1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Proteome Res 2011 January 7; 10(1): 85-96. doi:10.1021/pr100686b.

A Protein Microarray Signature of Autoantibody Biomarkers for
the Early Detection of Breast Cancer

Karen S. Andersonl2:® Sahar Sibani3®, Garrick Wallstrom#4, Ji Qiu?, Eliseo A. Mendoza?,
Jacob Raphael3, Eugenie Hainsworth3, Wagner R. Montor3, Jessica Wong?!, Jin G. Park?,
Naa Lokkol, Tanya Logvinenko3, Niroshan Ramachandran3, Andrew K. Godwin®, Jeffrey
Marks®, Paul Engstrom?, and Joshua LaBaer®”

1 Cancer Vaccine Center, Dana-Farber Cancer Institute, Boston, MA

2 Department of Medicine, Harvard Medical School, Boston, MA

8 Harvard Institute of Proteomics, Harvard Medical School, Boston, MA

4 Center for Personalized Diagnostics, Biodesign Institute, Arizona State University, Tempe, AZ
5 Women’s Cancer Program, Fox-Chase Cancer Center, Philadelphia PA

6 Duke University School of Medicine, Durham NC

7 Cancer Prevention and Control Program, Fox-Chase Cancer Center, Philadelphia PA

Abstract

Cancer patients spontaneously generate autoantibodies (AAb) to tumor-derived proteins.. To
detect AAb, we have probed novel high-density custom protein microarrays (NAPPA) expressing
4,988 candidate tumor antigens with sera from patients with early stage breast cancer (IBC), and
bound IgG was measured. We used a three-phase serial screening approach. First, a pre-screen
was performed to eliminate uninformative antigens. Sera from stage I-I11 IBC (n=53) and healthy
women (n=53) were screened for AAD to all 4,988 protein antigens. Antigens were selected if the
95t percentile of signal of cases and controls were significantly different (p<0.05) and if the
number of cases with signals above the 95 percentile of controls was significant (p<0.05). These
761 antigens were screened using an independent set of IBC sera (n=51) and sera from women
with benign breast disease (BBD) (n=39). From these, 119 antigens had a partial area under the
ROC curve (p<0.05), with sensitivities ranging from 9-40% at >91% specificity. 28 of these
antigens were confirmed using an independent serum cohort (n=51 cases/38 controls, p<0.05).
Using all 28 AAD, a classifier was identified with a sensitivity of 80.8% and a specificity of 61.6%
(AUC=0.756). These are potential biomarkers for the early detection of breast cancer.
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INTRODUCTION

Despite recent advances in early detection and treatment, breast cancer remains a common
and significant health problem in the United States 1 and worldwide2. Women diagnosed
with stage 11 and 111 breast cancer have a high-risk of distant recurrence. Up to half of these
women will develop metastatic disease, which remains incurable with current therapy 3.
Current screening with mammography detects only 70% of breast cancers 4. Cancers
associated with high breast density and highly proliferative cancers are frequently not
detected by routine screening, with over 80% of the cancers in the multicenter NCI/I-SPY
neoadjuvant clinical cohort not detected by screening mammography (>~ and L. Esserman,
personal communication). Breast MRIs, while more sensitive, are not cost-effective for
routine screening. High- risk populations, such as women with benign breast disease, have
an increased risk of developing cancer (relative risk 1.56 8), with false positive
mammograms leading to unnecessary biopsies. In this setting, there is intense effort in the
search for biomarkers that can detect early disease and distinguish benign breast disease
from invasive cancers, more effectively to guide screening recommendations.

Autoantibodies (AAb) to tumor antigens, induced by changes in protein or glycan
expression and structure?, have been detected in the sera of cancer patients. These AAb have
advantages over other serum proteins as potential cancer biomarkers as they are stable,
highly specific, easily purified from serum, and are readily detected with well-validated
secondary reagents. Although they have high specificities to distinguish cancer from control
sera, most tumor AAb in breast cancer demonstrate poor sensitivities to detect early stage
disease, such as with NY-ESO-1 (4%%0), SCP-1 (6% 11), and SSX2 (1% 12). In order to
increase the predictive value of tumor-specific antibodies for use as immunodiagnostics,
several groups have begun testing multiple antigens in parallel 13-19,

To screen for immune responses, protein microarrays are a promising emerging platform for
antigen display 20: 21, In comparison to traditional ELISAs that use single purified
recombinant proteins, protein microarrays are capable of presenting and assessing hundreds
of tumor antigens simultaneously. The AAb responses are rapidly identified, because the
address of each protein is known in advance, with all proteins represented equally. The
proteins are arrayed on a single microscope slide requiring only a few microliters of serum
per assay. Known tumor antigens as well as predicted tumor antigens can be included to
generate a comprehensive protein tumor antigen array. High density recombinant protein
and glycan arrays have been applied to profile cancer immune response, leading to the
discovery of novel tumor antigens 22-24, Despite early demonstrations of feasibility, protein
microarrays are not yet widely used, due to the labor and technical issues associated with
production, purification, and quality control of proteins for spotting on the array, as well as
difficulties with downstream validation assays of target AAb.

