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DNA damage, DNA repair, cell proliferation, and DNA
replication: How do gene mutations result?
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My son enjoys visiting my lab on week-
ends because the university internet

connection is much faster than our home
modem connection. He also likes to read
DNA sequences to find that single base
change that often spells the cause of hu-
man genetic disease. And, when he finds a
change, he asks me how it occurred. We
discuss DNA damage, repair, and replica-
tion, but I can never exactly answer that
‘‘how’’ question for him. It takes me back
to the 1970s! I vividly remember the end
of a backpacking trip in the Great Smoky
Mountains National Park, enjoying our
first non-freeze-dried meal in 10 days and
reading the newspaper article about the
discovery of a mouse germ cell ‘‘super-
mutagen.’’ It was N-ethyl-N-nitrosourea
(ENU) inducing specific-locus mutations
in mouse spermatogonia cells. Russell et
al. (1) concluded that ‘‘ENU can serve as
a model compound in exploring the effect
of such factors as dose-response, dose
fractionation, sex and cell stage on the
mutagenic action of a chemical.’’ Subse-
quent studies showed that ENU is also a
powerful rodent carcinogen, inducing mu-
tations in oncogenes (2, 3). But, the question
still hangs in the air: Why is ENU such a
potent mutagen? It damages DNA, but
what happens to yield that gene mutation?
Twenty years of research have brought us to
the brink of understanding the molecular
‘‘how’’ for ENU and many other mutagens.
And now we have a new aid for this quest.
In a paper in this issue of PNAS, Bielas and
Heddle (4) use ENU as the mutagenic agent
in an elegant study of in vitro mutation
induction in transgenic mouse cells that
carry the bacterial lacI gene. What I find so
novel is that the method allows them to
determine when the DNA damage is con-
verted or fixed into a heritable mutation,
and how much damage is repaired.

The method developed by Bielas and
Heddle (4) is based on the phenotype of
mutations in the lacI gene. Genomic DNA
is isolated from the mouse cells and the lacI
gene ‘‘packaged’’ into lambda bacterio-
phage for phenotypic analysis in Escherichia
coli. When the lacI gene is mutated, the
phage forms blue plaques. However, as
shown in their figure 1, if the mutation was
fixed while the transgene was in the mouse
cell (cellular mutation), the plaque is homo-

geneous (.90%) mutant. If the DNA dam-
age is converted into a mutation during the
subsequent phage replication in the bacteria
(bacterial mutation), the plaque is mosaic,
with a 50:50 distribution of mutant and
wild-type phage. On its own, this observa-
tion provides a method to follow fixation of
‘‘potentially mutagenic adducts’’ on the
DNA strand into double-stranded muta-
tions in the mouse cells. But, it gets better.
Using this approach with quiescent cells
arrested for DNA synthesis and cell division
allows Bielas and Heddle to study the role of
DNA replication in mutation fixation, as
well as the kinetics of adduct repair. The
frequency of bacterial mutations defines the
mutagenic adduct level, and the frequency
of cellular mutations defines the extent of
mutation fixation by the mouse cells. This
method allows measurement of both repair
and fixation in the absence of DNA repli-
cation. DNA replication effects then are
studied by inducing the quiescent cells to
proliferate. The results shown in their fig-
ures 5–7 clearly demonstrate that, although
proliferating cells quickly convert bacterial
mutations to cellular mutations, quiescent
cells do not, i.e., cell proliferation (DNA
replication) is necessary for mutation fixa-
tion. Remarkably, the frequency of bacterial
mutations (which defines the level of poten-
tially mutagenic adducts) remains stable
over time in the quiescent cells and these
adducts do not appear to be repaired. In
addition, after inducing the quiescent cells
to proliferate, only a fraction of these ad-
ducts are converted to cellular mutations.
Cell proliferation results in both the repair
of a portion of the potentially mutagenic
adducts and the fixation into mutations of
the remainder of the adducts. These could,
of course, be different adducts.

