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Abstract

We address the dilemma faced by oncologists in
administering preventative measures to "at risk"
patients diagnosed with atypical and nonatypical
hyperplasias due to lack of any molecular means of risk
stratification and identifying high-risk subjects. Our
study purpose is to investigate a four marker risk sig-
nature, MMP-1, CEACAM6, HYAL1, and HEC1, using
440 hyperplastic tissues for identifying high-risk sub-
jects who will benefit from preventative therapies. We
assayed themarkers by IHC and combined their expres-
sion levels to obtain a composite value from 0–10,
which we called a "Cancer Risk Score." We demonstrate
that the four marker-based risk scores predict subse-
quent cancer development with an accuracy of 91% and
86% for atypical and nonatypical subjects, respectively.
We have established a correlation between risk scores

and cancer rates by stratifying the samples into low risk
(score � 0.5); intermediate risk (score � 5.4), and high
risk (score >5.4) groups using Kaplan–Meier survival
analysis. We have evaluated cancer rates at 5, 10, and
15 years. Our results show that the average cancer rates
in the first 5 years among low- and intermediate-risk
groups were 2% and 15%, respectively. Among high-
risk group, the average cancer rates at 5 years were 73%
and 34% for atypical and nonatypical subjects, respec-
tively. The molecular risk stratification described here
assesses a patient's tumor biology–based risk level as
low, intermediate, or high and for making informed
treatment decisions. The outcomes of our study in
conjunction with the available prophylactic measures
could prevent approximately 20%–25% of sporadic
breast cancers.

Introduction
Breast cancer continues to be the most diagnosed cancer

striking approximately 225,000 every year and the second
leading cause of cancer-related deaths for women in the
United States (1) in spite of major strides in development
of numerous therapies. The high death rates are attributed
to the inability to contain cancer once it develops. A
significant reduction in the cancer incidence and the deaths
can be envisioned if high-risk subjects can be identified at
the precancerous stage and treated to stop in the first place.

Currently, prevention of about 5%–10% of breast cancers
has become a reality by identifying high-risk BRCA1 and
BRCA2 gene mutation carriers among "at risk" women
with family history. However, such tools are not available
for identifying high-risk subjects among the largest estab-
lished "at risk group of subjects" diagnosed with prolifer-
ative hyperplastic precancerous lesions to prevent sporadic
breast cancers.
Surveys show that, in addition to cancer cases, an esti-

mated 600,000–800,000women are diagnosedwith some
formof benignbreast lesions every year in theUnited States
of which about 50% are proliferative growths that include
atypical hyperplasias, usual ductal hyperplasias (UDH),
intraductal papilloma, and sclerosing adenosis (2, 3).
Numerous clinical studies by Wellings (4), Dupont (5, 6),
London (7), Page (8), and others (9–15) have established
that diagnosis of atypical and nonatypical proliferative
growths increases the cancer risk by 5-fold and 2-fold,
respectively. Three studies surveyed the incidence of sub-
sequent cancer among proliferative benign group and
reported that approximately 20% among atypical and
approximately 10% among nonatypical cohorts subse-
quently developed cancer (16–18). On the basis of the
above reports, about 40, 000–50,000 high-risk women
who are diagnosed with proliferative growths every year
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subsequently develop cancer and are the most suitable
candidates for preventative therapies similar to BRCA1 and
BRCA2 gene mutation carriers. However, currently there
are no tools available to identify a molecular subclass of
high-risk true precancerous lesions among the proliferative
growths.
Because of very high incidence of cancer among atypical

