
MOLECULAR AND CELLULAR BIOLOGY, Nov. 1996, p. 6252–6262 Vol. 16, No. 11
0270-7306/96/$04.0010
Copyright q 1996, American Society for Microbiology

Clonal Analysis of Delayed Karyotypic Abnormalities and Gene
Mutations in Radiation-Induced Genetic Instability

ANDREW J. GROSOVSKY,1,2* KARYN K. PARKS,2 CYNTHIA R. GIVER,2 AND STEPHEN L. NELSON1

Biomedical Sciences1 and Environmental Toxicology2 Graduate Programs,
University of California, Riverside, California

Received 5 June 1996/Returned for modification 19 July 1996/Accepted 8 August 1996

Many tumors exhibit extensive chromosomal instability, but karyotypic alterations will be significant in
carcinogenesis only by influencing specific oncogenes or tumor suppressor loci within the affected chromo-
somal segments. In this investigation, the specificity of chromosomal rearrangements attributable to radiation-
induced genomic instability is detailed, and a qualitative and quantitative correspondence with mutagenesis is
demonstrated. Chromosomal abnormalities preferentially occurred near the site of prior rearrangements,
resulting in complex abnormalities, or near the centromere, resulting in deletion or translocation of the entire
chromosome arm, but no case of an interstitial chromosomal deletion was observed. Evidence for chromosomal
instability in the progeny of irradiated cells also included clonal karyotypic heterogeneity. The persistence of
instability was demonstrated for at least 80 generations by elevated mutation rates at the heterozygous,
autosomal marker locus tk. Among those TK2 mutants that showed a loss of heterozygosity, a statistically
significant increase in mutation rate was observed only for those in which the loss of heterozygosity encom-
passes the telomeric region. This mutational specificity corresponds with the prevalence of terminal deletions,
additions, and translocations, and the absence of interstitial deletions, in karyotypic analysis. Surprisingly, the
elevated rate of TK2 mutations is also partially attributable to intragenic base substitutions and small
deletions, and DNA sequence analysis of some of these mutations is presented. Complex chromosomal
abnormalities appear to be the most significant indicators of a high rate of persistent genetic instability which
correlates with increased rates of both intragenic and chromosomal-scale mutations at tk.

Carcinogenesis is a multistep process involving mutations in
multiple tumor suppressor genes and oncogenes which lead to
an increasingly malignant phenotype (8, 53, 60). Mutations in
tumor cells include chromosomal aberrations such as dele-
tions, loss of heterozygosity (LOH), translocations, amplifica-
tions, and aneuploidy, as well as intragenic DNA sequence
alterations such as base substitutions and frameshifts. It has
been suggested that the large number of mutations in tumor
cells cannot be accounted for by spontaneous processes and
that a mutator phenotype may be involved (40). Karyotypic
heterogeneity is a hallmark of tumor cells, and it is well doc-
umented that tumor cells undergo a variety of chromosomal
changes during malignant progression (28, 35, 48). Data dem-
onstrating similar increases in point mutations are more lim-
ited and inconsistent. Hereditary nonpolyposis colon cancer,
an inherited cancer syndrome due to germ line mutations in
mismatch repair genes (45), is characterized by microsatellite
instability (54) and increased point mutation rates (3, 10). On
the other hand, studies of other tumor types have not consis-
tently found an increase in intragenic mutation rates (2, 9, 13,
24, 57, 61).
Several lines of evidence indicate that ionizing radiation can

induce persistent genetic instability in a high proportion of
exposed cells. Carcinogenesis studies performed both in vitro
and in vivo have shown that a large fraction of exposed cells
undergo initiation (31, 32). These results indicate the existence
of a high-frequency and persistent cellular response activated
by carcinogen exposure, rather than a mutation in a specific
cellular gene. This cellular process enhances the probability of

a subsequent mutational step, leading to the malignant trans-
formation of one or more of the progeny of the irradiated cells
(23, 31, 32, 47). One well-documented manifestation of genetic
instability has been elevated rates of nonclonal karyotypic ab-
normalities, occurring at a delayed time after exposure to ion-
izing radiation, in the progeny of irradiated cells. X-irradiation
was demonstrated to induce delayed chromosomal instability
in a human-hamster hybrid cell line (41) and to induce clonal
karyotypic heterogeneity in human T lymphocytes (20, 21).
Densely ionizing radiation such as a particles (25–27) and
heavy ions (42, 56) have been shown to induce chromosomal
instability in mouse and human bone marrow cells and fibro-
blasts. Studies of delayed mutations have been much more
limited; one study (6) reported a persistent, radiation-induced
elevation in mutation frequency at the hemizygous hypoxan-
thine phosphoribosyltransferase locus (hprt) in CHO cells. In a
seemingly related phenomenon, a persistent reduction in clon-
ing efficiency for the progeny of the irradiated cells, referred to
as delayed reproductive death, has been observed (5, 33, 49).
These studies suggest that radiation exposure induces a per-
sistent destabilization of the genome, leading to the delayed
expression of lethal mutations (5, 33, 49).
It has been postulated that chromosomal instability plays a

significant role in tumor progression (8, 40, 53). Presumably,
chromosomal alterations may contribute to malignant progres-
sion by associated aneuploidy or gene amplification or by gen-
erating multilocus mutation events which involve many genes,
including specific oncogenes or tumor suppressor loci within
the affected chromosomal region. This model predicts that the
rate of intragenic mutations would not be directly affected by
chromosomal level instability but that mutants attributable to a
LOH, reflecting large-scale deletion or recombinational
events, would be significantly elevated. In one study, elevated
rates of large-scale deletions have been reported at the auto-

* Corresponding author. Mailing address: University of California,
Environmental Toxicology, 5419 Boyce Hall, Riverside, CA 92521.
Phone: (909) 787-3193. Fax: (909) 787-3087. Electronic mail address:
Grosovsk@mail.ucr.edu.

