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ABSTRACT Hydroxyl radical damage in metastatic tu-
mor DNA was elucidated in women with breast cancer, and a
comparison was made with nonmetastatic tumor DNA. The
damage was identified by using statistical models of modified
base and Fourier transform-infrared spectral data. The mod-
ified base models revealed a greater than 2-fold increase in
hydroxyl radical damage in the metastatic tumor DNA com-
pared with the nonmetastatic tumor DNA. The metastatic
tumor DNA also exhibited substantially greater base diversity
than the nonmetastatic DNA, and a progression of radical-
induced base damage was found to be associated with the
growth of metastatic tumors. A three-dimensional plot of
principal components from factor analysis, derived from
infrared spectral data, also showed that the metastatic tumor
DNA was substantially more diverse than the tightly grouped
nonmetastatic tumor DNA. These cohesive, independently
derived findings suggest that the hydroxyl radical generates
DNA phenotypes with various metastatic potentials that likely
contribute to the diverse physiological properties and heter-
ogeneity characteristic of metastatic cell populations.

Metastasis of tumors is a major cause of treatment failure in
cancer patients. It is a complex process involving the detach-
ment of cells from the primary neoplasm, their entrance into
the circulation, and the eventual colonization of local and
distant tissue sites (1). Metastatic cells are characterized by
substantial heterogeneity and diverse physiological properties
(1, 2). Oxidative stress has been implicated as an important
factor in metastasis, notably because it results in a loss of cell
adhesion which is the prerequisite for cellular detachment and
host tissue invasion (1, 3). Oxidative stress, which is rapidly
induced in murine mammary tumor cells exposed to sublethal
(nontoxic) concentrations of H,O,, inhibited tumor cell at-
tachment to immobilized laminin and fibronectin (3). More-
over, pretreatment of tumor cells with H,O, and H,0,-
generating systems prior to intravenous injection of the cells
enhanced experimental lung tumor colony formation (3).
Thus, treatments that favored reactive oxygen species also
inhibited tumor attachments to extracellular proteins in vitro
and enhanced experimental metastasis in vivo. This is consis-
tent with evidence showing that oxidative stress enhances cell
invasion into local host tissue (1, 2) and that hydroxyurea-
treated melanoma cells become transiently more metastatic
and develop a resistance to H,O; toxicity (4).

The suspected role of H,O, in metastasis is a logical
extension of an interest in the propensity for reactive oxygen
species to induce cancer-related damage in DNA. Primarily,
the focus has been on damage inflicted by the highly reactive
hydroxyl radical (‘OH) on the nucleotide bases (5, 6). The
Fe2*-catalyzed conversion of H,O, is a major route to the
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synthesis of the ‘OH in living systems (7, 8). The source of
H>0; has been suggested to be the redox cycling of estrogens
(9-12) and xenoestrogens (13-15). Notably, metabolic redox
cycling between 4-hydroxyestradiol and its quinone has been
shown to generate ‘OH-induced DNA base damage in vitro
(12). Progressive increases in the radical attack on the DNA
result in mutagenic structures, such as 8-hydroxyadenine (8-
OH-Ade) (16) and 8-hydroxyguanine (8-OH-Gua) (17, 18),
that are associated with a heightened risk of cancer. An
additional component of the radical attack is the introduction
of putatively nonmutagenic structures into DNA—the ring-
opened (Fapy) derivatives of adenine and guanine (19-24).
The ratio of Fapy structure to OH-adduct is likely governed by
the 8-oxyl intermediate, a carbon-centered radical formed
from the initial reaction of the -OH with adenine (A8OH') or
guanine (G8OH") (24, 25). The radical intermediate is “redox
ambivalent,” implying that a shift in the redox status of DNA
alters the relative rates of formation of the Fapy structures and
OH-adducts. The former structures would be favored under
reductive conditions, and the latter under oxidative conditions.
The chemical transformations likely responsible for the for-
mation of these structures are depicted in Fig. 1. The Fapy
structure blocks DNA synthesis (26) and mRNA transcription
(27), whereas OH-adducts induce misincorporation (18, 26).
Thus, under conditions of ‘OH stress, the accumulation of
Fapy structures in the DNA apparently represents a favorable
alternative to the acquisition of the OH-adducts (5, 24).
DNA is ideally suited to the formation of the redox-
mediated base modifications in that H*, e~, and H,O (Fig. 2)
are readily available within the DNA matrix. Moreover, elec-
tron transfer from base to base along the helix axis is extremely
rapid (estimated at 10'* sec™!) (28) and can extend to 100 base
pairs (25). Proton transfer perpendicular to the helix axis
involves only a slight displacement of the equilibrium position
of the bridging proton and is similarly an extremely fast process
(25). Repair enzymes—e.g., glycosylases—are known to repair
the Fapy structure (19-23, 29) and the OH-adducts at similar
rates (19-21). Additionally, the Fapy structure may revert to
the original base via the action of purine imidazole cyclase
(30). Overall, the DNA damage is a function of the rate of base
modification and repair (5, 24, 29); however, the repair ca-
pacity appears to be significantly reduced in tumors (31).

