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Abstract
PURPOSE—Historical data have indicated the potential for the histologically-normal breast to
harbor pre-malignant changes at the molecular level. We postulated that a histologically-normal
tissue with “tumor-like” gene expression pattern might harbor substantial risk for future cancer
development. Genes associated with these high-risk tissues were considered to be “malignancy-risk
genes”.

EXPERIMENTAL DESIGN—From a total of 90 breast cancer patients, we collected a set of 143
histologically-normal breast tissues derived from patients harboring breast cancer who underwent
curative mastectomy, as well as a set of 42 invasive ductal carcinomas (IDC) of various histologic
grades. All samples were assessed for global gene expression differences using microarray analysis.
For the purpose of this study we defined normal breast tissue to include histologically normal and
benign lesions.

RESULTS—Here we report the discovery of a “malignancy-risk” gene signature that may portend
risk of breast cancer development in benign, but molecularly-abnormal, breast tissue. Pathway
analysis showed that the malignancy-risk signature had a dramatic enrichment for genes with
proliferative function, but appears to be independent of ER, PR, and HER2 status. The signature was
validated by RT-PCR, with a high correlation (Pearson correlation=0.95 with p<0.0001) with
microarray data.

CONCLUSION—These results suggest a predictive role for the malignancy-risk signature in normal
breast tissue. Proliferative biology dominates the earliest stages of tumor development.

While breast cancer therapy has seen substantial advances over the last few decades (1,2),
predicting breast cancer risk in the apparently normal breast is still problematic (3–9). Although
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a few pre-malignant histologic risk factors have been identified (atypical ductal hyperplasia
(ADH), lobular carcinoma in situ, microcalcifications) (10,11), few tools exist to distinguish
the normal breast from the breast at risk for cancer (3–9). Furthermore, in patients who are
treated for invasive breast cancer, the risk of local recurrence remains in spite of histologically
negative margins. Wapnir et al (12) observed 10-year cumulative local recurrence rates ranging
from 4.8% to 10.1% across five National Surgical Adjuvant Breast and Bowel Project
(NSABP) trials involving 2,669 node-positive patients treated between 1984 and 1994, and
10-year local recurrence rates of 3.5% to 6.5% were observed in node-negative patients
receiving systemic treatment in NSABP trials (13) during the same time period.

Recent developments of gene signatures for breast cancer have been reported to benefit breast
cancer prognosis (14–24). Despite these efforts and those of mammographic screening, it is
still difficult to detect risk for malignant conversion of normal breast tissue (25). Several lines
of evidence suggest that histologically-normal breast tissue may, in fact, harbor pre-malignant
molecular alterations in normal breast tissue adjacent to cancer at molecular level (3–7) (4,7–
9). In this study, we developed an innovative approach to identify histologically-normal, but
molecularly-abnormal “IDC-like” tissue for malignant degeneration. We postulated that a
histologically-normal tissue with “tumor-like” gene expression pattern might harbor
substantial risk for future cancer development. Genes associated with these high-risk tissues
were referred to as “malignancy-risk genes”.

The goal of our study was to establish a malignancy-risk gene expression signature in
histologically-normal breast tissues obtained from patients with ipsilateral invasive breast
cancer. We have developed a gene signature to assess cancer risk by first identifying a signature
for invasive ductal carcinoma (IDC), and by then refining it using IDC-like normal tissues. A
set of 143 histologically-normal breast tissues and 42 IDC tissues, derived from 90 patients
who underwent mastectomy for ipsilateral breast carcinoma, were assessed for global gene
expression differences using microarray analysis. A signature portending tissues at risk of
future malignancy was developed from this analysis of histologically-normal breast tissues. Its
clinical association with cancer risk was first confirmed with RTPCR and then evaluated using
two independent external datasets.

