1

| is
ize
oid

of

rics

e AR RSB

PE

JULY 1972

Volume 81 Number 1

J.Pediat. 81, No.l, pp.1-8 (1972),

.

LSO 2349

MEDICAL PROGRESS

Induced chromosomal abervaiions: Bz'ologzml

and clinical Jz;gmﬁmnce

A multiplicity of chemicals, viruses, and ionizing radiations are now known t» damage

the genetic material of human cells. Chromosomal breaks and rearrangements are

velatively gross measures of such damage. However, there is evidence that increases in
chromosoma! aberrations may be seen in human populations which are at high risk in

terms of neoplastic disease. Further, studies of chromosomally abnormal cell populations

in vitro have revealed an increased tendency to malignant transformation after exposure

to oncogenic DNA viruses. The clinical and biological significance of induced

aberrations in man is reviewed in the light of these findings.

Arthur D, Bloom, M.D., Ann Arbor, Mich.

IT HAs BECOME increasingly clear in
recent years that we are exposed to a wide
range of chemical and physical agents which
may damage the genetic material of our cells.
Thus future generations of our species may
be affected adversely by our exposures to
cuch agents, and the present generation may,
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in addition, be putting itself at risk in terms
of neoplastic discase.

The description by Moorhead and asso-
ciates! in 1960 of a method for cultivating
peripheral blood leukocytes was a critical step
in the development of human cytogenctics.
This method cnabled us to associate specific
abnormalities of the karyotype with specific
malformation syndromes. It also enabled us
to begin to gather data on the frequency and
types of chromosomal breaks and rearrange-
ments which appear in cultured white cells.
The studies of Buckton and associates® and
Court Brown and colleagues,® in the early
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1960%s, on the therapeutically X-irradiated
patients with ankylosing spondylitis first dem-
onstrated that chromosomal morphology
could be used in man, as it had been in plants
and animals, as a reasonably sensitive indi-
cator of exposure to a mutagen. It was sub-
sequently learned that cells which respond
to the stimulation of phytohemagglutinin in
leukocyte cultures are immunologically com-
mitted, long-lived lymphocytes, thus provid-
ing evidence not only of recent, but also of
distant, exposure to chromosomally muta-
genic agents.

Our concerns in terms of breakage need,
then, to be with both the germ cell chromo-
somes and the somatic cell chromosomes. To
date, no evidence of vertical transmission of
chromosomal aberrations, induced by a spe-
cific agent, has been unequivocally docu-
mented in man. I have, therefore, elected to
concentrate here mainly on somatic cell aber-
rations. We will discuss how such aberrations
arise and speculate on what they may mean.
(For a more detailed review of this subject,
the recader is referred to a recent article by
the author which was written primarily for
geneticists.*) The evidence is now convincing
that populations with increased levels of in-
duced aberrations, from whatever source, are
at increased risk in terms of the development
of malignant discase.® Studies of patients
with Fanconi’s anemia and those with
Bloom’s syndrome support this idea, as do
studies of heavily irradiated populations,
such as the Hiroshima and Nagasaki survi-
vors. Further, evidence from congenital syn-
dromes in which chromosomal damage is
present, as well as from irradiated cell popu-
lations, indicates that somatic cells with struc-
turally altered chromosomes qr with an in-
creased number of chromosomes (as in triso-
my 21) may be peculiarly susceptible to
oncogenic virus infection.

TRANSMISSION TO OFFSPRING

In experimental animals, a variety of
chromosomal rearrangements have been in-
duced in meiotic chromosomes and trans-
mitted to the next, or so-called F,, genera-
tion. Most transmissible abnormalities involve
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either the translocation of chromosomal ma-
terial from one chromosome to another or an
inversion of the gene sequence which results
in a repositioning of the normal constriction,
or centromere. Those germ cells which are
most likely to survive the effects of such
breakage and rearrangement are those in
which no major loss of chromosomal material
has resulted and in which the abnormalities
are relatively stable. The ability or inability
of a damaged chromosome to survive meiosis
(or mitosis) will, in large measure, determine
the fate of the daughter cell.

