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ABSTRACT

DNA repair status is recognized as an important determinant of the
clinical efficacy of cancer chemotherapy. To assess the role that a mam
malian DNA glycosylase plays in modulating the toxicity and clastogenic-
ity of the Chemotherapeutic DNA cross-linking alkylating agents, we
compared the sensitivity of wild-type murine cells to that of isogenic cells
bearing homozygous null mutations in the 3-methyladenine DNA glyco

sylase gene (Aag). We show that Aag protects against the toxic and
clastogenic effects of l,3-bis(2-chloroethyl)-l-nitrosourea and mitomycin

C (MMC), as measured by cell killing, sister chromatid exchange, and
chromosome aberrations. This protection is accompanied by suppression
of apoptosis and a slightly reduced p53 response. Our results identify
3-methyladenine DNA glycosylase-initiated base excision repair as a po

tentially important determinant of the clinical efficacy and, possibly, the
carcinogenicity of these widely used Chemotherapeutic agents. However,
Aag does not contribute significantly to protection against the toxic and
clastogenic effects of several Chemotherapeutic nitrogen mustards (name
ly, mechlorethamine, melphalan, and chlorambucil), at least in the mouse
embryonic stem cells used here. We also compare the Aag null phenotype
with the Fanconi anemia phenotype, a human disorder characterized by
cellular hypersensitivity to DNA cross-linking agents, including MMC.
Although Aag null cells are sensitive to MM( '-induced growth delay and

cell cycle arrest, their sensitivity is modest compared to that of Fanconi
anemia cells.

INTRODUCTION

Most antineoplastic Chemotherapeutic agents have significant mu-

tagenic and carcinogenic properties, and the incidence of some sec
ondary cancers has been linked to high dose chemotherapy (1.2). One
approach to improving the clinical efficacy of Chemotherapeutic
agents is to identify modulators of their activity that could potentially
be exploited to sensitize target tumor tissue to therapy or to protect
nontarget tissues during therapy. Such modulators include metabolic
activation pathways and DNA repair pathways.

It has become clear that cellular DNA repair status can be a major
determinant of the clinical effectiveness of many Chemotherapeutic
agents. For example, the mammalian MGMT4 protects against

BCNU-induced cell killing and SCE (3-6). Indeed, low MGMT

activity in bone marrow is thought to limit the clinical utility of
BCNU due to the severe myelosuppression induced by this agent

Received 3/23/98; accepted 6/24/98.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

' This work was supported by NIH Grants ROI CA55042 (to L. D. S.) and

ROICA28681 (to M. T.) and Individual Fellowship Award CA73135-OI (to M. D. W.)
and by National Institutes of Environmental Health Training Grant 5T32ESO7I55 (to
B. P. E.). J. M. A. is a Leukemia Society of America Fellow. B. P. E. is a Pharmaceutical
Manufacturers Association Foundation Advanced Predoctoral Fellow in Pharmacology/
Toxicology, and L. D. S. is a Burroughs Wellcome Toxicology Scholar.

2 Present address: Division of Toxicology. Massachusetts Institute of Technology. 77

Massachusetts Avenue, Cambridge. MA 02139.
1To whom requests for reprints should be addressed, at Department of Cancer Cell

Biology. Harvard School of Public Health. 665 Huntington Avenue. Boston. MA 02115.
Phone: (617)432-1085: Fax: (617)432-0400: E-mail: lsamson@sph.harvard.edu.

4 The abbreviations used are: MGMT, O"-methylguanine DNA methyltransferase;

BCNU. 1.3-bis(2-chloroethyl)-l-nitrosourea: SCE. sister chromatid exchange; 3-MeA,
3-methyladenine: BER. base excision repair: MMC. mitomycin C; FA. Fanconi anemia;

ES. embryonic stem; LIF. leukemia inhibitory factor: MMS. methyl methanesulfonate.

(7-9). The introduction of MGMT into bone marrow using retroviral

expression vectors and mice as a model successfully protects against
BCNU-induced toxicity (4, 8, 10-12). Conversely, inhibition of

MGMT activity has also been shown to sensitize cells and tissues to
BCNU-induced toxicity and clastogenicity (13, 14). thus identifying

MGMT as a potential target for sensitizing tumor tissues.
MGMT protection is mediated via a one-step reaction in which the

alkyl lesion on the O6 of guanine is transferred to an acceptor group

on MGMT, restoring the original DNA structure and inactivating the
repair protein. Thus. MGMT repairs BCNU-induced O''-chloroethyl-

guanine lesions, which are precursors of DNA interstrand cross-links.