Materials and Methods
Tissues and their associated clinicopathological data

Tissues were collected in accordance with the protocols approved by the Institutional Review
Board of the University of South Florida, and stored in the tissue bank of Moffitt Cancer Center.
The tissues were embedded in Tissue-Tek® O.C.T., 5-µm sections cut and mounted on
Mercedes Platinum StarFrost™ Adhesive slides. The slides were stained using a standard H&E
protocol, and tissue boundaries marked. Using the marked slide as a “map”, tissues were
microdissected. Adipose tissues were trimmed away. Both histologically-normal breast tissues
and IDCs were derived from 90 patients that underwent mastectomy for various stages of breast
carcinoma and were collected and frozen in liquid nitrogen. Clinico-pathological data from the
patients used in the study, including the tumor ER, PR and Her2/Neu status and tumor grade,
are shown in Table 1. When possible, each mastectomy specimen was prosected to yield an
IDC and up to five sequentially-derived, adjacent normal tissue samples in the ipsilateral breast
or from the four quadrants of the contralateral breast. As a result, we collected 42 IDCs and
143 normal breast tissues from the 90 patients for microarray analysis. Due to RNA quality
issue in some IDC and normal tissues, we did not have a complete set of IDC and normal tissues
for some patients. There were 11 patients (a total of 34 tissues) with at least one normal and
one IDC tissue, 19 patients (a total of 28 tissues) with IDC tissue only, and 60 patients (a total
of 123 tissues) with normal tissue only. Supplementary Table 1 lists number of normal and
IDC tissues and their geographical locations relative to the incident tumor.
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Histology
Based on the histopathologic review by one breast pathologist (AN), all of the 143
histologically normal breast tissues were confirmed to be free of atypical ductal hyperplasia
(ADH) and in-situ or invasive breast carcinoma. The 42 IDC tissues were also confirmed by
the histopathologic review by the same pathologist, based on the modified Bloom and
Richardson grading scheme (26).

RNA Extraction
Total RNA was extracted from the breast tissues using the Trizol method. Briefly, tissues were
pulverized in liquid nitrogen, resuspended in 5 ml of lysis buffer, incubated for 3 min. at room
temperature, and centrifuged at 11,500 g for 15 minutes at 4°. The aqueous phase was removed
and put into another tube with 2.5 ml of isopropanol, mixed well and set at −20° C for 20
minutes. The amount of RNA was quantitated by measuring A260. Microarray analysis was
performed using the Affymetrix U133Plus 2.0 GeneChips (54,675 probe sets). Expression
values were calculated using the robust multi-array average (RMA) algorithm (27) (Data is in
the GEO repository: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10780).

RT-PCR Validation
Validation of 30 selected malignancy risk signature genes (of 117 available) (Supplementary
Table 2) was done using the TaqMan Low Density Arrays (Applied Biosystems, Foster City,
CA, USA). Due to limitation of sample availability, 5 “IDC-like” normal tissues, 8 IDCs, and
8 normal tissues were used for validation. Single stranded cDNA was synthesized from 1 ug
of total RNA using random primers in a 20 uL reaction volume using Applied Biosystem’s
High Capacity cDNA Reverse Transcription kit. The 20 uL reactions were incubated in a
thermal cycler for 10 min at 25°C, 120 min at 37°C, 5 sec at 85°C and then held at 4°C. Real-
time PCR was carried out using sequence specific primers/probes on the Applied Biosystems
7900 HT Real-Time PCR system. cDNA was diluted 2.5-fold; 5.0 uL of diluted cDNA was
mixed with 45 uL of nuclease-free water and was added to 50 uL of TaqMan Universal PCR
Master Mix (Applied Biosystems). The 100 uL total reaction mixture was loaded in the
corresponding ports of a TaqMan Low Density Array (TLDA) card. Each TLDA card consisted
of 3 replicates (4 samples per card). Expression value (ΔCt) was calculated by first averaging
replicates for each gene and then normalized (subtraction) by an endogenous control gene
(18S). Since a lower value of ΔCt indicates a higher expression, a -ΔCt was used to correlate
with microarray gene expression.