cohort, prophylactic endocrine treatments, tamoxifen, ral-
oxifene, aromatase inhibitors (AI), and/or mastectomies
are approved by FDA to prevent cancer similar to BRCA
gene mutation carriers. However, both patients and their
health care providers are faced with a decisional dilemma
of undertaking/administering the preventative measures
because of the lack of anymolecular tools that can precisely
stratify the approximately 20% of high-risk subjects who
will go on to develop cancer. The uncertainty surrounding
the risk puts enormous emotional burden on patients as
well as physicians. Currently, treatments are administered
without any molecular basis to willing patients not know-
ing their actual risk. As a result, patients who have low risk
are overtreated and unnecessarily subjected to side effects
of the above drugs such as pulmonary embolism, deep vein
thrombosis, stroke, endometrial cancers, cataracts and
vasomotor instability (tamoxifen; refs. 19–22), or muscu-
loskeletal pain and bone loss (AIs), or undergoing unnec-
essarymastectomies.On theother hand, patientswhohave
the real risk but choose not to receive above therapies to
avoid side effects are not getting the benefit of prophylactic
treatments. Because of lack of any tests to distinguish a
subclass of true precancerous atypical lesions, high level of
anxiety persists among women diagnosed with these types
of growths. Molecular tests that can be applied to screen
atypical lesions are urgently needed to precisely identify
womenwho are highly likely to develop cancer so that they
can be treated and prevented from developing cancer. In
addition, currently there are no preventative treatment
guidelines for subjects diagnosed with nonatypical prolif-
erative lesions, although a majority of proliferative lesions
diagnosed are the nonatypical type and large majority of
cancers from proliferative group are from the nonatypical
cohort.
To understand which proliferative lesions are true pre-

cancerous growths and associatedwith future cancer devel-
opment, we have previously performed gene expression
studies of atypical tissues and identified several cancer
molecules that potentially indicate a proliferative lesion
to be a true precursor (23). In this study, our goal was to
investigate a panel of risk signature molecules that can be

applied for identifying high-risk subjects who will most
likely develop cancers so that personalized treatment deci-
sions can be made based on the patient's tumor biology.
For this purpose, we have investigated a panel of selected
risk signature, from the above-identified cancer molecules,
in a total of 440 proliferative tissues with clinical follow-up
information on cancer development status. We demon-
strate here that the selected risk signature stratifies the high-
risk group that subsequently developed cancer from the
low-risk cancer-free group among atypical as well as non-
atypical cohorts with 91% and 86% accuracy, respectively.
We also report risk stratification into low-, intermediate-,
and high-risk groups and cancer rates in each group at 5
years, 10 years, and 15 years after hyperplasia diagnosis.
Finally, we report significant differences in terms of risk
signature between atypical and nonatypical lesions that
reflect in the cancer rates at various time periods.

Materials and Methods
Tissue samples
Archival formalin-fixed paraffin-embedded (FFPE)

breast hyperplastic tissue samples for which clinical fol-
low-up information available were included in this study.
A total of 440 tissues of which 149 atypical and 291
nonatypical hyperplasias from subjects who had not
received any preventative measures were included. Of the
440 tissues, 70were from theprevious studies (23) and370
were the new independent set. The atypical group included
was ductal (ADH) as well as lobular (ALH) types. Most of
the atypical specimens also had one or more of the fol-
lowing nonatypical hyperplasias: UDH, papilloma, or
sclerosing adenosis. The degree of proliferative ducts in
the tissues ranged fromaminimumof two tomore than 10
ducts. Of the 440 specimens included, 162 (atypical n¼ 74
and nonatypical, n ¼ 88) were from subjects who subse-
quently developed Ductal Carcinoma In Situ (DCIS,
n ¼ 54) or invasive (n ¼ 108) cancer in either ipsilateral
(n¼ 124) or contralateral (n¼ 38) breast after aminimum
of 1 year and a maximum of 13 years (cancer group). The
other 278 (atypical, n¼ 75 and nonatypical, n¼ 203)were
from subjects who did not have prior breast cancer and did
not develop for a minimum of 5 years and a maximum of
19 years (cancer-free group; details of specimens in the
study are summarized in Table 1). The mean time period
for developing cancer among atypical subjects was 4.3
years (SD 4.2) and for nonatypical subjects it was 7.1 years
(SD 5.4). The ages of the subjects at diagnosis of

Table 1. Description of the proliferative tissues included in the study

Benign histology Laterality of cancer Cancer-developed
Proliferative tissue samples # Atypical Nonatypical

Time to cancer or
cancer-free surveillance Ipsilateral Contralateral Invasive DCIS

