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Currently used clinical and histopathological parame-
ters imprecisely define the risk of distant recurrence in
breast cancer, underscoring the need for more informa-
tive prognostic markers. In the present fluorescence in
situ hybridization study of archived surgical specimens,
we derived an algorithm for computing a prognostic
index (PI) from DNA copy numbers of three genomic
regions (CYP24, PDCD6IP, and BIRC5) for estrogen/
progesterone receptor-positive (ER/PR�) cancers and a
distinct PI (based on NR1D1, SMARCE1, and BIRC5) for
estrogen/progesterone receptor-negative (ER/PR�)
cancers. Among independent test cases stratified by
PI, recurrence rates were significantly higher among
high-risk patients than low-risk patients for both ER/
PR� (odds ratio � 9.52, 95% confidence interval
>2.12, P � 0.0024) and ER/PR� (odds ratio � 12.3,
95% confidence interval >1.45, P � 0.0188) cancers.
Among the entire population, recurrences were sig-
nificantly more prevalent for cases with PI above the
medians for both ER/PR� (Fisher’s exact, P � 1.19 �
10�5) and ER/PR� (P � 0.0025) patients and for the
node-negative subsets (ER/PR� node-negative, P �
0.042 and ER/PR� node-negative, P � 0.039). In conclu-
sion, these markers perform well in comparison
with other criteria for recurrence risk assessment
and can be used with routinely formalin-fixed,
paraffin-embedded surgical specimens. (J Mol Diagn
2007, 9:327–336; DOI: 10.2353/jmoldx.2007.060079)

The risk of distant recurrence in patients with invasive
breast carcinoma is imperfectly predicted by factors
such as age at diagnosis, clinical and pathological stage,
tumor cell nuclear grade, and estrogen/progesterone re-
ceptor (ER/PR) status. Approximately 30% of breast can-
cer patients with early-stage disease and no detectable
axillary lymph node involvement eventually will have a
distant metastasis, whereas 30% of patients at higher risk
according to conventional parameters would not have a

recurrence if treated with local therapy only.1,2 Difficulty
in accurately identifying patients destined for a recur-
rence complicates decisions regarding the use of adju-
vant chemotherapy.3

Analyses of a variety of tumor cell molecular markers
may be useful in the assessment of patients with breast
carcinomas. The presence of estrogen and progesterone
receptors is associated with less aggressive tumors and
response to hormone therapy. Acquisition of extra copies
(amplification) of the HER2 gene in tumors correlates with
poorer outcome4 and is an indication for treatment with
the immunotherapeutic drug trastuzumab.5 Methods for
global quantitation of mRNAs via microarray analysis
have made it possible to develop gene expression pro-
files of breast carcinomas useful in predicting outcome. A
70-gene expression profile was identified that correlates
with good outcome in relatively young women with early-
stage lymph node-negative cancers,6 and another 76-
gene expression profile predictive of survival in pre- or
postmenopausal women with small tumors has also been
described previously.7 An expression panel of 21 genes
was used to generate a recurrence risk algorithm for
women with ER/PR� lymph node-negative breast can-
cers who had been treated with tamoxifen8, and a prog-
nostic marker based on the expression ratio of two genes
has been identified from gene expression profiling of
tamoxifen-treated early-stage cancers.9 Such expression
profiling holds promise as an approach for developing
prognostic markers. However, the markers have been
validated in a limited spectrum of disease presentations,
namely early-stage disease and ER/PR� cases. Further-
more, quantification of multiple mRNA levels in tumors is
expensive and technically demanding and is not readily
available in a routine clinical setting.

Chromosomal aberrations associated with breast
cancer have been studied using comparative genomic
hybridization assays,10 –13 and associations between
poor prognosis and amplification (increased copy
number) of specific loci, such as the HER2 locus on
chromosome 1714 and the CYP24 locus on chromo-
some 20,15–17 have been identified. Higher overall
numbers of chromosome aberrations have been corre-
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lated with a greater risk of recurrence,18 and prelimi-
nary evidence for global patterns of genomic amplifi-
cations and deletions correlated with recurrence have
been described previously.19,20 An analysis of a series
of breast tumors, combining gene expression and
comparative genomic hybridization data, indicated
that there is a good correlation between genome am-
plification/deletion and gene expression for some, but
not all, genes.21

We applied a concurrent data-mining technique to
publicly available microarray-based gene expression6

and comparative genomic hybridization21,22 data to iden-
tify chromosomal regions containing genes character-
ized by DNA copy numbers that are coordinated with
expression levels and are prognostic for breast cancer
recurrence or prognostic for recurrence irrespective of
gene expression levels.23 In this study, 17 such chromo-
somal regions (Table 1) were examined further to identify
subsets with prognostic significance. A supplemental de-
scription of this data-mining technique is available online
at http://jmd.amjpathol.org.

