in brain tissue. These results confirmed
the presence of viral DNA in affected
organs.

These observations clearly demon-
strate the importance of this region of the
viral genome for the oncogenicity of the
virus. The deletion mutants described
here have allowed us to identify a region
of the H. saimiri genome required for
expression of the lymphoma-inducing
capacity of the virus. This region of the
genome is apparently not necessary for
replication of the virus; the deletion mu-
tants grow as well as parental virus in
cultured OMK and Vero cells. Also, the
deletion mutant strains are able to infect
New World primates, since virus can be
recovered repeatedly after experimental
inoculation. However, it is not known at
what stage these deletion mutants are
defective for oncogenic transformation.
Studies of the ability of these H. saimiri
strains and cloned DNA fragments to
function in a variety of transformation
systems in vitro may help us to under-
stand the mechanisms underlying the on-
cogenicity of this virus. Recent results
have shown that in permissively infected
OMK cells, one minor and two major
polyadenylated RNA’s are affected by
the S4 and 11att deletions (9). However,
these polyadenylated RNA’s were not
detected in tumor cell lines or tumor
biopsy samples. The only RNA detected
in tumor cells from the leftmost 7.4 kbp
of L-DNA was a 100-base-pair RNA;
this 100-base-pair RNA was not detected
in permissively infected cells. The role of
these gene products in oncogenic trans-
formation by H. saimiri remains to be
investigated.

Note added in proof: We have recent-
ly developed a highly reproducible assay
for in vitro immortalization of New
World primate T-lymphocytes with H.
saimiri strain 11. The S4 and 11att dele-
tion mutants do not immortalize in this
assay system.
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Hypomethylation of DNA from Benign and Malignant

Human Colon Neoplasms

Abstract. The methylation state of DNA from human colon tissue displaying
neoplastic growth was determined by means of restriction endonuclease analysis.
When compared to DNA from adjacent normal tissue, DNA from both benign colon
polyps and malignant carcinomas was substantially hypomethylated. With the use of
probes for growth hormone, y-globin, a-chorionic gonadotropin, and y-crystallin,
methylation changes were detected in all 23 neoplastic growths examined. Benign
polyps were hypomethylated to a degree similar to that in malignant tissue. These
results indicate that hypomethylation is a consistent biochemical characteristic of
human colonic tumors and is an alteration in the DNA that precedes malignancy.

Changes in the genome have long been
proposed to play a role in abnormal cell
growth (/). Genomic abnormalities in-
cluding rearrangements (2), mutations
(3), amplifications (4), deletions (5), and
alterations in methylation (6) have all
been reported in neoplastic cells. Some
or all of these aberrations may result in
abnormal gene expression. Two crucial
questions from both a mechanistic and a
clinical standpoint are when, during the

change in DNA structure first be detect-
ed? and how often does this change
occur in tumors of a given type? In this
report, these questions were addressed
with regard to alterations in DNA meth-
ylation by comparing DNA from a large
number of benign and malignant human
colon neoplasms with DNA from adja-
cent, normal colonic tissue obtained
from the same patients.

DNA methylation is a covalent modifi-

process of neoplasia, can a particular cation of the genome that occurs in many
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Fig. 1. Analysis of the methylation state of the crystallin gene in normal and in neoplastic
colonic tissue. DNA was prepared (23) and each sample (5 ng) was digested with Hpa II, Msp I,
or Hha I (each at 5 U/ug) at 37°C for 12 to 16 hours. The samples were fractionated by
electrophoresis on 1.0 percent agarose gels, stained with ethidium bromide (24), and photo-
graphed. The gels were then washed (23) and the DNA transferred to nitrocellulose essentially
as described (25). Prehybridizations and hybridizations (12 to 20 hours) were performed (24),
and the filters were washed as described (26) except that the first three washes were for 30
minutes and the fourth and fifth washes were in 0.3x standard saline citrate and 3 percent
sodium dodecyl sulfate (for 45 minutes each). Autoradiography was for 16 hours with
intensifying screens. Since the Msp I patterns were identical for all 23 neoplasms studied, the
Msp I pattern from only one patient is displayed. Molecular weight markers were bacteriophage
A-DNA digested with Hind III. N, normal; P, benign polyp; C, malignant cancer.
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Fig. 2. Analysis of methylation patterns of the growth hormone and a-chorionic gonadotropin
genes in four neoplastic growths from patient C. Samples for hybridization with growth hormone
and with a-chorionic gonadotropin were separated on 0.9 and 0.8 percent gels, respectively.
The marker was A-DNA cut with Hinf I. N, normal; P, benign polyp; C, malignant cancer.

