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Abstract

A high percentage of oesophageal adenocarcinomas show an aggressive clinical behaviour with a significant resistance to
chemotherapy. Heat-shock proteins (HSPs) and glucose-regulated proteins (GRPs) are molecular chaperones that play an
important role in tumour biology. Recently, novel therapeutic approaches targeting HSP90/GRP94 have been introduced for
treating cancer. We performed a comprehensive investigation of HSP and GRP expression including HSP27, phosphorylated
(p)-HSP27(Ser15), p-HSP27(Ser78), p-HSP27(Ser82), HSP60, HSP70, HSP90, GRP78 and GRP94 in 92 primary resected oesophageal
adenocarcinomas by using reverse phase protein arrays (RPPA), immunohistochemistry (IHC) and real-time quantitative RT-
PCR (qPCR). Results were correlated with pathologic features and survival. HSP/GRP protein and mRNA expression was
detected in all tumours at various levels. Unsupervised hierarchical clustering showed two distinct groups of tumours with
specific protein expression patterns: The hallmark of the first group was a high expression of p-HSP27(Ser15, Ser78, Ser82) and
low expression of GRP78, GRP94 and HSP60. The second group showed the inverse pattern with low p-HSP27 and high
GRP78, GRP94 and HSP60 expression. The clinical outcome for patients from the first group was significantly improved
compared to patients from the second group, both in univariate analysis (p = 0.015) and multivariate analysis (p = 0.029).
Interestingly, these two groups could not be distinguished by immunohistochemistry or qPCR analysis. In summary, two
distinct and prognostic relevant HSP/GRP protein expression patterns in adenocarcinomas of the oesophagus were
detected by RPPA. Our approach may be helpful for identifying candidates for specific HSP/GRP-targeted therapies.
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Introduction

Oesophageal adenocarcinoma arising from precancerous Bar-

rett’s Metaplasia (Barrett’s Carcinoma) is a very aggressive tumour

and is often diagnosed only at an advanced stage. Despite

advances in surgery and the introduction of neoadjuvant treatment

of locally advanced carcinomas, the prognosis for invasive

oesophageal adenocarcinoma is poor, with a five-year survival

rate of less than 50% [1,2]. This may also be due to the

considerable rate of chemotherapy resistance in these tumours [3–

6]. For that reason, it is of major importance to develop

individualised therapeutic concepts and alternative therapeutic

strategies beyond conventional chemotherapeutic or surgical

treatment to improve the current treatment of patients with this

disease.

Although there is increasing knowledge about the molecular

background of this disease [7], to date, no valid biomarkers have

been identified to predict prognosis or chemotherapy response.

Previously, we showed that the regulation and expression of

several molecular chaperones such as heat-shock proteins (HSPs)

and glucose-regulated proteins (GRPs) may have an important

impact on the tumour biology of oesophageal adenocarcinomas

with respect to prognosis and chemotherapy response [8,9].

Moreover, novel therapeutic approaches targeting HSPs and

GRPs have been studied in preclinical models and in part

introduced for cancer treatment [10–14]. However most data

about HSP and GRP expression have been generated from

smaller sample collections and/or focussed on selected proteins.

Given the complexity of regulation of molecular chaperones it is

likely that the biological behaviour of tumours may be influenced

by the interaction and crosstalk between these molecules rather
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than by alterations of one single protein. In view of the presumed

prognostic significance of HSPs and GRPs, we now performed a

comprehensive expression analysis of the heat-shock proteins

HSP60, HSP70, HSP90 and HSP27 (including its phosphorylated

forms p-HSP27(Ser15), p-HSP27(Ser78), p-HSP27(Ser82)) and the

glucose-regulated proteins GRP 94 and GRP78 in a well-

characterized collection of primary resected oesophageal adeno-

carcinomas from patients who received neither neo-adjuvant nor

adjuvant treatments. We analysed the expression of these proteins

using reverse phase protein array (RPPA) technology, which also

allows quantitative analysis of protein expression from formalin-

fixed, paraffin-embedded (FFPE) tissue [15,16]. Additionally,

immunohistochemistry and real-time quantitative RT-PCR

(qPCR) were carried out. The results of the expression studies

were correlated with pathological features and patients’ clinical

outcome.

Materials and Methods

Ethics Statement
All patients gave informed written consent, and the study was

approved by the Ethics Committee of the Technische Universität

München, Munich, Germany (#2056/08).

Patient Characteristics and Tissue Samples
Formalin-fixed, paraffin-embedded (FFPE) tumour samples

from 92 patients with oesophageal adenocarcinomas, who were

treated between 1991 and 2006 in the department of surgery of

the Klinikum Rechts der Isar der Technischen Universität

München, Germany, were investigated. Primary resection of the

tumours was conducted by trans-thoracic or trans-hiatal oesoph-

agectomy without (neo-)adjuvant chemotherapy or radioche-

motherapy. The resection specimens were processed immediately

after surgery i.e. they were opened by a pathologist and fixed in

4.5% buffered formalin for 24–48 hours. Patient and tumour

characteristics are given in Table 1. The median age of the

patients was 62 (range 33–82). Of the 92 patients included in this

study, 51 patients died of disease, with a median overall survival

(OS) of 33.2 months (95% CI = 17.9–48.5) and a median disease-

free survival (DFS) of 31 months (95% CI = 22.7–39.3).

Protein Extraction and Antibodies
Protein extraction was performed as previously described [16].

