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ABSTRACT Wavenumber–absorbance relationships of
infrared spectra of DNA analyzed by principal components
analysis may be expressed as points in space. Each point
represents a highly discriminating measure of DNA structure.
Structural modifications of DNA, such as those induced by
free radicals, alter vibrational and rotational motion and
consequently change the spatial location of the points. Using
this technology to analyze breast tumor DNA, we revealed a 94&
difference in direction between the progression of normal
DNA3 primary tumor DNA and the progression of primary
tumor DNA3metastatic tumor DNA (P< 0.001). This sharp
directional change was accompanied by a substantial increase
in the structural diversity of the metastatic tumor DNA (P 5
0.003), which, on the basis of the volume of the core cluster of
points, could comprise as many as 11 3 109 different pheno-
types. This suggests that the heterogeneity and varied phys-
iological properties known to characterize malignant tumor
cell populations may at least partially arise from these diverse
phenotypes. The evidence suggests that the progression to the
metastatic state involves structural modifications in DNA that
are markedly different from the modifications associated with
the formation of the primary tumor. Overall, the findings of
this and earlier studies imply that the observed DNA alter-
ations are a pivotal factor in the etiology of breast cancer and
a formidable barrier to overcome in intervention to control
the disease. In terms of cancer etiology and prediction, the
technology described has potentially wide application to stud-
ies in which the structural status of DNA is an important
consideration.

A significant body of evidence points to the involvement of the
hydroxyl radical (zOH) in introducing mutagenic structures
into DNA of the normal female breast, thus statistically
increasing the probability of breast cancer (1–5). In a recent
study (5), the transformation of primary breast tumors to the
metastatic state was shown to involve a .2-fold increase in
zOH damage in DNA, as indicated by modified nucleotide base
models comprising mutagenic 8-hydroxyadenine (6) and the
putatively nonmutagenic ring-opened product 4,6-diamino-5-
formamidopyrimidine (fapyadenine; refs. 7–11). In addition,
plots of the modified nucleotide base model log10(fapy-
adeniney8-hydroxyadenine) versus the size of metastatic and
nonmetastatic breast tumors revealed that the metastatic
tumor DNA had significantly greater structural diversity than
the nonmetastatic tumor DNA (P 5 0.01; ref. 5).
Principal components analysis (PCA) of data obtained by

Fourier transform-infrared (FT-IR) spectroscopy yielded plots
in which individual spectra were represented as points in two-
or three-dimensional space. Each point was a highly discrim-

inating representation of an individual DNA structure in that
spatially and visually close points had ,3% average spectral
difference over the range 1750–700 cm21 (5). The core cluster
of metastatic tumor DNA points was substantially larger than
the core cluster of nonmetastatic tumor DNA points and
significantly more diverse (P5 0.003). A significant portion of
the diversity likely was the result of the observed increase in
zOH-induced DNA damage revealed by the modified nucleo-
tide base models (5). The increase in oxidative damage may
well be related to the known ability of cancer cells to consti-
tutively generate hydrogen peroxide, the precursor of the zOH
(12). This ‘‘second stage’’ radical attack on the primary tumor
DNA would likely result in additional mutagenic damage and
genetic instability and further increase the number of DNA
phenotypes from which highly malignant metastatic forms
could be selected. Ultimately, the selection process may at least
partially set the stage for the heterogeneity and diverse
physiological properties known to characterize malignant cell
populations (5).
Use of the PCAyFT-IR technology led to the concept that

DNA can be regarded as being ‘‘in motion.’’ That is, the
specific spatial location of points in a two- or three-
dimensional plot is altered by changes in the nucleotide base
and phosphodiester–deoxyribose structures. The structural
modifications cause changes in the height, width, and location
of individual absorbance bands representing various functional
groups (e.g., NH2, PO2, and CO). These spectral differences
provide unique insight into the nature of structural modifica-
tions in DNA associated with primary tumor formation and
progression to the metastatic state.