Cancer (developed) group 162 74 88 1 yr–13 yrs 124 38 108 54
Cancer-free group 278 75 203 Min. 5 yrs, Max. 19 yrs NA NA NA NA
Total 440 149 291 440 124 38 108 54
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hyperplasia in the cancer group ranged from 28 years to 80
years (mean, 53.7, SD 12.1) and in the cancer-free group it
ranged from19 years to 72 years (mean, 46.7 and SD12.4).
The tissue samples with clinical surveillance information
were obtained from the pathology divisions of the follow-
ing institutions: UCLA Medical School (Los Angeles, CA),
Leeds Hospitals (Leeds, United Kingdom), and Hartford
Hospital (Hartford, CT). Institutional ReviewBoards of the
respective institutions approved the archival tissue sample
retrieval procedures for the study. To ascertain that all the
sections cut from each block had the hyperplasia, the first
and the last section cut from each paraffin block were
stained with haematoxylin and eosin and examined for
histology and only those containing the desired tissues
were used.

Assay of risk signature molecules in FFPE tissues
A panel of four cancer markers, MMP-1 (Matrix Mettalo

Proteinase 1), CEACAM6 (Carcino Embryonic Antigen
Cell Adhesion Molecule 6), HYAL1 (Hyaluronoglucosa-
minidase 1), and HEC1 (Highly Expressed in Cancer Rich
in Leucine Heptad Repeats 1) that were previously iden-
tified by gene expression studies (23) and an established
breast cancer marker, ESR1 (Estrogen Receptor 1; ref. 24)
were selected for this study.We assayed themarkers by IHC
method, which visually ascertains the presence of relatively
limited number of proliferating ducts that could vary from
block to block and section to section of a specimen. We
performed IHC assays of markers as described previous-
ly (23, 25–28) blinded to the knowledge on cancer devel-
opment status of the specimen. The positive controls were
breast cancer tissues, which express the abovemarkers. The
negative controls were breast hyperplastic tissues stained
without primary or secondary antibody. All the slides were
graded by board-certified and licensed pathologists
blinded to the knowledge on the development or nonde-
velopment of cancer. The slides were graded on the basis of
the stain intensity and the proportion of proliferating
epithelial cells staining. The tissue was considered positive
if greater than 10% of proliferative cells showed staining.
The staining intensity was graded in comparison with the
negative control (score, 0) and positive control (cancer;
grade, 4). The final grading values ranged from 0.0 to 4.0.
To ascertain that the above marker proteins were not
deteriorated with storage, we evaluated two markers in
proliferative tissues in the cancer group that were stored for
12 years and found no deterioration of the markers.

Statistical methods
Our goal, in this study, was to stratify the high-risk

subjects who developed cancer (cancer group) from the
low-risk (cancer-free) group based on the composite levels
of multiple cancer markers expressed in the proliferative
tissues. The IHC grades of the multiple markers assayed
indicate their expression levels. To determine an optimum
method to combine the marker levels and obtain a com-

posite value, we performed the following: we first tested
classical linear logistic regression method by evaluating its
performance using typical measures such as sensitivity,
specificity, positive predictive value (PPV), negative pre-
dictive value (NPV), accuracy, and the area under the ROC
curve (AUC), as well as log-likelihood ratio. To evaluate
possible interactions and nonlinearity of themarker levels,
we also compared pair-wise interactionmethods and non-
linear methods. We found piece-wise linear logistic regres-
sion to be the optimum method for combining the mul-
tiple marker levels and obtaining the composite value
between 0–10, which we call a "cancer risk score."
The risk scores of 440 samples were displayed as box

plots anddensity plots to examine their distributions in the
cancer group and the cancer-free groups of samples. The
Odds Ratio (OR) was calculated on the basis of the Odd at
themean risk score and theOddatmean risk score plus one
SD. We used the calculated cancer risk scores and the
corresponding cancer status of the samples to obtain the
ROC statistics such as sensitivity, specificity, PPV,NPV, and
the accuracy of cancer prediction (29). The ROC curves
were drawn to evaluate the performance of the risk signa-
ture for cancer prediction. The commonly used 10-fold
cross-validation method was applied for verifying the
cancer prediction values, sensitivity, specificity, PPV, NPV,
and accuracy. The R package caret is used for the stratified
cross-validation,where eachof the 10 subsets has about the
same sample size of 10% of the total data sample size and
has about the same case–control ratio. For each of the 10
subsets, say Si, combining the rest of the 9 subsets as the
training dataset to determine the accuracy of cancer pre-
diction values. We have investigated a correlation between
cancer risk scores and cancer rates at 5 years, 10 years, and
15 years, and beyond using Kaplan–Meier survival analy-
sis (30). All analyses were performed for UDH and ADH
samples separately, and for all tissues combined.