6252



somal locus aprt in a tumor cell line, although no parallel
analysis of chromosomal instability was performed (19). Other
investigations of this type have been restricted to the use of
marker loci which either are hemizygous or require an intra-
genic base substitution for selection of a viable mutant, and no
consistent elevation of specific locus mutation rate has been
reported (2, 3, 9, 10, 13, 24, 57, 61). Mechanisms for the
expression of recessive mutations at heterozygous, autosomal
loci include intragenic mutation of the dominant, wild-type
allele; gene conversion; or a variety of extra-allelic events re-
sulting in homozygosity or hemizygosity of the target locus (4).
Most of these mechanisms of mutagenesis are not available in
hemizygous situations. Large multilocus deletions, for exam-
ple, may not be recoverable as viable mutants of a hemizygous
gene since they may include essential genes which happen to
be within the region of hemizygosity (18, 51). Because of the
heterozygous nature of the selectable autosomal marker locus
for thymidine kinase (tk) in TK6 human lymphoblasts, we are
able to measure both point mutations and LOH events to
determine whether either or both are elevated in cells demon-
strating radiation-induced chromosomal instability.
In a previous investigation, spontaneous and radiation-in-

duced HPRT2 total-gene deletions were collected and
mapped by using linked sequence-tagged-site (STS) markers
(51). Several of the X-ray-induced deletions were shown to be
greater than 3 Mb in length. The present study originated
simply as a determination of whether these large, radiation-
induced deletions affecting the hprt locus could be visualized
cytogenetically by G-banding analysis of metaphase chromo-
somes. Although none of the deletions at hprt were associated
with a cytogenetically visible alteration affecting Xq26, it was
observed that many of the X-ray-induced HPRT2 mutants
exhibited other karyotypic abnormalities and heterogeneity.
These initial observations led to a more systematic analysis
involving additional experimental groups which demonstrated
clonal karyotypic heterogeneity, and complex chromosomal
rearrangements, in a high percentage of irradiated TK6 lym-
phoblasts. We then used tk as a marker locus to demonstrate
that mutation rates are persistently and significantly elevated
in clones exhibiting chromosomal instability manifested as
complex rearrangements. Analysis of delayed TK2 mutants
demonstrated that the mutator effect is partially attributable to
chromosomal-scale LOH corresponding to the delayed cyto-
genetic abnormalities. Surprisingly, a significant increase in
intragenic point mutation rate also contributed to the overall
mutator effect.

MATERIALS AND METHODS

Cell line, marker loci, and radiation sources. TK6 is a human B-lymphoblas-
toid cell line (38) which is maintained in exponentially growing suspension
cultures at concentrations up to 106 cells per ml. The hprt locus is located at
Xq26, and the tk locus has been mapped to chromosome 17q23-25 (11). The tk
gene is 12.9 kb long, with seven exons comprising 702 bp of coding sequence (12).
Two polymorphic single-base-insertion frameshifts were found within the coding
region of the tk locus in TK6 cells (16). An inactivating frameshift was identified
within exon 4 of the nonfunctional allele, and a second, phenotypically silent
frameshift is located in exon 7 of the functional allele.
For the collection of radiation-induced HPRT2 mutants, irradiation was per-

formed in complete medium with 80-keV constant-potential X rays delivered at
a dose rate of 24 cGy/min (50). Because of a change in source availability,
subsequent collections of irradiated clones were made with a cesium-137 gamma
source (J. L. Shepherd and Associates) at a dose rate of 10.1 cGy/min, as
previously described (52).
Collection and origin of clones used for analysis of genetic instability. Col-

lection and molecular analyses of the spontaneous and radiation-induced
HPRT2 mutants were previously reported (15, 50, 51), and procedures for
collection of independent spontaneous or induced mutants have been published
elsewhere (38). All of the spontaneous and radiation-induced HPRT2 mutants
examined were total-gene deletions, including some greater than 3 Mb in length
(51). Briefly, mutants were collected by a modified fluctuation analysis protocol.

Cultures were started from small initial inocula (103 cells) and expanded to 20-ml
cultures at approximately 106 cells per ml. Immediately following 200-cGy X-ir-
radiation, 20 ml of fresh medium was added to each culture, and subculture was
performed as required during a 7-day phenotypic expression period prior to
selection of mutants. Irradiation with 200 cGy reduced the mean surviving
fraction to 0.06 (50). Clonal selection of HPRT2 mutants was performed in
96-well dishes (4 3 104 cells per well) in RPMI 1640 containing 10% iron-
supplemented calf serum (HyClone), and 5 mg of 6-thioguanine (6-TG) per ml.
The average cloning efficiency of TK6 cells was approximately 0.60. Spontaneous
mutants were collected either from cultures established in parallel with those to
be exposed or in separate experiments. Only one mutant was recovered from
each independent culture in order to preclude the collection of sibling clones.
Mutants were picked after 2 weeks of growth for colony formation in 96-well
dishes and then expanded for an additional 2 weeks in T flasks, at which point
several aliquots of approximately 3 3 106 cells were frozen for storage. Two
other groups of clones were also collected; one group was exposed to 200-cGy
g-irradiation but not selected in 6-TG, and the second group was unirradiated
and not selected in 6-TG. These clones were collected by establishing indepen-
dent cultures from small initial inocula as above, although no expression period
was required. Only one clone was collected from each independent culture, as in
the case of mutant collections. Seeding density in 96-well dishes was 2 cells per
well for unirradiated cells and adjusted according to the surviving fraction (0.06
[50]) to 20 cells per well for 200-cGy-irradiated cells.
Cytogenetic analysis. Cultures were grown to a density of 106 cells per ml in 15

ml for metaphase harvesting. Metaphase preparation was performed according
to standard procedures, as briefly outlined here. Ethidium bromide (150 ml of a
0.05% solution) was added to each culture for a 30-min incubation at 378C; this
was followed by addition of 75 ml of Colcemid (10 mg/ml; Gibco BRL) and
incubation at 378C for 2.5 h. The contents of the flasks were then centrifuged for
10 min at 188 3 g and resuspended in 10 ml of KCl (0.56%; Sigma) prewarmed
to 378C. Following incubation at 378C in the hypotonic solution for approxi-
mately 16 min, 1 ml of 2208C Carnoy’s fixative (3:1 methanol-acetic acid; Fisher
Scientific) was added to each culture to stop further cell swelling. The cells were
then centrifuged and resuspended in 2208C Carnoy’s fixative four times,
dropped onto clean slides, and aged for 3 days at 608C on a slide warmer
(Fisher). Slides were then banded for 18 s with 0.23 trypsin in phosphate-
buffered saline (Irvine Scientific), rinsed twice in 13 Gurr’s buffer (Bio/medical
Specialties), and stained for 3 min with Giemsa stain (Harleco; 3 ml of a solution
of 7.4 g of Giemsa stain per liter of methyl alcohol diluted in 47 ml of Gurr’s
buffer). Slides were examined with an Olympus model BH-2 light microscope.
Ten to twenty metaphases were examined for each of 68 independent clones.
Mutation rate determinations at the tk locus.Mutation rates were determined