We have developed a novel protein microarray technology, termed Nucleic Acid Protein
Programmable Array (NAPPA), which circumvents many of the limitations of traditional
protein microarrays 2> 26, NAPPA arrays are generated by printing full-length cDNAs
encoding the target proteins at each feature of the array. The proteins are then transcribed
and translated by a cell-free system and immaobilized in situ using epitope tags fused to the
proteins. Sera are added, and bound IgG is detected by standard secondary reagents.

Here, we present the first demonstration of using custom NAPPA protein microarrays to
detect novel tumor antigen-specific AADb in the sera of patients with cancer. We used age-
and location-matched sera obtained from both screening and diagnostic mammography
clinics, to control for women undergoing routine screeing mammography and women with
benign breast disease. We used a three- phase sequential screening strategy to select AAb
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from 4,988 candidate tumor antigens to provide a more rapid, cost-effective strategy for
antigen selection that limits the false discovery rate inherent to large-scale proteomic
screening. In the first phase, we eliminated uninformative antigens by screening 53 cases
and 53 controls (Cohort 1) on all 4,988 candidate tumor antigens, and selected 761 antigens
for further testing. The second phase, using 51 cases and 39 controls (Cohort 2), identified
119 potential candidate AAb biomarkers. The final phase, using 51 cases and 38 controls
(Cohort 3), validated the specificity of detection of 28 potential AAb biomarkers for the
early detection of breast cancer. The sensitivity and specificity of each individual biomarker,
as well as the panel of 28 biomarkers, is presented. Using a recombinant protein ELISA in
an independent assay with independent sera (Cohort 4), we confirmed specific AAb
detection of the top biomarker, ATP6APL.

MATERIALS AND METHODS

Patient Sera

Sera used in these analyses were obtained from Fox Chase Cancer Center (FCCC), the Duke
University Medical Center (DUMC), and the Dana-Farber Cancer Institute (DFCI) with
support from the NCI Early Detection Research Network and the NCI Breast SPORE
program. Sera were derived from early-stage breast cancer patients from FCCC (53 cases/53
controls, test set, Cohort 1); control sera were sex- -matched. All samples were obtained at
the time of routine mammography, prior to the diagnosis of cancer, and were selected
retrospectively. To control for benign breast disease, we obtained an independent set of sera
of early-stage invasive breast cancer patients and age-matched (+/— 3 yrs) benign breast
disease controls from DUMC (102 cases/102 controls), randomly divided into training
(Cohort 2) and validation (Cohort 3) sets. An independent set of sera (Cohort 4, n=148) from
DFClI, obtained prior to treatment from patients with stage I-111 breast cancer with healthy
controls (n=64), was used for ATP6AP1 antigen validation. These samples were collected
using a standardized sample collection protocol and stored at —80°C until use. Cases and
matched controls were processed simultaneously. Written consent was obtained from all
subjects under institutional review board approval.

Plasmid repository and high-throughput DNA preparation

Sequence-verified, full-length cDNA expression plasmids in flexible donor vector systems
were obtained from the Harvard Institute of Proteomics and are publicly available
(http://dnasu.asu.edu/DNASUY/). These were converted to the T7-based mammalian
expression vector pANT7_GST using LR recombinase (Invitrogen, Carlsbad, CA). The
high-throughput preparation of high-quality supercoiled DNA for cell-free protein
expression was performed as described 27. Briefly, expression plasmids were transformed
into E. coli DH5a and grown in 1.5 mL terrific broth and ampicillin (100 pg/mL). DNA was
purified with the NucleoPrepll anion exchange resin (Macherey-Nagel Inc., Bethlehem, PA)
using a Biomek FX (Beckman Coulter, Inc., Fullerton, CA) automated laboratory
workstation. Automated addition of all solutions was accomplished using a Matrix
WellMate (Thermo Scientific, Hudson, NH) rapid bulk liquid-dispensing instrument.
Purified DNA was precipitated by addition of 0.6 volumes isopropanol, followed by
centrifugation at 5000 rcf for 30 minutes. The DNA pellet was washed with 200 puL of 80%
ethanol, centrifuged at 5000 rcf for 15 minutes, dried, and resuspended in dH,O. For bead
array ELISAS, larger quantities of DNA were prepared using standard Nucleobond
preparation methods (Macherey-Nagel Inc., Bethlehem, PA).

