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ABSTRACT: The structures of a -number of hunan proto-oncogenes from
persons with internal systemic exposure to radium were analyzed by
restriction enzyme digestion and southern blotting of their DNA. Two
extra c-mos Eco Rl restriition-fragment-length bands of 5.0 kb and
5.5 kb were found in tissue DNA from six of seven individuals. The
extra c-mos bands were detected in DNA from many, but not all, of the
tissues of the individuals exposed to radium.

Our results suggest that the c-mos restriction-fragment-length
alterations (RFLA) found in individuals exposed to radium were
induced rather than inherited, are epigenetic in origin, and most
likely result from changes in the methylation of bases surrounding
the single exon of the c-mos proto-oncogene.

1. INTRODUCTION

During the earlier part of this century, radium was used extensively in
luminous paints and as a therapeutic agent (Gossner et al., 1985). Work
habits and medical practices of the time led to the ingestion, injec-
tion, or inhalation of radium by thousands of people, mostly women, at
levels that were up to ten thousands of times greater than those
occurring naturally (Rowland et al., 1978). During the mid- and late-
1920s, the adverse effects of radium became established, and internally
deposited radium became recognized as a human carcinogen (Evans,
1966). Since then, two groups of cancers, sarcomas of the bone and
carcinomas of the paranasal sinuses and mastoid, have be*"* shown to be
associated with radium exposure (Rowland et al., 1983).

A series of occupational health and epidemioiogic surveys of radiumj
exposure.have identified several thousand individuals, many of whom have
released medical information for scientific investigations. A fraction
of these individuals have donated surgical specimens or willed tissues
for such studies, to be sent after their deaths to the Center for Human
Radiobiology of the Argonne National Laboratory. This group of people
represents an unusual resource for studies on human tumor induction
because (a) the etiologic agent, radium, is known, (b) quantitative!
dosimetry relating tumor incidence to the amount of radium intake isf
possible, and (c) many of the individuals in the population are at highj
risk of developing radiogenic cancers.
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The human genome contains a series of specific genes, termed proto-
oncogenes, that are associated with tumor formation. These genes are
usually activated through mutation, transiocation, or amplification
(Land et al., 1983). The development of cancer has been shown to
proceed along a path that encompasses a number of steps between the
initial carcinogen insult and ultimate tumor formation. Therefore, a
nonrandom association between exposure to radium and an alteration in a
proto-oncogene may provide a method by which to identify an event
associated with radium-induced carcinogenesis. In this respect,
analysis of tissues obtained from individuals exposed systemically to
radium for restriction-fragment-length polymorphisms (RFLP) in proto-
oncogenes constitutes an efficient method for such investigations
(Gusella, 1986). For this study, we analyzed tissue DNA from radium-
exposed individuals for RFLP in a number of proto-oncogenes. Our
results indicated the presence of an alteration in the c-mos proto-
oncogene in DNA of many, but not all, tissues examined from six of seven
subjects exposed to radium. We suggest that these c-mos alterations
were induced rather than inherited, are epigenetic in nature, and most
likely result from changes in the methylation of bases surrounding the
single exon of the c-mos proto-oncogene.

2. RESULTS:

Alteration in the c-mos Proto-Oncogene in Tissues from Humans Exposed To
Radium: To search for possible alterations in the structure of proto-
oncogenes in persons exposed systemically to radium, we collected
postmortem tissue samples from seven such individuals (Table 1).
Because consistent alterations were detected in the structure of the
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-

-

-

-

-

-

Table 1. Radium burden of individuals used in this study



c-mos proto-oncogene, we focused our efforts on defining these
changes. Analyses of DNA fragment patterns obtained after restriction
digestion of DNA from 31 normal tissue samples obtained from the seven
radium-exposed persons revealed that 15 of these tissues from six of the
seven subjects contained an additional c-mos band of about 5.0 kb.
Examples for such bands are presented
in Fig. 1. In these examples 10 ug
of DNA samples were digested with
either Bam HI (lanes 1, 3, 5, 7, 9)
or Eco Rl (lanes 2, 4, 6, 8, 10) and
separated on a 1% agarose gel. The
DNA samples were liver (lanes 1 and
2), breast (lanes 3 and 4), and kidney
(lanes 7 and 8) from patient R2 and
lymphoid tumor nodule (lanes 5 and
6) and kidney (lanes 9 and 10 ) samples
from patient R4. The 15 tissues included
six of the seven tested bone samples and
three of the four tested kidney DNA
samples from three individuals. On a further analysis, we found this
band to be composed of two polymorphic fragments of 5.0 and 5.5 kb with
similar intensities that varied with respect to the intensity of the
normal 2.5-kb allele of the c-mos gene (Table 2). In contrast, no
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Fig. 1. Southern blot of
DNA isolated from tissues
of radium-exposed persons
hybridized with c-mos

