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Summary. Aphidicolin, a specific inhibitor of DNA polymerase
a, is known to induce chromosomal aberrations. At concentra-
tions that did not greatly affect mitotic index, aphidicolin
induced a striking number of chromosome gaps and breaks dis-
tributed in a highly nonrandom manner in cultured human
lymphocytes. Specific chromosome bands, especially 2q31,
3pl4, 6426, 7432, 16923, and Xp22 were preferentially damaged
in lymphocytes from each of 12 subjects studied. Total and site-
specific damage was dose dependent and greatly increased
when folic acid was removed from the medium. The sites most
sensitive to aphidicolin damage include the “hot spots” seen
under conditions of thymidylate stress and in studies of spon-
taneous chromosomal damage. The fragile X site, which can
also be induced by thymidylate stress, was not induced by
aphidicolin in lymphocytes, suggesting a separate mechanism
for its induction. Aphidicolin represents anovel tool for detec-
tion of hot spots on human chromosomes through the mech-
anism of DNA polymerase « inhibition. The hot spots induced
by aphidicolin represent a new class of fragile sites which we
term common fragile sites.

Introduction

Seventeen heritable fragile sites on human chromosomes are
presently known (Sutherland 1983). Fourteen of these, includ-
ing that at Xq27 (fragile X), are induced by culturing cells
under conditions of thymidylate stress created by folate depri-
vation (Sutherland 1979), inhibition of thymidylate synthetase
(Glover 1981; Tommerup 1981), or inhibition of dihydrofolate
reductase (Sutherland 1979; Mattei et al. 1981). In addition to
allowing expression of these fragile sites, cell growth under
thymidylate stress often produces lesions at “hot spots” which
appear to occur nonrandomly in the genome (Sutherland
1983).

The fragile X is associated with one form of X-linked men-
tal retardation. The significance of the 16 remaining fragile
sites and the hot spots is not known, although associations
with mental retardation (Sutherland 1982) and cancer chromo-
some breakpoints have been suggested (Yunis 1983; Hecht and
Sutherland 1983).

Most fragile sites and hot spots share one common mecha-
nism of induction, that is, thymidylate stress. How thymidyl-
ate stress causes these lesions is not clear. One possibility is
that the rate or fidelity of DNA synthesis is preferentially
affected at fragile sites and hot spots. As a test of this hypo-
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thesis, aphidicolin, a diterpenoid mycotoxin, was tested for its
effects on chromosomes from normal and fragile X individ-
uals. Aphidicolin is a specific inhibitor of eukaryotic DNA
polymerase « which is primarily associated with chromosomal
DNA replication (Tkegami et al. 1978). It does not inhibit poly-
merases f§ or y which are associated with DNA repair and mito-
chondrial DNA synthesis, respectively (Ikegami et al. 1978;
Hanoka et al. 1979).

Aphidicolin was found to induce chromosomal gaps and
breaks in a highly nonrandom manner in cultured lympho-
cytes. A small number of specific sites in the human genome
are preferentially damaged by low doses of aphidicolin. These
sites include the hot spots seen with thymidylate stress but not
the fragile X.

Materials and methods

Subjects

Heparinized venous blood was obtained from eight males and
four females. Subjects 7757 and 7758 were mentally retarded
brothers known to express the fragile X when their cells are
cultured under conditions of thymidylate stress. Subject 8148
was their mother in whom the fragile X has not been demon-
strated despite repeated trials. Subjects 9263 and 9264 were also
mentally retarded brothers known to express the fragile X, and
9265 was their fragile X negative father. Subjects 8213 and 8214
were a healthy couple with a history of recurrent spontaneous
abortions. The remaining subjects were healthy adult volun-
teers. Apart from the two sets of fragile X brothers, all subjects
had normal karyotypes.

Cell culture

Blood was cultured within 24 h of venipuncture by the conven-
tional whole blood microculture technique. Culture medium
(Trvine Scientific) was RPMI 1640 (FA™) containing 10% fetal
bovine serum (Hy-Clone, Sterile Systems Inc.) or RPMI 1640
without folic acid (FA™) with 5% fetal bovine serum. All
medium was additionally supplemented with 2 mM glutamine,
phytohemagglutinin, and penicillin/streptomycin. Cells were
cultured at 37°C for a total of 96 h before harvesting.