MGMT is virtually specific for the repair of alkyl lesions at the
O6-guanine position in DNA (15-17), and so MGMT modulates the

toxicity of those chemotherapetic agents that attack DNA at this
position, most notably the nitrosoureas, including BCNU [for reviews
see Lawley and Phillips (18) and Ludlum ( 19)]. In contrast, mamma
lian 3-MeA DNA glycosylase-initiated BER has a very broad sub
strate range (20). Both murine and human 3-MeA DNA glycosylases

(Aag and AAG, respectively, for alkyladenine DNA glycosylase)
release not only 3-MeA, 3-methylguanine, and 7-methylguanine but
also 1.A^-ethenoadenine, hypoxanthine. and 7-hydro-8-oxoguanine
(21-27). AAG also has in vitro base excision activity, albeit very low
compared to that of 3-MeA, for DNA lesions induced by the Chemo

therapeutic nitrogen mustards chlorambucil, mechlorethamine, and
melphalan (28). Eukaryotic 3-MeA DNA glycosylases have also been
shown to protect against the cell-killing effects of Chemotherapeutic

nitrosoureas such as BCNU (29, 30) and of MMC (30). The formation
of both intra- and interstrand DNA cross-links is thought to be

primarily responsible for the toxicity of nitrogen mustards, nitro
soureas, and MMC, although monoadducts may also contribute to
their toxicity. Here, we explore how 3-MeA DNA glycosylase activity

protects against the biological effects of these agents.
We found previously that the murine 3-MeA DNA glycosylase Aag

protects against cell killing by MMC and BCNU (30). Here, we show
that this protection is mediated, at least in part, by the suppression of
apoptosis and that Aag-mediated DNA repair alters p53 induction by
these agents. Further. Aag protects against the chromosome-damaging

(clastogenic) effects of MMC and BCNU, as measured by SCE and
chromosome aberration, identifying 3-MeA DNA glycosylase activity

as potentially important for suppressing the secondary tumors that
often follow alkylating agent chemotherapy. However, Aag does not
significantly protect against the Chemotherapeutic nitrogen mustards.
Finally, we show that the MMC-sensitive phenotype of Aag null cells

is modest compared to that of FA cells.

MATERIALS AND METHODS

ES Cell Culture. ES cells were cultured on SNL76/7 mitotically inactive
feeder cells in DMEM. supplemented with 15% fetal bovine serum, 50
units/ml penicillin, 50 /Mg/ml streptomycin. 2 mM glutamine. and 0.1 mM
2-mercaptoethanol. Feederless ES cells were maintained in an undifferentiated

state in the presence of LIF [purified according to Mereau et al. (31)|.
Drug Treatments. ES cells were treated with BCNU. MMC (Fluka, Mil

waukee, WI), mechlorethamine. melphalan. chlorambucil. hydrogen peroxide,
tertiary-butyl hydrogen peroxide, or MMS (all from Sigma Chemical Co.. St.
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Louis, MO). For drug treatments, the cells were washed in I X PBS, and
medium was replaced with drug-containing serum-free ES medium supple
mented with I,IF. Unless otherwise stated, drug treatments were for I h at 37Â°C

in 5% CO2, after which cells were washed in 1X PBS and reincubated in fresh
ES medium supplemented with LIF.

Survival Curves. Aliquots of various ES cell dilutions were placed onto
feeder cell (SNL76/7 mitotically inactive)-coated 24-well plates. ES cells were
treated with drug the following day. After 5-9 days, dried colonies were

stained with Giemsa (Sigma) and counted. Killing curves were performed a
minimum of three times, and Fig. 1 shows representative curves from each
treatment.

SCEs and Chromosome Aberrations. For SCE and chromosome aberra
tion measurements, 1 x 10" logarithmic-phase ES cells were seeded onto

gelatin-coated tissue culture dishes the day before drug treatment. Following
drug treatment, cells were incubated in McCoy's 5A medium (Life Technol

ogies, Inc., Gaithersburg. MD) supplemented with LIF and 10 piM bromode-

oxyuridine for two rounds of DNA replication (24 h) for SCE analysis and for
the indicated limes for chromosome aberration analysis. Colcemid (0.2 /LIM)
was included for the last 2 h of the bromodeoxyuridine treatment, and the cells
were subsequently harvested by mitotic shake-off, resuspended. and incubated
for 15 min al 37Â°Cin hypotonie solution (0.2% potassium chloride. 0.2%
sodium citrate, and 10% fetal bovine serum) and then fixed in Carnoy's
solution (methanol-acetic acid. 3:1). To produce "harlequin" chromosome, a

modified fluorescence plus Giemsa technique was used (32). Slides were
stained in Hoechst 33258 (5 fig per ml) for 20 min, mounted in 0.067 M
Sorensen's buffer (Na2HPO4-KH,PO4, pH 6.8) with a coverslip, and exposed

to a General Electric 15-W blacklight bulb (model F15T8, BLB) at 55Â°Cfor
20 min. Slides were heated at 65Â°Cin 20x SSC for 20 min. rinsed, and stained
in a 5% Giemsa solution in Sorensen's phosphate buffer (0.067 M. pH 6.8). For

SCEs, 20 second division metaphase spreads were counted per data point. For
chromosome aberrations. 50 first-division metaphase spreads were counted per

data point.
Chromosome aberrations were scored in a blinded study of metaphase

spreads. The frequency of chromosome breaks was estimated by weighted
scoring of various types of aberrations according to Natajaran and Obe (33). To
accurately reflect the quantity of aberrations within a population of cells, the
number of break events was divided by the number of spreads examined.

