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Abstract
The repertoire of antigens associated with the development of
an autoimmune response in breast cancer has relevance to
detection and treatment strategies. We have investigated the
occurrence of autoantibodies associated with the development
of triple-negative breast cancer (TNBC) in the before diagnosis
setting and in samples collected at the time of diagnosis of
TNBC. Lysate arrays containing protein fractions from the TNBC
MDA-MB-231 cell line were hybridized with TNBC plasmas
from the Women's Health Initiative cohort, collected before
clinical diagnosis and with plasmas from matched controls. An
immune response directed against spliceosome and glycolysis
proteins was observed with case plasmas as previously reported
in estrogen receptorþ breast cancer. Importantly, autoantibodies
directed against networks involving BRCA1, TP53, and cytoker-

atin proteins associated with a mesenchymal/basal phenotype
were distinct to TNBC before diagnosis samples. Concordant
autoantibody ﬁndings were observed with mouse plasma samples collected before occurrence of palpable tumors from a
C3(1)-T triple negative mouse model. Plasma samples collected
at the time of diagnosis of stage II TNBC and from matched
healthy controls were subjected to proteomic analysis by mass
spectrometry to identify Ig-bound proteins yielding a predominance of cytokeratins, including several associated with a
mesenchymal/basal phenotype among cases compared with
controls. Our data provide evidence indicative of a dynamic
repertoire of antigens associated with a humoral immune
response reﬂecting disease pathogenesis in TNBC. Cancer Res;

Introduction

ment remains unclear (7, 8). Nevertheless, the discovery of
potential antigens associated with an autoimmune response has
led in some cases to successful validation studies aimed at assessing their potential diagnostic use (6, 9).
The full repertoire of antigens and epitopes associated with the
development of autoantibodies and their speciﬁcity to particular
cancer types remain largely undetermined (10, 11). We previously
assessed the autoantibody repertoire exhibited in before diagnosis
samples from subjects that subsequently developed estrogen
receptor (ER)þ progesterone receptor (PR)þ breast cancer from
a longitudinal cohort and the autoantibody repertoire of a mouse
model engineered to develop ERþ breast cancer (12). We provided
evidence for the occurrence of circulating autoantibodies directed
against glycolytic pathway proteins preceding a diagnosis of
ERþ/PRþ breast cancer in samples collected up to 6 months before
diagnosis (1). However, there is a paucity of data about the
humoral immuneresponse in triple-negative breast cancer
(TNBC) and the extent of similarities and differences in the
antigenic repertoire between TNBC and ERþ breast cancer. TNBC
represents an aggressive type with poor prognosis and has been
associated with distinct gene expression signatures with a predominance of a basal expression subtype (13). The basal subtype
correlates with high histologic grade at the time of diagnosis (14).
In the present study, we addressed the occurrence of autoantibodies associated with TNBC. High-density protein arrays prepared from lysate proteins from the MDA-MB-231 cell line were
probed with plasma samples collected before clinical diagnosis of
TNBC from participants in the Women's Health Initiative (WHI)

The use of samples collected in before diagnosis setting,
obtained before onset of symptoms, from prospective cohorts
has the potential to identify biomarkers that are particularly
relevant for early cancer detection (1). Moreover, reﬁned genetically engineered mouse (GEM) models of human cancer that
recapitulate their human counterparts offer a potential discovery
and ﬁltering engine for prioritization of candidate markers discovered in parallel using human specimens (2). A promising
source of circulating cancer biomarkers stems from harnessing
the humoral immune response directed against tumor antigens
for the development of marker panels that have use for early
cancer detection (3–6). The biologic signiﬁcance of the humoral
immune response in promoting or suppressing tumor develop-

1
MD Anderson Cancer Center, Houston, Texas. 2Fred Hutchinson Cancer Research Center, Seattle, Washington. 3Tumor Vaccine Group,
University of Washington, Seattle,Washington. 4Division of Preventive
Medicine, Brigham & Women's Hospital, Harvard Medical School,
Boston, Massachusetts. 5Division of Hematology/Oncology, Laura and
Isaac Perlmutter Cancer Center, New York University Langone Medical
Center, New York, New York.

Corresponding Author: Samir Hanash, MD Anderson Cancer Center, 6767
Bertner Ave, Houston, TX 77030. Phone: 713-745-5242; Fax: 713-563-5746;
E-mail: shanash@mdanderson.org
doi: 10.1158/0008-5472.CAN-15-0248
2015 American Association for Cancer Research.

75(16); 3246–54. 2015 AACR.