Abbreviations: 8-OH-Ade, 8-hydroxyadenine; 8-OH-Gua, 8-hydroxy-
guanine; Fapy derivative, ring-opened derivative; FT-IR spectroscopy,
Fourier transform-infrared spectroscopy; IDC, DNA of nonmetastatic
tumor; IDC,,, DNA of metastatic tumor; RMT, DNA of reduction
mammoplasty tissue; PC, principal component; GC-MS, gas chroma-
tography-mass spectroscopy; PCA, principal components analysis.
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FiG. 1. Proposed scheme for the formation of Fapy derivatives and OH-adducts in the female breast (24, 25). H,O, formed from the redox
cycling of estrogens and/or xenoestrogens (E), is converted to the OH in the presence of catalytic concentrations of Fe2*. The -OH attacks the
base (adenine), forming the redox ambivalent 8-oxyl intermediate (ASOH’). A shift in the redox status of the DNA favoring reductive pathways
(a and c) leads to the Fapy structure, whereas a shift in favor of oxidation (b) results in the formation of the mutagenic OH-adduct (8-OH-Ade).
A reversion to the original base is possible as shown in the dehydration reaction (c). [Adapted with permission from ref. 25 (copyright 1989 American

Chemical Society).]

A prime example of the damaging effects of the ‘OH on DNA
was found in the canceroust and noncancerous human breast in
which substantial damage to the base structure of DNA (often
exceeding one modified base for every 10* equivalent normal
bases) was revealed by gas chromatography-mass spectrometry
(GC-MS) (24). The damaged bases included the mutagens 8-OH-
Gua and 8-OH-Ade and the ring-opened products 2,6-diamino-
4-hydroxy-5-formamidopyrimidine [Fapyguanine (Fapy-G)]
and 4,6-diamino-5-formamidopyrimidine [Fapyadenine
(Fapy-A)]. DNA from the noncancerous breast was charac-
terized by a high ratio of Fapy-A to 8-OH-Ade and 8-OH-Gua.
However, a dramatic shift in this relationship in favor of
OH-adducts was found in the cancerous breast. This alteration
in the modified base relationships was attributed primarily to
a shift in the redox status of the cells favoring oxidative
conversions from the 8-oxyl derivative (ref. 24; Fig. 1).

A notable feature of previously reported plots of predicted
cancer probability vs. the logyo ratio of Fapy structures to
OH-adducts (24) and predicted cancer probability vs. the risk
score derived from Fourier transform-infrared (FT-IR) spec-
tral data (32) was the sharp rate of change reflected in the
sigmoid curves. This suggested that a slight change in redox
status, such as initiated by an increase in the -OH, would result
in a relatively large change in the cancer probability. Both
statistical relationships reflect the nonrandom, cancer-related
progression of damage identified in the breast DNA of normal
women (24, 32). We now refer to this nonrandom progression
of damage as radical-induced DNA disorder (RIDD).

