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ABSTRACT. Breast cancer is the second most common cancer worldwide and
the first among women. Invasive ductal carcinoma (IDC) and invasive lobular
carcinoma (ILC) are the two major histological subtypes, and the clinical and
molecular differences between them justify the search for new markers to
distinguish them. As proteomic analysis allows for a powerful and analytical
approach to identify potential biomarkers, we performed a comparative
analysis of IDC and ILC samples by using two-dimensional electrophoresis
and mass spectrometry. Twenty-three spots were identified corresponding
to 10 proteins differentially expressed between the two subtypes. ACTB,
ACTG, TPM3, TBA1A, TBA1B, VIME, TPIS, PDIA3, PDIA6, and VTDB
were upregulated in ductal carcinoma compared to in lobular carcinoma
samples. Overall, these 10 proteins have a key role in oncogenesis. Their
specific functions and relevance in cancer initiation and progression are
further discussed in this study. The identified peptides represent promising
biomarkers for the differentiation of ductal and lobular breast cancer subtypes,
and for future interventions based on tailored therapy.
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INTRODUCTION

Breast cancer is a complex and multifactorial disease that shows wide clinical and
histopathological variability. Its etiology is influenced by both endogenous and exogenous
factors. Invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC) are the most
common histological types of breast cancer, respectively ranging from 47 to 79% and 2 to
15% of all cases (Zhao et al., 2004). These tumor types have distinct microanatomical origins,
contradicting the initial assumption of a common origin in the terminal duct, and the histologi-
cal differences between the two types result from their individual molecular profiles (Hanby,
2005). Remarkably, ILCs are mainly estrogen receptor (ER) and progesterone receptor-posi-
tive, and HER2 and p53-negative (Zhao et al., 2004). On the other hand, ILCs are less cohe-
sive than are IDCs in terms of clinical markers, and they have been associated with the loss
of expression of E-cadherin (CDH1) (Berx et al., 1995). Although ILC tumors are of a lower
grade in comparison to IDCs, they metastasize to distant sites such as bone, gastrointestinal,
peritoneal and ovarian tissues, and are less responsive to neoadjuvant treatment (Hanby and
Hughes, 2008).

Despite recent advances in the early detection and molecular classification, and de-
spite improved disease prognosis, there is an urgent need to identify markers capable of differ-
entiating the tumor types to delineate group-based therapy. Several studies have investigated
the differential gene expression profile between the two tumor types (Zhao et al., 2004; Bertucci
et al., 2008). However, to date, only one study has adopted a proteomic approach to compare
IDCs and ILCs. Surface-enhanced laser desorption ionization mass spectrometry (SELDI-MS)
revealed high tumor heterogeneity, resulting in a limited identification of differential proteins
and peptides using this method (Traub et al., 2005). Comparative proteomic analysis of pri-
mary breast tumors and lymph node metastasis successfully identified recurrent differentially
expressed proteins (Milioli et al., 2015). Additionally, proteomic-based research has brought
new insights on therapy response (He et al., 2009), HER2 overexpression (Tang et al., 2013),
and biomarker discovery in fluids (Whelan et al., 2012). In this report, we compare three IDC
and three ILC samples using two-dimensional gel electrophoresis (2-DE) and MS to uncover
specific protein biomarkers for each histological type. These findings will help elucidate the
molecular profiles underlying breast cancer subtypes evolving along distinct pathways, paving
the way for personalized therapy.

MATERIAL AND METHODS
Sample collection

This study was approved by the Research Ethics Committee of the Hospital Nossa
Senhora das Gracgas in Curitiba, Brazil. Through surgical procedure, breast tumor tissue
was collected from six patients with an average age of 56.17 + 7.33 years. Two independent
pathologists confirmed the histological type of the tumor, in addition to other characteristics
such as tumor size, grade, and presence of lymph node metastasis (Table 1). After col-
lection, the samples were immediately transferred to the laboratory (Laboratério de Cito-
genética Humana e Oncogenética, Curitiba, PR, Brazil) and stored at -80°C prior to protein
extraction.
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Table 1. Clinical and pathological information for patients.