Flow Cytometric Analysis of Cell Cycle Phase and Apoptosis. For flow
cytometric analysis. 1 x l()6 logarithic-phase ES cells were seeded onto
gelatin-coated 100-nim tissue culture dishes (or 0.5 X IO6 cells for 60-mm

dishes). Cells were treated with drug the following day and harvested post-

treatment as follows: medium was collected and retained, and cells were
trypsinized by the addition of 1.5 ml of 0.25% trypsin and incubated at 37Â°C

and 5% CO2 for 20 min. The trypsin was neutrali/ed by the addition of the
retained medium. Cells were pelleted and fixed by resuspension in 1 ml of cold
70% ethanol. Fixed cells (1 X IO6) were pelleted and resuspended in 5(X) /xl

of staining buffer (10 /ng/ml RNase A-40 /xg/ml propidium iodide, in IX

PBS). Cell samples were incubated at room temperature in staining solution for
at least 1 h prior to analysis. Cells ( IO4) were analy/.ed for each sample using

a fluorescence-activated cell sorter (Ortho).

Assessment of Apoptosis. The apoptotic response was evaluated by three
methods. (</) Sub-G, cells were quantified by flow cytometry as described

previously (34). (b) A photometric ELISA was used for in vitro determination
of cytoplusmio histone-associated DNA fragments (Boehringer Mannheim.
Indianapolis. IN). Briefly. 3 X IO6 cells were treated with genotoxic agent and
harvested by trypsinization. and 3 X IO4 cells were processed according to the
manufacturer's instructions, (c) Apoptotic nuclei were identified by micros

copy. Approximately IO4 cells fixed in 70% ethanol were dried onto micro

scope slides. Cells were stained in Hoechst 33258 buffer (0.5 /xg/ml Hoechst
33258-0.05% nonfat dried milk) for 20 min at room temperature. Apoptotic

cells were identified by fluorescence microscopy. Five hundred cells were
examined per slide.

Western Blot Analysis. Cells were boiled for 15 min in 1.7% SDS, 17%
glycerol, 0.1 M DTT. 0.083 M Tris (pH 6.8), and 0.001% bromphenol blue at
a density of 2.5 X IO4 cells/^l before loading. Samples (3 X 10' cell

equivalents per lane) were resolved on a 12% SDS-polyacrylamide gel. trans

ferred to a polyvinylidene difluoride membrane (Millipore. Bedford. Massa
chusetts), and probed with monoclonal p53 antibody (Pab 240; Santa Cruz
Biotechnology, La Jolla, California), followed by horseradish peroxidase-

conjugated rabbit antimouse IgG (Amersham. Arlington Heights. IL). Anti
body binding was detected using enhanced chemiluminescence (Amersham).
Equal loading was confirmed by Ponceau S staining of the membrane. Fig. 6A
shows representative blots.

Purification of Recombinant Aag. Mouse Aag cDNA was subcloned
from pBEl. 1 (26) into the pCALn vector (Stratagene. Hercules, CA) to express
a 43 amino acid deleted Aag as an NH2-terminal fusion protein in-frame with
the M, 4000 calmodulin-binding protein. The pCALnAag vector was trans-
fected into uikA iff#-deficient MV1932 DE3 Escherichia coli (a kind gift from

Dr. Anne Britt. University of California, Davis, CA). The pCALnAag con
taining E. coli were induced with 1 mM isopropyl-l-thio-ÃŸ-D-galactopyrano-
side for 2 h at 37Â°Cand lysed by sonication, and then cell debris was removed

by centrifugation. The fusion protein was purified using a calmodulin affinity
resin following the protocol specified by Stratagene. Protein isolated under
identical conditions as above from the same bacterial strain transfected with
the pCALn vector lacking the Aag cDNA provided the negative control.

Oligonucleotide-based Assay for DNA Glycosylase Activity. DNA oli-
gonucleotides were 5'-end labeled with T4 polynucleotide kinase and

\y- "P]ATP. The MMC-cross-linked oligonucleotide was labeled on both

strands. All mono-oligonucleotides were labeled on the lesion containing
strand only. The unadducted oligonucleotide was 5'-labeled on the top strand

only (see Fig. 7,4). To test for DNA glycosylase activity. 1(X)fmol of labeled
double-stranded oligonucleotide and 5.6 /j.g of Aag DNA glycosylase from the

purified Aag preparation were used. Equivalent protein concentrations were
used for the pCALn vector control incubations. The incubations were carried
out in buffer containing 20 mw Tris (pH 7.8), 100 mM potassium chloride, 2
mM EDTA. 1 mM EGTA. and 5 mM 2-mercaptoethanol at 37Â°Cfor 120 min.

