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ABSTRACT: Triple-negative (TN) breast cancer accounts
for ~15% of breast cancers and is characterized by a high
likelihood of relapse and a lack of targeted therapies. In
contrast, luminal-type tumors that express the estrogen and
progesterone receptors (ER+/PR+) and lack expression of
human epidermal growth factor receptor 2 (Her2—) are
treated with targeted hormonal therapy and carry a better
prognosis. To identify potential targets for the development of
future therapeutics aimed specifically at TN breast cancers, we
have used a hydrazide-based glycoproteomic workflow to
compare protein expression in clinical tumors from nine TN
(Her2—/ER-/PR-) and nine luminal (Her2—/ER+/PR+)
patients. Using a label-free LC—MS based approach, we
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identified and quantified 2264 proteins. Of these, 90 proteins were more highly expressed and 86 proteins were underexpressed
in the TN tumors relative to the luminal tumors. The expression level of four of these potential targets was verified in the original
set of tumors by Western blot and correlated well with our mass-spectrometry-based quantification. Furthermore, 30% of the
proteins differentially expressed between luminal and TN tumors were validated in a larger cohort of 406 TN and 469 luminal
tumors through corresponding differences in their mRNA expression in publically available microarray data. A group of 29 of
these differentially expressed proteins was shown to correctly classify 88% of TN and luminal tumors using microarray data of
their associated mRNA levels. Interestingly, even within a group of TN breast cancer patients, the expression levels of these same
mRNAs were able to significantly predict patient survival, suggesting that these proteins play a role in the aggressiveness seen in
TN tumors. This study provides a comprehensive list of potential targets for the development of diagnostic and therapeutic
agents specifically aimed at treating TN breast cancer and demonstrates the utility of using publicly available microarray data to

further prioritize potential targets.
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B INTRODUCTION

Breast cancers can be classified in therapeutically and
prognostically relevant categories by immunophenotype.
Triple-negative (TN) breast cancers are defined as tumors
that lack estrogen receptor (ER) and progesterone receptor
(PR) expression as well as epidermal growth factor receptor 2
(HER2) amplification. These cancers account for ~15% of all
breast cancers and are more common in young women from
Hispanic and African-American background." TN tumors are
usually high-grade and large in size and have lymph-node
involvement at the time of diagnosis. Women with TN tumors
have a high risk of early relapse and an increased likelihood of
distant recurrence and death compared with women with other
breast cancers.” In contrast, women with luminal tumors
expressing hormonal receptors are treated with targeted
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hormonal therapy and generally have a good prognosis.”
Luminal breast cancers are the most common subtype of breast
cancer, accounting for ~70% of all breast tumors.

Presently, there are no targeted therapies specifically available
for TN breast cancer patients. Instead, these patients rely on
conventional chemotherapeutic regimens. Although the
response to chemotherapy is better in TN breast cancer than
in ER+-type breast cancers, prognosis remains poor.* Indeed,
the majority of TN tumors will develop resistance to these
cytotoxic therapies and relapse. Thus, there is a particularly
urgent need to develop novel targets for therapy in this subset
of breast cancer.
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To date, a limited number of studies have explored protein
expression differences in clinical samples from triple-negative
and nontriple-negative breast tumors. Two studies compared
total protein expression in Her2-positive tumors with TN
tumors by 2D-DIGE and spectral counting, respectively.s’é
Recently, another 2D gel-based study identified Mage-A4 as
overexpressed in TN tumors’ compared with other breast
tumor types. Lu et al. compared TN breast tumors with
Her2—/ER+/PR+ tumors using hydrophobic enrichment and
quantification by spectral counting,® leading to the identi-
fication of differentially expressed proteins including keratins,
HLA-class proteins, and heat-shock proteins.

Extracellular and plasma membrane proteins make partic-
ularly promising targets for the development of therapeutic and
diagnostic agents due to their inherent accessibility; however,
this subset of proteins are typically difficult to identify and
quantify in proteomic experiments due to their lower
expression level and relative insolubility. Because glycosylation
typically occurs on membrane and extracellular proteins,
glycoprotein enrichment can increase coverage of this subset
of proteins. Glycosylated proteins and peptides can be enriched
by many different methods, including lectin affinity, HILIC and
normal phase liquid chromatography, titanium dioxide, and
capture on hydrazide solid support.”~*

In this study, we chose to use hydrazide-based capture of
glycoproteins due to its high specificity.">'® Hydrazide capture
is based on the covalent binding of oxidized glycans onto a
solid support with immobilized hydrazide functional groups
and has been used to profile diverse cancer-relevant samples,
including serum, pleural effusion fluid, and cell lines.'”™** A
limited number of proteomic studies have used hydrazide
capture to enrich glycoproteins or glycopeptides from human
clinical tissue. These include studies that profiled glycogeptide
expression in breast tumors and adjacent normal tissue,”> OCT-
embedded clinical prostate tumor tissue,>* and different
histological subtypes of ovarian tumors.*®

In this study, we have compared the expression of
glycoprotein-enriched fractions isolated from TN and luminal
clinical breast cancer tumors with the aim of identifying
potential therapeutic and diagnostic markers targeted specifi-
cally at triple-negative breast cancer.

B PROCEDURES

Clinical Samples

Breast cancer tumors were obtained from the FRQS Réseau
Recherche Cancer breast tumor biobank at the Jewish General
Hospital (Montreal, Canada). Approval from the local ethics
board was obtained for the current study, and written informed
consent was obtained from all tumor donors. Primary tumors
from surgical excisions were collected from the Pathology
Department of the Jewish General Hospital and were snap-
frozen in liquid nitrogen; ~6 mg of frozen tumor was used for
hydrazide capture from each of nine TN breast tumors (ER—,
PR—, and Her2—) and nine luminal tumors (ER+, PR+, and
Her2—). Receptor status was assessed by immunohistochemical
analysis by a board-certified pathologist using local standards.
Researchers performing the hydrazide capture and mass-
spectrometry analyses were blinded to tumor type until all
mass-spectrometry data were collected and quantified.

Hydrazide Capture from Clinical Breast Tumors

Breast tissue was thawed, cut into 2 mm pieces, and
homogenized in coupling buffer (CB: 100 mM NaOAc, 150
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mM NaCl, pH 5.5). SDS was added to a final concentration of
0.5% and samples were agitated for 1 h at RT and centrifuged at
16 000g for 10 min at RT to remove insoluble debris, and the
protein concentration of the supernatant was determined using
a DC protein assay (Bio-Rad).

The protocol for hydrazide capture was based on previously
published methods'>'® with some modifications. In brief, 1 mL
of protein extract containing S00 ug of protein was oxidized
using 15 mM Na-m-periodate for 1 h at RT in the dark. This
reaction was quenched with 30 mM Na,SO, for 10 min at RT,
and protease inhibitors were added (Sigma mammalian
protease inhibitor cocktail, 1:200 v/v). Samples were incubated
O/N at RT with 50 uL of prewashed hydrazide beads (Bio-
Rad). Beads were washed eight times with urea buffer (8 M
urea, 04 M NH,HCO;) and four times with S0 mM
NH,HCO,, followed by reduction (10 mM DTT for 1 h at
56 °C) and alkylation (25 mM iodoacetamide for 1 h at RT in
the dark). Beads were then washed four times with SO mM
NH,HCO;/15% acetonitrile before incubation O/N at 37 °C
with 10 pg of trypsin in 450 uL of SO mM NHHCO;/15%
acetonitrile. Trypsin-released peptides were collected and beads
were washed three times with 1.5 M NaCl, three times with
60% aceonitrile-0.1% TFA, three times with 100% MeOH, and
six times with 50 mM NH,HCOj; before an incubation O/N at
37 °C with 4 units of PNGase F (Roche) in 100 uL of 50 mM
NH,HCO; N-linked peptides were collected by combining the
supernatant with further elutions with 200 pL of 50 mM
NH,HCO; and 200 uL of 50% acetonitrile/5% acetic acid. All
eluates were pooled, dried under vacuum, and resuspended in
40 pL of deionized water.