Patient Tissues

Autoradiographic
intensity of the

c-mos aitered
bands re lat ive to
the normal a l l e l e

band (X) Patient T)ssues

Autoradiographic
Intensity of the

c-mos altered
bands re la t ive to
the normal a l l el e

band (X)

Rl Bronchial l in ing 0
Colon . 0
Kidney" _ £
Liver 0
Lung 29
Nasal mucosa 29

R2 Breast 50
Breast tumor 0
Kidney 33
Liver "59"
Occipital bone 9
Sphenoid bone nd
Spl een 9
Sternal bone 33
Tumor tissue from

a lymph node 0

R3 Harrow 0
Muscle 49

R4 Colon 0
Kidney }]_
Lung 9
Muscle 0
Spl een 0
Tumor tissue from a

Hilar lymph node 0

RS Femur 33
Hetaphyseal femur 0
Rib 23
Skull 17

R6

R7

Colon
Hastoid
liver
Kidney
Lung
Spleen

Lung
Muscle

0
23
0
0

Cl

C2

C3

C4

C5

C6

Liver
Kidney

Liver
Kidney

Liver
Kidney

Liver
Kidney

Liver
Kidney

Liver
Kidney

0
_O

0
_0

0
_0

0
_£

0
0

Autoradiographic Intensity is expressed as a percentage between the amount of DNA In the
. 5 - and 5.5-kbp bands compared to the normal c-mos a l le le band.

Kidney values are underlined to fac i l i ta te comparisons.

Table 2. Intensity of 5.0 and 5.5 kb bands relative
to that of the normal 2.5-kKb c-mos allele band.



altered c-mos fragments were found in kidney and liver DNA from six
control individuals (Table 2) ranging in age from 54 to 91 years and in
lymphocyte DNA samples from 16 individuals ranging in age from 55 to 64
years.

These alterations, however, were detected in only some of the tissues of
any given radium-exposed individual (Table 2). Although the c-mos
alterations were observed in kidney DNA from three of four radium-
exposed individuals, no such alterations were detected in kidney DNA
from six age-matched controls (Table 2).

Localization of the Alteration in the c-mos Proto-Oncogene: We con-
structed a detailed restriction map of the normal human c-mos proto-
oncogene (Fig. 2) as a means of localizing the altered site(s)
resulting in the
polymorphic fragments.
Associated with the j y # y j £ & & S
single exon of the r /-r / t/ / s/wm /y r rr c
c-mos are four Eco Rl *. B c ° « .
restriction sites I — ^ — i
that we labeled A, B, '
C, and D in Fig. 2.
An alteration in |—y/.—.—. • i J . . ,

. . . . , - •, 0 I J 3 4 5 ( J I 1 10 I I IJ 13 u 15 Mis

either the C or D
Eco Rl site of the
gene results in
resistance to Fig. 2. Restriction map of human c-mos
Eco Rl digestion proto-oncogene
at these sites
and consequently causes the appearance of either a 5.5-kb or a 5.0-kb
fragment.
In addition to Eco Rl, we used a number of other enzymes to digest
kidney DNA from patient R2, in which the c-mos alteration was observed,
and from patient R6, in which such an alteration was not detected.
These restriction endonuclease digest patterns did not reveal major
c-mos gene alterations. However, a more detailed analysis of the
fragment pattern indicated that the DNA of patient R2 digested with
either Eco Rl-Sma 1 or Eco Rl contained additional faint polymorphic
fragments of about 5.5 kb. The presence of these fragments implicates
an alteration at the Eco Rl site C of the c-mos gene (Fig. 2). This
type of alteration is further supported by the existence of a faint 6.0-
kb band after Eco Rl-Bam HI digestion. On the other hand, the presence
of a 5.0-kb band after Eco Rl digestion implies that Eco Rl site D is
also altered. Corroborating this possibility is the occurrence of an
extra 3.4-kb band after Eco Rl-Bam HI digestion and a faint band of
3.8 kb after Eco Rl-Bgl II digestion. Both these bands are absent from
the DNA fragment pattern of patient R6.