Briefly, FFPE tumour tissue from three 10 mm sections was

deparaffinized (xylene for two times 10 min) and rehydrated

(100%/90%/70% ethanol for five min each). The tumour tissue

was microdissected, and approximately 0.5 cm2 tissue from three

10 mm-thick sections was processed in 100 ml of extraction buffer

(EXB Plus, Qiagen GmbH, Hilden, Germany). Haemorrhagic or

necrotic areas were excluded to obtain a percentage of tumour

tissue of at least 80%. Protein concentrations were determined

using the Bradford protein assay according to the manufacturer’s

instructions (BioRad, Hercules, CA). Randomly selected lysates

were probed for b-actin by Western blot to verify the success of the

protein extraction and the suitability of the material for RPPA

analysis. All protein lysates that were analysed showed a clear b-

actin band by Western blot. Before performing RPPA for HSP/

GRP expression analysis, all antibodies were validated by Western

blot using proteins extracted from formalin-fixed tissues. A

detailed list of the antibodies used is given in Table 2.

Reverse Phase Protein Arrays (RPPA)
RPPAs were generated using the Calligrapher MiniArrayer

(BioRad, Hercules, CA) in accordance with the manufacturer’s

instructions [17,18]. For every lysate and every dilution (undiluted,

1:2, 1:4, 1:8, 1:16, buffer), three replicates were applied to a

nitrocellulose-coated glass slide (Grace Bio-Labs, Bend, OR) to

obtain a total of 18 data points per sample. Peroxidase blocking

was performed in accordance with the manufacturer’s instructions

(Dako, Glostrup, Denmark). Immunodetection was performed

similar to a Western blot, as previously described [19]. For the

estimation of the total protein amount, arrays were stained in

parallel with Sypro Ruby Protein Blot Stain (Molecular Probes,

Eugene, OR) in accordance with the manufacturer’s instructions.

Quantitative Protein Analysis
The TIFF images for the antibody-stained slides and Sypro

Ruby-stained slides were analysed with MicroVigene 3.5.0.0

software (VigeneTech, Carlisle, MA). The MicroVigene signal-

intensity points (MVS) were calculated by the integral of a logistic

four-point fit model, which was matched optimally to the 18 data

points that were obtained.

Immunohistochemistry
Immunohistochemical staining was performed using tissue

microarrays, which were constructed for the purpose of this study

and contained samples from all 92 tumours. Antigen retrieval was

performed in accordance with the manufacturer’s recommenda-

tions. After deparaffination and rehydration, heat-induced antigen

Table 1. Clinico-pathologic characteristics of the patients.

Factor Number of patients %

92

Gender

Male 78 84.8

female 15 16.3

UICC pT catergory

pT1 30 32.6

pT2 21 22.8

pT3 41 44.6

UICC pN category

pN0 46 50

pN1/2 46 50

Metastases

cM0 84 91.3

cM1 8 8.7

Tumour grading

G1 2 2.2

G2 39 42.4

G3 51 55.4

Resection status

R0 76 82.6

R1 16 17.4

Survival

alive 41 44.6

dead of disease 51 55.4

pT: tumour status as determined in pathology; pN: lymph node status as
determined in pathology; cM: occurrence of distant metastases as determined
by attending physician, cM0: no distant metastases, cM1: distant metastases
present.
doi:10.1371/journal.pone.0041420.t001

Analysis of HSPs and GRPs in Barrett’s Cancer
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retrieval was performed using 10 mM citrate buffer, pH 6.

Subsequent to H2O2 blocking using 3% H2O2 in aqua dest. and

Avidin Biotin blocking (Avidin/Biotin blocking kit; Vector

Laboratories, Inc., Burlingame, CA, USA), the sections were

incubated with antibodies for HSPs, followed by a secondary

biotinylated antibody. Immunodetection was performed using the

Dako REALTM Detection system Peroxidase/DAB + kit (DAKO,

Glostrup, DK). A detailed list of the antibodies and the dilutions is

presented in Table 2.

The evaluation of immunohistochemical staining was per-

formed at least by three independent observers (KB, JSH, ED).

Differences were discussed at a double-header microscope to gain

a final consensus. The expression was assessed based on the

intensity of cytoplasmatic immunostaining and the percentage of

stained tumour cells. The intensity was scored as 0 (negative), 1

(weak staining), 2 (moderate staining) or 3 (strong staining). The

percentage of positive tumour cells was scored as 0 (none), 1

(,10%), 2 (10–50%), 3 (51–80%) or 4 (.80%). Multiplication of

the scores for intensity and percentage resulted in a semiquanti-

tative immunoreactive score ranging from 0 to 12. Examples of

immunohistochemical staining are shown in the File S1. For

GRP94 and GRP78, the staining results from a previously

published study were used [20].

Real-Time Quantitative RT-PCR (qPCR)
Microdissection, RNA extraction and cDNA synthesis were

performed as described previously with minor modifications [21].

After tissue preparation, as described above, the microdissected

tumour tissue was transferred into a sterile 1.5-ml tube containing

RNA lysis buffer. Lysis was carried out at 60uC for 24 hours until

the tissue was completely solubilised. RNA was purified by phenol

and chloroform extraction followed by precipitation with an equal

volume of isopropanol in the presence of 20 ml of 2 mol/L sodium

acetate (pH 4.0) and 2 ml of 10 mg/ml glycogen at 220uC. The

RNA pellet was washed once in 70% ethanol, dried and

resuspended in 20 ml of RNase-free water. One microgram of

RNA was transcribed into cDNA using Superscript II reverse

transcriptase (Invitrogen) and 250 ng of random hexamers (Roche

Diagnostics, Penzberg, Germany) in accordance with the manu-

facturer’s recommendations, in a final volume of 20 ml. Gene

expression was quantified using RealTime ready single assays

(Roche Diagnostics) for the target genes GRP94 (ID 100489),

HSP27 (ID 100497), HSP70 (ID 110730), GRP78 (ID 110805),

HSP90 (ID 138013) and HSP60 (ID 137175), and the housekeep-

ing genes PPIA (ID 102088), ALAS1 (ID 102108) and ACTB (ID

101125). Housekeeping genes were selected in a previous study

using the RealTime ready Reference Gene Panel (Roche

Diagnostics), which contains 19 different reference genes to

facilitate the identification of the most suitable genes from eight

different carcinoma samples. Using the GeNorm software, the

reference genes PPIA, ALAS1 and ACTB were shown to be most

stably expressed in all tissues analysed. qPCR was performed in

triplicate with the LightCycler 480 Instrument using LightCycler

480 Probes Master (Roche Diagnostics) and 10 ng of cDNA per

well. Thermal cycler conditions comprised 45 cycles at 95uC for

10 s, 60uC for 30 s, and 72uC for 1 s. Relative mRNA expression

was calculated by the DDCt method using the LightCycler 480

Software with an efficiency-corrected algorithm with standard

curves and triple normalization to PPIA, ALAS1 and ACTB as

reference genes.