Mass Spectrometry Analysis

Samples were analyzed by automated nanoLC—MS(/MS) on
an LTQ-Orbitrap XL (Thermo Scientific) coupled to a
NanoAcquity UPLC system (Waters). Peptides were trapped
using an inline C8 precolumn (LC Packings, 161194) and C18
trap column (Waters, 186003514) and separated on a 10 cm X
100 um LD. C18 column (Waters, 1.7 yum BEH130C18,
186003546) at ~250 nL/min using the following gradient: 1—
35% solution B (100% ACN/0.1% formic acid) over 58 min
and 35—60% B over 2 min, followed by a 9 min equilibration at
1% B. To minimize carryover effects, we ran blanks between
samples using a 25 min gradient. MS spectra were acquired in
the Orbitrap between 400 and 2000 Da m/z in profile mode at
60k resolution, while data-dependent turbo CID MS/MS scans
of the top three ions were acquired concurrently in the ion trap
in centroid mode with dynamic exclusion (180 s) using the
following settings: isolation width = 3.0, activation Q = 0.250,
activation time = 30 ms, and normalized collision energy =
35.0. These acquisition parameters provided a cycle time of 1.3
s to allow >10 points to be collected across a chromatographic
peak, and the high-resolution MS scan allowed for accurate
centroiding of even small peaks to increase quantitative
accuracy. Three technical replicates were performed by
injecting the entire set of samples on three separate occasions.
The volume of tryptic digest loaded in the second and third
replicates was adjusted to account for differences in the median
intensity of identified proteins quantified in all samples in the
first technical replicate.

Quantification by Label-Free LC—MS
Identified peptides were quantified using in-house software

based on MatchRx.*® In brief, ion current was extracted from
within 12 ppm of each identified peptide present within 40 s of
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the retention time predicted after multirun alignment. Data
were normalized separately for the N-linked and trypsin-
released fraction by ensuring that the median intensity of
proteins that were identified within all runs was equal. The
normalized peptide level data from each fraction was then
combined, and peptides were assigned to the protein that had
the most other unique peptides identified. If two or more
proteins match all of the assigned peptides, then these accession
numbers are listed in the Table as an alternate identification.
Protein intensities were calculated by summing the intensities
of all unique peptide sequences derived from that protein.
When calculating the median fold change between triple-
negative and luminal samples, proteins found only in TN (i.e.,
median intensity of luminal tumors = 0) or only in luminal
tumors were assigned a fold change of 8 (log, ratio of 3) or —8
(log, ratio of —3), respectively.

Database Searches for Peptide Identifications

All MS/MS spectra were assigned to peptide sequences using
Mascot v2.3. Orbitrap data were converted to mzXML usin,
Msconvert from the ProteoWizard version 2.0.1905 package”
with the following parameters: —mzXML —32 -—filter
‘peakPicking true [2,3]’. MGF files were generated from the
mzXML file using MzXMIL2Search from the Trans Proteomics
Pipeline project (TPP-4.3.1, http://tools.proteomecenter.org/
wiki/index.php?title=Software:TPP) and searched against the
Homo sapiens SwissProt database (downloaded 09/2010,
20 359 sequences; parameters: enzyme = trypsin; modifications
= carbamidomethyl (C, fixed), oxidation (M, variable),
deamidation (N, variable) for N-linked fraction only; peptide
tolerance = 0.5 Da (N-linked fraction), 1.2 Da (trypsin-released
fraction); fragment tolerance 12 Da; 1 missed cleavage
allowed). Following systemic correction of masses based on the
median ppm of high scoring peptides, search results were
filtered to remove peptides from the trypsin-released fraction
that had a delta mass >8 ppm or a score <40 or from the N-
linked fraction that lacked a consensus N-glycosylation motif
(N-X-[STC]), had a delta mass >8 ppm, or had a score <35. As
previously described,”® we found that these search conditions
led to a lower false identification rate than setting a tighter mass
tolerance during the search. The smaller 0.5 Da mass tolerance
for the N-linked fraction search was required to ensure that the
deamidation modification of 0.98 Da was correctly assigned.
Under these conditions, the false identification rate based on
decoy database searches was 1.2%.> All proteins identified by a
single peptide were further filtered to require peptide scores of
>42.5 (trypsin-released) or >37.5 (N-linked) to bring the false-
positive identification rate down to <1%.

Statistics for Glycoproteomic Data

To identify differentially expressed proteins, p values were
calculated for each of the three technical repeats for each
protein using a delta mean permutation test. In brief, the
absolute difference between the average intensity of the nine
TN and nine luminal tumors was calculated. The intensities
belonging to the 18 samples were then shuffled and randomly
assigned to two groups and the absolute difference in average
intensity of these randomized groups was calculated. This was
repeated for 5000 permutations, and the p value was
determined based on number of times that the randomly
generated intensity difference was greater than the intensity
difference between the TN and luminal groups. A combined p
value for the three technical replicates was then calculated
based on a binomial distribution. This combined p value was
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used to identify differentially expressed proteins that showed
consistent directional changes (TN vs LUM) in all three
technical repeats at a false discovery rate of 5% using the
Benjamini—Hochberg procedure.*

Western Blots

Total tumor lysates were prepared and quantified as previously
described. Equal protein amounts from each tumor were run on
an SDS-PAGE gel and transferred to nitrocellulose membranes
using standard methods. Membranes were blotted by standard
methods using 5% milk in TBS as a blocking solution and
HRP-conjugated secondary antibodies, followed by chemilumi-
nescence detection using the ECL Plus Western Blotting
Detection System (GE Healthcare). The following primary
antibodies and dilutions were used: anti-ASAH1 (Sigma no.
HPA005468, 1:1000); antihuman desmocollin-2 (R&D Sys-
tems no. AF4688, 1:1000); antihuman CRLF1 (Abcam no.
ab56500, 1:500); and antihuman azurocidin (R&D Systems no.
AF2200, 1:1000).