Detecting serum antibodies on NAPPA arrays

Plasmid DNA (1.5 ug/uL) was supplemented with capture antibody (50 pg/mL, anti-GST
antibody, GE Healthcare Biosciences, Piscataway, NJ) or anti-FLAG antibody (Sigma-
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Aldrich, St. Louis, MO), protein crosslinker (2 mM, BS3, Pierce, Rockford, IL) and BSA (3
mg/mL, Sigma-Aldrich) to the DNA prior to printing onto the array surface. All samples
were printed using a Genetix QArray2 with 300 um solid tungsten pins on amine-treated
glass slides. Arrays were stored in an air-tight container at room temperature, protected from
light. The printed DNA was transcribed and translated in situ using previously published
protocols 2 28, Protein expression was detected using anti-GST MAb (Cell Signaling,
Danvers, MA) diluted at 1:200. For detecting serum antibodies, the arrays were incubated
with serum diluted 1:300-1:600 in 5% PBS milk with 0.2% Tween 20. All incubations were
carried out at 4°C overnight with mixing (Corning hybridization chambers) unless indicated
otherwise. Detection on the array was carried out using an anti-human IgG (Jackson
ImmunoResearch Labs, West Grove, PA) conjugated with HRP. The slides were developed
for fluorescent detection using the Tyramide Signal Amplification reagent (PerkinElmer,
Waltham, MA) per manufacturer’s instructions. Slides were scanned with a Perkin Elmer
ProScanArray HT and the images were quantitated using MicroVigene software (Vigene
Tech version 2.9.9.2). The highly immunogenic EBV-derived antigen, EBNA-1, was
included as N- and C-terminal fragments for positive control antigens. Negative controls
included empty vectors and no DNA controls. Registration spots for array alignment were
printed purified human IgG proteins.

Generation of recombinant ATP6AP1-GST and GST protein

Purification of recombinant fusion proteins ATP6AP1-GST and GST were prepared as
described?®. The pGEX-4T-1 plasmid (GE Healthcare Biosciences, Piscataway, NJ)
encoding full-length glutathione S-transferase (GST) protein and GST fused to the full-
length ATP6AP1 gene (ATP6AP1-GST, from Dr. F.S. Hodi30) were expressed in BL21
DE3 cells (Stratagene, La Jolla, CA) with 0.1M IPTG induction for 4 hours. Proteins were
purified with glutathione CL-4B Sepharose columns (Pharmacia, Piscataway, NJ) and eluted
in 50 mM Tris pH8.0 with 10 mM reduced glutathione. Protein purity was confirmed with
SDS-PAGE and concentration determined at OD 280nM. Recombinant EBNA-1 protein
was obtained from Advanced Biotechnologies, Inc. (Columbia, MD).

Immunoblotting for ATP6AP1

The breast cancer tumor cell lines ZR751, MCF-7, BT-483, BT-474, SKBR3, T47-D,
MCF-10A, HS578T, BT-549, MDA-231, MDA-436, and BT-20 were kindly provided by
Dr. H. Irie. Cells were washed in PBS, lysed, 35 micrograms were loaded/lane, and
separated by SDS-PAGE. Proteins were transferred to PVDF membrane (Millipore), and the
presence of ATP6AP1 protein was assessed using anti-ATP6AP1 mAb 85.1 (Santa Cruz
Biotechnology, Inc, Santa Cruz, CA). The presence of actin was assessed using anti-actin
mADb (Sigma-Aldrich, St. Louis, MO).

ATP6AP1 Antibody ELISA

An ELISA for the detection of ATP6AP1-specific IgG AAD in patient sera was developed as
previously reported??. Recombinant GST or ATP6AP1-GST protein was applied at 5 ug/ml
to Nunc C96 Maxisorp plates (Fisher, Pittsburgh, PA) in carbonate buffer (pH9.6) overnight
at 4°C. Plates were washed in PBS-0.05% Tween (PBST) and blocked with PBST with 2%
milk, overnight at 4°C. Serum was added in duplicate at 1:500 dilution in blocking buffer,
overnight at 4°C. After washing, 1:1000 goat anti-human IgG-HRP secondary antibody was
added (Invitrogen, Carlsbad, CA) for one hour at room temperature. After washing, TMB-
Plus (Dako, Carpinteria, CA) was added and the reaction stopped with 1N H,SOy.
Absorbance was read at 450 nM, and GST signal was subtracted from ATP6AP1-GST
signal.
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Statistical Analysis