The keen interest in the nature of metastasis has focused to
a considerable extent on alterations in cellular morphology
and physiology (33, 34) to the virtual exclusion of potentially
critical events in the microenvironment of DNA that damage
the molecular structure and potentially give rise to cellular
changes known to characterize the development and progres-
sion of metastatic tumors. However, recent advances in ana-
lytical techniques (24, 32) have substantially enhanced the
ability to elucidate subtle cancer-related changes in DNA (35).

No distinction was made with respect to the presence or absence of
positive subaxillary lymph nodes.

The successful use of the complementary techniques of
GC-MS and FT-IR spectroscopy in this regard (24, 32) led to
the application of these powerful capabilities to increase
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F1G. 2. Proton and electron transfer in DNA. Electron transfer
occurs horizontally and proton transfer perpendicularly to the helix
axis. The redox status is dependent on the balance between H*, e,
and H>O (25) once the “OH attacks a base and introduces the redox
ambivalent 8-oxyl derivative (A8OH'; see Fig. 1). [Adapted with
permission from ref. 25 (copyright 1989 American Chemical Society).]
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understanding of important molecular changes associated with
metastasis in the female breast.

Hydroxyl radical damage in DNA was studied in women with
invasive ductal carcinoma of the breast, with and without
evidence for metastasis (positive subaxillary lymph nodes),
and compared with DNA from noncancerous tissue. Using
previously employed Fapy-A/8-OH-Ade statistical models
(24), we analyzed the DNA of metastatic tumors (IDCy,) and
compared it to the DNA of nonmetastatic tumors (IDC).
Comparisons were also made between statistical models of
FT-IR spectral profiles of IDCy,, IDC, and DNA from reduc-
tion mammoplasty tissue (RMT) by using principal compo-
nents analysis (PCA).

MATERIALS AND METHODS

Tissue Acquisition and DNA Isolation. Tissues were obtained
from local Seattle hospitals and The Cooperative Human Tissue
Network (Cleveland). A total of 12 tissues were obtained from 12
patients with invasive ductal carcinoma of the breast with no
lymph node involvement, of which one was multifocal (the second
focus being a signet ring cell carcinoma, which was not evaluated)
and one was bilateral breast cancer (only one of which was
evaluated). A total of 25 tissues were obtained from 25 patients
with invasive ductal carcinoma having one or more lymph nodes
positive for metastatic cancer. No unusual histologies were evi-
dent among the nonmetastatic and metastatic groups with the
exception of the two IDC samples mentioned. Tumor size was
based on the maximum dimension of the tumor, as recorded in
the pathology reports. Noncancerous breast tissue was obtained
from 21 patients who had undergone hypermastia surgery (re-
duction mammoplasty). Routine pathology showed no cellular
changes other than occasional nonneoplastic—e.g., fibrocystic—
lesions in these tissues.

After excision, each tissue was flash frozen in liquid nitrogen
and stored at —80°C. DNA was isolated from the tissues as
described (36), dissolved in deionized water, and aliquoted for
GC-MS (=50 pg of DNA was analyzed in duplicate for a total
of 100 ng) and FT-IR spectroscopy (=20 ug), as reported (24,
32). Each DNA sample was completely dried by lyophilization,
purged with pure nitrogen, and stored in an evacuated, sealed
glass vial at —80°C (32). All samples were analyzed by FT-IR
spectroscopy. The total amount of DNA available made it
possible to analyze nine IDC,, and six IDC samples by GC-MS.

