
Table7ContinuedAmino

acidMutant

no.â€•Mutations'PositioncExonchangedcDNA alteration'@Sequenc/22E4-2TV,

C â€”aA5508Pro â€”@ThrGAA ATT CCA GACAAGSEl-l4TV,Câ€”sG1152Hisâ€”eAspATT
CCT cAT GGACTA8E6-l7TV,

C â€”-sG3684Ser â€”â€˜StopGAT CTC TCA ACTTTA7E04-8TV,
G â€”@C31Met â€”sIletccgttATGGCG7E4-13TV,
0 â€”sC1353Arg â€”s5crctgtagÃ§@ ACTGAAl4El-1TV,
G â€”*C1523Arg â€”@ProCTT GCT CGA GATGTGl6E3-l4TV,
G â€”*C6068Leu â€”ePheAGG GAT TTGAATgtaagtaat16E3-7TV,

G â€”*C SC962Leu â€”@PheE2-3 loss in someGAC CAT TTG GAA AGGAGG5E3-19TV,

0 --s T1 192Gly â€”sValCCT CAT GGA CTA ATTATG5E1-12TV,Tâ€”-sA21Metâ€”*LystccgttATG
CCCACC5E3-l2TV,

T â€”aA21Met â€”@LystccgttATGCCC16E3-lTV,
T â€”@A842Tyr â€”+StopCAT TATGCT1E2-4TV,

T â€”-sA1583Val â€”*GluCCA CAT CTCATC14E1-3TV,

T --s A1583Val â€”GluCCA CAT CTC ATCAACSE1-7TV,
T â€”+A3895Val â€”eAspAAT CIC TTCATT15E2-3TV,

T --s A5428Phe â€”@TyrCTT CCA TTT CAAATT8E6-1STV,T--sG292IIeâ€”*SerttcagATT

ACTCAT22E4-16TV,T--sG1943Leuâ€”+ArgCTA
CCC CTC TCTCTC7E3-12TV,

T â€”-s02033Lou â€”sArgTCT CTC CTCAAC1E2-2TV,

T --s 04496Val â€”-sGlyTCC TTC CTCACC7E3-13TV,

T â€”iG5718Tyr â€”*AspCTA CCA TATCCC5E4-18TV,
T â€”*05958Phe â€”*LeuCAA TAC ITC ACCCATl5E2-6TV,

T â€”*04887Leu â€”@GlyaacagC TTC CTC CTC

Table 8 Comparison of spectra of mutations found in unexposed controlpopulationâ€•and
in SCLC patients before and after etoposidechemotherapyUnexposedcontrol

PreetoposidePostetoposideMutation

class No. % No. % No.%GC--sAT
45 13.4 9 16.1 2517.0ATâ€”'GC
15 4.5 3 5.4 42.7Total

transitions 60 17.8 12 21.4 2919.7GC--sTAâ€•

12 3.6 3 5.4 21.4GCâ€”eCG
22 6.5 3 5.3 64.1AT@+TAe
22 6.5 1 1.8 1812.2ATâ€”.CG
17 5.0 4 7.1 74.8Totaltransversions
73 21.7 II 19.6 3322.4Total

bp changes 133 39.5 23 41.1 6242.2Frameshift,
â€”Ibp 25 7.4 4 7.1 S3.4Frameshift,
+ 1 bp 5 1.5 0 0 3 2.0

Splice errors'@ 129 38.3 25 44.6 6544.2Deletions
29 8.6 4 7.1 96.1Complex
9 2.7 0 0 10.7Insertions
4 1.2 0 0 00Tandem
3 0.9 0 0 21.4Total

mutations 337 100 56 100 147100a

See footnote 4 intext.b

The proportion of GC â€”@TA transversions was different between the preetoposide (3

of 56 total mutations) and postetoposide (2 of 147 total mutations) spectra, with x.@=5.0and
P <0.025.C
The proportion of AT â€”s TA transversions was different between the preetoposide (1

of56 total mutations) and postetoposide (18 of 147total mutations) spectra, with x2 =4.3and
P <0.037.d
Splice errors include characterized and uncharacterized mutations, which ledtovariant

splice events.

