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Abstract

Blood-based early detection of breast cancer has recently gained novel momentum, as lig-
uid biopsy diagnostics is a fast emerging field. In this study, we aimed to identify secreted
proteins which are up-regulated both in tumour tissue and serum samples of breast cancer
patients compared to normal tissue and sera. Based on two independent tissue cohorts (n =
75 and n = 229) and one serum cohort (n = 80) of human breast cancer and healthy serum
samples, we characterised AGR3 as a novel potential biomarker both for breast cancer
prognosis and early breast cancer detection from blood. AGR3 expression in breast tu-
mours is significantly associated with oestrogen receptor a (P<0.001) and lower tumour
grade (P<0.01). Interestingly, AGRS3 protein expression correlates with unfavourable out-
come in low (G1) and intermediate (G2) grade breast tumours (multivariate hazard ratio:
2.186, 95% CI: 1.008-4.740, P<0.05) indicating an independent prognostic impact. In sera
analysed by ELISA technique, AGR3 protein concentration was significantly (P<0.001) ele-
vated in samples from breast cancer patients (n = 40, mainly low stage tumours) compared
to healthy controls (n = 40). To develop a suitable biomarker panel for early breast cancer
detection, we measured AGR2 protein in human serum samples in parallel. The combined
AGR3/AGR2 biomarker panel achieved a sensitivity of 64.5% and a specificity of 89.5% as
shown by receiver operating characteristic (ROC) curve statistics. Thus our data clearly
show the potential usability of AGR3 and AGR2 as biomarkers for blood-based early detec-
tion of human breast cancer.
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Introduction

Breast cancer remains the most frequently diagnosed and leading cause of cancer deaths in
women worldwide [1]. Early-stage breast cancer has a favourable prognosis with a 5-year sur-
vival rate of up to 90% while this rate declines drastically to 20% upon tumour spreading to dis-
tant organs [2]. Therewith, early detection remains a major challenge in the management of
breast cancer. Mammography has become the standard of care for breast cancer screening [3]
although several limitations are known concerning this procedure, such as a poor accuracy in
women with dense breast parenchyma resulting in reduced clinical sensitivity and specificity
[3,4]. For women at high risk to develop breast cancer, supplemental magnetic resonance imag-
ing (MRI), an expensive technique that offers excellent imaging even around dense breast tis-
sue, is applied [3]. Unfortunately, the high sensitivity of MRI (85% to 100%) is compromised
by a high rate of false positives (37% to 100%) resulting in unnecessary follow-up examinations
(including invasive biopsies) causing further stress for the patient and costs [5].

Owing to these limitations of mammography and MRI minimally-invasive novel screening
tests are desirable to complement mammography and MRI, or even as stand-alone primary
screening tools. Measurement of molecular biomarkers present in bodily fluids (e.g. serum)
constitutes a promising tool for the early detection and monitoring of breast cancer. To date,
reliable biomarkers for early breast cancer detection and breast cancer monitoring are unavail-
able or sparse [6]. Determination of serum mucin 1 (MUC-1) and carcinoembryonic antigen
(CEA) levels for monitoring of breast cancer patients with metastatic disease during active
therapy are the only two circulating biomarkers currently recommended by the American Soci-
ety of Clinical Oncology (ASCO) as supplementary tests [6]. Thus, finding new circulating bio-
markers for breast cancer screening and/or monitoring, but also with prognostic or predictive
value, remains an important issue of research.

The human Anterior Gradient (AGR) family consists of three members, namely TXNDC12
(AGR1), AGR2 and AGR3, all belonging to the protein disulfide isomerase (PDI)-related fami-
ly of proteins [7-9]. AGR2 was first identified in Xenopus laevis as the secreted protein XAG-2
involved in differentiation processes [10-12]. Its expression has been shown being up-regulat-
ed in various cancers, including pancreas [13], oesophageal [14], lung [15], prostate [16], ovari-
an [17] and ERo-positive breast cancer [18-21]. Importantly, AGR2 protein concentrations
are found to be significantly elevated in serum and/or plasma samples of ovarian [17,22], lung
[23] and prostate [24] cancer patients compared to healthy controls proposing AGR?2 as a puta-
tive cancer serum biomarker in these tumour entities. AGR3, also referred to as breast cancer
membrane protein 11 (BCMP11) [25], has been shown being over-expressed in breast [25],
ovarian [26] and prostate [27] cancer. Moreover, AGR3 has recently been suggested as a diag-
nostic marker for intrahepatic cholangiocarcinoma (ICC) [28]. However, the role of AGR3 in
carcinogenesis is still obscure. On the one hand, AGR3 was described as a marker of favourable
prognosis in serous ovarian cancer [26], whereas a recent publication on the other hand indi-
cated a pro-oncogenic potential for AGR3 demonstrating the mediation of cisplatin resistance
by AGR3 in a H1299 cell line xenograft mouse model [29]. In human breast cancer, there have
been no studies so far considering the putative biomarker potential of AGR3.