Statistical Analysis
Unsupervised hierarchical clustering was performed using

Cluster and TreeView software. Following log transformation

and centre to median calculations, average hierarchical clustering

was performed using the Spearman rank correlation [22]. SPSS

statistical software (IBM SPSS statistics 19) was used for additional

statistical analysis. Associations between groups of patients were

given in cross tabs and differences were determined using the x2-

test. Comparisons between groups were performed using non-

parametric tests (Mann-Whitney U test; Kruskal Wallis test,

Spearman rank correlation). Survival was calculated from the day

of surgery. Patients with incomplete tumour resection (R1), the

presence of distant metastases (cM1) at the time of surgery, or

death within the first 30 days after surgery were excluded from the

survival analysis that was performed using Kaplan-Meier esti-

mates, log-rank tests and Cox’s proportional hazards regression

analysis. All tests were two-sided, and the significance level was set

at five %.

Results

Quantitative Protein Expression of HSPs and GRPs by
RPPA

RPPA analysis could be carried out for 87 tumour samples; for

five cases, there was not enough material for RPPA. Represen-

tative RPPA results for the unphosphorylated and the phosphor-

ylated forms of HSP27 are given in Figure 1. Median quantitative

Table 2. Antibodies used for immunohistochemistry (IHC) and for Western blot (WB)/RPPA analysis.

IHC WB/RPPA

Protein Antibody Distributor Dilution

HSP27 #2402 Cell signalling, Danvers, USA 1:250 1:1000

Phospho-HSP(Ser15) #ab39399 Abcam, Cambridge, UK 1:500 1:1000

Phospho-HSP(Ser78) #2405 Cell signalling, Danvers, USA 1:500 1:1000

Phospho-HSP(Ser82) #2401 Cell signalling, Danvers, USA 1:100 1:1000

HSP60 #ab46798 Abcam, Cambridge, UK 1:2000 1:2000

HSP70 #ab17850 Abcam, Cambridge, UK 1:1 1:50

HSP90 #ab1429 Abcam, Cambridge, UK 1:100 1:200

GRP78 #ab32618 Abcam, Cambridge, UK 1:1000 1:1000

GRP94 #sc1794 Santa Cruz Biotechnology Inc., CA, USA 1:5000 1:500

doi:10.1371/journal.pone.0041420.t002

Analysis of HSPs and GRPs in Barrett’s Cancer
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protein expression (protein/SyproRuby*1000) was as follows:

HSP27:725 (range 0–6127), p-HSP27(Ser15):788 (range 185–

3246), p-HSP27(Ser78): 850 (range 215–3671), p-HSP27(Ser82):

793 (range 0–4307), HSP60:866 (range 112–3232), HSP70:744

(range 151–5292), HSP90:796 (range 206–3130), GRP94:818

range (0–4222) and GRP78:857 (range 174–3240). We first

analysed the expression levels of single proteins, and found no

correlation between any of the HSPs or GRPs and pathologic

parameters (UICC pTNM classification, tumour differentiation)

(File S2). Moreover, survival analysis for the single markers

revealed no significant association of any protein with overall or

disease-free survival, except for a trend in association between very

high p-HSP27(Ser15) levels (4th quartile) and better overall and

disease-free survival (p = 0.073 and p = 0.11, respectively).

We next performed unsupervised hierarchical clustering to

generate a tumour-specific protein expression pattern (Figure 2A).

Two clusters (Clusters A and B) of the 87 patients analysed could

be distinguished by their protein expression patterns: Cluster A

(n = 34) consisted of carcinomas that showed a high abundance of

HSP 27 and its phosphorylated forms (abbreviated p-HSP27) and

low expression of GRP78, GRP94, HSP60, HSP70 and HSP90.

Cluster B (n = 53) consisted of carcinomas with the inverse

expression pattern (low (p-)HSP 27 and high GRP78, GRP94,

HSP60, HSP70 and HSP90 expression) (Figure 2B).

To further assess the relevance of the specific HSP and GRP

protein expression patterns identified, we compared the patholog-

ical features and the clinical outcome of the different patient

groups. Patients from Cluster B were more likely to have lymph

node metastases, although this difference was not statistically

Figure 1. Illustration of Reverse Phase Protein Arrays (RPPA). As an example to illustrate the concept of RPPA, the results of four arrays
probed with antibodies against HSP27 and its phosphorylated forms (Ser78, Ser82, Ser15) are shown. Tumour samples on the arrays which were not
included in the study are marked with an ‘‘x’’. Additionally, Western blots for these four antibodies are shown, to demonstrate their reliability. These
images are shown for clarification; the signals must not be compared directly, as they are not normalised to the total protein content of the sample.
doi:10.1371/journal.pone.0041420.g001

Analysis of HSPs and GRPs in Barrett’s Cancer
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significant (p = 0.073). For the other factors (pT category, distant

metastases, and tumour differentiation), no correlation was found.