Bioinformatics-Microarray Expression in TN and Luminal
Tumors

Data for 406 TN and 469 luminal breast tumors was retrieved
from the Gene Expression Omnibus®! using in-house software
and the GEOmetadb database.> Samples with annotated ER,
PR, and HER2 status were selected from the following series:

GSE10281, GSE10780, GSE10810, GSE11001, GSE12276,
GSE12763, GSE12917, GSE13787, GSE16391, GSE16446,
GSE17700, GSE17907, GSE18728, GSE18864, GSE19615,
GSE19697, GSE20685, GSE20711, GSE2109, GSE21653,
GSE2203S, GSE22513, GSE22544, GSE23177, GSE23593,

GSE23720, GSE26639, GSE26910, GSE28796, GSE28821,
GSE30010, GSE31448, GSE3526, GSE3744, GSES460,
GSES764, GSE6532, GSE7307, GSE7515, GSE7904,
GSE8977, GSE9086, and GSE919S. Microarray data analysis
was performed using the R statistical software and Bio-
conductor.® In brief, data were preprocessed using the MAS
5.0 algorithm34 and summarized using BrainArray (version 16)
Entrez Gene custom chip definition file (CDF).>* Statistically
significant differences between means were identified by
shrinkage ¢ test.>® Protein to gene mapping was done using
HUGO Gene Nomenclature Committee (HGNC) curated
online repository.>”

Bioinformatics —Protein Set Analysis

Gene expression profiles and patient survival data for breast
cancer data were obtained from the NCBI GEO database:
GSE3494, GSE11121, GSE1456, GSE9195, GSE6532,
GSE7378, and GSE12093. A normalized metadata set was
generated by combining these data sets as previously
described.®® In brief, Affymetrix expression data were analyzed
using the MASS.0 algorithm. Subsequently, data were log2-
transformed, and the values of the probes belonging to the
same gene were averaged and then median-centered across
arrays. Finally, gene expression data were z-score-normalized
across arrays. TN samples were identified based on the gene
expression values of ER, PR, and HER2. Cutoffs for ER, PR,
and HER2 expression from microarray were derived from
fitting two normal distributions to the observed distribution of
Affymetrix expression values by maximum likelihood optimiza-
tion using the optim function in R** 224 TN samples were
identified and extracted for survival analysis using genes
encoding the differentially expressed TN/LUM proteins from
Tables 2 and 3. To do so, we performed a Kaplan—Meier

DOI: 10.1021/pr500987r
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analysis by implementing the Cox—Mantel log-rank test using
R, a statistical computing language (http://www.r-project.org/
, as described previously.**

B RESULTS

Proteins Identified in Triple Negative and Luminal Tumors

Breast tumors were acquired from 18 patients through the
FRSQ RRCancer breast tumor biobank. As can be seen from
the clinical characteristics of these patients, detailed in Table 1,

Table 1. Clinical Information for TN and Luminal Tumors

tumor no.  age  histological grade pTNM ER PR HER2
T-214 27 III T,NM, - - -
T-189 43 1 NM, - - -
T-192 49 1 T.NM, - - -
T-160 50 it TNM, - - -
T-195 50 111 NM, - - -
T-209 62 11 TLNM, - - -
T-171 75 1 T.NM, - - -
T-264 75 III T3N, - - -
T218 84 11 TNM, - - -
T-164 26 111 TNM, +  + -
T-190 44 I T,NM, +  + -
T-159 50 I T,NM, +  + -
T-245 50 I TN, + o+ -
T-229 58 I LNM,  + o+ -
T-184 62 I TNM, + + -
T-178 74 I T,N, + o+ -
T-188 76 I TNM, + + -
T-208 83 I TNM, + + -

nine of these tumors were identified as triple-negative (TN)
breast tumors lacking ER, PR, and HER2 expression and nine
tumors were identified as Her2—/ER+/PR+, thus sharing the
luminal immunophenotype of breast tumors. The character-
istics of the TN breast cancer cases are relatively homogeneous,
as most cases are histological grade III, which is typical of TN
breast cancers. The wider range of histological grade scores in
the ER+ cancers reflects their less aggressive characteristics.
For this study, we utilized a glycoproteomic approach to
identify proteins in the TN and luminal tumors. Glycoproteins
were enriched from ~6 mg of tissue through the covalent
binding of oxidized glycans to a solid hydrazide support,
resulting in two fractions for each sample, as summarized in
Figure 1A. The “trypsin-released” fraction contains non-
glycopeptides that were released from the immobilized proteins
by trypsin. The “N-linked” fraction contains peptides modified
by an N-linked glycan that were released by PNGase F,
resulting in the removal of the glycan and deamidation of the
glycan-modified asparagine. To maintain information on tumor
heterogeneity, we chose not to pool individual samples,
analyzing the two fractions from each individual tumor in
triplicate by nanoLC—MS(/MS) on an LTQ-Orbitrap XL.
Representative LC—MS data for both the trypsin-released and
N-linked fractions are shown in Figure 1B. As expected, we
found that the N-linked fractions were considerably less
complicated and more highly specific for glycoproteins than
the trypsin-released fractions. The majority (88%) of peptides
present in the N-linked fraction contained an N-linked
glycosylation site, as evidenced by the presence of a deamidated
asparagine within an N-linked glycosylation sequon (N-X-S/T/
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Figure 1. Overview of experimental design and mass spectrometry
results. (A) Workflow used for the analysis of glycoproteins from
clinical TN and luminal (Her2—/ER+/PR+) tumors. (B) 2D view of
representative LC—MS data from tumor T-189 generated using
MSight.54 (C) Venn diagram showing the number of proteins
identified in the N-linked and trypsin-released fractions. In total,
2263 proteins were identified in this study.

C, where X is any amino acid except P). In contrast, the trypsin-
released fractions contained nonglycosylated peptides derived
from both N- and O-linked glycoproteins as well as peptides
derived from proteins that bind to the hydrazide bead through
moieties other than traditional glycosylation, including GPI
anchors, glycation, and aldehyde groups. We also see evidence
of nonspecific binding of highly abundant proteins in the
trypsin-released fraction.

Proteins in each fraction were identified by database
searching of low-resolution MS/MS data collected simulta-
neously to the high-resolution MS data. The N-linked and
trypsin-released fractions provided greatly complementary data,
with 18% of the identified proteins found only in the N-linked
fraction and 59% of the proteins found only in the trypsin-
released fraction (Figure 1C). A total of 2264 unique proteins
were identified by combining the data for both fractions. Of
these, 1477 proteins were identified by a minimum of 2 unique
peptides, while the remainder were identified by only a single
peptide. However, because of stringent filtering of results based
on mass accuracy of the parent ion and the presence of a
canonical N-linked glycosylation site (N-X-T/S/C) in the N-
linked fraction, the false identification rate was estimated to be
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Table 2. Proteins More Highly Expressed in Triple-Negative Tumors As Identified by Glycoproteomics

ratio (median TN/
median LUM)