GC-MS and FT-IR Spectroscopic Analysis. The ~50 pg of
DNA was hydrolyzed, derivatized, and analyzed by GC-MS as
described (24, 37). The GC-MS data were expressed in nmol
of base lesion per mg of DNA. The IR spectra were obtained
by using the Perkin-Elmer System 2000 equipped with an
I-series microscope (Perkin—-Elmer). Each spectrum was spec-
ified by the absorbance at each integer wavenumber from 2000
to 700 cm~!. Only the interval from 1750 to 700 cm™!, which
included all major variations among spectra, was included in
this analysis. A baseline adjustment and normalization was
carried out as reported (32). One RMT was represented by two
sections. The mean of the two adjusted and normalized spectra
was used in these analyses. The multiplicative normalizing
factor was applied to absorbances between 1750 and 700 cm 1.
By using deuterium exchange (38), no evidence was found to
suggest that absorbed moisture contributed to the spectral
properties of DNA.

Statistical Analysis. IDC,, and IDC were compared by using
the ¢ test on the following statistical models: log;o(Fapy-A),
log10(8-OH-Ade), log;o(Fapy-A + 8-OH-Ade), and log;o(Fapy-
A/8-OH-Ade). Log;o data were used to produce a more normal
distribution. The association of base concentration statistics with
tumor size was measured using the Pearson correlation coeffi-
cient and simple linear regression.

PCA is a statistical procedure applied to a single set of variables
with the aim of discovering a few variables (components) that are
independent of each other and which capture most of the
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information in the original, long list of variables. The methodol-
ogy can greatly reduce the number of variables of concern. PCA
partitions the total variance by finding the first principal compo-
nent (PC) (a linear combination of the variables) which accounts
for the maximum amount of variance. PCA then finds a second
combination, independent of the first PC, such that it accounts for
the next largest amount of variance. This procedure continues
until a number of independent PCs are found that explain a
significant portion of the total variance. In the present context,
PCA was a way to identify major features of absorbance-
wavenumber variation across a collection of spectra and describe
that variation succinctly.

By using PCA, it is possible to identify a small number of
components that serve as “building blocks” for the spectra, so
that each spectrum can be represented by a few PC scores.
PCA was carried out with the grand mean spectrum subtracted
from individual spectra. Prior to the analysis, it was decided to
retain enough components to explain at least 90% of the total
variation (around the mean) of the data set. To determine if
some of the differences among spectra might be due to age, the
correlation between age and each PC score was calculated. To
visualize the spectral relationship of the cancer and noncancer
groups (IDCy, IDC, and RMT), plots were constructed based
on their first three PC scores.

RESULTS

Nucleotide Base Measurements. The mean log;o modified
base values given in Fig. 3 differ significantly (P = 0.05 and
0.06) in favor of the IDCp, representing a 2.3- and 2.4-fold
increase over the IDC. In addition, the IDC,, show greater
variation (diversity) than the IDC, as demonstrated by the
standard deviations of base concentration statistics. The stan-
dard deviation is approximately twice as large in the IDCy,
group than in the IDC group for both the log;o(8-OH-Ade)
and log;o(Fapy-A + 8-OH-Ade) concentrations.

The greater diversity of the IDC,, appears to be related to
the progression of the metastatic process (Fig. 4). The values
for the IDC,, are distinctly more dispersed than those for the
IDC. The regression line for the IDC,, is steeper (with Pearson
correlation coefficient of r = 0.75; P = 0.02) than for the IDC
(r = 0.53; P = 0.3) in relation to tumor size, although the
difference in slopes and correlations is not statistically signif-
icant (P = 0.2, based on F from multiple regression). The slope
in the IDC group is 0.020 (SD = 0.016), indicating an ~5%
multiplicative increase in ratio per 1-cm increase in tumor size
for the IDC group. For the IDCy, group, the slope is 0.108 (SD
= 0.036) indicating a 28% increase in the ratio per 1-cm
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(=)

® IDC,,
® pDC

0.01 :
Fapy-A +

8-OH-Ade

F1G. 3. A plot showing the mean concentrations + SEM of two
different modified base models in relation to the IDC, and IDC. The
difference between the IDC,, and the IDC in relation to mean
logio(Fapy-A) and mean log;o(Fapy-A/8-OH-Ade) values was not
statistically significant.