3246 Cancer Res; 75(16) August 15, 2015

Downloaded from cancerres.aacrjournals.org on May 21, 2019. © 2015 American Association for Cancer Research.

Published OnlineFirst June 18, 2015; DOI: 10.1158/0008-5472.CAN-15-0248

Autoantibody Signatures in Triple-Negative Prediagnostic Breast Cancer

cohort (15). The goal was to identify antigens that exhibited
differential reactivity with circulating immunoglobulins among
cases compared with controls. We also constructed in parallel
arrays prepared from lysate proteins of an immortalized cell line
derived from the C3(1)-T mouse model that were probed with
mouse plasma samples collected before palpable tumor from the
same mouse model and from tumor-free control mouse plasmas
(16). We further examined using mass spectrometry (MS), the
occurrence of antigen–antibody complexes using plasma samples
collected at the time of diagnosis of early-stage TNBC. The
potential occurrence of a distinctive autoantibody repertoire in
TNBC was examined through a comparison with our prior ﬁndings in ERþPRþ breast cancer.

Materials and Methods
Plasma samples
Prediagnostic EDTA plasma samples were collected as part of
the WHI observational study (Table 1). Plasma was available from
13 women who subsequently developed TNBC. Plasma from an
equal number of controls from the same cohort matched on age,
time of blood collection, and hormone therapy use was analyzed
in parallel. EDTA plasma samples were collected from newly
diagnosed women with stage II TNBC and used for MS analysis
of proteins bound to Ig. Separate analyses were performed using
plasmas from 9 premenopausal and 9 postmenopausal women
diagnosed with TNBC and from an equal number of control
women matched for menopausal status and blood collection
and storage conditions.
Plasma samples used for autoantibody studies were collected
from a C3(1)-T mouse model that has been engineered to develop
hormone-independent, invasive tumors in the mammary epithelium (16). Plasma was collected at baseline, at 8 weeks, and before
palpable tumor, on average around 120 days from 19 mice.
Array construction
One hundred ﬁfty milligrams of protein derived from MDAMB-231 and from C3(1)-T cell lysates was each subjected to
orthogonal two-dimensional (2D) high-performance liquid
chromatography (HPLC) fractionation in an automated system
(Shimadzu Corporation; ref. 17). 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 seconddimension reversed-phase separation (RP/5D column, 4.6 mm
ID  150 mm, Column Technology Inc). Fractions (n ¼ 2,430)
were collected from the 2D separation. The ﬁrst-dimension anionexchange chromatography mobile phase A was 20 mmol/L Tris,
pH 8.5, and mobile phase B was 20 mmol/L Tris, 1 mol/L NaCl,
pH 8.5. The second-dimension reversed-phase chromatography

Table 1. Human subject characteristics
WHI samples
Sample number
Average age, y
Stage
I
II
III
IV
Avg. days to diagnosis
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Case
13
61 (50–69)

Control
13
61 (50–69)

0
8 (61.5%)
5 (38.5%)
0
138.5 (6–240)