Signature Generation/Statistical Methods—Statistical analysis included a series of
steps to develop and validate the malignancy-risk gene signature (Figure 1):

1. Identification of IDC gene signature: In this first step, a set of 1038 genes (1,554 probe
sets) was identified that distinguished the IDCs (n = 42) from the histologically-normal tissues
(n = 143). The IDC gene set was identified by treating IDC and normal tissues as two
independent groups (although some were derived from the same patients) and using Statistical
Analysis of Microarray (28) at 1% false discovery rate (FDR) with a fold change >2 (Figure
1). The study aimed to collect multiple normal and IDC tissues from the same subjects, but
due the heterogeneous nature of the sample set, some patients had only normal tissues sampled
while others samples were limited to IDC tissues only. This nature of unbalanced data made
it difficult to adjust for subject variation. Instead, we aggregated data into normal and IDC two
groups for comparison. To ensure homogeneity for data aggregation, we checked whether
overall gene expression from the normal tissues in patients with normal tissues available only
was similar to the normal tissues in patients with both normal and IDC tissues available. We
used Kmeans approach to classify all the normal tissues into two groups based on gene
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expression data. Fisher exact test did not show the two types of normal tissues were statistically
different (p=0.53). We found similar results for the IDC tissues (p=0.99). These results
suggested homogeneity for the two types of normal tissues (also for the IDC tissues).

2. Identification of “IDC-like” normal tissues: In this step, we used the IDC gene signature
to identify 11 histologically normal breast tissues that had acquired the molecular fingerprint
of IDC. The method first ranked all the normal tissues for each IDC tumor gene. (e.g., A normal
tissue A is ranked as the top 1% (percentile rank=100%) for tumor gene X1, top 10% (percentile
rank=90%) for tumor gene X2, top 20% for tumor gene X3, and so on). As a result, for the up-
regulated IDC tumor genes (e.g., k1 genes), we will have a set (k1) of the tissue percentile ranks
for each tissue. If a normal tissue displayed at least half (>k1/2) of the percentile ranks over
80% (i.e., the median percentile rank>0.8), we considered it as “IDC-like” normal tissue.
Similarly, a normal tissue was also considered as an IDC-like tissue if a normal tissue had the
median of the percentile ranks below 20% for down-regulated IDC tumor genes. A graphical
presentation of the method is included in the Supplementary Figure 1. A simulation was
conducted and showed its effectiveness to identify IDC-like tissues (Supplementary Figure 2).
We also compared to other approaches and results did not show these alternative approaches
were as effective as our rank approach (Supplementary Figure 3).

3. Derive malignancy-risk gene score: Once the IDC-like normal tissues were identified, we
then formed a common set of genes, “malignancy-risk signature genes”, whose expression
percentile rank was greater than 80% (or less than 20%) in most IDC-like normal tissues. Using
the principal components analysis (PCA) method, we derived a “risk score” (malignancy-risk
score) to represent an overall gene expression level for the malignancy-risk gene signature.
First, we performed principal components analysis to reduce data dimension into a small set
of uncorrelated principal components. This set of principal components was generated based
on its ability to account for variation. We used the first principal component (1st PCA), as it
accounts for the largest variability in the data, as a malignancy risk score to represent the
overall expression level for the signature. That is, malignancy risk score=∑wixi, a weighted
average expression among the malignancy-risk genes, where xi represents gene i expression

level, wi is the corresponding weight with , and the wi values maximize the variance
of ∑wixi . While other PCAs (e.g., the second and third principle components) may also
associate with cancer risk, our experiences indicates that the 1st PCA often corresponds most
effectively to cancer risk-related information for this study (see RT-PCR and DCIS validation
in the Results section).

4. Cross-validation: Leave-one-out cross validation (LOOCV) was performed to evaluate
robustness of the IDC and malignancy-risk gene signatures. This was done by excluding one
sample at a time and repeating steps 1–3 to see how many were correctly identified (IDC genes,
IDC-like normal tissues, and malignancy-risk genes).

5. Pathway analysis: Pathway analysis was done using MetaCore ™ by GeneGo for steps 1
and 3 to identify biological functions associated with IDC genes and the malignancy-risk genes.
We compared pathways of the two gene sets to reveal difference of biological processes
between the IDC genes and the malignancy-risk genes.