MATERIALS AND METHODS

Tissue Acquisition, DNA Isolation, and FT-IR Spectro-
scopic Analysis. Tissue acquisition, DNA isolation, and FT-IR
spectroscopic analysis were undertaken as described (5).
Twenty-one samples of DNA from reduction mammoplasty
tissue (RMT) were used as normal controls. Fourteen samples
of DNA from invasive ductal carcinoma without evidence of
metastasis (IDC) and 25 samples of DNA from invasive ductal
carcinoma with evidence of metastasis (IDCm) were used as
test samples. Previously acquired FT-IR spectral data for these
samples (5) were reanalyzed in the present study using the
statistical approaches described below.
Statistical Analysis. PCA is a statistical procedure applied

to a single set of variables with the purpose of revealing a few
variables (components) that are independent of each other and
that capture most of the information in the original, long list
of variables (13). In the present dataset, it was found that five
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Abbreviations: PCA, principal components analysis; FT-IR, Fourier
transform-infrared; RMT, reduction mammoplasty tissue; IDC, inva-
sive ductal carcinoma without evidence of metastasis; IDCm, IDC with
evidence of metastasis; MW, Mann–Whitney.
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principal components (i.e., five dimensions) were sufficient to
describe the 1051 dimensions of the spectra (with the grand
mean of all spectra subtracted from each spectrum) and that
visual representation in two or three dimensions was adequate.
The entire analysis was carried out with core clusters from

each of the three groups (RMT, IDC, and IDCm). Using cluster
analysis, those members of a specified group that stood apart
from others in the core group were identified. The isolated
group members all stood apart from any others in their group
at Euclidean distances representing at least a 12% difference
in the mean normalized absorbance, a visibly notable differ-
ence when spectra were conventionally plotted. The core
clusters can be considered to be the more commonly encoun-
tered DNA structural phenotypes, whereas the isolated group
members represent less frequent phenotypes not present in
great enough numbers to study with this sample, yet overly
influential in the analysis if included. The core clusters con-
sisted of 18 out of 21 RMT samples, 10 out of 14 IDC samples,
and 22 out of 25 IDCm samples.
The hypothesis that DNA structural changes for the pro-

gression of RMT 3 IDC are the same as for the progression
of IDC 3 IDCm was tested on the basis of centroids statisti-
cally derived from groups of points. The centroid is the vector
of mean absorbances of the 1051 individual wavenumbers from
1750 to 700 cm21. If the two progressions are similar, then the
centroids of the three groups would line up in two- and
three-dimensional space.
Formally, the hypothesis that cos(u)5 1.0 was tested, where

u is the angle between a vector x pointing from the RMT to the
IDC centroid and a vector y pointing from the IDC to the IDCm
centroid. cos(u) is defined by cos(u) 5 xzyy(uxu z uyu). The vector
x is indexed by wavenumbers and, at each wavenumber,
contains the difference between the mean normalized absor-
bance of IDC spectra and the mean normalized absorbance of
RMT spectra. The vector y shows the corresponding difference
for IDCm minus IDC spectra. An angle u 5 0 [which is
equivalent to cos(u) 5 1.0] implies that the IDCm is a ‘‘virtual
straight ahead’’ continuation of the RMT3 IDC progression,
and that the centroids line up, whereas u Þ 0 implies that the
IDC3 IDCm progression involves a different suite of spectral
(structural) changes. The hypothesis that cos(u) 5 1.0 was
tested using the bootstrap method (14), which involves resa-
mpling with replacement from the RMT, IDC, and IDCm core
clusters and calculation of cos(u) for each resampling.
To determine if the populations from which the RMT and

IDC core clusters were drawing had distinct centroids (i.e.,
distinct mean absorbance spectra), a permutation test was
carried out on the distance between the RMT and IDC
centroids, randomly permuting labels among RMT and IDC
samples and recalculating distances between centroids. A
similar permutation test was carried out for the distance
between the IDC and IDCm centroids. Finally, the sizes of the
three core clusters were compared using the Kruskal–Wallis
ANOVA and Mann–Whitney (MW) tests on the distance of
each spectrum to the centroid of its cluster. (The P values from
the Kruskal–Wallis and MW tests were approximate, due to
some statistical dependence introduced when sample values
are compared with their sample mean.)