by inoculating 16 flasks with 103 cells and then allowing expansion to approxi-
mately 107 cells per culture. Once the final cell number was reached, the entire
culture was plated in 96-well dishes (4 3 104 cells per well) for selection of TK2

mutants in medium containing 2 mg of trifluorothymidine per ml (14). After 11
days of growth, the mutation rates of normal-growth TK2 mutants (34, 39, 68)
were calculated by the Po method (37). The plates were refed with trifluorothy-
midine and incubated for an additional 7 days to determine the mutation rates
of slowly growing TK2 mutants (34, 39, 68). In some cases, the mutation rate for
slow-growth TK2 mutants was so elevated that all of the 16 flasks used for the
determination of mutation rate contained at least some mutant clones. A min-
imal mutation rate was estimated by assuming that one flask in each group was
devoid of mutants.
LOH analysis of TK2 mutants. We utilized a rapid LOH screen for TK2

normal-growth mutants using PCR amplification and single-nucleotide DNA
sequencing at an exon 7 frameshift polymorphism site distinguishing the parental
alleles. This assay is designed to rapidly partition TK2 mutations into two
categories: exon 7 heterozygotes, which include all point mutants, and homozy-
gotes, which include all LOH mutants (14). As previously described (14), a
1,016-bp fragment carrying tk exons 5 to 7 was PCR product amplified and then
column purified (QIAquick-spin PCR Purification Kit; Qiagen). Thermocycle
DNA sequencing (fmol system; Promega) was performed for the exon 7 region
containing the frameshift polymorphism in every TK2 mutant by using a single
dideoxynucleotide reaction (14). TK2 mutants which remain heterozygous ex-
hibit a characteristic double-banded pattern when sequencing through and be-
yond the frameshift regions.
TK2 mutant cDNA sequencing and Southern blotting. RNA preparation,

reverse transcription-PCR, and PCR amplification and sequencing of tk cDNA
were performed as described previously (14, 16). PCR amplification and se-
quencing of genomic fragments for sequencing were done as required (14, 16).
Southern blotting was performed using the Genius system (Boehringer Mann-
heim) and a PCR-amplified tk cDNA probe as previously reported (14).
Statistical methods. Significance levels were determined by using the software

package Instat (GraphPad, San Diego, Calif.). Statistical analysis of differences
in mutation rates was performed using a two-tailed unpaired t test. Comparison
of mutational spectra used contingency tables (2 by 2) with mutually exclusive
cells and Fisher’s exact test as previously reported (50).
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RESULTS
Delayed chromosomal instability in irradiated TK6 cells.

Clonal karyotypic analysis was performed using G-banding on
four groups of clones derived from TK6 human lymphoblasts:
25 HPRT2 mutants induced by exposure to 2 Gy of X rays; 8
spontaneous HPRT2 mutants; 25 clones g-irradiated with 2
Gy, not selected with 6-TG; and 10 unirradiated TK6 clones,

not selected with 6-TG (Table 1). G-banding analysis was per-
formed approximately 50 to 60 generations after seeding of
cells for clonal isolation. The parental TK6 karyotype includes
three characteristic abnormalities and is highly stable (Fig. 1A;
Table 1). However, G-banding analysis (Table 1; Fig. 2A)
demonstrated that both groups of irradiated clones are distin-
guished by karyotypic heterogeneity.

TABLE 1. Clonal karyotypic analysis of genetic instability

Mutant(s) or clone(s) Karyotypea,b,c Fraction of metaphases
examined

X-ray-induced HPRT2 mutants
HX101,b 216, 236, 312, 321,
324, 335, 338, 344, 349, 350,c

352, 353, 357, 359, 368

47, XY, 113, 14q1, 21p1 10/10

HX91 47, t(X;22)(q21.2;q13.2)Y, 113, 14q1, 21p1, 22p1 9/10
47, t(X;22)(q21.2;q13.2)Y, 113, 14q1, 21p1, 22p1d 1/10

HX96 47, t(X;22)(q21.2;q13.2)Y, 113, 14q1, 21p1, der(1), der(6) 10/10
HX100 47, t(X;22)(q21.2;q13.2)Y, 113, 14q1, 21p1, t(1;7)(q23;q33) 6/6
HX235 47, XY, 113, 14q1, 21p1, 13s1 3/7

46, XY, 113, 14q1, 21p1, 13s1, 214 1/7
46, XY, 113, 14q1, 21p1, 13s1, der(2), 210, t(15;18)(q21;q23) 1/7
47, XY, 113, 14q1, 21p1, 13s1, der(11) 1/7
47, XY, 113, 14q1, 21p1, 13s1, 20p1 1/7

HX303 47, t(X;11)(p21;q14)Y, 113, 14q1, 21p1 10/10
HX304 47, XY, 113, 14q1, 21p1, 13s1, t(3;13)(p21;q22), der(5), der(12), 218, 1mar 10/10
HX309 47, XY, 113, 14q1, 21p1, 21q1 6/10

46, XY, 113, 14q1, 21p1, 221 1/10
47, XY, 113, 14q1, 21p1, 16, 221, del(5)(p11) 1/10
46, XY, 113, 14q1, 21p1, 10, t(10;21)(q11.2;q22.3) 1/10
46, XY, 113, 14q1, 21p1, del(2)(q11.2), 210, t(10q1;21q)e 1/10

HX316 47, XY, 113, 14q1, 21p1, t(8;15)(q13;q13) 8/10
47, der X, Y, 113, 14q1, 21p1, t(8;15)(q13;q13), del(16)(q11.2) 1/10
47, XY, 113, 14q1, 21p1, t(8;15)(q13;q13), del(4)(p12) 1/10

HX329 47, (Xq1)Y, 113, 14q1, 21p1 9/10
47, (Xq1)fY, 113, 14q1, 21p1 1/10

g-Irradiated clones
IR1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 13, 14, 15, 16, 17, 18, 19,
22, 23, 25

47, XY, 113, 14q1, 21p1 10/10

IR12 47, XY, 113, 14q1, 21p1, t(11;17)(p13;q22) 10/10
IR20 48, XY, 113, 14q1, 21p1, 120 7/10

47, XY, 113, 14q1, 21p1 2/10
48, XY, 113, 14q1, 21p1, t(14;19)(q23;p13.2), 120 1/10

