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Abstract

DNA of invasive ductal carcinomas from five women was analyzed for
structural alterations in the purine nucleotides using gas chromatography-

niass spectrometry with selected ion monitoring. The results were com
pared to those for a normal DNA control. The carcinoma DNA showed
dramatically higher concentrations of the base modifications 8-hydroxy-
guanine, 2,6-diamino-4-hydroxy-S-formamidopyrimidine, and 8-hydrox-

yadenine. For example, the concentration of total identified base modifi
cations represented a more than 9-fold increase over the control value.
Base modifications of this type, which arise from radical-induced hydrox-

ylation and cleavage reactions of the purine ring, likely play a major role
in initiation and probably contribute to the further transformation of
neoplastic cells in cancer of the female breast.

Introduction

There is abundant evidence suggesting that the hydroxyl
radical ('OH) produces alterations in the structural integrity of
the DNA bases (1-3). In vivo, unless the modified DNA is
promptly repaired, miscoding may occur in replication (4)
which may result in the formation of neoplastic cells (1,2, 4).
In this regard, a study with Escherichia coli (4) indicated that
the 8-hydroxydeoxyguanosine residue, which arises from the
attack of the -OH on the purine ring (5), has an overwhelming
effect on template-directed DNA synthesis in that it causes
misreplication at its own position as well as at neighboring base
positions. Thus, there is persuasive evidence for the concept
that the introduction of oxygen into nucleotide structure is an
initiating step in mutagenesis and carcinogenesis (2, 4).

We have shown, using the English sole (Parophrys vetulus)
carcinogenesis model (6), that the -OH-induced base modifi
cations 8-OH-Gua,2 Fapy-G, 8-OH-Ade, and Fapy-A (Fig. 1)

can be structurally and quantitatively elucidated in tissues using
GC-MS/SIM (7-9). Studies with this vertebrate model also
demonstrated that substantial elevations in 8-OH-Gua, Fapy-
G, 8-OH-Ade, and Fapy-A occurred in the DNA from hepatic
carcinoma tissue compared to baseline concentrations in nor
mal tissue (7-9). Thus, it was suggested that the DNA modifi
cations (which had not previously been identified in any animal
system) likely played a causative role in the formation of the
carcinomas (7-9).

A recent study is noteworthy with respect to the role played
by the -OH in modifying DNA. It was shown in vitro (10) that
the *OH reacts with calf thymus DNA to yield a variety of
nucleotide base derivatives such as 8-OH-Gua and Fapy-G.
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This reaction was mediated by the iron ion-dependent super-
oxide radical-generating system hypoxanthine/xanthine oxi
dase. The reaction produced, for example, 8.80 nmol Fapy-
G/mg DNA. Inhibition of product formation occurred with
mannitol, dimethyl sulfoxide, Superoxide dismutase, and cata-
lase, thus indicating that -OH was formed from H2O2 by an
O2~-assisted Fenton reaction. Low concentrations of base mod

ifications in normal DNA, such as from calf thymus (10) and
English sole (7-9), are readily identified at or near threshold
detection limits using the GC-MS/SIM technique. In normal
cells, a primary defense against 'OH-induced elevations in

DNA base modifications is provided by the glycosylases and
other enzymes that participate in the excision repair process,
as well as by antioxidants such as glutathione (11-13). How
ever, excessive concentrations of the -OH overcome normal

defense mechanisms and leave the DNA at risk from oxidative
modifications (13) that are believed to be causally related to
carcinogenesis (2). The process of â€¢¿�OH-induced DNA modifi

cation is reflected in the present findings on invasive ductal
carcinoma of the female breast.

Materials and Methods

Excised carcinoma tissue from five female patients was shown mi
croscopically to contain invasive ductal carcinomas; however, exami
nation of the excised surgical margin tissue revealed no evidence for
neoplasia, although there was some evidence for other microscopic
changes (e.g., fibrocytic). Residual carcinoma-containing and excised

surgical margin tissue was placed in liquid nitrogen immediately after
removal and maintained at -70Â°C prior to extraction of the DNA,

which was undertaken as described previously (14). DNA was hydro-
lyzed and TMS derivatives were prepared under an atmosphere of pure
nitrogen (15, 16). The TMS derivatives were analyzed by GC-MS/SIM
(7-9, 15, 16) using a Hewlett-Packard Model 5890 microprocessor-
controlled gas Chromatograph interfaced to a Hewlett-Packard Model

5970B mass selective detector. The injector port and interface were
both maintained at 250Â°C.The column was a fused silica capillary

column (15.0 m; 0.2 mm inner diameter) coated with cross-linked 5%

phenylmethylsilicone gum phase (film thickness, 0.33 ^m). The column
temperature was increased from 120 to 176Â°Cat 3Â°C/minand from
176 to 250Â°Cat 6Â°/min,after initially being held for 1.5 min at 120Â°C.