Chemicals

Aphidicolin was dissolved in dimethyl sulfoxide (DMSO) or
in ethanol (EtOH) for one experiment (Table 2) and added
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Fig. 1. Dose response for induction by aphidicolin of total chromosomal gaps and breaks (fop), and gaps and breaks at five sensitive sites (bottom).
Fifty metaphases were analyzed per aphidicolin concentration used. (FA™) indicates that cells were cultured in folic acid-deficient medinm.

a Subject 8370; b Subject 8371

directly to the cultures 26 h prior to harvest. The final concen-
tration of vehicle in the medium was never greater than 0.2%.
Control cultures were established with and without 0.2% of
DMSO or EtOH added. No increases in chromosome aberra-
tions were seen in control cultures with DMSO or EtOH.

Scoring

All cell cultures were coded before slide preparation. Thus,
cells were scored blindly for chromosome aberrations without
knowledge of treatment. Air dried slides were Q-banded in
[N, N bis-(6-chloro-2-methoxyacridin-9-yl)spermine] [(CMA),S]
(Deugau et al. 1978) which has a very slow quenching rate and
allows ample time for specific location of breakpoints. Scoring
of aberrations was performed independently by two observers
with each scoring 25 cells per culture when possible.

Results

Aphidicolin did not affect cell growth greatly or diminish the
mitotic index significantly at the concentrations and times
chosen in these experiments. Thus, DNA polymerase a was
only partially inhibited and not totally blocked, since DNA
replication did not cease. Aphidicolin concentrations above
0.2 uM in FA™ or 0.4 pM in FA*™ medium induced so many
breaks and gaps that cells could not be accurately scored and
sites of sensitivity at lower doses were overshadowed. The con-
centrations and duration of aphidicolin exposure utilized here

were selected so as not to produce too many unscorable cells
that could create a scoring bias.

Dose response for the induction of total gaps and breaks by
aphidicolin in lymphocytes from two normal individuals is
shown in Fig.1 (rop). The induction of gaps and breaks was
clearly dependent on the concentration of aphidicolin. The fre-
quency of lesions was much greater with FA™ medium than
with FA™ medium and, since the difference is greater than with
FA™ medium alone, the data suggest a possible synergistic
action of the two variables.

The distribution of breakpoints in aphidicolin-treated cells
was highly nonrandom (see below). Dose response for the
induction of gaps and breaks at five of the sites most sensitive
to damage by aphidicolin is also shown in Fig. 1. Band 3pl4 is
the most frequently damaged site. At 0.4 pM aphidicolin in
FA* medium, 45 and 31 breaks were seen at 3pl4 in 50 cells
from Subjects 8370 and 8371, respectively. With this treatment
four cells from Subject 8370 and two cells from Subject §371
had a break or gap at 3pl4 in both homologues. Thus, 82% and
58% of metaphases from the two subjects had at least one break
at 3pl4. Over the range 0.05 uMto 0.4 pM aphidicolin in com-
plete FA™ medium, 36%-58% of all breaks and gaps were seen
at these five sites (Fig. 1).

As was the case with total gaps and breaks, the site-specific
aberrations were greater in FA™ than FA' medium. The induc-
tion of gaps and breaks at 3pl4 in FA™ medium is shown as an
example in Fig. 1. The data suggest a synergistic effect between
aphidicolin and folate deficiency for this site-specific aber-
ration as well as for total gaps and breaks.

Xp22
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Table 1. Chromosomal lesions induced by aphidicolin and growth in folate-deficient medium in cells from nine subjects?