The importance of this technique goes
beyond the present results with ENU. It
offers a new approach to understanding
the mutagenic mechanism of the many
chemicals that are ubiquitous in our en-
vironment. We know a great deal about
the DNA damage caused by alkylating
agents such as ENU and related chemi-
cals. Their reaction with DNA results in
methyl, ethyl, or larger molecular weight
adducts on the DNA. This DNA alkylation
can cause both cancer and inherited mu-
tations. DNA repair systems have evolved

to recognize and ‘‘repair’’ these damages.
ENU reaction with DNA yields many ad-
ducts, the major ones being N7-ethylgua-
nine (N7-G), O6-ethyl G (O6-G), O2-ethyl
thymine (O2-T), N3-ethyl adenine (N3-
A), O2-ethyl cytosine (O2-C), and O4-ethyl
T (O4-T). Other alkylating agents are sim-
ilar in their adduct profile, differing pri-
marily in relative amounts of the various
adducts (5, 6). Repair pathways include
direct removal of the alkyl adducts from
O6-G, and perhaps O4-T, through alkyl
DNA alkyltransferase (AGT; designated
MGMT in humans). Base excision repair
(BER) and nucleotide excision repair
(NER) also recognize adducts in DNA,
probably because of the distortion of the
base-pairing stability. As Bielas and
Heddle (4) point out, it has become al-
most dogma that DNA repair either re-
stores the adducted base to its normal
structure (e.g., through the action of
AGT) or removes the adducted base and
inserts a correct base (e.g., through the
action of BER or NER). A connection
between this DNA repair and RNA tran-
scription also has been found and is
termed transcription-coupled repair (7).
It is assumed that mutations occur only if
DNA replication occurs before the dam-
age has been repaired, i.e., restored to
normal. Bielas and Heddle’s results with
quiescent cells induced to proliferate
(their figure 7) can be viewed as a measure
of the effect of persistent, unrepaired ad-
ducts. (The apparent repair of a fraction
of these adducts after proliferation is in-
duced must be related to DNA replication
because the lacI gene is not transcribed in
the mouse cells.) Now the identity of both
the persistent adducts and the specific
mutations can be determined.

In AGT-deficient (AGT2) cells, muta-
tion induction correlates primarily with O6-
alkyl G and these mutations are G:C3A:T
transition mutations resulting from the mi-
spairing of O6-alkyl G with T during DNA

See companion article on page 11391.
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replication (5, 6). Because most early studies
of mutation induction in vitro used AGT2

cells and because O6-alkyl G is the predom-

inant promutagenic adduct, the G:C3A:T
transition was thought to be the primary
effect of alkylating agents. More recent

studies with in vivo mutagenicity assays in
rodents have found that the predominant
mutations are A:T3T:A transversions.

Fig. 1. Fate of O6-alkyl G adducts in AGT-deficient
cells (G:C3A:T transition mutations). In AGT-
proficient cells, the O6-alkyl adduct is removed
from G through direct transfer to an acceptor pro-
tein. In AGT-deficient cells, there are two possible
fates for this and similar adducts. If the cellular
DNA is replicated, the O6-alkyl G is misreplicated as
an A and a T is incorporated in the new DNA strand.
Subsequent replication ‘‘fixes’’ the G:C3A:T mu-
tation (A, mutation in red). This would yield a
colony of 50% mutant cells. In the absence of DNA
replication, nucleotide excision repair (NER) or
base excision repair (BER) processes might recog-
nize the ‘‘mismatched’’ base pair. Correct repair
would remove the O6-alkyl G and insert the correct
G. Misrepair would remove the C and insert a T
opposite O6-alkyl G. The now fixed G:C3A:T mu-
tation would be propagated during subsequent
DNA replication (B, mutation in red). The total
mutant yield through misrepair would be the
same, assuming a 50% probability of either repair
or misrepair. However, the mutant colony would
be ‘‘pure,’’ i.e., 100% mutant cells.

Table 1. Single base substitution mutation spectrum resulting from ENU treatment

Species Gene Repair

Single base substitution, %a

Ref.