Results
We have developed here a clinically applicable risk-

scoring method that assesses cancer risk in terms of a score
from 0 to 10 by taking into account the expression levels of
four markers. We present results to show that the cancer
group of samples can be stratified from the cancer-free
group based on the risk scores. We demonstrate that the
risk scores of samples from patients who did not develop
cancer after a minimum of 5 years and maximum of 19
years ranged from 0 to 0.5 and for samples from patients
who subsequently developed cancer after a minimum of
1 year, the scores ranged from 5.5 to 9.0. In addition, we
present results to show thatmolecular signature–based risk
scores predict cancer development with very high sensitiv-
ity, specificity, and accuracy. Finally, data are presented on
correlation between risk scores and cancer rates at 5 years,
10 years, and 15 years for atypical and nonatypical types of
samples. The details of the results are presented below.
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The molecular signature–based risk scores stratify the
cancer group from cancer-free group
After assaying multiple markers in 440 samples, we

applied piece-wise linear logistic regression method to
combine the expression levels of all the markers assayed
to obtain composite risk scores. We found that the four
markers, MMP-1, CEACAM6, HYAL1, and HEC1 were
highly associated with cancer prediction by linear as well
as piece-wise logistic regression methods. However, ESR1,
did not significantly contribute to the predictive values by
anymethod tested, therefore, was not included in the final
risk score calculations.
After obtaining the risk scores of all 440 samples, we

examined the score distributions in the cancer group and
the cancer-free group of samples by displaying in box
plots and density plots. The box plots (Fig. 1A) show that
the cancer group of samples (red) is clearly segregated
from the cancer-free group (blue). The segregation could

be observed in atypical cohort, nonatypical cohort, or all
the samples combined (Fig. 1A, middle, bottom, and top
plots, respectively). The density plots (Fig. 1B) show that
in the cancer-free group (blue) the risk scores peaked
around 0.5, while in the cancer group (red) the scores
peaked around 9.0 (Fig. 1B, top plot). When we sepa-
rately plotted the atypical and nonatypical samples, the
peak scores were 9.5 and 8.0, respectively, among cancer
groups but minor differences in the cancer-free groups
(Fig. 1B, middle, and bottom plots, respectively). These
results clearly establish that risk signature segregates the
cancer group from the cancer-free group of tissues. When
we analyzed the risk scores between atypical and non-
atypical tissues for any differences using t test, we found
significantly higher values in the cancer group of atypical
tissues (P ¼ 0.02) than the nonatypical tissues but did
not find any significant differences in the cancer-free
groups.

Figure 1.

Box plots and density plots of
composite risk scores obtained
from the expression levels of MMP-
1, CEACAM6, HYAL1, and HEC1 in
proliferative hyperplastic tissues are
shown. A, Box plots of risk scores
(0–10) for the cancer-free (0, blue)
and cancer group of samples (1,
red). The plots show clear
separation of cancer group from the
cancer-free group in atypical
(middle) and nonatypical samples
(bottom) as well as all samples
together (top). B, Density plots of
risk scores (0–10) for atypical,
nonatypical, and the combination of
all samples are shown. The peak risk
scores of cancer-free group (blue)
and cancer group (red) were 1 and
9.5 for atypical (middle), 0.5 and
8.0 for nonatypical (bottom), and
0.5 and 9.0 for all samples
combined (top), respectively.
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The four marker-based risk scores predict cancer with
very high accuracy—ROC statistics
We used the calculated cancer risk scores of 440 samples