According to the criteria given above, survival analysis was

conducted for 82 patients. Interestingly, the survival analysis

showed a better prognosis for patients from Cluster A (n = 32)

compared to patients from Cluster B (n = 50), with a prolonged

overall survival (median OS 87 months; 95% CI = 59–114 months

vs. 28 months; 95% CI = 16–40 months; p = 0.015; Figure 3A)

and a significantly prolonged disease-free survival (median DFS

87 months; 95% CI = 30–143 months vs. 25 months; 95%

CI = 9–40 months; p = 0.010; Figure 3B). Other factors that

showed significant prognostic value in univariate analysis were:

UICC pT category (OS: p,0.001; DFS: p = 0.001), presence/

absence of lymph node metastases (SO and DFS: p,0.001),

Figure 2. Hierarchical cluster analysis of oesophageal adenocarcinomas according to the protein expression of HSP and GRP
measured by RPPA. Unsupervised hierarchical cluster analysis of 87 oesophageal adenocarcinomas based on the expression of HSP27, HSP60,
HSP70, HSP90, the phosphorylated forms of HSP27 (Ser78, Ser82, Ser15), GRP 78 and GRP94, as analysed by RPPA, identified two clusters (Clusters A
and B) with specific protein profiles (A). The hallmark of Cluster A is high expression of the phosphorylated HSP27 (p-HSP27) and the low expression
of HSP78, GRP94 and HSP60. The hallmark of Cluster B is the inverse of Cluster A. Cluster colour key: Red – up-regulated; green – down-regulated;
black – unchanged; grey – missing. Boxplots (B) illustrating the different protein expression levels assessed by RPPA analysis in tumours from Clusters
A and B, as identified by hierarchical cluster analysis.
doi:10.1371/journal.pone.0041420.g002

Analysis of HSPs and GRPs in Barrett’s Cancer
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presence/absence of distant metastases (OS and DFS: p = 0.001),

complete/incomplete tumour resection (OS: p = 0.001; DFS:

p = 0.002). Multivariate analysis including UICC pT and pN

category, tumour grading, and the clustered protein expression

pattern showed that protein expression was the best independent

prognostic indicator for overall (p = 0.029) and disease-free

survival (p = 0.012) besides lymph node status (p = 0.004 and

p = 0.010, respectively) (Tables 3 and 4).

Immunohistochemistry
Immunohistochemical staining intensities of tumours ranged

from negative (score 0) to very high (score 12) for HSP90 and from

negative to high (score 8) for HSP27, p-HSP27(Ser15), HSP60 and

HSP70. For p-HSP27(Ser78) and p-HSP27(Ser82), negative vs.

positive staining was assessed on the basis of single cells. Low

HSP60 IHC reactivity was observed in early tumours (pT1;

p = 0.009) and also in tumours without lymph node metastases

(p = 0.003). For the other markers, there were no associations

between pathologic parameters and IHC reactivity (see File S3).

There was no association between IHC staining patterns and

patient outcome.

Expression Analysis of HSP and GRP mRNA
Real-time quantitative RT-PCR analysis was performed for all

92 tumours. mRNA from the target genes was detectable at

various levels in cancer tissues from all patients analysed. The

relative median mRNA expression levels (ratio of target gene/

housekeeping genes *1000) were HSP27:60 (range 10–220),

HSP60:2530 (650–11430), HSP70:1210 (300–4510), HSP90:790

(220–5110), GRP78:491 (90–1660) and GRP94:1080 (440–3780).

A significantly elevated level of HSP27 mRNA expression was

found in advanced tumour stages (pT2/3) as compared to early

stages (pT1; p = 0.009). mRNA levels of HSP60, HSP70, HSP90,

GRP78 and GRP94 did not correlate with pathological features

(pT, pN, grade), as summarized in File S4. In the survival

analysis, high HSP27 mRNA levels were associated with better

overall survival (p = 0.022) in univariate analysis. For the other

markers, no significant association between gene expression and

prognosis was evident.

Correlation between RPPA Analysis, qPCR and
Immunohistochemistry

In general, there was no strong correlation between HSP/GRP

mRNA and protein expression levels, as measured either by RPPA

analysis or by immunohistochemistry (File S5). However, for

HSP90 and HSP60, a significant correlation was found between

mRNA expression levels and the immunohistochemical staining

intensity (p = 0.003, p = 0.02). For HSP27, a correlation was found

Figure 3. Survival analysis for oesophageal adenocarcinoma patients. Kaplan-Meier survival curves for 82 patients from Clusters A and B
with respect to overall survival (A) and disease-free survival (B). Patients who died within the first month after surgery (N = 5) were excluded from the
survival analysis.
doi:10.1371/journal.pone.0041420.g003

Table 3. Multivariate Cox regression analysis (Overall
survival).

Factor Exp 95% CI for Exp(B) p-value

min max

pTcategory 1.079 0.65 1.789 0.769

lymph node status 3.569 1.507 8.454 0.004

distant metastases 2.148 0.828 5.569 0.116

tumour grading 1.354 0.742 2.471 0.323

Resection status 1.542 0.652 3.648 0.324

Cluster A vs. B 2.247 1.087 4.645 0.029

Statistically significant p-values are marked in bold letters. pT-category: pT1 vs.
pT2 vs. pT3; lymph node status:absent vs. present; distant metastases: absent
vs. present; tumour grading: G1 vs. G2 vs. G3; resection status: R0 vs. R1/2.
doi:10.1371/journal.pone.0041420.t003
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between mRNA expression and protein expression level as

measured by RPPA analysis (p = 0.01). However, no direct

correlation was found between protein expression levels detected

by RPPA analysis and immunohistochemical staining results.

Thus, the two patient groups identified by quantitative protein

expression clustering (Clusters A and B) could not be distinguished

by either qPCR or immunohistochemistry.

