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Abstract

Ovine pulmonary adenocarcinoma (OPA) is a transmissible lung cancer of sheep caused by
jaagsiekte sheep retrovirus (JSRV). In the present study the protein profiles of five neoplastic and
three non-neoplastic sheep lung tissues were examined for the identification of proteins overex-
pressed in ovine pulmonary adenocarcinoma. Lung sections of the experimental group of sheep were
collected during necropsies for proteomic and immunohistochemical examination. Two dimensional
electrophoresis (2DE) was performed using gel strips with immobilized pH gradient 3-10. As a result
of 2DE gel analysis 14 spots characterized by over 2-fold higher expression in tumour proteomes were
selected for mass spectrometry. In eleven spots more than one polypeptide was identified indicating
overlapping of proteins in gels. In two spots demonstrating over 3-fold higher expression in OPA
proteomes, single proteins: cytokerarin 19 (CK19) and aldolase A were identified. Immunobhis-
tochemical studies revealed that CK19 and aldolase A were expressed in the cytoplasm of epithelial
cells of bronchioles in non-neoplastic lung sections, as well as epithelial cells of bronchioles and
neoplastic cells in lung sections of OPA affected sheep. The results indicate that the overexpression of
the two proteins reflects the presence of neoplastic cells in the lungs of OPA affected sheep.
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Introduction

Ovine pulmonary adenocarcinoma (OPA) is a trans-
missible lung cancer of sheep caused by jaagsiekte
sheep retrovirus (JSRV). The virus induces neoplastic
transformation of alveolar type II pneumocytes and
Clara cells in sheep lung (Rosadio et al. 1988, Platt et
al. 2002). According to the OIE (World Organization
for Animal Health, Handistatus II), the disease is
present worldwide, except of Australia, New Zealand
and Iceland. OPA has a long incubation period, which
may vary from 3 weeks in experimentally infected

lambs to over 2 years in adult sheep. The clinical signs
are those of respiratory tract distress reflecting the
extent of tumour development in the lungs. Frothy
mucoid fluid accumulates within the respiratory tract
and may be seen leaking out from the nostrils after
raising the back and lowering the head of the sheep
(“the wheelbarrow test”) (Sharp and DeMartini 2003,
York and Querat 2003). The infection is persistent
and no immune response has been detected, appar-
ently due to the presence of similar endogenous retro-
viruses in the sheep genome (DeMartini et al. 2003).
Diagnosis of OPA is usually possible only in the late
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stage of the disease and the neoplastic growth in the
lungs may be not recognized until post-mortem exam-
ination. Diagnosis is based on histological examin-
ation of the lungs and PCR methods applied to detect
the virus in infected cells (De Las Heras et al. 2005).
OPA has been found to be clinically and histologically
similar to human lung adenocarcinomas of mixed sub-
types (Palmarini and Fan 2001, De las Heras et al.
2003, Mornex et al. 2003). The possibility of experi-
mental induction of the tumour in animals makes it
a good model for the study of oncogenesis as well as
possibilities for diagnostics and therapy of lung tu-
mors. Proteomic methods such as two dimensional
electrophoresis and mass spectrometry are widely
used in human medicine to determine the differential
expression of proteins in neoplastic tissues, which may
lead to the discovery of protein markers or targets for
specific anti-tumour therapy (Srinivas et al. 2002,
Granville and Dennis 2005).

In the present study the protein expression pro-
files (proteomes) of neoplastic and non-neoplastic
sheep lung tissues were examined for the identifica-
tion of proteins differentially expressed in ovine pul-
monary adenocarcinoma affected lung.

Materials and Methods

Tissue samples. The examined material consisted
of lung tissue sections collected post mortem from an
experimental group of 8 sheep. The samples of lung
adenocarcinoma originated from 5 sheep which had
been experimentally inoculated with JSRV, as de-
scribed earlier (Kycko and Reichert 2010). Non-tu-
mour lung tissue samples were collected from the
three remaining, non-infected animals. Each tissue
sample was divided and one part of the tissue was
fixed in 10% buffered formalin for histopathological
and immunohistochemical examination, while the re-
maining part was frozen at -80°C for proteomic study.