Following incubation, sodium hydroxide was added to 0.1 M, and the samples
were heated to 70Â°Cfor 30 min to convert any abasic sites created by Aag into

DNA strand breaks. The DNA fragments were separated on a 20% denaturing
polyacrylamide gel. Gels were frozen and exposed to a phosphorimaging
screen (Bio-Rad, La Jolla. CA).

Growth Curves. Logarithmic-phase ES cells (IO4) were seeded per gela-

tini/ed 60-mm tissue culture dish. The following day, MMC (5-25 ng/ml) was

added to the medium. Cells were incubated for an additional 96 h and then
trypsinized and resuspended in ES medium; the cell yields per dish were
measured by Coulter counter. Duplicate plates were measured. Cell growth in
dishes containing MMC was expressed as a percentage of the control untreated
dish. Fig. 8,4 shows the mean and SD from three independent experiments.

RESULTS

Aag Protects against Cell Killing by Certain DNA Cross-
Linking Agents. The cytotoxicity of chemotherapeutic agents is pos
itively correlated with their antineoplastic activity. Similarly, the
mutagenicity and clastogenicity of chemotherapeutic agents is posi
tively correlated with their carcinogenicity. Ideally, chemotherapeutic
agents would be maximally cytotoxic for tumor cells, with minimal
mutagenic and clastogenic side effects. To determine what role Aag
plays in modulating cytotoxicity by DNA cross-linking agents, we
examined the sensitivity of Aag â€”¿�/â€”and Aag +/+ mouse ES cells to

the killing effects of MMC, BCNU, mechlorethamine, chlorambucil,
and melphalan. in addition to other DNA-damaging agents. During

the course of these experiments, it was important to establish that the
phenotype of the Aag â€”¿�/â€”and Aag +/+ ES cells was consistent with
that previously reported (30). As expected, Aag â€”¿�/â€”cells were

relatively sensitive to the killing effects of MMS, BCNU, and MMC
(Fig. \,A-C: Ref. 30). In contrast, Aag â€”¿�/â€”and Aag +/+ cells were

equally sensitive to the killing effects of mechlorethamine, melphalan,
and chlorambucil (Fig. 1, D-F). However, in some experiments, Aag
-/- cells appeared mildly sensitive to the killing effects of chloram

bucil, but this phenotype was not consistently observed. We, there
fore, conclude that Aag â€”¿�/â€”cells have a sensitivity to DNA cross-

linking agents that is not general but agent specific.
Upon metabolic activation, MMC can react with DNA to form

monoadducts at the N2 and N7 positions of guanine (35-37). The N2
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(A)
100

Fig. I. Cell killing in Aag -/- [clones 29 (D)

and 38 (O)] and Aag +/+ [clone 33 (â€¢)]murine ES
cells in response to MMS (Ai. BCNU (B). MMC
(C), mechloretharnine (D). melphatan (E). chloram-
bucil (F). hydrogen peroxide (G). and tertiary-butyl

hydrogen peroxide (//). Cells were treated and
plated onto feeder cell-coated 24-well dishes, and
colonies counted by Giemsa staining 5-9 days later.
Each killing curve was performed at least three
times, and representative plots are shown.
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guanine monoadduct may subsequently rearrange to give either a
DNA interstrand or intrastrand cross-link (38, 39). MMC can also
undergo oxidation-reduction cycling to generate reactive oxygen spe
cies (40-43). Thus, in aerobic conditions, MMC may exert its toxicity

not only via direct interaction with DNA but also via the generation of
reactive oxygen species that, in turn, damage DNA. The mammalian
3-MeA DNA glycosylases have been shown, in vitro, to release

oxidized guanine bases from DNA, making it possible that Aag
protects against MMC via the repair of oxidative DNA damage. To
determine whether the sensitivity of the Aag â€”¿�/â€”cells to MMC may

be partly or wholly due to a reduced ability to repair oxidized DNA
lesions, we tested their sensitivity to hydrogen peroxide and tertiary-
butyl hydrogen peroxide. Aag â€”¿�/â€”and Aag +/+ cells were equally

sensitive to the cell-killing effects of both agents (Fig. l, G and H),
suggesting that the MMC sensitivity of the Aag â€”¿�/â€”cells is due to

decreased repair of MMC-adducted DNA bases rather than decreased

repair of cytotoxic oxidized DNA bases.
Aag Protects against the Chromosome-damaging Effects of

MMC and BCNU but not Those of Melphalan, Mechlorethamine,
or Chlorambucil. To determine whether Aag protects against the
clastogenic effects of the chemotherapeutic cross-linking agents, we

measured their ability to induce SCE and chromosome aberrations in
Aag +/+ versus Aag â€”¿�/â€”cells. We reported previously that Aag

protects against SCE induction by BCNU (Fig. 2A: Ref. 30). Here, we
find that Aag also provides significant protection against MMC-
induced SCE because Aag â€”¿�/â€”cells were more sensitive than Aag

+/+ cells to SCE induction by MMC (Fig. 2B). However, these cells
were equally sensitive to SCE induction by mechloretharnine, mel-
phalan, and Chlorambucil (Fig. 2, C-E).