Medium Aphidicolin Total gaps® and Gaps and breaks in band
. :
(ud) breaks in 50 cells 3 1) 16023 7932 Xp22 626 231
FA* 0.0 0.7+ 1.0 0.3+ 0.7 0.0 0.0 0.0 0.0 0.0
FA* 0.2 58.7 £20.1 118+ 32 5.8+1.8 41+27 2319 4.6 1+3.0 30+1.6
FA™ 0.0 17.8 £ 11.8 31+ 14 1.6 £ 1.0 12+1.2 0.6 +0.9 14£13 0.8+1.6
FA~ 0.2 131.0 £ 63.4 226+ 104 127140 98+t64 6.9 +5.0 4920 38+15
2 Data pooled from four separate experiments and expressed as mean = standard deviation
® Does not include gaps and breaks at Xq27 in two fragile X subjects
¢ DMSO (0.2%) added 26 h prior to harvest in cultures without aphidicolin
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Fig. 2. Position of all chromosomal lesions induced by 0.2 pM aphidicolin in cultured lymphocytes (50 cells scored from each of nine subjects).
a Cells cultured in complete (FA*) medium; b cells cultured in folic acid-deficient (FA™) medium. Arrows indicate bands with a significant
excess of lesions (see text for details). Large arrows indicate sites with the greatest excess of lesions in both media

The effects of growth in FA™ medium and of 0.2 uM aphidi-
colin treatment in both FA™ and FA~ medium on chromosome
damage in cells from nine subjects are summarized in Table 1.
All nine subjects showed the greatest number of lesions at
2931, 3pl4, 6426, 7932, 16923, and Xp22. Breaks or gaps at these
sites were induced by aphidicolin in all nine subjects. Lesions
at these sites were also often seen in untreated FA™ cultures,
but not in FA* (complete medium) cultures (Table 1).

The total distribution of the 528 breaks and gaps induced by
0.2 pM aphidicolin in FA* medium is shown in Fig. 2a. A chi
square analysis of this distribution with respect to chromo-
some regions was made. This analysis of distribution by region
overcomes any potential scoring bias of assigning a break or
gap to a specific band within a region. Expected values for
lesions per region were based on the relative length measure-

ments of 79 regions published by Koskull and Aula (1973). The
distribution of breaks and gaps is highly nonrandom (x%g af =
2052, P <€ 0.001).

A more critical analysis of the distribution of lesions can be
made with regard to bands with the reservation that the expect-
ed value for lesions within each band is somewhat low as esti-
mated from the avajlable data. Based on a haploid karyotype of
400 bands (ISCN 1981) and assuming each band to have an
equal probability of breakage, the expected number of breaks
per band from the 528 lesions induced by 0.2 pM aphidicolin
in FA* medium (Fig. 2a) is 1.3 lesions per band. A chi square
analysis shows that any band with six or more lesions is non-
randomly damaged significantly in excess (x% af, = 13.6, with
Yates correction; P << 0.001). Thus, in addition to the obvious
excess of lesions at 2q31, 3pl4, 6426, 7432, 16923, and Xp22, an
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Fig. 3a—f. Partial metaphases with chromosomal aberrations induced by aphidicolin. a 1p22, 6q26 (both homologues), 7932, 16q23; b 3p14 (both
homologues); ¢ 1p22, 3pl4, and 3p24 (both homologues), 16q23; d 3pl4, 16q23, 6926 (both homologues, in association), Xp22; e triradial 3p14;
f triradial 14924

excess of breaks and gaps was induced at bands 1p22, 1p32,
2p13, 2q33, 3p24, 3927, 7922, 8q22, 11pl3, 1424, and Xq22.

The same type of analysis for the 1179 breaks and gaps
induced by 0.2 pM aphidicolin in FA™ medium was per-
formed for comparison. The total distribution is shown in
Fig.2b. Chi square analysis shows that any band with 10 or
more lesions is significantly in excess (x%1 4 =147, with Yates
correction; P<0.001). An excess of lesions was induced at all
of the sites as in FAT medium with the exception of band 3q27.
In addition, bands 1p36, 1425, 5q31, 7pi3, 9932, and 22q12
showed significant non-random damage.