Two-dimensional electrophoresis. Frozen lung tis-
sue sections were lysed in appropriate lysis buffer con-
taining 9 M urea, 4% CHAPS, 50 mM dithiothreitol
(DTT), 0.001% protease inhibitor cocktail (Sigma Al-
drich), and 0.2% Bio-Lyte 3/10 ampholytes (BioRad,
USA). For the isoelectrofocusing 17 cm gel strips with
immobilized pH gradient 3-10 (BioRad) were used.
Two dimensional electrophoresis was performed, in
two repetitions, as described earlier (Kycko and
Reichert 2008). The resulting gels were visualised us-
ing silver staining then scanned and analysed using
PDQuest software (BioRad). The gels intended for
mass spectrometry were stained with Coomassie Blue
(Sigma Aldrich). The gels were compared to each
other for differences in size and intensity of visualized

protein spots. Spots presenting over 2-fold higher ex-
pression in all samples of OPA in comparison to
non-tumour one, were manually excised and submit-
ted for analysis and protein identification using mass
spectrometry with MALDI-TOF at the Institute of
Biochemistry and Biophysics in Warsaw (IBB, War-
saw).

Histopathology. For histopathological examin-
ation, the collected tissues fixed in 10% buffered for-
malin were processed to paraffin wax routinely. Thin
sections (5 um) were cut from paraffin blocks and
stained with haematoxylin and eosin (HE).

Immunohistochemistry. The study was performed
using a labelled streptavidin-biotin visualization sys-
tem (LSAB). The following commercial antibodies
against cytokeratin 19 and aldolase A, diluted in anti-
body diluent (Dako, USA), were used as the primary
antibodies: ALDOA/Aldolase Goat anti-Rabbit Poly-
clonal (10 mg/ml, LS-C34940 Life Span Biosciences,
dilution 1:800), and Cytokeratin 19 (312-335) Mouse
anti-Human Monoclonal (0.1 mg/ml, AM08421PU-N,
Acris Antibodies, dilution 1:80).

Endogenous peroxidase activity was blocked by in-
cubating the slides in 3% hydrogen peroxide in water
for 10 min at room temperature. The sections were
then boiled in 10 mM citrate buffer (pH 6) for 5 min.
The primary antibodies were then applied and left for
incubation overnight at 4°C in a moist chamber. Stain-
ing was performed using a labelled streptavidin-biotin
visualization system — HRP/LSAB+ kit (Dako, DE).
For visualization, 3,3’-diaminobenzidine-4HCI (Dako,
DE) was used. Sections were counterstained with
Mayer’s haematoxylin, dehydrated and mounted.
Negative controls consisted of tissue sections incu-
bated with TBS (Tris buffered saline) instead of pri-
mary antibody.

Results

The presence of OPA in lung tissue samples of
JSRV inoculated animals was confirmed by his-
topathological examination. In one non-infected
sheep, inflammatory cells were observed infiltrating
the lung parenchyma.

Two-dimensional electrophoresis allowed for sep-
aration of extracted proteins according to their
isoelectric points (pI) in the first dimension, and mol-
ecular mass in the second one. For 2DE gel analysis,
PDQuest 7.2.0 was used to locate and quantify pro-
tein spots in gels containing tumour and non-tumour
samples. After background elimination and gel nor-
malization, the gels were matched and compared one
to another. The main difference between protein pro-
files obtained from normal lung tissue and cancerous
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Fig. 1. Set of images of silver-stained gels obtained after two-dimensional electrophoresis of proteins isolated from two samples
of ovine pulmonary adenocarcinoma and two non-neoplastic tissues. Locations of spots containing cytokeratine 19 (CK19) and
aldolase A are labeled with red boxes. (OPA) — ovine pulmonary adenocarcinoma. (N) — non-neoplastic tissue. (1) — Location of

CK19 spot. (2) — Location of aldolase A spot.