prokaryotes and eukaryotes. In mam-
mals it occurs almost exclusively at the
dinucleotide CG (cytosine, guanine) with
about 70 percent of the cytosines being
methylated in normal, differentiated cells
(7). Although the role of DNA methyl-
ation in gene regulation is not fully un-
derstood, many studies have shown that
a decrease in methylation is associated
with gene activation (7). Because meth-
ylation changes occur in the normal
course of differentiation, and because
malignant cells appear, in some ways, to
have an altered developmental program,
methylation patterns in neoplastic cells

are of considerable interest. Changes in
DNA methylation occur in a variety of
transformed cells and neoplastic tissues
(6, 8), including primary human tumors
(9), but it is not clear whether this phe-
nomenon is an early or a late event in the
neoplastic process or whether hypo-
methylation is an invariable property of
tumors of a given type.

To investigate these questions we ex-
amined the methylation state of DNA
from human neoplastic colonic tissue.
Colon was chosen for a number of rea-
sons. First, it is one of the most common
forms of human cancer; there were

Table 1. Quantitation of the extent of hypomethylation displayed by 23 colon neoplasms. The
restriction pattern of DNA from neoplasms was compared with DNA from normal tissue from
the same patient. The restriction patterns were quantitated as follows: (—), slight or no change
between DNA from normal and neoplastic tissue; (+), clear qualitative decrease in the density
of the major high molecular weight bands with a concomitant increase in the density of the
lower molecular weight bands; (++), most of the DNA in the large bands in the normal tissue
was cleaved to smaller fragments. For examples of this scoring compare the autoradiographs of
Figs. 1 to 3 with the scores in the table. Data for the vy crystallin probe/Hha I digests was not

included since no difference between the normal and neoplastic tissue was ever seen.

¥- Growth a-Chorionic .
Patient ~ Tissue  Crystallin hormone gonadatropin y-Globin
Hpa II Hpall Hhal Hpall Hhal Hpall Hhal
A Polyp + + ++ ++ - - -
Cancer ++ ++ + ++ - + +
Polyp ++ ++ ++ ++ ++ ++ -
Cancer ++ ++ ++ ++ + - -
C Polyp 1 ++ + ++ ++ + + ++
Polyp 2 ++ + ++ ++ + + ++
Cancer 1 + + ++ ++ - + +
Cancer 2 ++ + ++ ++ + ++ ++
D Cancer + + + ++ + + +
E Cancer + + + + + ++ +
F Polyp ++ + + + + + +
G Polyp 1 ++ ++ ++ ++ - ++ ++
Polyp 2 ++ ++ ++ ++ - ++ ++
Polyp 3 ++ ++ ++ ++ - ++ ++
H Cancer ++ + + ++ + ++ -
I Cancer ++ ++ ++ ++ ++ ++ ++
J Polyp + ++ ++ + - + +
Cancer ++ + ++ ++ - ++ ++
K Cancer ++ ++ ++ ++ ++ + ++
L Cancer + ++ ++ ++ - ++ +
M Polyp ++ + ++ + - + +
Cancer ++ + + ++ - ++ +
N Cancer ++ ++ + ++ ++ ++ +
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130,000 new cases of colon cancer in the
United States in 1984 (10), with a 50
percent mortality (/7). Second, an excel-
lent control tissue is afforded by the
adjacent normal colonic mucosa, the tis-
sue from which the tumors arise. The
cell-cycle kinetics of the normal mucosa
are similar to those of the tumors (12).
Third, benign adenomatous colonic pol-
yps represent a premalignant stage of
neoplastic growth; not all polyps become
malignant but nearly all malignant carci-
nomas are thought to originate from
these polyps (11). Finally, the pathology
of colonic neoplasia is well established,
and normal mucosa, adenomatous pol-
yps, and malignant carcinomas can
readily be distinguished.