—
—
—
—
—

mobile phase A was 95% water, 5% acetonitrile, 0.1% TFA and
mobile phase B was 90% acetonitrile, 10% water, 0.1% TFA.
A total of 300 mL from each fraction was lyophilized
and resuspended in 30 mL of printing buffer (250 mmol/L
Tris-HCl, pH 6.8, 0.5% SDS, 25% glycerol, 0.05% Triton X100, 62.5 mmol/L dithiothreitol). Fractions (n ¼1,950), together
with printing buffer as negative controls and positive controls,
were printed onto nitrocellulose-coated slides using a contact
printer, as previously described (6, 18). Plasma samples were
hybridized with an individual microarray at a dilution of 1:150.
Reactivity was quantiﬁed using an indirect immunoﬂuorescence
protocol. Local background subtracted median 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 the Student t test.
Western blots
Individual fractions (100 mL) were lyophilized 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 (PVDF) membranes for
1.5 hours at 80 V. Membranes were blocked in 3% 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% PBST
5 times for 5 minutes each. Horseradish peroxidase–labeled antimouse or anti-human IgG at a 1:2,000 dilution was incubated
with the membrane at room temperature for 1 hour. Solutions
were removed and membranes were washed with 0.1% PBST 5
times for 5 minutes each. Membranes were exposed to enhanced
chemiluminescence (ECL) for 1 minute and exposed to ECL
hyperﬁlm for varied lengths of time. Films were developed and
scanned for qualitative analysis.
Identiﬁcation of immunogenic proteins in microarray reactive
fractions
Immunogenic proteins were identiﬁed as previously described
(1, 19). Brieﬂy, signiﬁcantly elevated fractions and neighboring
fractions were grouped into "fraction clusters" on the basis of
microarray reactivity and subjected to further analysis. Western
blot analysis was used to determine the molecular weight of
proteins with autoantibody reactivity in plasma samples by
matching observed bands to microarray reactivity data. MS analysis matched total peptide count from individual fractions 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 MS
analysis of fractions.
On the basis of the protein microarray analysis, 50 mL of each
reactive fraction from the 2D-HPLC was lyophilized using a freeze
drying system (Labconco). The lyophilized protein samples were
dissolved in 100 mmol/L NH4HCO3 (pH 8.5) followed by
overnight in-solution digestion with trypsin at 37 C. The digestion was quenched by adding 5 mL of 1.0% formic acid solution
before LC-MS/MS analysis as described previously (20). Brieﬂy,
peptides were separated by reversed-phase chromatography using
a nano HPLC system (Eksigent) coupled online with a LTQ-FT
mass spectrometer (Thermo Fisher Scientiﬁc, Inc.). MS 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 FT
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microscan with 850 ms injection time, and 1 LTQ microscan with
100 ms injection time. Mass spectra were acquired in a datadependent mode with the m/z range of 400 to 2,000. The full mass
spectrum (MS scan) was acquired by the FT and tandem mass
spectrum (MS/MS scan) was acquired by the LTQ with a 35%
normalized collision energy. Acquisition of each full mass spectrum was followed by the acquisition of MS/MS spectra for the 5
most intense þ2 or þ3 ions within a 1-second duty cycle. The
minimum signal threshold (counts) for a precursor occurring
during a MS scan was set at 1,000 for triggering a MS/MS scan.
The acquired LC-MS/MS data were processed by the Computational Proteomics Analysis System (9, 21, 22). 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 modiﬁcation and
methionine (Met) oxidation (15.99491@M) as a variable modiﬁcation. Data were searched against the International Protein
Index (IPI) human protein knowledgebase (version v3.57),
which contained entries for 76,542 proteins. The minimum
criterion for peptide matching was a Peptide Prophet Score 
0.2. Peptides meeting this criterion were grouped to protein
sequences using the Protein Prophet algorithm at an error rate
of 5%. Total peptide count in each fraction was used as a
measure of protein concentration within that fraction.
Analysis of Ig-bound proteins in plasma by MS
IgG-bound proteins from a total of 100 mL of plasma for each
experimental condition were extracted with Protein A/G Agarose
(Thermo Scientiﬁc, #20421 20422 20423). The collected proteins
were treated with 25 mmol/L TCEP for Cys reduction and subsequently alkylated with acrylamide. The samples were next
fractionated at the protein level by reverse-phase chromatography
followed by desalting for 5 minutes with 95% mobile phase A
(0.1% TFA in 95% H2O) at a ﬂow rate of 3 mL/min. Proteins were
eluted from the column and collected into 12 fractions, at a ﬂow
rate of 2.1 mL/min, with a gradient elution that included an
increase from 5% to 70% mobile phase B (0.1% TFA in 95%
acetonitrile) over 25 minutes, 70% to 95% mobile phase B for 3
minutes, a wash step to hold at 95% mobile phase B for 2 minutes,
and a re-equilibration step at 95% mobile phase A for 5 minutes.
The collected fractions were lyophilized and digested with trypsin
before analysis by MS using a SYNAPT G2–S instrument and
Waters Masslynx (version 4.1, SCN 851). The mass spectrometer
was operated in V-mode with a typical resolving power of at least
20,000. All analyses were performed using positive mode ESI
using a NanoLockSpray source. The lock mass channel was
sampled every 60 seconds. The mass spectrometer was calibrated
with a ﬁbrinopeptide solution (300 fmol/mL) delivered through
the reference sprayer of the NanoLockSpray source. Accurate mass
LC-HDMSE data was collected in an alternating, low-energy (MS)
and high-energy (MSE) mode of acquisition with mass scan range
from m/z 50 to 1800. The spectral acquisition time in each mode
was 1.0 second with a 0.1-second interscan delay. In low-energy
HDMS mode, data were collected at constant collision energy of
2 eV in both Trap cell and Transfer cell. In high-energy HDMSE
mode, the collision energy was ramped from 25 to 55 eV in the
Transfer cell only. The RF applied to the quadrupole mass analyzer
was adjusted such that ions from m/z 300 to 2,000 were efﬁciently
transmitted, ensuring that any ions observed in the LC-HDMSE
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data less than m/z 300 were known to arise from dissociations in
the Transfer collision cell. The acquired LC-HDMSE data were
processed and searched against protein knowledge database
(Uniprot) through ProteinLynx Global Server (PLGS, Waters
Company) with false discovery rate (FDR) 4%.