For the pre-screen, 53 cases and 53 control sera from FCCC (test set, Cohort 1) were
screened on 4,988 antigens displayed in NAPPA protein array format. Each array was
normalized by first removing the background signal estimated by the first quartile of the
non-spots and then log-transforming the median-scaled raw intensities to bring the data to
the same scale and stabilize the variance across the range of signals. Candidate antigens
from the initial 4,988 antigens were selected if they met two different criteria: 1) comparison
of the 95t percentiles of the cases and controls using quantile regression 3! and 2)
comparison of the proportion of cases with intensities above the 95M percentile of controls
to the expected number seen by chance using binomial tests, with a p-value<0.05 (n=217).
Additional antigens (n=544) were ranked based on intensity and decreasing specificity
(cases/controls). Independent arrays of these 761 candidate antigens were screened with a
fully independent set of age-matched sera consisting of 76 controls with benign breast
disease and 102 patient sera from DUMC, randomly divided into training and validation
sets. We normalized these arrays as follows. First, we used sequential median normalization
to adjust for plate, pin, and print order effects. Second, we removed any duplicate antigen
pairs that differed by more than 3 times the median absolute deviation, resulting in removal
of 0.5% of spots. Third, we re-normalized the raw intensities as above and averaged
duplicate antigen pairs. Finally, we removed background signal by subtracting the first
quartile of control spot (no DNA) intensity and divided the excess intensity by the median
excess intensity to normalize across arrays.

We computed the sensitivity at an approximate 95% specificity for each antigen as follows.
We determined a threshold by computing the 95% empirical percentile of the normalized
intensity values of the controls. We then computed the sensitivity as the proportion of the
cases that exceeded that threshold, and the actual specificity as the proportion of the controls
that did not exceed the threshold.

We used the partial area under the receiver operating characteristic curve (pAUC) as the
basis for comparing the normalized intensities of cases and controls for each antigen 32,
Specifically, we used the pAUC where the false positive rate is at most 5%. For each antigen
we tested the hypothesis that the pAUC was greater than 0.00125, which is the same partial
area under the 45 degree line receiver operating characteristic curve that represents no
difference between cases and controls. P-values for each test were computed using a normal
approximation to the bootstrap sampling distribution and g-values were computed using the
qvalue package in R33: 34, We used the training set to identify 119 potential antigen
biomarkers with p-values less than 0.05 and confirmed 28 of these using the validation set (p
<0.05).

RESULTS

Strategy for Biomarker Selection

Our primary goal was to identify serum AAb biomarkers that would distinguish benign
breast disease from invasive cancers, to help guide further imaging and biopsy decisions.
The overall strategy for using protein microarrays for the detection of specific AAb
biomarkers in the sera of breast cancer patients is shown in Figure 1. Protein microarrays are
screened with sera, and patterns that distinguish cases from controls are identified. Here, we
focused on identifying AAD present only in cases (red). In order to identify a biomarker
panel of AAb in breast cancer from the 4,988 candidate antigens, sera were tested in
sequential phases as described in Figure 2.

All training and validation case and control sera were sex- and age-matched, collected prior
to therapy, in the same clinical settings, under standardized collection protocols. We used
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sera from two locations (Philadelphia, PA and Durham, NC) to control for site-specific
variations in patient populations and collection techniques. Sera from women undergoing
routine screening mammography at FCCC were seletected for a test set for the pre-screen
(53/53). The test set cases from FCCC (n=53, Cohort 1) for the pre-screen were 38% stage I,
32% stage 11, and 28% stage 111 (Table 1). The primary breast tumors from these patients
were 75% ER+, 51% PR+, and 43% HER2+. For subsequent biomarker selection and
validation, sera from women undergoing diagnostic biopsy from DUMC were randomly
divided into a training set (n=51 cases, 39 controls, Cohort 2) and a blinded validation set
(n=51 cases, 38 controls, Cohort 3) (Figure 2). Eighteen additional control sera (10 from the
training set, 8 from the validation set) were later determined to carry the diagnosis of
invasive breast cancer prior to sample collection, and these were eliminated from analysis.
Cases from the training set were 53% stage |, 25% stage Il, and 8% stage 111, and were 69%
ER+, 63% PR+, and 18% HER2+ (Table 1). The majority of these cases were from stage 1/
I1, hormone-receptor positive tumors. This reflects the incidence of breast cancer in this
screening population. The clinical characteristics of the sera from the validation set matches
the training set.

Generation of NAPPA Custom Protein Microarrays for Biomarker Detection

High-density NAPPA protein microarrays were generated for these studies for biomarker
detection as described 25 26, The 4,988 individual cDNAs used on these arrays were derived
from the Harvard Institute of Proteomics. These cDNAs were all sequence-verified, full
length, wild-type genes that are fused in frame with either a C-terminal GST tag or N-
terminal FLAG tag in a pCITE-derived vector optimized for mammalian protein expression.
The content of these arrays include the Breast Cancer 1000 gene set 35, selected for their
association with breast cancer using bioinformatics and data mining tools,. Additional genes
included over 300 G-coupled protein receptors (GPCRs), 500 kinases, and 700 transcription
factors. The cDNA were coprinted on glass slides with anti-tag antibodies at a high density
(up to 2300 antigens/slide; 3 slides/gene set). Proteins were expressed and captured in situ
on the arrays using a coupled in vitro transcription-translation system derived from rabbit
reticulocyte lysate. Protein expression was confirmed by probing the arrays with anti-tag
antibodies (Figure 3). The protein yield of NAPPA arrays has been shown to average 9 fmol
per feature, with 92% of displayed protein yields within twofold of the mean?®. Intra-slide
and inter-slide coefficients of variation have been measured at 6-7%725,