THE MUTAGENIC EFFECTSOF CHEMOTHERAPY

aMU@ts were identified according to the patient from whom they were obtained and time relative to treatment. For example, 24E2-10 refers to mutant number 10 obtained from
patient 24E after two etoposide cycles (2 refers to the number of posttreatment cycles). Mutants obtained from split and extra samples not included in MF data (Table 3 and Fig. I)
have alternative names, for example, 7E4--lO, 7E3-02 and 5E04-SO.

1' Mutations are classified as follows: D. deletion; 1, tandem mutation; F, frameshift (+ I insertion or â€”I deletion); SU, alternatively spliced cDNA with unidentified underlying
mutation; SC, alternatively spliced cDNA with characterized mutation; C. complex mutation; TS, transition; TV, transversion; NF, no mutation could be found.

CBase number corresponding to the mutation is given (base I is an A of AUG initiation codon; Ref. 53). Intron sequences (I) are numbered indicating the intron number in
parentheses and are either with +, where + I is the first base pair following the exon or â€”, where â€”I is the first base pair preceding the exon. Genomic sequence before the initiating
codon or after the stop codon is numbered in a similar manner only without the intron number in brackets. For + I frameshifts, the position of the preceding base is indicated, and the
prime marks indicate insertion of the base. Base pairs in parentheses indicate alternative positions for mutation. an uncertainty due to the repetitive sequences at the ends of deletions
and insertions.

d Stop, stop codon.

e Mutants with structural alterations in cDNA, such as the whole or partial exon loss and insertion (IS) of intron sequence. are shown. In majority of cases. the analysis of underlying

mutation was not done, and such mutants were characterized as having unidentified splice errors (see text). E, exon; I, intron.
1The sequence context for mutations and cDNA alterations is given. Underlined, mutated bases; boldface, repeat and complement sequences; lowercase. intron sequences; and italics,

inserted sequences. The lost bases in unidentified splice mutants (SU) are italicized and underlined.
C Mutants with an identical mutation obtained from the same sample.

h Mutants with exon losses that were additional to the point mutations outside of the missing exons.

cisplatin or carboplatin in combination with etoposide or VAB-6, in
which the induction of hpr: mutation was only marginal (29). Inter
estingly, the cisplatin and VAB-6 regimen, which contained cyclo
phosphamide, appeared to have a greater effect on MF than did
platinum plus etoposide treatment in that study.

The lack of an increase in the hprt MF after etoposide chemother
apy in our study may be attributed to several factors. For example, the
patients were elderly (the oldest age group studied; Table 4). The
relatively high MF of the pretreatment samples may have masked the
possible mutagenic effect. It is possible that the same treatment
regimen would give a positive result when studied in younger patients.
In addition, the high MF may. in part, be attributed to the low CE (CEs
in half of the pretreatment samples were < 10%; Table 2, Fig. 1) in our
subjects. The low CE could have been a cumulative result of old age,
long smoking history, and, possibly, disease state and could have
confounded the data.

On the basis of the analysis of data obtained from split and repeat
blood samples, it has been shown that individual hprt MF can vary
considerably (2â€”8-fold) over time, with repeat samples having the
most variation (13). This reflects the complex nature of T cells, such
as T-cell turnover, differences in T-cell subsets, and their clonal
potential (13, 30). In our experiments with split samples, there was an
up to 6-fold fluctuation in MF and a 7.5-fold fluctuation in CE, when
frozen samples were used in both cases, and an up to I I-fold fluctu
ation in MF and a 8-fold fluctuation in CE, when fresh and frozen
cells were compared (data not shown). To minimize the effect of
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Table 9 Distribution of mutations affecting exon splicing in the hprt gene in control
ufleXp@9sedpopulationâ€•and SCLC patients before and after etoposide treatments'

UnexposedExonNo.control%Preeto

No.poside %Posteto No.poside%IC11006923829728243733200004d14936585e972810156108002379700S88332652013209(862800Total

spliceI 291002510065100a

See footnote 4in text.