Helium was used as the carrier gas with a linear velocity of 23.5 cm/s
through the column (15, 16). The amount of TMS hydrolysate injected
onto the column was about 0.7 Â¿tg-Quantitation of the modified
nucleotide derivatives was undertaken on the basis of the principal ions,
such as m/z 442 for the TMS derivative of Fapy-G (15, 16).

Fapy-A, 2,4,5-triamino-6-hydroxypyrimidine sulfate, and 8-bromo-
adenine were purchased from Sigma Chemical Co. and 8-OH-Gua was
obtained from the Chemical Dynamics Corp. The 8-OH-Ade and Fapy-
G were synthesized in our laboratories from 8-bromoadenine and 2,4,5-
triamino-6-hydroxypyrimidine sulfate, respectively, and purified by re-

crystallization (17).
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Fig. 1. Modifications arising from the attack of the -OH on C8 of the purine
ring of adcnine and guanine. As an example, the amine at position 6 of adcnine
promotes an electron deficiency al C-8 which results in the attack of the -OH,
subsequent cleavage of the purine ring, and formation of the formamidopyrimi-
dine structure (5. 8).

Results and Discussion

The cause of breast cancer is essentially unknown; however,
cancer formation is likely to involve structural modifications in
the nucleotide bases that affect template-directed DNA synthe
sis (4). Thus, it is significant that the present findings revealed
dramatic differences in the concentrations of 8-OH-Gua, Fapy-
G, and 8-OH-Ade with respect to the control and the carcinoma
tissues (Fig. 2). The values for 8-OH-Gua, Fapy-G, and 8-OH-
Ade in the control were 0.13 Â±0.03 (SD), 0.08 Â±0.08, and
0.22 Â±0.05 nmol/mg, respectively (Fig. 2). The respective
values for the carcinoma tissues were 8- to 17-fold higher (1.26
Â±0.78, 1.33 Â±0.97, and 1.67 Â±1.86 nmol/mg DNA). In both
the control and the carcinoma tissues, Fapy-A was present only
at low levels near the limits of detection of the GC-MS/SIM
technique (0.04 nmol/mg DNA) (Fig. 2). Accordingly, Fapy-A

is not a prominent indicator of altered DNA in breast cancer
in contrast to the other base modifications. There was not a
significant difference between the calf thymus and surgical
margin DNA with respect to any of the base modifications;
however, a significant difference did exist between the DNA
from the surgical margin and the carcinoma tissue with respect
to 8-OH-Gua (P < 0.01), Fapy-G (P < 0.03), and 8-OH-Ade
(P < 0.05). On a matched pair basis (surgical margin versus
carcinoma), the concentrations of each of the above base mod
ifications were substantially higher in the carcinoma, with the
exception of FBT-5 which had relatively low concentrations of
the base lesions (see Fig. 2 legend).

In studies with the English sole carcinogenesis model (7-9),
we found that the relatively low concentrations of base modifi
cations in normal tissues were within a relatively narrow range,
close to the threshold of detection of the GC/MS-SIM method.
In this regard, the present values with calf thymus DNA were
not appreciably different from those obtained by ourselves (7-
9) and other workers (10, 15, 16). Moreover, in an initial
attempt to understand base level concentrations of the modified
nucleotide derivatives in human tissues, we studied leukocytes
from the blood of two apparently normal individuals. The values
obtained were consistently low: 0.20 and 0.23; 0.12 and 0.14;
0.01 and 0.07; and 0.04 and 0.04 nmol/mg DNA for 8-OH-
Gua, 8-OH-Ade, Fapy-G, and Fapy-A, respectively/' There is

evidence to suggest that surgical margin tissue may not be
microscopically normal (18). Nevertheless, as indicated, in
terms of the DNA bases examined, the surgical margin DNA
was not significantly different from the calf thymus DNA.
Accordingly, the calf thymus data which have previously served