The EBNA-1 antigen from EBV was selected as a positive control, since it is widely
immunogenic, with EBNA-1 specific 19G antibodies detected in over 90% of all sera 2°.
This provides an internal control on each array for antigen expression, capture, display and
antibody detection for most serum samples. EBNA-1 specific antibodies were equally
detected in cases and controls in both the training sets (p=0.317) and validation sets
(p=0.284).

Selection of Antigen Biomarker Panel

The goal for Phase | was to reduce the number of total antigens to screen by eliminating all
of the uninformative antigens (e.g., no difference between case and control). This had the
advantage of reducing the false positive rate and the cost of the screen. Thus, 53 cases/53
control sera were screened with sera at 1:250 to 1:600 dilution for IgG AAb on 4,988 single
antigens, and the arrays were normalized for background intensity (see Statistical Analysis).
The top 761 antigens (Supplemental Table 1) were selected based on differential detection
between cases and controls (see Statistical Analysis). Antigens (n=217) were selected for
further analysis if the 95! percentile of signal of cases and controls were significantly
different (p<0.05) and if the number of cases with signals above the 95™ percentile of
controls was larger than the number expected due to random chance (p<0.05). The
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remaining antigens (n=544) were ranked by intensity in cases and decreasing specificity
(cases/controls).

An example of array images is shown in Figure 3. Protein expression of individual spots on
the microarrays is demonstrated with anti-GST on the left, since the spotted cDNASs encode
c-terminal GST fusion proteins. Dark areas (non-red) within the array represent control spots
with no DNA or spotted IgG registration spots for array alignment. Examples of four
representative sera (two cases, two controls) are shown on the right. The sera were added to
the arrays, and bound 1gG detected with secondary antibodies (green). Serum antibody
binding to duplicate SF3A1 antigen in case but not control sera is shown in yellow circles.
At this array density, the individual spots are well separated, and local antigen diffusion
(seen as a halo) is limited. A three-dimensional representation of the signal intensity is
shown, with the SF3A1 antigen duplicate spots shown with yellow arrows. Variation in
background intensity between the sera across multiple other antigen spots is visible.

The goal of the second phase was to identify candidate AAb. The selected 761 cDNAs were
then printed in duplicate on single arrays. To select for antigens that discriminate cancer
from benign breast disease, these arrays were screened with a separate training set of sera.
These sera were from invasive breast cancer patients (n=51) and sera from benign breast
disease patients (n=39). From these data, 119 antigens were selected as potential biomarkers
for further analysis. These were antigens with p < 0.05 (FDR < 13%).

Validation of the potential biomarkers

We then tested the 119 antigen panel using blinded independent validation assays. The sera
were fully independent and of similar composition as the training set sera (51 cases/38
controls) and the arrays were identical. We tested each antigen using the pAUC and found
that the blinded validation assays provided supporting evidence (p < 0.05) for 28 of the 119
potential biomarkers. This represents a statistically significantly higher number of
confirmatory findings than would be expected by chance alone (p = 0.0041). For these 28
antigens (Table 2), we used the threshold that yielded approximately 95% specificity on the
training set. Most antigens maintained high levels of specificities (55-100%). The
sensitivities of each biomarker ranged from 11-42%.

Multiplexed Analysis of the Biomarker Panel

One major concern about using AAb as detection biomarkers is the overall sensitivities of
these markers, and whether only a few patients generate AAb to multiple antigens. To
explore the utility of these AAb biomarkers as a diagnostic panel, we used the combined
training and validation sera sets to determine the breadth of the detection of the AAb across
the sera. 45 out of 102 cases (44.1% sensitivity) scored high (>99% specificity threshold for
each antigen) on two or more of the 28 antigens, compared to only 3 out of the 77 controls
(96.1% specificity). The selection criteria of two or more antigens above the 99% specificity
level were selected to optimize sensitivity while maintaining at least 95% specificity. The
most common pairings are DBT and SF3A1 (14/102 cases, 0/77 controls) and DBT and
PDCD6IP (14/102 cases, 1/77 controls). There were 9 cases and no controls that scored high
on all three of DBT, SF3A1 and PDCD6IP.