Discussion

Heat-shock proteins (HSPs) and glucose-regulated proteins

(GRPs) are highly conserved molecular chaperones, which are

responsible for maintaining cellular integrity by promoting the

correct folding of newly translated or denatured proteins. HSPs

and GRPs are also referred to as stress proteins, because their

expression can be up-regulated by pathological conditions such as

acidosis, hypoxia or hyper- or hypothermia. HSPs and GRPs also

play an important role in the regulation of apoptosis [23,24]. In

recent years, knowledge about the association of HSPs and GRPs

with cancer and their important role in cancer biology has

increased. Molecular chaperones have been suggested to influence

tumour growth, differentiation and resistance to radio- and

chemotherapy treatment, and may have a major impact on the

final clinical outcome of patients with cancer [25–29]. For

example, overexpression of HSP27 was associated with a poor

clinical outcome in patients with rectal cancer [30]. Externaliza-

tion of HSP70 onto the cell membrane has been shown to be

tumour-specific in colon cancer cells and appears to correlate with

patient prognosis [31]. In oesophageal squamous cell cancer

patients, HSP70 autoantibodies were significantly increased in

patients’ sera so that HSP70 has been suggested as a diagnostic

marker [14]. Other studies have addressed the prognostic

significance of GRP 96 and HSP90 in oesophageal squamous cell

carcinomas [32–34].

Our group previously reported that in oesophageal adenocar-

cinomas, the expression of GRP78 and GRP94 varies depending

on the tumour stage, with high expression levels mostly occurring

either in very early or advanced stages, suggesting the complex

regulation of GRPs in response to different kinds of stresses [20].

In another study, proteomic analysis followed by IHC and

validation of gene expression level showed an association between

high HSP27 expression and response to neoadjuvant chemother-

apy in a collection of multimodal treated cases [8]. Most recently,

we demonstrated that tumours with low expression of phosphor-

ylated HSP27-family proteins and high expression of HER-family

proteins were characterized by an aggressive biological behaviour

[9]. These previous works focussed on selected heat shock proteins.

However, the complex regulation with interactions between the

various members of the HSP/GRP family are well documented

[35,36]. Therefore, identification of expression patterns of several

molecules may be superior over the analysis of single markers. In

order to comprehensively elucidate the role and the regulation of

HSPs and GRPs in oesophageal adenocarcinomas, we studied the

expression of HSP27, phosphorylated (p)-HSP27(Ser15), p-

HSP27(Ser78), p-HSP27(Ser82), HSP60, HSP70, HSP90, GRP78

and GRP94 in a well-characterized, homogenously treated

collection of patients with primary resected oesophageal adeno-

carcinomas. We incorporated some data for HSP27 and p-HSP27,

that have already been published by our group in the context of a

clustering analysis with proteins from signal transduction pathways

[9], but have not been presented as raw data and in combination

with other HSPs and with GRPs, which is provided in the present

paper. Here we show that a protein expression pattern of low p-

HSP27(Ser15, Ser78, Ser82) and high GRP78/GRP94/HSP60 in the

tumours was significantly associated with a poorer prognosis and

that this particular protein expression profile was superior to

conventional pathologic prognostic factors of the UICC TNM

classification system in multivariate analysis. In particular, patients

who showed a high abundance of phosphorylated HSP27 protein

together with low expression levels of GRP78, GRP94 and HSP60

(Cluster A) had better survival rates as compared to patients with

the inverse expression pattern (Cluster B). This indicates that

HSP/GRP protein expression and regulation might play a

significant role in the tumour biology of oesophageal adenocar-

cinomas, as has already been shown in other cancer types

[27,36,37]. Moreover, the association of a higher abundance of

phosphorylated HSP27 protein with superior survival is in

accordance with the observation that HSP27 phosphorylation

leads to the downregulation of its chaperone activity and impairs

resistance to oxidative stress [38]. The association of high

expression levels of GRP78, GRP94 and HSP60 in tumours with

a more aggressive clinical behaviour might lead to new therapy

strategies, as therapeutic agents that inhibit HSPs and GRPs have

been developed in recent years and have already been shown to

act as powerful anti-tumour agents both alone and in combination

with conventional chemo- or radiochemotherapy [10–12,14,39–

41].

We have identified the prognostic, highly significant, distinct

HSP/GRP-expression patterns in oesophageal adenocarcinomas

by unsupervised hierarchical cluster analysis from the results of

quantitative protein expression analysis using reverse phase

protein array (RPPA) technology. This method has emerged as a

powerful tool for the molecular characterization of cellular

material. Using RPPA, it is possible to perform quantitative

protein expression analysis of single proteins, to study posttran-

scriptional modifications such as phosphorylation or to generate

signalling networks of groups of proteins. Application of RPPA for

the identification of dysregulated pathways in tumour cells and for

the investigation of drug response in human malignancies such as

breast cancer [42,43], lung carcinomas [44], prostate cancer [45]

or non-solid neoplasms like leukemias [46] has been previously

published. For the investigation of large case collections with well

characterized patient data the most widely used material in cancer

research represent the formalin-fixed, paraffin-embedded (FFPE)

tissue collections which are stored in the pathology departments.

Due to marked technical improvements the usage of this tissue

now has become possible for a large range of different molecular

methods. Therefore, not only robust molecular analyses like

immunohistochemistry or DNA based investigations, but also

Table 4. Multivariate Cox regression analysis (Disease free
survival).

Factor Exp(B) 95% CI for Exp(B) p-value

min max

pTcategory 1.227 0.759 1.982 0.404

lymph node status 2.89 1.286 6.493 0.01

distant metastases 2.551 0.976 6.668 0.056

tumour grading 1.252 0.698 2.246 0.451

Resection status 1.227 0.531 2.836 0.633

Cluster A vs. B 2.477 1.219 5.034 0.012

Statistically significant p-values are marked in bold letters. pT-category: pT1 vs.
pT2 vs. pT3; lymph node status:absent vs. present; distant metastases: absent
vs. present; tumour grading: G1 vs. G2 vs. G3; resection status: R0 vs. R1/2.
doi:10.1371/journal.pone.0041420.t004
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more sensitive methods like microRNA or mRNA can be applied

as a reliable approach in the search for biomarkers [47]. As

described recently by our group [48–50], the highly promising

RPPA technology is also suitable for the investigation of samples

from FFPE tissue. However, pre-analytic parameter like time point

and duration of fixation, ischemia time etc. may heavily influence

the results of tissue based analyses. Assuring and reporting quality

of biospecimen which are used for research has become an

important matter of debate [51,52]. According to the standard

operation procedures in our department [53], the processing of

oesophageal carcinoma specimens is standardized with only

minimal time intervals between resection and formalin fixation.

