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Abstract

Glycosylation is a dynamic post-translational modification that changes during the development
and progression of various malignancies. During the oncogenesis of breast carcinoma, the
glycosyltransferase known as N-acetylglucosaminyltransferase Va (GnT-Va) transcript levels and
activity are increased due to activated oncogenic signaling pathways. Elevated GnT-V levels leads
to increased /(1,6)-branched N-linked glycan structures on glycoproteins that can be measured
using a specific carbohydrate binding protein or lectin known as L-PHA. L-PHA does not bind to
nondiseased breast epithelial cells, but during the progression to invasive carcinoma, cells show a
progressive increase in L-PHA binding. We have developed a procedure for intact protein L-PHA-
affinity enrichment, followed by nanospray ionization mass spectrometry (NSI-MS/MS), to
identify potential biomarkers for breast carcinoma. We identified L-PHA reactive glycoproteins
from matched normal (nondiseased) and malignant tissue isolated from patients with invasive
ductal breast carcinoma. Comparison analysis of the data identified 34 proteins that were enriched
by L-PHA fractionation in tumor relative to normal tissue for at least 2 cases of ductal invasive
breast carcinoma. Of these 34 L-PHA tumor enriched proteins, 12 are common to all 4 matched
cases analyzed. These results indicate that lectin enrichment strategies targeting a particular glycan
change associated with malignancy can be an effective method of identifying potential biomarkers
for breast carcinoma.
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Introduction

Breast carcinoma is the second leading cause of cancer deaths among women in the U.S.
behind lung cancer.! Early detection and diagnosis of breast cancer significantly improves 5-
year survival rates.? Currently, the only approved screening method for the detection for
breast cancer is mammography; therefore, there is an urgent need for the identification of
serum biomarkers for use in early breast cancer detection. In the past few years, several
large-scale proteomic studies have begun to characterize the proteome of breast cancer.3->
This high-throughput strategy leads to complex data sets, and while rich in information, it is
often difficult to predict proteins that may be sensitive and specific biomarkers for the
disease. The ability to add an additional, complementary means to enrich for potential
marker proteins would increase the probability of identifying candidate biomarkers.
Glycosylation is clearly the most complex set of post-translational modifications that
proteins undergo during biosynthesis, and several specific types of glycan epitopes have
been shown to be associated with various types of cancer.5.

A particular type of N-linked glycosylation that is often increased in tumors is the N-linked
/X1,6)-branched glycan® that is bound by the lectin, L-PHA, when the glycan also expresses
a distal 4(1,4)-linked galactose®19 (circled in Figure 1A). For example, staining of normal
breast epithelia shows insignificant reactivity with L-PHA; yet, in breast carcinoma, staining
by this lectin significantly increases.11:12 Expression of /(1,6)-branched glycan structures in
both breast and colon carcinoma appears to be a qualitative change exhibited at the transition
to malignancy, which is likely caused by up-regulation of the glycosyltransferase known as
GNnT-V (GnT-Va, Mgat5a) that synthesizes the N-linked 4(1,6) branch.13 This glycosylation
is often a step toward the formation of more complex poly A-acetyllactosamine glycan
structures (Figure 1A) which serve as ligands for the class of animal lectin known as
galectins that are often elevated in metastatic carcinoma.1# A recent study staining >700
primary breast tumors with L-PHA found that 5(1,6)-branched oligosaccharides were an
independent prognostic indicator for poor outcome in primary node-negative tumors.1®
Experimental modulation of GnT-V activity, both in vivo and in vitro, results in changes in
carcinoma invasiveness and metastasis, supporting the conclusion that increases in the post-
translational modification of proteins by GnT-V is a mechanism by which tumor cell
malignancy may increase.16-19

We have developed a simple glycoproteomic strategy to identify the glycoproteins from
breast tissue that bind to L-PHA. Our experimental design utilizes intact proteins and allows
the identification of glycoproteins whose glycans are bound by the lectin L-PHA (L-
phytohemagglutinin), as well as those proteins/glycoproteins that may associate with the
bound glycoproteins. In this report, we describe lectin-affinity glycan enrichment followed
by NSI-MS/MS using a Finnigan LTQ linear ion trap mass spectrometer, and subsequent
proteomic data analysis, to identify L-PHA-enriched glycoproteins that are elevated in breast
tumor tissue compared with patient matched normal breast tissue. Our results demonstrate
that this technique can be an effective method to identify proteins with tumor-specific
glycosylation changes. Over 30 proteins were identified with elevated L-PHA reactivity in
tumor tissue compared with normal tissue for at least 2 of 4 cases analyzed; 12 of these were
elevated in all 4 cases of ductal breast carcinoma analyzed. These results demonstrate that L-
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PHA glycoproteomic fractionation can identify potential markers of malignancy common to
a set of breast tumors with diverse clinical features.