RESULTS

The PCA of FT-IR spectra revealed a change in direction of
DNA in the course of the progression from the normal state
through the primary cancer and metastatic cancer states. The
observed cosine and associated angle between the RMT 3
IDC vector of DNA absorbance changes and IDC 3 IDCm
changes are cos(u) 5 20.08 and u 5 94.48, virtually a right
angle. Alignment of the RMT, IDC, and IDCm centroids
implies cos(u)5 1.0 and u 5 08. A 95% confidence interval for
cos(u) is from 20.63 to 0.40, with an associated 95% confi-

dence interval for u from 668 to 1298. Out of 103 resamplings
in the bootstrap method, no value of cos(u) is larger than 0.67
(or smaller than 20.87), implying P , 0.001 to reject the null
hypothesis of cos(u) 5 1.0 and u 5 0. Fig. 1 shows the
distribution of the angle for the 103 resamplings. The separa-
tion of the distribution from 08 is apparent.
The change in direction is also illustrated in Fig. 2. This

representation shows the core clusters in terms of the first two
principal components. The nearly right angle turn between the
RMT 3 IDC and IDC 3 IDCm progression is designated by
arrows illustrating the angular changes from centroid to cen-
troid. The centroid of the RMT cluster is distinctly separate
from that of the IDC cluster, with a distance of 3.5 normalized
absorbance units (or 11% of the mean normalized absorbance)
and P, 0.001 to reject zero separation by the permutation test.
The separation of the IDC and IDCm centroids is smaller, 2.2
units (7%; P 5 0.08), which is suggestively different from a
random separation.
The size of the IDCm cluster is significantly greater than the

size of the RMT and IDC clusters. The mean distances 6 SD
from their respective centroids are 3.0 6 1.2 normalized
absorbance units for the RMT, 2.46 1.1 for the IDC, and 4.06
1.5 for the IDCm. The population mean distances are very
unlikely to be equal (P 5 0.01, Kruskal–Wallis test), and the
IDCm cluster is significantly larger than either the IDC cluster
(P5 0.003, MW test) or the RMT cluster (P5 0.04, MW test).
While the RMT cluster is somewhat larger than the IDC
cluster, the difference is not statistically significant (P 5 0.4,
MW test). What emerges from these size, location, and angle
comparisons is that, over time, there is a distinct movement
across spectral space in the RMT 3 IDC progression, with a
small decrease in spectral diversity (i.e., size of cluster),
followed by a large increase in spectral diversity in the IDC3
IDCm progression and a qualitatively different series of struc-
tural changes as reflected in the spectra and captured by the
right angle.
A striking feature related to the right angle change is the

location of the non-core spectra with respect to the core
clusters shown in Fig. 3. All the points, with the exception of
one IDC and one IDCm point, are spatially close to the IDC
3 IDCm progression trend seen in Fig. 2. Moreover, all the
points are located on the right side of the plot, the same as
indicated by the IDC 3 IDCm progression. Taking the RMT
3 IDC vector as a reference direction (the same direction that
yielded 948 for the metastatic progression), the outlying points
lie at angles of 72–1328 in multidimensional space.
Considering that even subtle changes in DNA structure

likely define new phenotypes, the potential number of pheno-
types in each cluster can be estimated. Fitting a three-