Unexposedcontrol
PreetoposidePostetoposideFir

No. % No. % No.%2

10 30 S393

8 24 2154
2 6 250S6

4127
138

3 9 1 25 189
1 3 18â€”,E1

216ElJl
I 3 I8Ii

I8I2.E3
26E2,+

I2517
13Total

33 413Deletion

size 2â€”66 6â€”23,5843â€”37range
(bp)a

See footnote 4 intext.b

The spectra include identified deletion mutations that led to aberrant exonsplicing.C

E, exon; I, intron; +, after stop codon; â€”. before stop codon. Deletions spanningE/Ijunctions

are indicated with the positions of both breakpoints.

THE MUTAGENICEFFECTSOF CHEMOTHERAPY

in dividing cells, it is possible that the lack of mutation induction after
etoposide chemotherapy in patients lymphocytes observed in our
study was due to the fact that the majority of circulating T cells (up to
99%) were in the G0 phase of the cell cycle.

Patients were treated with monthly cycles of oral etoposide at 50
mg, twice a day for 14 days. Pharmacokinetic studies showed that this
regimen produces etoposide peak plasma levels of 1â€”3@.tg/mland that
the peak was maintained throughout the treatment period (36). In vitro
studies have shown that etoposide can be mutagenic and clastogenic
in several systems at the concentrations achievable in vivo. Thus,
treatment of CHO cells for 16 h at a concentration of 0.8â€”1.25pg/mI
has been shown to reduce survival from 68. 1 to 27.5% and increase
hpr: MF up to 45-fold (37). An up to 5-fold increase in MF and gross
chromosome alterations have been detected after exposure of
L5l78YItk@@ cells to etoposide at concentrations below 0.1 @.tWml
(38). A significant increase in sister chromatid exchange frequency
has been revealed in PHA-stimulated human lymphocytes exposed to
only 0.025 ig/mI etoposide for 72 h (39). The results of these in vitro
and our in vivo studies suggest that primary cells may respond
differently than immortalized cell lines to the mutation induction by
etoposide. One difference may be that immortalized cells are less
susceptible to apoptosis.

Etoposide and Apoptosis. Our results after etoposide chemother
apy were similar to previous findings with platinum plus etoposide
chemotherapy, in which a significant decrease or no change in the hprt
MF was observed in patients after treatment (16, 29). The reason for
the lack of mutation induction is unclear but may be due to the
phenomenon of apoptosis. Etoposide has been shown to induce ap
optosis in different cell systems in vitro, including thymocytes (40),
fibroblasts (41), leukemic cell lines (42), and T and B cells (43, 44).
Apoptosis has also been detected in leukemic patients 8â€”24h after the
administration of chemotherapy, including etoposide in one study
(45), but in another study of children with leukemia, apoptosis was not

detected after treatment with etoposide and prednisolone (46). Apop
tosis would readily explain the absence of changes in MF in our study
because circulating lymphocytes with etoposide-induced DNA dam
age (and mutation) are good candidates for apoptosis. Due to their
rapid removal, they would be undetected by the hprt assay.

Table 10 The distribution of deletion mutations in the hprt gene in the control
unexposed populationâ€•and in SCLC patients before and after etoposide

chemotherapyb

b Mutations affecting the splicing of several exons were included in a certain class,

according to the most 5' exon being spliced out. The spectra include exon-skipping
mutants, with identified or unidentified underlying mutation.

( Exon I, unexposed control s's. postetoposide.@ = I 1.2, P < 0.0008.

(I Exon 4, unexposed control vs. preetoposide, x 7.3. P < 0.006; preetoposide vs.

postetoposide, x2 = 8.75, P < 0.003.
e Exon 5, unexposed control vs. postetoposide, @Ã§= 3.9. P < 0.04.

1Exon 9, unexposed control vs. posttreatment, x = 4.8, P < 0.02.

freezing, media, and handling conditions, samples from individual
patients were processed simultaneously when it was possible. How
ever, in our samples, the 95% confidence intervals for MF, which
were calculated based on CE and the number of cells plated (3 1), were
often very large, and there were no samples from the individual
patients in whom the confidence intervals would not overlap (Fig. 1).
This made it difficult to assess the fluctuation in MF in our patients
over time.