Aag â€”¿�/â€”cells were also consistently more sensitive than Aag +/+

cells to chromosome aberrations induced by both MMC and BCNU
(Figs. 3 and 4). When these aberrations are broken down into different
types, we see that the Aag â€”¿�/â€”cells are particularly sensitive to

chromosome-type aberrations (chromosome breaks and gaps) and
only modestly sensitive to chromatid-type aberrations (chromatid

breaks and gaps) induced by MMC and BCNU (Fig. 4, A and B).
Taking the SCE and chromosome aberration data together, we infer
that Aag protects against the chromosome-damaging effects of BCNU

and MMC but does not contribute significantly to protection against
mechloretharnine, melphalan, or Chlorambucil.

Aag Suppresses Apoptosis Induction by MMC and BCNU. The
induction of SCE and chromosome aberrations requires the tran
sient formation of DNA strand break intermediates that could
potentially signal the induction of apoptosis. Because Aag protects
against BCNU- and MMC-induced SCEs, chromosome aberra
tions, and cell killing (Figs. 1-4), we determined whether this

protection was accompanied by the suppression of apoptosis. Three
different markers of apoptosis were assayed: (a) chromatin con
densation and fragmentation using Hoechst staining and micro
scopic examination; (b) the accumulation of DNA ends measured
by ELISA; and (c) the accumulation of cells with a sub-G, DNA
content measured by flow cytometry (see "Materials and Meth
ods"). Aag â€”¿�/â€”cells were consistently more sensitive than Aag

+/+ cells to BCNU- and MMC-induced apoptosis (Fig. 5). We
demonstrated previously that Aag-proficient and -deficient cells

are equally sensitive to apoptosis induced by ionizing radiation,
indicating that Aag â€”¿�/â€”cells are not generally more sensitive to
apoptosis in response to DNA damage (44). We infer that MMC-
and BCNU-induced base lesions that are inefficiently repaired in
Aag â€”¿�/â€”cells can elicit apoptosis.
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Fig. 2. SCE in Aag -/- (Q) and Aag +/+ (â€¢)murine ES

cells in response lo BCNU (A), MMC (B). chlorambucil (O.
mechloriMhaniine (/)), and melphahn (E). A and H. tlitui points.
means from three independent experiments; hars. SD. C-E,
until fioint\. means from two independent experiments.
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Apoptosis can be mediated via p53-dependent and -independent

pathways (45), but whether the apoptosis that Aag suppresses involves
p53 is not yet clear. To begin to address this question, we monitored
MMC and BCNU induction of p53 in Aag +/+ versus Aag â€”¿�/-cells.
p53 accumulation was maximal in both Aag â€”¿�/â€”and Aag +/+ cells

at 24-36 h posttreatment with either MMC or BCNU. For both

agents, we consistently observed a slightly greater accumulation of
p53 in the Aag -/â€” cells versux the Aag +/+ cells (Fig. 6). We

previously demonstrated that ioni/ing radiation induces similar
amounts of p53 in Aag â€”¿�/â€”and Aag +/+ cells (44), indicating that
the Aag â€”¿�/â€”cells do not have a generalized increase in their p53
induction response to DNA damage. We infer that MMC- and BCNU-
induced base lesions that are inefficiently repaired in Aag â€”¿�Iâ€”cells

can signal p53 induction, albeit weakly.
Aag Does Not Have in Vitro Excision Activity for the MMC

/V2-Guanine-;V2-Guanine Interstrand Cross-Link or Â¿V2-Guanine

Monoadduct. It seems reasonable to assume that Aag provides pro
tection against MMC by initiating the repair of DNA base lesions
induced by this agent. However, exactly which MMC-induced base

lesions Aag recognizes is not yet known. To begin to investigate this,
we determined whether Aag could act on two major MMC-induced
DNA lesions, namely, the A^-guanine monoadduct and the iV2-gua-
nine-/V2-guanine interstrand cross-link. Double-stranded oligonucleo-

tides containing these lesions at specific sites (Fig. 1A) were prepared
as described previously (46) and used as substrates for the purified