acc max
[alternative no. unique Mascot
acc’s] symbol protein® peptides score fraction TR1 ~TR2  TR3  FDR (%)
P05067 APP amyloid beta A4 protein S 70.76 NT 17 177 1.58 0.01
P20160 AZU1 azurocidin** 10 112.55 NT 5.89 9.10 9.64 0.01
P19022 CDH2 cadherin-2** 2 60.85 N 2.80 3.46 6.25 0.01
QI9UN76 SLC6A14 sodium- and chloride-dependent neutral and basic 2 110.65 N 7.22 9.41 10.80 0.01
amino acid transporter B(0+)**
P78310 CXADR coxsackievirus and adenovirus receptor®* 1 141.8 N 2.61 2.32 2.35 0.02
P08246 ELANE neutrophil elastase™* 7 114.54 NT 338 3.02 6.56 0.02
Q9COH2 TTYH3 protein tweety homologue 3 2 74.67 N 1.80  1.63 2.19 0.03
P11166 SLC2A1 solute carrier family 2, facilitated glucose transporter 6 103.82 NT 227 239 2.35 0.03
member 1¥*
P05164 MPO myeloperoxidase 33 143.27 NT 192 216 1.81 0.04
P08779 KRT16 keratin, type I cytoskeletal 16 7 107.02 T 1.53 1.39 1.35 0.07
Q13885 TUBB2A tubulin beta-2A chain 4 67.8 T 141 229 1.63 0.09
Q02487 DSC2 desmocollin-2 7 85.66 NT 3.26 1.17 1.79 0.11
QIYSX9 LIPG endothelial lipase™* 1 65.65 N 8.00 8.00 0.14
P20851 C4BPB C4b-binding protein beta chain 4 115.11 NT 1.69 140 1.73 0.14
P11169 SLC2A3 solute carrier family 2, facilitated glucose transporter 1 47.7 T 1.9 139 1.35 0.18
[QS8TDBS] member 3
P13497 BMP1 bone morphogenetic protein 1 1 87.77 N 1.9 157 2.06 0.30
QI9BY67 CADM1 cell adhesion molecule 1 10 131.11 NT 1.76 1.84 2.00 0.30
043405 COCH cochlin** 1 73.68 NT 8.00 8.00 8.00 0.34
P24158 PRTN3 myeloblastin®* 4 62.35 T 341 5.64 3.14 0.38
043175 PHGDH p-3-phosphoglycerate dehydrogenase S 55.78 T 200 210 1.90 0.38
Q92820 GGH gamma-glutamyl hydrolase 7 10006 ~ NT 170 176 196 038
P25205 MCM3 DNA replication licensing factor MCM3** 2 88.42 T 8.00  8.00 8.00 0.49
P16144 ITGB4 integrin beta-4 4 88.38 NT 2.39 1.87 2.46 0.50
P04083 ANXAI1 annexin Al 12 128.65 T 1.49 1.26 1.36 0.53
P27701 CD82 CD82 antigen 2 80.48 N 1.66 1.70 1.98 0.53
Q29974 HLA-DRB1  HLA class II histocompatibility antigen, DRB1-16 beta 1 61.22 N 170 1.50 121 0.76
[P01911] chain
P22223 CDH3 cadherin-3** 1 58.57 NT 8.00 4.89 4.40 0.85
060487 MPZL2 myelin protein zero-like protein 2** 2 88.8 N 360 261 1.30 1.04
P26368 U2AF2 splicing factor U2AF 65 kDa subunit** 3 110.89 T 2.88 1.78 426 1.04
P54709 ATP1B3 sodium/potassium-transporting ATPase subunit beta-3 3 93.67 NT 162 124 1.70 1.06
043451 MGAM maltase-glucoamylase, intestinal 1 108.05 N 8.00  8.00 8.00 1.08
P43490 NAMPT nicotinamide phosphoribosyltransferase™* 4 148.66 T 337 219 1.18
P47914 RPL29 60S ribosomal protein L29 1 71.92 T 1.60 1.58 1.57 142
P49746 THBS3 thrombospondin-3 1 84.15 N 152 1.57 1.84 1.47
P09651 HNRNPA1  heterogeneous nuclear ribonucleoprotein A1** S 135.01 T 215 251 2.19 1.56
P00739 HPR haptoglobin-related protein 3 143.01 T 1.67 177 1.5 1.64
QoULV4 CORO1C coronin-1C 4 105.94 T 129 1.54 143 1.65
095260 ATE1 arginyl-tRNA—protein transferase 1 9 107.67 T 1.53 1.22 2.18 1.72
Q08431 MFGES8 lactadherin 12 109.86 NT 1.49 1.09 1.18 1.73
P59665 DEFALl neutrophil defensin 1 2 58.63 T 1.60 1.6 1.82 1.77
[P59666]
P48740 MASP1 mannan-binding lectin serine protease 1¥** 1 77.89 N 1.97 1.83 8.00 1.79
Q92974 ARHGEF2  rho guanine nucleotide exchange factor 2*%* 1 82.37 T 1.45 117 8.00 1.79
P19320 VCAM1 vascular cell adhesion protein 1 2 61.05 N 1.31 1.47 1.31 1.91
P02675 FGB fibrinogen beta chain 29 132.3 NT 1.44 1.57 1.50 1.94
P43308 SSR2 translocon-associated protein subunit beta 2 160.93 N 143 121 112 2.24
Q8NFZ8 CADM4 cell adhesion molecule 4 1 78.11 N 1.78 1.68 1.80 2.37
Q30154 HLA-DRBS HL};‘\ class II histocompatibility antigen, DR beta S 1 58.52 N 8.00  8.00 2.40
chain
QIY487 ATP6 VOA2  V-type proton ATPase 116 kDa subunit a isoform 2 2 59.37 NT 1.ss 175 2.08 249
Q9BXX0 EMILIN2 EMILIN-2 2 73.09 N 1.61 1.55 1.63 2.61
000602 FCN1 ficolin-1** 2 114.75 T 2.19 1.78 3.02 2.63
Q96HE7 EROIL ERO1-like protein alpha 17 100.85 NT 2.07 1.85 1.39 2.75
QIOUIGO BAZ1B tyrosine-protein kinase BAZ1B 2 S1.55 T 1.89 1.90 295 2.81
P06733 ENO1 alpha-enolase 19 1264 T 139  11S 1.27 3.00
1380 DOI: 10.1021/pr500987r
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Table 2. continued

acc

[alternative
acc’s] symbol protein®

000567 NOPSs6 nucleolar protein 56
Q02809 PLOD1 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 1
095297 MPZL1 myelin protein zero-like protein 1
QIY295 DRG1 developmentally regulated GTP-binding protein 1
P09874 PARP1 poly [ADP-ribose] polymerase 1
043852 CALU calumenin
Q8WWB7 CI1ORF85 lysosomal protein NCU-G1
P30825 SLC7A1 high-affinity cationic amino acid transporter 1**
QI9UPN9 TRIM33 E3 ubiquitin-protein ligase TRIM33
P17936 IGFBP3 insulin-like growth factor-binding protein 3
P14780 MMP9 matrix metalloproteinase-9
P80188 LCN2 neutrophil gelatinase-associated lipocalin
A2VDJ0 KIAA0922 transmembrane protein 131-like
P04406 GAPDH glyceraldehyde-3-phosphate dehydrogenase
P02671 FGA fibrinogen alpha chain
P26641 EEF1IG elongation factor 1-gamma
P19440 GGT1 gamma-glutamyltranspeptidase 1
P20292 ALOXSAP arachidonate S-lipoxygenase-activating protein™**
Q9BUPO EFHD1 EF-hand domain-containing protein D1
P08572 COL4A2 collagen alpha-2(IV) chain
P02533 KRT14 keratin, type I cytoskeletal 14
P27797 CALR calreticulin
043707 ACTN4 alpha-actinin-4
QIY624 F11R junctional adhesion molecule A
P10586 PTPRF receptor-type tyrosine-protein phosphatase F
096005 CLPTM1 cleft lip and palate transmembrane protein 1
P07996 THBS1 thrombospondin-1#*
Q96P70 IPO9 importin-9
P08581 MET hepatocyte growth factor receptor®*
075462 CRLF1 cytokine receptor-like factor 1**
QYUBEO SAE1 SUMO-activating enzyme subunit 1¥*
P07203 GPX1 glutathione peroxidase 1
Q9NR97 TLRS8 Toll-like receptor 8
Q9BU40 CHRDLI1 chordin-like protein 1*%*
P52272 HNRNPM  heterogeneous nuclear ribonucleoprotein M
P15924 DSp desmoplakin
P07998 RNASE1 ribonuclease pancreatic

ratio (median TN/
median LUM)