As part of the EU-funded joint research project “MicroBioMed” (Microtechnologies for
biomedicine applications), we aimed to identify novel putative protein biomarkers for later
integration into a micro-fluidic chip system suitable for early cancer detection or disease
monitoring. In the present study, AGR2 and AGR3 were identified for the first time as putative
serum protein biomarkers in breast cancer. Moreover, AGR3 was found to be an independent
prognostic factor of unfavourable prognosis in lower grade breast cancer cases, indicating a tu-
mour-promoting function in well to moderately differentiated breast carcinomas.
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Materials and Methods
Cryoconserved clinical specimens

Tumorous and normal breast tissue samples analysed in this study were obtained from the tu-
mour bank of Euregional comprehensive Cancer Center Aachen (ECCA), now part of the
RWTH centralized biomaterial bank (RWTH c¢BMB; http://www.cbmb.rwth-aachen.de). All
patients gave written informed consent for retention and analysis of their tissue for research
purposes according to local Institutional Review Board (IRB)-approved protocols (approval
no. EK-206/09) of the medical faculty at RWTH Aachen University. After surgery, tumour ma-
terial was immediately snap-frozen in liquid nitrogen. Sections stained with haematoxylin and
eosin were prepared for assessing the percentage of tumour and normal epithelial cells, respec-
tively. Only tumour samples containing more than 70% tumour cells, and normal samples con-
taining at least 30% epithelial cells as determined by a pathologist (W.A.), were selected for
RNA analysis. Patient characteristics are shown in the supplements (S1 Table).

Formalin-fixed, paraffin-embedded (FFPE) clinical specimens

AGR3 protein expression was assessed by a pathologist (S.W.) according to an adapted immu-
noreactive score (IRS) developed by Remmele and Stegner (1987) [30] using a tissue microar-
ray (TMA) described previously [31]. The TMA comprised 190 breast carcinomas and 39
normal breast tissues. Histologically, all tumours were graded according to Bloom and Rich-
ardson, as modified by Elston and Ellis [32]. Clinical follow-up data were available for 188
breast cancer patients with a median follow-up period of 138.5 months (range 1-218 months).
Clinico-pathologic variables of breast cancer cases included in the tissue microarray are sum-
marised in S2 Table.

Human serum samples

Human serum samples from breast cancer patients (n = 40) and from cancer-free individuals
(n = 40) were obtained from the Patients’ Tumor Bank of Hope (PATH foundation, a research
resource for breast cancer biosamples [33]) and the University Hospital of Erlangen. All pa-
tients gave written informed consent for retention and analysis of their serum for research pur-
poses according to local Institutional Review Board (IRB)-approved protocols (approval no.
EK-255/06 of the medical faculty at Bonn University, EK-3937 and EK-4514 of the medical fac-
ulty at Erlangen University). Blood from all patients was drawn immediately or up to 2 days
after diagnosis and before starting any cancer-specific treatment. After clotting of blood sam-
ples (7.5 ml per patient) obtained by venipuncture, specimens were centrifuged at 1,500 g for
10 minutes at room temperature. Isolated serum (3-4 ml) was aliquoted (1.5 ml) and stored at
-80°C until use. Clinicopathologic variables of the breast cancer patients are summarised in the
supplements (S3 and S4 Tables).

TCGA patients’ data set

Raw IlluminaHiSeq expression data for AGR3 as well as the corresponding clinical data of the
breast cancer samples analysed (n = 997), were used from The Cancer Genome Atlas (TCGA)
[34]. Using sample IDs (see S5 Table), the AGR3 expression data of breast cancer specimens
can be downloaded at the cBio Cancer Genomics Portal (http://www.cbioportal.org) [35],
whereas the corresponding clinical data are available at The Cancer Genome Atlas Data Portal
(https://tcga-data.nci.nih.gov/tcga/tcgaDownload.jsp).
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RNA extraction and reverse transcription PCR

Total RNA from cryoconserved tissues (20mm” each) was isolated using the standard proce-
dure for TRIzol (Invitrogen, Carlsbad, CA, USA) RNA extraction. Extracted RNA was quanti-
fied using the NanoDrop ND1000 spectrophotometer (Thermo Scientific, Waltham, MA,
USA). The A260nm/A280nm ratio was generally between 1.9 and 2.0. Subsequently, cDNA
was synthesised using 1pg of total RNA and the reverse transcription system (Promega,
Madison, W1, USA) according to the manufacturer’s instructions. Briefly, after heat denaturing
of RNA (in 8.9ul RNase-free water) for 10min at 70°C, 11.1pl of a mix containing 15U of AMV
reverse transcriptase, 20U RNase inhibitor and each 0.5ug of both oligo(dT),s and random
primers was added to the RNA and the reaction tube was subsequently incubated for 10min at
RT, followed by the synthesis step for 15min at 42°C. After cDNA synthesis, enzyme was heat
inactivated by incubation for 5min at 95°C. cDNA was stored at -20°C until use.