Materials and Methods

Specimens

Tissue specimens, matched adjacent normal and tumor, from patients with histologically
proven invasive ductal breast carcinoma were collected in accordance with approved
institutional review board Human subject’s guidelines at Emory University Hospital,
Atlanta, GA. Board certified clinical oncologists and pathologists carried out all clinical and
histological analysis of the biopsies. All specimens for this study were immediately frozen at
=70 °C until proteomic analysis. For the initial validation of our L-PHA affinity enrichment
method, we analyzed four patients with matched normal and malignant breast tissue (Table
1).

Sample Processing, L-PHA Enrichment, and MS

Frozen tissue samples were processed as follows: 100 mg of tissue was delipidated using a
mixture of chloroform/methanol/water (4:8:3, v/v/v) as described previously.20:21
Delipidated and precipitated proteins were pelleted by centrifugation, and the pellet was
given an additional wash with acetone and water (4:1) on ice for 15 min. Intact proteins were
extracted from the delipidated tissues using a mild detergent solution as follows: 5 mg of
delipidated protein powder was dissolved in 300 gL of 50 mM Tris-Cl, pH 7.5, 0.1% NP-40,
150 mM NaCl, 0.4 mM EDTA, and 1 protease inhibitor tablet, and the sample was sonicated
three times for 10 s pulses at setting 5 (\Vertis Virsonic microtip). The supernatant was taken
after centrifugation at 10 000 rpm at 4 °C for 10 min. The protein concentration of the
sample was determined by BCA assay, and 600 /g of total protein lysate was dialyzed
overnight at 4 °C into 40 mM ammonium bicarbonate using a 4000 MWCO tube-O-dialyzer
(GBiosciences). Minimal loss of protein occurred following dialysis due to the use of neutral
nonbinding membrane, < 5%. The sample was adjusted to 150 mM NaCl, 5 mM CaCl,, and
5 mM MgCl, before the addition of the lectin. Biotinylated L-PHA (Vector Laboratories,
Burlingame, CA) (10 wg) was added, and the sample was rotated at 4 °C overnight. Bound
L-PHA reactive proteins were captured using 100 zL of paramagnetic streptavidin particles
(Promega) at 4 °C for 2 h. After extensive washing in 1x PBS, captured proteins were eluted
with 200 gL of 2 M urea/0.2 mM DTT/40 mM ammonium bicarbonate at 52 °C for 1 h. The
eluted fraction was separated from the paramagnetic streptavidin particles using a magnetic
stand. Ten percent fractions collected after elution were analyzed by gel electrophoresis and
Sypro staining. Results indicate that 14% (84 g) of the starting material (600 1g) elutes
from the L-PHA column. Eluted proteins were carboxyamidomethylated by adding an equal
volume of iodoacetamide (10 mg/mL in 40 mM ammonium bicarbonate) in the dark for 45
min and digested with 5 1g of sequencing grade trypsin (1:50, Promega) at 37 °C overnight.
Tryptic peptides were acidified with 200 zL of 1% trifluoroacetic acid, and desalting was
performed using C18 spin columns (Vydac Silica C18, The Nest Group, Inc.). Eluted
peptides were dried in the speed-vac, resuspended in 78 wL of buffer A (0.1% formic acid)
and 2 4L of buffer B (80% acetonitrile/0.1% formic acid), and filtered through a 0.2 tm
filter (nanosep, PALL). Samples were loaded off-line onto a nanospray column/emitter (75

J Proteome Res. Author manuscript; available in PMC 2016 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abbott et al.

Page 4

um x 8.5 cm, New Objective) self-packed with C18 reverse-phase resin in a nitrogen
pressure bomb for 10 min. Peptides were eluted via a 160-min linear gradient of increasing
buffer B at a flow rate of approximately 250 nL/min directly into a linear ion trap (LTQ,
Thermo Co., San Jose, CA) equipped with a nanoelectrospray ion source. The top eight ions
from the full MS (300-2000 77/2) were selected for CID fragmentation at 34% with a
dynamic exclusion of 2 fragmented mass ions using an exclusion time of 30 s.

Permethylation of Glycans

To facilitate the analysis of oligosaccharides by MS, N-linked glycans released by N-
glycanase were permethylated as described previously.2! Briefly, following extraction from
tissue samples, delipidated proteins were digested with trypsin and chymotrypsin. The
chymotrypsin and trypsin was used for glycan analysis, not lectin glycoproteomic analysis.
The resulting digests were enriched for glycopeptides, which were then treated with
PNGaseF (Prozyme) to release N-linked glycans. Contaminants, buffer, salts, and residual
peptides were removed from the released glycans by Sep-Pak C18 chromatography, and the
resulting glycan preparation was permethylated prior to analysis by nanospray ionization
mass spectrometry using a linear ion trap (LTQ; Thermo Finnagan). The total ion mapping
(TIM) functionality of the Xcalibur software package (version 2.0) was used to obtain total
glycan profiles for each sample. Through TIM analyses, automated MS and MS/MS spectra
were obtained in small mass increments across a broad range of m/zvalues. For the analysis
of tissue samples, TIM analysis was performed from /m/z= 500-2000. This mass range
collects MS profiles and MS/MS fragmentation spectra for glycans detected from their 1+ to
4+ charge states. Following data collection, resulting TIM profiles were filtered for the
presence of characteristic glycan fragments in the associated MS/MS spectra. When the
signal intensity of characteristic fragments is plotted as a function of elapsed scan time, a
TIM chromatogram is generated that indicates the relative prevalence of specific glycan
structures. For assessing the presence of A(1,6)-branched glycans extended with at least two
N-acetyllactosamine repeats, TIM scans were filtered for the loss of a Hex-HexNAc-Hex-
HexNAc fragment from the parent ion.

