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Abstract
We assessed the autoantibody repertoire of a mouse model engineered to develop breast cancer and the

repertoire of autoantibodies in human plasmas collected at a preclinical time point and at the time of clinical
diagnosis of breast cancer. In seeking to identify common pathways, networks, and protein families associated
with the humoral response, we elucidated the dynamic nature of tumor antigens and autoantibody interactions.
Lysate proteins from an immortalized cell line from a MMTV-neu mouse model and from MCF7 human breast
cancers were spotted onto nitrocellulose microarrays and hybridized with mouse and human plasma samples,
respectively. Immunoglobulin-based plasma immunoreactivity against glycolysis and spliceosome proteins was a
predominant feature observed both in tumor-bearing mice and in prediagnostic human samples. Interestingly,
autoantibody reactivity was more pronounced further away than closer to diagnosis. We provide evidence for
dynamic changes in autoantibody reactivity with tumor development and progression that may depend, in part,
on the extent of antigen–antibody interactions. Cancer Res; 73(5); 1502–13. �2012 AACR.

Introduction
The dynamic interactions between circulating tumor anti-

gens and autoantibodies during breast cancer development
and progression have not been well characterized. Most stud-
ies of autoantibodies in cancer have relied on samples obtained
after clinical diagnosis. Analysis of preclinical samples provides
an opportunity to evaluate changes in the humoral response
with tumor development and progression.

Several studies have yielded circulating autoantibodies
against specific antigens at the time of diagnosis (1–3).
High-throughput screening of proteins for autoantibody
response is facilitated by the use of microarray technology.
Discovery of novel autoantigens has beenmade through arrays
composed of recombinant proteins (4–6), tumor homogenates
(7), and phage-display libraries (8, 9). Peptide arrays have also
been used to identify cancer-associated autoantibodies (10).
Arrays of lysate-derived proteins allow delineation of immu-
nogenic signatures involving natural proteins that may be
subject to posttranslationalmodification, as previously applied
to the studies of lung (11–13), colon (14, 15), prostate (16), and

pancreatic (17) cancers. We recently showed that global pro-
filing of the plasma proteome allows identification of sets of
proteins progressively released into circulation at a preclinical
stage of breast tumor development that may be grouped into
biologic pathways (18). There is similarly a need to delineate
sets of proteins associated with biologic pathways and net-
works that elicit autoantibodies with breast tumor develop-
ment. To this effect, we assessed the autoantibody repertoire of
a mouse model engineered to develop breast cancer and of
both preclinical human samples from a longitudinal cohort
and clinical human samples obtained at the time of clinical
diagnosis of breast cancer.

Materials and Methods
Plasma samples

Mouse model samples. Plasma samples from MMTV-neu
mouse model were serially collected at the University of
Washington Tumor Vaccine Group, Specific Pathogen-Free
Facility, and Institutional Animal Care and Use Committee
protocol #2878–01, from a baseline of 8 weeks until the animals
were euthanized because of excessive tumor volume. Baseline
samples and 2 blood collections just before the palpable
tumors were used for 23 tumor-bearing mice. Samples were
collected retro-orbitally at approximately 100–200 mL of whole
blood. Analyzed blood samples were collected on average 121
days and 144 days after baseline sample.

Human samples. Prediagnostic EDTA plasma samples
were collected as part of the Women's Health Initiative (WHI)
observational study (Table 1). Autoantibody analysis was
conducted using plasmas from 48 postmenopausal women
having no history of hormone therapy use who were later
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diagnosed with estrogen receptor–positive (ERþ)/progester-
one receptor positive (PRþ) breast cancer and 65 healthy
controls with similar distributions of age, time of blood col-
lection (�6 months), and hormone therapy use. Newly diag-
nosed plasma samples from 61 postmenopausal women diag-
nosed with stage I/II ERþ/PRþ breast cancer and 61 matched
healthy controls were also investigated (Table 1). Assays of
pyruvate kinase isozyme M1/M2 (PKM2) were conducted on
plasma samples from an additional 118 postmenopausal WHI
participants who were later diagnosed with ERþ breast cancer
and 118 healthy controls matched on age and ethnicity. These
samples were not matched on hormone therapy usage.

Protein fractionation and array construction
One hundred and fifty milligrams of protein derived from

MMTV-neu and MCF7 cell lysates were each subjected to
orthogonal two-dimensional high-performance liquid chroma-
tography (2D-HPLC) fractionation in an automated system
(Shimadzu Corporation; Fig. 1A; ref. 19). An excess of protein
from each cell line was fractioned to ensure adequate protein
content in arrayed spots and availability of protein fractions for
further investigation and validation. Fractionation was based
on anion exchange (SAX/10 column, 7.5 mm ID�150 mm,
Column Technology Inc.) using a 40 step-elution, followed by a
second dimension reversed-phase separation (RP/5D column,
4.6 mm ID�150 mm, Column Technology Inc.). A total of 2,430
fractions were collected from the 2D separation. Fr_X_Y
denotes the Yth fraction from the reverse-phase liquid chro-
matography of the Xth fraction from the anion exchange
separation. The first dimension anion-exchange chromatog-
raphymobile-phase Awas 20mmol/L Tris, pH 8.5, andmobile-
phase B was 20 mmol/L Tris, 1 mol/L NaCl, and pH 8.5. The
second dimension reversed-phase chromatography mobile-
phase A was 95% water, 5% acetonitrile, and 0.1% trifluoroa-
cetic acid (TFA), andmobile-phase Bwas 90% acetonitrile, 10%
water, and 0.1% TFA.
Three hundred microliters of each fraction was lyophilized