max
no. unique  Mascot
peptides score fraction TR1 ~TR2  TR3  FDR (%)
6 126.47 T 1.49 1.37 1.67 3.04
19 128.15 NT 132 1.44 142 3.05
2 68.67 N 1.28 1.35 1.23 3.14
3 58.61 T 145 1.46 1.53 3.15
11 120.4 T 1.46 1.36 1.60 3.15
10 129.08 NT 143 2.03 1.58 3.17
1 53.95 N 1.48 1.54 1.46 3.29
1 109.13 N 2.36 2.39 221 3.29
1 56.74 T 115 2.27 1.3§ 3.50
2 76.55 N 1.99 179 1.28 3.55
18 101.35 NT 129 1.40 1.16 3.55
10 85.43 NT 178 1.39 113 3.71
1 41.46 N 2.90 1.27 3.72
IN 156.93 T 1.68 1.54 1.36 3.73
25 157.26 T 1.39 144 1.16 3.78
6 102.33 T 131 127 1.31 3.85
4 111.12 N 147 142 1.65 3.94
1 54.72 T 324 354 1.40 395
2 81.28 T 133 130 1.81 4.11
4 91.6 T 1.37 1.89 1.24 4.23
12 135.85 T 1.28 133 1.28 4.39
9 105.22 NT 1.58 141 1.71 4.39
36 107.95 T 1.34 1.37 1.22 4.40
S 123.26 NT 131 131 131 447
6 97.27 NT 128 1.23 121 4.50
4 111.38 NT 1.46 1.49 1.80 4.51
47 160.22 NT 3.18 3.04 3.48 4.52
1 71.83 T 2.04 1.79 4.53
1 65.78 N 8.00 8.00 4.59
1 56.8 N 8.00 8.00 8.00 4.74
1 43.18 T 131 1.57 8.00 4.75
1 60.57 T 1.18 2.08 1.29 4.79
S 70.59 N 1.49 1.75 1.68 4.90
1 64.66 N 3.17 2.46 1.66 491
7 76.57 T 1.62 141 1.37 491
7 94.08 T 2.90 114 1.76 4.98
3 80.54 NT 151 1.55 1.70 5.00

“Proteins that were validated by microarray (p < 0.05) are underlined, and proteins marked by a double asterisk (**) are members of the 29-protein

subset.

<1% using a decoy database search strategy, even for the single
peptide hits. The details of the peptides identified in this
experiment, including their protein assignment, sequence,
charge state, modifications, Mascot scores, delta mass values,
and retention times are provided in Supplementary Table 1 in
the Supporting Information.

Identification of Proteins Differentially Expressed between
TN and Luminal Tumors

Identified peptides were quantified based on the extracted MS
signal using in-house software. Duplicate samples from the four
tumor lysates for which we had the most starting material were
prepared and analyzed in parallel for the entire sample
preparation procedure, including the multiday hydrazide
capture procedure, to estimate the quantitative variability in
our sample preparation and label-free MS quantification
workflows. The intensity values from these true technical
replicates had a median relative standard deviation of 13.7%
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with an interquartile range of 5.8 to 30.2%, suggesting that our
sample preparation and analysis methods did not introduce
large sources of quantitative variability (data not shown).

To determine proteins that were differentially expressed
between TN and luminal tumors, we performed a statistical
analysis based on permutation testing and false discovery rate
control, as detailed in the Procedures section. This led to the
identification of 90 proteins that were more highly expressed in
the TN tumors and 86 proteins that were more highly
expressed in the luminal tumors, with an estimated false
discovery rate of 5%. These proteins are listed in Tables 2 and
3, respectively. The intensity values for each tumor in each of
the three technical repeats are available in Supplementary Table
1 in the Supporting Information.

Individual tumors showed a wide variability of protein
expression, as might be expected given the known hetero-
geneity of tumors, even within the same tumor subtype. This
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Table 3. Proteins More Highly Expressed in Luminal Tumors As Identified by Glycoproteomics

ratio(medianTN/medi-
an LUM)
acc [alternative no. unique max Mascot
acc’s] symbol protein® peptides score fraction TR1 TR2 TR3 FDR (%)
P52569 SLC7A2 low affinity cationic amino acid transporter 2** 1 934 N 012 0.00 0.11 0.00
Q6ZMPO THSD4 thrombospondin type-1 domain-containing 1 81.06 N 0.08 0.08  0.00 0.01
protein 4%
P21266 GSTM3 glutathione S-transferase Mu 3 7 80.5 T 071 044  0.65 0.01
Q8NES3 LENG befta-1,3-N—acetylglucosaminyltransferase lunatic 1 89.01 N 067 057 0.62 0.01
ringe
Q9UBX1 CTSE cathepsin F 2 108 N 0.59 0.65 0.60 0.01
043570 CA12 carbonic anhydrase 12 S 69.23 T 0.30 0.33 0.61 0.02
QINUM4 TMEMI106B  transmembrane protein 106B 2 108.8 NT 035 028 034 0.03
P49961 ENTPD1 ectonucleoside triphosphate 6 80.28 NT 0.51 058 049 0.03
diphosphohydrolase 1
QS5SSJS HP1BP3 heterochromatin protein 1-binding protein 3 9 85.82 T 0.58 063  0.60 0.03
015455 TLR3 Toll-like receptor 3 2 41.54 N 0.29 0.37 0.33 0.04
QIBXN1 ASPN asporin 19 135.32 NT 0.33 0.37 0.32 0.07
P00846 MT-ATP6 ATP synthase subunit a 1 46.93 T 0.51 0.60 0.39 0.07
QINXL6 SIDT1 SID1 transmembrane family member 1** 1 86.41 N 0.00 0.00 0.27 0.08
Q13510 ASAH1 acid ceramidase 16 143.45 NT 0.48 0.42 0.40 0.14
Q09666 AHNAK neuroblast differentiation-associated protein 37 80.97 T 071 068  0.67 0.14
AHNAR
095136 SIPR2 sphingosine 1-phosphate receptor 2 1 49.67 N 0.69 085 0.59 0.14
076024 WES1 wolframin 2 95.23 N 0.36 0.34 0.45 0.15
Q96KP4 CNDP2 cytosolic nonspecific dipeptidase 9 68.44 T 0.65 067 077 0.17
Q30201 HFE hereditary hemochromatosis protein 1 56.55 N 0.51 0.61 0.60 0.24
Q8NDY%4 LRRN4CL LRRN4 C-terminal-like protein 1 50.27 N 0.00 045 037 0.27
P10599 TXN thioredoxin 3 74.1 T 0.51 0.53 0.44 0.27
P15586 GNS N-acetylglucosamine-6-sulfatase 11 1283 NT 0.59 070  0.66 0.29
P55011 SLCI12A2 solute carrier family 12 member 2 1 166.93 N 0.53 049 0.5 0.30
Q14108 SCARB2 lysosome membrane protein 2 13 148.54 NT 076 079  0.80 0.34
P11021 HSPAS 78 kDa glucose-regulated protein 22 123.69 T 0.62 058 0.62 0.49
014773 TPP1 tripeptidyl-peptidase 1 7 116 NT 075 061  0.66 0.50
P04066 FUCA1 tissue alpha-1-fucosidase 7 82.96 NT 0.59 090 0.58 0.51
P04899 GNAIR guanine nucleotide-binding protein G(i) s 95 T 061 074 027 051
subunit alpha-2
QOUIQ6 LNPEP leucyl-cystinyl aminopeptidase 10 114.45 NT 0.77  0.81 0.47 0.53
P36405 ARL3 ADP-ribosylation factor-like protein 3 1 73.81 T 0.68 087 0.87 0.56
[Q13795]
P04156 PRNP major prion protein 2 6748 NT 0.86 059 052 0.70
QS8IUKS PLXDC1 plexin domain-containing protein 1 1 60.13 N 0.70 0.66 0.78 0.88
Q86TX2 ACOT1 acyl-coenzyme A thioesterase 1 2 95.08 T 0.53 0.32 0.17 0.95
[P49753]
Q8IW00 C100RF72 uncharacterized Ig-like domain-containing 1 41.43 N 0.57 0.47 0.39 1.16
protein C10orf72
P15088 CPA3 mast cell carboxypeptidase A 10 102.36 NT 025 027 041 1.16
060486 PLXNCI1 plexin-C1 S 87.32 NT 0.78 0.68 0.60 117
Q7Z2K6 ERMP1 endoplasmic reticulum metallopeptidase 1 10 110.16 NT 053 054 042 119
P49748 ACADVL very long-chain specific acyl-CoA 8 79.37 T 065 078 072 1.39
dehydrogenase, mitochondrial
P00750 PLAT tissue-type plasminogen activator S 124.28 NT 024 031 0.30 1.44
Q08380 LGALS3BP galectin-3-binding protein 20 149.53 NT 0.60 064 072 1.56
QSZPR3 CD276 CD276 antigen 6 1254 NT 0.60 0.75 0.83 1.59
QINY47 CACNA2D2  voltage-dependent calcium channel subunit 3 103.43 N 0.57 046  0.84 1.72
alpha-2/delta-2
P21860 ERBB3 receptor tyrosine-protein kinase erbB-3 3 135.86 N 0.60 062  0.64 1.86
P48735 IDH2 isocitrate dehydrogenase [NADP], 8 80.51 T 073 078  0.67 1.90
mitochondrial
P14384 CPM carboxypeptidase M 3 85.98 N 0.47 0.47 0.52 1.92
Q99574 SERPINI1 neuroserpin 1 86.37 N 0.33 0.45 0.77 1.93
Q16531 DDBI1 DNA damage-binding protein 1 2 61.67 T 0.66 062 042 1.98
P55884 EIF3B eukaryotic translation initiation factor 3 4 64.15 T 045 064 080 2.31
subunit B
060343 TBC1D4 TBC1 domain family member 4 1 42.7 N 069 092 038 2.33
1382 DOI: 10.1021/pr500987r
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Table 3. continued