Two methylcytosine-sensitive restric-
tion endonucleases were used to study
DNA methylation. Hpa II and Hha I
cleave DNA at their recognition sites
(CCGG and GCGC, respectively) only if
these sites are not methylated (/3). How-
ever, Hpa II will not cleave DNA that is
methylated at the internal C and Hha I
will not cleave DNA that is methylated
at either C residue within its recognition
sequence. With each enzyme, approxi-
mately 6 percent of the possible methyl-
ation sites (CG dinucleotides) can be
examined. The enzyme Msp I provides a
control for Hpa II since it cleaves CCGG
regardless of the methylation state of the
internal cytosine (/4). No such methyl-
ation-insensitive isoschizomer of Hha I
has been found.

In a typical experiment, DNA from
normal or neoplastic colonic tissue from
a given patient was digested with one of
the restriction endonucleases described
above, separated on agarose gels, trans-
ferred to nitrocellulose, and probed with
a particular gene. The probes selected
for use detected genes that should not be
expressed in normal colonic epithelium
and thus were likely to be highly methyl-
ated in the normal tissue (7). Ten genes,
located on at least six different chromo-
somes, were each examined in five ran-
domly selected tumors. The results ob-
tained with these ten probes (15) indicat-
ed that DNA from neoplastic tissue was
hypomethylated and that this hypometh-
ylation was not random. Of the ten genes
initially screened, eight showed at least
some decrease in methylation in neoplas-
tic tissue: four were usually hypomethy-
lated to a significant degree (y-crystallin,
growth hormone, a-chorionic gonadotro-
pin, and vy-globin), four were occasional-
ly hypomethylated and to a lesser degree
(insulin, pro-opiomelanocortin, B-chori-
onic gonadatropin, and platelet-derived
growth factor), and in two no change was
seen (a-fetoprotein and parathyroid hor-
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mone). The four genes frequently hypo-
methylated in the initial screening were
chosen for a more detailed analysis with
all 23 neoplasms available.

When the methylation state of DNA
from normal tissue, polyps, and cancers
was examined with the 3?P-labeled v-
crystallin probe, the resulting autoradio-
graphs showed that DNA from both the
benign polyps and the malignant tumors
was substantially hypomethylated when
compared to DNA from normal tissue
from the same patients (Fig. 1). The
crystallin genes appeared to be highly
methylated in normal colon tissue. How-
ever, in the DNA from the various neo-
plasms, the high molecular weight frag-
ments in the normal tissues were in large
part replaced by several fragments of
lower molecular weight. In fact, the
DNA from some of the neoplastic sam-
ples was almost completely unmethylat-
ed at all Hpa II sites [that is, showed a
pattern similar to that seen with Msp I
(Fig. 1, patient I)]. Changes similar to
those noted in Fig. 1 were seen in every
neoplasm studied, although the degree of
hypomethylation varied from tumor to
tumor. As shown in Table 1, DNA from
benign polyps was approximately as hy-
pomethylated as DNA from the malig-
nant tissues. Moreover, neither the ex-
tent nor the pattern of methylation
seemed to be dependent on the histologic
grade or on the stage of invasion of the
neoplasms. Thus, it appears that alter-
ations in the methylation state of colonic
tumor DNA are not a result of malignan-
cy, but, in contrast, precede it.

Measures of total genomic methyl-
ation may not accurately reflect alter-
ations in methylation affecting protein
coding genes. In patient B there were
marked changes in the crystallin, growth
hormone, and a-chorionic gonadotropin
genes (Fig. 1 and Table 1) whereas the
ethidium bromide—stained Hpa II digest
of DNA (a measure of DNA methylation
at all CCGG sites) from this patient
showed a definite but much less marked
decrease in methylation (Fig. 1). By
means of ethidium bromide staining,
such decreases in total methylation
could be detected in 22 of the 23 neo-
plasms examined, although the differ-
ences were often slight (for example, see
Fig. 1).