and resuspended in 30 mL of printing buffer (250 mmol/L of
Tris-HCl, pH 6.8, 0.5% SDS, 25% glycerol, 0.05% TritonX-100,
and 62.5 mmol/L of dithiothreitol). A total of 1,950 MCF7

fractions or 2,808 MMTV-neu fractions, together with printing
buffer as negative controls and purified human or mouse
immunoglobulin G (IgG) as positive controls were printed
onto nitrocellulose-coated slides using a contact printer as
previously described (11, 20). Approximately 500 fractionswere
excluded from arraying due to low UV absorbance observed
during fractionation. Plasma samples were hybridized with an
individual microarray at a dilution of 1:150. Reactivity was
quantified using an indirect immunofluorescence protocol, as
previously described (13). Local background-subtracted medi-
an spot intensities were generated using GenePix Pro 6.1 and
used for downstream statistical analysis using R 2.9.0. Spot
intensities were log (base 2) transformed before statistical
analysis. P-values were calculated using a student's t-test.

Western blot analysis
One hundred microliters of individual fractions was lyoph-

ilized and resuspended in 40 mL of loading buffer. Fractions
were run in separate lanes of a 4% to 12% Bis-Tris Criterion XT
Precast Gel. Gels were transferred to polyvinylidene difluoride
membranes for 1.5 hours at 80 V. Membranes were blocked in
3% bovine serum albumin (BSA) at room temperature for 1
hour. Plasma samples were diluted 1:500 in 3% BSA and
incubated with the membrane at 4�C overnight. Samples were
removed and membranes were washed with 0.1% PBS with
tween (PBST) 5 times for 5 minutes each. Horseradish perox-
idase–labeled anti-mouse or anti-human IgG at a 1:2,000
dilution was incubated with the membrane at room temper-
ature for 1 hour. Solutionswere removed andmembranes were
washedwith 0.1%PBST 5 times for 5minutes each.Membranes
were exposed to enhanced chemiluminescence (ECL) for 1
minute andexposed toECLhyperfilm for varied lengthsof time.
Films were developed and scanned for qualitative analysis.

Mass spectrometry analysis
On the basis of the proteinmicroarray analysis, 50mL of each

interesting fraction from the 2D-HPLC was lyophilized using a
freeze-drying system (Labconco). The lyophilized protein sam-
ples were dissolved in 100mmol/L NH4HCO3 (pH 8.5) followed
by overnight in-solution digestion with trypsin at 37�C. The

Table 1. Human subject characteristics

WHI samples for
autoantibody

WHI samples for PKM2
ELISA Newly diagnosed

Case Control Case Control Case Control

Sample number 48 65 118a 120 61 61
Average age 66 (50–78) 65.5 (50–78) 66.3 (50–79) 66.3 (50–79) 55.4 (33–77) 51.3 (33–76)
Stage I 16 (36%) — 79 (67%) — 31 (51%) —

II 20 (44%) — 16 (14%) — 30 (49%) —

III 8 (18%) — 5 (4%) — 0 —

IV 1 (2%) — 1 (1%) — 0 —

Unknown 0 — 17 (14%) — 0 —

Avg. days to diagnosis 144.4 (21–259) — 220.9 (11–363) — — —

aThirty-six case samples were collected within 150 days before diagnosis, 82 were collected more than 150 days before diagnosis.
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digestion was quenched by adding 5 mL of 1.0% formic acid
solution before liquid chromatography/tandem mass spec-
trometry (LC/MS-MS) analysis as described previously (21).
Briefly, peptides were separated by reversed-phase chroma-
tography using a nano HPLC system (Eksigent) coupled online
with a LTQ-FT mass spectrometer (Thermo Fisher Scientific,
Inc.). Mass spectrometer parameters were spray voltage 2.5 kV,
capillary temperature 200�C, FT resolution 100,000, FT target
value 8� 105, LTQ target value 104, 1 FTmicroscanwith 850ms
injection time, and 1 LTQ microscan with 100 ms injection
time. Mass spectra were acquired in a data-dependent mode
with them/z range of 400 to 2000. The full mass spectrum (MS
scan)was acquired by the FT, and tandemmass spectrum (MS/
MS scan) was acquired by the LTQ with 35% normalized
collision energy. Acquisition of each full mass spectrum was
followed by the acquisition of tandem mass spectrometry
spectra for the 5 most intense þ2 or þ3 ions within a one
second duty cycle. The minimum signal threshold (counts) for
a precursor occurring during amass spectrometry scanwas set
at 1,000 for triggering a MS/MS scan.

The acquired LC/MS-MS data were processed by the
Computational Proteomics Analysis System (22–24). Briefly,
LC/MS-MS data were first converted to mzXML format using
ReAdW software (version 1.2) to generate the peak list for

protein database searching. The X!Tandem search engine
(version 2005.12.01) parameters included cysteine (Cys)
alkylated with iodoacetamide (57.02146@C) as a fixed modi-
fication and methionine (Met) oxidation (15.99491@M) as a
variable modification. Data were searched against the Inter-
national Protein Index humanprotein knowledge base (version
v3.57), which contained entries for 76,542 proteins. The min-
imum criterion for peptide matching was a Peptide Prophet
Score of 0.2 or more. Peptides meeting this criterion were
grouped to protein sequences using the Protein Prophet
algorithm at an error rate of 5% or less to maximize protein
discovery and identification. Total peptide count in each
fractionwas used as ameasure of protein concentrationwithin
that fraction.