Therefore we consider our sample collection as highly homoge-

nous in this regard. Moreover, we investigated untreated, primary

resected tumours to exclude any influence on gene or protein

expression which may be caused by cytotoxic preoperative

treatment.

The most striking result from our study was that the prognostic

protein expression pattern could only be detected by RPPA and

did not correlate with mRNA gene expression analysis or

immunohistochemistry (with the exception of a concordant trend

for HSP27). However, some correlation was found between

immunoreactivity and mRNA expression for HSP60 and HSP90.

While it is well known that proteomic and genomic information

often fail to correlate due to different kinetics of post-translational

modifications or protein turnover [54], the predominant lack of

correlation between immunohistochemistry and RPPA detected

here was unexpected. This absence of correlation may be due to

the higher sensitivity of RPPA as compared to the semiquantitative

immunohistochemical staining. Moreover, expression levels as

measured by RPPA include protein expression in stroma cells,

which are present even in microdissected tumour samples. RPPA

technology may deliver more subtle and accurate proteomic

information as compared to immunohistochemistry and therefore

may serve as an additional tool to characterize protein profiles of

neoplastic and non-neoplastic cells and tissues. A possible bias

concerning the interpretation of immunohistochemical analysis of

molecular markers, however, could be marked intratumoral

heterogeneity. This may limit the usage of tissue microarray

technology in this context. We have addressed this problem in a

recently published work, where we could not demonstrate a

significant difference between full slide sections and TMA cores for

the estimation of the expression levels of heat-shock proteins in

gastrointestinal carcinomas [55]. We therefore conclude that

intratumoral heterogeneity may not be the cause for the lack of

correlation between PPPA and IHC. Furthermore we were not

able to exactly reproduce the results of a preceding study about

GRP78 and GRP94 gen-expression in the present work. This

reason for this may be the application of a different methodical

approach of RNA analysis reflecting the development of technical

advances in this field. Moreover, when analysing single protein

expression levels in our study, it was not possible to detect a

relevant correlation between the clinical behaviour of the tumours

in contrast to the combined expression patterns of p-HSP27(Ser15,

Ser78, Ser82)/GRP78/GRP94/HSP60. Thus, these findings dem-

onstrate the superiority of the identification of expression patterns

of several molecular markers over the analysis of single molecules.

In summary, we detected two distinct, biologically relevant

expression patterns of HSPs/GRPs in oesophageal adenocarcino-

mas by RPPA which was the best ‘‘biomarker’’ for prognosis

besides lymph node status. The identification of this specific

protein expression pattern in patients with a more aggressive

clinical behaviour not only enhances the understanding regarding

the pathogenesis of this cancer, but it might also lead the way to

new specific therapy strategies directed against the inhibition of

HSPs and GRPs, which have been shown to act as powerful anti-

tumour agents both alone and in combination with conventional

therapies.

Supporting Information

File S1 IHC staining pattern (orig. magnification 200x)
in oesophageal adenocarcinoma samples. Examples of

strong staining reactions are shown. (A) Haematoxylin&Eosin, (B)

HSP27, (C) HSP60, (D) GRP78, (E) GRP94, (F) HSP70.

(TIF)

File S2 Quantitative protein expression levels (median
and range) of HSPs and GRPs including the phosphor-
ylated forms of HSP27 as determined by RPPA analysis
and pathological parameters.

(DOC)

File S3 Immunohistochemical scoring of HSPs and
GRPs and pathological parameters.

(DOC)

File S4 Relative mRNA expression levels (median and
range) of HSPs and GRPs and pathological parameters.

(DOC)

File S5 Correlation between RPPA analysis, qPCR and
immunohistochemistry.

(DOC)

Acknowledgments

The authors would like to thank Mrs. Melitta Winkler and Christina Schott

for their excellent technical assistance.

Author Contributions

Conceived and designed the experiments: RL HH KFB. Performed the

experiments: DB CW KM KB. Analyzed the data: JSH RL MB.

Contributed reagents/materials/analysis tools: ED LB MF AW. Wrote

the paper: JSH RL.

References

1. DeMeester SR (2006) Adenocarcinoma of the esophagus and cardia: a review of

the disease and its treatment. Ann Surg Oncol 13: 12–30.

2. Jemal A, Bray F, Center MM, Ferlay J, Ward E, et al. (2011) Global cancer

statistics. CA: A Cancer Journal for Clinicians 61: 69–90.

3. Cunningham D, Allum WH, Stenning SP, Thompson JN, Van de Velde CJ, et

al. (2006) Perioperative chemotherapy versus surgery alone for resectable

gastroesophageal cancer. N Engl J Med 355: 11–20.

4. Langer R, Ott K, Feith M, Lordick F, Siewert JR, et al. (2009) Prognostic

significance of histopathological tumor regression after neoadjuvant chemother-

apy in esophageal adenocarcinomas. Mod Pathol 22: 1555–1563.

5. Lordick F, Stein HJ, Peschel C, Siewert JR (2004) Neoadjuvant therapy for

oesophagogastric cancer. Br J Surg 91: 540–551.

6. Schneider PM, Baldus SE, Metzger R, Kocher M, Bongartz R, et al. (2005)

Histomorphologic tumor regression and lymph node metastases determine

prognosis following neoadjuvant radiochemotherapy for esophageal cancer:

implications for response classification. Ann Surg 242: 684–692.

