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Abstract

Triple-negative breast cancer is a particularly aggressive and lethal breast cancer subtype that is
more likely to be interval-detected rather than screen-detected. The purpose of this study is to
discover and initially validate novel early detection biomarkers for triple-negative breast cancer
using preclinical samples. Plasma samples collected up to 17 months prior to diagnosis from 28
triple-negative cases and 28 matched controls from the Women’s Health Initiative Observational
Study were equally divided into a training set and a test set and interrogated using a customized
antibody array. Data were available on 889 antibodies, and in the training set statistically
significant differences in case vs. control signals were observed for 93 (10.5%) antibodies at
p<0.05. Of these 93 candidates, 29 were confirmed in the test set at p<0.05. Areas under the curve
for these candidates ranged from 0.58 to 0.79. With specificity set at 98%, sensitivity ranged from
4% to 68% with >20 candidates having a sensitivity 20% and 6 having a sensitivity >40%. In an
analysis of KEGG gene sets, the pyrimidine metabolism gene set was upregulated in cases
compared to controls (p=0.004 in the testing set) and the JAK/Stat signaling pathway gene set was
downregulated (p=0.003 in the testing set). Numerous potential early detection biomarkers
specific to triple-negative breast cancer in multiple pathways were identified. Further research is
required to follow-up on promising candidates in larger sample sizes and to better understand their
potential biological importance as our understanding of the etiology of triple-negative breast
cancer continues to grow.

Keywords
Breast cancer; triple-negative; biomarkers; early detection

Introduction

Annual or biennial mammography is effective at detecting breast cancer early and has been
shown in multiple randomized trials to reduce mortality rates.[18] However, its effectiveness
varies by breast cancer subtype. With respect to hormone receptor status, it has been shown
that interval-detected cancers are 1.8 to 2.6-fold more likely to be estrogen receptor (ER)
negative compared to screen-detected tumors.[6, 26] Improving the early detection of ER-
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cancers is of great clinical importance because these tumors are more likely to present at an
advanced stage, and a higherstage carries a higher risk of breast cancer mortality.[7]

One approach to developing new tools for detecting cancer early is through the identification
and validation of blood based cancer specific biomarkers. In applying this approach to breast
cancer, one potential challenge is its considerable heterogeneity. The characterization of
distinct molecular subtypes of breast cancer based on patterns of gene expression has shifted
how we approach this complex disease.[20, 32] The unique molecular signatures of the
different subtypes suggest that they likely have unique etiologies, and a growing number of
studies indicate that several well established breast cancer risk factors differ markedly in
their associations with the various molecular subtypes.[8, 16, 21-25] The most common
subtypes are ER+ (comprising the luminal A and luminal B subtypes), while one of the most
aggressive and difficult to treat subtypes is triple-negative (TN) breast cancer. These tumors
lack ER, progesterone receptor (PR), and HER2-neu (HERZ2) expression and the majority of
them have the so called basal-like phenotype.[5, 12] Beyond their molecular differences, this
subtyping is also of considerable clinical relevance given the differences in survival rates of
luminal A and TN cancers: while luminal A tumors have a ~90% 5-year survival rate, the
reported 5-year survival rate for TN breast cancers ranges from 35-80%.[3, 5, 11, 15] Thus,
given the molecular, clinical and epidemiological differences from ER+ cancers, one might
reasonably hypothesize that there may be unique early detection biomarkers specific to TN
breast cancer, and that biomarkers for this subtype may be more readily discovered given the
highly aggressive nature of these tumors. One challenge to the discovery of useful
biomarkers for TN disease is the procurement of sufficient samples collected prior to disease
diagnosis. Large cohort studies that have collected biospecimens and have good follow-up
are excellent potential sources.

The purpose of this study was to discover and initially validate novel biomarkers for the
early detection of TN breast cancer using a novel high-density antibody array and plasma
samples collected prior to diagnosis among women enrolled in the Women’s Health
Initiative (WHI) observational study. The antibody microarray contains approximately 1000
antibodies to many important signaling proteins important in inflammatory, immune
response, proliferation, and insulin signaling pathways. Content includes many cytokines,
adipokines and other growth factors, and is enriched for antibodies to secreted and/or
membrane proteins. This includes proteins in pathways known to be deregulated in breast
cancer including those involved in apoptosis, angiogenesis, T-cell activation/infiltration,
inflammation/prostaglandins, insulin, and insulin resistance signaling. Since antibodies are
nature’s best affinity capture reagents, they are perfectly suited for characterizing complex
proteomes such as human plasma due to their high affinity and specificity and when used in
a high dimensional format can give a rather comprehensive view of the plasma proteome.
We have previously shown that this approach has excellent concordance with ELISA assays
for specific proteins, and has yielded new biomarkers of ovarian cancer that have been
confirmed by alternate methods.[14, 28-30]