Semi-quantitative real-time PCR

cDNAs were amplified by semi-quantitative real-time PCR using SYBR-Green PCR mix (Bio-
Rad Laboratories, Miinchen, Germany) and the iCycler IQ5 (Bio-Rad Laboratories) as de-
scribed previously [36]. Gene-specific primer sets for AGR3 and the reference gene GAPDH
spanning at least one intron were designed by using Primer3web software (version 4.0.0).
Primers for AGR3 targeting all protein-coding splice variants did not amplify the homologous
gene AGR2. All reactions were performed in triplicates including negative controls without
cDNA. Specificity of amplification products was confirmed by size estimation on agarose gels
and melt curve analysis. Obtained data were analysed using the comparative Ct (threshold
cycle) method. Complete reaction conditions, primer sequences and lengths of amplicons are
listed in S6 Table.

Western blotting

Each 100ng of recombinant human AGR2 and AGR3 protein (Biorbyt, Cambridge, UK) was
diluted 1:2 in 2x NuPAGE LDS Sample Buffer (Invitrogen, Carlsbad, CA, USA) supplemented
with 5% dithiothreitol and heat denatured (5min, 95°C). For separation protein was loaded on
4-12% gradient gels (NuPAGE; Invitrogen) and then transferred onto 0.2um PVDF mem-
branes (Whatman, Dassel, Germany) (1h, 100V) for immunodetection. Blots were blocked in
TRIS-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) and 5% non-fat dry milk
(Merck, Darmstadt, Germany) overnight at 4°C. Blocked blots were probed with mouse mono-
clonal anti-AGR3-antibody (ab82400, Abcam, Cambridge, UK), diluted 1:500 in blocking solu-
tion, for 1h at room temperature. After washing (TBS + 0.05% Tween-20), blots were
incubated with rabbit anti-mouse (DAKO, Glostrup, Denmark) secondary peroxidase-conju-
gated antibody, diluted 1:4000 in blocking solution, for 1h at room temperature. After washing
(TBS + 0.05% Tween-20), antibody detection was accomplished with Pierce ECL Western blot-
ting Substrate (Thermo Scientific, Rockford, USA). Original uncropped blot is depicted in the
supplements (S1 Fig.).

Immunohistochemistry

Immunohistochemical analysis was carried out according to the manufacturer’s instructions
(DAKO 5001; DAKO, Glostrup, Denmark). Heat-induced epitope retrieval was performed in
10mM citrate buffer (pH 6.0) for 10 minutes using a pressure cooker. FFPE sections (3um)
were incubated for 45 minutes with mouse monoclonal anti-AGR3-antibody (1:1000; ab82400,
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Abcam, Cambridge, UK). AGR3 protein staining was quantified by a pathologist using an
adapted immunoreactive scoring system (IRS) according to Remmele and Stegner [30].

Sandwich Enzyme-Linked Immunosorbent Assay (ELISA)

AGR2 and AGR3 protein serum concentrations were quantitatively assessed by commercially
available ELISA kits for AGR2 (E92285Hu, USCN Life Science Inc., Wuhan, China) and AGR3
(Cusabio Biotech, Wuhan, China). Final AGR2 and AGR3 serum concentrations were obtained
based on the dilution of samples which corresponded to the linear portion of the standard
curve. In order to eliminate plate bias, the location of cancer and control serum samples on the
ELISA plate was randomised. Both ELISA assays were performed according to the manufactur-
er’s instructions.

Statistical analysis

For statistical analyses SPSS 17.0 (SPSS, Chicago, IL, USA) and GraphPad Prism 5.0 (Graph-
Pad Software, La Jolla, CA, USA) were applied. Differences were considered significant if the
two-sided P values were < 0.05. To compare two groups the non-parametric Mann-Whitney
U-test and for comparison of more than two groups the Kruskal-Wallis test was used. The
Fisher’s exact test was performed in order to correlate clinico-pathological parameters with
AGR3 mRNA or protein expression. Receiver operating characteristic (ROC) curves were cal-
culated to evaluate the diagnostic performance of AGR2, AGR3 and the combination of both.
In order to determine the prognostic value of AGR3, univariate Kaplan-Meier survival analysis
was performed. To test for an independent prognostic value of AGR3 protein expression, mul-
tivariate Cox regression analysis was carried out including only those prognostic factors in the
multivariate model that showed statistical significance in univariate log-rank tests.