We also used the combined training and validation sets to construct a classifier of patient
status using Breiman’s random forests algorithm with 2000 trees and 3 random features36.
We measured the average leave-one-out cross validation performance of the classifier across
five random seeds. The average sensitivity of the classifier was 80.8% and the average
specificity was 61.6%, with an AUC of 0.756 (range, 0.724-0.789 at the 95% confidence
interval). The receiver operating characteristic curve for the classifier using the leave-one-
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out predictions is shown in Figure 4. We assessed the importance of individual antigens to
the classification by inspecting the mean decrease in classification accuracy when the values
for the antigen are randomly permuted. The most statistically significant antigens in terms of
their contribution to classification performance are SF3A1, EIF3E, and MYOZ2.

Confirmation of the ATP6AP1 Biomarker

In combined analysis of both the training and validation sets, ATP6AP1 was the most
significant individual autoantigen detected (Table 2, p=0.003 and p=0.0002, respectively).
ATP6AP1 is a known autoantigen, initially identified by serologic expression (SEREX)
screening of a melanoma cDNAlibrary expressed by phage and immunoblotted with post-
vaccination sera from a melanoma patient who had evidence of a clinical response to
autologous tumor vaccination 3°. In RNA microarray expression analysis of the Zhao
dataset 37, ATP6AP1 is strongly overexpressed in both invasive ductal and lobular
carcinoma (p=4.47 x 10715). ATP6AP1 is overexpressed in multiple subtypes of breast
cancer, as confirmed by immunoblotting breast cancer cell lysates (Figure 5A). Both ER+
breast cancers (MCF-7 and ZR751 cell lines) as well as basal-like triple-negative breast
cancers (BT549 and MDA-436) have detectable protein expression of ATP6APL. The
HER2+ cell lines SKBR3 and BT474 showed little, if any, expression of ATP6APL. To
confirm the data from the protein microarrays, an ELISA was established using recombinant
GST protein and ATP6AP1-GST protein expressed in bacteria. Pre-treatment sera were
obtained from an independent set of sera from DFCI (n=148 cases, stage | (n=29), stage Il
(n=70), and stage 111 (n=49). Using a cut-off value of 2 S.D. over the mean of the controls,
19/148 (12.8%) had evidence of ATP6AP1 AAb, with a specificity of 95% (Figure 5B,
p=0.059). In contrast, the negative control PCNA antigen showed no specific AAb binding,
and the EBNA-1 positive control antigen showed equal 1gG binding in case and control sera.

DISCUSSION

Using custom protein microarrays, we have identified a panel of 28 AAb biomarkers that
were detected in the sera of breast cancer patients prior to clinical diagnosis of invasive
cancer, but not in healthy women or in women with benign breast disease. In comparison to
sera from women with benign breast disease, these individual biomarkers had sensitivities
ranging from 11-40% with sensitivities > 91% in the training set. All but three of these
biomarkers maintained specificities >80% in an independent validation assay. A random
forest classifier constructed using these biomarkers had 80.8% sensitivity and 61.6%
specificity in a leave-one-out cross validation study (AUC=0.756). This classifier was built
using all 28 biomarkers, which each individually showed promise as a breast cancer
biomarker. Improvements in classification performance could likely be obtained by
including additional antigens that individually are not strong candidate biomarkers, or by
using feature selection within the panel of 28 biomarkers to reduce the number of
biomarkers used for classification. However, our goal here was not to obtain the best
possible classifier, but instead to assess the overall performance of the entire panel of 28
biomarkers.

This study is the first demonstration of the use of programmable protein microarrays for the
proteomic detection of novel AAb biomarkers, and the first serum biomarker panel
developed for the discrimination of benign breast disease from invasive breast cancers. Over
82% of the sera used for this study were from patients with stage 1/11 breast cancer, arguing
that AAb detection can be used for early-stage cancers. However, these sera are from
patients with heterogeneous breast cancers, since 70% of the sera used were from hormone-
receptor positive cancers. It is likely that a specific screening strategy focused on detection
of the minority breast cancer subtypes of ER-/PR-/Her2- (triple negative breast cancer) or
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Her2-positive breast cancers will be required for optimal biomarker detection of these
cancers.

It is reassuring that many of the top 28 antigen biomarkers we identified have also been
described as important in breast cancer tumor biology and pathogenesis (Table 3). The
majority are intracellular, with 11 of 28 antigens present as nuclear antigens. RAC3 is a
RAS family GTPase that is present in highly proliferative human breast cancer-derived cell
lines and tumor tissues 38. RAC3 is implicated in the regulation of cell migration and
invasion in metastatic breast cancer cells 3°. CTBP1 is a phosphoprotein and functions as an
attenuator of progesterone-regulated transcription 9. The activating transcription factor-3
(ATF3) is a member of the mammalian activation transcription factor/cAMP responsive
element-binding (CREB) protein family. ATF3 is strongly stimulated by TGF-p1 in the
human breast cancer cell line MDA-MB231 and is overexpressed in human primary breast
cancer tissue #1. EIF3E42 and SOX243 promote cellular proliferation, and BDNF#4 is
upregulated in ER-positive breast cancers.