IR21 47, XY, 113, 14q1, 21p1 9/10
47, XY, 113, 14q1, 21p1, del(13)(q22) 1/10

IR24 47, XY, 113, 14q1, 21p1 5/10
46, X, 113, 14q1, 21p1, 2Y 3/10
48, XY, 113, 14q1, 21p1, 121 2/10

Spontaneous HPRT2 mutants
HS20,b 266, 272, 274, 279c 47, XY, 113, 14q1, 21p1 20/20
HS33 47,t(X;22)(q21.2;q13.2)Y, 14q1, 21p1, t(10;13)(q11.2;q14) 20/20
HS34 47, X, 113, 14q1, 21p1, 113, 2Y 20/20
HS622 48, XY, 113, 14q1, 21p1, 120 20/20

Untreated clones
TK6-1, 2, 3, 6, 8, 9, 10 47, XY, 113, 14q1, 21p1 10/10
TK6-4 47, Xt(Y;9)(q11.23;p11), 113, 14q1, 21p1 10/10
TK6-5g 46, XY, 14q1, 21p1 10/10
TK6-7 48, XY, 113, 14q1, 21p1, 120 10/10

a Chromosomal aberrations defined as complex chromosomal rearrangements are underlined. Karyotypic abnormalities are shown in boldface type.
b The t(X;22)(q21.2;q13.2) seen in these mutants was found commonly in a subpopulation of TK6 cells from which these were derived.
c 13s1 appears to be a polymorphism within the TK6 population affecting the size of the satellite region on chromosome 13p. It is therefore not included in

consideration of abnormalities.
d The smaller 22p addition appears to be derived by terminal deletion of the 22p1 in the majority karyotype.
e Appears to be derived from karyotype 4.
f The smaller Xq addition appears to be derived by terminal deletion of the Xq1 region in the majority karyotype.
g This mutant is missing the 113 seen in the normal TK6 karyotype.
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Clones were classified as karyotypically heterogeneous if two
or more distinct metaphases, exhibiting nonidentical chromo-
somal abnormalities, were observed; classification of a meta-
phase as distinct relied primarily on the occurrence of struc-
tural rearrangements. An occurrence of aneuploidy was used
as a parameter of heterogeneity only in cases where it was
observed in multiple metaphases; the gain or loss of a single
chromosome in an individual metaphase was regarded as po-
tentially artifactual and not counted in summary statistics. Dis-

tinct karyotypes are listed separately in Table 1 with karyotypic
abnormalities shown in boldface type. Clonal karyotypic het-
erogeneity was common among irradiated clones, although the
incidence of karyotypic heterogeneity in X-ray-induced
HPRT2 mutants was greater than observed in clones treated
with radiation alone (Table 1; Fig. 2A). However, no karyo-
typic heterogeneity was observed in spontaneous HPRT2 mu-
tants or in untreated clones (Table 1; Fig. 2A).
The karyotypic instability of radiation-induced HPRT2 mu-

FIG. 1. (A) The parental TK6 karyotype. Three characteristic abnormalities (113, 14q1, and 21p1) are found in all TK6 cells; furthermore, a t(X;22)(q21.2;q13.2)
was found in a subpopulation of some TK6 cells (not shown). (B) Complex chromosomal rearrangement in HX91. (Left to right) 1, normal chromosome 22; 2, terminal
addition (22p1) (a large, undefined terminal addition on the p arm of chromosome 22); 3, terminal deletion (22p1) (further modification of the rearranged
chromosome observed in another metaphase by partial, terminal deletion of the 22p1 addition). (C) Complex chromosomal rearrangement in HX309. (Left to right)
1, normal chromosomes 10 and 21; 2 translocation [t(10;21)(q11.2;q22.3)] (a nonreciprocal translocation in which the q arm of chromosome 10 is added to the terminus
of 21q; the junction region involves sequences at or near the chromosome 10 centromere); 3, terminal addition [t(10q1;21q)] (further modification of the rearranged
chromosome observed in another metaphase by addition to the end of the translocated 10q; the banding pattern suggests that the added segment is derived from 10q).

VOL. 16, 1996 RADIATION-INDUCED GENETIC INSTABILITY 6255



tants was also exhibited in other unique manifestations which
were not observed in any of the other experimental groups.
These manifestations include two clones (HX235 and HX309
[Table 1]) which exhibited four to five distinct metaphase
karyotypes, many examples of metaphases with two or more
independent chromosomal rearrangements (HX235, 304, 309,
and 316 [Table 1]), and several examples of complex chromo-
somal aberrations (Table 1; Fig. 1B and C and 2A). In this
investigation, complex aberrations were defined as containing
two or more identifiable chromosomal rearrangements affect-

ing a single chromosome, a derivative chromosome containing
multiple rearrangements yet still cytogenetically recognizable,
or a marker chromosome which is extensively rearranged and
no longer cytogenetically distinguishable. Complex rearrange-
ments involving two or more defined events on a single chro-
mosome (HX91, 309, and 329) and derivative or marker chro-
mosomes (HX96, 235, 304, and 316) were each observed in
several radiation-induced 6-TGR clones (Table 1; Fig. 1B and
C and 2A). This extensive instability is unlikely to be attribut-
able to the HPRT2 phenotype, since no karyotypic heteroge-

FIG. 2. (A) Frequency of delayed karyotypic instability among radiation-treated and control clones. Clonal karyotypic heterogeneity was defined as multiple, distinct
metaphases in a single clone. Classification of a metaphase as distinct relied primarily on the occurrence of structural rearrangements, although aneuploidy was used
as a parameter of heterogeneity in cases where it was observed in multiple metaphases. Complex aberrations included chromosomes containing two or more identifiable
rearrangements, derivative chromosomes containing multiple rearrangements, and marker chromosomes which are extensively rearranged. (B) Categories of delayed
chromosomal rearrangements identified in clonal analysis of irradiated cells. Individual chromosomal abnormalities were assigned to a unique category, although some
complex aberrations involved identifiable terminal deletions or additions. (C) Translocations and terminal deletions preferentially involve breakage at or near the
centromere. Centromeric breaks are defined by G-banding analysis to occur within the region of the centromere or pericentric heterochromatin. Breaks which are distal
to the centromere occurred outside of the heterochromatic region. Both groups of rearrangements involved the deletion or translocation of the entire chromosome arm
distal to the breakage site.
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neity or complex chromosomal rearrangement was observed
among spontaneous HPRT2 mutants (Table 1; Fig. 2A). An
alternate possibility is that exposure to 6-TG enhances karyo-
typic instability in surviving progeny of irradiated cells.
Delayed chromosomal aberrations preferentially occur near