Aag enzyme. However, Aag had no in vitra excision activity for either
the MMC A^-guanine monoadduct or the MMC Â¿V2-guanine-Â¿V2-gua-

nine interstrand cross-link (Fig. IB, Lanes 6 and 8, respectively). The
interstand cross-link runs as a 43-mer under denaturing conditions
(Fig. IB, Lanes 7 and 8): this would have been converted to a 9- and
a 23-mer (which would appear as a 24-mer due to the MMC lesion)
had Aag excised the MMC-adducted guanine on the top strand but not

the bottom strand (Fig. 1A). Alternatively, had Aag excised the
MMC-adducted guanine on the bottom strand alone then a 14- and a
20-mer (which would have appeared as a 21-mer due to the MMC
lesion) would have been generated (Fig. 1A). Excision of both MMC-
adducted guanines would have generated a 9- and a 14-mer (Fig. 1A).

Under denaturing conditions, the MMC-monoadducted oligonu-
cleotide runs as 20-mer (Fig. IB, Lanes 5 and 6). Excision of the
MMC A^-guanine monoadduct by Aag would have converted the

20-mer to a 9-mer (Fig. 7/4).

As a control for these experiments, we show that purified Aag has
in vitro excision activity for an oligonucleotide site-specifically mod
ified with hypoxanthine (Fig. IB, Lane 2). The hypoxanthine-contain-
ing 25-mer is converted to a 12-mer by the action of Aag and sodium

hydroxide.
The Aag Null Phenotype Confers a Modest Sensitivity to MMC-

induced Growth Delay and G2-M Cell Cycle Arrest. FA is an

autosomal recessive human disorder that is characterized by certain
developmental abnormalities, bone marrow failure, and increased
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Fig. 3. Chromosome aberration induction in Aag -/â€” (D) and Aag +/+ (â€¢)murine
ES cells in response (o BCNU (A and B) and MMC (C and D). 14-16 h posttrealment (A
and O and over time (fi and Â£>).

cancer susceptibility. Aag â€”¿�/â€”cells share with FA cells the distinc

tive phenotype of MMC sensitivity (47). However, the MMC sensi
tivity of FA cells has been traditionally measured using different
parameters from those thus far discussed for Aag â€”¿�/â€”cells, making

the sensitivity of these two cell types difficult to compare. Specifi
cally, FA cells have been characterized by a pronounced MMC-
induced G2-M arrest and a dramatic growth inhibition in the contin

uous presence of MMC, as measured by simple monitoring of cell
numbers (48-51). To determine whether the MMC sensitivity of Aag
â€”¿�/â€”cells was comparable to that reported for FA cells, we applied

the same measures of sensitivity. Fig. 8.4 displays the modest growth
inhibition of Aag â€”¿�/â€”cells versus Aag +/+ cells after continuous

MMC exposure. Cell numbers were measured after a growth period
equivalent to that used for measuring FA cell sensitivity. The MMC
concentration that produces 50% growth inhibition (ICMI)for FA cells
is 5-30-fold lower than that for normal cells, depending on the cell
line tested (50, 51 ). In contrast, the MMC IC50 for Aag â€”¿�/â€”cells was

only marginally lower than that for Aag +/+ cells (Fig. 8.4). In
addition, the MMC-induced G2-M delay is very modest for Aag â€”¿�/â€”

versus Aag +/+ cells and is only transiently discernible at 24 and 32 h
posttreatment (Fig. 8fi). In contrast, FA cells display a robust and very
prolonged MMC-induced G2-M delay (48,49). Thus, although the FA
and Aag â€”¿�/â€”phenotypes share certain similarities, the severity of the
MMC-sensitive phenotype is much less pronounced in Aag â€”¿�/â€”cells,

suggesting that the phenotypes arise from distinct cellular defects.

DISCUSSION

Bifunctional alkylating agents that can form DNA cross-links are

commonly used for cancer chemotherapy. Although these agents
induce many different types of DNA lesions, the intrastrand and
interstrand cross-links are considered critical for their antineoplastic
activity. The formation and repair of DNA cross-links may. therefore,

determine the clinical activity of the bifunctional alkylating agents. In
this study, we explored the role that the Aag 3-MeA DNA glycosylase

repair enzyme plays in modulating the biological activity of several
clinically important bifunctional alkylating agents. One approach to
examining the role of a DNA repair enzyme in protecting against a
DNA-damaging agent is to determine how enzyme-deficient mutants

respond to that agent. Our results suggest that BER initiated by the
Aag enzyme confers significant protection against the cytotoxic and
clastogenic effects of both BCNU and MMC and that this protection
is accompanied by decreased apoptosis. In contrast. Aag does not
appear to protect against the chemotherapeutic nitrogen mustards
melphalan. chlorambucil. and mechlorethamine.