In man, we know of many instances in
which an abnormality of chromosomal struc-
ture is transmitted through several genera-
tions. For example, the presence of a long
short arm of a G-group chromosome in three
generations of a family would be one such
instance. The abnormality has no apparent
deleterious effect, and so there is no apparent
selection against these germ cells during fer-
tilization. Nor is there a problem in reproduc-
tion for the carrier of such a variant chromo-
some. The result, then, may be the produc-
tion of a new individual who has one ab-
normal member of a pair of chromosomes.
This sort of structural chromosomal
“heterozygosity” is relatively common, with
2 to 4 per cent of the population being
heterozygous in this way for one or another
pair of chromosomes.®

Theoretically, it should be possible for a
chromosomal mutagen to damage a germ
cell chromosome of a normal individual, with
the resultant production of gametes that carry
a translocation, or an inversion, or an ab-
normality of chromosome number. Such aber-
rations must be produced in man, as in other
species. The problem is one of our inability
to detect such changes. The’damaged gamete
may be killed outright, or it may be selected
against during gametogenesis, or, last, the
zygote may be nonviable and may spon-
tancously abort.

The complexities of this problem of detec-
tion of transmissible meiotic chromosomal
effects in man are illustrated by the experi-
ence in Hiroshima and Nagasaki, where the
populations were exposed to high doses, often
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in excess of 100 rad, of known physical
mutagen (the gamma and neutron radia-
tions) . However, the early studies of the off-
spring of the A-bomb survivors demonstrated
no increase in congenital malformations, no
increase in abnormalitics of early develop-
ment, and no increase in spontancous abor-
tion.” While these are not purely genetic
phenomena, genetic factors play a significant
role in each of them. The fact that increases
in these parameters were not seen in the off-
spring of Hiroshima and Nagasaki survivors
suggests not that genetic effects did not take
place, but rather that these parameters are
relatively insensitive measures, even in a
fairly large population, of genic or chromo-
somal damage.

For the past four years, we have been
studying the cytogenetics of the children of
heavily A-bomb-exposed parents, recogniz-
ing, for the reasons given above, that a high
measure of selection may have been operating
against chromosomally abnormal gametes or
zygotes. Nonctheless, the detection of an in-
creased incidence of structural heterozygotes
or of abnormalities of chromosome number
among the children who had at lcast one
parent exposed to >100 rad might certainly
be a measure of a radiation effect on the
parental germ cell chromosomes. To date,
several hundreds of children have been
karyotyped, with no evidence of such ef-
fects. Of the first 228 children studied, two
were chromosomally abnormal, one being
a carrier of a familial short arm deletion
of a G, the other being XO/XXX mosaic,
the latter presumably resulting from a post-,
not a pre-, fertilization error. This study is
a continuing one® and may well require
several thousands of individuals to demon-
strate conclusively the presence or absence
of a radiation effect.

The new techniques of identifying and
distinguishing each homologous pair of
chromosomes, by use of fluorescent® and
heterochromatin!! stains to produce specific
banding patterns, provide a considerable in-
crease in the resolution power of the micro-
scope for examination of human chromo-
somes. With these methods, previously unde-
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tectable translocations, in particular, may be
readily found. Thus we have reason to be
optimistic that screening of an F, generation
for the effects of chromosomal mutagens on
parental meiotic chromosomes may soon be
done with far more sensitivity than has been
possible until now. '

With 0.5 to 1.0 per cent of individuals
in “normal” human populations having a
major abnormality of the karyotype!? and
2.0 to 4.0 per cent having a minor abnor-
mality,® as determined by conventional cy-
tologic techniques, it scems unlikely that most
laboratories will ever be equipped to study
routinely the effects of suspected chromosomal
mutagens on human populations. The mag-
nitude of the effect is likely to be small, and
many persons would have to be studied.
Fortunately, a number of groups have sys-
tems of automated or semiautomated chro-
mosomal analysis that appear promising, with
the computers generating either printouts of
chromosome measurements or graphic rep-
resentations of the karyotype. The latter is
clearly the more desirable of the two alterna-
tives, and should aid immensely in our ability
to monitor human populations for transmitted
chromosomal abnormalities.