7. Lagarde SM, ten Kate FJW, Reitsma JB, Busch ORC, van Lanschot JJB (2006)

Prognostic Factors in Adenocarcinoma of the Esophagus or Gastroesophageal

Junction. J Clin Oncol 24: 4347–4355.

8. Langer R, Ott K, Specht K, Becker K, Lordick F, et al. (2008) Protein

expression profiling in esophageal adenocarcinoma patients indicates association

of heat-shock protein 27 expression and chemotherapy response. Clin Cancer

Res 14: 8279–8287.

Analysis of HSPs and GRPs in Barrett’s Cancer

PLoS ONE | www.plosone.org 8 July 2012 | Volume 7 | Issue 7 | e41420



9. Berg D, Wolff C, Langer R, Schuster T, Feith M, et al. (2011) Discovery of new

molecular subtypes in oesophageal adenocarcinoma. PLoS One 6: e23985.
10. Usmani SZ, Bona RD, Chiosis G, Li Z (2010) The anti-myeloma activity of a

novel purine scaffold HSP90 inhibitor PU-H71 is via inhibition of both HSP90A

and HSP90B1. J Hematol Oncol 3: 40.
11. Uckun FM, Qazi S, Ozer Z, Garner AL, Pitt J, et al. (2011) Inducing apoptosis

in chemotherapy-resistant B-lineage acute lymphoblastic leukaemia cells by
targeting HSPA5, a master regulator of the anti-apoptotic unfolded protein

response signalling network. Br J Haematol 153: 741–752.

12. Sharma V, Eng JK, Maccoss MJ, Riffle M (2012) MSDaPl (Mass Spectrometry
Data Platform): A Proteomics Data Management Platform. Mol Cell

Proteomics.
13. Fukuyo Y, Hunt CR, Horikoshi N (2010) Geldanamycin and its anti-cancer

activities. Cancer Lett 290: 24–35.
14. Jego G, Hazoume A, Seigneuric R, Garrido C (2010) Targeting heat shock

proteins in cancer. Cancer Lett Epub ahead of print.

15. Becker KF, Schott C, Hipp S, Metzger V, Porschewski P, et al. (2007)
Quantitative protein analysis from formalin-fixed tissues: implications for

translational clinical research and nanoscale molecular diagnosis. J Pathol 211:
370–378.

16. Wolff C, Schott C, Porschewski P, Reischauer B, Becker KF (2011) Successful

protein extraction from over-fixed and long-term stored formalin-fixed tissues.
PLoS One 6: e16353.

17. Gulmann C, Sheehan KM, Kay EW, Liotta LA, Petricoin EF 3rd (2006) Array-
based proteomics: mapping of protein circuitries for diagnostics, prognostics, and

therapy guidance in cancer. J Pathol 208: 595–606.
18. Spurrier B, Ramalingam S, Nishizuka S (2008) Reverse-phase protein lysate

microarrays for cell signaling analysis. Nat Protoc 3: 1796–1808.

19. Handschuh G, Candidus S, Luber B, Reich U, Schott C, et al. (1999) Tumour-
associated E-cadherin mutations alter cellular morphology, decrease cellular

adhesion and increase cellular motility. Oncogene 18: 4301–4312.
20. Langer R, Feith M, Siewert JR, Wester HJ, Hoefler H (2008) Expression and

clinical significance of glucose regulated proteins GRP78 (BiP) and GRP94

(GP96) in human adenocarcinomas of the esophagus. BMC Cancer 8: 70.
21. Specht K, Richter T, Muller U, Walch A, Werner M, et al. (2001) Quantitative

gene expression analysis in microdissected archival formalin-fixed and paraffin-
embedded tumor tissue. Am J Pathol 158: 419–429.

22. Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster analysis and
display of genome-wide expression patterns. Proc Natl Acad Sci U S A 95:

14863–14868.

23. Lindquist S, Craig EA (1988) The heat-shock proteins. Annu Rev Genet 22:
631–677.

24. Powers MV, Clarke PA, Workman P (2009) Death by chaperone: HSP90,
HSP70 or both? Cell Cycle 8: 518–526.

25. Fu Y, Lee AS (2006) Glucose regulated proteins in cancer progression, drug

resistance and immunotherapy. Cancer Biol Ther 5: 741–744.
26. Lee AS (2007) GRP78 induction in cancer: therapeutic and prognostic

implications. Cancer Res 67: 3496–3499.
27. Calderwood SK, Khaleque MA, Sawyer DB, Ciocca DR (2006) Heat shock

proteins in cancer: chaperones of tumorigenesis. Trends Biochem Sci 31: 164–
172.

28. Ciocca DR, Calderwood SK (2005) Heat shock proteins in cancer: diagnostic,

prognostic, predictive, and treatment implications. Cell Stress Chaperones 10:
86–103.

29. Khalil AA, Kabapy NF, Deraz SF, Smith C (2011) Heat shock proteins in
oncology: Diagnostic biomarkers or therapeutic targets? Biochim Biophys Acta

1816: 89–104.

30. Tweedle EM, Khattak I, Ang CW, Nedjadi T, Jenkins R, et al. (2010) Low
molecular weight heat shock protein HSP27 is a prognostic indicator in rectal

cancer but not colon cancer. Gut 59: 1501–1510.
31. Pfister K, Radons J, Busch R, Tidball JG, Pfeifer M, et al. (2007) Patient survival

by Hsp70 membrane phenotype: association with different routes of metastasis.

Cancer 110: 926–935.
32. Wang X, Wang Q, Lin H (2010) Correlation between clinicopathology and

expression of heat shock protein 72 and glycoprotein 96 in human esophageal
squamous cell carcinoma. Clin Dev Immunol 2010: 212537.