acc [alternative

acc’s] symbol protein®
P15311 EZR ezrin
P06576 ATPSB ATP synthase subunit beta, mitochondrial
Q15661 TPSAB1 tryptase alpha/beta-1
[P20231] -
Q10589 BST2 bone marrow stromal antigen 2
P05787 KRTS8 keratin, type II cytoskeletal 8
P17301 ITGA2 integrin alpha-2
P08758 ANXAS annexin AS**
Q12999 TSPAN31 tetraspanin-31
Q93091 RNASE6 ribonuclease K6
P05154 SERPINAS plasma serine protease inhibitor
P12544 GZMA granzyme A
Q96K49 TMEMS7B transmembrane protein 87B
P26006 ITGA3 integrin alpha-3
Q13641 TPBG trophoblast glycoprotein
P40763 STAT3 signal transducer and activator of transcription 3
P01033 TIMP1 metalloproteinase inhibitor 1
P49281 SLC11A2 natural resistance-associated macrophage
protein 2
Q68CP4 HGSNAT heparan-alpha-glucosaminide N-
acetyltransferase
Q6UX71 PLXDC2 plexin domain-containing protein 2
P15086 CPB1 carboxypeptidase B
QIUHG3 PCYOX1 prenylcysteine oxidase 1
Q14204 DYNCI1HI1 cytoplasmic dynein 1 heavy chain 1
Q96PB1 CASD1 CAS1 domain-containing protein 1
043237 DYNCILI2 cytoplasmic dynein 1 light intermediate chain 2
P30101 PDIA3 protein disulfide-isomerase A3
P08123 COL1A2 collagen alpha-2(I) chain
Q99571 P2RX4 P2X purinoceptor 4
Q02218 OGDH 2-oxoglutarate dehydrogenase, mitochondrial
Q9Co0C4 SEMA4C semaphorin-4C
QIUKY0 PRND prion-like protein doppel
P11940 PABPC1 polyadenylate-binding protein 1
P08069 IGF1R insulin-like growth factor 1 receptor
Q3MIR4 TMEM30B cell cycle control protein S0B
P26885S FKBP2 peptidyl-prolyl cis—trans isomerase FKBP2
P50897 PPT1 palmitoyl-protein thioesterase 1
QoP2C4 TMEM181 transmembrane protein 181
P14415 ATP1B2 sodium/potassium-transporting ATPase subunit

beta-2

ratio(medianTN/medi-
an LUM)
no. unique max Mascot
peptides score fraction TR1 TR2 TR3 FDR (%)
6 116.06 T 0.74 0.77 0.81 2.40
22 122.87 T 0.81 0.75 0.61 2.70
8 124.27 NT 0.29 0.38 0.32 2.70
N 112.32 NT 0.60 0.52 0.66 2.90
14 101.31 T 0.51 0.62 0.44 3.05
7 104.91 NT 0.67 0.67 0.65 3.15
12 143.03 T 091 0.81 0.86 3.16
1 59.19 T 0.46 0.50 0.95 3.23
2 49.67 N 0.54 0.57 0.78 3.24
6 113.13 NT 0.71 0.54 0.82 3.25
1 70.02 T 0.63 0.51 0.41 3.28
2 60.97 N 0.28 0.42 0.49 3.28
6 58.84 N 0.75 0.51 0.68 3.33
7 91.22 NT 0.79 0.67 0.82 3.40
2 85.72 T 0.67 0.72 0.61 3.46
6 113.07 NT 0.67 0.82 0.64 3.52
2 47.43 N 0.65 0.59 0.64 3.71
3 90.61 N 0.53 0.70 0.67 3.80
8 149.14 NT 0.74 0.86 0.71 3.85
9 127.36 T 0.43 0.45 0.54 3.94
14 97.2 NT 0.78 0.72 0.75 4.0S
19 104.96 T 0.92 0.84 0.66 4.09
4 107.48 NT 0.48 0.46 0.41 4.10
2 93.36 T 0.51 0.63 0.44 4.13
22 130.33 NT 0.85 0.79 0.77 413
16 122.41 NT 0.80 0.79 0.43 4.17
3 74.07 N 0.57 0.52 0.72 4.17
3 57.76 T 0.79 0.81 0.77 449
1 57.71 N 0.39 0.44 0.95 4.49
1 66.92 N 0.35 0.38 0.00 4.50
3 64.14 T 0.62 0.41 0.67 4.51
6 97.39 N 0.50 0.70 0.63 4.51
1 55.78 N 0.55 0.46 0.78 4.53
1 50.86 T 0.71 0.88 0.66 4.55
10 152.42 NT 0.71 0.70 0.77 4.67
3 109.61 NT 0.74 0.59 0.36 4.79
1 38.79 N 0.34 0.30 0.25 4.88

“Proteins that were validated by microarray (p < 0.05) are underlined and proteins marked by a double asterisk (**) are members of the 29-protein

subset.

variability can be seen by looking at the relative expression in a
matrix format for the 90 proteins overexpressed and the 86
proteins underexpressed in TN tumors relative to the LUM
tumors (Figure 2). This view makes it possible to see the
expression of these potential markers of TN and LUM tumors
in each of the 18 individual tumors analyzed. Interestingly, the
TN tumor T171 appears to be more similar to the other
luminal tumors in expression of these markers than to the other
TN tumors.