6. RT-PCR validation: Pearson correlation was used to evaluate association of the malignancy
risk score between microarray and RT-PCR platforms. The malignancy-risk score was
calculated using the 30 selected malignancy-risk signature genes (see Statistical Methods) for
microarray and RT-PCR, respectively. Correlation analysis was also performed for each
individual malignancy-risk gene. Analysis of variance was used to test the differences among
the three groups (normal, IDC-like normal, and IDC) with the Tukey method (29) to adjust for
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p value for pair-wise comparison. We also used support vector machine (SVM) to build a
classifier from the microarray platform to evaluate the prediction performance on the RT-PCR
platform.

7. Evaluation of cancer risk and cancer progression: We assessed the cancer risk potential
and the cancer progression of the malignancy-risk score on two independent data sets. Because
each data set had a different set of available genes, we used whatever genes were in common
with the malignancy risk gene signature to evaluate each data set (essentially a subset of the
original malignancy-risk gene signature). The SVM was used to evaluate prediction
performance. In addition, for ordinal clinical variable (e.g., from normal, ductal carcinoma in
situ (DCIS), to IDC), the malignancy-risk score was used to correlate with cancer severity
using Pearson correlation to evaluate the trend of the malignancy-risk gene signature with
cancer progression.

Results
IDC gene signature

An IDC gene signature (1,554 probe sets: 1038 unique genes) was developed from a set of 42
IDC and 143 normal breast tissues using Statistical Analysis of Microarray (28). We found the
IDC gene set remained robust in the leave-one-out cross-validation. Pathway analysis revealed
two predominant cellular processes: cell adhesion and cell cycle/proliferation (Supplementary
Table 3).

IDC-like normal breast tissues
We ranked the 143 normal breast tissues based on the IDC gene signature and identified 11
“IDC-like” normal breast tissues, whose gene expression profiles more closely approximated
that of the IDC samples rather than the rest of the 132 normal breast tissues (i.e., these 11 IDC-
like normal tissues were molecularly- abnormal, but histologically-normal) (Supplementary
Figure 4).

Histology of IDC-like normal tissues
Supplementary Table 4 summarizes the normal histological findings of the 11 IDC-like normal
breast tissues used in this study. All of these specimens consisted of completely unremarkable,
benign breast tissues and were free from in-situ or invasive carcinoma as well as atypical ductal
hyperplasia (Figure 2). Fisher exact test showed no significant association of patients harboring
IDC-like normal tissues with ER/PR/Her2/grade (Supplementary Table 5).

Malignancy-risk gene signature and risk score
A malignancy-risk gene signature was developed by forming a “common set” of genes whose
expression varied (up or down) at high levels in the 11 IDC-like normal tissues (see Statistical
Methods). The malignancy-risk genes consisted of 109 up-regulated probe sets (96 unique
genes) and 31 down-regulated probe sets (21 unique genes). Table 2 provides a selected subset
of malignancy-risk genes; the entire list is presented in Supplementary Table 6. Moreover, by
utilizing principal component analysis, a malignancy-risk score was derived to represent an
overall gene expression level for the malignancy-risk signature (see Statistical Methods).

Cross-validation
Analysis of the malignancy risk score by LOOCV yielded a high degree of consistency; most
IDC genes (>98%), IDC-like normal tissues (>90%), and malignancy-risk genes (>90%) were
identified correctly at each leave-one-out iteration (Supplementary Figure 5). Moreover, at
each iteration, we calculated a predicted malignancy risk score for the sample being excluded.
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Correlation analysis showed a strong relationship between the predicted risk score and the
disease status (i.e., by ranking normal, IDC-like normal, and IDC from 0 to 2; Pearson
correlation=0.89 and Spearman correlation=0.74 with p <0.0001).

Pathway analysis of malignancy-risk genes
In contrast to the IDC gene signature, pathway analysis of the malignancy-risk gene set showed
a remarkable over-expression of proliferative function genes, instead of a mixture of
proliferation and adhesion genes seen with IDC. There were 11 cell cycle related pathways
represented in the malignancy-risk signature (p value <0.01, Supplementary Table 7). Since
the malignancy-risk gene signature was derived from the IDC gene signature, the difference
in functional classes of genes would not have been expected in the absence of a selection
bias. The majority of the malignancy-risk genes were classified to be primarily associated with
DNA replication and mitosis, two hallmark events associated with proliferation
(Supplementary Table 8). This observation may indicate the importance of these features in
early stages of tumorigenesis (30).

