altered chromosome loci in human lung and colon
cancer. Proc. Nati. Acad. Sci. USA, 89: 1929-1933. 1992.

Ledbetter. D. H.. Ledbetter. S. A.. vanTuinen. P., Summers. K. M-. Robinson. T. J.,
Nakamura. Y.. Wolff. R.. White. R., Barker, D. F.. Wallace, M. R., Collins, F. S., and
Dobyns. W. B. Molecular dissection of a contiguous gene syndrome: frequent sub-
microscopic deletions, evolutionarily conserved sequences, and a hypomethylated
"island" in the Miller-Dicker chromosome region. Proc. Nati. Acad. Sci. USA, 86:

5136-5140, 1989.
Fearon. E. R., and Vogelstein. B. A genetic model for colorÃ©ela!tumorigenesis. Cell,
f>l: 759-767. 1990.

James, C. D.. Carlbom. E.. Dumanski. J. P.. Hansen. M.. Nordenskjold, M.. Collins.
V. P., and Cavenee, W. K. Clonal genomic alterations in glioma malignancy stages.
Cancer Res.. 48: 5546-5551, 1988.

James, C. D.. Carlbom, E.. Nordenskjold, M.. Collins. V. P., and Cavenee, W. K.
Mitotic recombination of chromosome 17 in astrocytomas. Proc. Nati. Acad. Sci.
USA. 86: 2858-2862, 1989.

Fulls. D., Tippets, R. H.. Thomas, G. A., Nakamura. Y, and White. R. Loss of
heterozygosity for loci on chromosome 17p in human malignant astrocytoma. Cancer
Res., 49: 6572-6577. 1989.
El-Azouzi. M.. Chung, R. Y., Farmer. G. E., Martuza. R. L., Black, P. McL., Rouleau,
G. A., et al. Loss of distinct regions on the short arm of chromosome 17 associated
with tumorigenesis of human astrocytomas. Proc. Nati. Acad. Sci. USA. Kfi: 7186-
7190. 1989.
Chung. R., Whaley. J.. Kley, N.. Anderson. K., Louis. D., Menon, A., el al. TP53 gene
mutations and I7p deletions in human astrocytomas. Genes Chromosomes Cancer, 3:
323-331, 1991.

Mashiyama. S.. Murakami, Y. Yoshimoto, T.. Sekiya, T., and Hayashi. K. Detection
of p53 gene mutations in human brain tumors by single-strand conformation poly
morphism analysis of polymerase chain reaction products. Oncogene. 6: 1313-1318,
1991.
Cogen, P. H.. Daneshvar, L., Metzer, A. K., Duyk, G., Edwards, M. S. B., and
Sheffield. V. C. Involvement of multiple chromosome 17p loci in medulloblastoma
tumorigenesis. Am. J. Hum. Genet.. 50: 584-589, 1992.
von Deimling, A.. Eibl, R. H., Ohgaki, H.. Louis, D. N., von Ammon, K., Petersen,
I., et al. p53 mutations are associated with I7p allelic loss in grade II and grade III

2717

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/12/2715/2450996/cr0530122715.pdf by guest on 19 M

ay 2023



DNA HYPERMETHYLATION AND 17p ALLELIC LOSS IN NEURAL TUMORS

aslrocytoma. Cancer Res.. 52; 2987-2990, 1992.
16. Beigel, J. A.. Burk. C. D., Barr, F. G., and Emanuel. B. S. Evidence for a 17p iunior

related locus distinct from p53 in pediatrie primitive neuroectodermal tumors. Cancer
Res., 52: 3391-3395. 1992.

17. Fults. D.. Brockmeyer, D., Tullous, M. W.. Pedone. C. A., and Cawthon. R. M. p53
mutation and kiss of heterozygosity on chromosome 17 and 10 during human astro-
cyloma progression. Cancer Res.. 52: 674-679. 1992.

18. Frankel. R. H.. Bayona, W.. Koslow, M., and Newcomb, E. W. p53 mutations in
human malignant gliomas: comparison of loss of heterozygosity with mutation fre
quency. Cancer Res.. 52: 1427-1433, 1992.

19. Saxena, A.. Clark. W. C.. Robertson. J. T.. Ikejiri. B.. Oldfield, E. H., and Ali. I. U.
Evidence for the involvement of a potential second tumor suppressor gene on chro
mosome 17 distinct from p53 in malignant astrocytomas. Cancer Res., 52: 6716-

6721, 1992.
20. Fong. C-t.. White. P. S.. Peterson. K., Sapienza. C.. Cavenee, W. K.. Kern, S. E.. el

al. Loss of heterozygosily for chromosome I or 14 defines subsets of advanced
neuroblastomas. Cancer Res.. 52: 1780-1785. 1992.

21. Nakamura. Y.. Ballard, L.. Leppert, M., O'Connell, P.. Lathrop. G. M., Lalouel, J.-M,

and White. R. Isolation and mapping of a polymorphic DNA sequence (pYNZ22) on
chromosome I7p |D17S30|. Nucleic Acids Res.. 16: 5707. 1988.

22. Batanian. J. R.. Ledbetter. S. A., Wolff. R. K.. Nakamura. Y. White. R.. Dobyns, W.
B., and Ledbetter. D. H. Rapid diagnosis of Miller-Dieker syndrome and isolated

lissencephaly sequence by the polymerase chain reaction. Hum. Genet.. K5. 555-559,
1990.

23. Weber. J. L., Kwitek, A. E., and May, P. E.. Wallace, M. R.. Collins, F. S., and
Ledbetter, D. H. Dinucleotide repeat polymorphisms at the DI5S87 and D17&26I
loci. Nucleic Acids Res.. Iti: 4640, 1990.

24. Rasheed, B. K. A., and Bigner, S. H. Genetic alterations in glioma and medulloblas-
toma. Cancer Metastasis Rev., 10: 289-299. 1991.

25. Antequera. F., Boyes. J.. and Bird. A. High levels of ile two methylation and altered
chromatin structure at CpG islands in cell lines. Cell. 62: 503-514. 1990.

26. Makos. M.. Nelkin. B. D.. Reiter. R. E., Gnarra, J. R.. Brooks, J., Isaacs. W.. Linehan.
M., and Baylin. S. B. Regional DNA hypermethylation at D17S5 precedes 17p
structural changes in the progression of renal tumors. Cancer Res., 53: 2719-2722,
1993.

27. Bird. A. The essentials of DNA methylation. Cell, 70: 5-8, 1992.
28. Riggs, A. D., and Pfeifer, G. P. X-chromosome inactivation and cell memory. Trends

Genet., fi: I69-I74, 1992.
29. Richards. R. I., and Sutherland. G. R. Dynamic mutations: a new class of mutations

causing human disease. Cell. 70: 709-712, 1992.
30. Webb. T. Delayed replication of Xq27 in individuals with fragile X-syndrome. Am. J.

Med. Genet.. 43: 1057-1067. 1992.

31. Laird, C., Jaffe, E., Karpen. G.. Lamb, M., and Nelson, R. Fragile sites in human
chromosomes as regions of late-replicating DNA. Trends Genet.. .(: 274-281, 1987.

2718

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/12/2715/2450996/cr0530122715.pdf by guest on 19 M

ay 2023