Study design

We conducted a nested case-control study of breast cancer within the Women’s Health
Initiative (WHI) Observational Study (OS), a prospective cohort of 93,676 post-menopausal
women enrolled from 1993 to 1998 in the United States. Detailed descriptions of the design
and methods of the WHI OS have been previously published.[9, 33] Our nested case-control
study included 28 ER-/PR-/HER2- breast cancer cases and 28 controls without a prior
history of any type of cancer, individually matched 1:1 to cases on age at enrollment (1
year), race/ethnicity (white, black, Hispanic, Asian/Pacific Islander, or other), blood draw
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date (1 year), and clinical center of enroliment. Cases were included in this study if they
had an available study blood specimen drawn within 17 months prior to their breast cancer
diagnosis. Information on ER, PR, and HER2 status was obtained from medical records and
centrally adjudicated by WHI staff. The 28 matched sets were divided equally and randomly
into a training set, used for discovery, and an independent testing set, used for confirmation.

Laboratory methods

These preclinical samples were evaluated on a customized antibody array populated with
977 full length antibodies to many secreted, integral membrane, cytoplasmic and nuclear
proteins involved in a diverse array of signaling pathways. Detailed descriptions of our
protocols for array fabrication, plasma treatment, plasma labeling, incubation of plasma with
arrays, array scanning and statistical analyses have been previously reported.[14, 29]
Triplicate features of each antibody were printed on Nexterion Slide H hydrogel-coated
glass slides (Schott, EImsford, NY) using a Genetix Q-array 2 microarray printer (San Jose,
CA) and blocked with 0.3% ethanolamine, 0.05 M sodium borate pH 8.0. Albumin and 1gG
were depleted from 100 ul plasma using a ProteoPrep Immunoaffinity Albumin and 1gG
Depletion Kit (Sigma Chemical, St. Louis, MO) per the manufacturer’s directions. The
depleted plasma was concentrated to its original volume using Amicon Ultra 10k MWCO
centrifugal filters (Millipore, Billerica, MA), measured for total protein concentration by
BCA assay (Pierce Biotechnology, Rockford, IL), and labeled with the amine reactive dyes
Cy3- and Cy5-maleimide (GE Amersham, Piscataway, NJ) according to the manufacturer’s
instructions. Unincorporated dye was removed using Amicon Ultra 10k MWCO centrifugal
filters. For this study, 500 pg case and control plasma were labeled with Cy5, and separately
incubated for 90 minutes with Cy3-labeled reference plasma (a common pool of plasma
comprised of samples collected from 7 women aged 45-72 years was used as a reference for
all samples) in approximately 100 .l total volume (kept from drying using LifterSlips,
Fisher Scientific, Pittsburgh, PA). After washing slides were scanned in a GenePix 4000B
microarray scanner and data extracted using GenePix Pro 6.0 software (Molecular Devices,
Sunnyvale, CA).

Statistical analysis

For each antibody, fold change of signal (red channel) compared to reference (green
channel), the M value, was calculated as log2(R./G); where R is red corrected and G is
green corrected (using the normexp background correction method developed by Smyth).
[31] Technical sources of variation were normalized using loess procedures developed for
microarrays, including within-array print-tip loess and between-arrays quartile
normalization. Following normalization, triplicate features were summarized using their
median. M values were further normalized using linear regression to remove the systematic
bias due to experimental factors such as printing and hybridization day. After this
normalization data were available on a total of 889 antibodies. All statistical analyses were
conducted on M values, and analyses of the training set data and testing set data were
performed independently.