Results
Autoantibody proﬁles in human TNBC prediagnostic plasmas
Prediagnostic plasmas were available from 13 women who
were participants in the postmenopausal WHI cohort study and
who were diagnosed with TNBC up to 240 days subsequent to
blood collection (Table 1). We also obtained from the same
cohort, plasmas from an equal number of matched healthy
controls that remained cancer-free during the period of followup. The prediagnostic period of 240 days was similar to the 259
days of the prior WHI ERþ plasma autoantibody study (1). Plasma
samples were each individually hybridized with MDA-MB-231–
derived protein arrays. Of the 2,300 printed fractions from the
MDA-MB-231 human breast cancer cell line, 229 individual
fractions had signiﬁcantly elevated IgG reactivity (P < 0.01 and
mean ratio >2) in preclinical plasmas compared with control
plasmas. Concordant reactivity among some neighboring fractions suggested elution of reactive antigens over sequential chromatographic fractions. These peak reactivity proﬁles were used to
select clusters around statistically signiﬁcant fractions. MS yielded
identiﬁcation of 49 reactive proteins (Table 2).
Ingenuity network analysis of reactive proteins identiﬁed in
human samples revealed top network functions that included
cancer and cellular morphology. Top scoring networks exhibited
major nodes of PI3K and TP53, genes commonly mutated in
TNBC (Fig. 1A and B). An enrichment was also observed for
cytoskeletal proteins consisting of actins, cytokeratins, DNAH11,
LASP1, and ZYX (FDR ¼ 3.8E9). Reactive cytokeratins consisted
of KRT1, 2, 5, 6a, 9, 10, 14, and 16. The cytokeratin signature was
not previously observed in ERþ breast cancer (1). An enrichment
was also observed for spliceosome proteins represented by
HNRNPK, SF3B1, SFRS1, 2, 3, 7, and 9 (FDR ¼ 7.5E4) as
previously observed in ERþ breast cancer (1). We also investigated
circulating protein complexes of proteins in the glycolytic pathway by Western blotting using WHI TNBC case samples and
matched controls, which revealed an increase in circulating
immune complexes involving glycolytic proteins, notably PKM2,
ENO1, and TPI, in cases compared with controls as we previously
observed in ERþ breast cancer, in samples collected 0 to 33 weeks
before diagnosis compared with farther from diagnosis (Fig. 2A;
ref. 1).
Autoantibody proﬁles in plasmas from a TNBC mouse model
before occurrence of palpable tumor
Plasma samples collected at baseline and before palpable
tumor from 19 individual mice were each hybridized with mouse
breast cancer cell lysate protein arrays. Of the 2,800 printed
fractions, 148 individual fractions exhibited signiﬁcantly
increased Ig binding (P < 0.01 and mean ratio >2) in preclinical
samples compared with baseline. Analysis of reactive clusters
yielded identiﬁcation of 33 reactive proteins (Table 3) from the
C3(1)-T mouse model. A spliceosome autoantibody signature
was observed in plasmas from the C3(1)-T mouse model, as we
observed with human prediagnostic TNBC samples and as we
previously reported in preclinical plasmas from an ERþ breast
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Table 2. Immunogenic proteins identiﬁed by autoantibody responses from patients with TNBC to MDA-MB-231 cancer cell lysate
Subcellular
Case-to-control
Gene
Description
localization
ratio
ACTA1
Actin, alpha 1, skeletal muscle
Cytoplasm
2.17
ACTA2
Actin, alpha 2, smooth muscle, aorta
Cytoplasm
2.17
ACTB
Actin, beta
Cytoplasm
2.34
ACTC1
Actin, alpha, cardiac muscle 1
Cytoplasm
2.34
ACTG1
Actin, gamma 1
Cytoplasm
2.17
ACTG2
Actin, gamma 2, smooth muscle, enteric
Cytoplasm
2.17
AHNAK
AHNAK nucleoprotein
Nucleus
2.50
BAD
BCL2-associated agonist of cell death
Cytoplasm
2.55
CALU
Calumenin
Cytoplasm
2.13
CLTA
Clathrin, light chain A
Plasma Membrane
2.41
CLTB
Clathrin, light chain B
Plasma Membrane
2.29
DCD
Dermcidin
Extracellular Space
2.00
DNAH11
Dynein, axonemal, heavy chain 11
Cytoplasm
2.41
EIF4B
Eukaryotic translation initiation factor 4B
Cytoplasm
2.71
HIST1H1C
Histone cluster 1, H1c
Nucleus
2.34
HIST1H1D
Histone cluster 1, H1d
Nucleus
2.14
HIST1H1E
Histone cluster 1, H1e
Nucleus
2.07
HIST1H1T
Histone cluster 1, H1t
Nucleus
2.79
HNRNPK
Heterogeneous nuclear ribonucleoprotein K
Nucleus
2.06
HSPA5
Heat shock 70-kDa protein 5
Cytoplasm
2.49
KRT1
Keratin 1
Cytoplasm
2.08
KRT10
Keratin 10
Cytoplasm
2.10
KRT14
Keratin 14
Cytoplasm
2.04
KRT16
Keratin 16
Cytoplasm
2.77
KRT2
Keratin 2
Cytoplasm
2.28
KRT5
Keratin 5
Cytoplasm
2.04
KRT6A
Keratin 6A
Plasma membrane
2.77
KRT9
Keratin 9
Cytoplasm
2.07
LASP1
LIM and SH3 protein 1
Cytoplasm
2.38
MRPS36
Mitochondrial ribosomal protein S36
Cytoplasm
2.37
NUCB1
Nucleobindin 1
Cytoplasm
2.37
P4HB
Prolyl 4-hydroxylase, beta polypeptide
Cytoplasm
2.55
PDIA3
Protein disulﬁde isomerase family A, member 3
Cytoplasm
2.06
PRKCSH
Protein kinase C substrate 80K-H
Cytoplasm
2.02
RCN1
Reticulocalbin 1, EF-hand calcium-binding domain
Cytoplasm
2.17
RPLP2
Ribosomal protein, large, P2
Cytoplasm
2.36
RPS21
Ribosomal protein S21
Cytoplasm
2.29
RPS27A
Ribosomal protein S27a
Cytoplasm
2.13
SF3B1
Splicing factor 3b, subunit 1, 155 kDa
Nucleus
2.33
SLIRP
SRA stem-loop interacting RNA-binding protein
Cytoplasm
2.37
SFRS1
Serine/arginine-rich splicing factor 1
Nucleus
2.23
SFRS2
Serine/arginine-rich splicing factor 2
Nucleus
2.00
SFRS3
Serine/arginine-rich splicing factor 3
Nucleus
2.79
SFRS7
Serine/arginine-rich splicing factor 7
Nucleus
2.36
SFRS9
Serine/arginine-rich splicing factor 9
Nucleus
2.79
UBA52
Ubiquitin A-52 residue ribosomal protein fusion product 1
Cytoplasm
2.13
UBB
Ubiquitin B
Cytoplasm
2.53
UBC
Ubiquitin C
Cytoplasm
2.53
ZYX
Zyxin
Plasma membrane
2.06