G;C3A;T
TSb

(O6–G)c

G;C3T;A
TVb

G;C3C;G
TVb

A;T3G;C
TSb

(O4–T)c

A;T3T;A
TVb

(O2–T)c

A;T3C;G
TVb

In Vivo
Mouse lacI AGT1 17 11 2 29 29 11 8
Mouse HPRT AGT1 4 2 0 28 55 12 9
Rat HPRT AGT1 10 4 0 25 48 13 10
Ratd HPRT AGT1 16 9 0 13 44 19 11

Mean 12 7 0 24 44 13
Mean 19 (G;C) 81 (A;T)

In Vitro
Ratd HPRT AGT1 27 5 0 14 45 9 12
Humane HPRT AGT1 21 0 6 12 52 9 13
Humanf HPRT AGT1 19 15 0 31 23 12 14

Mean 22 7 2 19 40 10
Mean 31 (G;C) 69 (A;T)

Humane HPRT AGT2 42 3 0 11 34 11 13
Humanf HPRT AGT2 50 1 7 7 21 11 14

Mean 46 2 4 9 28 11
Mean 52 (G;C) 48 (A;T)

aG;C3A;T mutations occurring in CpG dinucleotides have not been included because they arise through a different mechanism
involving the deamination of 5-methyl C.

bTS 5 transition mutation and TV 5 transversion mutation.
cIn vitro treatment with ENU yields the following levels of specific DNA adducts (relative to N7-G 5 1.00): O6–G 5 0.93, O2–T 5 0.33,
N3–A 5 0.23, O2–C 5 0.14, and O4–T 5 0.06. The O6–G adducts are removed through AGT. The O2–T adducts appear to persist.

dSame cells in vivo and in vitro.
eSame cells AGT1 and AGT2.
fSame cells AGT1 and AGT2.
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Representative studies are summarized in
Table 1. These in vivo studies measure mu-
tations in actively proliferating T lympho-
cytes. In vivo, 44% of the ENU induced
mutations are A:T3T:A transversions,
thought to be caused by the miscoding prop-
erties of O2-alkyl T. In toto, 81% of the
mutations occur at A:T base pairs, and only
19% at G:C base pairs (Table 1). In in vitro
studies with AGT1 cells, a similar spectrum
of 40% A:T3T:A transversions and 69% of
mutations at A:T base pairs is found (Table
1). However, in in vitro studies with AGT2

cells (which show higher mutation induction
per unit dose than is found with AGT1

cells), the spectrum shifts to 46% G:C3A:T
transitions, because of the absence of repair
of O6-alkyl G adducts. In addition, in the
absence of AGT, there is evidence that
O6-alkyl G adducts induce mutations in the
absence of DNA replication. In studies with
division-arrested Chinese hamster ovary
(CHO) AGT2 cells, HPRT mutations in-
duced by the ethylating agent ethyl methane
sulfonate were fixed and expressed in the
absence of DNA replication (15). (Muta-
tions induced in proliferating CHO cells by
alkylating agents correlate with O6-G ad-
ducts and are primarily G:C3A:T transi-
tion mutations.) A novel in situ study of
alkylation induced mutations at the glucose-
6-phosphate dehydrogenase (G6PD) gene
in CHO cells that allowed analysis of the
mutant phenotype in single cell colonies
showed both mosaic colonies, i.e., 50% mu-
tant and 50% wild type, and pure colonies,
i.e., 100% mutant (16, 17). (The mosaic
colonies are parallels to Bielas and Heddle’s
bacterial mutations, and the pure colonies
parallel their cellular mutations.) Both these
CHO cell results suggest that there is a
‘‘mutational mechanism which fixes the mu-
tation in both strands of the DNA before the
next replication cycle’’ (17). In hindsight, it
would have been informative to study these
G6PD mutations with quiescent cells. Fig. 1
presents a mechanism for this mutation
fixation in the absence of DNA replication.
Replication of the O6-alkyl G:C base pair
yields a wild-type G:C base pair and a
mutated O6-alkyl G:T base pair (Fig. 1A,