Results

AGR3 mRNA expression is increased in G1/G2 grade and luminal breast
tumours compared to normal tissue controls

Though up-regulation of AGR3 expression has recently been shown in breast cancer [21,25],
its potential usability as a biomarker in this disease has remained elusive. To assess AGR3 ex-
pression data we initially performed a semi-quantitative AGR3 mRNA expression analysis of
62 breast cancer samples and 13 normal breast tissues. For cohort characteristics of analysed
samples see S1 Table. We verified the increased AGR3 expression in breast tumour samples
compared to normal tissues (median fold change (FC): 2.3) (Fig. 1A). Classifying tumour sam-
ples by subtypes, i.e. “luminal”, “HER2-enriched” and “triple-negative breast cancer (TNBC)”
[37], based on immunohistochemistry (IHC) and fluorescence in situ hybridisation (FISH)
data for oestrogen receptor (ER), progesterone receptor (PR) and human epidermal growth
factor receptor 2 (HER2), revealed a significant (P < 0.05) up-regulation of AGR3 mRNA ex-
pression in luminal breast tumours (Fig. 1B). The association between the luminal subtype and
AGR3 mRNA expression up-regulation was confirmed by Fisher’s exact test that showed a
highly significant positive correlation of both a positive ER and PR status with AGR3 mRNA
expression (P < 0.001; S7 Table). In contrast, a reduced expression in HER2-enriched and
TNBC tumours was observed compared to normal controls (Fig. 1B). Furthermore, AGR3
mRNA expression was significantly up-regulated (P < 0.05) in low (G1) and intermediate (G2)
grade tumours compared to normal breast tissues, but not in high grade (G3) breast cancer
cases (Fig. 1C). This association between AGR3 mRNA expression and the tumour grades G1
and G2 was further corroborated performing Fisher’s exact test (P < 0.01; S7 Table).
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Fig 1. Up-regulation of AGR3 mRNA expression in G1/G2 grade and luminal breast carcinomas. (A) Real-time PCR-based AGR3 mRNA expression
analysis of 62 breast tumour samples compared to 13 healthy breast tissue samples. Vertical lines: + standard error of margin (SEM). (B and C) Box plots of
the samples shown in A demonstrating a significant association of AGR3 mRNA expression up-regulation with the IHC-defined luminal breast cancer
subtype and lower grading (G1/G2). (D) In silico AGR3 mRNA expression analysis of 516 PAM50-defined breast tumour samples depicted as heat map
including normal breast tissues (left), and box plot (right). Red colour: high, black: intermediate, green: low AGR3 mRNA expression. Horizontal lines:
grouped medians. Boxes: 25—-75% quartiles. Vertical lines: range, minimum and maximum. TNBC: triple negative breast cancer; ns: not significant, *

P <0.05, ** P <0.01, *** P < 0.001.

doi:10.1371/journal.pone.0122106.g001

To evaluate the significance of our data, we analysed AGR3 expression in a large dataset of
an independent study. Using data of 516 breast cancer patients available at The Cancer Genome
Atlas (TCGA) [34] we found pronounced AGR3 mRNA expression in both PAM50 [38] lumi-
nal subtypes, i.e. luminal A and B tumours, with a slightly stronger expression in luminal A
carcinomas (Fig. 1D). In turn, a significantly lower expression (median FC compared to
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luminal subtype: 770) was observed in PAM50 basal-like breast tumours (for both P < 0.001),
thus confirming the results obtained in our data set (Fig. 1D).

AGRS3 protein over-expression in human breast tumours

Next, we analysed AGR3 expression on protein level. We conducted an immunohistochemical
analysis for AGR3 using a tissue microarray consisting of 39 normal breast tissues and 190
breast tumours (see S2 Table for cohort characteristics). To verify the antibody’s specificity for
AGR3 and to exclude cross-reactivity with the homologous protein AGR2, we performed a
Western blot experiment using recombinant AGR2 and AGR3 protein. The antibody showed
excellent specificity for AGR3 and no cross-reactivity with AGR2 (Fig. 2A). AGR3 protein
staining was quantified according to an adapted immunoreactive score (IRS) developed by
Remmele and Stegner (1987) [30]. AGR3 was predominantly expressed in the cytoplasm of
breast tumour cells whereas only sporadic expression in single cells of the healthy breast epithe-
lium was noticed (Fig. 2B-E). In concordance with our AGR3 mRNA data abundant AGR3
protein expression was found in tumours of luminal subtype (Fig. 2C) whereas only weak or
absent AGR3 protein staining was observed in TNBC tumours (Fig. 2D and E). Statistically
quantifying AGR3 protein expression we observed a significant over-expression (P < 0.05) of
AGR3 in tumour samples compared with normal breast tissues (Fig. 2F). AGR3 protein expres-
sion levels of both luminal and TNBC cases were significantly different (P < 0.001 and