Proteomic Data Analysis

The raw peptide data was converted to mzXML using ReAdW, a software written at the
Institute for Systems Biology in Seattle, WA (http://www.systemsbiology.org). MS/MS
spectra were searched against the International Protein Index (IP1) human sequence database
(IPILHUMAN.v.3.26, 67 665 sequences) using MyriMatch.22 The MyriMatch search criteria
included only tryptic peptides, all cysteines were presumed carboxyamidomethylated, and
methionines were allowed to be oxidized. MyriMatch searches allowed a precursor error of
up to 1.25 mizand a fragment ion limit of within 0.5 m/z All ambiguous identifications that
matched to multiple peptide sequences were excluded. The identified proteins (2+ peptides
required) from each individual tumor and normal sample were filtered and grouped using
IDPicker software.23 IDPicker software incorporates searches against a separate reverse
database, probability match obtained from MyriMatch, and DeltCN scores to achieve false-
discovery rates typically <5%. Information about IDPicker tools can be found at http://
www.mc.vanderbilt.edu/msrc/bioinformatics/. The raw data files were also analyzed using
the TurboSequest algorithm24-26 (BioWorks 3.1, Thermo Finnigan) to achieve a false-
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discovery rate of less than 0.3% for proteins assigned by 2+ peptides using a separate
inverted database. Our results indicate that the final MyriMatch/IDPicker proteins list and
TurboSequest proteins list showed near complete agreement. All proteins reported in this
manuscript were identified using both methods. We found no evidence of amino acid
carbamylation following urea elution and DTT reduction. Variance for sample processing
between normal and tumor samples was calculated by measuring the number of peptides
identified for proteins that adhere to the L-PHA in a nonglycan-dependent manner, such as
serum albumin. Our results indicate 12.6% =+ 0.087 variance between normal and tumor for
each case analyzed.

Biological Function Annotation

Proteins (defined by 2 or more peptides) showing differential binding to L-PHA for tumor
compared to normal in at least 2 cases were converted to gene symbols and uploaded to
DAVID 2007 (the Database for Annotation, Visualization and Integrated Discovery) for
analysis.

Pull-down and Western Blot Experiments

Results

One hundred micrograms of delipidated protein powder was solubilized in 1x TBS (Tris-
buffered saline)/1% Triton X-100/protease inhibitor tablet for precipitation using
antiperiostin (Abcam) (1 £g). Bound proteins were captured using protein G plus agarose or
streptavidin paramagnetic particles before gel electrophoresis and transfer to PVDF
membrane prior to probing using biotinylated L-PHA (1:5000). For L-PHA precipitations,
500 /g of delipidated protein powder was solubilized in 1x TBS/1% TritonX-100/protease
inhibitors before adding 10 g of biotinylated L-PHA and mixing overnight at 4 °C.
Magnetic streptavidin beads (100 L) were used to pull down the L-PHA bound complexes.
After washing the beads, proteins were released by boiling in sample loading buffer and
separated on 4-12% NuPage Bis-Tris gels and transferred to PVDF membrane before
detection using either anti-periostin Ab (1:1000) (Abcam) or anti-haptoglobin Ab (1:200)
(Santa Cruz Biotechnology). Blots were incubated with anti-rabbit HRP (1:5000) (Santa
Cruz Biotechnology), anti-mouse HRP (1:5000) (Santa Cruz Biotechnology), or
streptavidin-HRP (1:5000) (Vector Laboratories) before washing and detection using
Western Lightening Plus (Perkin-Elmer).

An initial set of 5 human ductal invasive breast carcinoma tissue samples was used to
evaluate the use of the lectin L-PHA to bind and enrich for potential glycoprotein
biomarkers to distinguish breast cancer from normal tissue. As shown in Table 1, these cases
represent metastatic and nonmetastatic disease, cases positive and negative for amplified
her2/neu, and cases that were both estrogen receptor (ER) and progesterone receptor (PR)
positive and negative. Our approach is to analyze breast tissue, comparing normal and tumor
tissue from the same patient, to identify potential glycoproteins that react with the lectin L-
PHA. All cases showed increased levels of L-PHA binding indicative of 41,6)-branched N-
linked glycans except case 10406; therefore, case 10406 was not analyzed by NSI-MS. We
conclude that 4 out of 5 cases or 80% of the tumor tissue analyzed had proteins with
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increased levels of /5(1,6)-branched N-linked glycan structures relative to normal breast
tissue. To isolate these L-PHA reactive glycoproteins, we developed a method using intact
proteins for the lectin binding, which differs from the more common method of using
glycopeptides (Figure 1B). In addition, we found that delipidation of the breast tissue prior
to analysis significantly improved MS/MS results (Figure 1B).21