tissue was in the size and intensity of several spots,
correlating with the amount of protein (Fig. 1).
There were 14 spots presenting at least 2-fold
higher expression in each 2DE gel of neoplastic tissue
as compared to non-neoplastic ones. The mass spec-
trometry analysis of the spots revealed that in 11 out
of 14 spots, there was more than one polypeptide

present. In 3 spots single proteins were identified
including: cytokeratin 19, aldolase A and mangan
superoxide dismutase. For immunohistochemical
study we used cytokeratin 19 and aldolase A as these
proteins were identified in spots which were charac-
terised by distinctive, over 3-fold overexpression in all
neoplastic samples (Table 1).
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Table 1. Proteins identified with mass spectrometry in selected spots. PDQuest Index — value of average spot expression increase
in OPA vs. non- neoplastic tissue, generated in PDQuest. Theoretical mass and pI (isoelectric point) value were obtained using

Mascot mass spectrometry software.

. o . *Index Theoretical mass Protein access nr
Spot N N f identified prot
POt ame of identiiied protemn PDQuest / Calculated pI value NCBI Database
1 Cytokeratin 19 3.3 43858 / 4.92 NP_001015600
2 Aldolase A 3.9 39925 / 8.45 NP_001095385

The results of the subsequent immunohistochemi-
cal study revealed that the normal, ciliated epithelium
of bronchioles, as well as individual epithelial cells
(type II pneumocytes) showed strong and diffuse ex-
pression of cytokeratin 19 and aldolase A in all speci-
mens (Figs. 2, 4). Immunohistochemical analysis of
CK19 and aldolase A expression in ovine lung aden-
ocarcinoma sections showed positive cytoplasmic re-
action in all tumour cells (Figs. 3, 5).

Fig. 2. Non-neoplastic lung tissue of sheep. Positive im-
munostaining for cytokeratin 19 visible in cytoplasm of epi-
thelial cells of bronchioles and type II pneumocytes. 200x.
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Fig. 3. Ovine pulmonary adenocarcinoma. Positive immunos-
taining for cytokeratin 19 visible in cytoplasm of epithelial
cells of bronchioles and type II pneumocytes, as well as in
neoplastic cells. 200x.
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Fig. 4. Non-neoplastic lung tissue of sheep. Positive im-
munostaining for aldolase A visible in cytoplasm of epithelial
cells of bronchioles and type II pneumocytes. 100x.

Fig. 5. Ovine pulmonary adenocarcinoma. Positive immunos-
taining for aldolase A visible in cytoplasm of epithelial cells
of bronchioles and type II pneumocytes, as well as in neo-
plastic cells. 200x.

Discussion

In our study, we presented the utility of 2DE and
mass spectrometry for revealing proteins differentially
expressed in OPA tissues. Proteomic methods com-
bined with immunochistochemistry allowed us to
identify the proteins overexpressed in lung tissues of
sheep affected with OPA.
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In the majority of spots upregulated in OPA 2DE
gels, multiple polypeptides were identified, which in-
dicated overlapping of polypeptides in the gels. How-
ever, there were two protein spots showing over
3-fold upregulation in which single proteins were
identified: cytokeratin 19 and aldolase A, and the
expression of these two proteins was further verified
with immunohistochemistry. IHC analysis not only
confirmed CK19 and aldolase A expression in OPA,
but also revealed which components of the tissue are
responsible for higher expression of the two proteins
in lung tissues of OPA affected sheep. Both CK19
and aldolase A were present in normal epithelial
cells of bronchioles, as well as in neoplastic cells of
OPA, indicating that upregulation of protein spots
reflected the abundance of neoplastic cells in OPA
samples.