cancer mouse model and ERþ breast cancer subjects. The spliceosome signature consisted of Hnrnpk, Hnrnpm, Sfrs2, and U2af2.
The glycolysis signature previously reported in ERþ breast cancer
was similarly observed in the C3(1)-T mouse preclinical samples,
with 3 proteins (Eno1, Pkm2, and Tpi1) associated with glycolysis
exhibiting autoantibody reactivity.
Identiﬁed Ingenuity Network Analysis of antigenic proteins
from the C3(1)-T mouse was done as with human TNBC antigenic
proteins. The top two scoring networks (P  1030 and P  1010)
included major nodes commonly associated with an invasive,
triple-negative, or basal phenotype of breast cancer, encompassing TP53, MDM2, BRCA1, and CDKN1A and cytokeratins (Fig. 3A
and B). Gene ontology analysis of proteins associated with autoantibodies (23) yielded a signature of cytoskeletal proteins

www.aacrjournals.org

q
1.59E03
1.59E03
4.30E05
4.30E05
1.59E03
1.59E03
4.73E03
2.06E05
4.58E03
4.46E03
8.71E05
2.32E03
4.46E03
1.62E04
4.30E05
2.18E03
2.80E04
1.17E03
2.54E03
8.01E03
1.17E03
7.97E03
1.42E03
2.09E03
4.96E03
1.42E03
2.09E03
5.13E04
1.92E03
6.47E03
2.01E03
2.06E05
2.54E03
2.28E03
8.84E05
1.02E04
8.71E05
3.81E04
2.02E04
7.66E03
2.02E04
6.69E04
1.17E03
1.02E04
1.17E03
3.81E04
6.71E03
6.71E03
2.54E03