We determined the DNA copy number for each of
these genomic regions via fluorescent in situ hybridiza-
tion (FISH) analysis of archived biopsy and resection
specimens isolated from an independent group of
women with stage I to III invasive breast carcinomas
and known clinical outcomes. This allowed us to eval-
uate the prognostic significance of tumor copy number
for each of the 17 identified chromosomal regions. For
discovery of the most sensitive prognostic marker pan-
els, we analyzed the correlation between recurrence in
subset combinations of the 17 regions. Two trios of
chromosomal markers applicable to ER/PR-positive or
-negative tumors were identified. Prognostic indices
that predict risk of distant recurrence were calculated,
enabling the classification of women into low-, medi-
um-, and high-risk categories.

Materials and Methods

Patients

This study was approved by the University of New Mexico
Institutional Review Board. Medical records of all patients
diagnosed with breast cancer at the University of New
Mexico Hospital between 1986 and 1999 were examined,
and all cases presenting with stage I, II, or III invasive ductal
carcinoma were reviewed further. Patients were excluded
from the study if their clinical or pathology records were
inadequate (see below), if their archived specimens were
inadequate for FISH, if they experienced an isolated local
recurrence (to the breast or chest wall), or if they received
neoadjuvant therapy and their pretreatment specimen was
not available for FISH. A minimum of 4 years of follow-up
was required unless a recurrence occurred sooner.

Clinicopathological data and archived slides were re-
viewed for all patients and verified on fresh hematoxylin
and eosin-stained thin sections. Data collected for the
study included method of biopsy or surgical excision,
pathological and/or clinical node status, tumor size, over-
all stage, nuclear grade, margin status, ER/PR status,
treatment history, and clinical outcome. Where neces-
sary, fresh sections were prepared from the archived
tumors and re-examined for surgical margins and nuclear
grade. When retested, ER/PR status was assessed for all
tumors with newly prepared unstained sections from ar-
chived biopsies. ER/PR testing was performed in a Clin-
ical Laboratory Improvements Amendment-licensed, Col-
lege of American Pathologists-accredited laboratory
(TriCore Reference Laboratories, Albuquerque, NM) us-
ing a standard Ventana immunohistochemistry system
with a threshold for positivity of 1% of the cells examined.
Tumors were considered to be ER/PR-positive when they
were positive for ER or PR. All ER/PR results were re-
viewed by the central study pathologist. HER2 status, not

Table 1. Bacterial Artificial Chromosome Clones Used as Probes for FISH Assays

BAC name Genetic locus
GenBank accession

number
Chromosome

location
Clone size

(nucleotides)

RP11-499K24 AL080059 AL080059 8q22.1 165,883
RP11-159A16 STK3 NM_006281 8q22.2 212,805
RP11-486B24 EXT1 NM_000127 8q24.11 180,390
RP11-367C15 RAD21 NM_006265 8q24.11 192,954
RP11-529C24 ANZA11 NM_001157 10q22.3 187,470
RP11-354M24 FANCA NM_000135 16q24.3 163,945
RP11-610D13 ZNF144 NM_007144 17q12 218,801
RP11-372J02 SMARCE1 NM_003079 17q21.2 174,341
RP11-141D15 BIRC5 NM_001168 17q25.3 177,622
RP11-683H06 PDCD6IP NM_013374 3p23 153,782
RP11-563O04 GRB7 NM_005310 17q12 151,040
RP11-689B15 MLN64 NM_006804 17q12 170,163
RP11-092B18 CYP24 NM_000782 20q13.2 170,508
RP11-067F19 IMPA1 NM_005536 8q21.13 194,492
RP11-737K14 HEPSIN NM_002125 19q13.12 184,710
RP11-278E15 NR1D1 X72631 17q21.1 161,993
RP11-299H03 ZNF207 NM_003457 17q11.2 171,427

The specific chromosomal position of the bacterial artificial chromosome (BAC) clones used in this study can be identified within databases
residing at http://genome.ucsc.edu (accessed November 3, 2006).24

328 Davis et al
JMD July 2007, Vol. 9, No. 3



generally obtained when these patients were initially di-
agnosed, was determined by FISH analysis in the same
laboratory used for the ER/PR studies. HER2 was consid-
ered to be amplified when the HER2-to-CEP17 ratio was
greater than or equal to 2.0. Study endpoints were de-
fined as recurrence (distant metastasis or death from
breast cancer, regardless of length of follow-up) or non-
recurrence (disease free throughout follow-up). Mean fol-
low-up was 8.9 years, and more than 96% of the patients
were followed for at least 5 years.