8-OH-Ade
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increase in tumor size. The variability around the regression
lines is also significantly different between the IDC,, and IDC,
as indicated by the standard deviation of the estimate: 0.247 for
the IDCp, and 0.060 for the IDC group, a ratio of four (P =
0.01; F test). One outlier in the log;o ratio was removed from
the analysis. This IDC had a logo ratio of 0.07, distinctly an
outlier compared with the range for the six other IDC samples
of —0.4 to —0.6, with a mean of —0.5 and a standard deviation
of 0.06. The outlier was nine standard deviations from the
mean of the remaining IDC samples. There were no statisti-
cally significant correlations between base concentrations and
age and the number and percentage of positive lymph nodes.
Similarly, there were no statistically significant associations
between tumor size, age, and the number or percentage of
positive lymph nodes.

PCA of Spectral Profiles. Spectral profiles revealed great
diversity of the IDCy, group and homogeneity of the IDC group.
Fig. 5 shows a three-dimensional representation of the spectra
based on PCA. The position in this plot is determined by the
absorbance spectrum, mainly expressed as the height, width,
and location of peaks. There is a core cluster of IDC samples

substantially increased diversity.

in the upper part of the plot (indicated by yellow spheres). The
two IDC samples in the lower left part of the plot are outliers
well removed from the core cluster. Notably, these are (i) an
IDC with a second focus of signet ring cell carcinoma and (i)
a bilateral breast cancer. As apparent from the plot, both the
IDC,, cluster (magenta) and the RMT cluster (blue) are
considerably larger—indicating greater spectral diversity—
than the core IDC cluster. The substantial spectral diversity in
the RMT is consistent with the previously reported pro-
nounced diversity in DNA of noncancerous breast tissue (32).

The size of a cluster can be measured and its spectral
diversity represented by the mean distance of the members
from the centroid of the cluster. This distance can be expressed
as an approximate percent difference in normalized absor-
bance per wavenumber between a cluster member and the
mean spectrum for the cluster, which lies at its centroid. The
distance expressed as a percent difference is calculated as (i)
100% times the square root of the mean squared difference in
normalized absorbance across wavenumbers 1750 to 700 cm ™7,
which is then (i) divided by 1.0, the approximate mean
normalized absorbance for most spectra. For the comparison

FiG. 5. A three-dimensional plot of PC 1,
2 and 3. Each sphere represents a DNA
absorbance spectrum. The location of a
sphere is determined by the “shape” of the
spectrum, including height, width, and loca-
tion of absorbance peaks. The core cluster of
IDC spheres in the upper part of the plot
(yellow) is significantly smaller than the more
diverse and larger IDCr, cluster (magenta).
The RMT and IDC,, clusters substantially
overlap and the difference in size is not
statistically significant. Outliers “1” and “2”
represent a multifocal carcinoma, with one
focus being a highly malignant signet ring cell
carcinoma and the other being a bilateral
breast cancer, respectively.
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PC 1

F1G. 6. Two IDC spectra are shown which are spatially close on the adjacent three-dimensional PC plot (see arrows marked A and B). The two
overlaid spectra differ by a mean of only 3% in normalized absorbance, demonstrating the high precision of the PCA and the fact that spatially

close spheres have almost identical spectral profiles.

of cluster sizes, three RMT, three IDC,, and two IDC samples
that lie at outlier distances from the centroid in each group
were removed to define a core cluster for the RMT, IDC,,,, and
IDC. All outliers had at least a 20% difference from any
member of their cluster. On the basis of centroids and dis-
tances of the remaining cases, the spectral diversity (mean
distance from the centroid) was 12.4% for the IDC,, group,
7.3% for the IDC group, and 9.2% for the RMT group. An
approximate P value for the difference in diversity between
groups was based on the Mann-Whitney test, comparing
distances to the centroids without outliers: P = 0.003 for IDC
vs. IDCy,; P = 0.04 for RMT vs. IDCp,; and P = 0.4 for RMT
vs. IDC. (The P values are approximate because dependence
among distances is introduced through the calculation of the
common centroid.)