AUC
0.825
0.825
0.959
0.959
0.825
0.825
0.846
0.923
0.811
0.861
0.899
0.837
0.861
0.923
0.959
0.855
0.876
0.852
0.834
0.802
0.828
0.858
0.899
0.899
0.817
0.899
0.899
0.882
0.879
0.817
0.828
0.923
0.834
0.831
0.923
0.932
0.899
0.911
0.893
0.811
0.914
0.882
0.852
0.932
0.852
0.911
0.846
0.846
0.834

(FDR ¼ 0.0056), consisting mainly of cytokeratins and vimentin.
This signature that included KRT4 6a, 7, 9, 14, 18, and 19 was not
previously observed in ERþ breast cancer mouse or human
samples but was concordant with the cytokeratin autoantibody
signature observed in prediagnostic TNBC plasmas.
Ig-bound proteins in plasmas from subjects with newly
diagnosed TNBC
The occurrence of immune complexes associated with TNBC
was further investigated using a MS approach applied to plasmas
from subjects with newly diagnosed TNBC and healthy controls
matched for menopausal status. The approach was based on
capture of the Ig fraction from plasmas followed by MS to identify
Ig-bound proteins. The quantitation was based on the MS counts
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Figure 1.
A and B, top two networks of proteins eliciting a signiﬁcantly elevated (P < 0.01; mean ratio > 2) autoimmune response in WHI human prediagnostic TNBC
samples, based on Ingenuity Pathway Analysis.

calculated from the cumulative number of the MS2 spectra
assigned to each protein accession. To this effect, 9 plasma
samples from premenopausal women and 9 samples from postmenopausal newly diagnosed women with stage II TNBC and an

equal number of plasmas from healthy pre- and postmenopausal
women were separately pooled, and individual pools were subjected to MS analyses of Ig-bound fractions. We identiﬁed
and quantiﬁed a total of 90 and 45 Ig-bound proteins from

Figure 2.
Signatures of autoimmune response in plasma. A, Western blot analysis of immunodepleted fractions from pooled prediagnostic TNBC samples collected within
33 weeks before diagnosis and greater than 33 weeks before diagnosis compared with matched controls for glycolysis pathway proteins ENO1 and PKM2.
þ
Increased reactivity is observed in samples collected within 33 weeks before diagnosis. B, cytokeratin autoantibody panel in TNBC/basal and ER /luminal type. Gray
þ
indicates statistically signiﬁcant and elevated in case. WHI ER and MMTV-Neu dataset was from our previous study (1).
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Table 3. Immunogenic proteins identiﬁed in C3(1)-T mouse cancer cell lysate
qa
Gene
Adamts2
Dkc1
Eif5a
Eno1
Hnrnpk
Hnrnpm
Hspa5
Hspa9
Idh3a
Krt14
Krt18
Krt19
Krt4
Krt6a
Krt7
Krt9
Nup153
Ogfr
Pdia3
Pdia6
Pkm2
Psmc3
Ptbp1
S100a11
Sfrs12
Sfrs2
Stxbp3a
Tpi1
U2af2
Ubb
Ubc
Vim
Whsc1

Description
ADAM metallopeptidase with thrombospondin type 1 motif, 2
Dyskeratosis congenita 1, dyskerin
Eukaryotic translation initiation factor 5A
Enolase 1, (alpha)
Heterogeneous nuclear ribonucleoprotein k
Heterogeneous nuclear ribonucleoprotein m
Heat shock 70-kDa protein 5 (glucose-regulated protein, 78 kDa)
Heat shock 70-kDa protein 9 (mortalin)
Isocitrate dehydrogenase 3 (NADþ) alpha
Keratin 14
Keratin 18
Keratin 19
Keratin 4
Keratin 6A
Keratin 7
Keratin 9
Nucleoporin 153 kDa
Opioid growth factor receptor
Protein disulﬁde isomerase family A, member 3
Protein disulﬁde isomerase family A, member 6
Pyruvate kinase, muscle
Proteasome (prosome, macropain) 26S subunit, ATPase, 3
Polypyrimidine tract-binding protein 1
S100 calcium-binding protein A11
Serine/arginine-rich splicing factor 12
Serine/arginine-rich splicing factor 2
Syntaxin-binding protein 3
Triosephosphate isomerase 1
U2 small-nuclear ribonucleoprotein auxiliary factor (U2AF) 2
Ubiquitin B
Ubiquitin C
Vimentin
Probable histone-lysine N-methyltransferase NSD2