Examples of site-specific aberrations scored are shown in
Fig. 3. Aberrations were usually scored as chromosome gaps,
but chromosome breaks, chromatid gaps, and chromatid
breaks were also seen at lower frequencies. A comparison of
the distribution of type of aberration is meaningless with
regard to the time of damage since aphidicolin was present
throughout the entire cell cycle prior to harvest. Rare triradial
configurations were seen for most of the common lesions.
Examples of triradials at 3pl4 and 14924 are shown in Fig. 3.

Under the same conditions at which the common fragile
sites were induced in cultured lymphocytes, aphidicolin was
not effective in inducing the fragile X (Table 2). Aphidicolin
and DMSO appeared to reduce the number of cells expressing
the fragile X in Subjects 7757 and 7758. Torule out the possible
effects of DMSO, an experiment was performed in which aphi-
dicolin was dissolved in DMSO and dissolved alternatively

in ethanol. Aphidicolin decreased the number of cells express-
ing the fragile X in Subject 9263 regardless of the vehicle in
which the aphidicolin was dissolved. There was no apparent
effect of aphidicolin on the fragile X in Subject 9264. Thus in
three of four fragile X males studied, aphidicolin decreased
expression of the fragile X under the set of experimental condi-
tions used to induce the common fragile sites.

Discussion

The objective of this study was to determine the effect of DNA
polymerase ¢ inhibition on human chromosomes. Aphidicolin
is clearly clastogenjc to human chromosomes. Induction of
chromosome breakage in human cells by aphidicolin has pre-
viously been reported (Bender and Preston 1981; van Zeeland
et al. 1982), but no site-specific breakage was described. Our
data clearly show that chromosomal lesions induced by aphidi-
colin are nonrandom and that the greatest breakage occurred at
“hot spots” induced by thymidylate stress. Interestingly, the
fragile X was not induced by aphidicolin under the same condi-
tions in cultured lymphocytes.

Bands 2q31, 3pl4, 6926, 7932, 16923, and Xp22 were consist-
ently most sensitive to breakage by aphidicolin. Gaps and
breaks at these sites, especially 3pl4, 6q26, and 16923, are
frequently encountered when cells are grown in folate-defi-
cient medium (Sutherland 1983) or with FUdR (Glover, un-
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Table 2. Effect of aphidicolin on expression of the fragile X

Experiment Subject Medium Aphidicolin® Fra(X)/cells Number of other
(uM) aberrations
1 7757 FA~ 0 19/50 8
FA~ + DMSO?* 0 11/50 3
FA~ 0.2 4/50 79
FA* 0.2 0/50 40
1 7758 FA™ 0 22/50 13
FA~ + DMSO 0 5/50 4
FA~ 0.2 4/50 71
FA* 0.2 0/50 43
2 8148 FA~ 0 0/50 7
FA~ + DMSO 0 0/50 7
FA~ 0.2 0/50 71
FA* 0.2 0/50 64
3 9263 FA~ 0 21/50 nq*
FA~ + DMSO 0 16/50 ngq
FA~ 0.2 0/50 nq
FA* 0.2 1/50 ng
FA™ + EtOH 0 25/50 nq
FA~ 0.2 in EtOH 2/50 nq
FA* 0.2 in EtOH 0/50 ngq
3 9264 FA~ 0 7/50 nq
FA~ + DMSO 0 4/50 nq
FA~ 0.2 6/50 nq
FA* 0.2 1/50 nq
FA~ + EtOH 0 4/50 ng
FA~ 0.2 in EtOH 6/50 nq
FA* 0.2 in EtOH 1750 nq
3 9265 FA~ 0 0/50 ng
FA~ + DMSO 0 0/50 nq
FA~ 0.2 0/50 nq
FA* 0.2 0/50 nq
FA™ + EtOH 0 0/50 ng
FA~ 0.2 in EtOH 0/50 nq
FA* 0.2 in EtOH 0/50 ngq

2 DMSO (0.2%) or EtOH (0.2%) added 26 h prior to harvest

b Aphidicolin dissolved in DMSO unless otherwise stated and added 26 h prior to harvest
¢ Not quantitated. The common fragile sites were, however, noted in all family members (see text)

published work) to induce the fragile X. In the present study,
damage at these six sites accounted for about 40% of all lesions
induced by aphidicolin and about 40% of all lesions seen in
celis cultured in folate-deficient medium without aphidicolin.
However, the percentage of all chromosomes with these
lesions was much greater with aphidicolin.