33. Wu X, Wanders A, Wardega P, Tinge B, Gedda L, et al. (2009) Hsp90 is
expressed and represents a therapeutic target in human oesophageal cancer

using the inhibitor 17-allylamino-17-demethoxygeldanamycin. Br J Cancer 100:

334–343.

34. Akutsu Y, Matsubara H, Kano M, Usui A, Yoneyama Y, et al. (2011)

Correlation between gp96 expression and the surgical outcome in patients with
esophageal squamous cell carcinoma. Ann Surg Oncol 18: 832–837.

35. Tan SS, Ahmad I, Bennett HL, Singh L, Nixon C, et al. (2011) GRP78 up-

regulation is associated with androgen receptor status, Hsp70-Hsp90 client
proteins and castrate-resistant prostate cancer. J Pathol 223: 81–87.

36. Lim SO, Park SG, Yoo JH, Park YM, Kim HJ, et al. (2005) Expression of heat
shock proteins (HSP27, HSP60, HSP70, HSP90, GRP78, GRP94) in hepatitis B

virus-related hepatocellular carcinomas and dysplastic nodules.

World J Gastroenterol 11: 2072–2079.
37. O’Dwyer D, Ralton LD, O’Shea A, Murray GI (2011) The proteomics of

colorectal cancer: identification of a protein signature associated with prognosis.
PLoS One 6: e27718.

38. Rogalla T, Ehrnsperger M, Preville X, Kotlyarov A, Lutsch G, et al. (1999)
Regulation of Hsp27 oligomerization, chaperone function, and protective

activity against oxidative stress/tumor necrosis factor alpha by phosphorylation.

J Biol Chem 274: 18947–18956.
39. Fukuyo Y, Hunt CR, Horikoshi N (2010) Geldanamycin and its anti-cancer

activities. Cancer letters 290: 24–35.
40. Banerji U (2009) Heat Shock Protein 90 as a Drug Target: Some Like It Hot.

Clinical Cancer Research 15: 9–14.

41. Powers MV, Jones K, Barillari C, Westwood I, van Montfort RL, et al. (2010)
Targeting HSP70: the second potentially druggable heat shock protein and

molecular chaperone? Cell Cycle 9: 1542–1550.
42. Gonzalez-Angulo A, Hennessy B, Meric-Bernstam F, Sahin A, Liu W, et al.

(2011) Functional proteomics can define prognosis and predict pathologic
complete response in patients with breast cancer. Clinical Proteomics 8: 11.

43. Wolff C, Malinowsky K, Berg D, Schragner K, Schuster T, et al. (2010)

Signalling networks associated with urokinase-type plasminogen activator (uPA)
and its inhibitor PAI-1 in breast cancer tissues: new insights from protein

microarray analysis. J Pathol.
44. Nanjundan M, Byers LA, Carey MS, Siwak DR, Raso MG, et al. (2010)

Proteomic Profiling Identifies Pathways Dysregulated in Non-small Cell Lung

Cancer and an Inverse Association of AMPK and Adhesion Pathways with
Recurrence. Journal of Thoracic Oncology 5: 1894–1904 1810.1097/

JTO.1890b1013e3181f1892a1266.
45. Paweletz CP, Andersen JN, Pollock R, Nagashima K, Hayashi ML, et al. (2011)

Identification of direct target engagement biomarkers for kinase-targeted
therapeutics. PLoS One 6: e26459.

46. Tibes R, Qiu Y, Lu Y, Hennessy B, Andreeff M, et al. (2006) Reverse phase

protein array: validation of a novel proteomic technology and utility for analysis
of primary leukemia specimens and hematopoietic stem cells. Molecular Cancer

Therapeutics 5: 2512–2521.
47. Klopfleisch R, Weiss AT, Gruber AD (2011) Excavation of a buried treasure–

DNA, mRNA, miRNA and protein analysis in formalin fixed, paraffin

embedded tissues. Histol Histopathol 26: 797–810.
48. Wolff C, Schott C, Malinowsky K, Berg D, Becker KF (2011) Producing reverse

phase protein microarrays from formalin-fixed tissues. Methods Mol Biol 785:
123–140.

49. Berg D, Malinowsky K, Reischauer B, Wolff C, Becker KF (2011) Use of
formalin-fixed and paraffin-embedded tissues for diagnosis and therapy in

routine clinical settings. Methods Mol Biol 785: 109–122.

50. Berg D, Hipp S, Malinowsky K, Bollner C, Becker KF (2010) Molecular
profiling of signalling pathways in formalin-fixed and paraffin-embedded cancer

tissues. Eur J Cancer 46: 47–55.
51. Moore HM, Kelly AB, Jewell SD, McShane LM, Clark DP, et al. (2011)

Biospecimen reporting for improved study quality (BRISQ). Cancer Cytopathol

119: 92–101.
52. Robb JA, Moore HM, Compton CC (2008) Documenting biospecimen

conditions in reports of studies. JAMA 300: 650–651; author reply 651.
53. Becker K, Langer R, Reim D, Novotny A, Meyer zum Buschenfelde C, et al.

(2011) Significance of histopathological tumor regression after neoadjuvant

chemotherapy in gastric adenocarcinomas: a summary of 480 cases. Ann Surg
253: 934–939.

54. Sinha A, Singh C, Parmar D, Singh MP (2007) Proteomics in clinical
interventions: achievements and limitations in biomarker development. Life Sci

80: 1345–1354.
55. Bauer K, Nitsche U, Slotta-Huspenina J, Drecoll E, von Weyhern CH, et al.

(2012) High HSP27 and HSP70 expression levels are independent adverse

prognostic factors in primary resected colon cancer. Cell Oncol (Dordr).

Analysis of HSPs and GRPs in Barrett’s Cancer

PLoS ONE | www.plosone.org 9 July 2012 | Volume 7 | Issue 7 | e41420