and the corresponding cancer status of the samples to
obtain the ROC statistics such as sensitivity, specificity,
PPV, NPV, and the accuracy of cancer prediction. The
results are presented in Table 2. As seen in the Table,
overall, the four marker signature predicts cancer with
very high sensitivity, specificity, PPV, NPV, and accuracy
(78% � 6%, 93% � 3%, 87% � 5%, 88% � 4%, and
88% � 3%, respectively). When we compared the above
values obtained from the 70 samples of the previous
studies (23) with the 370 samples of the new independent
set, we got similar results. Cross-verification using 10-fold
cross-validationmethod gave similar values for sensitivity,
specificity, PPV, NPV, and accuracy (81% � 5%, 92% �
3%, 86%� 5%, 89%� 3%, and 88%� 3%, respectively).
When the atypical samples were separately evaluated, the
accuracy was higher, 91% � 5%, than the nonatypical
group, 86% � 4% (Table 2). Although these values are
slightly lower for nonatypical group of tissues, they are
highly significant in predicting cancer development. We
have further analyzed the risk score data by displaying the
ROC curves. The results displayed (Fig. 2) show that the
performance of the fourmarker risk signature is very high in
predicting cancer. The AUCs for atypical and nonatypical
types were 0.95 and 0.9, respectively (Fig. 2, middle and
bottom curves) and for all samples combined the AUCwas
0.92 (Fig. 2, top curve). The values of above 0.90 AUC show
very high predictive value of risk signaturemolecules tested.

Correlation between risk scores and cancer rates at 5
years, 10 years, and 15 years—Kaplan–Meier survival
analysis
We have investigated a correlation between the risk

scores and cancer rates at various time durations after
hyperplasia diagnosis using Kaplan–Meier survival anal-
ysis. To draw the survival curves, we have divided the
samples into three groups based on the risk scores: low
risk (Score � 0.5), intermediate-risk (Score � 5.4), and
high-risk (Score > 5.4) groups. We chose score 0.5 as
low-risk group because the samples that had a score of
0.5 did not express any of the four molecules. The
samples that had risk score above 5.4 were grouped as
high risk because 5.4 was the cutoff for the optimal per-
formance measurements such as sensitivity, specificity,
PPV, and NPV as in Table 2. The samples that had scores
of more than 0.5 and less or equal to 5.4 were grouped as
intermediate-risk group. The survival plots drawn for

the above three risk groups are shown in Fig. 3. The top
panel shows the survival curves for all samples (atypical
and nonatypical samples combined). In the first 5 years,
53% of subjects in the high-risk group, 12% in the
intermediate-risk group, and 1% in the low-risk group
developed cancer. When we divided the data into

Table 2. Risk score–based ROC statistics

Tissue samples Sensitivity Specificity PPV NPV Accuracy

Atypical 89% � 7% 93% � 6% 93% � 6% 90% � 7% 91% � 5%
Nonatypical 68% � 10% 94% � 3% 83% � 9% 87% � 4% 86% � 4%
Atypical þ Nonatypical 78% � 6% 93% � 3% 87% � 5% 88% � 4% 88% � 3%

Figure 2.

ROC curves for atypical, nonatypical, and combination of all samples are
shown. The AUCs for atypical (middle), nonatypical (bottom), and
combination of all samples (top) were 0.95, 0.9, and 0.92, respectively.
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atypical and nonatypical groups, 73% of atypical sub-
jects in high-risk group developed cancer in the first 5
years, while in the nonatypical group the cancer rates
were significantly lower (34%; Fig. 3, middle and bottom
panels, respectively). However, in the low- and interme-
diate-risk groups, there were no significant differences in
the cancer rates between atypical and nonatypical types.
We have summarized the data on cancer rates in the first
5 years, 10 years, 15 years, and beyond 15 years
in Table 3. As seen in Fig. 3 and Table 3, there is a direct
correlation between risk scores and cancer rates. Overall,
among low-risk group with scores from 0.0 to 0.5, the
cancer-free rates were at least 97% for up to 15 years and
beyond.

MMP-1, CEACAM6, HYAL1, and HEC1 are colocalized
along with ESR1 in proliferating ducts
We have examined individual proliferating ducts for the

localization patterns of above proteins to get insights into
their role in initiating carcinogenesis in the milk ducts
where over 95% of breast cancers arise. Examples of colo-
calization patterns of the above proteins in ADH, UDH,
and papilloma types of proliferative ducts are shown
in Fig. 4, panels 1–3, respectively. As seen in Fig. 4, we
observed colocalization of all the expressed molecules in
the proliferating cells of the same ducts. Interestingly, the
above four cancer promoters were colocalized along with
ESR1 as shown in Fig. 4, panels 1–3, although its expres-
sion levels were not significantly different in the cancer

Figure 3.