Identification of immunogenic proteins
Significantly elevated fractions and neighboring fractions

were grouped into "fraction clusters" based on microarray
reactivity (Fig. 1B). Clusters were subjected to analysis by
Western blot and mass spectrometry analyses to determine
the immunogenic proteins within each cluster. Western blot
analysis was used to determine the molecular weight of
proteins with autoantibody reactivity in plasma samples (Fig.
1C). Blots of fraction clusterswere probedwith plasma samples
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Figure 1. A, experimental design. B, identification of immunogenic proteins was on the basis of autoantibody reactivity to arrayed MCF7 fractions. Peaks
were determined qualitatively from microarray data. C, Western blot analyses of individual fractions within a cluster with individual plasma samples were
used to determine the molecular weight of reactive bands whose pattern qualitatively matched the microarray response pattern. D, mass spectrometry
analysis of fractions within a cluster identifies proteins by total peptide counts that match microarray and Western blot analysis data.
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seen to be reactive from the microarray analysis. Observed
bands that matched microarray reactivity data were counted
as positive hits. When multiple reactive bands were observed
within a single fraction cluster, multiple proteins were iden-
tified as reactive for that cluster. Mass spectrometry analysis
was used to identify proteins present in each fraction cluster
(Fig. 1D). Total peptide count from individual fractions was
matched to microarray reactivity data to determine protein
identifications. When no reactive bands were observed in
Western blot analyses, protein identification was based solely
on results from the mass spectrometry analysis of fractions.
Whilemost proteins hadmore than 1 peptide identified in each
analyzed fraction, no minimum peptide count criterion was
applied.

Enzyme linked immunosorbent assay
PKM2 (Schebo) measurements were conducted on prediag-

nostic plasma samples according to the manufacturer's sug-
gested protocol. Absorbance was measured using a Spectra-
Max Plus 384 and results calculated with SoftMax Pro v4.7.1
(Molecular Devices). Sample optical density (OD) values were
log2 transformed and median normalized across plates. Nor-
malized values were further standardized such that the mean
of the control samples is 0 and the standard deviation (SD) is
equal to 1. P values were computed using a Mann–Whitney–
Wilcoxon test.

Results
Autoantibody profiles in neu-transgenic mouse models
before the occurrence of palpable tumor
Three plasma samples, consisting of a baseline blood draw

and2drawsbeforepalpable tumor, from23 individualmicewere
hybridized in singletwithmousebreast cancer cell lysateprotein
arrays.Of the approximately2,800 fractions fromtheMMTV-neu
mouse cell line that were arrayed, 120 fractions displayed
significantly elevated IgG reactivity (P < 0.05) with a case-to-
control ratio of at least 1.2 in an assay of the initial plasmas
collected at an average of 25 weeks of age and before palpable
tumor. Analysis of plasmas from a second blood draw before
palpable tumor from the same mice also yielded significant
reactivity for a subsetof 38of the120 reactive fractions.Apattern
of reactivity among neighboring fractions was observed, con-
sistentwithelutionof reactiveproteinsover sequential fractions.
Reactivity profiles across reversed-phase fractions were used to
select clusters around statistically significant fractions that
formed a peak pattern (Fig. 1B). Twenty-seven such fraction
clusters were subjected tomass spectrometry andWestern blot
analysis that yielded identification of 25 reactive proteins (Table
2) from the MMTV-neu model.
Reactivity against anti-IgG controls printed on the arrays

indicated that there was no difference in IgG amount between
case and control samples. More than 90% of reactive proteins
identified were annotated as intracellular with enrichment in
the nuclear proteins (Fig. 2A) notably in spliceosome C com-
plex proteins (e.g., Hnrnpa2b1, Sfrs3, and Sfrs7; ref. 25). Iden-
tified proteins were subjected to analysis of gene sets repre-
sented in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) biologic pathway database (26). Four of the 27 iden-

tified proteins (Aldoa, Aldoc, Eno1, and Pkm2) were identified
in the glycolysis gene set (Fig. 2C) with an estimated false
discovery rate (FDR ¼ 0.0037). Interestingly some of the
immunogenic proteins identified (Hist1h1d, Eno1, Hnrnpa2b1,
Sfrs3, Nme2, and Krt18) were previously associated with auto-
immune disease (25, 27–31) indicative of an overlapping set of
antigens between autoimmune disease and the humoral
response observed in tumor-bearing mice.

Autoantibody signatures in human breast cancer
plasmas before clinical diagnosis

Prediagnostic plasmas from 48 women with ERþ/PRþ
breast cancer and 65 healthy controls, all participants in the
WHI cohort study, were individually hybridized with MCF7-
derived protein arrays. Of the approximately 1,960 printed
fractions, 285 individual fractions yielded a case-to-control
ratio of 1.2 or more and P value <0.05 or less using a Student t
test. Analysis of a subset of these fraction clusters yielded 90
protein identifications (Table 3). Thirty-five percent of iden-
tified proteins were of nuclear origin (Fig. 2B), concordant with
the mouse model data.