To verify that L-PHA binding accurately reports intrinsic differences in glycan expression
between tumor and adjacent normal tissue, total N-linked glycans were profiled for tissues
taken from case 2417 (Figure 2), which exhibited the greatest relative increase in tumor-
associated L-PHA recognition (Table 1). The prevalence of glycans carrying a (1,6) branch
extended with A-acetyllactosamine was compared in tumor and adjacent normal
preparations by quantifying the signal intensity of a specific fragment ion detected in TIM
analysis. When the TIM profiles were filtered for the presence of a permethylated Hex-
HexNAc-Hex-HexNAc fragment, the relative abundances of several A(1,6)-branched parent
ions were measured and compared. The most prevalent of the detected glycans extended
with A-acetylactosamine was increased more than 2.5-fold in tumor tissue relative to
adjacent normal tissue, compared using equivalent protein amounts as starting material. The
trimmed, high mannose glycan MansGIcNAc,, that serves as an early precursor for complex
terminal modifications including A(1,6)-branching, was found in equal prevalence between
the two tissues (data not shown). Therefore, for case 2417, the increased abundance of L-
PHA reactive proteins identified by MS/MS from tumor tissue compared with normal tissue
correlates with increases in f(1,6)-branched N-glycan structures, confirming the specificity
of the lectin enrichment analysis.

Proteins Showing Tumor-Specific Increased Reactivity with L-PHA

We detected a total of 258 L-PHA reactive proteins (2 or more peptides) from the 4 tumors
showing elevated L-PHA reactivity that were analyzed by MS/MS. For each of the 258
unique proteins identified, we examined the number of peptides identified for that protein
from NSI-MS/MS analysis of normal tissue and tumor tissue before and after L-PHA
fractionation. Differences in protein abundance between normal and tumor were normalized
by determining the ratio of peptides identified in patient matched normal and tumor tissue
prior to L-PHA fractionation. Proteins were eliminated in each case if they did not show a
minimum of 1.5-fold increase in peptides identified from tumor relative to normal tissue
after L-PHA fractionation. From the list of proteins showing at least a 1.5-fold increase in
tumor relative to normal tissue, proteins were considered “enriched” following L-PHA
fractionation if they were identified from at least 2 cases. A total of 34 proteins had
increased peptides and spectra present in L-PHA fractionations isolated from tumor
compared with normal tissue for at least 2 separate cases of ductal invasive breast carcinoma
(Table 2, number of spectra in parenthesis). The peptide sequences for these proteins are
provided in Supplemental Table 1 in Supporting Information. As expected, the majority of
these proteins are predicted to be glycoproteins by searching databases such as GenBank and
IP1. Since we do not compete L-PHA bound proteins from the magnetic beads using a
competitive sugar hapten, we have identified some proteins that are predicted to be
nonglycosylated and are likely binding to L-PHA reactive glycosylated proteins. We utilized
DAVID 2007 (Database for Annotation, Visualization and Integrated Discovery) to annotate
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the function of the proteins listed in Table 2 (Figure 3A). The top 2 functional classifications
of glycoproteins showing differential binding to L-PHA in ductal invasive breast carcinoma
relative to normal breast tissue are (i) binding proteins related to cell adhesion and cell-
communication, and (ii) proteins that respond to external stimulus. These results indicate
that largest group of proteins showing increases in /41,6)-branched glycosylation function in
mediating communication of the tumor cell with the extracellular matrix (COL6A1,
COL6A2, COL6A3, COL14A1) and neighboring cells (HPX, BGN, DCN, VIM, POSTN,
VTN, THBS1, OGN). The second highest group of proteins with elevated L-PHA reactive
glycoproteins participates in the response of the tumor cells to environmental stress. This
group includes the members of the lectin-induced complement pathway (C3 and C4B),
activators of complement (HPR/HP), immunoglobulin/MHC complex (IGHAL, IGLV4-3,
IGHM), enzyme inhibitors (SERPINAL, 14-3-3 zeta/delta, COL6A3, THBS1), enzyme
activators of MMP (HPX), and enzymes that detoxify (PRDX1). This information
contributes to our knowledge of the functions of glycoproteins acquiring /41,6)-branched N-
linked glycan structures in breast carcinoma and offers insights into how the acquisition of
these structures may be associated with breast cancer progression. Several of the proteins
enriched by L-PHA are predicted to participate in the development of the skeletal system
and organ development (POSTN, ANXA2, DCN, COL6A3, PRDX1, and OGN). There are
also several enzymes that participate in the glycolytic pathway that are enriched by L-PHA
(PGK1, TPI1, ENO1, LDHA, and PKMZ2). Overall, these results suggest that proteins that
are participating in cell communication, organ development, and metabolism derive 4(1,6)-
branched N-linked glycan structures in breast tumors. The abnormal elevated expression of
these glycan structures on these proteins in breast epithelial cells may play roles in tumor
progression and invasion.19

Interestingly, many of the proteins identified in Table 2 are connected with TGF/ signaling
pathways. A recent manuscript identifies increased TGF/ protein levels in breast tumor
tissue as a factor that correlates with shorter disease-free survival.2” Many of the proteins we
identified after L-PHA enrichment in tumor tissue are either induced by TGFS (POSTN,
COLB6A3, SERPINAL) or are known to bind TGFS with nanomolar affinities (BGN, DCN).
It will be interesting to determine how (1,6)-branched N-linked glycosylation influences
the binding of TGF/£to these proteins.