Fluorescence in Situ Hybridization Assays

Genomic probes (Table 1) were selected from the 32K
Re-Array library of bacterial artificial chromosomes.24 Each
bacterial artificial chromosome contained the coding se-
quence of only one of the 17 genes selected for study.
Bacterial artificial chromosome identities were confirmed
with sequence and size analysis of polymerase chain reac-
tion-amplified exons or 3�-untranslated regions and via hy-
bridization to banded metaphase chromosomes. Bacterial
artificial chromosomes were fluorescently labeled with ei-
ther Spectrum Green or Spectrum Orange (Vysis, Inc.,
Downers Grove, IL) using a standard random priming re-
action25 and were generally hybridized as pairs to 4-�m
de-paraffinized protease sections prepared from formalin-
fixed paraffin-embedded tissue. Labeled probes were co-
precipitated with a 100-fold excess of human Cot-1 DNA
and resuspended in hybridization buffer (50% formamide,
2� standard saline citrate, 10% dextran sulfate, and 0.01%
Tween 20). Slides were co-denatured with labeled probes
at 73°C for 6 minutes and incubated at 37°C for 16 to 20
hours. Hybridized slides were then washed in 2� standard
saline citrate containing 0.3% Igepal (Sigma, Inc., St. Louis,
MO) at 73°C for 2 minutes and counterstained with
4,6-diamidino-2-phenylindole.

A Metasystems Metafer 4 image analysis workstation
(MetaSystems GmbH, Altlussheim, Germany) was used
for image capture and signal analysis. FISH signals were
counted in at least 100 cells and in at least three 40�
fields for each probe. Signals from stromal and inflam-
matory cells were excluded from the analysis. Stromal
cells and lymphocytes served as controls for probes: We
did not observe probe signals greater than 2 in these
cells. A few specimens (�5%) yielded smaller numbers
of analyzable cells. Signal counts were collected in a
“tiling” pattern to minimize the effects of nonuniform dis-
tribution of nuclei in thin sections.26 Raw data (DNA copy
number per tile) were normalized to copy number per
nuclear equivalent volume (NEV).27 Explicit thresholds for
gene amplification were not set; instead, we related copy
numbers per NEV for each gene as set forth by the
formulas in Results. Personnel involved in the FISH data
collection were blinded to probe identities and patient
outcomes. Manual counting of multiple microscopic
fields concurrent with automated signal counting re-
vealed that �1% of cases demonstrated significant het-
erogeneity of signal counts from field to field.

Derivation of the Prognostic Index

We developed an algorithm for ranking combinations of the
17 markers, based on their ability to categorize samples into
two or more risk groups. The algorithm employs a linear
combination of the log (copy numbers) with coefficients
computed from a logistic regression analysis. We term the
sum of this linear combination the PI. From the value of the
prognostic index, the samples were categorized into risk
groups. A fitness function, based on the actual risk differ-
ence between assigned low- and high-risk groups, was
used in a comprehensive search to rank marker combina-
tions and identify significant prognostic combinations.

The data were analyzed separately according to ER/PR
status. In the search phase, only a “training” subset (50% of
cases for ER/PR�; 25% for ER/PR�) of the data was used.
The remaining samples, blinded as to recurrence, were
withheld as the test set. ER/PR� cases were divided 50%/
50% between training and test sets; the smaller number of
ER/PR� cases were partitioned 25%/75% between training
and test sets to obtain a reasonably sized test set. We
binned the training data PI values into approximately equal
thirds to produce risk category cutoff values and then eval-
uated the risk of recurrence for each of these categories
using the withheld test data. Prognostic markers identified
in the ER/PR� and ER/PR� cases were further tested on the
subset of cases that were lymph-node negative (ER/PR�

N0; or ER/PR� N0). Negative and positive predictive values
of each of the best combinations were calculated on the
basis of patients assigned to the low-risk and high-risk
categories.

Statistical Analysis

One-sided Fisher’s exact tests assessed for increased inci-
dence of distant recurrence with ER/PR status, node status
(N�), tumor size (T �1), overall stage (�I), nuclear grade
(�1), age (�50 years), or PI (above the median). Further-
more, Wilcoxon’s rank-sum tests evaluated differences be-
tween the recurrent and nonrecurrent groups with respect
to the individual chromosome regions or the PI. Survival
curves were derived from the time of surgery to the time of
recurrence or death if from cancer or to the time the patient
was censored, and the odds ratios (OR) comparing the
recurrence rates of the low- and high-risk groups were
evaluated using Fisher’s exact test. Relative risks were cal-
culated from the probabilities of recurrence. Statistical anal-
ysis was done using R, version 2.1.1.R (Development Core
Team: R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna, Aus-
tria, 2005. http://www.R-project.org). Cox proportionate haz-
ard regression analysis was performed to study covariates.