Analysis of gene sets represented in the human KEGG
biologic pathway database revealed significant enrichment of
proteins in the glycolysis gene set (FDR ¼ 7.5E-6) and spliceo-
some gene set (FDR¼ 0.0011). Nine proteins were identified in
the glycolysis gene set (Fig. 2C): ALDH7A1, ALDOA, DLD,
ENO1, FBP1, GAPDH, GPI, PKM2, and TPI. Three of these
proteins, ALDOA, ENO1, and PKM2 were also identified in
plasma from tumor-bearing mice. A set of 9 proteins was
associated with the spliceosome by KEGG analysis: EFTUD2,
HNRNPA1, HNRNPK, HSPA8, SF3A1, SFRS1, SFRS3, SFRS6, and
U2AF1. Additional proteins, namely HNRNPA2B1, PTBP1,
RALY, SAP18, and SYNCRIP, not included in the spliceosome
signature by KEGG analysis, are known to be part of the
spliceosome complex (25, 32, 33). SFRS3 and HNRNPA2B1
overlap with antigenic proteins identified in the mouse. As
with the mouse model, some of the identified proteins have
been associated with autoimmune diseases. Thirteen proteins
(AHNAK, CALR, ENO1, GAPDH,HADH,HIST1H1D,HIST1H1E,
HNRNPA1, HNRNPA2B1, HNRNPK, NCL, and SFRS3) were
previously described as autoantigens in systemic lupus erythe-
matosus (SLE; refs. 25, 27, 28, 31, 32, 34–39), whereas others
(EZR, GPI, andTXN)were associatedwith rheumatoid arthritis
(27, 31, 36) and other autoimmune diseases (40–45).

To speculate on the use as of these biologic signatures as
potential biomarker panels, receiver operator characteristic
(ROC) analysis was conducted on the basis of the set of
proteins in the glycolysis (9 proteins) and spliceosome (14
proteins) signatures using a linear regression model based
on a least squares estimation (Supplementary Table S1). The
glycolysis and spliceosome signatures gave areas under the
ROC curve (AUC) of 0.68 [95% confidence interval (CI): 0.59–
0.78] and 0.73 (95% CI: 0.63–0.82), respectively. Combining
these 2 signatures yielded an AUC of 0.77 (95% CI: 0.68–0.86),
with 35% sensitivity at 95% specificity (Fig. 3A). This com-
bination, while not statistically better than the spliceosome
signature alone, shows the additive potential of autoanti-
body signatures.

Prediagnostic Breast Cancer Autoantibody Signatures
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Temporal patterns of circulating protein and
autoantibody levels preceding a diagnosis of breast
cancer

Plasmas from cases were divided on the basis of the time of
blood collection in relation to diagnosis of breast cancer.
Interestingly, autoantibody reactivity among case plasmas
collected further from clinical diagnosis (more than 150 days
prior) was more than reactivity among more proximal case
plasmas, compared with controls. Plasmas from cases collect-
ed closer to clinical diagnosis (less than 150 days) exhibited less
significant elevation of autoantibody response with only 4
identified proteins found to be significantly elevated. Further
support for a temporal pattern of reactivity in relation to time
of diagnosis was derived from analysis of plasmas from newly
diagnosed postmenopausal women, which did not exhibit
significantly increased reactivity among cases relative to con-
trols (Fig. 3D).

Using the same linear regression model previously estab-
lished, ROC analysis yielded increased performance for sam-
ples collected further from diagnosis for the spliceosome
signature (AUC ¼ 0.83 further from diagnosis and 0.63 closer
to diagnosis), whereas that of the glycolysis signature remained

relatively constant (AUC ¼ 0.69 and 0.70, respectively; Fig. 3B
and C).

We previously showed progressively increased release of
glycolysis proteins into the circulation in relation to time to
diagnosis (18). We therefore examined the patterns of PKM2
levels in relation to time to diagnosis following blood collection
and in relation to PKM2 autoantibodies in a separate set of
samples from the WHI cohort. Circulating PKM2 levels were
significantly elevated inWHI samples collectedwithin 150 days
before diagnosis compared with controls, but not in samples
collected further from diagnosis (Fig. 4A). In contrast, auto-
antibody response to PKM2 exhibited an opposite trend, with
significant elevation further from diagnosis (Fig. 4B). Seropos-
itivity, defined as 2 SDs above the mean of the controls for that
marker, ranged for autoantibodies to individual glycolysis
proteins from 6.3% (ALDOA, GPI) to 14.6% (TPI1) and for
spliceosome proteins from 2% (HSPA8, SFRS3) to 12.5%
(HNRNPA1; Fig. 4C and D), consistent with the range of
biomarker positivity reported in other autoantibody studies
(46). Seropositivity for both sets of proteins, based on time of
blood draw before diagnosis, ranged from approximately 2
months to 8.5 months. Multiple positive markers among

Table 2. Immunogenic proteins identified in neu-transgenic mouse cancer cell lysate

Q value (FDR)