Subcellular
localization
Extracellular space
Nucleus
Cytoplasm
Cytoplasm
Nucleus
Nucleus
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Plasma membrane
Cytoplasm
Cytoplasm
Nucleus
Plasma membrane
Cytoplasm
Cytoplasm
Cytoplasm
Nucleus
Nucleus
Cytoplasm
Nucleus
Nucleus
Plasma membrane
Cytoplasm
Nucleus
Cytoplasm
Cytoplasm
Cytoplasm
Nucleus

Case-to-control
ratios
4.98
4.98
4.48
6.23
4.08
4.74
4.95
4.15
3.86
8.80
4.46
3.69
6.91
4.74
4.10
3.69
6.91
4.98
5.12
4.31
5.12
3.86
4.11
5.54
3.86
3.87
4.87
4.70
3.86
3.87
3.87
5.89
4.48

Time point
#1
2.52E03
2.52E03
2.49E03
7.39E04
1.49E03
1.50E03
2.49E03
6.64E03
6.31E05
1.09E03
1.23E04
1.22E04
2.97E03
1.50E03
1.52E03
1.22E04
2.97E03
2.52E03
1.97E03
1.33E03
1.97E03
6.31E05
3.03E04
3.15E03
6.31E05
2.22E03
2.17E03
5.50E03
6.31E05
2.22E03
2.22E03
4.27E04
2.49E03

Time point
#2
2.38E03
2.38E03
7.04E03
1.89E03
6.70E04
4.36E03
6.14E03
2.69E03
5.75E05
9.39E03
4.51E03
8.42E05
2.89E03
4.36E03
1.39E03
8.42E05
2.89E03
2.38E03
2.43E03
5.46E04
2.43E03
5.75E05
2.40E03
4.78E03
5.75E05
3.12E03
1.90E03
7.21E03
5.75E05
3.12E03
3.12E03
5.10E05
7.04E03

NOTE: Case-to-control ratios are an average of two analyzed blood draws.
q values based on all 2,808 arrayed fractions.

a

premenopausal stage II TNBC case plasmas versus healthy,
respectively, and 133 and 123 distinct proteins from postmenopausal stage II TNBC cases plasmas versus healthy, respectively. Of these proteins, 10 met the criteria of 2-fold increase in
MS counts in case versus control, as a measure of the amount of
protein bound to IG (24) in both the premenopausal and
postmenopausal samples (Table 4). These 10 proteins were
identiﬁed with two or more peptides each. Remarkably, 9 of the
10 common proteins consisted of cytokeratins, including four
basal type of cytokeratins (KRT5, 6B, 6C, and 14). Four additional cytokeratins (KRT 15, 16, 17, and 19) met these criteria
only in postmenopausal cases.

Discussion
We have investigated the immune response in the form of
autoantibodies in TNBC and have compared ﬁndings with a
previously published study of ERþ breast cancer that used a
similar approach as in this study (1). TNBC is a more aggressive,
invasive cancer than receptor-positive breast cancers (25). Concordant ﬁndings were observed with human TNBC cancer plasmas and plasmas from the TNBC mouse model. The proteins that
exhibited immunoreactivity both in prediagnostic and mouse
model plasmas represented two major groupings. One grouping
consisted of spliceosome and glycolysis proteins, which was the

www.aacrjournals.org

major grouping of reactive proteins previously observed in ERþ
breast cancer. However, the top scoring networks in prediagnostic
TNBC samples exhibited major nodes of TP53 and PI3K, genes
commonly mutated in TNBC.
The ﬁnding of autoantibodies to antigens related to TP53 and
PI3K networks reﬂects disease pathogenesis in TNBC. Tumors
with germline mutations in BRCA1 are more often hormone
receptor–negative and are more likely to overexpress TP53 protein
(26–28). TNBC shares clinical and pathologic features with
hereditary BRCA1-related breast cancers (29). MDM2 is an important negative regulator of TP53 and has been shown to be integral
to metastasis and tumor growth (30). Moreover studies have
shown that inhibition of MDM2 reduced systemic inﬂammation
and reduced autoantibody production (31). A network involving
PI3K also included CDKN1A and IL5 as additional nodes. The
PI3K pathway has been investigated as a therapeutic target for
TNBC and basal-type cancers (32, 33). Genetic variants of
CDKN1A have been associated with breast cancer and TNBC cell
proliferation (34). IL5 plays an important role in immune
response by stimulating B cells and increasing immunoglobulin
secretion (35) and has been shown to promote malignant pleural
effusion formation, which in breast cancer is associated with poor
prognosis and reduced survival (36). It is therefore likely that
altered pathways in TNBC impact the immune response in the
form of autoantibodies.
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Figure 3.
A and B, top two networks of proteins eliciting a signiﬁcantly elevated (P < 0.01; mean ratio > 2) response in C3(1)-T TNBC mouse model samples collected before
palpable tumor compared with baseline, based on Ingenuity Pathway Analysis.