Verification of MS Quantification by Western Blot for
Selected Proteins Differentially Expressed in TN Tumors

We selected proteins for quantitative verification based on both
their potential as therapeutic or diagnostic targets and the
availability of antibodies. Figure 3 provides a more detailed view
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of the glycoproteomic MS data for the four proteins selected
for verification by Western blot: acid ceramidase (ASAH1),
desmocollin-2 (DSC2), cytokine receptor-like factor 1
(CRLF1), and azurocidin (AZU1). For each of these proteins
the intensity in each of the nine TN and nine luminal tumors is
shown for each technical replicate. Three of these proteins
(DSC2, CRLF1, and AZU1) were more highly expressed in the
TN than luminal tumors, while ASAH1 was more highly
expressed in luminal tumors. This view clearly shows the
heterogeneity of protein expression in the tumors from
individual patients.

We next took advantage of this tumor heterogeneity to
confirm the quantitative data calculated in our glycoproteomic
study by comparing these results with those found by Western
blotting. As can be seen in Figure 4, the mass-spectrometric-
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lower
in TN

higher
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Figure 2. Proteins differentially expressed between TN and luminal
tumors as determined by glycoproteomics. Matrix view of the 176
proteins found to be either under- or overexpressed in TN tumors,
relative to the luminal tumors. Yellow represents expression above the
median intensity value, while blue represents expression below the
median intensity value as shown in log, scaling. Intensity values were
normalized to the median intensity across all of the tumors. The
median intensity value from the three technical repeats is shown.
Proteins with median intensities of zero were normalized to half of the
maximum intensity value, and tumors showing no expression of a
protein were assigned a log, intensity of —3.
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Figure 3. Relative protein intensities calculated for individual tumors
in each MS technical replicate (TR1, TR2, TR3) for four proteins
identified as differentially expressed between TN and luminal tumors.
(A) Acid ceramidase (ASAH1), (B) desmocollin-2 (DSC2), (C)
cytokine receptor-like factor 1 (CRLF1), and (D) azurocidin (AZU1).

based quantification correlates well with the Western blot
results for ASAH1, DSC2, and AZU1. In the case of CRLF],
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Figure 4. Western blot validation of quantitative mass spectrometry
results. Western blotting was performed on lysates from the original
set of TN and luminal tumors for the following proteins: (A) acid
ceramidase (ASAH1), (B) desmocollin-2 (DSC2), (C) cytokine
receptor-like factor 1 (CRLF1); and (D) azurocidin (AZU1). For
comparison, the intensity of the protein determined by mass
spectrometry is shown for each tumor as a percentage of the
maximum intensity. (The median value of the three TRs is shown.)
Limited or insufficient amounts of tumor lysate prevented or limited
Western blot analysis of the luminal tumors T184, T208, and T164.

Western blotting confirmed our finding that CRLF1 appears to
be relatively overexpressed in the TN relative to the luminal
tumors. However, there were considerable differences in the
relative quantification of this protein in the individual tumors
between the two methods. This inconsistency could be due to a
combination of factors, including the presence of multiple
glycosylation states, as suggested by the banding pattern on the
Western blot, which may affect binding to the hydrazide resin.
In addition, the relatively low level of expression of this protein,
as evidenced by the large number of tumors in which the
protein was not found by mass spectrometry (MS intensity
assigned to 0), likely also contributes to the observed
differences.

Validation of Glycoproteomic Hits in a Larger Cohort of
Samples by Comparison with Microarray Data

Although we have shown good correlation between protein
expression levels determined by our glycoproteomic workflow
and by Western blot, the interpretation of our glycoproteomics
data is still limited by the relatively small number of samples
used in our analysis. Therefore, to validate our findings in a
larger cohort of tumors, we utilized publicly available
microarray data. In total, mRNA expression level data were
compiled from 469 Her2—/ER+/PR+ and 406 TN breast
tumors. Of the 176 differentially expressed proteins identified
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by glycoproteomics, 10 were not mapped to a corresponding
gene on the arrays. Of the remaining 166 proteins, 53 (32%)
also had a corresponding difference in mRNA levels in this
larger cohort of tumors using a shrinkage ¢ test (p < 0.0S). The
proteins validated through this analysis are underlined in Tables
2 and 3.

We next explored whether proteins that did not have a
significant expression difference at the mRNA level in this
larger cohort might show smaller, nonsignificant differences in
mRNA expression that concur with our glycoproteomic results.
To do this, we visualized trends in mRNA expression in this
larger cohort of tumors for all of the differentially expressed
proteins identified in our glycoproteomic study by plotting
their normalized mRNA levels in the TN and luminal groups
on a log—log scale (Figure S). For clarity, we also plotted a line

15
1

o Higher in TN by proteomics
@ Higher in LUM by proteomics

10
1

5
1

TN: mRNA logz intensity

T T T T
10

LUM: mRNA logz intensity

Figure S. Log—log plot of mRNA levels for proteins found to be
differentially expressed between TN and luminal tumors by
glycoproteomics. Proteins identified as higher in TN by glycoproteo-
mics (open diamonds) tend to show a corresponding difference in
their mRNA level, as evidenced by their enrichment above the 1:1
ratio line. Conversely, proteins identified as more highly expressed in
luminal tumors (gray squares) are enriched below the 1:1 ratio line,
thus further validating these proteins in a larger cohort of tumors.

along the diagonal to represent equal mRNA levels in the TN
and LUM groups. Interestingly, proteins identified as more
highly expressed in TN tumors are enriched above this line,
suggesting that the mRNA levels of these proteins were also, on
average, higher in the TN tumors than in the luminal tumors,
even if these differences did not reach statistically significant
levels. Conversely, proteins that are more highly expressed in
luminal tumors tended to have higher mRNA levels in luminal
tumors and thus fall below the 1:1 line. This finding suggests
that for the majority of proteins identified in this study there
are corresponding differences in mRNA levels in this larger,
unrelated cohort of samples and provides further confidence in
the general applicability of our glycoproteomic results.
Identification of a 29-Member Set That Is Capable of
Distinguishing TN and LUM Tumors and Predicting
Outcomes in Triple-Negative Breast Cancer Patients

To determine whether the proteins identified in this study were
capable of distinguishing TN and LUM tumors, we focused on
the subset of the proteins that showed the largest differential
expression. Thus, we selected the 31 proteins whose average
expression was more than 2.5 times between the TN and
luminal tumors. Of these 31 proteins, 29 were mapped onto the
microarray chips, of which 25 were more highly expressed in
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TN and 4 were more highly expressed in luminal tumors. The
proteins contained in this 29-protein set are marked by a
double asterisk in Tables 1 and 2 and are also listed in
Supplementary Table 2 in the Supporting Information. We next
evaluated the corresponding 29-gene set, containing the genes
that encode the 29 proteins selected based on our
glycoproteomic results, for its ability to classify luminal ER
+/PR+/Her2— and TN samples in a microarray data set
(GSE25066) containing 216 ER+/PR+/Her2— and 178 TN
samples. Clustering 394 samples using this gene signature, 186
of the 216 luminal (86.1%) and 161 of the 178 TN samples
(90.4%) were correctly classified. Thus, this gene set is able to
classify ER+/PR+/Her2— (LUM) and TN samples (p < 3.0 X
1072).