Our protein microarray content (n=4,988) included approximately 1000 genes biased
towards breast cancer. However, we have not limited the selection of novel AAb to
overexpressed tumor antigens, since little is known on a proteome-wide level about the
protein structural content that induces AAb formation 9. For the top 28 antigen biomarker
panel (Table 2), 13/28 antigens are significantly overexpressed at the RNA level in invasive
ductal carcinoma compared with normal breast tissue using the Richardson2 RNA
microarray expression dataset 4> (www.oncomine.org). It is not known if any of the antigens
that are the targets of these autoantibodies can be found in the serum as potential biomarkers
for breast cancer.

The only validated serum biomarkers for breast cancer, i.e. CEA, CA27.29, and CA15.3, are
used primarily to monitor advanced disease and do not have sufficient clinical sensitivity for
early detection 46, Newer proteomic approaches to distinguish cancer-bearing patient sera
from healthy control sera have been challenged by the difficulty in identifying small
quantities of protein fragments within complex protein mixtures, by protein instability, and
by natural variations in protein content within patient populations 47-49. As potential
biomarkers, AAb are highly specific, biochemically stable in blood, and, in general,
correlate with tumor burden and disease progression.

Many proteomics-based technologies have been used for the detection of antigen-specific
antibodies. These assays are excellent discovery tools, approaching the ultimate goal of
proteome-wide immune monitoring. The initial detection of AAb using serum screening of
phage libraries (SEREX) has resulted in the identification of tumor antigens from multiple
tumor types 11 50-53, Reverse-phase protein microarray > 55, two-dimensional (2-D)
immunoblots %6, protein microarrays2%-22 and glycan arrays®’ have all been used to detected
AAD in cancer patient sera. Newer methods, such as phage display and phage-displayed
antigen microarrays °8 59 have also been used to detect AAb in cancer, including breast
cancer50, ovarian cancer8!, prostate cancer2 and lung cancer®3. These approaches have
identified many potential AAb biomarkers, but few have undergone large-scale validation
studies. This will require multiplexed, clinical-grade assays of AAb detection, such as flow
cytometric bead arrays % or electrochemiluminscence (ECL) assays®®.

Our approach uses programmable protein microarrays for the production of the tumor
antigens. Printing cDNA, rather than proteins, eliminates the need to express and purify
proteins separately and produces proteins “just-in-time” for the assay, abrogating concerns
about protein stability during storage. It also provides flexibility of cDNA manipulation for
epitope mapping, tag switching, and mutational analysis. This chemistry has the advantage

J Proteome Res. Author manuscript; available in PMC 2011 August 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anderson et al.

Page 10

that mammalian proteins are expressed in a mammalian milieu (reticulocyte lysate) to
increase the efficiency of expression and to encourage natural folding of the proteins 27,

A number of other serum AAb have been identified in the sera of breast cancer patients.
With a panel of seven tumor-associated antigens (c-MYC, cyclin B1, p62, IMP-1, Koc, p53,
and survivin), sera from patients with different cancers could be distinguished from each
other and from healthy donor sera 17. In that study, sera from breast, colorectal, gastric,
hepatocellular, lung, and prostate cancers were distinguished from normal sera with
sensitivities ranging from 0.77-0.92 and specificities from 0.85-0.91, which is better than
corresponding values for any of the single antigens. A combined analysis of five tumor
antigens (FKBP52, PPIA, PRDX2, HSP60 and MUC1) significantly discriminated primary
breast cancer (AUC = 0.73; 95% ClI), 0.60-0.79) and carcinoma in situ (CIS) (AUC = 0.80;
95% Cl, 0.71-0.85) from healthy individuals 1°. With a panel of six tumor antigens (p53, c-
MYC, HER2, NY-ESO-1, BRCA2 and MUC1), elevated levels of AAb were seen in at least
one of the six antigens in 64% of primary breast cancer patient sera and 45% of patients with
ductal carcinoma in situ (DCIS), at a specificity of 85% 18. These early studies, while
provocative, remain to be validated in multi-institutional blinded cohorts.

Of these antigens, p53, c-MYC, and MUC1 were present on our arrays, but did not show
evidence of selective AAb detection in our serum cohorts. In addition to ATP6AP1 which
has been identified as a melanoma autoantigen30, only two of the AAb we have identified
have been described as autoantigens in other disease settings, but have not been described as
cancer-specific autoantigens. DBT is a known autoantigen target for antimitochondrial
antibodies in primary biliary cirrhosis®6. SerpinH1 encodes the rheumatoid arthritis-related
autoantigen RAOAA4767.