Based on initial PCA of the 58 samples (RMT, n = 21;
IDCpy, n = 25; and IDC, n = 12), four outliers were detected—
specimens whose FT-IR spectra departed strikingly from the
rest of the group and which had outlier PC scores. The PCA
was repeated, initially eliminating these four outliers. The PC
scores were then calculated for these outliers in a manner
similar to the others (subtracting the grand mean spectrum of the

3.0-

——Mean

n
(4]
T

n
o
T

Normalized absorbance
— -
o 13
T E 3

o
[$)]
T

0.0

Wavenumber, cm™!

1800 1600 1400 1200 1000 800 600

54 samples and then projecting each of the residual spectra on the
PC eigenvectors). It was found that 91% of the variation in
absorbance of the 54 samples was explained by the first five
components. This implies that variation among spectra is highly
structured. The 1051 wavenumbers from 1750 to 700 cm™!
constitute potentially 1051 dimensions of variation. Over 90% of
this variation can be represented by only five dimensions.
There were only weak correlations of PC scores with age, but
some correlations were statistically significant for all samples
combined. Correlations between age and PC scores were as
follows: r = 0.21 for component 1 and age (P = 0.1), r = 0.29
for component 2 and age (P = 0.003), r = 0.03 for component
3 and age (P = 0.8), r = 0.25 for component 4 and age (P =
0.06), and r = 0.30 for component 5 and age (P = 0.02). The
small magnitude of these correlations suggests very little
influence of age on spectral structure. Further, even the
statistically significant correlations (PC 2 and PC 5) appear to
be an artifact because correlations between the PC scores and
age in the cancer and noncancer groups separately are very
weak (less than +0.18) and are not significant (minimum P =
0.4). There is a broad range of ages for all groups, which should
allow a substantial true correlation to be detected: 17-89 years
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Fic. 7. Spectral profiles of two IDC outliers (see Fig. 5) compared with the spectral profile of the mean IDC core cluster; “1” represents a
multifocal carcinoma, with one focus being a highly malignant signet ring cell carcinoma, and “2” represents a bilateral breast cancer. In each case,
the dramatic difference between the mean and outlier spectrum is apparent over most of the spectral region (see text for wavenumber—structure
relationships) illustrating the pronounced structural discrimination associated with the PCA.
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for all samples, 26-89 years for cancer (IDC, and IDC), and
17-63 years for RMT. There was also no statistically significant
correlation of the PC scores with the number or percentage of
positive lymph nodes.

Fig. 6 depicts two overlaid spectra that lie close together on
the three-dimensional PC plot together with their location on
the plot. The actual spectra differ by a mean of only 3% in
normalized absorbance, indicating high precision in charac-
terizing spectral phenotypes. The two IDC outliers mentioned
earlier are also distinct in spectral profile from the core IDC
cluster. Fig. 7 shows these two spectra superimposed on the
mean normalized spectrum of the IDC core cluster. Differ-
ences are notable over most of the spectral area but especially
in the following regions: 1700 to 1350 cm ™1, the peak at ~1240
cm™!, and 1180 to 900 cm 1. These regions generally represent
N—H and C—O vibrations of the bases, PO, antisymmetric
stretching vibrations of phosphodiester groups, and C—O
vibrations of deoxyribose, respectively (32, 39).