We further evaluated the ability of this 29-gene signature to
predict outcomes, specifically in TN breast cancer patients. To
this end, we conducted a survival analysis on a collection of 224
TN samples curated from seven individual microarray studies.
We found that classification of these patients using our 29-gene
signature significantly predicts survival (P = 0.03), as shown by
the ability of this classifier to separate the survival curves
(Figure 6). Taken together, these results suggest that the
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Figure 6. Subset of proteins differentially expressed between TN and
luminal tumors can separate survival curves in a triple-negative patient
population. TN breast tumors with associated survival information (N
= 224) were extracted from publically available microarray data sets
and split into “high risk” (red) and “low risk” (green) groups based on
the mRNA levels corresponding to a 29-protein set containing
proteins with >2.5 fold expression difference between TN and luminal
tumors.

proteins encoded by this 29-gene signature may be useful as a
marker set both to distinguish LUM and TN sample and to
predict the outcomes of TN patients.

B DISCUSSION

To date, there are a limited number of published proteomic
studies exploring differences in protein expression in clinical
breast tissue from TN and Her2—/ER+/PR+ tumors, the
comparison that we used here for our glycoproteomic
approach. Lu et al. used hydrophobic protein enrichment and
spectral counting to identify proteins that may be differentially
expressed between these tumor types; however, overlap with
our data set is limited, likely due to the different protein
enrichment methods used. Both studies identified HLA class-II
proteins, alpha-enolase, fibrinogen, and annexin Al as more
highly expressed in TN tumors and galectin-3 binding protein
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as more highly expressed in luminal tumors. More recently, a
couple of comprehensive proteomic studies using cancer-
derived cell lines have been published. Geiger et al. published a
comprehensive SILAC-based proteomic data set on a series of
cell lines, a subset of which were originally isolated from TN
tumors while others were from Her2+ tumors.*' Because this
study did not include any Her2—/ER+/PR+-derived cells and
focused on cancer-stage progression rather than subtype, direct
comparison with our data is difficult. Another study profiled the
conditioned media from five luminal-derived and five TN-
derived cell lines using lectin purification. Although none of the
cell lines used were classified as Her2—/ER+/PR+, 7 of the 83
proteins identified as highly expressed in the TN cell lines in
this published study were also found in our glycoproteomic
comparison, including APP, BMP1, CDH2, IGFBP3, MET,
MFGES, and THBS3."

In this study, we chose to analyze each of the individual
tumors separately rather than pooling them prior to analysis.
Although this approach added greatly to the mass spectrometry
analysis time, it had the advantage of allowing us to explore the
heterogeneity in protein expression displayed by individual
tumors, which we found to be considerable. This heterogeneity
complicates the statistical analysis. Although we have set the
false discovery rate based on permutation testing at 5%, this is
likely to be an underestimate because it does not account for
proteins that may not be truly differentially expressed when
tested in a larger cohort of samples, even though they are
differentially expressed between the nine TN and nine luminal
tumors analyzed in this study. To partially alleviate this
concern, we used publically available microarray data to validate
the differential expression of 30% of the proteins identified in
this study through corresponding changes in mRNA level in a
separate, larger set of TN and LUM tumors. These data
overcome the major limitation of the glycoproteomic study,
namely, the limited number of individual samples.

Because proteomic studies, even with enrichment techniques
such as hydrazide capture, tend to identify and quantify more
abundant proteins, the proteins both identified by glycopro-
teomics and validated by microarray represent excellent
potential targets for therapeutic or diagnostic reagents. Despite
the value of using microarray data in this way, it is important to
note that although a corresponding difference in mRNA and
protein levels is reassuring the lack of a significant difference in
mRNA levels does not preclude the use of the corresponding
protein as a useful target of TNBC. First, there is known to be a
relatively weak correlation between mRNA and protein levels
(reviewed in ref 43). Second, because of a lack of statistical
power, it is difficult for small differences in mRNA levels to be
detected as statistically significant, despite the fact that these
small differences may lead to even larger differences in protein
concentration due to amplification. In fact, when we plotted the
mRNA levels for all of the proteins identified as differentially
expressed by glycoproteomics, it became clear that many of
these proteins show small but statistically insignificant differ-
ences in their mRNA transcript levels.

Patients diagnosed with luminal Her2—/ER+/PR+ tumors
generally have a higher S5-year overall survival rate when
compared with TN tumors.” In this study, we showed that the
expression of mRNAs of the 29 proteins that were most
differentially expressed between TN and luminal tumors can
separate survival curves within a TN patient population,
stratifying tumors into a better prognosis group or a worse
prognosis group. Thus, even in tumors classified as TN,
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expression profiles that are more similar to luminal tumors can
impart a survival advantage. This suggests that TN tumors can
show varying degrees of “luminal-like” characteristics and that
these characteristics may have prognostic value. It further
suggests that at least some of the proteins represented in the
29-gene signature may play an important role in the lower
survival rates seen in TN cancers.

Molecular profiling based on microarray data has identified
five subtypes of breast cancer.** The majority of TN tumors fall
into the basal-like breast cancer subtype, which express proteins
characteristic of basal epithelial cells.***® The proteins that we
have identified in this study as differentially expressed between
TN and luminal (Her2—, PR+, ER+) breast cancer tumors
include some proteins characteristic of the basal-like cancers,
such as cytokeratin 14 (KRT14) and p-cadherin (CDH3) as
well as keratin 8, a known marker of luminal breast cancers.**8
However, the majority of these proteins do not have a previous
association with TNBC.

Several proteins identified in this study as highly expressed in
TN tumors are associated with degranulating neutrophils,
suggesting a role for the innate immune response in TN breast
cancer biology. These proteins include azurocidin, neutrophil
defensin, neutrophil gelatinase-associated lipocalin, myeloper-
oxidase, maltase-glucoamylase, MMP-9, and myeloblastin. In
fact, when we compared our results with proteins identified in a
proteomic study of neutrophil granule proteins, 17 (18.9%) of
the proteins more highly expressed in TN were also identified
in the neutrophil granules, while only 5 (5.8%) of proteins that
were highly expressed in luminal tumors were found.*
Interestingly, a high level of intratumoral neutrophils has
recently been associated with poor prognosis in renal cell
carcinoma, nonsmall cell lung carcinoma, and melanoma,*°>?
suggesting that neutrophils likely play an important role in
cancer progression. Furthermore, clustering-analysis-based gene
expression profiles of TN breast tumors identified an
immunomodulatory subtype.®® Thus, it seems reasonable to
hypothesize that increased neutrophil infiltration in TN breast
cancer may account for some of the difference in survival seen
between luminal and TN breast cancers.

In this study, we have identified many potential markers of
TN breast cancer. These proteins may represent potential
therapeutic targets for TN breast cancer, a disease that
currently lacks targeted therapies. In addition, given the strong
bias toward extracellular and secreted proteins introduced by
our focus on glycosylated proteins, a subset of these proteins
may prove to be diagnostic or predictive biomarkers depending
on their levels in serum. Future experiments will be focused on
the function of a subset of these proteins in cancer and their
expression in the serum of breast cancer patients.
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