Values were standardized such that the mean value and standard deviation of the cancer free
control group were set to zero and one, respectively. Multivariate linear regression was used
to compute log2 odds ratios (OR), p-values, and 95% confidence intervals (ClI) for case
versus control comparisons. All ORs were adjusted for age, race/ethnicity, body mass index,
menopausal hormone therapy use, and array hybridization day. We also calculated the area
under the curve (AUC) and the sensitivity at 98% specificity as metrics of the extent to
which individual markers could discriminate between cases and controls. AUC estimates
were two-sided, such that an AUC>0.5 indicates that the marker is higher in cases compared
to controls and an AUC<0.5 indicates that it is lower among cases compared to controls.
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We conducted Gene Set Enrichment Analyses (GSEA) based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Gene Ontology (GO) gene sets that are available from the
Molecular Signatures Database (MSigDB)
(http://www.broadinstitute.org/gsea/msigdb/index.jsp). The 889 antibodies available for
analysis correspond to 732 unique genes. Of the 186 KEGG gene sets available from
MSigDB, our arrays included at least 5 proteins corresponding to gene members in 91 of
these gene sets. With respect to the GO gene sets, of the 1454 available GO gene sets, our
arrays included at least 5 gene members in 535 of these gene sets. We then tested if the
proteins corresponding to groups of genes in a given gene set had a higher statistical ranking
than the proteins not in this gene set based on Wilcoxon testing in the training set. Gene sets
that were statistically significantly different in cases compared to controls were then
evaluated in the testing set using the same approach.

The cases and controls in our training and test sets were generally balanced with respect to
age and race/ethnicity (Table 1). Somewhat higher proportions of cases compared to
controls were overweight or obese (body mass index >25.0 kg/m?) in both the training and
testing sets. The same proportion of controls and cases in both training and testing sets were
not currently using menopausal hormone therapy, though there was some variation in the
proportions using unopposed estrogen versus combined estrogen and progestin regimens. In
the training set, of the 889 antibodies assessed, 93 (10.5%) showed statistically significant
differences in signal between cases and controls at p<0.05; in the testing set, 146 (16.4%)
were statistically different. Of the 93 candidates identified in the training set, 29 were
validated in the test set at p<0.05 (Table 2). 28 of these 29 candidates were higher in cases
compared to controls and the AUCs for these individual candidates ranged from 0.58 to
0.79. With sensitivity set at 98%, across these 29 candidates specificity ranged from 4% to
68%. As a comparison, a prostate specific antigen (PSA) value of >4.1 has an estimated
20.5% sensitivity and 93.8% specificity for detecting prostate cancer.[34] Here, 20 of the 29
candidates had a sensitivity of >20% and 6 had a sensitivity of 240% including NADH
dehydrogenase 1a subcomplex 10 (NDUFAL0, 68%), protein-tyrosine phosphatase,
mitochondrial 1 (PTPMTZ1, 52%), integrin beta-1 (ITGB1, 48%), mast/stem cell growth
factor receptor (KIT, 46%), DNA-directed RNA polymerase (POLR2L, 43%), and ephrin-
A5 (EFNADB, 41%), again with specificity set at 98%. We also applied a more stringent
multiple testing correction procedure to our analysis. Ten candidates from the training set
had a p-value of <0.01 and independently five of these ten discriminated TN cases from
controls at a nominal p<0.005 in the testing set (DUSP9, EED, EFNAS5, ITGB1, and
PTPMT1), so that these five have a Bonferroni-corrected p-value of <0.05.

An additional eleven candidates had a p-value of <0.1 in the training set and a p-value of
<0.05 in the test set, and 12 had a p-value of <0.05 in the training set and a p-value of <0.1
in the test set (Table 3). Among these twenty-three candidates, 2 had sensitivities of 240% at
98% specificity, toll-like receptor 2 (TLR2, 52%) and anoctamin 1 (ANO1, 43%).

For our gene set analysis, a total of 91 KEGG gene sets met our inclusion criteria of >40%
sensitivity at 98% specificity. Of these gene sets, seven had a p-value <0.05 in our training
set, of which 2 had p-values <0.05 in our testing set (Table 4). These were pyrimidine
metabolism, which was upregulated in cases compared to controls (p-value=0.0004 in the
training set and p-value=0.004 in the testing set) and the JAK/Stat signaling pathway, which
was downregulated in cases compared to controls (p-value=0.03 in the training set and p-
value=0.003 in the testing set). A total of 535 GO gene sets met our inclusion criteria, 62 of
which had a p-value <0.05 in our training set. Of these sixty-two, 17 had a p-value <0.05 in
the testing set (Table 4). These included several gene sets with overlapping membership
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related to cellular and RNA metabolism, regulation of DNA transcription, and interleukin
activity.