Results

Patients

A total of 229 patients were available to the study after
examination of 723 patient records and fluorescence in
situ hybridization studies. Of the 723 cases reviewed,
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57.4% did not meet the clinicopathological inclusion cri-
teria, 0.7% were excluded due to local recurrence in the
absence of eventual distant metastasis, 4% were ex-
cluded due to neoadjuvant therapy, and 6% were lost
due to hybridization failure despite meeting the inclusion
criteria. Patient characteristics are summarized in Table
2. The average age at diagnosis was 54.4 years; 72%
had no recurrence; 41% presented with stage I disease,
41% with stage II, and 19% with stage III; 21% had
nuclear grade 1 tumors, 53% had grade 2, and 25% had
grade 3; 57% were node-negative, 27% were N1, 9%
were N2, and 7% were N3; and 71% were classified
ER/PR�. With respect to treatment, 28% received hor-
mone therapy, 22% received chemotherapy, 16% re-
ceived both chemotherapy and hormone treatment, and
34% received local therapy only. Patients were non-His-
panic Caucasians (60%), Hispanic (30%), African Amer-
ican (1%), Asian (2%), or Native American (3%), or had
unknown or mixed ethnicity (4%). We found no significant
difference in the rate of recurrence in study patients with
HER2� and HER2� tumors, for both ER/PR� tumors (P �
0.28, Fisher’s exact) and ER/PR� tumors (P � 0.43, Fish-
er’s exact).

Amplification of Genomic Markers in Tumors

Figure 1 is a representative FISH image of a specimen
hybridized with one of the probe pairs. The average DNA
copy numbers per NEV for all 17 probes among all 229
specimens are summarized as a set of histograms (Fig-
ure 2). The mean copy numbers among all cases ranged
from 5.0 to 9.0, and the median copy numbers ranged
from 3.9 to 7.3 (SD range, 3.3 to 6.6), indicating a sub-
stantial variation in the degree of amplification in the
specimen set at all these chromosomal regions. For most
of the probes, the number of DNA copies per NEV peaks
at four or five in 20 to 40 cases and increases to as many
as 20 to 30 copies in some cases. FANCA, the probe with
the lowest level of amplification peaking at three copies
per NEV in more than 40 cells, maps to a chromosome
region (16q) seldom amplified in breast cancer.

Derivation of Prognostic Index

We evaluated the patterns of genomic aberrations of the
17 chromosomal markers, in subsets, to identify combi-
nations that correlate with patient outcome. In women
with ER/PR-positive tumors, the amplification pattern of

three chromosome regions, at CYP24, PDCP6IP, and
BIRC5, formed the best predictor of recurrence. The PI for
this combination is given by PI � 0.183[log(CNBIRC5)] �
0.128[log(CNCYP24)] � 0.173[log(CNPDCD6IP)], where CN
is copy number.

The division of the training set patients, based on the PI
calculations, into approximately equal categories of low,
moderate, and high risk and the test set data using the
same risk category cutoff values, is summarized in Table
3. The relationship between risk categories, with PI
ranges of �0.248, 0.248 to 0.328, and �0.328, respec-
tively, and rates of recurrence for the ER/PR� test set are
shown in Figure 3a. The overall recurrence rate for the
ER/PR� test set is 29.9%. The rates were 9% for the
low-risk and 50% for the high-risk categories, respec-
tively. Risk for the intermediate category decreased
slightly from the test set average to 26%. The difference
in rates between the low-risk and the high-risk categories
was significant [OR � 9.52, 95% confidence interval
(95% CI) �2.12, P � 0.0024], with relative risks for each
category of 0.305 and 1.68, respectively (Table 4). Neg-
ative predictive value (NPV) and positive predictive value
(PPV) for the ER/PR� algorithm were 91 and 50%, re-
spectively. Performance of the ER/PR� algorithm on all
three risk categories of the ER/PR� test set patients is

Table 2. Clinicopathological Characteristics of Invasive Cancers in Study Population

N Age
ER/PR receptor

(4 N/A)

Overall
stage

(0 N/A)

Tumor
size

(1 N/A)

Node
status
(0 N/A)

Nuclear
grade

(12 N/A)

229
(total)

Average
(years)

�50 years
(N � 92)

�50 years
(N � 137) ER/PR� ER/PR� I II and III T1 T �1 N0 N �0 I II to III

No recurrence 165 56.5 56 109 121 41 83 82 109 56 113 52 40 117
Recurrence 64 50.9 36 28 42 21 10 54 20 43 18 46 8 52

Patients are stratified by recurrence status, age, ER/PR status, overall stage, tumor size, lymph node status, and nuclear stage.
N/A, data not available.