SOMATIC CELL ABERRATIONS

It is often difficult for the clinician, as
well as for the geneticist, to evaluate studies
which purport to demonstrate chromosomal
damage after exposurc of an individual to
one or another virus or drug. What is still
lacking, despite the many studies of the ef-
fects of physical or chemical agents on hu-
man somatic cell chromosomes, is a uniform
set of criteria by which an agent shall be
judged chromosomolytic. The controversy
over the efTects of lysergic acid diethylamide
(LSD) serves to illustrate several important

points. (The excellent review of Dishotsky

and colleagues® on the subject of the bio-
logical effects of LSD in man is recom-
mended for those interested in more detail
than appears below.)

Cohen and associates' initially studied the
chromosomal effects of LSD-25 at concen-
trations which ranged from 0.001 pg per
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williliter to 10.0 pe per illiliter. Human
lymphocytes were exposed in vitro for up to
18 hours to these levels of LSD and the
“break rate” wis reported to be twice the
“spontancous’” level at all but the fowest
concentration. ‘The in vitro studies of others
which followed these early reports have been
far less consistent, with no dose-response
relationship being invariably demonstrable in
vitro when puiified LSD was used.

The confusion over interpretation of the
in vitro findings was intensified by the publi-
cation of a number of in vivo studies with
contradictory results, Among users of “il-
licit” or “strect” LSD), approximately 50 per
cent have an increase in chromosomal aber-
rations. However, among 126 persons treated
with pure LSD in hospital or clinic settings,
14 per cent had a higher than control fre-
quency of aberration-bearing cells. These
data suggest either that illicit drugs contain
onc or more contaminants that break chro-
mosomes or that other factors which may be
common to heavy drug users—such as in-
apparent virus infection—are involved.!® ¢

The best designed studics of the in vivo
chromosomal cflects of drugs are those in
which pre-exposure studics of chromosomes
are done on involved subjects, so that each
person may act as his own control. For LSD
such studies have demonstrated that few
persons have an increase in chromosomal
damage. Further, five of seven studies in-
volving only post-therapy blood samples have
been negative. Pure LSD, at moderate dose
levels, does not seem to induce chromosomal
breakage.

One of the difficultics in the interpretation
of the LSD data occurred because of the use
of “break rates” in the presentation of the
data. Fig. 1 presents “stick” diagrams of one
nonmolecular way of viewing the mechanism
of formation of some of the more common
chromosomal breaks and rearrangements.
One of the simpler types of breaks is termed
isochromatid, in that both chromatids of
the chromosome are broken at the same level.
This type of abnormality may arise as a re-

_sult of either one or two “hits,” rendering

a break rate per cell meaningless when this
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aberration is frequently seen, as it was in the
LSD studics.

TYPES OF INDUCED
ABERRATIONS AND DOSE
RESPONSE

The type of aberrations which are formed
on exposure of a cell to a chromosomolytic
agent depends on the single or double strand-
edness of the chromosomal DNA at the
time of exposure. Normally, in the G, stage
of interphase, the chromosome is single
stranded; beginning late in G, and during
the S phase, DNA synthesis takes place, ceas-
ing in G. after duplication of the chromo-
some. Thus exposure of a G, cell to ionizing
radiation, for instance, produces damage from
a single break that affects both chromatids,
whereas exposure of a G: cell would require
two “hits” to produce the same aberration.*

The more commonly seen simple and com-
plex chromosomal breaks and rearrange-
ments, and the mechanisms of their forma-
tion, are diagrammed in Fig. 1. (A detailed
description of these mechanisms is given in
references 4 and 17.)