Patient code Age Histological type Tumor grade Lesion size (mm) Lymph node status
CP 630 52 Invasive ductal carcinoma | 28 Positive
CP 641 58 Invasive ductal carcinoma I} 100 Positive
CP 645 63 Invasive ductal carcinoma I} 16 Positive
CP 585 66 Invasive lobular carcinoma 1] 40 Positive
CP 596 50 Invasive lobular carcinoma | 35 Positive
CP 638 48 Invasive lobular carcinoma 1l 70 Positive

Tumor grade | (well differentiated); Il (moderately differentiated); size of the lesion is determined by the maximum
diameter of the primary breast tumor in mm.

Protein extraction and quantification

Cell lysis was performed in tubes containing 200 mg tumor tissue and 1 mL of lysis buffer
(7 M urea, 2 M thiourea, 40 mM DTT, 4% CHAPS, and 0.2% PMSF). Using an electric homogenizer,
the tissue was disaggregated and homogenized, and subsequently ruptured by sonication (Fisher
Scientific) at a power of 30% for 6 cycles of 10 s. Each cycle was intercalated with a 1-min incubation
on ice. After centrifugation (30 x 3.21 g for 15 min at 4°C), the supernatant containing solubilized
proteins was aliquoted in tubes and stored at -80°C. The protein concentration was measured
using the Bradford method (Bradford, 1976).

2-DE

The lysate (containing 1 mg protein) was mixed in 250 uL rehydration buffer containing:
7 M urea, 2 M thiourea, 2% CHAPS, 0.5% immobilized pH gradient (IPG) buffer, 50 mM DTT, and
a trace amount of bromophenol blue. After rehydration using Ettan IPGphor Il (GE Healthcare),
the samples were applied to 13-cm linear IPG strips (pH 4-7), which were incubated for 16 h at
20°C and 50 V. Immediately after this process, the first-dimensional separation was performed via
isoelectric focusing under the following conditions: 500, 800, 11,300, and 13,000 Vhr, achieving
26,400 Vhr. The strips were then treated with equilibration buffer | [50 mM Tris, pH 8.8, 6 M urea,
30% (w/v) glycerol, 2% (w/v) SDS, and 50 mg DTT] and Il [50 mM Tris, pH 8.8, 6 M urea, 30%
(w/v) glycerol, 2% (w/v) SDS, and 200 mg iodoacetamide] for 30 min each. Second dimension
electrophoresis was performed on 10% polyacrylamide gels (SDS/PAGE), according to Laemmli
(1970), using Hoefer SE 600 Ruby (GE Healthcare). Proteins were visualized by staining with
colloidal Coomassie (Westermeier and Naven, 2002).

Three technical replicates were included for each patient, 3 ILCs and 3 IDCs, resulting in
a total of 18 gels. We have not removed plasma proteins from the samples. Many studies have
used methods for precipitation, centrifugation, and affinity chromatography to remove albumin and
immunoglobulin (Chen et al., 2005; Colantonio et al., 2005; Zolotarjova et al., 2005). However, these
immunodepletion methods have a limited capacity to bind these profuse proteins; thus, depletion is
not complete. In addition, it may restrict the number of identified proteins since other proteins may be
removed together to the albumin due its carrier physiologic function (Sutton et al., 2010).

After staining, gels were directly scanned using ImageScanner™ Il (GE Healthcare) and
analyzed with the ImageMaster™ 2D Platinum v6.0 software (GE Healthcare). The parameters
used for spot detection were as follows: area min -5; smooth -3; and saliency -25. Triplicates
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were cropped to frame the same cluster of spots across all samples, and one representative gel
was used to create a match-set. In addition, the logarithmic ratios of spots with precise matching
were considered for normalization with ImageMaster™. In order to standardize, the volume of
each spot was normalized to the total volume of the detected spots in the gel. These data were
analyzed statistically (using the Student t-test) and spots with a significant variation (P <0.05) were
considered for analysis. Next, the representative IDC gel was compared with the representative
ILC gel. Via comparative analysis, protein spots were categorized as upregulated when the spot
intensity was at least two folds greater.