FIG. 1. Resampling distribution of the angle between the RMT3
IDC progression and the IDC 3 IDCm progression (n 5 103). The
cosine and associated angle between the RMT3 IDC vector changes
and IDC 3 IDCm vector changes are cos(u) 5 20.08 and u 5
94.48—virtually a right angle. Note the absence of any values near 08.
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dimensional ellipsoid to each cluster, using two standard
deviations as the semi-axis for each of the three axes of the
ellipsoid, the estimated volume for each core cluster is 180 for
the RMT, 122 for the IDC, and 385 for the IDCm in cubed,
normalized absorbance units. Assuming that a mean differ-
ence of 0.01% between two spectra distinguishes phenotypes,

the number of phenotypes in the core clusters would be 5.3 3
109 for the RMT, 3.63 109 for the IDC, and 11.33 109 for the
IDCm. If the difference between the spectra of two phenotypes
is as large as 0.1%, then the number of phenotypes for each of
the core clusters would be smaller than those mentioned above
by a factor of 1023.

FIG. 2. Core clusters of RMT, IDC, and IDCm points represented by two principal components. Alterations in the structure of DNA, resulting
from factors in the microenvironment, contribute to the concept of DNA in virtually continual motion in multidimensional PC plots. The virtual
right angle in the figure (depicted by arrows) does not appear to be 948, due to the use of only two dimensions to represent the clusters.

FIG. 3. The core cluster of points and ‘‘outlier’’ non-core points of the RMT, IDC, and IDCm groups represented by two principal components.
Note that all the non-core points are located on the right side of the plot. Moreover, each non-core point, with the exception of the two points
in the lower portion of the plot (location,'25, 5), are spatially close to the IDC3 IDCm progression trend. The non-core points may well represent
DNAs having a relatively high degree of structural damage.
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Fig. 4, which draws attention to differences in the spectra,
shows the mean spectrum of each core cluster minus the grand
mean of all spectra (all core groups). By subtracting the grand
mean spectrum from each group, similarities between groups
have been deemphasized. A comparison across Fig. 4 A–C
shows that each group differs uniquely and substantially from
the others. The two cancer groups differ from the RMT group
notably between '1750-1500 cm21, a region that includes
strong C–O stretching and NH2 bending vibrations of the
nucleotide bases. The spectra of the two cancer groups and the
RMT group also differ between '1300-1000 cm21, a region
assigned to medium antisymmetric vibrations of the PO2 group
('1240 cm21) and the C–O stretching vibrations of deoxyri-
bose ('1100 cm21; refs. 15–17). The spectral differences
between the IDC and the IDCm groups are profound over the
entire spectral range. The IDCm spectrum shows a loss of the
IDC peak at '1680 cm21, which is likely associated with
nucleotide base vibrations. Moreover, the series of bands in the
IDC spectrum between '1300 and 900 cm21 have been
essentially reduced to one band at '1040 cm21, probably
arising from vibrations associated with deoxyribose. Bands in
the 1750–1400 cm21 region are virtually free from interference
by the phosphate and sugar groups, whereas the region 1100–
900 cm21 has overlapping bands (16, 17).
The qualitatively different spectral changes between the two

progressions are illustrated in Fig. 5, which displays the
differences between the mean spectra of the IDC and RMT
groups and the IDCm and IDC groups. The strikingly dissimilar
pattern of the two progressions is evident over virtually the
entire spectral range, most notably between 1750–1400 cm21

and 1100–900 cm21, the areas generally assigned to vibrations
of the nucleotide bases and deoxyribose, respectively.