L-PHA Capture Facilitates the Identification of Biomarkers from the Extracellular Region

We have examined the predicted cellular distribution of proteins enriched by L-PHA listed
in Table 2. The distribution is primarily extracellular (56%) and cytoplasmic (29%) with the
remainder of proteins localized on the plasma membrane (9%) or unknown (6%) (Figure
3B). L-PHA-affinity enrichment significantly concentrates proteins identified from the
extracellular region. For comparison, only 14-15% of the total proteins isolated from normal
and tumor before L-PHA enrichment are extracellular (Figure 3C, D).

L-PHA Enrichment Can Identify Novel Markers for Breast Carcinoma

Approximately 74% of the 34 tumor L-PHA-enriched proteins have been previously
reported in breast cancer studies (7= 25); while 26% (n7=9) have not been previously cited
for breast cancer (Table 2). One of the novel, tumor-specific L-PHA reactive glycoproteins
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that we identified, known as osteoglycin (OGN), was present at similar levels of peptide
abundance in normal and tumor breast tissue before L-PHA fractionation. However, OGN is
consistently identified from tumor tissue after L-PHA fractionation. Osteoglycin has not
been identified as a potential marker for breast cancer previously, likely due to the consistent
levels of protein present in normal and tumor. Another interesting protein not previously
associated with breast cancer is the 14-3-3 zeta protein. This protein is not predicted to be
glycosylated and is probably enriched by L-PHA due to association with a protein that binds
L-PHA. 14-3-3 zeta functions as an adapter protein that binds with other proteins controlling
cell growth and proliferation. The cellular localization of 14-3-3 zeta protein has been
reported to be largely cytoplasmic, but it has been reported to be present on the plasma
membrane and in the Golgi (reviewed in ref 28). We find in 3 out of the 4 cases significant
tumor-specific association with L-PHA for 14-3-3 zeta. Similar levels of 14-3-3 zeta present
in normal and tumor tissue probably prevented previous identification of this protein as a
marker for breast cancer. We conclude that selective enrichment using the lectin L-PHA has
enabled the identification of novel markers for breast carcinoma and adds an additional level
of biomarker selection.

L-PHA Enrichment Increases the ldentification of Markers Common to Breast Carcinoma
Cases with Diverse Clinical Features

The quest to identify markers for the early detection of many tumors has been hampered by
tumor heterogeneity. Our approach, focusing on a specific post-translational modification
that increases in parallel with malignant progression, has enabled the identification of 12
markers common to all 4 cases of breast carcinoma analyzed (Figure 4). A key element of
our success is the targeting of 4(1,6)-branched N-linked glycan structures that are normally
expressed at a low level in nondiseased breast epithelial cells. This targeted approach has
enabled the identification of proteins that change glycosylation only in breast carcinoma
tumor tissue.

Validation of Glycoproteins with Differential L-PHA Reactivity in Normal and Tumor

Tissue
We have selected 2 markers for further validation from Table 2. These glycoproteins were
selected due to enrichment in tumor tissue for all cases analyzed in Table 2.
1. Periostin

Periostin, POSTN, has been identified as a possible factor promoting breast cancer
progression through induction of angiogenesis.?? Previous studies analyzing mRNA levels
by pooled RNA sampling and immunohistochemistry arrays indicated that POSTN mRNA
and protein levels were increased in malignant breast epithelial cells.2%:30 We found in the
total MS/MS analysis of matched normal and malignant breast tissue before L-PHA
fractionation that there were roughly twice as many POSTN peptides identified from tumor
tissue compared with normal tissue for cases 10119 and 2207. For case 11827, we detected a
different isoform of periostin known as isoform 3, before L-PHA fractionation at 10 times
the level found in normal tissue. However, for case 2417, we found equivalent levels of
POSTN peptides identified in normal and tumor tissue before L-PHA enrichment using NSI-
MS/MS (Figure 5A). These results are not quantitative and are only a qualitative assessment
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of abundance. However, they suggest that examining alterations in the abundance of POSTN
protein alone would not be a selective marker for breast carcinoma. However, we identified
POSTN peptides after L-PHA enrichment and MS/MS analysis in all 4 of the tumor tissues
analyzed with only 1 peptide identified in normal tissue for case 2417 (Figure 5A). The high
degree of tumor-specific association of POSTN with L-PHA suggests that the presence of
A(1,6)-branched N-linked glycosylation on POSTN is a marker of breast cancer. To confirm
these results, we have immunoprecipitated POSTN from normal and tumor breast tissue
using an anti-periostin antibody and probed the blot using biotinylated L-PHA. Tissue
amounts were limiting for case 10119 preventing further analysis of this case. For each case
analyzed, POSTN reactivity with L-PHA is higher compared with the matched normal tissue
control (Figure 5B, panel 1). To normalize for total periostin protein, we probed the
membrane using the anti-periostin antibody (Figure 5B, panel 2). To confirm these results,
we precipitated using biotinylated L-PHA followed by detection using the anti-periostin
antibody (Figure 5B, panel 3). To ensure equivalent amounts of protein were present in the
lectin precipitation reactions, 5% of the unbound material was analyzed by Western blot
using an ERK2 antibody (Figure 5B, panel 4). To quantitate the relative increase in L-PHA
reactive periostin, films for total periostin and L-PHA reactive periostin were scanned and
analyzed by densitometry (Figure 5C). Immunoprecipitation and Western blot analysis used
for validation were performed in the presence of 1% detergent; while the L-PHA pull-down
for MS/MS analysis is performed under nondenaturing conditions. This technical difference
may account for the detection of L-PHA reactive periostin in the Western blot data that was
not observed in the MS/MS data. Qualitatively, the Western blot and the MS/MS data
correlate, suggesting that POSTN acquires increased levels of 5(1,6)-branched N-linked
structures in the breast tumor tissue relative to normal breast tissue.