Clonality could be an issue here. O'Neill el a!. (32) have deter
mined that clonality does not appear to be a confounding factor in
estimating hprt MF when the calculated MFs are below 40 X lO_6. In
about half of our samples, the MF was above 40 X l0_6 (Table 2, Fig.
1). The enhanced MF reflects, in part, the low CE because, in almost
all of these cases, the CE was < 10% (Table 2, Fig. I). However, the
analysis of mutants revealed only one sample (22E-4) with 8 of 14
sequenced mutants having an identical mutation. Five additional cases
had two identical mutations in each sample, with a range of 12â€”34
sequenced mutants (Tables 6 and 7). The calculated MF values were
not adjusted for clonality in our samples (33). Thus, clonality was not
a major confounding factor in this study.

Finally, although patients were followed up during treatment for the
period from 0.7 to 5.3 months after the beginning of chemotherapy and

5 of 12 patients were followed after receiving four or more etoposide

cycles, more samples at an earlier or later time after the treatment may
have been more informative. It is possible that mutations were expressed
much later after treatment, although there have been controversial reports
on the appearance and persistence of mutation (Table 4). The mean
lymphocyte life span varies from several days in short-lived cells to 1.1
and 6.3 years in long-lived cells (16, 34). This wide range allows for the
detection of mutants within our sampling time, assuming that they are
induced and present in the circulation.

It is, however, possible that etoposide chemotherapy does not
effectively induce mutations that can be detected by the hprt T-cell
clonal assay.

The cytotoxicity of etoposide is cell-cycle specific, with quiescent
cells being much less sensitive ( 11, 12). Thus, 3 p@Metoposide has
been shown to be highly toxic in human lymphocytes when admin
istered at the S-phase of the cell cycle, and the few cells that reached
metaphase exhibited multiple chromosome rearrangements. However,
the cytotoxicity and cell cycle arrest were greatly reduced when 85 @.LM
etoposide was administered at G@ (35). Because mutations were fixed
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Table 11 Comparison of spectra of base substitution mutations from the control unexposed populationa and SCLC patients before and afteretoposidechemotherapyMutation

classUnexposedNo.Preetoposide%PostetoposideNo.%No.%GCâ€”+AT

AT â€”.GC
Total transitions93

31
12436.5

12.2
48.69

3
1237.5

12.5
5029

4
3343.3

6.0
49.2GC@@s'TAb

GC â€”@CG
AT --s TAC

AT --sCG
Total transversions32

36
35
28

13 112.5

14.1
13.7
11.0
5 1.43

4
1
4

1212.5

16.7
4.2
16.7
502

7
18
7

343.0

10.4
26.9
10.4
50.7

THE MUTAGENIC EFFECTS OF CHEMOTHERAPY

@-Totalbpchanges 255@@ 100@ 24 100 67 100
a se@ footnote 4 in text. Control spectra includes additional base substitutions reported by Burkhart-Schultz et al. (Ref. 62; only point mutations were reported in the paper), which

were not included in the whole spectra in Table 8. Three spectra also include base substitutions that led to splice errors in characterized splice mutants.
b The proportion of GC â€”@TA transversions was different between the control (32 of 255 total mutations) and postetoposide (2 of 67 total mutations) spectra, with x2 = 4.5 and

P < 0.03 and between the preetoposide (3 of 24 total mutations) and postetoposide (2 of 67 total mutations) spectra with x@ = 5.0 and P < 0.03.
C The proportion of AT â€”+ TA transversions was different between the control (35 of 255 total mutations) and postetoposide (18 of 67 total mutations) spectra. with x2 = 5.6 and

P < 0.02 and between the preetoposide (1 of 24 total mutations), and postetoposide (18 of 67 total mutations) spectra. with x2 = 4.3 and P < 0.04.