P < 0.05) from that determined in normal breast tissues, again being in line with our AGR3
mRNA expression data. No significant differential AGR3 protein expression was observed be-
tween normal breast tissues and the HER2-enriched breast carcinomas. Furthermore, a highly
significant (P < 0.001) over-expression of AGR3 protein in G1 and G2 breast tumours com-
pared to normal breast tissues (Fig. 2G) was detectable as well. The correlation between AGR3
protein expression with both, the luminal subtype and the histological grades G1 and G2 was
finally supported by Fisher’s exact test (S8 Table).

AGRS3 protein expression predicts unfavourable tumour-specific survival
in low and intermediate grade tumours

So far, the prognostic impact of AGR3 has not yet been investigated in breast cancer. Therefore,
we analysed the impact of AGR3 protein expression on patients’ outcome in 190 breast cancer
samples (see S2 Table). Considering all tumours, there was no significant association between
AGR3 expression and patient tumour-specific survival (Fig. 3A). After subgrouping our cohort,
we found that AGR3 has a significant (P < 0.05) prognostic impact in the low (G1) and inter-
mediate (G2) grade tumours (Fig. 3B and Table 1), but not in the group of high grade (G3)
cases (Fig. 3C). Patients with low and intermediate grade tumours showing high AGR3 expres-
sion had an unfavourable outcome (mean tumour-specific survival: 142.5 months + 9.6; 95%
CI: 123.8-161.2) compared to those with low AGR3 expression (mean tumour-specific surviv-
al: 181.7 months + 10.1; 95% CI: 162.0-201.4). To validate whether the significance of the rela-
tionship between AGR3 expression and patient survival is independent of other tumour
variables, we performed Cox’s multivariate analysis including only those variables that showed
significance in univariate analysis (Table 2). The Cox regression model confirmed AGR3 to be
a putative independent marker of unfavourable prognosis in low and intermediate grade breast
tumours (multivariate hazard ratio: 2.186, 95% CI: 1.008-4.740, P < 0.05).
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Fig 2. Up-regulation of AGR3 protein in G1/G2 grade and luminal breast cancer. (A) Western blot
detection of human recombinant AGR3 (rAGR3, 100ng) but not recombinant AGR2 (rAGR2, 100ng) by
monoclonal AGR3 antibody used for IHC analysis. (B) Cytoplasmic staining of AGR3 in isolated cells of the
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normal breast epithelium. (C) Strong cytoplasmic AGR3 protein expression in epithelial cancer cells of an
IHC-defined luminal breast tumour. (D) Absent and (E) weak cytoplasmic AGR3 expression in two different
triple negative breast tumours. (F) Box plot analysis demonstrating a significant up-regulation of AGR3 in all
tumours (n = 190) and the luminal subtype (n = 113), but a significant reduction of expression in the triple
negative breast cancer cases (TNBC, n = 23) compared to normal breast tissues (n = 39). (G) Box plot
analysis showing a highly significant up-regulation of AGR3 in G1 and G2 breast tumours (n = 104) compared
to normal controls (n = 39). Horizontal lines: grouped medians. Boxes: 25-75% quartiles. Vertical lines:
range, minimum and maximum. Ns: not significant, * P < 0.05, *** P < 0.001. IRS: immunoreactive score.

doi:10.1371/journal.pone.0122106.9002

Analysing AGR3 and AGR2 as potential blood-based biomarkers for
breast cancer detection

In light of the given over-expression of AGR3 in breast tumours associated with a potential
prognostic impact, we subsequently assessed whether AGR3 protein concentration is increased
in human serum samples of breast cancer patients as well. We determined the AGR3 protein
level in an age-matched cohort of 40 serum pairs (i.e. 40 serum samples derived from breast
cancer patients and 40 sera derived from healthy donors) using a commercially available
ELISA kit. The majority of cancer sera was obtained from patients with low stage breast tu-
mours (see S3 Table for cohort characteristics). Indeed, we demonstrated a significantly in-
creased AGR3 serum concentration (P < 0.001, median FC: 3.0) in breast cancer serum
samples in comparison to control samples from healthy donors (Fig. 4A). By performing re-
ceiver operating characteristic (ROC) statistics we further aimed to determine the clinical per-
formance of AGR3 as a putative biomarker for breast cancer detection. Based on AGR3 protein
level in serum samples, we were able to discriminate between breast cancer patients and healthy
women with a sensitivity of 35% and a specificity of 92.5% (P < 0.01; AUC: 0.718 (95% CI,
0.606 to 0.830)) (Fig. 4B).