Protein identification by peptide mass fingerprinting and tandem MS (PMF and MS/MS)

All selected spots were manually removed from the gel and transferred to tubes containing
200 pL destaining solution (50% acetonitrile, 25 mM ammonium bicarbonate) for 1 h. The
supernatant was removed, and the gel pieces were subjected to two 5-min dehydration steps
with acetonitrile. For proteolytic digestion, the spots were rehydrated in 10 pL buffer containing 40
mM ammonium bicarbonate, 10% acetonitrile and 15 ng/uL trypsin (Sequencing Grade Modified
Trypsin; Promega, Fitchburg, WI, USA) in an ice-cold bath for 30 min. The digestion was performed
at 37°C overnight. The solution containing peptides was mixed (1:1) with 50% acetonitrile and
0.1% trifluoroacetic acid saturated with HCCA matrix (a-cyan-4-hydroxinnamic acid) and spotted
onto the MALDI AnchorChip target (Bruker Daltonics, Billerica, MA, USA).

The mass of the digested peptides was determined using a MALDI-ToF/ToF/MS/MS
Autoflex Il (Bruker Daltonics) mass spectrometer. MALDI mass data were externally calibrated
with a peptide calibration standard kit. Internal calibration was performed using trypsin autolysis
fragments at an m/z ratio of 842.50 and 2211.10 Da. The analysis and treatment of the spectra
were performed using FlexAnalysis 3.0 (Bruker Daltonics).

Protein identification

Proteins were identified by PMF and MS/MS and compared with the theoretical molecular
weight (MW), isoelectric point (pl), and sequence coverage data from UniProtKB/Swiss-Prot using
the Matrix Science (MASCOT) database. The search parameters were Homo sapiens for taxonomy,
digestion with trypsin enzyme, and peptide tolerance up to 100 ppm, with only one missed cleavage
site. Oxidation of methionine and carbamidomethylation of cysteine were, respectively, the variable
and constant modifications. The protein name and code were obtained through UniProtKB/Swiss-
Prot. Proteins were considered reliable when the score exceeded the threshold value of 56 (PMF)
or 20 (MS/MS) (P < 0.05), and above four peptides were recognized.

RESULTS AND DISCUSSION

In this study, we analyzed IDC and ILC samples by 2-DE and one reference gel was chosen
from each sample, based on the representation and resolution of the spots. The six reference gels
were then analyzed to define the most representative gels (645T2 and 596T1) for each histological
type (Figures 1 and 2). After comparison between the representative gels, we matched all of the
significant spots among the gels, to ensure reproducibility in all of them (data not shown). We
observed a consistent proteomic profile pattern for samples obtained from patients with the same
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tumor subtype. Based on the results obtained using statistical criteria (minimum 2-fold change
and P < 0.05), 38 spots with differential expression across the two tumor subtypes were selected
for further analysis on the mass spectrometer. Differentially expressed proteins were defined as
reliable if the proportional values of MW and pl, theoretical and observed, were also identified at
the expected position on the gels (AMW < 20% and Apl < 0.6, according to Dupont et al., 2005).

kDa 97 s
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Figure 1. Proteomic profiling of the most representative (master) gel of invasive ductal carcinoma samples. The arrows
indicate spots representing differentially expressed (upregulated) proteins.
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Figure 2. Proteomic profiling of the most representative (master) gel of invasive lobular carcinoma samples. The
arrows indicate spots representing differentially expressed (downregulated) proteins.
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Among them, we depicted 23 spots, corresponding to 10 distinct proteins (Tables 2 and 3)
that showed up- or downregulation when comparing IDC and ILC.

Table 2. Upregulated proteins in IDC detected by PMF and MS/MS.