The present work is, to our knowledge, the first
report of analysis of CK19 and aldolase A expression
in ovine pulmonary carcinoma. Both proteins were
previously studied in humans, and there are several
reports of their differential expression in human neo-
plastic diseases (Moll et al. 1982). Cytokeratin 19,
a type I cytokeratin, belongs to intermediate filament
proteins forming the cytoskeleton. CK 19 is the
smallest known acidic cytokeratin and is not paired
with a basic cytokeratin, unlike the other proteins of
this group. According to Moll et al. (1982), CK19
together with cytokeratins 8, 9 and 18 is expressed in
cells of simple, columnar epithelia such as the respir-
atory epithelium of the bronchial tree, which is con-
sistent with the results of our study. It was found to
be expressed specifically in periderm (Bartek et al.
1986). In vitro studies of rat lung alveolar epithelial
cells have shown high expression of cytokeratin 19 in
intensively proliferating type II pneumocytes (Paine
et al. 1995). Increased expression of this protein was
found using immunohistochemical methods in lung
cancer in humans, and a particularly strong overex-
pression was observed in cases of squamous cell car-
cinoma and adenocarcinoma (Chyczewski et al. 1997,
Kosacka and Jankowska 2007, Naseem et al. 2010).
Cytokeratin 19 was also found to be expressed in
other human epithelial malignancies including neo-
plasms of the liver (van Sprundel et al. 2010), colon,
stomach, pancreas (Ohshio et al. 1997), biliary tract
(Lodi et al. 2006), and breast (Alix-Panabieres et al.
2009).

Gharib et al. (2002), in their study on the ex-
pression of cytokeratin in human adenocarcinoma of
the lung, using two dimensional electrophoresis,
demonstrated overexpression of CK 19 in neoplastic
samples, compared with non-neoplastic tissue, which
is consistent with our findings in OPA samples. The
same authors, using Western blot analysis, detected

three isoforms of CK19 in neoplastic 2DE gels and
observed a positive correlation between poor prog-
nosis for patients affected with lung adenocarcinoma
and high expression of CK19 protein isoforms of the
lowest plI values (Gharib et al. 2002).

The soluble fragments of cytokeratin 19, known
as CYFRA 21-1, were described by several authors
to be present in human serum, with their level being
increased in cases of non-small cell lung cancer
(Weiskopf et al. 1995, Bates et al. 1997, Pujol et al.
2004) and squamous cell carcinoma of the head and
neck (Bongers et al. 1995). CYFRA 21-1 was there-
fore considered by the authors to be one of the tu-
mour markers, in particular, markers of epithelial
lineage differentiation (Pujol et al. 2004).

Aldolase A (fructose-1,6-(bis)phosphate al-
dolase), which was identified in our study in the sec-
ond analysed spot, is an enzyme belonging to the
class of lyases and is involved in glycolysis and
gluconeogenesis. In the cell it was found in the nu-
cleus and cytoplasm, and was described to be in-
volved in the organization of actin filaments and
cytoskeleton formation (Kusakabe et al. 1997). High
expression of this protein was observed in the lamel-
lipodia of migrating keratinocytes occurring in heal-
ing wounds (Tochio et al. 2010). Aldolase A was also
found to be produced in large quantities in the
muscles and red blood cells. High expression of al-
dolase A was detected in the fetal liver in rats, and it
was much lower in adults (Schapira et al. 1971, Hat-
zfeld et al. 1978, Gefflaut et al. 1995). Mutation in
aldolase A was indicated by Kreuder et al. (1996) to
be associated with myopathy and hemolytic anaemia.
Aldolase A expression was found to be increased in
various neoplasms in humans, such as lung, liver, gas-
tric or colorectal cancer (Asaka et al. 1994, To-
monaga et al. 2004). There are also reports indica-
ting that aldolase A level becomes elevated in serum
of patients with malignant tumours, such as lung can-
cer and renal cancer (Takashi et al. 1992, Asaka et al.
1994, Giire et al. 1998). The high level of aldolase
A is considered to be associated with anaerobic
glycolysis, which is generally enhanced in neoplastic
tissues (Ojika et al. 1991, Asaka et al. 1994).

In our study, we successfully applied two dimen-
sional electrophoresis for proteomic analysis of
OPA. Immunohistochemical examination permitted
estimation of CK 19 and aldolase A as proteins ex-
pressed specifically in cubic respiratory epithelial
cells and neoplastic cells indicating the origin of the
tumour. Although these are preliminary studies on
protein profile of OPA, we expect that detailed
analysis, for example using narrow pH gradients in
2DE, may allow more potential protein markers to
be revealed. The proteomic methods, by finding simi-
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larities between OPA and human lung neoplasms on
the protein level, proved to be useful for better
understanding of the biology of cancer cells, as well
as revealing possible markers of the disease.
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