DISCUSSION

The present work builds on previous studies (5) demonstrating
that zOH-induced modifications of DNA are intimately asso-

ciated with primary tumor formation and ultimately progres-
sion to the metastatic state. The development of technology
using PCA of FT-IR data has made it possible to elucidate
structural modifications of DNA in a precise and discriminat-
ing manner [e.g., spatially and visibly close points in two- and
three-dimensional principal component plots had a ,3%
mean difference over the entire spectral range (5)]. In this
regard, the spatial location of a point is a function of time,
given that DNA is in a state of flux in response to microen-

FIG. 4. The mean spectrum of each core cluster (A–C) minus the grand mean (D) of all core spectra. Substantial differences in the spectra of
the RMT, IDC, and IDCm groups are obvious and particularly notable in the regions assigned to vibrations of the nucleotide bases ('1750-1400
cm21), the PO2 structure (e.g., '1240 cm21), and deoxyribose ('1100-900 cm21). Dramatic differences in the spectra between the IDC and the
IDCm are especially notable (see text for details).

FIG. 5. Plot depicting differences in the mean spectra of the IDC
and RMT groups versus differences in the mean spectra of the IDC
and IDCm groups. The solid line represents the mean IDC spectrum
minus the mean RMT spectrum, and the dotted line represents the
mean IDCm spectrum minus the mean IDC spectrum. Major absor-
bance–wavenumber differences are evident over virtually the entire
spectral region, demonstrating that the progression from normal tissue
to primary tumor tissue involves a markedly different suite of DNA
modifications than the progression to the metastatic state.
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vironmental factors that continually modify its structure. The
structural changes may be induced by free radicals, enzyme
repair systems (e.g., glycosylases and endonucleases), and
other factors. In biological systems, the predominance of
damage over repair would potentially create a change in spatial
location, as would the predominance of repair over damage.
In the present study, centroids of RMT, IDC, and IDCm

groups were studied to determine if the mean spectrum of each
group was unique in that it represented distinct structural
arrangements. The progression during tumor formation and
the progression to the metastatic state were also examined to
determine the structural relationship each had to the other.
The IDCm centroid lies at virtually a right angle to the RMT
3 IDC progression (Fig. 1), suggesting that structural alter-
ations of DNA during primary tumor formation are distinctly
different from those leading to the metastatic state. The RMT
and IDC centroids are spatially distinct (Fig. 2), similarly
suggesting that the RMT and IDC groups have markedly
different structural features. Further, the majority of non-core
points in the plot shown in Fig. 3 are spatially close to the IDC
3 IDCm progression trend, implying that such points may
represent DNA having a relatively high degree of damage with
different structural features from those associated with the
DNA represented in the core cluster.
Details of absorbance–wavenumber relationships depicting

alterations in the functional groups of the nucleotide bases and
the phosphodiester–deoxyribose structure (Figs. 4 and 5)
further illustrate that the RMT 3 IDC and IDC 3 IDCm
progressions are different. Major differences can be observed
in the actual spectra of the RMT and IDC group centroids with
the mean spectrum subtracted (Fig. 4 A and B). The dramatic
RMT3 IDC decrease in absorbance between'1650 and 1500
cm21, the spectral region assigned to strong C–O stretching
and NH2 bending vibrations and weak N–H vibrations and
C–H in-plane base deformations, suggests that marked struc-
tural changes had taken place in the nucleotide bases. These
changes, which are undoubtedly complex, likely result from a
variety of intramolecular associations involving functional
group coupling (vertical stacking interactions of the base
residues), which are known to result in band shifts (16, 17), and
a host of base modifications induced by free radicals and other
factors (e.g., the methylation of cytosine; ref. 18). The attack
of the zOH, in particular, may well account for somatic
alterations reported to occur in cancer-related genes, such as
the tumor suppressor gene p53 (19).
Changes in the nucleotide bases are accompanied by simi-

larly dramatic alterations in the deoxyribose structure, as is
evident in the spectral region '1100-900 cm21. For the most
part, these changes likely reflect zOH reactions involving the
abstraction of hydrogen from one or more of the positions
associated with the furanose structure. Such reactions are
known to yield a variety of products and ultimately lead to
strand breaks and the loss of phosphoric acid (20).
The spectra of the IDC and IDCm group centroids minus the