An explanation for the discrepancy

between the small methylation changes

seen when total DNA was examined and
the sometimes striking differences seen
when individual genes were examined
lies in the observation that the hypo-
methylation was selective. As already
noted, four out of the ten genes initially
examined were usually hypomethylated
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while the other six genes were affected
either occasionally or not at all. More-
over, when repetitive sequences were
examined with a probe to satellite DNA,
the methylation patterns of DNA from
neoplastic and normal tissue were not
significantly different (16). Since repeti-
tive sequences account for a dispro-
portionately high amount of the methyl-
ated C residues in mammalian DNA (7),
an assay for changes in specific genes
(for example, Southern blots) may be
a more revealing method for determin-
ing methylation changes in tumor tissue
than an assay of total methylcytosine
levels.

Despite the fact that all 23 neoplasms
showed significant degrees of hypometh-
ylation, there was substantial heteroge-
neity among the restriction patterns ob-
tained, even in different tumors from the
same patient. Figure 2 shows the methyl-
ation patterns of two genes in DNA from
patient C from whom two polyps and
two malignancies were obtained. The
DNA was cleaved with Hpa II, Msp 1, or
Hha I and was hybridized with the probe
for growth hormone or for a-chorionic
gonadotropin. In all four neoplasms from
this patient, both genes appeared to be
hypomethylated when compared to the
normal tissue. However, the changes in
the four neoplasms were far from identi-
cal. For example, in the region of the
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Fig. 3. Comparison between two patients of
Hha I methylation patterns of the y-globin and
the a-chorionic gonadotropin genes. Samples
for hybridization with +y-globin and with a-
chorionic gonadotropin were separated on 0.7
and 0.8 percent gels, respectively. N, normal;
P, benign polyp; C, malignant cancer.

growth hormone gene, the DNA from
polyp 1 had a slightly different pattern
from that of polyp 2 when digested with
Hpa II, but the same pattern as polyp 2
when digested with Hha I. The pattern
for cancer 1 differed from cancer 2 in
both the Hpa II and the Hha I digests. In
the a-chorionic gonadotropin gene re-
gion, although both polyps had a similar
Hpa II pattern, cancer 1 differed marked-
ly and cancer 2 differed both from the
polyps and from cancer 1 (Fig. 2).

There was also heterogeneity of DNA
hypomethylation from patient to patient
(Fig. 3). The vy-globin gene appeared to
be substantially hypomethylated in all
three polyps from patient G. In contrast,
the o-chorionic gonadotropin gene
showed little difference between the nor-
mal and neoplastic tissues. The opposite
was true for patient H: the a-chorionic
gonadotropin gene was clearly hypo-
methylated in the tumor compared to the
normal tissue while the vy-globin gene
was not affected (Fig. 3). Therefore, in
addition to hypomethylation being an
early event in neoplasia, substantial het-
erogeneity in the methylation patterns is
apparently generated as a result of this
event. The heterogeneity in methylation
patterns reported in this study has obvi-
ous parallels to the heterogeneous bio-
logical properties often noted among tu-
mors of the same type (17).

Patients G and E were of particular
interest in that they had Gardner’s syn-
drome. This disorder is characterized by
the development of numerous benign co-
lonic polyps, some of which eventually
become malignant (18). In these patients
even the smallest (2 mm) polyps showed
substantial hypomethylation, whereas
DNA from the ‘‘normal’’ colonic muco-
sa of these patients, which was quite
hyperplastic, showed no significant hy-
pomethylation compared to normal co-
lonic mucosa from other patients (Table
1 and Fig. 3). These data suggest that
methylation changes may appear specifi-
cally between the stages of hyperplasia
and benign neoplasia.