prior rearrangements and in centromeric regions. A total of
20 chromosomal aberrations occurring in irradiated clones
were attributed to chromosomal instability since they were
either nonclonal or scored as a complex aberration (Table 1;
Fig. 2B). Among this group, 11 (0.55) were complex abnormal-
ities. Delayed chromosomal rearrangements also included ter-
minal deletions, additions, and translocations, although no ex-
ample of an interstitial deletion was observed (Fig. 2B). These
results suggest that delayed chromosomal aberrations fre-
quently result following the generation of an acentric fragment
which can then lead to a terminal deletion or addition, to a
translocation, or to further development of a complex chro-
mosomal rearrangement. For example, three definable termi-
nal deletion or addition events were observed (HX91, 309, and
329 [Table 1; Fig. 1]) as a component of a complex chromo-
somal abnormality. For other complex rearrangements, scored
as derivative or marker chromosomes, the breakage events
could not be precisely defined. However, the prevalence of
complex rearrangements indicates that delayed aberrations
preferentially occur near the site of a previous chromosomal
rearrangement. Furthermore, most of the noncomplex, de-
layed chromosomal rearrangements were attributable to a
break near the centromere (six of eight [Fig. 2C]), resulting in
deletion or translocation of the entire chromosome arm. These
data suggest that centromeric and pericentric heterochromatic
regions are also preferential targets for breakage associated
with delayed chromosomal rearrangements. In addition to
structural rearrangements, several examples of delayed aneu-
ploidy occurring in more than one metaphase were found in

irradiated clones (HX309, IR20, and IR24) but never in clones
within the unirradiated experimental groups (Table 1).
A persistent mutator phenotype is associated with complex

chromosomal rearrangements. In order to determine if karyo-
typically identified genetic instability affected specific locus
mutation rates, we utilized the tk locus as a genetic marker.
Four X-ray-induced HPRT2mutants with extensive karyotypic
heterogeneity, and which exhibited the generation of complex
chromosomal abnormalities during clonal outgrowth (HX235,
309, 316, and 329 [Table 1]), were examined. A statistically
significant increase in the mutation rate of normal-growth TK2

mutants was observed, ranging from four- to eightfold higher
than that of the parental TK6 cells (Table 2). Mutation rates
were determined for several additional controls, including
three clones irradiated with 2 Gy of g rays alone. Two of these
clones (IR20 and 21 [Table 1]) exhibited clonal karyotypic
heterogeneity but no complex chromosomal abnormalities,
and no elevation of mutation rate was observed for this group
(Table 2, group 2). Additionally, mutation rates were deter-
mined for three spontaneous 6-TGR clones and one X-ray-
induced 6-TGR clone which did not exhibit clonal karyotypic
heterogeneity or complex chromosomal abnormalities (Table
2, groups 3 and 4). A statistically significant elevation in mu-
tation rate was observed between the mutants in group 1 com-
pared with the overall mean mutation rate for groups 2 to 5
(Table 2) (P 5 0.0002). A similar effect was observed for the
mutation rate of slow-growth TK2 mutants; even by using
minimal estimates for clones exhibiting karyotypic instability, a
highly significant increase of the slow-growth mutation rate
was observed compared with that for control groups (Table 2)
(P 5 0.007). These mutation rates were determined approxi-
mately 80 to 100 cell generations after initial treatment with
X-irradiation and selection in 6-TG. Therefore, these results
indicate that a persistent mutator phenotype, as evidenced by

FIG. 2—Continued.
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a significant increase in specific locus mutation rate, can be
associated with extensive karyotypic instability.
Mutational specificity of the mutator phenotype.Mutants at

the tk locus in TK6 lymphoblasts have been divided into nor-
mal-growth and slow-growth phenotypes (34, 39, 68). The
slow-growth mutants have been shown to reflect extensive
LOH on chromosome 17q and presumably involve a telomeric
locus required for the normal cell growth rate (1, 7, 36, 67). In
contrast, LOH occurring among normal-growth mutants gen-
erally involves an interstitial segment of chromosome 17q (1, 7,
36, 67). In studies in our laboratory (15a), microsatellite map-
ping of LOH tracts determined that only 1 of 28 normal-
growth, but each of 26 slow-growth, TK2 mutants encom-
passed the telomeric microsatellite marker D17S928.
Categorization of individual TK2 mutants, using growth rates
and then molecular analysis of the normal-growth mutant co-
hort, was performed in order to investigate whether the mu-

tations could be directly attributed to the delayed chromo-
somal rearrangements (Tables 3 and 4).
For molecular analysis, 104 normal-growth TK2 mutants

were collected from the four mutator clones (Table 2, group 1).
A statistically significant decrease in the representation of
LOH mutants was observed among this collection of mutants
compared with that among normal-growth TK2 mutants aris-
ing spontaneously (P 5 0.0005) (Table 3) or induced by g
radiation (P ,0.0001) (Table 3). The predicted relationship
between delayed cytogenetic abnormalities and chromosomal-
scale mutation was observed as a statistically significant in-
crease in the mutation rate of slow-growth TK2 mutants (P 5
0.007) (Table 2), which corresponds with the prevalence of
terminal deletions, additions, and translocations among de-
layed chromosomal abnormalities (Fig. 2B; Table 2). Mutation
rates were estimated for each component of the spectrum
(Table 4) by multiplying the mean mutation rates determined
for the mutator clones (Table 2) by the fraction of LOH or
heterozygous mutants (Table 3). A similar analysis of sponta-
neous mutation rates was derived from the value determined
for TK6 cells (Table 2), multiplied by previously determined
fractions of LOH and heterozygous mutants within the spon-
taneous spectrum (Table 3) (14). The induced mutation rate
(Table 4) represents the value calculated for the mutator
clones with the background value for spontaneous clones sub-
tracted out. The induced mutation rate for slow-growth LOH
mutants was nearly 10-fold higher than observed for normal-
growth mutants exhibiting LOH (Table 4), which correlates
with the absence of cytogenetically detectable interstitial dele-
tions (Fig. 2B). Surprisingly, the mutator phenotype is also
partially attributable to intragenic (heterozygous) TK2 muta-
tions (Tables 3 and 4).
DNA sequence analysis of TK2 mutants derived from mu-

tator clones. To determine if a specific point mutational type
could be associated with the increased rate of intragenic TK2

mutations, DNA sequencing and Southern analysis were per-
formed on a representative set of 16 heterozygous TK2 mu-
tants. However, no predominant hot spot or specific muta-
tional type was identified (Table 5). These data suggest that the
mutator phenotype is mediated through a mechanism involved
in a broad range of spontaneous mutations in parental TK6
cells. Structural rearrangements visible by Southern analysis
accounted for 5 of 16 (31%) of the TK2 mutants which re-
mained heterozygous, which is comparable to previous reports
of spontaneous normal-growth TK2 mutants derived from
TK6 cells (9 of 30, 30%) (16, 69). The TK2 point mutants were