Figure 1. Dual hybridization of the probes SMARCE1 (Spectrum Green) and
AL080059 (Spectrum Orange) to an archived breast carcinoma tissue section
is shown. The yellow line represents “virtual microdissection” of the image,
so that only tumor cells (below the line) are used in assessment of genomic
marker status, excluding the mostly stromal cells above the line.
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shown by the survival curves (bottom panels in Figure 3,
a and b).

The overall recurrence rate in the ER/PR� N0 sub-
group was less than 15%, and rates for the low- and
high-risk categories were 6.3 and 40%, respectively (Fig-
ure 3b). The difference in recurrence rates between the
risk groups was marginally significant (OR � 9.05, 95%
CI �0.958, P � 0.0549). The recurrence rate in the inter-
mediate risk category remained relatively unchanged
(15.4% recurrence rate), with relative risks of 0.348 and
2.22, respectively (Table 4). The NPV and PPV for the

ER/PR� algorithm in the ER/PR� N0 group are 93.8 and
40.0%, respectively. Performance of the algorithms on all
three risk categories are illustrated by the survival curves
(bottom panels in Figure 3, a and b).

The same approach was taken for discovery of a
predictive marker among the ER/PR� cases. The am-
plification pattern of three chromosome regions, at
NR1D1, SMARCE1, and BIRC5, formed the most pre-
dictive algorithm for risk among the ER/PR� group. The
prognostic index for this combination is given by PI �
0.310 �.311[log(CNNR1D1) � 0.155[log(CNSMARCE1)] �
0.112[log(CNBIRC5)].

The distribution of the training and test sets of ER/PR�

patients into three risk categories based on their calcu-
lated PIs and their actual rates of recurrence are summa-
rized in Table 3. Performance of this algorithm among the
ER/PR� test set is illustrated in Figure 3c, with PI ranges
of �0.140, 0.140 to 0.329, and �0.329 for the low-,
moderate-, and high-risk categories, respectively. The
overall recurrence rate in the ER/PR� group was 34.3%,
and the recurrence rates for the low-, moderate-, and
high-risk patients were 9.1, 33.3, and 58.3%, respec-
tively. The difference in recurrence rates between the
low-risk and the high-risk categories was significant
(OR � 12.3, 95% CI �1.45, P � 0.0188), with relative
risks for each category of 0.265 and 1.70, respectively
(Table 4). The NPV and PPV of the ER/PR� algorithm
were 91 and 58%, respectively. Performance of the ER/
PR� algorithm is shown by the survival curves (bottom
panel).

The N0 cases of the ER/PR� test set are shown in
Figure 3d, and although the number of patients in this
subset was small, the results were consistent with the
trend demonstrated by the ER/PR� and ER/PR� groups
and the ER/PR� N0 groups. The recurrence rates among
the low-risk and high-risk groups were 0 and 20%, re-
spectively. The odds ratio for the difference in recurrence
rates could not be computed because no low-risk cases
had a recurrence (OR � infinity, 95% CI �0.0842, P �
0.385). The low- and high-risk categories had relative risk
of 0 and 2.0, respectively, and the NPV and PPV for the
algorithm were 100 and 20%, respectively. Survival
curves for the four categories are illustrated in Figure 3d
(bottom panel).

Figure 2. The individual histograms display the number of cases (y axis)
containing the average DNA copy number per nuclear equivalent volume
indicated by each bar (x axis) for each probe. Data for all 229 specimens are
included. Two histograms are shown for SMARCE1, because hybridization
for this probe was performed in duplicate.

Table 3. Recurrence in Training and Test Set Cases with Low, Moderate, and High Prognostic Indices

Training sets Test sets

All ER/PR� (N � 58 ) All ER/PR� (N � 13 ) All ER/PR� (N � 67) All ER/PR� (N � 35)

Low PI Mod PI High PI Low PI Mod PI High PI Low PI Mod PI High PI Low PI Mod PI High PI
No recurrence 17 16 7 4 3 2 20 14 13 10 8 5

Recurrence 2 3 13 0 1 3 2 5 13 1 4 7
ER/PR� N0 (N � 31 ) ER/PR� N0 (N � 5 ) ER/PR� N0 (N � 39 ) ER/PR� N0 (N � 20)

Low PI Mod PI High PI Low PI Mod PI High PI Low PI Mod PI High PI Low PI Mod PI High PI
No recurrence 11 12 5 1 2 0 15 11 6 8 6 4
Recurrence 1 1 1 0 1 1 1 2 4 0 1 1