One major criterion of whether a suspect
agent is or is not a breaker of human chromo-
somes must be, in the opinion of this author,
the demonstration of a dose-cytogenetic re-
sponse relationship over some reasonable
dose range. Bender and Gooch'® originally
suggested that the frequency of chromosomal
aberrations might be used as a kind of bio-
logical dosimeter after acute radiation ex-
posure, and this has been substantiated for
in vivo and in vitro irradiations of human
cells down to doses less than 50r. For ex-
ample, Evans® showed that the frequency
of dicentric chromosomes after in vitro ex-
posure of human cells increased as the square
of the dose. In our early studies of somatic
cell aberrations in residents of Hiroshima
and Nagasaki years after their atomic bomb
exposure,®® 2! we demonstrated that the fre-
quency of complex, exchange-type aberrations
seemed related to both the age of the sur-
vivor and to his estimated exposure dose.
Awa and associates?> have now definitely
shown in the survivors that, even this long
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Types of Interphase Chromosome, Metaphase
Aberrations With Affected Site Configuration
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Fig. 1. The mechanism of formation of some of the more common types of induced chromo-
somal abnormalities is illustrated here in “‘stick’” diagram fashion. The basic distinctions to be
made are (a) between single stranded (e.g., Gi) and double stranded (i.e., Gs) chromosome
effects, and (b) between simple breaks and more complex rearrangements.

after exposure, a direct radiation dose-cy-
togenetic response relationship does exist for
several classes of complex aberrations, in-
cluding rings and dicentrics, as well as trans-
locations and inversions.

POPULATION STUDIES

An increased risk of ncoplastic disease ap-
pears to exist for patients with clinical syn-
dromes which are known to be associated
with chromosomal breakage on a congenital

basis, such as Fanconi’s anemia, Bloom’s syn-
drome, and the Louis-Barr syndrome.*® Fur-
ther, considerable epidemiologic evidence is
now available which suggests that there is an
association between exposure to chromo-
somolytic agents in a human population and
an increase in cancer risk to that popula-
tion.* 2t The data from populations exposed
to ionizing radiations are the most substantial.
Acute external exposure to high-energy X,
gamma, or neutron radiations clearly pro-
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6 Bloom

duces chromosomal aberrations, cven at rela-
tively low total exposure doses.*” Leukemia
and tumors of solid tissues (as thyroid) have
been well described in a number of popula-
tions so exposed, including the survivors of
the Hiroshima and Nagasaki A bombs.** In-
ternal emitters with long biological half-lives,
such as *2Ra, are similarly associated with
chromosomal damage and tumor formation,
such as the osteogenic sarcoma seen in radium
dial painters.*”

The association in man between chromo-
some-breaking viruses, or drugs, and neo-
plasia is far more tenuous. Viruses, such as
rubeola, may damage somatic cell chromo-
somes, but we do not know of any long-
terin carcinogenic effects of this damage.
Similarly, drugs, such as the antibiotic mito-
mycin, have been shown to damage chromo-
somes with no known sequelac. The mecha-
nisms by which such agents act are ob-
viously diverse, ranging from interference
with DNA replication to possible digestion
of chromosomal nucleoproteins by lysosomal
DNAse.2® But the ultimate effects, if any,
of these virus- or drug-induced aberrations
in terms of somatic cell disease are unclear.

With respect to LSD, again there is no
strong evidence of an oncogenic effect.
Among persons taking LSD, three cases of
leukemia have been reported, two in thera-
peutically exposed persons and one in a
user of illicit LSD.®® However, no systematic
study has been made and there is presently
no evidence to support the idea that LSD
is a carcinogen. Even if LSD were to be
classified as a chromosome-breaking agent,
which it may not now be, this would still
not mean that it is by definition a chemical
carcinogen. Proof of each of these potential
cffects of any drug must be independently
derived.