2. Haptoglobin-Related Protein Precursor or Haptoglobin

Haptoglobin-related precursor protein (HPR) has 90% sequence identity to the conventional
form of haptoglobin (HP) found in serum. The adult liver expresses low levels of HPR
mRNA,31 and very little HPR protein has been detected in serum.32 This suggests that, if
HPR was found in the serum of breast cancer patients, it would likely originate from the
breast tumor. HPR shares antigenic epitopes with the pregnancy-associated plasma protein-
A that is secreted from uterine epithelial cells or placenta during pregnancy and has been
reported as an independent prognostic factor useful for detecting the recurrence of breast
cancer.33:34 \We have identified peptides common to haptoglobin (HP), haptoglobin
precursor protein, isoform 1 of HPR, and isoform 2 of HPR from breast carcinoma and
normal tissues. The peptides we identified after L-PHA precipitation for each tumor are
common to both HP and HPR. Therefore, we cannot distinguish at this time whether the
A(1,6)-branched N-linked glycan structure is present on HP or HPR. To validate the
identification of L-PHA reactive HP/HPR as a breast tumor-specific marker, we performed
L-PHA precipitation followed by Western blotting using an anti-haptoglobin antibody that
recognizes HP as well as HPR (Figure 5E). To normalize the levels of L-PHA-positive
haptoglobin versus total haptoglobin, 10% of the protein input for the L-PHA precipitation
was analyzed for haptoglobin (Figure 5E, lower panel). Our results revealed an increased
association of the beta chain of haptoglobin with L-PHA for the tumor tissue compared with
normal breast tissue in cases 2417 and 2207. For case 11827, we observed a similar intensity

J Proteome Res. Author manuscript; available in PMC 2016 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Abbott et al.

Page 10

in beta haptoglobin between normal and tumor on the Western blot. In all 3 cases, the tumor
haptoglobin displayed a shift to a larger molecular weight compared with normal breast
tissue from the same patient. Therefore, we conclude that in agreement with our MS/MS
data, breast tumor haptoglobin has elevated /(1,6)-branched N-linked glycan structures
compared with normal tissue.

Discussion

Elevation of A(1,6)-branched N-linked glycans in breast cancer has been previously cited as
a poor prognostic indicator.2® In this study, we have used L-PHA, a lectin that specifically
recognizes these glycan structures, to pull out potential biomarkers for breast carcinoma.
Using this type of targeted glycoproteomic approach enabled us to identify markers common
to breast cancer tissues with different stages, hormone receptor status, lymph node status,
and her2/neu status. Our ability to analyze the relative abundance of biomarkers in normal
and tumor tissue from the same patient, before and after L-PHA fractionation, eliminates
possible bias that may be introduced from differences in individual gene expression profiles.
Our targeted glycoproteomic approach has enabled the identification of several potential
markers for breast carcinoma. Therefore, future studies focused on defining the normal and
tumor glycome of various tissues can be useful for the development of new lectin targeting
strategies to identify glycoproteins with tumor-specific glycan alterations.