UniProtKB code | Protein name (Abbreviation) i SpotID | Fold change | P value | MASCOT score | Tol. (ppm) l Theoretical Experimental SC (%) | % Masses matched
MW/pl MW/pl
Structure proteins
QU6HG5 Actin, ic 1 (ACTB) 886 06 <0.05 70 100 42.0/5.29 40.0/5.81 2 /17 (35%)
P63261 Actin, ic 2 (ACTG) 886 .06 <0.05 70 00 42.1/5.31 40.0/5. 2 /17 (35%)
P06753 T in alpha-3 chain (TPM3) 995 .07 <0.05 83 00 32.8/4.68 .0/4.84 1 11 (63%)
_Q71U36 Tubulin alpha-1A chain (TBA1A 658 .26 <0.02 116 00 50.7/4.94 .0/5.34 30 /23 (39%)
“P68363 Tubulin alpha-1B chain (TBA1B) 658 .26 <0.02 135 00 50.8/4.94 7.0/5.34 33 10/23 (43%)
P08670 Vimentin (VIME) 834 69 <0.05 188 00 53.6/5.06 3.0/4.96 33 15/19 (79%)
_Metabolism
P60174 [ Triosephosphate isomerase (TPIS) [ 1072 | 244 | <005 | 174 [ 40 | 260/645 | 28.0/658 | 60 | 1226 (46%)
olecular shock protein
P30101 [ Protein disulfide-i A3(PDIA3) | 665 | 275 [ <0.001 | 117 [ 100 [ 571/598 | 570642 | 25 | 13/30 (43%)
Q15084 [Protein disulfide-i A6(PDIA6) | 717 | 207 | <0.01 | 24 | 100 | 484/495 | 510528 | - | -
Transport
P02774 Vitamin D-binding protein (VTDB) [ 666 | 268 | <005 | 60 [ 50 | 545540 | 56.0/545 | 12 |  5/13(38%)

Table 3. Downregulated proteins in ILC detected by PMF and MS/MS.

UniProtkB code | Protein name (Abbreviation) | Spot ID ‘ Fold change | P value | MASCOT score| Tol. (ppm) | Theoretical MW/pl | Experimental MW/pl ‘ SC (%) | % Masses matched
Structure protein:
QIBHG5 Actin, ic 1 (ACTB) 2608 5.06 <0.05 59 50 42.0/5.29 41.0/5.76 13 416 (66%)
P63261 Actin, ic 2 (ACTG) 2608 5.06 <0.05 59 50 42.1/5.31 41.0/5.76 13 416 (66%)
P06753 T in alpha-3 chain (TPM3) 2740 2.07 <0.05 65 65 32.8/4.68 33.0/4.85 20 613 (46%)
Q71U36 Tubulin alpha-1A chain (TBATA) 2320 -2.26 <0.02 140 40 50.7/4.94 60.0/5.31 35 10/16 (62.5%)
P68363 Tubulin alpha-1B chain (TBA1B) 2320 2.26 <0.02 140 40 50.8/4.94 60.0/5.31 35 10/16 (62.5%)
Metabolism
P60174 [Tri i (TPIS) [ 2843 ] 244 | <0.05 | 54 [ 100 | 269645 | 28.0/6.49 - 1
Molecular shock protein
P30101 Protein disulfide-i A3 (PDIA3) | 2337 275 <0.001 194 50 57.1/5.98 59.0/6.06 33 1417 (82%)
Q15084 Protein disulfide-i A6 (PDIA6) | 2413 2.07 <0.01 74 50 48.4/4.95 53.0/5.28 15 5/7 (71%)
Transport
P02774 Vitamin D-binding protein (VTDB) 2317 2.68 <0.05 163 50 54.5/5.40 55.0/5.33 32 12/19 (63%)
MW/pl = molecular weight/isoelectric point; SC = sequence coverage; “-“ = data not considered for identification on
MS/MS.

