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Abstract
Implantation of rat prostate cancer cells into the normal rat prostate results in tumor-stimu-

lating changes in the tumor-bearing organ, for example growth of the vasculature, an altered

extracellular matrix, and influx of inflammatory cells. To investigate this response further,

we compared prostate morphology and the gene expression profile of tumor-bearing normal

rat prostate tissue (termed tumor-instructed/indicating normal tissue (TINT)) with that of

prostate tissue from controls. Dunning rat AT-1 prostate cancer cells were injected into rat

prostate and tumors were established after 10 days. As controls we used intact animals, an-

imals injected with heat-killed AT-1 cells or cell culture medium. None of the controls

showed morphological TINT-changes. A rat Illumina whole-genome expression array was

used to analyze gene expression in AT-1 tumors, TINT, and in medium injected prostate tis-

sue. We identified 423 upregulated genes and 38 downregulated genes (p<0.05,�2-fold

change) in TINT relative to controls. Quantitative RT-PCR analysis verified key TINT-

changes, and they were not detected in controls. Expression of some genes was changed

in a manner similar to that in the tumor, whereas other changes were exclusive to TINT. On-

tological analysis using GeneGo software showed that the TINT gene expression profile

was coupled to processes such as inflammation, immune response, and wounding. Many

of the genes whose expression is altered in TINT have well-established roles in tumor biolo-

gy, and the present findings indicate that they may also function by adapting the surround-

ing tumor-bearing organ to the needs of the tumor. Even though a minor tumor cell

contamination in TINT samples cannot be ruled out, our data suggest that there are tumor-

induced changes in gene expression in the normal tumor-bearing organ which can probably

not be explained by tumor cell contamination. It is important to validate these changes fur-

ther, as they could hypothetically serve as novel diagnostic and prognostic markers of

prostate cancer.
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Introduction
Prostate cancer, a very common multifocal disease with highly variable behavior, is difficult to
diagnose and prognosticate [1, 2]. The diagnosis is dependent on microscopic examination of
needle biopsies of prostate tissue. Unfortunately, current imaging techniques cannot identify
prostate cancers and safely guide biopsy needles towards tumors. The current way of overcom-
ing this problem is to take multiple biopsies, but as biopsies only sample a minute part of the
whole prostate they can miss all the tumor tissue present, or the most malignant tissue. Global-
ly, of the millions of men who have prostate examinations every year due to the suspicion of
cancer, most have biopsies that are negative for cancer [2]. Whether this indicates that cancer
is not present at all or has been missed is not generally known, but in 20% of the men exam-
ined, cancer is detected in a subsequent round of biopsies [2]. If, however, the benign tissue
sampled in prostate biopsies is in some way altered by the presence and nature of tumors else-
where in the organ, this could possibly lead to an improvement in diagnosis.

In order to grow and spread, tumors need to interact with adjacent and more remote tissues
[3, 4]. Tumor cells, for example, interact with the closely adjacent tumor stroma, and also with
distant organs such as the bone marrow and pre-metastatic niches [3, 5]. One additional—
often neglected—site that is likely to be affected both by the needs of the growing tumor and
the host defense is the tumor-bearing organ. We have therefore hypothesized that aggressive
cancers affect the tumor-bearing organ in ways that are quantitatively and qualitatively differ-
ent from the effects of more indolent tumors, and that a better understanding of this might
lead to better diagnosis and treatment of prostate cancer [1].

We have shown that implantation of a rat prostate tumor induces tumor-stimulating mor-
phological changes in the surrounding normal rat prostate tissue. The density of inflammatory
cells, such as macrophages and mast cells, is increased and facilitates both growth of the feeding
vasculature and tissue remodeling [1, 6–8]. The extracellular matrix is altered; expression of
hyaluronan, for example, is increased and this promotes tumor growth [9]. Although appear-
ing morphologically unaffected, luminal glandular epithelial cells show a delayed apoptosis re-
sponse to castration [6]. Similarly, in patients, alterations in the epithelium and stroma of the
non-malignant prostate tissue surrounding tumors are related to prognostically important
tumor characteristics such as Gleason score and tumor stage, and can be used to evaluate the
risk of death from prostate cancer in a watchful waiting cohort [1, 8–14]. We have suggested a
novel term for this type of normal tissue affected by the presence of an adjacent tumor: tumor-
instructed (and thus indicating) normal tissue (TINT) [1]. TINT contains both morphological-
ly normal-appearing epithelium and stroma of the tumor-bearing organ and is not in direct
contact with the tumor epithelial cells; it is thus different from the already well-established
tumor stroma.