TGFgB Connection

We have identified several proteins either induced by TGF£ or known to associate with
TGFp, suggesting a link between A(1,6)-branched N-linked glycosylation in breast tumors
and the TGFf pathway. Changes in downstream signaling controlled by TGF£ have been
documented for breast cancer.3®> However, unlike other types of malignancy that have evaded
the normal growth-inhibitory functions of TGF£ through inactivating mutations in TGFf
receptors, the mechanisms of breast cancer resistance to TGF/A-mediated growth inhibition
remain poorly understood (reviewed in ref 36). We have found increased (1,6)-branched N-
linked glycosylation on several extracellular proteins known to interact with TGF.
Differential glycosylation of these ligands may initiate alterations in TGF/£ signaling. The
extracellular proteoglycans decorin and biglycan have been shown to bind TGFg reducing its
bioavailability for TGFARI and TGF/RII during skeletal muscle differentiation.3” Therefore,
it may be possible that the aberrant glycosylation of small leucine-rich proteoglycans such as
decorin (DCN) and biglycan (BGN) increases the amount of TGFf sequestered in the
extracellular matrix complexes making less TGF/ available for canonical TGF/ receptor
activation. Increased expression of TGF/in fibroblasts has been shown to induce the
expression of several glycoproteins implicated in the pathogenesis of breast cancer such as
collagen VI a3, tenascin, and PAI-1.38 In this study, we have identified collagen VI a3
(COLBAB3) as one of the proteins enriched by L-PHA in tumor tissue. Collagen VI up-
regulation and secretion is associated with increased cell survival via resistance to apoptosis
through down-regulation of Bax and prevention of A1 integrin-mediated apoptosis.3?
Logically, increased levels of TGF£in the tumor should initiate the cytostatic effect often
associated with TGF/ signaling. However, elevated TGF/ levels in the tumor can have an
opposite effect by inducing collagen VI expression that can oppose cytostatic effects by
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blocking apoptosis.3? Interestingly, collagen V1 has been shown to associate in a ternary
complex with DCN and BGN by co-immunoprecipitation experiments.*® COL6A3, DCN,
and BGN were enriched by L-PHA in at least 2 cases (Table 2), suggesting a possible link
between the formation of this complex and the presence of #(1,6)-branched N-linked
glycans. Experiments investigating the impact of 5(1,6)-branched glycosylation on the
formation of this complex and the resulting effect on cell survival in breast epithelial cells
will be necessary to evaluate this hypothesis as a possible mechanism for breast tumor cells
evasion of TGF/-induced cytostatic response.

An Enrichment of L-PHA Reactive Glycoproteins That Have Functions in the Skeletal

System

Many of the proteins that were enriched by L-PHA in tumor tissue have proposed functions
in the skeletal system, and a gene encoding one of these proteins, periostin (POSTN), has
been identified as a gene expressed in the myoepithelial cells of breast tumors.# This gene
has also been reported to be expressed in normal bone chondrocytes and preosteoblasts; both
are mesenchymal cell types.#2 We find in our analysis of breast tissue after L-PHA
fractionation that we detect POSTN almost exclusively in the tumor. This is the first
identification of a difference in the glycosylation of POSTN for breast cancer tissue relative
to normal breast tissue. Prior to L-PHA fractionation we detect POSTN in both normal and
tumor tissue, likely due to stromal expression. We do not separate epithelial and stromal
cells before L-PHA fractionation; therefore, our data strongly support the notion that
POSTN with complex A(1,6)-branched N-linked glycan structures is expressed mainly in the
breast tumor epithelial cells since there is very little L-PHA reactive POSTN isolated from
normal breast tissue. The activation of POSTN expression in osteoblasts has been linked to
twist, a bHLH transcription factor that controls the expression of embryonic mesenchymal
genes during development.*3 Twist expression has been reported to be increased in lobular
infiltrating breast cancer.#44> Therefore, these observations may explain how POSTN is
expressed in breast epithelial cells. Also, TGF/ has been shown to increase the expression of
POSTN in cardiac development providing another possible explanation for how POSTN
may be expressed in breast cancer epithelial cells.

GnT-V, the gene that adds the 4(1,6) GIcNAc branch leading to the formation of A(1,6)-
branched N-linked glycans, has recently been implicated in the maintenance of bone density
as GnT-V (-/-) mice show a loss of bone mineral density.18 It is possible that POSTN may
be a preferred substrate for GnT-V in osteoblasts and chondrocytes during development.
Therefore, the abnormal expression of both GnT-V and POSTN in breast carcinoma
epithelial cells would lead to significant changes in breast epithelial cell adhesion and
migration, promoting tumor progression.

Another protein, osteoglycin (OGN), which was enriched by L-PHA in breast tumor tissue
relative to normal tissue, was originally identified in bone as an osteoinductive factor.#’
OGN along with DCN and BGN are members of a group of small lecuine-rich repeat
proteoglycans (SLRPs) that are important during skeletal development. BGN and DCN are
also involved in the development and maintenance of bone. More pronounced loss of bone
mass is present in the double knockout of BGN and DCN than for each individual gene
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knockout, suggesting that both of these SLRPs play a role in the maintenance of bone.*8
Interestingly, DCN is also found to be expressed in the myoepithelial cells of the breast.30
Exactly how the presence of 4(1,6)-branched N-linked glycosylation on these proteins
within the breast tissue may influence malignancy is unknown. One can postulate that
increased /(1,6)-branched N-linked glycans may influence the formation of collagen fibrils
making it easier for tumor cells to migrate and invade through the basement membrane.
Many proteins that we have identified as highly L-PHA reactive in tumor tissue relative to
normal tissue have reported functions in skeletal development. This suggests that L-PHA
reactive N-linked structures may be promoting mesenchymal functions within breast
epithelial cells. Future experiments will test if GnT-V expression levels can affect the
epithelial to mesenchymal transition (EMT).