(A)
Mitomycin C

(B)
BCNU

0.3

0.25-

0.2-

0.15-

0.1-

0.05-

Fig. 4. Qualitative analysis of chromosome aberrations induced in Atta +/+ (â€¢)and
Aag -/- (D) murine ES cells in response to 0.05-0.3 jig/ml MMC (Ai and 25-75 fiM

BCNU (fÃ¬).Four hundred melaphase spreads were analyzed for each treatment, and equal
numbers of spreads from various doses were used for Aag -/- and Aag +/+. The

following aberrations were monitored: chromatid breaks and gaps (TB&C). chromosome
breaks and gaps (SB&G). triradial chromosomes (Tri), quadriradial chromosomes (Qitiul).
dicentric chromosomes (Dicen), and chromosome deletions (Del).
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Fig. 5. Apoplosis in Aag â€”¿�/â€”(D) and Aag +/+
(â€¢)murine ES cells in response Io BCNU (A-C) and
MMC (D-F), as measured by Hoechst analysis over
lime (A and D). by ELISA over lime (B and Â£).and by
flow cytomelry (C and F}. C and F, samples were
taken at 36 and 48 h posltrealmenl. respectively. Data
pointa, means from three to five independent experi
ments; bars, SE (noie that bars in A and D are too
small to be discernible).

I

(B)
ELISA Flow Cytometry

Hrs post 250U.M BCNU

' ' Hoechst

Hrs post l (ig per ml MMC

O 0 S ? 3

Hrs post lug per ml MMC
MMC (ng per ml)

l.SngpermlMMC

250nM BCNU

Hrs post MMC Hrs post BCNU

Fig. 6. A. p53 protein levels in Adg â€”¿�/â€”and Atig +/+ murine ES cells in response to

250 /AMBCNU and 1.5 Â¿ig/mlMMC over time. This experiment was performed five
times, and representative blots are shown. B. quantitative analysis of p53 protein induction
in Aitg â€”¿�/â€”(O) and Aag +/-t- (â€¢)murine ES cells in response to 1.5 ^tg/nil MMC and

175 fiM BCNU. Dula points, mean protein inductions from three independent experi
ments; fairs. SD. Optical density was measured using Gel Doc apparatus and Molecular
Analyst software (both from Bio-Rad) using volume analysis with subtraction of local

background.

Aag presumably provides protection against MMC and BCNU by
initiating the repair of DNA base lesions induced by these agents.
MMC induces monoadducts at the N2 and N1 positions of guanine
(35-37); the N2 monoadduct can go on to form an /V2-guanine-/V2-

guanine interstrand or intrastrand cross-link (38. 39). Our finding that

Aag has no apparent in vitro excision activity for either of these
lesions does not eliminate them as possible in vivo substrates for Aag
because our in vitro assay may not be sensitive enough to detect a
minor activity. Alternatively, Aag may have activity against other
MMC-induced DNA base lesions, namely, the A^-guanine monoad
duct or the A^-guanine-A^-guanine intrastrand cross-link or some

other as yet uncharacterized MMC-induced base lesions.
Although MMC is known to create toxic interstrand cross-links, the

ability of this agent to promote oxidative DNA damage is also thought
to contribute to its biological effects. Indeed, because Aag has in vitro
activity against oxidized guanines (7-hydro-8-oxoguanine)5 (21), it

seemed feasible for Aag to protect against MMC via the repair of
oxidative DNA damage. However, Aag â€”¿�/â€”and Aag +/+ cells are

equally sensitive to the killing effects of hydrogen peroxide and
tertiary-butyl hydrogen peroxide, and from this, we infer that Aag

does not contribute significantly to the repair of cytotoxic oxidative
DNA damage in vivo. This result is consistent with the observation
that Aag has no effect on apoptosis, p53 induction, or cell cycle arrest
induced by -y-radiation (44). an agent known to generate significant

levels of oxidative DNA damage (52).
BCNU induces lesions at several sites on DNA, predominantly at

the N7 position of guanine but also at the Ob position of guanine

5 M. D. Wyatt and L. D. Samson, unpublished observations.
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(A)
TTorii .Hnrâ€ž 5 '-AATACATCCGACTTACTCAA
Unadducted Oligo 3 , .TTATGTAGGCTGAATGAGTTAGG

Monoadducted Oligo

5'-AATACATCCGACTTACTCAA
MK'

3'-TTATGTAGGCTGAATGAGTTAGG

5'-AATACATCCGACTTACTCAA
Cross-linkedOligo MMC'

3'-TTATGTAGGCTGAATGAGTTAGG

H*nuâ„¢5'-GGATAGTGTCCAHxGTTACTCGAAGC
MXuugo3,_CCTATCACAGGTTCAATGAGCTTCG

(B)

Hx
un- mono- cross-

adducted adduct link

I I
<U CO

^ <
43-mer
25-mer
20-mer

12-mer

â€”¿�*â€”¿�â€”>_>

123456789
Fig. 7. /H n/m DNA giycosylase excision activity by Aag for unadductcd oligonu-

cleotide (Lane 4i and hypoxanthine (Lane 2), MMC /V2-guanine (Lune 6}. and MMC
A/2-guanine-/V2-guanineinterstrand cross-link (Ijinc 8) site specifically modified oligo-
nucleotides (see "Materials and Methods"). Also included are control protein extracts for

the hypoxanthine and unadducted. MMC-monoadducted. and MMC-cross-linked sub
strates (Lanes I. j. 5, and 7. respectively).