To explore the TINT concept in more detail we now investigated if the gene expression pat-
tern in TINT was different from that in non tumor-bearing prostates. We compared the pros-
tate tissue surrounding the poorly differentiated and locally aggressive Dunning AT-1 prostate
tumor with that in prostate tissue from tumor-free animals and found 461 genes whose expres-
sion was altered (423 up-regulated and 38 down-regulated) in TINT compared to controls.
This suggested that the presence of a tumor altered gene expression in the tumor-bearing
organ. The TINT gene signature was linked to processes such as extracellular matrix organiza-
tion, immune responses, and inflammation. Alterations in gene expression in TINT suggest
that tumors exploit the surrounding tumor-bearing organ for their own benefit, and such
changes could therefore serve as potential therapeutic targets and/or as diagnostic/prognostic
markers for prostate cancer.
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Materials and Methods

Cells and animals
The fast-growing, androgen-insensitive, anaplastic and low-metastatic Dunning rat AT-1 pros-
tate tumor cells (ECACC; Sigma Aldrich, Stockholm, Sweden) were grown in culture as de-
scribed earlier [15]. For implantation of the AT-1 tumor cells, adult male Copenhagen rats
were used (Charles River, Sulzfeld, Germany) [6]. All the animal work was approved by the
Umeå ethical committee for animal research (Permit Number: A110-12) and strong efforts
were made to minimize animal discomfort and suffering.

Animals for morphological analyses
To study tissue morphology and to label hypoxic and proliferating cells, animals were anesthe-
tized and injected with 2000 AT-1 cells in 40 μl RPMI-1640 cell culture medium into one lobe
of the ventral prostate (VP) using a Hamilton syringe (n = 7). Control animals were injected
with heat killed AT-1 cells (100°C for 30 minutes) in RPMI (n = 8) or with RPMI medium
alone (n = 9). At day 10 (when the tumors occupied about 60% of the prostate volume, see
below), the animals were injected with Hypoxyprobe (Millipore, Bedford, MA) and bromo-
deoxyuridine, BrdU (Roche, Mannheim, Germany) one hour before sacrifice, as previously de-
scribed [6], and the prostates, livers, and kidneys were formalin-fixed and embedded in
paraffin. Paraffin-embedded tissues were sectioned and stained with an antibody to Hypoxyp-
robe (NPI, Inc. Burlington, MA, US), and the percentage of hypoxic prostate tissue was deter-
mined as previously described [6]. Sections were also stained with antibodies against factor
VIII (Dako, Denmark), CD68 (Serotec, Oxford, UK) and BrdU (BD Biosciences, CA, US) and
with toluidine blue to label blood vessels, macrophages, proliferating cells and mast cells, re-
spectively, and to determine the volume density of these tissue components and the endothelial
BrdU labelling index using methods earlier described [6–8]. The Mann-Whitney U test was
used for comparisons between groups and any p-value< 0.05 was considered significant.

Animals for gene expression analyses
For the microarray studies, animals were implanted with AT-1 cells (n = 11) or RPMI as con-
trols (n = 15) as described above. The animals were sacrificed at day 10 and the prostate lobes
were quickly removed, frozen in liquid nitrogen, and stored at -80°C.

For the RT-PCR, a new set of animals with AT-1 tumors (n = 8), RPMI only (n = 10) or
with heat-killed AT-1 cells (n = 8) was used.

Five-μm thick cryostat sections of the VP lobe were taken for pathological evaluation, in
order determine the size and location of the tumor and the surrounding non-malignant pros-
tate tissue in the samples, and verify that the VP lobe from control animals was free of tumors
and other pathologies. Surrounding non-malignant prostate tissue and prostate tumor tissue
were dissected with a margin of 0.5 to 1 mm to avoid contamination from each other (S1 Fig).
When sufficient tissue had been collected an additional cryo-section was cut to verify that the
tissue dissected contained only the intended tissue type.

RNA extraction
Total RNA from 35 samples (8 tumors, 11 TINT, 15 normal prostate controls, and one batch
of AT-1 cells) was extracted using TRIzol according to the manufacturer’s instructions (Invi-
trogen, Stockholm, Sweden). The concentration of total RNA from each sample was measured
with a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE).
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The integrity of the RNA was determined using an Agilent 2100 BioAnalyzer (Agilent, Will-
mington, DE).

Preparation of cRNA and Illumina chip hybridization. Biotin-labeled cRNA was syn-
thesized from 200 ng total RNA using the IlluminaTotalPrep RNA Amplification kit (Applied
Biosystems, Austin, TX) according to the manufacturer’s protocol. The quality of labeled
cRNA was verified using a Nanodrop ND-1000 spectrophotometer. A total of 750 ng biotin-la-
beled cRNA from each sample was loaded onto the 12-sample RatRef Illumina BeadChip gene
expression array (Illumina, San Diego, CA) according to the manufacturer’s protocols. The ar-
rays were scanned and fluorescence signals measured using the Illumina BeadArray Reader
(Illumina, San Diego, CA, USA).