The study population, divided according to ER/PR status, was further divided into training and test sets for ER/PR� and ER/PR� cases. The PI
algorithms, identified using training set data, were used to calculate the PI on both the training and test patients, and each case was assigned to a
predicted risk category. The numbers of recurrent and nonrecurrent cases in each risk category are shown. Risk category assignments and actual
outcome data are summarized for the node negative subsets of the training and test sets in the lower portion of the table.
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Figure 3. The prognostic index algorithm derived from the ER/PR� and ER/PR� training sets was used to calculate PI for the patients in the test sets. Patients were
placed into risk categories according to their PI, with PI increasing on the x axes and rates of recurrence on the y axes. The percentages of patients assigned to
each risk category are shown below the bins in the top panels. The average risk of recurrence for each group is shown as a bar across all three risk categories,
and the rates of recurrence for each risk group are shown within each bin. NPV and PPV for the low-risk and high-risk groups are also shown within each bin.
Survival curves for each risk category are shown in the bottom panels. a: ER/PR� test set (OR � 9.52, 95% CI �2.12, P � 0.0024). b: ER/PR� N0 test set (OR �
9.05, 95% CI �0.958, P � 0.0549). c: ER/PR� test set (OR � 12.3, 95% CI �1.45, P � 0.0188). d: ER/PR� N0 test set (OR � infinity, 95% CI �0.0842, P � 0.385).
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PI as an Independent Predictor of Recurrence

Among the 229 women with breast cancer (Table 5),
clinicopathological features associated with recurrence
included age (younger than 50 years at diagnosis), pos-
itive node status, tumor size � T1, overall stage � I, and
nuclear grade �1 (one-sided Fisher’s Exact tests). ER/PR
status was not found to be significantly associated with
recurrence. DNA copy numbers of 11 of the 17 chromo-
some regions differed significantly with recurrence (P �
0.05; Table 6). When stratified by hormone receptor sta-
tus, the associations between clinicopathological traits
and recurrence were similar between the ER/PR� cases
and the entire population. However, among the ER/PR�

patients, tumor size was marginally significant, but nei-
ther age nor overall stage was significantly associated

Table 4. Relative Risk of Recurrence for Patients with Low
and High Genomic Marker Prognostic Indices

All
ER/PR�

ER/PR�

N0
All

ER/PR�
ER/PR�

N0

Low-risk PI 0.305 0.348 0.265 0
High-risk PI 1.68 2.22 1.70 2.0

Relative risk of assigned category to group risk (test sets). Risks
were calculated for each of the four categories of patients (all ER/PR�,
ER/PR� N0, all ER/PR�, and ER/PR� N0) using the test set data only.
Relative risk for each risk category was calculated based on the risk of
recurrence in each risk category in comparison with the average rate of
recurrence for that patient group. Data are summarized for both lymph
node-positive and -negative cases. Note that prognostic indices were
calculated for ER/PR� and ER/PR� cases only when raw data (signals
per NEV) were available for a case for all three chromosome region
markers; thus, the number of cases available for this analysis is less
than shown in Table 2.

Table 5. Association between Clinicopathological Features and Recurrence

ER/PR� and ER/PR� cases ER/PR� cases ER/PR� cases

Lymph node-negative and node-positive cases
N 173 125 48
Age �50 years

OR (95% CI) 2.49 (�1.05) 3.61 (�1.72) 0.776 (�0.236)
P 0.00173 0.00132 0.768

Node status �0
OR (95% CI) 5.31 (�3.00) 6.12 (�2.81) 5.50 (�1.55)
P 6.02 � 10�8 1.04 � 10�5 0.00887

T �1
OR (95% CI) 4.16 (�2.38) 6.10 (�2.81) 3.56 (�1.06)
P 2.9 � 10�6 1.15 � 10�5 0.0407

Stage � I
OR (95% CI) 5.43 (�2.80) 6.47 (�2.69) 3.29 (�0.857)
P 6.64 � 10�7 2.79 � 10�5 0.0806

Nuclear grade �1
OR (95% CI) 2.21 (�1.05) 3.65 (�1.30) Not applicable
P 0.0371 0.0142 Not applicable

ER/PR-negative
OR (95% CI) 1.57 (�0.880) Not applicable Not applicable
P 0.105 Not applicable Not applicable

Prognostic index
OR (95% CI) 6.34 (�2.81) 7.88 (�2.04)
P Not applicable 1.19 � 10�5 0.00250