[reviewed by Ludlurn (19)]. If the 06-chloroethylguanine lesion es

capes repair by MGMT, it can go on to rearrange into a \,Cf-

ethanoguanine lesion, thought to be the immediate precursor of the
major class of BCNU-induced interstrand cross-links (53). The sim
ilarity of the 1,O''-ethanoguanine lesion and KA^-ethenoadenine

(which Aag excises efficiently, as does the homologous human en
zyme: Refs. 22, 24, and 27) leads us to speculate that at least one way
for Aag to provide BCNU resistance may be via the repair of 1,O6-

ethanoguanine lesions. Such repair would prevent DNA interstrand
cross-link formation. Alternatively, Aag may protect against BCNU-
induced toxicity via the repair of A/7-guanine or other lesions. Indeed,

yeast and bacterial 3-MeA DNA glycosylases have in vitro excision
activity for both the A/7-chloroethylguanine and A/7-hydroxyethylgua-

nine base lesions (19, 29, 54, 55). Whether the mammalian enzymes
display similar activities is currently being studied.

The human and rat 3-MeA DNA glycosylases are known to have in

vitro activity against DNA base lesions induced by chlorambucil,
mechlorethamine, and melphalan (28). However, we find that Aag
null cells are not significantly sensitive to killing and clastogenesis by
any of these agents. These observations need not be contradictory, and
could be explained in any of the following ways, (a) The mouse
enzyme may simply not have activity for chlorambucil-, mechloreth
amine-, or melphalan-induced lesions (this has yet to be tested), (b)

The in vivo excision activity of the mouse enzyme (and perhaps the
human and rat enzymes) may not be efficient enough to have biolog
ical consequences, (r) The lesions excised may not be cytotoxic or
clastogenic. (d) Other DNA repair pathways (or DNA glycosylases)
may be able to compensate for the decreased BER in an Aag null
background. Indeed, in E. coli, nucleotide excision repair is the major
repair pathway for mechlorethamine-induced DNA lesions, and BER
contributes relatively little to protecting cells from mechlorethamine-

induced cell killing (28): this may also be true for mouse ES cells.
Although the Aag null and FA phenotypes are similar in that both

show MMC-induced G2-M phase cell cycle arrest and growth delay,

they differ in that the Aag null cells are only modestly more sensitive
than their wild-type counterparts. Unlike FA cells, Aag null cells do

not show spontaneous growth delay, cell cycle arrest or elevated
chromosome breakage (30, 48, 49, 56, 57). Aag â€”¿�/â€”cells are par
ticularly sensitive to chromosome-type aberrations in response to

(A)

O v> o >n
â€”¿�â€”¿�fs tN

MMC (ng per ml)

24 h

Relative Fluorescence

32 h

Fig. 8. (A) Growth of Aag â€”¿�/â€”(O) and Aag +/+ (â€¢)murine ES cells in continuous exposure to MMC. Cell growth was assessedby Coulter counter analysis 4 days post-MMC
addition. Dala /minis, means from three independent experiments: bars. SD. B. flow cytometric analysis of Aag -/- and Aag +/+ murine ES cells post-MMC treatment. Cells were

treated for l h with 2 /Ag/rnl MMC. and cell cycle analysis by DNA content was assessedby flow cytometry up to 32 h posttreatment. Ten thousand cells were analyzed per sample,
and cells with sub-G, DNA content arc included in the analysis. This experiment was performed five times, and a representative example is shown.
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MMC and are not very sensitive to chromatid-type aberrations in

duced by this agent. In contrast, FA cells are predominantly sensitive
to MMC-induced chromatid-type aberrations (57). This result sug
gests that MMC-induced aberrations in Aag null and FA cells origi

nate from different primary lesions or that different mechanisms of
aberration-induction are operating.

In summary, we have shown that the murine 3-MeA DNA glyco-

sylase, Aag, protects against cytotoxicity and clastogenicity induced
by the chemotherapeutic cross-linking agents MMC and BCNU but

not against those induced by the nitrogen mustards mechlorethamine,
melphalan, and chlorambucil. It remains to be determined if the
homologous human enzyme, AAG, also protects against MMC and
BCNU. If so, then AAG may represent an important modulator of
chemotherapeutic efficacy.
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