One key source of potential bias for serum biomarker detection is the clinical characteristics
and sample handling of the serum or plasma. We have designed these studies using
independent serum sets derived from multiple institutions (FCCC, DUMC, and DFCI), as
well as different clinical settings (screening mammography, diagnostic mammography). All
sera for antigen discovery were obtained prior to surgery and prior to treatment, and were
collected under similar collection protocols, but we can detect background differences based
on the location of the source sera (i.e. Pennsylvania vs. North Carolina, data not shown). -
Control sera for the training and validation sets were age-, sex-, and location- matched, and
were obtained in the same clinical setting (i.e. diagnostic radiology) as the case sera. We did
not detect any differences in either background or positive control antigens between the
matched cases and controls in our cohorts. However, clinical validation of any proposed
serum biomarkers, including our markers, requires larger, blinded cohorts of sera obtained
from multiple institutions. To this end, the NCI Early Detection Research Network (EDRN)
has been prospectively collecting a Cancer Reference Sets of sera and plasma for
investigators to further evaluate promising blood-based biomarkers.

In summary, these studies identify a potential panel of 28 autoantibody biomarkers for the
early detection of breast cancer. These biomarkers have been selected after three
independent rounds of screening different sera. Validation studies using multi-institutional,
blinded serum sets are being planned.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the detection of autoantibodies with NAPPA protein microarrays

1) Replicate NAPPA protein microarrays expressing 4,988 candidate tumor antigens are
probed with sera from patients with cancer and healthy controls (2). Detection of 19G
autoantibodies in patient sera is compared with control sera (3) and patterns of immune
responses are identified (4). Antigens that correspond to antibodies detected only in sera
from cancer cases are then selected for further confirmation.
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Figure 2. Schematic of Serum Screening Strategy

Breast cancer sera were sequentially tested on custom microarrays as shown. Initial
screening was performed using arrays expressing 4,988 unique full length cDNAs and case/
control sera derived from a screening mammography clinic (Cohort 1). Secondary screening
was performed using arrays expressing 761 unique full length cDNAs and case/control sera
derived from a diagnostic mammography clinic, to control for benign breast disease (Cohort
2). From these, 119 potential biomarkers were selected. An independent blinded validation
set of case/control sera (Cohort 3) were used to validate the top 28 biomarkers.
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Control 1 ' . Control 2

Figure 3. Detection of autoantibodies with NAPPA protein microarrays

Left, anti-GST stain (red), which binds to a c-terminal tag present on all proteins, confirms
total protein display; Right, 3-dimensional renderings of the signal intensities for
representative images of one block (in green box on left) probed with four different serum
samples (2 cases and 2 controls) and detected with anti-human IgG. Spots (gene SF3A1
arrayed in duplicate) indicated by yellow circles and arrows display differential reactivity
between cases and controls. Insets show original scanned images.
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Figure 4. Receiver operating characteristic curve

for the random forest classifier with 2000 trees and 3 random features. The curve is
calculated using the predicted class probabilities from a leave-one-out cross classification
study with five random seeds.
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Figure 5. Independent evaluation of ATP6AP1 biomarker
A. ATP6AP1 protein is overexpressed in a number of breast cancer cell lines.
Immunoblotting of cell lysates separated by SDS-PAGE for ATP6AP1 protein was
performed. ATP6AP1 (arrow) was strongly detected in the cell lines shown. Actin protein is
shown in the lower panel. B. ATP6AP1 AAb detection in sera by ELISA. Sera derived
from healthy normal controls (n=64) and Stage I-111 breast cancer (n=148) were tested for
ATP6AP1 1gG AAb using recombinant ATP6AP1-GST and GST proteins (p=0.059).
Comparison of 1gG responses in these sera to the negative control antigen PCNA and the
positive control antigen EBNA-1 are shown.
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Table 4

RNA Overexpression of Target Antigens in Breast Cancer.

Antigen p-value
ATP6AP1 0.194
PDCDGIP 0.262
DBT 0.000623
CSNK1E 0.217
FRS3 0.079
RAC3 0.000294
HOXD1 0.288
SF3A1 0.956
CTBP1 0.01
C150rf48 0.095
MYOZ2 0.004
EIF3E 0.018
BAT4 0.025
ATF3 0.88
BMX 0.949
RABSA 0.004
UBAP1 0.509
SOX2 0.013
GPR157 0.153
BDNF 0.000179
ZMYM6 0.0000499
SLC33A1 0.001
TRIM32 0.294
ALG10 0.004
TFCP2 0.958
SERPINH1 n.d.
SELL 0.028
ZNF510 0.986

Significant expression (p<0.05) is denoted in bold.
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