Gene Description
Subcellular
localization

Case-to-
control
ratios Time point #1a Time point #2b

Aldoa Fructose-bisphosphate aldolase A Cytoplasm 1.25 0.7687 0.0297
Aldoc Fructose-bisphosphate aldolase C Cytoplasm 1.25 0.7687 0.0297
Arpc2 Actin-related protein 2/3 complex subunit 2 Cytoplasm 2.69 0.7687 0.0463
Dnajb14 DnaJ homolog subfamily B member 14 Nucleus 1.96 0.7687 0.0297
Eno1 Alpha-enolase Cytoplasm 1.38 0.7687 0.0238
Hist1h1b Histone H1.5 Nucleus 2.69 0.7687 0.0463
Hist1h1d Histone H1.3 Nucleus 2.01 0.3306 0.0118
Hist1h2ba Histone H2B type 1-A Nucleus 1.45 0.7398 0.0126
Hist1h2bc Histone H2B Nucleus 2.01 0.3306 0.0118
Hnrnpa2b1 Heterogeneous nuclear ribonucleoproteins A2/B1 Nucleus 1.20 0.7687 0.0463
Krt18 Keratin, type I cytoskeletal 18 Cytoplasm 2.51 0.7687 0.0297
Krt7 Keratin, type II cytoskeletal 7 Cytoplasm 2.51 0.7948 0.0297
Krt8 Keratin, type II cytoskeletal 8 Cytoplasm 2.51 0.7948 0.0186
Mdh2 Malate dehydrogenase, mitochondrial Cytoplasm 1.69 0.7398 0.0126
Nme1 Nucleoside diphosphate kinase A Nucleus 1.38 0.7687 0.0238
Nme2 Nucleoside diphosphate kinase B Nucleus 1.20 0.7687 0.0463
Nsfl1c NSFL1 cofactor p47 Cytoplasm 2.39 0.7398 0.0397
Pdia3 Protein disulfide-isomerase A3 Cytoplasm 2.37 0.7687 0.0278
Pkm2 Pyruvate kinase isozymes M1/M2 Cytoplasm 1.72 0.7687 0.0323
Rbm3 Putative RNA-binding protein 3 Nucleus 1.34 0.7687 0.0297
Serbp1 Plasminogen activator inhibitor 1 RNA-binding protein Nucleus 2.22 0.3306 0.0118
Sfrs3 Serine/arginine-rich splicing factor 3 Nucleus 4.77 0.3306 0.0118
Sfrs7 Serine/arginine-rich splicing factor 7 Nucleus 2.01 0.7687 0.0444
Ubfd1 Ubiquitin domain-containing protein UBFD1 Unknown 2.02 0.7687 0.0434
Znf518b Zinc finger protein 518B Unknown 2.69 0.7687 0.0463

NOTE: Case-to-control ratios are an average of 2 analyzed blood draws.
aq values based on all 2,808 arrayed fractions.
bq values based on 120 fractions significantly elevated (P < 0.05) in cases in time point #1.
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glycolysis or spliceosome proteins were often observed within
an individual sample, indicating a broad immune response
across proteins in these pathways.
Immune complex formation with increasing levels of

antigen is one possible explanation for the observed
decrease in autoantibody signal closer to diagnosis. Mass
spectrometry analysis of affinity-purified immunoglobulin
fractions from newly diagnosed and prediagnostic samples
yielded evidence of circulating immune complexes for a
number of proteins identified by microarray analysis. Of the
9 identified glycolytic enzymes, 5 (ALDOA, ENO1, GAPDH,
PKM2, and TPI1) were observed as part of immune com-
plexes. The most highly significant of these, GAPDH, exhib-
ited an increase in the immunoglobulin bound fraction in
cancer samples compared with controls in plasmas from

newly diagnosed cases, but not in prediagnostic plasmas
consistent with increasing amount of antigen bound to
immunoglobulin with tumor development and progression
(Supplementary Table S2).

Discussion
We have used natural protein arrays for comprehensive

profiling of autoantigens and autoantibody signatures in a
mouse model of breast cancer and in ERþ/PRþ breast cancer.
Farmore proteinswere identified in human samples than from
the mouse model. Humans are genetically heterogenic and
diverse with many more class II alleles represented than the
mouse. All mouse models are genetically inbred; therefore, one
would expect a more restrictive repertoire. Despite this immu-
nogenic difference, 2 autoantibody signatures consisting of
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red indicates autoantibodies were elevated only in prediagnostic human cases compared with controls. No color indicates autoantibodies to these proteins
were not identified.
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Table 3. Immunogenic proteins identified by autoantibody responses from ERþ/PRþ breast cancer
patients to MCF7 cancer cell lysate

Gene Description
Subcellular
localization

Case-to-
control
ratio

Q value
(FDR)