Weak correlation of malignancy risk score with ER, PR, and Her2
Since ER, PR, and Her2 are key markers in cancer development, we examined their correlation
with the malignancy risk score. Results showed only a weak correlation for ER and PR (r=
−0.2~0.3) and a moderate correlation with Her2 (r=0.37~0.47 by spearman correlation and
r=0.43~0.63 by Pearson correlation), suggesting relative independence of the risk score from
these biomarkers (Supplementary Figure 6).

Higher malignancy risk score of IDC-like normal tissues
We identified 11 IDC-like normal tissues from 10 patients. There were another 12 normal
tissues collected from the same 10 patients. These 12 normal tissues were molecularly and
histologically normal and labeled as matched normal tissues to reflect they were derived from
the same subject. The other normal tissues (n=120) from subjects without IDC-like normal
tissues (i.e., not from the 10 subjects) were also molecularly and histologically normal and
labeled as unmatched normal tissues for distinction. Interestingly, we found the malignancy
risk score was higher in the IDC-like normal tissues and the matched normal tissues than in
the unmatched normal tissues. Difference of the risk score was statistically significant for (a)
IDC-like normal tissues versus the matched normal tissues (adjusted p value<0.0001 using the
Tukey method) and (b) matched versus unmatched normal tissues (adjusted p value=0.0054).
An increasing trend of the malignancy risk score was also seen from the unmatched normal
tissues, the matched normal tissue, to the IDC-like normal tissues at the pooled data level
(Pearson correlation=0.63 with p<0.0001; Figure 3). Moreover, among the 10 patients with
IDC-like normal tissues, analysis results showed a higher malignancy risk score in the IDC-
like normal tissues than in the matched normal tissues at subject level (p=0.01 using the random
effect model; Figure 3). Since the malignancy risk score was derived without knowing subject
information, a trend of the risk score decreasing from the IDC-like normal tissues, to the
matched normal tissue, to the unmatched normal tissues would not be expected.

RT-PCR validation of malignancy-risk genes
Expression of the 30 selected malignancy risk signature genes identified by microarray
profiling was successfully validated by RT-PCR. There were 27 genes showing a strong
Pearson correlation >0.7 (correlation>0.9: 12 genes, 0.8–0.9: 13, and 0.7–0.8: 2; the p values
were <0.0001) (Supplementary Figure 7). The composite malignancy risk score (based on
microarray data from 30 genes) also demonstrated a very high correlation (0.95) with RT-PCR
results. The risk score for the IDC-like normal tissues fell in the middle between the IDC and
normal samples (Figure 4). In addition, we used support vector machine (SVM) to build a
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classifier for the 30 genes from microarray (accuracy rate=86% using LOOCV) and predicted
on the RT-PCR expression with 90% accuracy (Supplementary Figure 7). In comparing the
malignancy risk score generated by various PCAs, the use of the 1st PCA as the risk score
showed a very high correlation (r=0.95) between microarray and RT-PCR and an increasing
trend of the risk score from normal to IDC samples. The other PCAs had a weak correlation
(r<0.5) and did not yield their association with cancer progression.