One feature that differentiates TNBC from ERþ breast cancer is
the frequent occurrence of epithelial-to-mesenchymal transition
(EMT), a mechanism whereby epithelial cells gain invasive traits.
EMT has been correlated with high histologic grade, triple-negative phenotype, and basal-like phenotype breast cancers (37, 38).
Alterations in cytoskeletal protein levels have been linked to
increases in cell invasion and have been implicated in EMT
(39–41).
It is interesting that many of the immunoreactive proteins we
have identiﬁed are considered to be intracellular proteins. One
possible mechanism for their association with an immune
response in the form of autoantibodies may be through their
occurrence in exosome (42). A recent proteomic study of breast
cancer–derived vesicles revealed a large number of glycolysis
pathway proteins present, including ALDOA, ENO1, GAPDH,

PGK1, and TPI1 (43). Searching against the database Exocarta
(44), we found that 35 of the 49 proteins (71%) identiﬁed from
analysis of human TNBC samples occur in exosomes. In addition,
22 of the 33 (67%) identiﬁed proteins from the C3(1)-T mouse
also occur in exosomes. Thus, exosomes may contribute as an
important antigen-presenting source.
A major ﬁnding from our study is the occurrence of a cytokeratin autoantibody signature in prediagnostic human TNBC plasmas as well as in mouse preclinical samples. Moreover, in samples
collected at the time of diagnosis, on the basis of the analysis of
stage II TNBC samples, cytokeratins represented the most predominant proteins bound to Ig. The autoantibody response in the
mouse model and in the prediagnostic samples was investigated
using natural protein arrays whereas in samples from newly
diagnosed subjects we relied on MS to identify Ig-bound proteins.

Table 4. Plasma IgG-bound proteins in healthy controls and newly diagnosed TNBC stage II patients

Protein
KRT2
KRT5
KRT6B
KRT6C
KRT10
KRT14
KRT25
KRT76
KRT79
LATS1

Healthy
premenopausal
MS counts
60
5
16
2
93
5
1
3
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TNBC
premenopausal
MS counts
130
40
46
28
188
10
28
12
12
10

Healthy
postmenopausal
MS counts
100
18
34
15
139
21
15
4
5
4

TNBC
postmenopausal
MS counts
243
110
70
50
312
47
33
21
30
12
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The concordance of ﬁndings in independent sample sets and with
the use of two different methodologies provides strong support
for a basal cytokeratin autoantibody signature associated with
TNBC. Multiple cytokeratin family members may be expressed in
a given cell and are characteristic of the cell type and differentiation state. Cytokeratins are used for the ﬁngerprinting of carcinomas in general. In breast tissue, the luminal epithelial cells
express cytokeratins 8/18, 7, and 19, whereas basal/myoepithelial
cells express cytokeratins 5/6, 14, and 17 predominantly (45).
Cytokeratins 8 and 18 have been identiﬁed as tumor antigens with
elevated serum levels of corresponding autoantibodies in patients
with several cancer types (46, 47). Several of the cytokeratins
found to be associated with autoantibodies in this study have
been associated with TNBC and basal type of breast cancer. In one
study, a series of 995 invasive breast cancers were investigated
using immunohistochemical staining for four basal cytokeratins
(48). Expression was demonstrated for KRT5, 6, 14, and 17.
Another study found that in three-dimensional organoid assays,
collective invasion was led by specialized cancer cells that were
deﬁned by their expression of basal epithelial genes, including
cytokeratins 5 and 14 (49). Relocalization of KRT5 and KRT14 to
the cell surface "leading edge" may contribute to the development
of autoantibodies.
A comparison of cytokeratin autoantibodies we previously
observed in ERþ/luminal type of breast cancer with TNBC cytokeratin autoantibodies in this study as displayed in Fig. 2B reveals
that luminal cytokeratins KRT7, 8, and 18 were commonly
observed. Whereas basal cytokeratins were limited to TNBC
mouse and human samples providing support for autoantibody
signatures reﬂecting molecular characteristics of TNBC and disease pathogenesis.
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