Lymph node-negative cases
N 95 70 25
Age �50 years

OR (95% CI) 1.07 (�0.369) 1.54 (�0.304) 0.180 (�0.00604)
P 0.550 0.410 0.983

T �1
OR (95% CI) 2.51 (�0.948) 3.90 (�0.966) 0.554 (�0.0187)
P 0.0613 0.0551 0.856

Stage � I
OR (95% CI) 2.20 (�0.814) 2.62 (�0.604) 0.677 (�0.0226)
P 0.104 0.161 0.812

Nuclear grade �1
OR (95% CI) 0.898 (�0.308) 1.05 (�0.231) All recurred
P 0.693 0.636 All recurred

ER/PR-negative
OR (95% CI) 2.27 (�0.840) Not applicable Not applicable
P 0.0932 Not applicable Not applicable

Prognostic index
OR (95% CI) 4.79 (�1.06) Infinity (�1.13)
P Not applicable 0.0420 0.0391

One-sided Fisher’s exact test was used to calculate the associations between age, node status, tumor size, overall stage, nuclear grade, ER/PR
status, and the prognostic index for the entire study population and subsets of the population stratified by ER/PR and node status. Data are
summarized lymph node-negative cases only. Note that prognostic indices were calculated for ER/PR� and ER/PR� cases only when raw data (signals
per NEV) were available for a case for all three chromosome region markers; thus, the number of cases available for this analysis is less than shown in
Table 2.
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with recurrence, and no association between nuclear
grade and recurrence could be calculated because all of
the ER/PR� grade 1 cases experienced a recurrence
(Table 5). Recurrences were significantly more prevalent
for cases with PI above the median for both ER/PR�

(Fisher’s exact, P � 1.19 � 10�5) and ER/PR� (P �
0.0025) patients and for the node-negative subsets (ER/
PR� N0, P � 0.042 and ER/PR� N0, P � 0.039). The PI
was significantly greater among recurring than nonrecur-
ring cases (ER/PR� Wilcoxon’s, P � 2.67 � 10�13; ER/
PR�, P � 0.000303).

Among the node-negative group, there was no asso-
ciation between recurrence and age, stage, tumor size,
or nuclear grade, in either the ER/PR-positive or -negative
groups (Table 5). However, PIs were significantly asso-
ciated with recurrence in the hormone receptor-positive
and -negative and node-negative subsets of patients
(Table 5; ER/PR� N0, Fisher’s exact, P � 0.0420; ER/PR�

N0, P � 0.0391), and PI was significantly greater among
recurring node-negative cases than node-negative cases
without a recurrence (ER/PR� N0, Wilcoxon’s, P � 1.10 �
10�9; ER/PR� N0, P � 0.0441).

Cox proportional hazard regressions were performed
to determine whether the prognostic index provides in-
formation beyond known prognostic factors. Using back-
ward elimination to remove insignificant covariates from
an initial model containing age, stage, nuclear grade,
tumor size, and categorical PI, we found PI to be a
significant independent predictor of recurrence in both
the ER/PR� and ER/PR� subgroups. For the ER/PR�

group, age (P � 0.0057), nuclear grade (P � 0.025),
tumor size (P � 0.0014), and categorical PI (P � 0.0003)
remained significant. For the ER/PR� group, only cate-
gorical PI (P � 0.0082) remained a significant predictor
of recurrence.

Discussion

We have described two sets of genomic markers for
which relative copy numbers in breast cancers have
prognostic significance in women with stage I to III inva-
sive ductal carcinoma: a CYP24/PDCD6IP/BIRC5 trio of
markers for ER/PR-positive cancers and a NR1D1/
SMARCE1/BIRC5 trio for ER/PR-negative cancers. Prog-
nostic indices, calculated from algorithms based on DNA
copy numbers of the two trios of genomic markers, are
significant independent predictors of distant recurrence
of ductal carcinomas within 5 years of surgery for women
with either ER/PR-positive or -negative cancers. Each of
the algorithms has a NPV of 91% for their test sets. In the
lymph node-negative subsets of test cases, the ER/PR�

marker has an NPV of 93.8%, and the ER/PR� marker has
an NPV of 100%.

We have compared the performance of these algo-
rithms to the National Institutes of Health and St. Gallens
guidelines for treatment and risk assessment. According
to the National Institutes of Health guidelines,28 96% of
the women in this study would be advised to receive
chemotherapy and/or hormone therapy, and the St. Gal-
lens criteria29 would classify 87% of them at greater than
minimal risk. The algorithms described here correctly
identified 91% of the recurrent patients as moderate or
high risk and correctly identified 43% of the nonrecurrent
patients as low risk. These results outperform the National
Institutes of Health and St. Gallens classifications.