Kaplan–Meier survival curves for the
low-risk, intermediate-risk, and high-
risk groups. Survival curves for
atypical (middle), nonatypical
(bottom), and combination of all
samples (top) are shown. The
survival curves are distinct for the
low-risk (score� 0.5; blue),
intermediate-risk (Score� 5.4;
black), and high-risk (score > 5.4;
red) groups. The cancer rates for
the three risk categories are shown
in Table 3.
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group of tissues compared with cancer-free group by IHC,
consistent with our previous gene expression data (23). For
comparative purposes, expression levels of above markers
in breast cancer tissues are also shown in Fig. 4, panel 4.

Discussion
In this study, we have addressed the dilemma faced by

the oncologists in treating the subjects who are diagnosed

Table 3. Cancer rates among low, intermediate-, and high-risk groups at various time periods

Sample details and risk levels Percent cancer rates in 5 years, 10 years, 15 years, and beyond
Sample types and risk score Sample size Risk level Up to 5 years Up to 10 years Up to 15 years Beyond 15 years

Atypical and risk scores < 0.5 39 Low 0 3 3 3
Atypical and risk scores < 5.4 40 Intermediate 12 18 20 20
Atypical and risk scores > 5.4 70 High 73 83 91 93
Nonatypical and risk scores < 0.5 119 Low 2 2 3 3
Nonatypical and risk scores < 5.4 102 Intermediate 15 22 25 25
Nonatypical and risk scores > 5.4 70 High 34 57 81 83
Atypical þ Nonatypical and risk scores < 0.5 163 Low 1 2 3 3
Atypical þ Nonatypical and risk scores < 5.4 137 Intermediate 12 20 23 23
Atypical þ Nonatypical and risk scores > 5.4 140 High 53 69 85 86

Figure 4.

Colocalization of ESR1, MMP-1,
CEACAM6, HYAL1, and HEC1 in
proliferative hyperplastic breast
tissues by IHC. Examples of
colocalization of the five
oncoproteins is shown in atypical
ductal hyperplasia (ADH), UDH, and
papilloma types of proliferating
breast tissues (top three panels,
respectively). For comparative
purpose, colocalization of these
molecules in breast cancer tissues is
also shown (bottom). The
micrographs shown are at 20� and
40�magnification.
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with breast atypical, as well as nonatypical hyperplasias
due to lackof anymolecularmeans of risk stratification.We
have recognized the need for identifying the high-risk
subjects who would benefit from preventative endocrine
treatments at the same time spare the low-risk subjects
from unnecessary treatments and their side effects or
mastectomies. We have presented results here to demon-
strate that a four marker risk signature, MMP1, CEACAM6,
HYAL1, and HEC1, could be applied to stratify the high-
risk atypical aswell as nonatypical subjectswhowill benefit
from the prophylactic measures.
The risk signature molecules, MMP-1, CEACAM6,

HYAL1, and HEC1, applied here were discovered in our
previous gene expression studies and were highly elevated
(35.5, 37, 13.3, and 8 times, respectively) in cancer group
of hyperplastic tissues compared with cancer-free
group (23). The selected molecules were also shown to
promote the progression of several types of cancers by
various mechanisms (31–47). In addition, three of the
individualmarkers (MMP-1, CEACAM6, andHYAL1)were
shown to predict cancer with varying accuracies in pilot
studies (23, 26, 27). In this study, we have developed a
method to combine the levels of all the expressed markers
by piece-wise linear logistic regression for obtaining a
composite value between 0 and 10, whichwe call a "cancer
risk score." The results presented in Fig. 1 show that the risk
scores of cancer group of samples were distinct from the
cancer-free group demonstrating differences in the biology
of the two types of tissues. The density plots (Fig. 1B) also
show that the risk scores varied widely in cancer group of
samples suggesting heterogeneity in marker levels and
biology.
The ROC statistics data (Table 2) and ROC curves data