In order to increase the clinical sensitivity we focused on a further putative biomarker candi-
date, namely AGR2, that is the probable paralogue of AGR3 [21]. Meanwhile, AGR2 has been
described as a serum biomarker for ovarian [17], lung [23] and prostate cancer [24]. Despite its
strong up-regulation in breast cancer and probable secretion [20], its potential as a serum pro-
tein biomarker for breast cancer has not been investigated so far. Using a well-established
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Fig 3. Increased AGR3 protein expression is associated with reduced tumour-specific survival in G1 and G2 breast cancer patients. According to
the median AGR3 IRS of 6, the two groups “low AGR3” (IRS = 0—4) and “high AGR3” (IRS = 6—12) were dichotomised. Univariate Kaplan-Meier survival
curves displaying tumour-specific survival of patients with low AGR3 expression (grey line) in relation to high AGR3 expression (black line) in (A) all, (B) low
and intermediate (G1 and G2) and (C) high-grade (G3) breast cancer cases.

doi:10.1371/journal.pone.0122106.9003
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Table 1. Univariate analysis of clinico-pathological parameters influencing tumour-specific survival
in the group of grade® 1 and 2 breast tumours.

Parameter Tumour-specific survival

n events P-value®

AGR3 protein expression®

AGR3™" 40 9

AGR3"a" 64 31 0.02
Age at diagnosis

<54,5 years 52 I8

>54.5 years 52 27 0.002
Tumour size®

pT1 44 8

pT2-4 59 31 <0.001
Lymph node status®

pNO 53 14

pN1-3 47 22 0.016
Histological type

invasive ductal 92 35

invasive lobular 5 3 0.165

Oestrogen receptor status

negative (IRS® 0-2) 15 6

positive (IRS® 3-12) 59 21 0.636
Progesterone receptor status

negative (IRS® 0-2) 45 20

positive (IRS® 3-12) 39 12 0.108
HER2 status'

negative (0; 1+4; 2+) 75 31

positive (3+) 12 2 0.270

@According to Bloom and Richardson, as modified by Elston and Ellis [32].

PLog-rank test at the two-sided significance level of 0.05.

°Median immunoreactive score (IRS) according to Remmele and Stegner [30] was used as cut-off: AGR3
low (IRS 0-4), AGRS high (IRS 6-12).

9According to TNM classification by Sobin and Wittekind [58].

°lmmunoreactive score (IRS) according to Remmele and Stegner [30].

fOverexpression of the ERBB2 gene (Her-2/neu) was diagnosed analogously to the threshold of the
DAKO-Score system based on IHC assay. Significant P-values are marked in bold face.

doi:10.1371/journal.pone.0122106.t001

ELISA assay [24,39], we measured the AGR2 concentration in an age-matched cohort of 40
serum pairs, slightly differing in composition from that used for AGR3 screening (S4 Table).
We revealed a highly significant elevation (P < 0.001, median FC: 2.2) of AGR2 protein level in
breast cancer sera compared to controls (Fig. 4C). Next, we performed receiver operating char-
acteristic (ROC) curve analysis for AGR2 and the combination of both proteins, i.e. AGR2 and
AGR3 as a biomarker duplet. Based on AGR2, a sensitivity of 32.5% and a specificity of 90%
was achieved (P < 0.001; AUC, 0.841 (95% CI, 0.745 to 0.936)) (Fig. 4D). Importantly, a com-
bined AGR3 and AGR2 biomarker evaluation led to an increased sensitivity value of 64.5%,
maintaining in parallel a high specificity of 89.5% (AUC, 0.827 (95% CI, 0.693 to 0.962))

(Fig. 4E).

PLOS ONE | DOI:10.1371/journal.pone.0122106  April 15,2015 10/18



@ PLOS | oxe

Clinical Impact of AGR3 in Breast Cancer

Table 2. Multivariate Cox regression analysis including all factors potentially influencing tumour-spe-
cific survival in grade® 1 and 2 breast cancer samples.

Variable HR P-value 95%CI

lower upper
AGRS3 protein expression®
AGR3™" 1.000
AGR3"9" 2.186 0.048 1.008 4.740
Tumour size®
pTH1 1.000
pT2-4 3.453 0.005 1.455 8.194
Lymph node status®
pNO 1.000
pN1-3 1.879 0.087 0.912 3.869
Age at diagnosis
<54.5 years 1.000
>54.5 years 2.481 0.011 1.231 4.999

8According to Bloom and Richardson, as modified by Elston and Ellis [32].