Nine other bands also showed a significant excess of gaps
and breaks both in FA™ and in FA™ medium with aphidicolin
(0.2 pM). Seven additional bands showed excess breakage only
in FA™ cultures wherein damage by aphidicolin was enhanced.
The distinction between breakage at the six bands mentioned
above and these sensitive sites is arbitrary. It is based only on
the obvious excess of lesions occurring at the six more sensi-
tive sites and the fact that damage at these sites is frequently
seen when cells are grown in FA™ medium for expression of
the fragile X.

Excess breakage at some of the sites most sensitive to aphi-
dicolin or growth in FA™ medium has been frequently reported
in studies of spontaneous and induced chromosome damage in
man (Lubs and Samuelson 1967; Bregger 1975; Ayme et al.

1976; Aula et al. 1976). In at least two (Bregger 1975, Lubs, pet-
sonal communication 1983), if not all of these studies, folic
acid-deficient medium 199 was used without the knowledge
that it induces chromosomal lesions. It is very likely that folate
deficiency contributed to the excess breakage at some sites via
the mechanism shared with aphidicolin. In view of this, these
data should be reexamined to distinguish lesions induced in
vitro by folate-deficient growth from “hot spots” occurring by
other mechanisms.

Heritable fragility at bands 3pl4 and 16q23 has recently
been reported in individuals undergoing genetic evaluation for
various disorders (Rudduck and Franzen 1983; Wegner 1983;
Shabtai et al. 1983) and the question of disease association has
been raised. We have seen lesions at 2q31, 3pl4, 6426, 7932,
16423, and Xp22 in all of our subjects after aphidicolin treat-
ment, including a mother and her two sons, and a father and
his two sons. Lesions have occasionally been observed in both
homologues in cells from normal subjects. While the number
of individuals studied was small, it appears that these sensitive
sites are extremely common, and are heritable. Any associa-



tion with inherited disease analogous to fragile-X-linked
mental retardation appears fortuitous.

Sutherland has referred to lesions at 3pl4, 626, and 16q23
as autosomal lesions or hot spots (Sutherland 1983). Because at
least one site sensitive to aphidicolin occurs on the X chromo-
some, and because all criteria for fragile sites are met, we sug-
gest that the term aphidicolin induced “common fragile sites”
be used to describe bands 2q31, 3pl4, 6426, 7932, 16q23, and
Xp22. The other chromosomal sites damaged nonrandomly by
aphidicolin may be regarded as possible common fragile sites
whose confirmation requires further study. The 17 fragile sites
listed by Sutherland (1983) should be termed “rare fragile
sites”.

A comparison of the common fragile sites with sites of
frequent breakage occurring in chromosome rearrangements
ascertained through chromosomally abnormal probands
(Palmer 1981) shows no sites in common. However, inherent
biases exist in this type of comparison due to the sample
population used (Palmer 1981; Jacobs 1981), and determination
of sites of breakage and exchange should ideally be made on
mutant germ cells to eliminate biases due to selection (Jacobs
1981). Thus, the possibility that the common fragile sites are
related to breakage and exchange in either germ cells or somat-
ic cells in vivo cannot be ruled out. A striking coincidence
exists between the breakpoints at 3p14 and 3p24 and the somat-
ic cell breakpoints involved in del(3p) seen in some cases of
small cell carcinoma of the lung (Whang-Peng et al. 1982).

Unexpectedly, aphidicolin induced the common fragile
sites in cultured lymphocytes without inducing the fragile X
under the same experimental conditions. Both the folate-sen-
sitive rare fragile sites and the common fragile sites are
induced under conditions of folate or thymidylate stress. This
observation lead to the earlier suggestion that they share a
common mechanism of induction (Glover 1981). It now
appears that separate but overlapping mechanisms may
account for the appearance of the fragile X and the common
fragile sites. We can better understand the mechanism of
induction of the common fragile sites in light of the results of
these experiments.