CELLULAR TRANSFORMATION

We may tentatively conclude from the ex-
perience in man to date that a cell with a
chromosomal rearrangement is not by defini-
tion a malignant cell and that chromo-

somolytic agents are not, per se, carcino-

genic. Nonectheless, the epidemiologic associ-

5
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ations (from studies of irradiated popula-
tions) of ncoplasia and chromosomal aber-
rations are beginning to find experimental
support, and the cvidence merits review
here. The growth of human fibroblasts in
tissue culture is associated with the rare
“transformation” of an occasional cell. This
transformation involves: (a) loss of contact
inhibition, with resultant stacking up of trans-
formed cells in several layers, unlike normal
fibroblasts which grow in monolayer, (b)
change in morphology of the cells within
transformed colonics, as from fibroblastic to
epithelial in appearance, (c) shift in metab-
olism from the acrobiasis of fibroblastic cul-
tures to anaerobic glycolysis, and (d) the
ability of some transformed animal cells to
produce tumors in vivo.*

The very rare spontaneous transformation
of normal human cells may be increased
somewhat by exposure of the cells to simian
virus 40 (SV40). While the transformability
of normal cells by the polyoma-like SV40
is small, Todaro and Martin® have demon-
strated that cells from patients with karyo-
typic abnormalities (such as triscmy 21) or
from patients with “spontanecous” chromo-
some breakage (such as Fanconi’s anemia)
have a 20- to 50-fold increase in susceptibility
to transformation in vitro. Further, the cells
of heterozygous carriers of genetically de-
termined syndromes such as those of Fanconi
and of Bloom have an approximately 10-fold
increase in susceptibility to SV40 transfor-
mation, with transformation rates which are
midway between those of normal and af-
fected persons. The increased susceptibility
of irradiated 3T3 mouse cells and of ir-
radiated human cells to SV40 transforma-
tion®* is further evidence that cells which
arc likely to have considerable chromosomal
damage are also more sensitive than normal
cells to the effects of oncogenic virus.

The biological basis of in vitro transforma-
tion by this DNA virus is currently being
actively studies in a number of laboratories.
At the present time, it appears that virus is
incorporated into the host cell genome and
that the prescnce of the virus in some way
derepresses’ the internal control of cell di-
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vision. However, it is unclear why virus
infection of chromosomally abnormal celis
should be so significantly enhanced.

It should be stressed that these findings
on normal and abnormal rates of transfor-
mation suffer from a lack of sufficient con-
trol data. Morc information is needed on the
rates of SV40-induced transformation of
cells from normal males and females of dif-
ferent ages, and living in different environ-
ments, before unqualified acceptance of the
phenomenon of increased transformability of
chromosomally altered cells is possible. Fur-
thermore, induction of transformation by
chemical carcinogens has not been successful,
despite the fact that several of the chemicals
used are clearly carcinogenic in mammals.

CHROMOSOMAL BASIS OF
ONCOGENESIS: A HYPOTHESIS

How, then, are we to synthesize our cur-
rent information on the relationship be-
tween chromosomal aberrations and on-
cogenesis. We may visualize, first, the ex-
posure of a cell, or cell population, to a
mutagenic agent, with the resultant induc-
tion of either a point mutation, a chromo-
somal mutation, or both. The mechanism of
induction of chromosomal mutations is not
well understood at present. If the mutation
is sufficiently delcterious, the cell may die;
or more likely, some cells of the exposed
population will survive, proliferate, and re-
populate the tissue involved. The surviving
cell lines may have mutations in individual
cells, and mutant clones may well be pro-
duced. Thus a major result of exposure of a
normal cell population to a mutagen, assum-
ing cell survival, may be the establishment
of a genically or chromosomally mutant cell
population.®

It remains to be determined whether or
not such cells are as sensitive to oncogenic
virus in vivo as they may be in vitro. We
clearly need evidence on this point. The epi-
demiologic evidence cited above does at least
raise the possibility that transformation may
not be uniquely an in vitro phenomenon. If
it is not, then we have the beginnings of an
explanation of the relationship between

o Ol SRl AL B B e
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chromosomal abnormality and neoplastic dis-
ease, a phenomenon astutely recognized as
long ago as 1914 by Boveri.*

The suggestion that I write this paper origi-
nated with the late Dr. Stanley Wright, and I
wish here to acknowledge my gratitude to him.
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