We are continuing to identify L-PHA reactive proteins from breast carcinoma tissue samples
with future experiments also focused on determining if these L-PHA reactive markers can be
identified from patient serum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) A tetra-antennary N-linked oligosaccharide showing the GnT-V f(1,6) GIcNAc addition
that leads to the formation of polylactosamine structures. The L-PHA recognition site is

circled. (B) Schematic flow diagram for the L-PHA enrichment protocol.
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Figure2.
Enrichment of tetra-antennary glycans extended with A-acetyllactosamine in tumor and

adjacent normal tissue from case 2417. The four indicated N-linked glycans (1-4) were
detected by NSI-MS/MS. In the profiles shown at the right of each glycan, the MS/MS
spectra associated with the TIM scan for the indicated tissue were filtered to present the
detected signal intensity of a signature tetrasaccharide fragment (Hex-HexNAc-Hex-
HexNACc). The presence of this fragment indicates the detection of a glycan extended with at
least two A-acetyllactosamine repeats at a scan time which predicts the /m/zratio for the
parent ion. For reference, the scan time for specifc /772 values is indicated by arrows in each
filtered profile. The shading and shapes for the glycan structures reflect standard
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nomenclature adopted by the Consortium for Functional Glycomics (CFG; GIcNAc, blue
square; Gal, yellow circle, Man, green circle; Fuc, red triangle, NeuAc, pink diamond).
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Functional annotation and distribution of the L-PHA-enriched proteins identified from breast
carcinoma. (A) Biological function of proteins listed in Table 2 as annotated by DAVID

2007. (B) Cellular compartment for L-PHA-enriched proteins assigned based on GO

consortium. (C) Cellular compartment of proteins identified from normal breast tissue by
total MS/MS analysis assigned by GO consortium. (D) Cellular compartment of proteins

identified from tumor breast tissue assigned by GO consortium.
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Figure 4.
Venn diagram showing the number of L-PHA-enriched proteins identified in common for
each case.

J Proteome Res. Author manuscript; available in PMC 2016 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Abbott et al. Page 21

A 2417NL 2417 TU 11827 NL 11827TU 2207 NL 2207 TU
Totalpeptides |13 | 16 | 2 | 20 | 1 | 3 |
L-PHA peptides I 1 I 10 I 0 I 6 I 0 I 11 I
B 25 . 95 c
= =} Z = Z ~ 9 M normal
& = g (l: = =~ é 1§ @ Tumor
5 L o s o S
I T - - q Q .
& A - - N A 2 12
2 1
IP: Anti-Periostin % 'S 0.8
o |ws. biotinylated L-PHA 3 & ']
2>
5 E 04
IP: Anti-Periostin ~ 202
. WB: Periostin ol
2417 11827 2207
Ppt: Biotinylated L-PHA
3 - Col - #8 | WB: Anti-periostin
4 5% Unbound
A S S | 5 ni-ERK
11827 NL 11827TU 2417 NL 2417 TU 2207 NL 2207 TU
Totalpeptides |2 | 5 | 7 1 6 | 2 | 1 |
L-PHApeptides |0 |t J o | 3 | o | 1 ]
= D
= D
EZ -2 B ZE F
2= €35 5§ 16
= = & d a « < e M Normal
' dw - £ 14 (@ Tumor
Ppt: Biotinylated o124
L-PHA T 4]
S
WB: Anti-Haptoglobin 3 & 6.8
4 © 0.64
22
= 5 0.44
WB: Anti-Haptoglobin 0
11827 2417 2207

Figureb5.
Analysis of periostin and haptoglobin-related protein or haptoglobin by Western blot. (A)

Number of peptides identified for periostin (isoform 1 and isoform 3) before L-PHA
fractionation (total) and after lectin fractionation (L-PHA). (B) Precipitation of periostin
using an anti-periostin antibody followed by detection using biotinylated L-PHA and
streptavidin HRP (panel 1) (lower band is periostin). Total levels of periostin precipitated are
confirmed by detection of the blot using anti-periostin antibody (panel 2). Reverse
precipitation with L-PHA first followed by detection using an anti-periostin antibody (panel
3). Protein inputs for the L-PHA precipitations were normalized by the detection of ERK2 in
5% of the unbound fraction (panel 4). (C) Densitometry quantification of the relative
increase in L-PHA reactive periostin normalized for total periostin. (D) Number of peptides
identified for haptoglobin-related protein (HPR) precursor and haptoglobin (HP) by MS/MS
before (total) and after L-PHA fractionation (L-PHA). (E) L-PHA precipitation followed by
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detection using an anti-haptoglobin antibody shows increased reactivity for the beta chains
of tumor HPR/HP for cases 2417 and 2207 and, in all cases, a migratory shift to a higher
molecular weight. Protein levels present in the L-PHA precipitations were determined by
analysis of total haptoglobin in a 10% input blot. (F) Levels of L-PHA reactive haptoglobin
were determined following densitometry analysis of L-PHA reactive HPR/HP and total
HPR/HP determined from the 10% input levels.
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