DISCUSSION

The etiology of metastasis is poorly understood and specific
markers of the transformation process have not been identi-
fied, although several studies have suggested that structural
and functional alterations in genes may play a role (1, 40-42).
Metastatic cell populations are characterized by pronounced
heterogeneity and diverse physiological properties (1, 2). They
exhibit a wide range of genetic, biochemical, immunological,
and other characteristics that facilitate the invasion and col-
onization of host tissues (1, 2). However, virtually no prior
information was available on alterations in DNA specifically
relating to metastasis, such as may arise from free radicals. Yet
these highly reactive substances have been linked to the
formation of a broad range of mutagenic OH-adducts and
putatively nonmutagenic Fapy structures in cancerous and
noncancerous breast tissues (24, 43, 44). Accordingly, we
hypothesized that the type of radical reactions previously
shown to be associated with DNA damage and cancer (24, 32)
would, once a tumor develops, impose additional damage that
gives rise to the unique properties associated with metastatic
cell populations (1, 2).

The role played by the ‘OH in metastasis was examined by
using the powerful complementary techniques of GC-MS and
FT-IR spectroscopy. The ready availability of H*, e ~, and H,O
in DNA and the high reactivity of the ‘OH with various
functional groups allow for the redox-mediated formation of
the mutagenic OH-adducts and putatively nonmutagenic Fapy
structures determined by GC-MS (Fig. 1).

The modified-base models (Fig. 3) revealed a >2-fold
increase in total mean radical-induced oxidative damage in the
IDC,, compared with the IDC. Moreover, the difference in
standard deviations indicated that the IDC,, had greater base
variation (diversity). Tumor cells have been shown to consti-
tutively generate high concentrations of H>O; (45). They also
exhibit resistance to lysis by H,O, (46) and likely possess
specific antioxidant defenses (47), suggesting an ability to
protect themselves from high concentrations of reactive oxy-
gen species (4, 45-47). Thus, an explanation for the higher
degree of radical damage inflicted on the IDC,, may be that
metastatic cells are more deficient in antioxidant defenses in
addition to having elevated levels of reactive oxygen species.

Of particular interest was the relationship between the
logio(Fapy-A/8-OH-Ade) ratio and tumor size (Fig. 4). The log;o
base ratios of the IDC were essentially unchanged over a broad
range of tumor sizes, representing a tight cluster of values. The
IDC,, ratios not only increased substantially with tumor size—
favoring Fapy-A—but were also widely dispersed around the line,
suggesting a substantially increased base diversity associated with
metastatic tumor development and growth. The apparent shift in
redox status (Fig. 1) favoring Fapy-A is difficult to understand
(Fig. 4); however, it may tend to stabilize the delicate balance of
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structural modifications in those subpopulations of DNA en-
dowed with significant metastatic potential. The introduction of
an oxygen atom at the 8-position of guanine has been shown to
substantially change its electrostatic potential and impart a neg-
ative character that may alter DNA polymerase interactions, thus
potentially modifying the fidelity of DNA replication (48). Hence,
the apparent preference for the Fapy structure during the growth
of metastatic tumors may prevent electrostatic changes from
being introduced into DNA that threaten the viability of meta-
static cells. The preference for the Fapy structure also suggests a
reversion to conditions prevailing in the RMT in which the mean
logio(Fapy-A/8-OH-Ade) was shown to be positive (24, 32).

DNA repair systems were considered as a possible expla-
nation for the base changes; however, repair enzymes—e.g.,
glycosylases—show a diminished activity in breast and other
tumor cells (31) and were also reported to have a similar
specificity toward substrates containing OH-adducts and Fapy
residues (19-21, 29). Accordingly, it seems unlikely that the
substantial increase in log;o(Fapy-A/8-OH-Ade) ratios (Fig.
4) can be significantly attributed to differential repair of the
two types of modified base structures.