ACAD9 Acyl-CoA dehydrogenase family, member 9 Cytoplasm 1.21 0.0468
ACO2 Aconitase 2, mitochondrial Cytoplasm 1.21 0.0468
ACTA1 Actin, a–1, skeletal muscle Cytoplasm 1.45 0.0468
ACTN1 Actinin, a-1 Cytoplasm 1.45 0.0468
ACTN4 Actinin, a-4 Cytoplasm 1.35 0.0468
ACTR1A ARP1 actin-related protein 1 homolog A,

centractin alpha (yeast)
Cytoplasm 1.30 0.0468

AHNAK AHNAK nucleoprotein Nucleus 1.31 0.0468
AK2 Adenylate kinase 2 Cytoplasm 1.31 0.0468
ALDH7A1 Aldehyde dehydrogenase 7 family, member A1 Cytoplasm 1.31 0.0468
ALDOA Aldolase A, fructose-bisphosphate Cytoplasm 1.31 0.0468
APEX1 APEX nuclease (multifunctional DNA repair enzyme) 1 Nucleus 1.31 0.0468
C14orf156 Chromosome 14 open reading frame 156 Cytoplasm 1.36 0.0468
C1QBP Complement component 1, q subcomponent binding protein Cytoplasm 1.46 0.0468
CALR Calreticulin Cytoplasm 1.56 0.0468
CSDA Cold shock domain protein A Nucleus 1.32 0.0468
CTSD Cathepsin D Cytoplasm 1.37 0.0468
DDTL D-dopachrome tautomerase-like Unknown 1.37 0.0468
DDX17 DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 Nucleus 1.37 0.0468
DIABLO Diablo, IAP-binding mitochondrial protein Cytoplasm 1.24 0.0468
DLD Dihydrolipoamide dehydrogenase Cytoplasm 1.23 0.0468
DPY30 dpy-30 homolog (C. elegans) Nucleus 1.23 0.0468
DSP Desmoplakin Plasma membrane 1.23 0.0468
EFTUD2 Elongation factor Tu GTP binding domain containing 2 Nucleus 1.45 0.0468
EIF5A Eukaryotic translation initiation factor 5A Cytoplasm 1.36 0.0468
ENO1 Enolase 1, (alpha) Cytoplasm 1.39 0.0468
EZR Ezrin Plasma membrane 1.23 0.0468
FBP1 Fructose-1,6-bisphosphatase 1 Cytoplasm 1.27 0.0468
FLNA Filamin A, alpha Cytoplasm 1.30 0.0468
FLNB Filamin B, beta Cytoplasm 1.30 0.0468
FUS Fused in sarcoma Nucleus 1.32 0.0468
G3BP1 GTPase activating protein (SH3 domain) binding protein 1 Nucleus 1.39 0.0468
GAPDH Glyceraldehyde-3-phosphate dehydrogenase Cytoplasm 1.38 0.0468
GPI Glucose-6-phosphate isomerase Extracellular space 1.30 0.0468
GRB2 Growth factor receptor-bound protein 2 Cytoplasm 1.35 0.0468
GRN Granulin Extracellular space 1.59 0.0468
GSN Gelsolin Extracellular Space 1.31 0.0468
H1FX H1 histone family, member X Nucleus 1.30 0.0468
HADH Hydroxyacyl-CoA dehydrogenase Cytoplasm 1.30 0.0468
HIST1H1D Histone cluster 1, H1d Nucleus 1.30 0.0468
HIST1H1E Histone cluster 1, H1e Nucleus 1.30 0.0468
HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 Nucleus 1.53 0.0468
HNRNPA2B1 Heterogeneous nuclear ribonucleoprotein A2/B1 Nucleus 1.34 0.0468
HNRNPD Heterogeneous nuclear ribonucleoprotein D

(AU-rich element RNA binding protein 1, 37kDa)
Nucleus 1.44 0.0468

HNRNPK Heterogeneous nuclear ribonucleoprotein K Nucleus 1.44 0.0468
HSP90AA1 Heat shock protein 90kDa alpha (cytosolic), class A member 1 Cytoplasm 1.32 0.0468
HSP90AB1 Heat shock protein 90kDa alpha (cytosolic), class B member 1 Cytoplasm 1.42 0.0468

(Continued on the following page)
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Table 3. Immunogenic proteins identified by autoantibody responses from ERþ/PRþ breast cancer
patients to MCF7 cancer cell lysate (Cont'd )

Gene Description
Subcellular
localization

Case-to-
control
ratio

Q value
(FDR)

HSP90B1 Heat shock protein 90kDa beta (Grp94), member 1 Cytoplasm 1.29 0.0468
HSPA5 Heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa) Cytoplasm 1.29 0.0468
HSPA8 Heat shock 70kDa protein 8 Cytoplasm 1.29 0.0468
HSPA9 Heat shock 70kDa protein 9 (mortalin) Cytoplasm 1.29 0.0468
HSPB1 Heat shock 27kDa protein 1 Cytoplasm 1.44 0.0468
ISOC1 Isochorismatase domain containing 1 Cytoplasm 1.27 0.0468
JUP Junction plakoglobin Plasma membrane 1.69 0.0468
MCCC2 Methylcrotonoyl-CoA carboxylase 2 (beta) Cytoplasm 1.31 0.0468
NCL Nucleolin Nucleus 1.37 0.0468
NME2 Nonmetastatic cells 2, protein (NM23B) expressed in Nucleus 1.37 0.0468
NOLC1 Nucleolar and coiled-body phosphoprotein 1 Nucleus 1.41 0.0468
OSGIN1 Oxidative stress induced growth inhibitor 1 Unknown 1.36 0.0468
P4HB Prolyl 4-hydroxylase, beta polypeptide Cytoplasm 1.36 0.0468
PDIA4 Protein disulfide isomerase family A, member 4 Cytoplasm 1.39 0.0468
PDXK Pyridoxal (pyridoxine, vitamin B6) kinase Cytoplasm 1.30 0.0468
PKM2 Pyruvate kinase, muscle Cytoplasm 1.34 0.0468
PPL Periplakin Cytoplasm 1.34 0.0468
PRDX2 Peroxiredoxin 2 Cytoplasm 1.34 0.0468
PSAP Prosaposin Extracellular space 1.23 0.0468
PTBP1 Polypyrimidine tract binding protein 1 Nucleus 1.42 0.0468
RAD23B RAD23 homolog B (S. cerevisiae) Nucleus 1.18 0.0468
RALY RNA binding protein, autoantigenic (hnRNP-associated