These results suggest that the majority of the additional DNA poly-
morphic fragments obtained after a restricted digestion of the c-mos
gene of patient R2 can be attributed to alterations at the C and D
Eco Rl sites of this gene (Fig, 2).



(DNA Methylation Patterns of the c-mos Proto-Oncogene: The restriction
endonuclease Hpa II and its isochizomer Msp 1 were used to determine
whether the c-mos gene from radium-exposed individuals has a more
complex 5-methylcytosine (5mC) pattern than that from controls. A more
complex methylation pattern could account for the observed alterations
in the Eco Rl sites; Eco Rl endonuclease is sensitive to cytosine or
adenosine methylation.

To determine the 5mC pattern of the c-mos proto-oncogene in the radium-
exposed individuals, we compared the fragment size polymorphism in this
gene after Hpa II, Msp I, or Eco Rl digestion of kidney DNA from patient
R2, in which the c-mos alteration was observed (Fig. 3, lanes 1 and 2);
from patient R4, in which
a limited degree of c-mos ' 2 3 4 * 6 7 8 9 10 n 12 13 14
alteration was observed
(Fig. 3, lanes 9-11); and
from patient R6, in which
the c-mos alteration was
not detected (Fig. 3,
lanes 12-14). As we found ^ ^ M l i * i M tt^B M M m>
previously, kidney DNA from ^^mam.*^^-, * ̂ ^ M M ^ B
patient R2 has the extra
Eco Rl polymorphic frag-
ments (Fig. 3, lane 2). Fig. 3. Methylation pattern of c-mos
Hpa II digestion of these proto-oncogene
DMAs generated a unique
pattern that indicates a heterogeneity of methylation sites in the c-mos
gene (Fig. 3, lanes 1, 10, 13). In contrast, although Msp 1 digestion
of kidney DNA produces faint higher-molecular-weight bands, neither the
heterogenity nor the pronounced pattern observed after Hpa II digestion
was found. These results suggest that the majority of 5mC occurs at the
internal cytosine rather than at the 5'-end cytosine. The ladder of Hpa
II restriction fragment bands is most likely produced by differential
methylation of multiple CCGG motifs surrounding the c-mos gene in the
heterogenous DNA preparations. It is apparent that the kidney DNA from
patient R2 has the most complex 5mC pattern (Fig. 3, lane 1), followed
in a decreasing order by kidney DNA of patient R4 (Fig. 3, lane 10) and
kidney DNA from patient R6 (Fig. 3, lane 13). DNA samples showing the
Eco Rl polymorphic fragments also seem to have a more complex Hpa II
restriction endonuclease fragmentation pattern.

To determine if cytosine or adenosine methylation accounts for the
Eco Rl polymorphic fragments, we analyzed the fragment pattern of kidney
DNA after digestion with Eco Rl (Fig. 3, lanes 5,8), Hpa II (Fig. 3,
lanes 4,7), or Msp I (Fig. 3, lanes 3,6) from a control individual (C2)
both immediately before (Fig. 3, lanes 6-8) and after (Fig. 3, lanes
3-5) in vitro methylation with Eco Rl DNA methylase. A comparison of
the fragment pattern obtained from the methylated kidney DNA of the
control C2 with that obtained from patient R2 indicates a degree of
similarity in the size of the fragments (Fig. 3, lanes 2 and 5). These
results suggest that adenosine methylation of the Eco Rl restriction
sites (Fig. 2, sites C and D) accounts for the RFLA.



3. DISCUSSION

The data presented in this report indicate that "normal" tissue DNAs
from six of seven individuals with internal systemic exposure to radium
exhibit Eco Rl restriction-fragment-length alterations (RFLAs) in the
c-mos gene locus. The c-mos alterations observed in our study cannot be
definitely termed restriction-fragment-length polymorphisms (RFLPs)
because the aberrant c-mos bands were not found in all tissues of the
same individual and were thus induced rather than acquired through a
normal Mendelian inheritance. Therefore, in place of the commonly used
RFLP terminology, we suggest that the alteration described in the
present studies be named restriction fragment length alteration (RFLA).