mean showed almost no similarity, except in the region gen-
erally assigned to symmetrical stretching vibrations of the PO2
group ('1050 cm21; Fig. 4 B andC). The profiles shown in Fig.
5 further illustrate this dissimilarity and reveal that major
spectral regions appear to be essentially ‘‘out of phase.’’ This
is particularly evident between 1600–1400 cm21 and 1150–950
cm21, the areas generally representing vibrations of the nu-
cleotide bases and deoxyribose, respectively. These findings
imply that the metastatic transformation is associated with a
new suite of structural alterations, possibly triggered by a
second attack of the zOH on the primary tumor DNA, as
suggested by the data from the nucleotide base models (5) and
the fact that cancer cells are known to generate hydrogen
peroxide (12). The changes may include further damage to the
nucleotide bases and the phosphodiester–deoxyribose struc-
ture at different locations andyor a major restructuring of

significant portions of the molecule due to disruptions in the
redox balance. Such disruptions would be expected to involve
alterations in the vertical transfer of electrons and the hori-
zontal transfer of protons in DNA, processes that may poten-
tially induce structural changes up to at least 100 bp away from
the initial reaction site (reviewed in ref. 21).
A potentially important aspect of the progression leading to

metastasis is the creation of structural diversity, as suggested
previously (5). Accordingly, an attempt was made to estimate
the possible number of individual structures (phenotypes) that
might be created, based on the volumes of the core clusters.
The estimate was at least in the millions, with the highest
number being derived from the IDCm group. The creation of
structural diversity may be especially important in primary
tumor formation and metastasis in that it sets the stage for the
selection of malignant DNA phenotypes. It has been estimated
that the rate of attack of the zOH on the nucleotide bases is
about five times that for deoxyribose (22). Also, the DNAs
from normal (RMT) tissue and metastatic tumor tissue have
been shown to have substantial structural diversity (4, 5), at
least partly as a result of zOH-induced modifications in the
nucleotide bases and the phosphodiester–deoxyribose struc-
ture. Such diverse populations of DNA likely provide a basis
for the selection of subgroups of highly malignant phenotypes
with modified base structures and virtually no impairment of
deoxyribose. Thus, the ability of the zOH to preferentially
modify the base structure, rather than the carbohydrate moi-
ety, may ultimately be a decisive factor in the generation of
malignant phenotypes at the cellular level. Importantly, the
pronounced diversity of the IDCm phenotypes may account to
a considerable measure for the cellular heterogeneity and
varied physiological properties known to characterize meta-
static cell populations (23, 24).
The PCA of FT-IR spectra have been shown to be highly

discriminating in distinguishing subtle changes in DNA struc-
ture in relation to cancer and would appear to have application
to other diseases in which alterations in the structure of DNA
are a consideration. However, additional work is necessary
(e.g., using various oligonucleotides) to provide further insight
into the influence of different structural features of DNA on
the spatial orientation of the points in the principal component
plots and modifications that govern their movement.
The present findings support the notion that the cancer-

related damage to DNA revealed in this and previous reports
(1–5) is a pivotal event in the etiology of primary tumor
formation and metastasis in the breast, as it may be in other
cancer-prone tissues as well. Moreover, intervention to reduce
breast cancer rates, notably sporadic occurrences, which ac-
count for '90% of breast cancer cases (25), will likely neces-
sitate controlling those factors that contribute to the damage,
possibly including the effects of estrogens (26) and xenoestro-
gens (27). With regard to the etiology and prediction of cancer,
the technology employed should have wide application to a
variety of clinical and laboratory studies in which the status of
DNA structure is important. Among such possible applications
are studies of the effects of DNA cleaving molecules having
selective anti-cancer activity (28, 29), DNA damage resulting
from radiation (30), antioxidant protection against DNA ox-
idation (31, 32), structural alterations in DNA resulting from
hormones (26) and xenobiotics (27), and somatic changes in
genes (33).
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