Validation of Moffitt ductal carcinoma in situ (DCIS) samples for cancer progression
A set of 23 DCIS samples (from 11 patients: 8 from the 90 patients and 3 new patients) were
collected from the Moffitt Cancer Center to evaluate the cancer progression feature of the
malignancy-risk gene signature. We compared the malignancy risk score among the four
groups: normal breast, IDC-like normal, DCIS, and IDC. Data showed an increasing risk score
pattern with progression from normal, to IDC-like normal, to DCIS, and to IDC. Pearson and
Spearman correlation was 0.87 and 0.8, respectively, with a significant p value<0.0001 (by
ranking the disease status from 0 to 3 for normal breast to IDC). Moreover, the malignancy-
risk score of DCIS was lower than IDC, but higher than normal tissue (p =0.0005) within each
patient (Figure 5). In addition, we evaluated the prediction performance on the DCIS samples.
A SVM classifier was built with an accuracy rate of 92% by 10-fold cross validation. The
classifier predicted most of the 23 DCIS samples into the IDC category (18/23) and two samples
favoring to the “IDC-like normal” group (Supplementary Figure 8). We also compared the
malignancy risk score generated by PCA1 (1st PCA) versus other PCAs (PCA2 and PCA3).
In contrast to PCA1 showing a cancer progression pattern, PCA 2 and PCA3 did not
demonstrate a cancer progression from non-IDC like normal to IDC (Supplementary Figure
8).

Evaluation of cancer risk in Poola et al’s ADH study (31)
This study was selected in order to assess the potential of the malignancy-risk score to predict
the risk of future cancer development in the breast associated with ADH. The study collected
4 ADH tissues from patients without breast cancer development (labeled as ADH-N) and 4
ADH samples with cancer developed (labeled as ADH-C). We used 102 probe sets from their
platform (in common with the malignancy-risk gene signature) to calculate the malignancy
risk score by the 1st PCA and the 2nd PCA, respectively. SVM was then used to classify the 8
patients based on the malignancy-risk score. Data analysis showed the use of the 1st PCA as
the malignancy risk score yielding a higher risk score in the ADH-C group than in the ADH-
N group (Figure 6). The SVM correctly classified 7 out 8 patients (87.5%) although it was not
statistically significant (p= 0.14 based on the fisher exact test) due to a very limited sample
size (n=4 per group). Notably, three out the four ADH-C patients had a risk score above 5 with
a higher cancer-risk probability, in contrast to most ADH-N patients with negative scores and
a lower cancer-risk probability. As the 2nd PCA was incorporated with the 1st PCA in the
model, SVM correctly classified all the 8 patients (Supplementary Figure 9), suggesting the
malignancy-risk gene signature was able to differentiate ADH patients between with and
without cancer development, and indicating its ability to assessing cancer risk. We also
calculated area under curve (AUC) for response operating characteristic curve. The results
were similar to the ones by SVM: AUC was higher by the use of the first PCAs (AUC=1) than
by the 1st PCA (AUC=0.875) (Supplementary Figure 9).

Discussion
Identification of normal tissue at risk for malignant conversion has great potential application
in clinical practice, in both evaluating the malignancy risk measured by routine breast biopsies
as well as the risk of local recurrence following lumpectomy. Detecting these high-risk normal,
appearing tissues, however, remains a challenging task. In this study, we utilized the IDC data

Chen et al. Page 7

Breast Cancer Res Treat. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



information to develop a new concept of "IDC-like normal tissue". The "IDC-like normal
tissue" could be histologically normal tissue with a molecular proclivity towards IDC. Based
on this hypothesis, we identified 11 “IDC-like” normal tissues (out of 143 normal breast tissues)
and developed the malignancy-risk gene signature and risk score.

A careful re-examination of all the IDC-like normal tissues showed that they were
histologically-normal, with no evidence of in-situ or invasive carcinoma of the breast, and no
atypia (Figure 2 and Supplementary Table 4). However, these IDC-like normal tissues showed
gene expression profiles resembling invasive carcinomas, indicating that these tissues had
already acquired the molecular fingerprint of cancer and, therefore, may be at increased risk
for subsequent cancer development. Moreover, from these IDC-like normal tissues, we
developed a “malignancy-risk” gene signature that may serve as a marker of subsequent risk
of breast cancer development. The malignancy-risk gene signature was internally validated by
RT-PCR and leave-one-out cross validation as well as by two additional datasets. Further
analysis of external datasets also demonstrated its clinical relevance to cancer-risk and cancer
progression. While this gene signature requires further clinical validation, this is an intriguing
finding with substantive clinical implications. Several studies have suggested that cell cycle/
proliferation are key hallmarks of existing cancer (22,34–36). This is the first study, however,
to suggest the proliferative program of gene expression may be the earliest detectable event in
normal breast tissues at risk for developing breast cancer. Moreover, this is the largest
molecular analysis of histologically benign breast tissues. A recently reported study of 14
normal breast tissues from breast cancer cases identified genes differentially expressed in these
tissues versus normal breast reduction mammoplasties, but did not decipher a predominantly
proliferative gene function (37).