PMedian immunoreactive score (IRS) according to Remmele and Stegner [30] was used as cut-off: AGR3
low (IRS 0—4), AGRS high (IRS 6-12).

®According to TNM classification by Sobin and Wittekind [58]. Significant P-values are marked in bold face.
HR, hazard ratio; Cl, confidence interval.

doi:10.1371/journal.pone.0122106.t002

Discussion

The multidisciplinary EU-funded MicroBioMed project aims at developing a cost-effective,
sensitive and specific liquid biopsy based chip system with possible applications in the comple-
mentation of screening mammography and disease monitoring. In the course of this study we
aimed to identify novel serum protein biomarker candidates with sufficient clinical specificity
and sensitivity that can be integrated into a lab-on-chip system.

Today, several lines of evidence suggest a potential role for AGR3, a member of the protein
disulfide isomerase (PDI)-related family of proteins [8], in breast carcinogenesis. AGR3 has re-
cently been described as up-regulated in breast cancer compared to normal breast tissues [25],
while the putative clinical impact of AGR3 over-expression in breast cancer as prognostic or di-
agnostic protein biomarker remains elusive. The current study is the first to analyse in depth
the AGR3 expression, as well as its potential clinical relevance in breast cancer. Initially, we
demonstrated a clear up-regulation of AGR3 expression in human breast carcinomas com-
pared to normal breast tissues on both mRNA and protein level. Interestingly, concerning the
distinct breast cancer subtypes, AGR3 expression was significantly higher in luminal breast
cancer compared with the triple negative breast cancer cases. Moreover, a correlation of AGR3
mRNA and protein expression with low and intermediate (G1 and G2) grade breast tumours
was identified. These data are in concordance with a recent study, proposing a positive correla-
tion of AGR3 with oestrogen receptor expression and lower tumour grade in a smaller breast
cancer sample collection [21].

This observation was furthermore underscored by analysing AGR3 mRNA expression
data of breast cancer samples of the TCGA platform [34]. In line, TCGA data analyses revealed
an increased AGR3 mRNA expression in luminal breast cancer compared with basal-like
tumours.
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Fig 4. Evaluation of the diagnostic performance of candidate serum biomarkers AGR3, AGR2 and their combination. Scatter plot demonstrating

a highly significant elevation of (A) AGR3 and (C) AGR2 protein concentration in human serum samples from breast cancer patients (n = 40) in

comparison with samples from healthy women (n = 40). ROC curve analysis for (B) AGR3, (D) AGR2 and (E) the combination of both proteins. ** P < 0.01,
*** P <0.001. ROC: receiver operating characteristic, AUC: area under the curve, 95% Cl: 95% confidence interval.

doi:10.1371/journal.pone.0122106.9004
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Moreover, we examined for the first time the putative prognostic relevance of AGR3 in
breast cancer. Univariate analysis demonstrated that patients with low and intermediate grade
tumours showing high AGR3 protein expression had a significantly reduced tumour-specific
survival compared to those with low AGR3 expression. The Cox regression model confirmed
AGRS3 to be a putative independent marker of unfavourable prognosis in G1 and G2 breast tu-
mours. So far, the only study having considered the putative prognostic value of AGR3 re-
ported the protein to be a biomarker of favourable prognosis in serous ovarian cancer [26].
However, a recent study by Gray et al. demonstrating the mediation of cisplatin resistance by
AGR3 over-expression in an H1299 cell line xenograft mouse model indicates tumour-promot-
ing properties of AGR3 [29]. Furthermore, our results are in line with recent findings for the
homologous protein AGR2 that is now discussed as being a prognostic factor of an adverse
prognosis in breast cancer [40,41]. In contrast to the well described pro-oncogenic factor
AGR?2 [42], functional studies for AGR3 are missing. Interestingly, AGR2 and AGR3 have both
been shown to interact with the protein C4.4A (LYPD3) [21], a factor implicated in tumour
progression [43]. In conclusion, our data propose a pro-oncogenic impact of AGR3 in breast
cancer, at least in well to moderately differentiated breast carcinomas.

Beside the potential prognostic relevance of AGR3 in G1 and G2 grade breast tumours,
AGR3 is also an attractive serum based biomarker candidate. Using a commercially available
ELISA we demonstrated for the first time a significantly increased AGR3 protein serum con-
centration in sera from breast cancer patients compared to samples from age-matched healthy
individuals. It is noteworthy that the majority of the analysed cancer sera were from low stage
breast cancer patients suggesting a potential utility of AGR3 for early detection of breast cancer.
To evaluate the diagnostic performance of AGR3 we performed ROC curve analysis resulting
in a high specificity of 92.5% and a sensitivity of 35%.