Aphidicolin inhibits DNA polymerase ¢ (Ikegami et al.
1978) and thus semi-conservative DNA synthesis by blocking
progression of the replication fork (Lonn and Lonn 1983) and
interfering with the joining of adjacent DNA intermediates
(Yagura et al. 1982). It has no effect on polymerases § or y, on
the synthesis of protein or RNA (TIkegami et al. 1978), on the
synthesis of deoxyribonucleotides (Pedrali-Noy et al. 1980), or
on DNA ligase activity (DePamphilis et al. 1980). It thus
appears that the common fragile sites are induced by inhibition
of replication fork progression or joining of DNA inter-
mediates preferentially at these sites and that thymidylate
stress conditions may partially inhibit polymerase «.

Two alternative hypotheses can be considered. First, in-
hibition of polymerase a by aphidicolin has been shown to
indirectly inhibit thymidylate synthetase in intact Chinese
hamster fibroblasts, possibly through an “allosteric” inter-
action between enzymes of a DNA synthesizing complex
(Reddy and Pardee 1983). Thus aphidicolin may induce the
common fragile sites by indirectly affecting other enzymes
involved in DNA synthesis, such as thymidylate synthetase.
However, it seems unlikely that an indirect effect on thymidyl-
ate synthetase is the cause per se of common fragile site
induction since the fragile X, which is induced by inhibition of
thymidylate synthetase (Glover 1981; Tommerup 1981), is not
readily induced by aphidicolin in cultured lymphocytes.
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Second, there are conflicting reports on the role of poly-
merase « and aphidicolin on DNA repair in mammalian cells
(Ciarrocchi et al. 1979; Hanoka et al. 1979; Pedrali-Noy and
Spodari 1980; van Zeeland et al. 1982; Smith and Patterson
1983; Snyder and Regan 1981). An effect on repair of lesions
might explain the synergistic effect observed between aphidi-
colin and growth in folate-deficient medium on the induction
of lesions. However, it is difficult to explain how an effect on
repair of lesions could account for the induction of the same
site-specific aberrations by aphidicolin in complete medium.
The synergistic effect could equally be explained by inhibition
of replication synthesis. Experiments to test the effects of
aphidicolin during different stages of the cell cycle may help to
clarify the role of DNA repair on the induction of fragile sites.

Ifthe hypothesis is correct that the common fragile sites are
induced by partial inhibition of polymerase « and progression
of DNA replication preferentially at these sites, this predicts
that any agent or condition that directly or indirectly affects
DNA synthesis via polymerase « will give rise to these specific
lesions. Thymidylate stress appears to share this ability with
aphidicolin.

Thymidylate stress has many other effects on eukaryotic
cells (for review see Kunz 1982), including perturbation of
deoxyribonucleotide pools (increased dCTP, dUTP pools and
decreased dTTP, dGTP pools) in a manner quite different
from aphidicolin (decreased dCTP pools; Nicander and
Richard 1981). This difference should be viewed with some
caution, however, since the effect of aphidicolin on pool
changes was measured in mouse cells and may be different in
human cells. Aphidicolin does appear to have variable effects
on different species or cell types. For example it induces endo-
reduplication in Chinese hamster cells (Huang et al. 1983), an
effect not seen under the conditions of our experiments. One
effect of pool perturbation is misincorporation of bases, in-
cluding uracil, into the DNA. The suggestion that base mis-
incorporation due to pool imbalances may relate to induction
of the fragile X has been made (Glover 1981; Krumdieck and
Howard-Peebles 1983), although no direct evidence to support
this suggestion presently exists.

These other effects of thymidylate stress may explain why
aphidicolin does not induce the fragile X while both aphidico-
lin and thymidylate stress induce the common fragile sites.
The mechanisms for induction, however, do not explain why
the lesions are site specific. The answer to this question
will require analysis on the molecular level and is a current
challenge in human genetics.
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