(Fig. 2) established that the four marker signature–based
risk scores predict cancer development with very high
sensitivity, specificity, PPV, NPV, and accuracy. The accu-
racy is slightly higher for atypical tissues (91%) compared
with nonatypical tissues (86%). The OR for our risk sig-
nature is 8.4. On the basis of the OR of 8.4, the sample size
of 102 has the power of more than 99% with significance
level of 0.0001. Therefore, the sample size of 440 applied in
this study was sufficient for stratifying the cancer group
from the cancer-free group of samples. We compared risk
scores of samples from subjects who developed cancer in
ipsilateral (n¼ 124) versus contralateral (n¼ 38) breast by
ANOVA and found no significant differences (P ¼
0.09453). Similarly, no significant association was found
between risk scores and age at hyperplasia diagnosis,
menopausal status, number of atypical foci, or any char-
acteristics of the subsequent cancer developed such as
Estrogen Receptor (ER) status, nodes, grade, stage, DCIS,
or invasive cancer. These observationsdemonstrate that the
risk signature–based cancer prediction is independent of
laterality, age at hyperplasia diagnosis, menopausal status,
or any of the characteristics of the future cancer developed.

The survival curves that were drawn by categorizing
the subjects based on risk scores into low-Risk
(score � 0.5), intermediate-risk (score � 5.4), and
high-risk (score > 5.4) groups are distinct for the three
groups (Fig. 3) demonstrating that the risk scoring could
be applied for identifying high-risk subjects who will
subsequently develop cancer. The data presented in
Fig. 3 and Table 3 also demonstrate a direct correlation
between risk scores and cancer rates. Overall, atypical
samples in the high-risk group had significantly higher
risk scores ((P ¼ 0.02 by t test) than nonatypical
samples, which reflected in higher cancer rates and shorter
cancer-free survival. The lower cancer rates in thefirst 5 years
among the nonatypical high-risk subjects suggest that
these are relatively slow-growing preatypical stage lesions.
Kaplan–Meier survival data presented above establish that
the cut-off risk scores we have set here for risk stratification
into low, intermediate, and high risk could be applied to
assess a patient's risk level and treatment decisions.
Colocalization studies of risk signature molecules

revealed that all the expressed markers in a tissue were
colocalized in every positive duct as shown in Fig. 4.
Interestingly, three of the four molecules, MMP-1,
CEACAM6, and HYAL1, are known to be involved in
disrupting cell–cell and/or cell–ECM interactions. MMP-1
andHYAL1 are matrix-cleaving enzymes and are known to
promote cancer progression by opening up spaces in the
matrixandfacilitating themigrationof cancer cells (32,48).
CEACAM6 was shown to regulate cell adhesion and over-
expression is known to disrupt cell–cell interactions and
tissue architecture (34). It is possible that the above
three cancer-promoting molecules along with another
established cancer promoter, HEC1, may contribute to
carcinogenesis.
In summary, data are presented in establishing MMP-1-,

CEACAM6-,HYAL1-, andHEC1-based risk scoring and risk
stratification strategy to classify a hyperplasia subject as low
risk, intermediate risk, or high risk for developing future
breast cancer. In addition, data on cancer rates for a given
risk group at 5 years, 10 years, andbeyond are presented for
atypical as well as nonatypical patients. The risk scoring
model described here offers for the first time a tumor
biology–based personalized risk scoring method for mak-
ing informed treatment decisions. Prophylactic treatment
decisions can now be made based on the cancer risk score
and consultation between a patient and her health care
professional. For example, a standard screening forwomen
with low risk, increased surveillance for subjects of inter-
mediate risk, and risk-reducing endocrine therapies and/or
prophylactic mastectomy for high-risk group similar to
BRCA gene mutation carriers. Currently, the above treat-
ment guidelines are approved for only atypical subjects but
not for nonatypical subjects. Our data presented here on
nonatypical samples warrants the need for developing
treatment guidelines similar to subjects with atypical

Poola et al.

Cancer Prev Res; 12(7) July 2019 Cancer Prevention Research478

Research. 
on July 5, 2019. © 2019 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst June 25, 2019; DOI: 10.1158/1940-6207.CAPR-19-0051 

http://cancerpreventionresearch.aacrjournals.org/


growths. Finally, molecular risk scoring of hyperplastic
tissues in conjunction with the already available prophy-
lactic endocrine therapies and/or prophylacticmastectomy
measures could prevent about 20% to 25% of sporadic
breast cancers.
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