Additional insight was obtained by using FT-IR spectros-
copy, which provided information on damage to the phos-
phodiester—deoxyribose backbone of the DNA as well as the
base structure. A three-dimensional plot of PC scores was
derived from FT-IR spectral correlations (Fig. 5). The greater
diversity of the IDC,, group, noted earlier in connection with
base concentrations and ratios, is also apparent in Fig. 5. The
‘OH is known to react primarily with the double bonds of the
bases, although it also abstracts hydrogens from deoxyribose
leading to a series of reactions resulting in strand breaks (49).
Both types of radical damage would be reflected in the FT-IR
spectral properties associated with the IDC,, and IDC and
would be expected to contribute to the spatial differences
found between these DNA groups and the increased structural
diversity of the IDC,,. The substantial diversity of the RMT is
consistent with previous findings (32) in which the DNA of
healthy women represented a nonrandom progression of dam-
age attributed to the ‘OH. The finding that both the IDC,, and
the RMT have a greater diversity than the IDC (Fig. 5) is
consistent with the notion that metastasis involves a reversion
to DNA structural profiles found in normal tissue (32), as was
also suggested by the apparent preference shown for the Fapy
structure in relation to metastatic tumor growth (Fig. 4). Not-
withstanding, the IDC,, would be expected to be enriched in
mutagenic structures—e.g., base transversions—that are likely
undetectable by the presently employed analytical techniques.

The three-dimensional plot reflects a high degree of struc-
tural specificity and represents over a million absorbance-
wavenumber correlations. This specificity is evident in Fig. 6
in which less than 3% spectral difference exists between two
samples (spheres) that are spatially close. The two IDC outliers
are of additional interest. Given that the core IDC cluster had
a high degree of pathologic homogeneity, it was expected that
histologically divergent samples would fall outside the core
cluster. Fig. 7 illustrates substantial spectral differences be-
tween the two outliers and the mean spectrum of the core IDC
cluster, thereby supporting this perspective. Future research
may confirm that PCA of FT-IR spectra is a promising
technique with high structural specificity for discriminating
DNA phenotypes in cancer diagnosis and prediction.

The present findings provide new understanding of factors
governing metastatic transformations in the female breast and
special emphasis is placed on the damaging effects of the -OH
on DNA. In this regard, an important factor in maintaining
viable subpopulations of metastatic DNA in the breast would
likely be the balance between the rate of damage and repair
associated with both the base and deoxyribose structure (50,
51). Moreover, the substantial degree of base damage identi-
fied in the IDC,, may be closely linked to the activation or
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augmentation of nuclear oncogenes (16-18) and the deregu-
lation of tumor suppressor genes, such as p53 (52-54). The -OH
may also alter cellular proteins and carbohydrates critical for
cell adhesion (3) and thus facilitate the development of
metastasis. Considering that the -OH damage is likely critical
in the initiation and development of primary breast tumors (24,
32) and appears to play a pivotal role in metastasis, certain
intervention strategies seem promising. These include regula-
tion of redox shifts associated with mutagenic and related
DNA damage, iron metabolism in relation to the catalytic
conversion of H,O; to the ‘OH (55, 56), and control of redox
cycling reactions of estrogens (9-12) and xenoestrogens (13-
15) governing the generation of H,O, and the ‘OH. Antioxi-
dant/reductant preparations that preferentially target the
breast epithelium may be particularly promising in controlling
the radical-induced damage. In this regard, vitamin C intake
is reported to decrease breast cancer incidence in humans (57)
and reduce estrogen-induced carcinogenesis in animals (58).
The therapeutic effects of intervention could be monitored by
using the discriminating analytical/statistical protocols de-
scribed in this and previous reports (24, 32).

Evidence has been presented showing that the ‘OH modi-
fication of DNA is intimately involved in the progression of
breast tumors to the metastatic state and is likely an important
etiologic factor contributing to the high degree of heteroge-
neity and diverse physiological properties characteristic of
metastatic cell populations. In a broader sense, the findings
strongly support the concept that conditions in the microen-
vironment have a profound effect on the ability of DNA to
faithfully transcribe genetic information, a likely example
being the radical modification of cancer-related genes. Future
research, using the analytical techniques described, may pro-
vide an ability to identify critical metastatic changes in the
DNA of a variety of transformed tissues prior to evidence at
the cellular level.
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