Seven pairs of matched spots identified in both subtypes corresponded to nine different
proteins. The match is important to confirm the comparative analysis performed by the software.
Six spots representing albumin were identified, but not considered in the differentially expressed
group. Two proteins showed unreliable values of MM (AMW > 20%) and were not considered in our
analysis. One spot (834) was identified positively only in IDC, the corresponding spot (2575) in the
ILC master gel exhibited low peptide volume and was not identified by MS. Despite the standard
methodological control, the difference may be a result of main biological changes between the two
histological subtypes.

Ten upregulated proteins were identified in the IDC group (Table 2), nine of them were
confirmed to be downregulated in the ILC samples (Table 3). The images of the reference gels
from each subtype (Figures 1 and 2) show the 10 successfully identified proteins labeled according
to the protein identity in MASCOT database. Cytoplasmic actin 1 and 2 (ACTB/G), tropomyosin
alpha-3 chain (TPM3), tubulin alpha-1A chain (TBA1A), tubulin alpha-1B chain (TBA1B), vimentin
(VIME), triosephosphate isomerase (TPIS), protein disulfide-isomerase A3 (PDIA3), protein
disulfide-isomerase A6 (PDIA6), and vitamin D-binding protein (VTDB) were identified with
increased expression levels in IDC samples.

Proteins were identified and classified based on their main biological function (Pucci-
Minafra et al., 2006), as structural proteins, metabolic enzymes, molecular chaperones/heat-shock
proteins, binding proteins, or transport proteins.
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Structural proteins

Six structural proteins were found to be upregulated in IDC: ACTB, ACTG, TPM3, TBA1A,
TBA1B, and VIME. Most of them are related to cytoskeleton organization, as well as many other
cellular processes. These proteins show increased expression in breast tumors, compared to
matched non-tumor tissue (Pucci-Minafra et al., 2007).

Actins B and G (ACTB/G) had a 5.06-fold higher expression in IDC. These highly conserved
proteins are widely distributed in all eukaryotic cells and essential for cell migration and division,
when the cytoskeleton is dynamically redesigned (Pucci-Minafra et al., 2006; Guo et al., 2013).
Nowak et al. (2005) have shown that the expression of actin is higher in invasive than in non-
invasive carcinoma cells. In addition, some studies suggest a relation between actin organization
and differential isoform expression on one hand and the ability of the tumor cells to metastasize on
the other hand (Pucci-Minafra et al., 2007; Guo et al., 2013). The ACTB protein is deregulated in
several cancers such as liver, melanoma, renal, colorectal, gastric, pancreatic, esophageal, lung,
breast, prostate, and ovarian cancers, as well as in leukemia and lymphoma (Guo et al., 2013).
This suggests that actins are involved in cancer pathogenesis, invasiveness, and metastasis. Our
study demonstrates that actins are also differentially expressed in IDC and ILC, suggesting that
their involvement is also variable among breast cancer subtypes.

Tropomyosins are microfilament-associated structural proteins. TPM3 had a 2.07-fold higher
expression in IDC. Several studies have reported increased or decreased expression of different
tropomyosin isoforms in a number of human solid tumors (Pawlak et al., 2004; Kim et al., 2008),
even though the functional significance of the differential expression is unclear. Franzen et al. (1996)
initially suggested that the absence of tropomyosin in tumor cells might reduce the stability of actin
microfilaments because of a higher susceptibility to depolymerization. Li et al. (2006) demonstrated
that the expression of specific isoforms of TPM is reduced in primary breast tumors in contrast to in
metastatic tumors. By comparing the RNA level (using RT-qPCR) of TPMs between IDC and non-
tumor breast tissue, we observed that TPM3 was upregulated in IDC (Carvalho, 2013). This suggests
that the upregulation of TPM3 may be a marker of the IDC subtype.

The alpha-tubulin microtubule proteins were 2.26-fold higher expressed in IDC samples.
Studies have demonstrated that taxane sensitivity is correlated to the balance between the levels of
polymerized tubulin in normal vs tumor tissue (Dozier et al., 2003). On the other hand, preliminary
clinical studies have demonstrated that beta-tubulin shows a positive response to taxane,
suggesting that the overexpression of beta-tubulin would be predictive to a positive response to
this drug (Cortesi et al., 2009).