TABLE 2. Elevated TK2 mutation rates in X-ray-induced HPRT2

mutants exhibiting clonal karyotypic heterogeneity

Group and mutant
Mutation rate (1027)

Normal growth Slow growth

1. X-irradiated HPRT2 clones
exhibiting genetic instability

HX235 .4.8 NDa

HX309 4.3 .6.7
HX316 7.5 .10.5
HX329 5 .9.8
Mean (group 1) 5.4b 9.0c

2. g-irradiated clones
IR14 2.1 6.4
IR20 1.6 5.5
IR21 0.85 3.7

3. Spontaneous HPRT2 mutants
HS34 2.8 ND
HS266 2.1 ND
HS504 0.98 3.3

4. X-irradiated HPRT2 mutant not
exhibiting genetic instability:
HX216

2.8 5.1

5. Parental TK6 cells (nonclonal) 0.97 2.1
Mean (groups 2–5) 1.8b 4.4c

a ND, not determined.
b Significantly different as determined by a two-tailed, unpaired t test (P 5

0.0002).
c Significantly different as determined by a two-tailed, unpaired t test (P 5

0.007).

TABLE 3. Mutator phenotype in an altered mutational spectrum at
the tk locus: LOH in normal-growth TK2 mutants

Mutant
category

No. (%) of mutants

Spontaneous Mutatora X ray induced (200 cGy)

LOHb 42 (47) 24 (23) 106 (58)
Heterozygous 47 (53) 80 (77) 78 (42)
Total 89 104 184

aMutator mutants are TK2 mutants collected from HPRT2 mutants induced
by 200 cGy of X rays and exhibiting karyotypic heterogeneity and elevated
mutation rates at tk. Selection of TK2 mutants was performed 60 to 100 gener-
ations following initial exposure to X rays.
b The representation of LOH among spontaneous mutants and mutator mu-

tants is significantly different (P 5 0.0005) as determined by Fisher’s exact test.
The representation of LOH among mutator mutants and X-ray-induced mutants
is significantly different (P , 0.0001) as determined by Fisher’s exact test.

TABLE 4. Mutator phenotypes in an altered mutational spectrum
at the tk locus: mutation rates for LOH and intragenic mutations

Mutant category
Mutation rate (1027)a

Spontaneous Mutator Induced

Overall 3.1 14.4 11.3
Normal growth (heterozygous) 0.51 4.2 3.7
Normal growth (LOH) 0.46 1.2 0.74
Slow growth (LOH)b 2.1 9.0 6.9

a Spontaneous mutation rates are derived from the value determined for TK6
cells (Table 2) and where appropriate are multiplied by the fraction of LOH or
heterozygous mutants as previously determined (Table 3) (14). The data for the
mutator clones have been similarly calculated. The induced mutation rate rep-
resents the value measured for the mutator clones with the background value for
spontaneous clones subtracted out.
b Slow-growth mutants have been demonstrated previously to be almost en-

tirely attributable to large-scale LOH of tk, extending through the end of 17q (1,
7, 15a, 36, 67).
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characterized by cDNA sequencing and additional genomic
sequence analysis as required (Table 5). Single-base substitu-
tions are evenly divided between transitions and transversions;
one frameshift, two intragenic deletions, and one nontandem
double-base substitution were also recovered. In all, 7 of the 10
base substitutions occurred at GC base pairs, including both of
the changes in the nontandem double mutant (M11) (Table 5),
closely reflecting the 60% GC content of the tk locus. How-
ever, each mutation at a GC base pair affected the G on the
nontranscribed strand (Table 5), suggesting some possibility of
strand bias.

DISCUSSION

Current models of carcinogenesis suggest that mutator phe-
notypes are crucial in the accumulation of multiple mutations
required for the emergence of a malignant tumor (8, 33, 40,
49). In this study the specificity of delayed chromosomal rear-
rangements, and the corresponding generation of mutations at
the autosomal marker locus tk, was examined.
Genomic instability induced by sparsely ionizing radiation

can be enhanced by other factors. Recent reports have shown
that delayed chromosomal instability is consistently induced by
densely ionizing radiation but only occasionally observed in
cultures exposed to X-irradiation. Chromosomal instability
was demonstrated in mouse (27) and human (25, 26) hemo-
poietic stem cells and in primary human fibroblasts (42, 56)
following exposure to high-energy particles, but instability was
not observed when parallel experiments were conducted using
X rays (25–27). However, X-ray-induced delayed chromosomal
instability has been reported in a human-hamster hybrid cell

line which is deficient in p53 activity (41) and in human T-
lymphocyte clones (20, 21) which were stimulated for growth in
vitro with phytohemagglutinin. In this investigation, clonal
karyotypic heterogeneity was observed among clones exposed
to X-irradiation alone, and comparable levels were observed
among X-ray-induced HPRT2mutants (Table 1; Fig. 2). How-
ever, several additional parameters indicate that chromosomal
instability was more extensive in the irradiated 6-TGR clones.
In particular, complex rearrangements were commonly ob-
served among clones exposed to both X-rays and 6-TG (7 of
25, 28%) but were not found in any of the other experimental
groups (0 of 43, P 5 0.0005) (Table 1; Fig. 2). HPRT2 spon-
taneous mutants did not exhibit any parameter of genetic in-
stability and had aberration frequencies similar to that of un-
treated control cells, suggesting that 6-TG by itself causes little
or no chromosomal instability but can enhance the delayed
effects of radiation exposure. Taken as a whole, the results of
this investigation (Fig. 2; Table 1) and previous studies (25–27)
indicate that the induction of genetic instability by sparsely
ionizing radiation may be significantly enhanced by cellular
apoptosis deficiency (41), by agents which stall DNA replica-
tion such as 6-TG (see below), and potentially by treatment
with mitogens such as phytohemagglutinin (20, 21).
One possibility for the effect of 6-TG is that selecting for

mutant cells also enhanced the representation of genetically
unstable cells in the population. This possibility seems unlikely
since in preliminary experiments (15b) examining radiation-
induced TK2 mutants, chromosomal instability resembled
clones receiving radiation alone rather than radiation-induced
HPRT2 mutants (Table 1). In particular, no complex chromo-
somal abnormalities were identified, although clonal karyo-