' D. C. Malins. R. Haimanot. and M. Bean, unpublished results.

as a standard for "normal DNA" (10, 15, 16) are compared to

the carcinoma data in Fig. 2.
Overall, the present findings provide persuasive evidence for

substantial -OH-induced alterations having taken place in the

purine nucleotides of DNA from the breast carcinoma. More
over, it seems unlikely that the radical attack on the DNA was
essentially confined to 8-OH-Gua, Fapy-G, and 8-OH-Ade. It

is probable, for example, that the pyrimidine nucleotides were
also modified, although thus far we have not examined these
modifications in sufficient detail to elucidate their relevance to
carcinogenesis. Accordingly, the substantial base modifications
reported are likely to reflect only a partial assessment of the
oxidative changes inflicted on the breast DNA.

To our knowledge, the present study is the first to examine
DNA base modifications in any mammalian tissue on a struc
tural and quantitative basis and, as such, the findings provide a
unique opportunity to evaluate their significance in relation to
the pathobiology of breast cancer. In this respect, the presence
of the relatively high concentration of 8-OH-Gua in the DNA
of the carcinoma tissues seems especially relevant in view of
the evidence demonstrating that 8-hydroxydeoxyguanosine has
an overwhelming effect in causing misreplication in template-
directed DNA synthesis (4). The significance of the other DNA
modifications in this regard can be ascertained only from fur
ther studies. Considering the special need for maintaining the
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Fig. 2. DNA base modifications (nmol/mg DNA) in five female breast tumors
(FBT) of the invasive ductal carcinoma type are compared to those of a (calf
thymus) control. The DNA base modification concentrations represent an average
of duplicate analyses by GC-MS/SIM. There were significant differences among
the concentrations of 8-OH-Gua (P -i 0.01), Fapy-G (P < 0.02). and 8-OH-Ade
(P < 0.05) with respect to the carcinoma tissue and the control (five replicate
analyses); however, the nucleotide base profile of FBT-5 was not significantly
different, although the value for 8-OH-Gua was twice that of the control. The
reason for this anomaly is not readily apparent, although it may be related to a
paucity of neoplastic cells.
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structural integrity of DNA through enzymatic and other proc
esses (11, 12), the substantial â€¢¿�OH-induced modifications in

this molecule are likely to be causally related to the neoplastic
transformations in the breast. However, the origin of the -OH

that potentially initiates the base modifications is unclear, al
though one possibility is that this radical arises from H2O2
generated through the cytochrome P-450-mediated oxidation

of estrogen (19).
A salient feature of tumor cells is their constitutive propensity

to generate high concentrations of H2O2 (20). This suggests
that the -OH attack on DNA in the carcinoma itself may be
associated with escalations in H2O2 concentrations and subse
quent formation of the -OH. That is to say, at some stage in
tumor development, transformed cells become in effect "auto-
mutagenic," bringing about progressive alterations in the DNA

as a consequence of constitutive H2O2 generation. Moreover,
on the basis of the present results, the "antioxidant" capability

attributed to tumor cells (21) may be accounted for, at least in
part, by trapping of the -OH radical through its reactions with
DNA. For example, in sample FBT-1 (Fig. 2) the combined
concentrations of 8-OH-Gua and 8-OH-Ade alone are equiva
lent to 7.7 nmol of H2O2 or -OH, assuming a 1:1 mol ratio (5).

In addition, the resistance to lysis associated with neoplastic
cells (22) may also reflect to some degree the presently dem
onstrated tendency for DNA to act as a trapping agent for the
â€¢¿�OH,which has well known cytolytic properties (23).

Studies of H2O2 generation in tumor cells (20) suggest that
the relatively high concentrations of this oxidant lead to genetic
instability (20, 24, 25). In this regard, the present findings
suggest that the DNA base structure in the breast carcinoma is
progressively modified by the 'OH and is thus likely to produce

a variety of genetically altered cell types, to possibly include
those capable of metastasis. Overall, it seems likely that the
â€¢¿�OH-inducedbase modifications of DNA found in female
breast tumors will also be manifested by other types of cancer.
In addition, the sensitive GC/MS-SIM methodology should

prove to be valuable as a diagnostic tool for predicting, through
DNA base modifications, the occurrence of cancer in a variety
of tissues (9).
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