with lethal yellow homolog (mouse))
Nucleus 1.46 0.0468

SAP18 Sin3A-associated protein, 18kDa Nucleus 1.38 0.0468
SF3A1 Splicing factor 3a, subunit 1, 120kDa Nucleus 1.32 0.0468
SFRS1 Serine/arginine-rich splicing factor 1 Nucleus 1.34 0.0468
SFRS3 Serine/arginine-rich splicing factor 3 Nucleus 1.60 0.0468
SFRS6 Serine/arginine-rich splicing factor 6 Nucleus 1.39 0.0468
SPTBN1 Spectrin, beta, nonerythrocytic 1 Plasma membrane 1.35 0.0468
SSB Sjogren syndrome antigen B (autoantigen La) Nucleus 1.35 0.0468
STMN1 Stathmin 1 Cytoplasm 1.31 0.0468
SUMO2 SMT3 suppressor of mif two 3 homolog 2 (S. cerevisiae) Nucleus 1.41 0.0468
SVEP1 Sushi, von Willebrand factor type A, EGF and

pentraxin domain containing 1
Cytoplasm 1.38 0.0468

SYNCRIP Synaptotagmin binding, cytoplasmic
RNA interacting protein

Nucleus 1.31 0.0468

TAF15 TAF15 RNA polymerase II, TATA box binding
protein (TBP)-associated factor, 68kDa

Nucleus 1.31 0.0468

TAGLN2 Transgelin 2 Cytoplasm 1.34 0.0468
TPI1 Triosephosphate isomerase 1 Cytoplasm 1.29 0.0468
TRAP1 TNF receptor-associated protein 1 Cytoplasm 1.36 0.0468
TXN Thioredoxin Cytoplasm 1.47 0.0468
U2AF1 U2 small nuclear RNA auxiliary factor 1 Nucleus 1.49 0.0468
UBA1 Ubiquitin-like modifier activating enzyme 1 Cytoplasm 1.46 0.0468
UGGT1 UDP-glucose glycoprotein glucosyltransferase 1 Cytoplasm 1.46 0.0468
VCP Valosin containing protein Cytoplasm 1.46 0.0468
YWHAB Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase

activation protein, beta polypeptide
Cytoplasm 1.32 0.0468

YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide

Cytoplasm 1.44 0.0468
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glycolysis and splicesome proteins observed in the mouse
model were also observed in human breast cancer plasmas.
A strong similaritywith antigens associatedwith SLE andother
autoimmune diseases, was noted among identified antigenic
proteins in our breast cancer study. We have recently provided
evidence of release into circulation of proteins associated with
the glycolysis pathway in ERþ breast cancer plasmas before
clinical diagnosis (18). We showed increased release of glycol-
ysis proteins with decreasing time-to-diagnosis after blood
collection indicative of a positive correlation between circu-
lating glycolysis protein levels and tumor growth. In this study,
we provide evidence of stronger reactivity of circulating immu-
noglobulins with glycolysis proteins arrayed further from
diagnosis in relation to blood collection. Analysis of circulating
plasma PKM2 levels and associated autoantibodies yielded
increased circulating protein levels closer to diagnosis, where-
as measurable autoantibodies to PKM2 exhibited an inverse
relationship, with increased levels observed further from diag-
nosis. Because of limited availability of ELISAs, only PKM2was
available for testing of the proteins identified in the glycolysis
and spliceosome signatures. The formation of circulating
immune complexes depleting plasma of free autoantibodies
could explain these observed phenomena. Mass spectrometry
analysis of proteins bound to immunoglobulin fractions pro-
vided evidence for an increase in immune complexes to the
glycolytic enzyme GAPDH in newly diagnosed samples.

An immune response to spliceosome proteins has been
associated with autoimmune disease (25). A recent study of
fine-needle aspirates from breast cancers and benign lesions
yielded evidence of differential expression of spliceosome
assembly proteins in tumors compared with benign lesions
(47). Reported responses in autoimmune diseases have been
limited to Sm and nRNP proteins that are part of the spliceo-
some complex. In this work, multiple nRNP proteins were
identified as autoantigens in prediagnostic breast cancer
plasmas. HNRNPs play central roles in DNA repair, cell sig-
naling, and regulation of gene expression at transcriptional and
translational levels often through spliceosome complexes.
Some splicesome proteins have been implicated in cancer
through their regulation of downstream targets. Increased
mRNA levels of HNRNPA2B1 were previously reported in
melanoma and associated with increased levels of the protein
in circulation (48). Expression of HNRNPQ has been shown to
be affected by siRNA targeting of ER-a in MCF7 (49). Other
HNRNPs have been observed as overexpressed in cancer
plasma compared with control (50).