TABLE 5. DNA sequence analysis of TK2 mutants derived from mutator clones

Type and mutant Position(s)a Genomic
alteration

Amino acid change or
cDNA alteration Target sequenceb

Transitions
M9 E3:164 AT3GC Leu3Ser AGAGT T GATGA
M2 E3:173 GC3AT Arg3His GAGAC G CGTCC
M13 E5:385 GC3AT Glu3Lys TCTGC G AGGCC
M12 E7:614 GC3AT Arg3Gln GTGTC G GCTCT

Transversions
M20 E3:176 AT3TA Val3Asp ACGCG T CCGTC
M19 E3:260 AT3TA His3Leu CACAC A TGACC
M10 I5:11991 GC3TA From use of cryptic splice

donor at 12009, 18-bp
insertion between
exons 5 and 6

GGAAG g taaggcgtctgatccag(gt)ctgg

M1 E7:574 GC3TA Glu3Stop agGTC G AGGTG
Multiple substitution
(M11)

E5:393, 403 GC3TA,
GC3AT

Met3Ile, Gly3Arg GCCAT G GCCAACGCC G GGAAG

Frameshift (M6) E7:[607–611] 2GT Deletion frameshift ACTCC [GTGTGT] CGGCT
Deletions
M8 E1:522–I2:2206 1,685-bp deletion 39 region of exon 1, and

all of exon 2, missing
GCCC[T]GGC . . . . ggatat[t]ataccc

M4 E6:12414–12428 15-bp deletion In-frame deletion of 5
codons

TGTGCATGGAGTGCTTCCGGGAAGC

Structural
rearrangements

M3 Deletion involving exon 3 Exon 3 missing from
cDNA

M5 Deletion involving exon 3 Exon 3 missing from
cDNA

M16 Deletion involving exon 3 Not determined
M17 Deletion involving exon 3 Not determined

aMutated positions are identified by the exon (E1 to E7) or intron (I1 to I6) in which they occur. Mutations occurring in exons are numbered according to their cDNA
position. Mutations occurring in introns are numbered according to the genomic sequence position. Mutations are listed, within category, by order along the gene.
b The affected base or bases are indicated by spacing. Regions of ambiguity in frameshift mutants are indicated with brackets. Deleted sequences are indicated by

underlining. A cryptic splice donor site used in mutant M10 is indicated with parentheses. Exon sequences are shown in uppercase, and intron sequences are shown
in lowercase.
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typic heterogeneity was observed. This provides evidence
against the hypothesis that selection of mutants enriches the
population for genetic instability and suggests instead a specific
6-TG effect. We suggest that the effect of 6-TG is attributable
to abnormal DNA replication, since exposure to 6-TG has
been shown to result in stalling of the replication fork, even in
cell lines which are HPRT deficient (17, 22, 46). Chromosomal
breakage occurring at stalled replication bubbles has been pre-
viously proposed as an initial step in the occurrence of gene
amplification and generalized chromosomal instability (65, 66).
The synergistic interaction between X-irradiation and 6-TG
was observed despite a 7-day phenotypic expression interval
between exposure to the two agents, suggesting that irradiated
cells contain chromosomal regions which are persistently hy-
persensitive to the effects of 6-TG. The mechanism for such
hypersensitivity remains unknown, but possibilities include re-
gional modification of higher-order chromatin structure or ab-
normal relationship to the nuclear matrix. Such alterations
may be prevalent in regions near a previous chromosomal
rearrangement junction (55, 64). Indeed, our results (Table 1)
and previous studies (20, 21, 41) demonstrate that a large
majority of delayed chromosomal aberrations occur near the
position of a previous rearrangement.
Specificity of delayed chromosomal aberrations. In this in-

vestigation, the observation of clonal karyotypic heterogeneity,
particularly evidence of sequential events affecting specific
chromosomes, indicated that chromosomal rearrangements
occurred many generations after radiation exposure. The use
of G banding permits the chromosomal specificity of these
delayed rearrangements to be examined. The data presented
here and in other studies (20, 21) provide no evidence for the
preferential involvement of specific chromosomes in delayed
rearrangements. However, sequential rearrangements leading
to a progressively abnormal chromosome have been reported
to be frequent events in radiation-induced instability (41), and
the observation of complex rearrangements in clonal analysis
may reflect this sequential process (29). Instances of trisomy 20
were seen in three clones (IR20, HS622, and TK6-7 [Table 1]),
and this may reflect a selective advantage for this karyotypic
modification in TK6 cells. However, no clone was classified as
heterogeneous on the basis of only this parameter, and only
one karyotypically heterogeneous clone (IR20) exhibited tri-
somy 20. Therefore, there appears to be no evidence that
clonal karyotypic heterogeneity is attributable to selective pres-
sures rather than induced instability, since the same structural
rearrangement was never observed to reoccur in independent
clones.
A total of 20 chromosomal aberrations were attributed to

delayed chromosomal instability, and among this group 11
(0.55) were complex aberrations (Fig. 2B). A similar preva-
lence (18 of 33, 0.55) was reported for the occurrence of
independent marker chromosomes among delayed chromo-
somal aberrations in X-irradiated T lymphocytes also analyzed
by G banding (20). These data indicate that delayed aberra-
tions preferentially occur near the site of a previous chromo-
somal rearrangement. Complex chromosomal abnormalities
were observed only in the experimental group exposed to ra-
diation and 6-TG (Table 1; Fig. 1) and appear to be charac-
teristic of a relatively high rate of persistent genetic instability
which correlates with the occurrence of delayed TK2 muta-
tions. However, even in clones with elevated mutation rates,
unstable abnormalities such as rings, dicentrics, and chromatid
type aberrations were not observed among the delayed chro-
mosomal rearrangements (Table 1; Fig. 2B). This suggests that
the rate of chromosomal instability is lower than the rate of
instability induced by high-LET radiation (25–27, 42) or insta-

bility in p53-deficient cell lines (41). Kadhim et al. (26) also
observed that compared with a-particles, X rays induce a dif-
ferent pattern of delayed rearrangements which was predom-
inated by chromosome type aberrations.
The noncomplex, delayed chromosomal rearrangements