In conclusion, these results demon-
strate that DNA from both benign and
malignant colonic neoplasms is hypo-
methylated and, while clearly not ran-
dom, is heterogeneous where it occurs.
That the methylation changes occur pri-
or to malignancy suggests that an alter-
ation in the DNA methylation pathway
could be a key event in the initiation of
neoplasia. Hypomethylation might influ-
ence tumor development in at least two
ways. First, the hypomethylation of
some genes might be enough to predis-
pose them to expression. Consistent -
with this possibility is the fact that agents
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that inhibit DNA methylation, such as 5-
azacytidine, result in the hypomethyla-
tion and expression of some genes but
not others (19). If hypomethylation leads
to expression of genes important in neo-
plastic growth, then cells exhibiting a
defect in the control of methylation may
obtain a selective advantage (20). Sec-
ond, hypomethylation might inhibit
chromosome condensation which, in
turn, might lead to problems in chromo-
some pairing and disjunction. Indeed,
experimentally induced hypomethyla-
tion leads to areas of chromosome de-
condensation with resultant mitotic
chromosomal abnormalities (21). In sup-
port of such a mechanism for tumor-
igenesis, it has been shown that 5-azacy-
tidine induces transformation of CHEF/
18 cells at high frequency. In these cells,
the transformation event is in every case
associated with DNA hypomethylation
and a specific chromosomal transloca-
tion (22).
SusaN E. GOELzZ
BERT VOGELSTEIN
Oncology Center, Johns Hopkins
University School of Medicine,
Baltimore, Maryland 21205
STANLEY R. HAMILTON
Department of Pathology, Johns
Hopkins University School of Medicine
ANDREW P. FEINBERG
Oncology Center and Department of
Medicine, Johns Hopkins University
School of Medicine

References and Notes

1. T. Boveri, Zur Frage der Entstehung Maligner
Tumoren (Fisher, Jena, Germany, 1914); F. E.
Arrighi, P. N. Rao, E. Stubblefield, Eds.,
Genes, Chromosomes, and Neoplasia (Raven,
New York, 1980).

2. A. A. Sandberg, The Chromosomes in Human
Cancer and Leukemia (Elsevier, New York,
1980); J. J. Yunis, Science 221, 227 (1983).

3. H. Land, L. F. Parada, R. A. Weinberg, Science
222, 771 (1983); G. M. Cooper, ibid. 217, 801
(1982).

4. G. R. Stark, G. M. Wahl, Annu. Rev. Biochem.
53, 447 (1984); R. A. Schimke, Cell 37, 705
(1984).

5. A. L. Murphree and W. F. Benedict, Science
223, 1028 (1984).

6. A. T. Riggs and P. A. Jones, Adv. Cancer Res.
40, 1 (1983); R. M. Hoffman, Biochim. Biophys.
Acta 738, 49 (1984).

7. A. Razin and A. D. Riggs, Science 210, 604
(1980); M. Ehrlich and R. Y.-H. Wang, ibid.
212, 1350 (1981); W. Doerfler, Annu. Rev. Bio-
chem. 52, 93 (1983).

8. N. N. Burtseva, Yu. M. Axizov, B. Z. Itkin, B.
F. Vanyushin, Biokhimiya 42, 1690 (1977); J.-N.
Lapeyre and F. F. Becker, Biochem. Biophys.
Res. Commun. 87, 698 (1979); J. C. Cohen, Cell
19, 653 (1980); J. G. Reilly, C. A. Thomas, Jr.,
A. Sen, Biochim. Biophys. Acta. 697, 53 (1982);
H. L. Nakhasi et al., J. Biol. Chem. 257, 2726
(1982); E. S. Diala, M. S. Cheah, D. Rowitch, R.
M. Hoffman, J. Natl. Can. Inst. 71, 755 (1983);
M. S. Cheah, C. D. Wallace, R. M. Hoffman,
ibid. 73, 1057 (1984).

9. A. P. Feinberg and B. Vogelstein, Nature (Lon-
don) 301, 89 (1983); Biochem. Biophys. Res.
Commun. 111, 47 (1983); M. A. Gama-Sosa et
al., Nucleic Acids Res. 11, 6883 (1983).

10. E. Silverberg, Cancer 34, 7 (1984).
11. P. H. Sugarbaker, J. S. Macdonald, L. C. Gun-
. derson, in Cancer: Principles and Practice of
Oncology, V. T. DeVita, Jr., J. Hellman, S. A.
Rosenberg, Eds. (Lippincott, Philadelphia,
1982), pp. 643-723.