The large preponderance of proliferative genes in the malignancy-risk gene set was not
expected. By comparison, IDC associated genes were biased towards both proliferative and
adhesive gene sets. These findings suggest a temporal relationship between proliferative and
adhesive gene expression programs, with the former being precursors to histological alterations
and responsible for malignancy risk. Interestingly, there was also no statistical association of
the IDC-like normal tissues with ER/PR, Her2/neu, and grade suggesting the malignancy risk
signature may be not be dependent on these factors. The lack of association of the IDC-like
normal tissues with the triple negative (ER/PR/Her2Neu) phenotype also suggests no link to
BRCA1 and BRCA2.

Evaluation on two external independent datasets demonstrated the clinical relevance of the
malignancy-risk gene signature to cancer risk. While further validation of the malignancy-risk
signature is warranted, the signature has promise for impacting clinical decisions. These
include altering strategies for follow-up of histologically-normal, but molecularly abnormal
breast biopsies, determining which patients might benefit from radiotherapy following
lumpectomy, or determining which patients might benefit from mastectomy due to multifocal
disease risk.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Flow chart to developing the malignancy-risk gene signature.
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Figure 2. Histologic images of representative frozen breast tissues (original magnification X 200)
(a) Invasive ductal carcinoma (IDC) showing sheets of tumor cells and stromal strands, (b)
Normal breast lobule in a frozen breast tissue specimen that was collected at 1 cm from the
tumor (IDC) shown in Figure a. This specimen was designated as ‘IDC-like normal’ based on
its molecular profile, (c) Normal breast lobule in a frozen breast tissue specimen that was
collected at 2 cm from the tumor (IDC) shown in Figure a.
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Figure 3. Comparison of malignancy-risk score between IDC-like normal tissues, their matched
normal tissues, and unmatched normal tissues
Malignancy risk score was compared among the three groups in both subject level and pooled
data level (ignore subject information). (a) Subject level: A higher malignancy risk score was
seen in the IDC-like normal tissues than in the matched normal tissues for most subjects (p=0.01
using the random effect model); (b) Pooled data level: An increasing trend of the malignancy
risk score was seen from the unmatched normal tissues, the matched normal tissue, to the IDC-
like normal tissues (Pearson correlation=0.63 with p<0.0001); (c) Pair-wise comparison of the
malignancy risk score among the unmatched normal tissues, the matched normal tissue, and
the IDC-like normal tissues using the Tukey method to control for the type I error.
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Figure 4. RT-PCR validation
Pearson correlation was used to evaluate association of the malignancy risk score between
microarray and RT-PCR. The malignancy-risk score was calculated using the 30 selected
malignancy risk genes (Supplementary table 2) for microarray and RT-PCR, respectively.
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Figure 5. Validation of Moffitt ductal carcinoma in situ (DCIS) samples for cancer progression
The malignancy-risk score was generated by the 1st PCA and showed an increasing trend from
non-IDC-like normal, IDC-like normal, to IDC. Additional analysis results were in
Supplementary Figure 7.
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Figure 6. Evaluation for cancer risk in Poola et al’s ADH study
The use of the 1st PCA as the malignancy risk score showed that the ADH-C group had a higher
risk score than the ADH-N group (Figure 6A) with AUC=0.875 (Figure 6B) . Additional
analysis results were in Supplementary Figure 8.
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Table 1

Pathological data of the patients used in the study, including ER, PR, Her2, and grade.

ER/PR/Her2 status

ER R P u Her2/ne

Negative 25 38 43

Positive 55 42 12

other* 10 10 35

Total cases 90 90 90

Grade frequency

Well differentiated 6

Moderately differentiated 27

Poorly differentiated 30

Undifferentiated/anaplastic 10

No grade 17

Total cases 90
*
Results not available
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