most often resulted from a break at or near the centromere
(Fig. 2C), which generated a deletion or translocation of the
entire chromosome arm (Fig. 2B). Terminal deletion or addi-
tion events were also observed as a component of complex
chromosomal abnormalities (Table 1; Fig. 1). No case of an
interstitial chromosomal deletion as a delayed event was ob-
served. Furthermore, the absence of delayed interstitial dele-
tions does not reflect a biological or methodological restric-
tion, since they are commonly recovered in TK6 cells as clonal
events at early times after X-irradiation (15c, 30).
Chromosomal instability appears to be closely related to the

mechanisms of gene amplification, and specific models have
been proposed to account for collateral chromosomal alter-
ations in addition to amplification of target gene sequences
(58, 62, 63, 65, 66). Previous reports have indicated that the
formation of dicentric chromosomes which participate in
bridge-breakage-fusion cycles (43, 44, 62, 63) may explain the
repeated rearrangement of individual chromosomes in chro-
mosomal instability and the amplification of target genes in a
directly related process. This model predicts that terminal
translocations and deletions would occur randomly along the
chromosome because of mechanical shearing as the two cen-
tromeres are pulled to opposite poles during anaphase. How-
ever, breakage leading to delayed translocations and deletions
in TK6 cells preferentially occurred near the centromere (Ta-
ble 1; Fig. 2C).
An alternative model (65, 66) invokes chromosomal break-

age at a stalled replication bubble and uneven segregation of
replication-competent acentric fragments as the initial event in
amplification. Evidence for chromosomal instability and chro-
mosomal-scale mutations, following the generation of an acen-
tric fragment broken within subcentromeric heterochromatin,
has been previously reported (59). The data presented here
suggest that radiation-induced delayed chromosomal rear-
rangements could arise through a similar mechanism involving
the generation of an acentric fragment following breakage at
centromeric or pericentric heterochromatic regions. The acen-
tric fragment can then become deleted or translocated and
thus frequently result in the juxtaposition of euchromatin with
centromeric heterochromatin. Analysis of complex chromo-
somal rearrangements demonstrates that they too can result
from sequential terminal deletion and addition events. There-
fore, we suggest that the predominance of delayed abnormal-
ities near previous rearrangements indicates that regions sur-
rounding rearrangement junctions involving centromeric
heterochromatin are particularly susceptible to further break-
age.
Delayed TK2 mutations in clones exhibiting genomic insta-

bility. Previous investigations have found that genetic instabil-
ity, occurring in tumors or malignantly transformed cell lines
(2, 3, 9, 10, 13, 24, 57, 61), is inconsistently associated with
elevated rates of mutation. However, these studies have been
largely restricted to the use of marker genes which are insen-
sitive to chromosomal mechanisms of mutagenesis. The pre-
dicted relationship between cytogenetic instability and chro-
mosomal scale mutations was demonstrated by using the
heterozygous, autosomal marker locus tk. The rate of intra-
genic TK2 mutations was unexpectedly also significantly in-
creased 70 to 80 generations after irradiation and clonal selec-
tion (Table 4). These intragenic mutations may be related to a
report of increased mutation frequency at the hemizygous hprt
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locus in clonal populations of CHO cells examined up to 100
generations after X-irradiation (6). DNA sequence analysis
was performed for some of the intragenic TK2 mutants (Table
5) but provided no evidence for a specific hot spot or class of
mutation to account for the additional increment of mutations.
Elevated rates of chromosomal-scale and intragenic mutations
may be attributable to independent processes, but their coin-
cident appearance in the same clones indicates that they may
each be a manifestation of a single underlying mechanism.
Mismatch repair has received a great deal of recent attention
due to the associated microsatellite instability and increased
point mutation rates observed in cells from patients with he-
reditary nonpolyposis colon cancer (3, 10). However, heredi-
tary nonpolyposis colon cancer cells exhibit no chromosomal
instability (3, 10, 45, 54), and thus, mismatch repair deficiency
is unlikely to provide a full explanation for the results pre-
sented here.
Complex chromosomal abnormalities appear to be the best

cytogenetic indicator of clones with elevated mutation rates
(Tables 1 and 2). Clones which exhibited karyotypic hetero-
geneity in the absence of complex abnormalities did not
demonstrate an increase in the rate of either intragenic or
chromosomal-scale mutations (Tables 1 and 2). Complex chro-
mosomal abnormalities may be a good indicator of elevated
rates of delayed mutation, since clones which exhibit complex
rearrangements have far more individual structural alterations
than those clones which exhibit karyotypic heterogeneity only
(Table 1). Many of the complex chromosomal abnormalities
have a large but undetermined number of rearrangements on
single chromosomes which are listed once only as derivatives
or markers (Table 1). This provides evidence that the rate of
chromosomal instability is much higher in clones containing a
complex rearrangement, and therefore, it is unsurprising that
the delayed mutation rates reflect the higher rate of delayed
chromosomal abnormalities. Clones which exhibit only karyo-
typic heterogeneity may also have a slight increase in specific
locus mutation rate, reflecting the relatively low rate of delayed
chromosomal rearrangements; any such increase was not de-
tected as a statistically significant increase in the TK2mutation
rate (Table 2).
The relationship between delayed mutations and delayed

chromosomal rearrangements was suggested by mutational
spectrum analysis (Tables 2 to 4). Normal-growth TK2 mu-
tants arise because of intragenic or interstitial chromosomal
events, while slow-growth TK2 mutants uniformly undergo
LOH encompassing telomeric polymorphic genetic markers (1,
7, 15a, 36, 67). Therefore, the recovery of only slow-growth
LOH mutants as delayed events (Tables 2 and 4) directly
corresponds with the absence of interstitial deletions and the
predominance of terminal deletions and translocations among
delayed chromosomal rearrangements (Fig. 2B).
Conclusions. Delayed chromosomal rearrangements are

most frequently complex abnormalities which are generated by
repeated breakage of previously rearranged chromosomes.
Noncomplex delayed rearrangements often follow breakage at
centromeric or pericentric heterochromatic regions resulting
in deletion or translocation of the entire acentric chromosomal
arm. No example of a delayed interstitial deletion was ob-
served. The specific recovery of slow-growth, chromosomal-
scale, TK2mutants provides support for conclusions regarding
the specificity of delayed chromosomal rearrangements. The
frequency of breakage at centromeric heterochromatin in non-
complex rearrangements, and the overall predominance of de-
layed abnormalities near sites of previous rearrangements, may
indicate an important role for the juxtaposition of euchromatin

with centromeric heterochromatin in the generation of delayed
complex abnormalities.
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