Mutational Spectra and Etoposide. Therehas been only a limited
number of studies in which the molecular analysis of hprt mutants
obtained from exposed individuals has been reported. Southern blot
analysis showed a dose-dependent increase in the proportion of gross
structural alterations in the hprt gene in radioimmunoglobulin thera
py-treated cancer patients compared to untreated patients (40 versus
20% and around 15% in normal nonexposed adult donors; Ref. 47).
Hirota et al. (17) found the same increase in children with acute
lymphoblastic leukemia, treated with radiotherapy and multiple drug
chemotherapy (23.1% versus none in untreated healthy children). In
both studies, the hprt MF was significantly increased in treated
patients. As a Topo II inhibitor and an inducer of DNA strand breaks,
etoposide is anticipated to produce predominately gross deletions and
rearrangements. More than 50 potential Topo II cleavage sites (48)
can be mapped on the hprt gene, including one within the exon 3 of
the coding region. However, no increase in gross deletions or rear
rangements was seen in mutants from treated patients analyzed by
RT-PCR. This is consistent with the lack of an increase in MF after
treatment in our study.

The hprt spectrum of unexposed human population contains more
than five hundred mutations; however, the â€œbackgroundâ€•spectrum is
by no means saturated. Novel mutations are being recovered as more
mutants from unexposed subjects are being sequenced (13, 49). A
considerable overlap exists between the background mutation spectra
and mutations recovered in vivo and in vitro after mutagenic exposure
(13). These factors do not allow us to make definite conclusions on the
spectra comparisons and possible effects of etoposide exposure. How
ever, in our study, some trends can be pointed out, which may suggest
a difference between the background spectra collected in the hprt
database and the spectra of mutations from a group of SCLC patients
receiving etoposide chemotherapy.

The overall spectrum of 147 mutations recovered from etoposide
treated patients were found to be similar to the spectrum of 56
mutations from the pretreatment samples of these patients and to the
spectrum of 337 mutations from population with no known genotoxic
exposure (Table 8). Statistically significant differences were seen in
the distributions of exon losses (Table 9). Because the underlying
mutations were not identified in most of these mutants, the clonality
of mutants with the same exon losses recovered from the same sample
cannot be not excluded, and this might have affected the results.
However, a clear trend was seen in the reduction of mutations affect
ing exon 4 and in an increase in mutations affecting exon I in
postetoposide spectra compared to unexposed control spectra. Exon 4
is one of the two most affected exons in the hprt gene, among the
splice mutants in the control spectra with a reported 29% (13) and

14%@of splice mutants having alternative splicing of this exon. Only
1 of 129 mutants in the unexposed control spectra had a mutation
(36-bp deletion) leading to the alternative splicing of exon l.@In our
postetoposide spectra, six mutants, or 9% of splice mutants, had
alternative splicing of exon 1 (Table 9). All six mutations were
different. Two mutants (l5E2-2 and l5E2-8) came from the same
sample, and the l6-bp deletion in the first mutant was enclosed by the
37-bp deletion in the second mutant (Table 7). Interestingly, four of
the six mutants had deletions of various sizes affecting the splice sites
of exon 1, two of which had no flanking repeat sequences. Such
deletions affecting the correct splicing of exon 1 were rarely recov
ered in the control unexposed spectra (one of 33 deletion mutants),
which was another difference noticed between this and the posteto
poside spectra (Table 10).

Two postetoposide mutants (l7E2-25 and 16E3-4) had deletions
clustered at the 3' end of exon 3. The clustering of deletion mutants
in this region have been reported in people accidentally exposed to
ionizing radiation (50), in cancer patients treated with radioimmuno
globulin therapy (51), and in lymphocytes after in vitro malathion
exposure (52). A possible hairpin-loop structure forming in this region
(52)anda potentialTopoIl-bindingsitemaybelinkedto theclus
tering of the deletions. However, the fact that our exon 3 deletions
map outside the proposed hairpin-loop and the potential Topo II site
and that deletions in the same region have been recovered in the
unexposed control spectra4 suggests that these deletions were not
necessarily induced by etoposide exposure (Tables 7 and 10).