Another component of the spliceosome not previously
reported as autoantigenic is the SFRS family of proteins, which
we found to be associated with autoantibodies in breast
cancer. While most reports localize the SFRS proteins to the
cytoplasm and nucleus, one recent study provided evidence of
release of SFRS1 into the media of pancreatic cancer cell lines
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Figure 3. ROC analysis of proteins identified in glycolysis and spliceosome signatures for all samples (A), cases collected within 150 days before diagnosis
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based on time-to-diagnosis for a subset of immunogenic proteins assayed in a cohort of newly diagnosed, postmenopausal women.
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(51). Cell surface localization of SFRS proteins has also been
shown in lung cancer (52). Surface-localized SFRS proteins
bound fucosylated oligosaccharides through the same mech-
anism as RNA binding. Our extensive proteomic analysis of the
MCF7 breast cancer cell line revealed 10 SFRS proteins that
occurred both on the cell surface and in the conditionedmedia,
and 2 additional SFRS proteins in themedia. SFRS1, SFRS3, and
SFRS6were all identified on the cell surface and in themedia of
MCF7.
There is prior evidence of occurrence of autoantibodies to

nuclear proteins in cancer (53); however, identification of
spliceosome-related autoantibodies is a novel finding in our
study. A prior study using recombinant proteins did not yield
splicesome autoantibodies in cancer (54). Given the known
occurrence of posttranslational modifications in spliceosome
proteins, it is plausible that the use of natural proteins in our
study may account for the autoantibody reactivity we have
observed for splicesome proteins.
Our study shows the use of microarrays of fractionated

tumor cell lysate proteins for uncovering immunogenic path-
ways and autoantibody signatures in breast cancer plasmas.
Signatures discovered in a breast cancer mouse model were
recapitulated in human, indicative of a similar process of
immunogenicity to breast tumor antigens in both mouse and
humans. Postmenopausal womenwith newly diagnosed breast
cancer exhibited reduced plasma immunoglobulin binding to
arrayed proteins compared with prediagnostic plasmas. This

was consistent with the trend observed in prediagnostic,
postmenopausal women, in that autoantibody response
decreased as time of blood collection before diagnosis
decreased. Many recent publications support the idea of using
a combination of complementary autoantibody markers for
diagnosis. In our study, combining the glycolysis and spliceo-
some signatures yielded an AUC of 0.77 with 35% sensitivity at
95% specificity. The AUCs obtained may be optimistic, as ROC
curves were based on the same data used in generating the
pathways of interest. Because these signatures were chosen
based on their biologic significance, their use and additivity as
biomarker panelsmay be limited. The sensitivity of biomarkers
in prediagnostic samples can also be limited depending on
disease progression (55). Because of the limited availability of
prediagnostic samples, validation of the described classifier
was not possible in this study. Proteomic analysis showed an
increase in cancer-related immune complexes to glycolytic
enzymes in newly diagnosed postmenopausal patients. The
concurrent increase in circulating glycolysis protein levels (18)
suggests formation of these complexes may explain the
observed immune suppression. With a relatively low sensitiv-
ity, but high specificity, one could envision application of this
signature to determine women that may be at higher risk of
developing breast cancer within a year, thus compelling them
to seek screening. Another potential application is for identi-
fying or monitoring masses observed during a routine mam-
mogram. A prospective study involving samples collected at

Figure 4. A, normalized ELISA
results for PKM2 in prediagnostic
samples from the WHI separated by
daysbefore diagnosis of blooddraw.
B, normalized autoantibody
response from natural protein arrays
for PKM2 separated by days before
diagnosis. �, P < 0.05. C, distribution
of positive autoantibody responses
for each of the identified glycolysis
pathway proteins as a function of
time before diagnosis in case
samples. D, distribution of positive
autoantibody responses for each of
the identified spliceosome proteins
as a function of time before
diagnosis in case samples. In C and
D, individual proteins are marked by
unique symbols.

4

3

2

1

0

−1

−2

16

15

14

13

12

16

15

14

13

12

11

10

3

2

1

0

−1

−2

N
o

rm
a

liz
e

d
 E

L
IS

A
 r

e
s
p

o
n

s
e

N
o

rm
a

liz
e

d
 a

u
to

a
n

ti
b

o
d

y
 r

e
a

c
ti
v
it
y

A
u
to

a
n
ti
b
o
d
y
 r

e
s
p
o

n
s
e

A
u
to

a
n
ti
b
o
d
y
 r

e
s
p
o

n
s
e

Days before diagnosis

A B

DC

Greater than

150 Days

Control Less than

150 Days

Greater than

150 Days

Control Less than

150 Days

100 150 200 250

Days before diagnosis

10050 150 200 250

Prediagnostic Breast Cancer Autoantibody Signatures

www.aacrjournals.org Cancer Res; 73(5) March 1, 2013 1511

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/5/1502/2694345/1502.pdf by guest on 19 M

ay 2023



the time of mammography would be necessary to test this
application. Blood-based biomarkers for early cancer detec-
tion would have great use, especially for women with dense
breasts or chronically abnormal mammograms. However,
there are data to suggest that general screening may be
useful. In a study of nearly 600 reduction mammoplasties,
20% of women, ages 30 to 49 years, had evidence of a
proliferative lesion, atypical hyperplasia, or carcinoma in
situ in the pathologic specimen (56). These lesions all
increase the risk of the development of subsequent invasive
malignancy. An inexpensive blood test may assist in iden-
tifying cancers early in these patients.
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