It is obvious that single protein biomarkers are not reliable to detect cancer with high accu-
racy. Instead, panels of biomarkers will be necessary to ensure early detection and monitoring
of malignant diseases with both high specificity and sensitivity [44]. Thus, we aimed to identify
a further novel biomarker candidate in breast cancer and focused on AGR2, the probable para-
logue of AGR3 previously described as up-regulated in breast cancer [19,20]. As already re-
ported for other ER-resident proteins in cancer [45], AGR2 protein concentration has also
been found increased in serum or plasma samples of ovarian, lung and prostate cancer patients
compared to healthy controls [17,22-24]. However, thus far the potential utility of AGR2 pro-
tein as a serum biomarker for breast cancer has not yet been investigated. Using a well-estab-
lished commercial ELISA for AGR2 [24,39], we detected significantly elevated AGR2 protein
levels in breast cancer sera in comparison to healthy controls. ROC curve analysis for AGR2 re-
vealed similar values for specificity (90%) and sensitivity (32.5%) as shown for AGR3. Impor-
tantly, the combined AGR3 and AGR2 performance led to an increased sensitivity value of
64.5%, maintaining in parallel a high specificity of 89.5%.

To date no recommendation was pronounced for any biomarker-based early breast cancer
screening test. So far, early diagnosis of breast cancer mainly relies on screening mammogra-
phy although its limitations especially in women with dense breast tissue are well-recognised
[3,46]. Inconclusive imaging often leads to further follow-up examinations, including invasive
biopsies, ending in additional distress for the patient and immense costs [47-49]. A combined
integration of the here identified putative serum biomarkers AGR2 and AGR3 into a microflui-
dic-based analysing platform may help to improve breast cancer detection, hence to discrimi-
nate between healthy and disease status. These point-of-care biosensor systems have emerged
as powerful tools for the diagnosis and monitoring of cancer and hold the promise to fulfil
high-throughput and high-precision screening with reduced costs [44]. Not unexpectedly,
there is a growing number of studies aiming at developing novel immunoassay-based biosensor
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platforms to detect cancer [50,51] contributing to novel approaches in the emerging field of lig-
uid biopsy. However, the clinical performance of such microfluidic systems closely depends on
used biomarkers which finally caused the limitations of the usability for early detection or
monitoring of cancer. Mostly, microfluidic systems have been applied to the isolation and de-
tection of circulating tumour cells (CTCs) that may be especially helpful in monitoring of dis-
ease recurrence and management of therapeutic strategies for patients with metastasised
malignancies using whole genome techniques such as Next Generation Sequencing (NGS) to
predict outcome or therapy response [52]. However, the impact of CTCs for early cancer detec-
tion is controversial. Although there are hints that CTCs can be found in the circulation of pa-
tients with low-stage disease [53], the incidence and count of CTCs seem to strongly depend
on tumour stage and metastasis [54]. Moreover, the heterogeneity of epithelial surface markers,
necessary to specifically isolate CTCs from blood, is complex and could be hampered by pro-
cesses such as the epithelial-to-mesenchymal transition (EMT) [55]. To avoid false-positive re-
sults due to contamination with normal blood or epithelial cells, phenotyping of isolated cells
by methods like immunostaining or genomic analysis is necessary. Furthermore, owing to low
CTC counts in the circulation of patients with low-stage disease and limited sensitivity of cur-
rent chip-devices, large volumes of blood samples are required [52]. In contrast to that, molec-
ular biomarkers such as free-circulating DNA [56] or soluble proteins [57] encoded by putative
oncogenes have a great potential to detect early disease stages and both the sensitivity and spec-
ificity of those biomarkers can be improved by developing a panel of single-biomarkers usable
for early cancer detection [56]. Owing to that, further validation steps using independent
serum collections have to be addressed in future studies to strengthen the robustness of our
identified AGR2/AGR3 biomarker duplet performance potentially completed by further bio-
marker candidates increasing the clinical sensitivity in the finally developed chip system.

In conclusion, our study suggests a putative prognostic impact of AGR3 in low (G1) and in-
termediate (G2) grade breast carcinomas. Moreover, we demonstrate that both proteins AGR3
and AGR?2 are detectable by ELISA technique at significantly elevated concentrations in sera
from breast cancer patients compared with age-matched serum samples from healthy women.
Hence, our findings clearly show for the first time the potential usability of AGR3 and AGR2
as biomarkers for non-invasive early detection of human breast cancer.
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