VIME expression is 4.69-fold higher (score 188 and 79% matched peptides) in IDC. VIME
is a marker of mesenchymal differentiation, which occurs during epithelial-mesenchymal transition,
a process that plays an important role in carcinogenesis by inducing cell dissemination, invasive
motility, as well as drug resistance (Lehtinen et al., 2013; Ulirsch et al., 2013) as assigned by He
et al. (2011) who found VIME overexpression in 90.5% of grade Il breast carcinomas. Notably,
immunohistochemical profiling by Domagala et al. (1993) suggests that the absence of VIME
expression is more frequently associated to ILC than to IDC. Our findings corroborate these results
and indicate the biological differences among these subtypes.

Metabolic enzymes

TPIS had a 2.44-fold higher expression in IDC when compared to ILC (60% coverage).
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TPIS is an enzyme involved in gluconeogenesis, glycolysis, and triglyceride synthesis. Cortesi
et al. (2009) investigated markers of chemotherapy response by looking at secreted proteins in
tumor interstitial fluid and non-tumor tissue from patients with breast cancer, and they observed an
increase in TPIS expression in patients with a good response to therapy. In conclusion, high levels
of this protein may be predictive of therapy response and emphasize the possibility of inducing the
metabolic stimulation as a therapeutic approach.

Molecular chaperones/heat-shock proteins

In this functional class, we increased expression of PDIA3 and PDIAG6 (isoform-2)
by 2.75-fold (P < 0.001) and 2.07-fold (P < 0.01), respectively, in IDC compared to ILC.
PDIA3 and PDIA6 are members of the heat-shock protein family that act as chaperones in
the endoplasm reticulum stress signaling pathway and are involved in protection against
oxidative stress (Pressinotti et al., 2009). The overexpression of these proteins in IDC may
be the result of a compensatory mechanism in hypoxic conditions and during oxidative stress.
We also confirmed the increased expression of the PDIA3 gene in IDC compared with normal
breast tissue (P < 0.001) by RT-qPCR and found differential expression of both genes in more
aggressive tumor subsets, such as in lymph node metastasis and grade Ill tumors (Ramos et
al., 2015). A comparative proteomic study of breast tumors and adjacent normal tissue also
showed increased expression of PDIA3 and PDIA6 proteins in breast carcinoma (Alldridge et
al., 2008). Pressinotti et al. (2009) investigated the differential expression of PDIA3 in prostate
cancers. According to their study, PDIA3 plays an important role in prostate tumor tissue as a
pro-apoptotic factor. To our knowledge, it is the first time that the expression difference between
ILC and IDC is presented.

Transport

We found a significant differential expression (2.68-fold increase) of the VTDB in IDC
samples. In vitro studies have revealed that the binder of VTDB is involved in proliferation signaling,
differentiation, and survival of normal epithelial mammary cells (Welsh, 2007). High levels of these
receptors are found in 80% of breast tumors, in comparison with normal breast tissue (Pawlik et al.,
2006). In addition, the deregulation of vitamin D signaling is associated with cell proliferation and
transformation (McCullough et al., 2009).

In conclusion, we explored the differential proteomic profile of ductal and lobular carcinomas
using 2-DE and MS. Despite the limited sample size, we performed standard methods for the
comparative analysis of complex and heterogeneous samples. Strikingly, our results confirmed
the differential expression of 10 proteins reported as relevant in a range of breast cancer studies.
Further comparisons with transcriptomic and genomic investigations showed a poor correlation
between the results obtained. The distinct methodologies (MS, microarray, and CGH) used by
different authors are quite variable (Zhao et al., 2004; Bertucci et al., 2008) and the identified
biomarkers do not overlap. This fact reinforces the importance of applying a proteomic approach,
as presented here, in order to expand our biological and molecular understanding of breast cancer.
The proteins identified here represent promising candidate biomarkers for the identification and
differentiation of the histological phenotypes of IDC and ILC.
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