Discussion

In this biomarker discovery and preliminary confirmation study utilizing preclinical plasma
samples, we identified several novel putative early detection biomarkers for triple-negative
breast cancer. Interpreting the results of a study such as this is challenging given that our
understanding of the molecular characteristics of TN breast cancer is evolving.[13]
Numerous functional groups of genes and proteins have been identified to be overexpressed
in TN breast cancer including activators of signaling pathways that are deregulated in
cancer, cell growth related genes involved in proliferation and cell cycle control, tyrosine
kinase receptors that participate in transcription and signal transduction, as well as
extracellular matrix receptors and other genes involved in the structure and anchoring of
basal epithelial cells.[27] Consequently there are multiple individual and groups of plasma
proteins that could feasibly differentiate TN breast cancer cases and cancer-free controls
preclinically. As might be expected for biomarkers released into the plasma, we observed
that a higher percentage of significantly changed proteins had at least some portion exposed
extracellularly compared to the list of antibodies as a whole (46% vs. 37%). Of the 29
proteins with p<0.05 in both the training and test sets, seven are membrane proteins with
extracellular protein domains, four are secreted, and three are involved in protein export to
the plasma membrane (assignments based on Ingenuity Pathway Analysis).

In order to evaluate sets or families of proteins that were changed in cases compared to
controls, we performed gene set enrichment analyses (GSEA). Based on this approach,
cytokine signaling, and specifically the JAK-STAT signaling pathway, were of interest.
With respect to individual cytokines, CCL27 and CCL28 were present at higher levels
among cases compared to controls with reasonable AUC values (0.76 and 0.67, respectively)
and sensitivities at the designated 98% specificity cut-off (25% and 29%, respectively).
Among the other individual biomarkers identified, ephrin A5 (41% sensitivity) has
previously been observed in serum[10] and has been described as a potential cancer
therapeutic target.[4] SRP54 (41% sensitivity) is also found in plasma[19] and has been
shown to be upregulated in breast cancer (http://www.itb.cnr.it/breastcancer/). FAS was
observed with two different antibodies (one performing with 36% sensitivity and the other
with 25% sensitivity), and FAS/FAS-ligand expression are significant predictors of skeletal
spread in primary breast cancers.[1, 2] Cleaved extracellular domains of integral membrane
proteins could also be compelling biomarkers. Integrin B1 and integrin p-like 1 proteins
(48% and 29% sensitivity at 98% specificity) are interesting candidates due to the role of the
B-1 integrins in cell growth control and breast tumor induction.[35] Finally, several
statistically significant nuclear and cytoplasmic proteins were observed in the training and
test sets. Most of these are known to be expressed in breast tissue and several have been
shown to be overexpressed in cancer including DUSP9, TSPO, BRCAL, HEXIM1,
POLR2L, UPP1, XBP1, and RNF113A. Many previous biomarker studies have also
observed cytoplasmic and nuclear proteins in blood[19] and suggest higher proliferation/
apoptosis/necrosis of tumor tissue may be the cause. Not yet mentioned are some of the top
ranked candidates based on sensitivity at 98% specificity, including NDUFAZ10 (68%
sensitivity), PTPMT1 (52%), and KIT (46%). Of these three, KIT has the highest direct
relevance to cancer as it regulates cell survival and proliferation. NDUFA10 has both
dehydrogenase and oxidoreductase activity and is involved in electron transfer from
NADPH to the respiratory chain. PTPML1 is a protein phosphatase that is important for ATP
production.
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A limitation of the laboratory approach used is that we were only able to evaluate
biomarkers for which there were antibodies included on the array. Thus, we did not perform
a fully comprehensive assessment of the plasma proteome so the potential of biomarkers not
included on the array could not be assessed. This in particular limited our gene set analyses
as the gene sets we could assess were limited by the candidates included on the array. The
array itself also has certain limitations. Although the array yielded data on 889 putative
proteins, it uses only a single antibody to capture the antigen. Consequently, there is neither
enzymic amplification nor the specificity inherent in sandwich ELISA assays which require
antigens to bind to two different antibodies at different epitopes. However, we have
optimized dye labeling and plasma processing methods to concentrate and label the less
abundant plasma proteins to levels several-fold higher than in native plasma thereby
increasing sensitivity to the point that we could readily detect pg increases in IL1{.[14]
Furthermore, this methodology is inherently “discovery” in nature and will require further
follow-up and validation of promising biomarkers in independent sample sets. As mentioned
previously, the interpretation of our results is also hampered by the limited, though evolving,
knowledge regarding the biological underpinnings of triple-negative breast cancer as there is
also emerging evidence that there are multiple subtypes of TN disease.[13, 17]

This study suggests that there may be unique early detection biomarkers specific to triple-
negative breast cancer. These candidates warrant additional follow-up in larger studies to
further characterize their potential clinical utility.
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