Recently, a number of laboratories have reported presumed RFLP resulting
from a 3'-end alteration of the human c-mos Eco Rl site (Fig. 2,
site D), which caused the appearance of a 5-kb DNA band. Lindereau
et al. (1985) have found this DNA fragment in breast tumor DNA from six
of 75 patients but not in that from 69 healthy individuals. Hollstein
et al., (1986) found this alteration in the normal tissues of two of 18
patients with esophageal, stomach, or colon cancer. We have found
similar alterations, i.e., the 5.0- and 5.5-kb c-mos bands, in the
"normal" tissues from the individuals exposed to radium. The variations
in intensity of this RFLA with respect to the normal allele suggest
either that the alteration was induced to different degrees in various
tissues or that small subsets of cells with the induced alteration have
different degrees of growth advantages in the various tissues.

Unlike previous studies in which either a 5.0- or a 5.5-kb c-mos band
was detected, we were able to detect both RFLAs in the same tissue.
Both fragments most likely result from the normal all el e by some type of
alteration in the Eco Rl sites located near the 51 and 31 ends of the
single c-mos exon (Fig. 2, sites C and D). Although both the 5.0- and
5.5-kb c-mos bands were present in the same DNA, they are not present on
the same DNA strand. An observation that Eco Rl-digested DNA did not
produce an 8.5-kb fragment, which would be apparent if the same DNA
molecule had both alterations at the two Eco Rl sites C and D
(Fig. 2), led to this inference.

We performed a series of DNA methylation studies in an attempt to deter-
mine if the c-mos RFLAs in the tissues from the individuals exposed to
radium result from differences in methylation patterns. Kidney DNA from
three patients showing different intensities of the 5.0- and 5.5-kb
fragments revealed that the complexity of the ";»n methylation pattern is
greater in the DNAs with the more pronounced polymorphic bands. Because
the most complex pattern of methylation of the c-mos locus is found in
tissues that display the polymorphic bands, we decided to artificially
adenosine-methylate DNA isolated from a tissue that did not have these
polymorphic bands. Digestion of this DNA with restriction endonucleases
produced polymorphic bands that were similar to those observed after
digestion of DNA from radium-exposed individuals. These results support
our suggestion that the 3' and, to a lesser extent, the 51 Eco Rl sites,
which are adjacent to the c-mos exon (Fig. 2, sites C and D), become
resistant to restriction digestion following DNA methylation, and as a
result yield the RFLAs after restriction enzyme digestion. In contrast



to our results Liderau et al, (1987) have decribed an alteration of the
31- end Eco Rl site (Fig. 2, site D) in breast tumor DNA that is attri-
buted to a transition of a cytosine to a thymidine. The c-mos gene
appears to be a suceptible locus for cytosine and adenosine methylation
because neither the N-ras nor c-raf-1 proto-oncogene of these radium-
exposed tissue DNAs revealed an Eco Rl polymorphism or a variation in
their respective cytosine methylation pattern (unpublished data). The
biological significance of methyl at ion of the c-mos locus and its
function in c-mos gene expression is unclear. Although very little is
known of the effects of adenosine methylation on gene activation, a
number of reports have shown that cytosine methylation is associated
with inhibition of activity of the c-mos gene. As a result, it will be
of interest to determine whether the tissues having the Eco Rl RFLA
express c-mos mRNA and what significance adenosine methylation has in
the transcription of this gene. It is uncertain if the c-mos methyla-
tion pattern and the presence of the RFLA in tissues adjacent to tumor
but not normally containing the RFLA represent a progressive event prior
to tumor formation in a clonal selection of cells. Whether the c-mos
RFLA identified in this study is induced in these tissues of radium-
exposed individuals by the causative agent is currently not known.
However, this c-mos alteration was observed in six of seven bones, the
primary si-•: of radium deposition, obtained from three radium exposed
individuals, C-mos RFLAs were also observed in kidney DNA from three of
four individuals exposed to radium but not in kidney DNA from six age-
matched cor :rols. Further studies concerning the significance of the
RFLA in relation to radium exposure and the potential use of this
alteration in cancer risk assessment will require further studies
relating radium dosage to the c-mos RFLA. Our results suggest that the
c-mos RFLAs found in tissue DNA from six of seven individuals exposed to
radium were induced rather than inherited, are epigenetic in orgin, and
are most likely due to increased methylation of adenosine residues
associated with the Eco Rl restriction" endonuclease sites in the c-mos
locus.
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