mutation in red). Subsequent replication
results in a ‘‘fixed,’’ mutant A:T base pair
(G:C3A:T transition) and a mosaic 50:50
mutant colony. In the absence of AGT
repair, repair of the O6-alkyl G:C ‘‘mis-
match’’ either removes the O6-alkyl G and
‘‘repairs’’ with a G, or removes the C and
‘‘misrepairs’’ with a T (Fig. 1B, mutation in
red). Subsequent replication yields either a
pure wild-type colony after repair or a pure
mutant colony after misrepair. Both pro-
cesses yield the same frequency of muta-
tions, but through different mechanisms.
This mechanism of mutation induction
places the importance of AGT activity in a
new light. In its absence (AGT2), mutations
can result in the absence of DNA replica-
tion. Perhaps in quiescent cells in vivo, this
misrepair is a general mechanism of muta-
tion induction resulting from O6-alkyl G and
other adducts, which create apparent base
pair mismatches, which are not repaired by
specific repair enzymes such as AGT. Per-
haps transcription-coupled repair has more
precise discrimination between the alky-
lated base and the normal base, and pref-
erentially removes the adducted base.

The method developed by Bielas and
Heddle provides a way to answer many of
these questions. The use of AGT2 trans-
genic mouse cells in the proliferating ver-
sus quiescent cell assay will allow quanti-
tation of the direct fixation of O6-alkyl
G:C base pairs to A:T transition mutations
in the quiescent cells resulting in the cel-
lular mutations not found in the AGT1

cells. This direct fixation also may apply to
O4-alkyl T, thought to be the adduct re-
sponsible for the A:T3G:C transitions.

The results showing persistent adducts in
the quiescent cells that yield bacterial mu-
tations but not cellular mutations plead for
a spectrum of these mutations. Is the per-
sistent adduct O2-alkyl T and will the mu-
tations then be A:T3T:A transversions?
Will these mutations show the strand bias
toward the nontranscribed strand found for
these transversions at A:T base pairs in-
duced both in vivo and in vitro in other
systems including lacI transgenic mice by
ENU (8, 9, 11, 14, 18)? Perhaps not, if this

bias is caused by transcription-coupled re-
pair, because the lacI gene is not tran-
scribed. Perhaps so, if this bias is caused by
a difference in fidelity of DNA replication
between the two strands of the gene (19).
The Bielas and Heddle technique offers the
opportunity to address these issues with a
unique approach.

Lastly, the differentiation between bac-
terial mutations and cellular mutations
could be applied to lacI mutations induced
in vivo in lacI transgenic mice. To my
knowledge, this has not been done in
mutation induction studies, although this
approach was used to demonstrate that
most spontaneous lacI mutations isolated
from mouse small intestine arose in vivo,
i.e., were cellular mutations (20). Analyz-
ing induced mutations would differentiate
persistent, potentially mutagenic adducts
(as bacterial mutations) from in vivo fixed
mutations (as cellular mutations).

To come full circle to my son’s question,
the ‘‘how’’ of genetic change may have sev-
eral answers. Mutations induced in nondi-
viding cells through DNA repair errors may
occur in vivo and be different in spectrum
from those induced in dividing cells. Re-
turning to mouse germ cell mutations and
ENU, Russell and Russell (21) found that
ENU is uniquely mutagenic in arrested, as
well as maturing oocytes. This mutagenicity
may be caused by persistent, unrepaired
adducts that are subsequently converted to
mutations through DNA replication or to
mutation fixation through misrepair. Per-
haps the latter is a first step in the develop-
ment of some cancers. The paper by Bielas
and Heddle presents a new approach to
address these important questions.

I thank Inge Gobel for patiently processing my
handwriting into printed text and Drs. Janice
Nicklas, Thomas Skopek, and Vernon Walker
for helpful suggestions on the content of this
commentary. However, any mis-statements or
misleading conclusions are entirely my respon-
sibility. My research is supported by the Lesch-
Nyhan Syndrome Children’s Research Founda-
tion and by National Institutes of Health Grants
RO1 CA68288 and RO1 HD33648.
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