190

12. R. S. Camplejohn, Recent Results Cancer Res.
83, 21 (1982).

13. M. B. Mann and H. O. Smith, Nucleic Acids
Res. 4, 4211 (1977); A. P. Bird and E. M.
Southern, J. Mol. Biol. 118, 27 (1978); L. H. T.
van der Ploeg, R. A. Flavell, Cell 19, 947 (1980).

14. C. Waalwijk and R. A. Flavell, Nucleic Acids
Res. 5, 3231 (1978).

15. The following gene fragment probes were used:
(i) a 3.4-kb Hind III genomic fragment derived
from the plasmid pSG1 containing human v-
crystallin gene sequences (S. Meakin et al., in
preparation); this probe hybridizes with several
members of the crystallin gene family; (i) a 0.8-
kb Hind III complementary DNA (cDNA) frag-
ment derived from the plasmid chGH800/
pBR322 containing human growth hormone se-
quence [J. A. Martial, R. A. Hallewell, J. D.
Baxter, H. M. Goodman, Science 205, 602
(1979)]; (iii) a 0.6-kb Hind III cDNA fragment
derived from the plasmid a-HCG/pBR322 con-
taining the coding region for human a-chorionic
gonadotropin [J. C. Fiddes, H. M. Goodman,
Nature (London) 281, 351 (1979)]; (iv) a 1.1-kb
Taql cDNA fragment derived from the plasmid
JW151 containing human vy-globin sequences [J.
T. Wilson et al., Nucleic Acids Res. 5, 562
(1978)]; (v) a 1.2-kb Hinf I genomic DNA frag-
ment 5’ of the human insulin gene [P. S. Rotwein
et al., N. Engl. J. Med. 308, 65 (1983)]; (vi) a
2.7-kb Eco RI genomic fragment derived from
the plasmid pACYC401 containing human pro-
opiomelanocortin  sequences [A. C. Y.-C.
Chang, M. Cochet, S. N. Cohen, Proc. Natl.
Acad. Sci. U.S.A. 77, 4890 (1980)]; (vii) a 0.6-kb
Hind III ¢cDNA fragment derived from the plas-
mid pPE-B containing human B-chorionic go-
nadotropin gene sequences [J. C. Fiddes and H.
M. Goodman, Nature (London) 286, 684 (1980)];
(viii) a 6-kb Eco RI v-sis DNA fragment derived
from the plasmid SSV11C11/pBR322 containing
sequences homologous to platelet-derived
growth factor [K. C. Robbins, S. G. Devare, S.
A. Aaronson, Proc. Natl. Acad. Sci. U.S.A. T8,
2918 (1981)]; (ix) a 0.8-kb Pst I cDNA fragment
derived from the plasmid pHAF2 containing the
3" end of the human o-fetoprotein gene [T.
Morinaga, M. Sakai, T. G. Wegmann, T. Ta-
maoki, Proc. Natl. Acad. Sci. U.S.A. 80, 4604
(1983)]; and (x) a 0.8-kb Hpa II cDNA fragment
derived from the plasmid pPTHm122 containing
human parathyroid hormone sequences [G. N.
Hendy, H. M. Kronenberg, J. T. Potts, A. Rich,
Proc. Natl. Acad. Sci. U.S.A. 78, 7365 (1981)].
All DNA fragment probes were prepared by
oligo-labeling [see (24)].

16. Repetitive DNA sequences were examined in 22
neoplasms with a probe for satellite DNA (a 0.3-
kb Eco RI genomic DNA fragment derived from

the plasmid pB(Eco RI-2°)6 [B. Shafit-Zagardo,
J. J. Maio, F. L. Brown, Nucleic Acids Res. 10,
3175 (1982)].

17. A. H. Owens, D. S. Coffey, S. B. Baylin, Eds.,
Tumor Cell Heterogeneity (Academic Press,
New York, 1982).

18. E. J. Gardner, Am. J. Hum. Genet. 14, 376
(1962).

19. M. Groudine, R. Eisenman, H. Weintraub, Na-
ture (London) 292, 311 (1981).

20. R. Holliday, Br. J. Cancer 40, 513 (1979).

21. M. Schmid, D. Grunert, T. Haaf, W. Engel,
Cytogenet. Cell Genet. 36, 554 (1983).

22. 1. J. Harrison, A. Anisowiez, I. K. Gadi, M.
Raffeld, R. Sager, Proc. Natl. Acad. Sci. U.S.A.
80, 6606 (1983).