Several etoposide mutants induced in vitro have been studied at the
molecular level. Berger et a!. (53) analyzed 10 induced hprt mutants
from V79 cells and demonstrated by Southern blotting that most of
them were partial deletions and/or rearrangements of the hprt gene. In
L5l78Y/tk@ cells, etoposide induced mostly small colony mutants
and primarily large-scale losses of at least 6.3 kb of the functional tk
gene, as shown by the Southern blot analysis of 96 mutants (38). Of
65 teniposide-induced mutations at the hemizygous aprt locus of
CHO cells, 63% were deletions, duplications, and insertions of van

ous sizes, with the majority being less than 20 bp (54). Moreover, a
significant correlation has been found between the breakpoints of
small deletions and duplications and sites of teniposide-stimulated
Topo II cleavage sites in vitro. The discrepancy seen between these
and our studies of etoposide mutagenesis probably reflects the differ
ences in cell types and gene targets, as well as in vitro versus in vivo
situations.

Recently, etoposide has been shown to cause illegitimate V(D)J
recombination in a dose-dependent manner in human lymphoid but
not myeloid leukemic cells, measured by site-specific deletion of exon
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2 and 3 in the hprt gene (55). Interestingly, the frequency of the same
exon 2 and 3 deletion mutation was found elevated in a germ cell
tumor patient treated with cis-platinum and etoposide, compared to
the frequency of that mutation in healthy untreated age-matched
donors, although the 22 mutants examined from the patient was a
relatively small number (56). In our mutant collection, the proportion

of exon 2 and 3 losses from the cDNA increased, but not significantly,
in posttreatment compared to pretreatment mutants or control spectra4
[12 of 147 total mutations (8.2%) versus 3 of 56 total mutations
(5.3%) or versus 18 of 337 total mutations (5.3%); Tables 6 and 7]. It
should also be noted that not all of these mutants might have V(D)J
recombinase site-specific genomic deletion of exon 2 and 3 because
other mutations in splice sites could contribute to the loss of these
exons from the cDNA of our mutants with unidentified splice muta
tion.

Significant enhancement of ATâ€”@TAtransversions, accompanied
by a decrease in the number of GCâ€”@TAtransversions, was noted
(Table 11). The reason for these changes is unknown. Transversions
at A:T bp were found to be a predominant type of single-base
substitutions in the hprt gene after exposure to alkylating agent
N-ethyl-N-nitrosourea (57) and in the p.53 gene in some cancers (58).
GCâ€”+TAtransversion is the predominant type of mutation found in
p53 and K-ras genes in human lung cancer, consistent with the

mutational spectra of benzo(a)pyrene found in tobacco smoke (59,
60). No increase in GCâ€”@TAtransversions was found in our mutant
collection from SCLC patients, most of whom are heavy smokers.
This observation is in agreement with previous findings that smoking
does not affect the hprt mutational spectra (61). An increase in the

proportion of ATâ€”TA transversions in postetoposide mutational
spectra may thus indicate the direct or indirect mutagenic effect of
etoposide; however, no mechanistic explanation can be offered at this
time.

Conclusion. This study found no increasein mutationafteretopo
side chemotherapy in SCLC patients (mean age, 74.8 Â±6.0 years;
range, 66â€”83years) using the hprt T-cell cloning assay. The lack of
an increase in MF, however, does not mean that the cytotoxic treat
ment did not result in genotoxic damage in these patients. The
nonrandom clastogenic effect of etoposide in vitro in human lympho
cytes has been demonstrated in previous studies, with chromosomes 1,
11, and 17 overaffected (35). Etoposide, together with other Topo II
inhibitors, has been linked to sANLL with specific rearrangements of
the chromosomal band 11q23. Therefore, we conclude that a study of
chromosomal aberrations in patients after etoposide chemotherapy
may provide better insight into the adverse genotoxic effects of
etoposide than does the measurement of the hprt MF in T lympho
cytes. The hprt T-cell cloning assay, although useful in some studies,
may not be informative in the assessment of the genotoxic effect of
etoposide treatment due to the complex nature of T cells and their as
yet unknown response to etoposide chemotherapy.
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