Odds ratios for the algorithms described here are 9.52
(95% CI �2.12, P � 0.0024) and 12.3 (95% CI �1.45,
P � 0.0188) for the ER/PR� and ER/PR� test sets, re-
spectively. Previously published prognosis signatures
confer similar odds ratios for distant metastasis within 5
years: 15 (95% CI 4 to 56, P � 4.1 � 10�6)30 and 11.9
(95% CI 4.04 to 35.1, P � 0.0001) for the ER/PR� and
ER/PR� test sets, respectively.7 However, it should be
noted that the genomic markers described here were
identified from a more heterogeneous patient population
than the expression-based prognosis signatures, with
respect to stage of disease at presentation, clinicopath-
ological features, and treatment histories.

Our approach to discovery of genomic markers pre-
dictive of breast cancer recurrence is distinct from the
strategies of other groups. First, we correlated DNA copy
number data and gene expression data to identify genes
with prognostic expression levels that ultimately could be
assayed by DNA copy number measurement, and we
included chromosome regions for which copy numbers
are correlated with prognosis irrespective of gene ex-
pression levels.23 Second, we evaluated the prognostic
value of genomic regions in combinations rather than
building marker sets from single genes rank ordered by
significance. An advantage to this approach is that chro-
mosome region redundancy in the best prognostic com-
bination is avoided and instead emphasizes the pattern
of the chromosome regions that the solution comprises.
These points are illustrated by considering that PDCD6IP,
individually, is not significantly correlated with recurrence
(Table 6). However, when considered together with

Table 6. Association Between Copy Number of Individual
Genomic Regions and Distant Recurrence

Genomic region P (Wilcoxon)*

CYP24 0.001
EXT1 0.002
NR1D1 0.003
MLN64 0.003
FANCA 0.004
BIRC5 0.007
ZNF144 0.008
RAD21 0.012
GRB7 0.016
HEPSIN 0.02
ZNF207 0.03
STK3 0.051
IMPA1 0.062
AL080059 0.073
SMARCE1 0.075
ANXA11 0.086
PDCD6IP 0.526

*Associations between risk of distant recurrence and DNA copy
number determined by FISH for each chromosome region marker are
shown (Wilcoxon’s rank sum test). The cutoff for a significant
association (�) was set at 0.05.
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CYP24 and BIRC5 in the ER/PR� cancers, PDCD6IP adds
prognostic information.

The genomic regions with prognostic significance that
we identified in these studies do not entirely coincide with
those found to be aberrant in other studies. For example,
the long arm of chromosome 1 is amplified in a large
proportion of breast cancers (Table 1), but we did not
identify genes mapping to that region in which copy
number predicted recurrence. Amplification of the HER2
locus on chromosome 17q21 is known to be correlated
with poor prognosis. However, HER2 was not identified as
one of our initial 17 candidate genomic regions. Two
other genes in the same region of chromosome 17, GRB7
and MLN64, were found to be significant markers of
recurrence risk.

Although the genomic marker sets that we identified
would not necessarily be expected to include genes with
known roles in breast cancer pathogenesis, several of the
genomic markers include genes known to be involved in
carcinogenesis. For example, CYP24 encodes a hydrox-
ylase that participates in vitamin D catabolism, is known
to be amplified and overexpressed in breast cancers,
and may act by abrogating the growth regulatory activity
of vitamin D.17 The overexpression of PDCD6IP restores
contact inhibition, promotes detachment-induced apo-
ptosis, and reduces tumorigenicity in nude mice.31,32

Overexpression of BIRC5, an inhibitor of apoptosis, is
correlated with poor prognosis in many types of can-
cer.33 BIRC5 is positively correlated with increasing PI in
the ER/PR� patients, when considered in the context of
CYP24 and PDCD6IP, yet negatively correlated with in-
creasing PI in the ER/PR� patients, when considered
together with NR1D1 and SMARCE1, again illustrating the
importance of the pattern of the chromosome regions that
the solution comprises. NR1D1, a steroid hormone recep-
tor transcription factor, was recently shown to be ampli-
fied in breast cancer34 and coexpressed with HER2,35

whereas SMARCE1, a component of the SWI/SNF chro-
matin-remodeling complex that appears to participate in
regulation of estrogen-responsive genes, has not been
directly implicated in carcinogenesis of receptor-nega-
tive tumors.

Assessing copy numbers of each of the genomic
markers via FISH can be performed on surgical speci-
mens routinely formalin fixed and paraffin embedded in a
pathology laboratory. Because these genomic markers
were identified in a heterogeneous population of women,
with respect to age and stage of breast carcinoma pre-
sentation, these results should be validated in additional
studies of different patient populations in other
institutions.
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