23. Colonic tissue was frozen in liquid nitrogen and
stored at —80°C until use. Approximately 50 mg
of tissue was added to 10 ml of 20 mM EDTA
containing 10 mM NaCl and 0.5M tris-HCI, pH
9.0, to which was added 1 ml of 10 percent
sodium dodecyl sulfate containing proteinase K
(4 mg/ml) warmed to 45°C. The sample was
vortexed intermittently, and incubated at 45°C
for 10 to 16 hours. It was then forced through an
18-gauge needle three times, extracted three to
four times with phenol and chloroform, once
with chloroform, and precipitated with ethanol.
DNA concentrations were determined by the
method of Burton [K. Burton, Biochem J. 62,
315 (1956)]. Gels were washed for 30 minutes in
0.1 percent HCI, 30 minutes in 0.5M NaOH and
1.0M NaCl, and then 45 minutes in 3M NaCl
with 1M tris-HCI, pH 7.5 before transfer.

24. A. P. Feinberg and B. Vogelstein, Anal. Bio-
chem. 132, 6 (1983); ibid. 137, 266 (1984).

25. E. M. Southern, J. Mol. Biol. 98, 503 (1975); G.
M. Wahl, M. Stern, G. R. Stark, Proc. Natl.
Acad. Sci. U.S.A. 76, 3683 (1979).

26. K. Peden, P. Mounts, G. S. Hayward, Cell 31,
71 (1982).

27. We thank the following investigators for probes:
M. Breitman and L.-c. Tsui for the y-crystallin
gene prior to publication; H. Kazazian and C.
Boehm for y-globin; P. Rotwein for insulin; H.
Kronenberg for parathyroid hormone; P. See-
burg for human growth hormone; H. Goodman
for a-chorionic gonadotropin; J. Fiddes for B-
chorionic gonadotropin; A. C. Y.-C. Chang for
pro-opiomelanocortin; K. C. Robbins for plate-
let-derived growth factor; J. Maio for satellite
DNA; and T. Tamaoki for a-fetoprotein. This
work was supported by the Hartford Foundation
(A.P.F.), the Clayton Fund, training grant
CA09071 (S.E.G.), and grant CA35494 from the
National Institutes of Health, Department of
Health and Human Services.

23 November 1984; accepted 14 January 1985

Inhibition of Calcification of Bioprosthetic Heart Valves by

Local Controlled-Release Diphosphonate

Abstract. Bioprostheses fabricated from porcine aortic valves are widely used to
replace diseased heart valves. Calcification is the principal cause of the clinical
failure of these devices. In the present study, inhibition of the calcification of
bioprosthetic heart valve cusps implanted subcutaneously in rats was achieved
through the adjacent implantation of controlled-release matrices containing the
anticalcification agent ethanehydroxydiphosphonate dispersed in a copolymer of
ethylene-vinyl acetate. Prevention of calcification was virtually complete, without
the adverse effects of retarded bone and somatic growth that accompany systemic
administration of ethanehydroxydiphosphonate.

Bioprostheses fabricated from porcine
aortic valves treated with glutaraldehyde
are widely used to replace diseased car-
diac valves (/-3). More than 300,000 of
these bioprostheses have been used in
clinical implants since 1971 (4-7). Cuspal
calcification is the most frequent cause
of the clinical failure of these devices (4—
6) and necessitates removal of the pros-
theses after S years in more than 50
percent of the children (5) and 5 to 10

percent of the adults receiving the valve
implants (2, 6, 7). The pathogenesis of
cuspal calcification is not completely un-
derstood (7), and there is no effective
therapy for its prevention (7). Its patho-
physiology can be reproduced with ortho-
topic valve replacements in sheep (8) or
calves (9), or with subcutaneous cuspal
implants in rabbits (/0), mice (/1), or rats
(12). Subcutaneous implants are used
because the time course of the mineral-
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