Data analysis
The array data were analyzed with GenomeStudio software (version 2009.2; Illumina). Rank
invariant normalization was used to remove or minimize non-biological systematic variation.
Differences in gene expression between TINT, tumor, or cell line samples and normal prostate
control reference samples were compared using the Mann-Whitney U test. P-values for each
gene were adjusted to minimize false-positive results by using the Benjamini and Hochberg
procedure. To examine similarities in gene expression in the different samples, we performed
average linkage clustering with Pearson correlation on the whole dataset of 35 samples (8 tu-
mors, 11 TINT, 15 normal prostate controls, and 1 AT-1 cell line).

Next, fold changes in gene expression were calculated by dividing the mean signal for each
probe in the TINT group by the mean signal for each probe in the control group. A list of dif-
ferentially expressed candidate genes in TINT vs. control prostate tissue was created by selec-
tion of those that had (a) a p-value of< 0.05, (b)� 2-fold variation in expression, and (c) a
probe signal of at least twice the background signal in at least one of the two groups.

Genes that were significantly differently expressed in TINT compared to control prostate,
and also their corresponding expression in AT-1 tumor tissue, were visualized in a heatmap
using MultiExperiment Viewer software (MeV version 4.9; www.tm4.org). Hierarchical gene
clustering was performed using average linkage clustering with Pearson correlation. The genes
that were significantly expressed in TINT were further analyzed for enriched biological pro-
cesses and pathways using GeneGo MetaCore software (www.genego.com). GeneGo software
includes a manually annotated database of biological pathways and processes obtained from
the scientific literature. The software uses algorithms to create lists of networks and pathways,
ranked according to calculated statistical significance (https://portal.genego.com/help/P-
value_calculations.pdf).

Real-time RT-PCR
RT-PCR was used to confirm some of the microarray data. Eleven genes (Hmox1, Lox, Cd68,
Lpl, Cebp-beta, Cyr61,Mmp3, S100a4, Tgf-bi,Mme, and Gtsm1) that represent different clusters
(see below) were selected for validation. Psmc4 was used as a reference gene. Total RNA was ex-
tracted as above and treated with DNA-freeKit (Ambion, Austin, TX) to remove DNA contami-
nation and reverse transcription was performed using superscript III (Invitrogen, Carlsbad,
CA). Taqman assays with gene-specific primers and probes set (Applied Biosystems, Foster
City, CA) for each gene were used (Hmox1: Rn01536933_m1, Lox: Rn01491829_m1, Cd68:
Rn01495634_g1, Lpl: Rn00561482_m1,Mmp3: Rn00591740_m1, Gstm1: Rn00755117_m1,
Cebp-beta: Rn00824635_s1, Cyr61: Rn01523136_g1, S100a4: Rn01451938_m1, Tgf-bi:
Rn01442102_m1,Mme: Rn00561572_m1, and Psmc4: Rn00821599_g1). The Mann-Whitney U
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test was used for comparisons between groups and any p-value< 0.05 was considered
significant.

Results and Discussion

TINT-changes are different from those induced by injection of tissue
culture medium or heat-killed tumor cells
In order to study the effect of a tumor on the surrounding normal prostate tissue (TINT), we
implanted rat AT-1 prostate tumor cells into the prostates of immune-competent rats and sac-
rificed the animals at day 10 when the tumors were still surrounded by normal prostate tissue.
In this animal model, TINT is the tumor-adjacent non-malignant rat prostate tissue, which
contains both morphologically normal-appearing epithelium and stroma (S1 Fig).

As we injected presumably antigenic cells into fully immune-competent syngenic animals
this should induce an acute immune response. This reaction could be unspecific and its magni-
tude could be largely unrelated to the presence of a growing tumor, particularly as the time-
point when we were able to examine TINT was early after tumor cell injection (already at day
10 the tumors occupied 64 ± 28% (SD), n = 11 of the whole prostate lobe). However, the host
response to a tumor in experimental models and in patients is strikingly similar to an inflam-
mation-like wound-response [3, 5, 16–19]. Tumors actually exploit their capacity to induce an
inflammatory reaction (characterized by accumulation of inflammatory cells, angiogenesis and
altered extracellular matrix), by secreting factors that reeducate the accumulating inflammato-
ry cells to support tumor growth [20, 21].

We therefore first considered whether our controls were appropriate before drawing any
conclusions on how tumors may influence the tumor-bearing organ. By comparing and quanti-
fying the normal prostate tissue reaction to local injection of RPMI medium, heat-killed tumor
cells or to growing tumors, we conclude that the prostate tissue response to medium is very dis-
crete and similar to that of heat-killed tumor cells and that these responses are of considerably
lower magnitude that those induced by growing tumors (Table 1). Additionally, the morpholo-
gy of the control injected prostate lobes was similar to that in the corresponding contralateral
non-injected lobes (data not shown). Against this background we consider it appropriate to
use RPMI-injected prostates as a control when describing tumor-induced gene expression
changes in prostate tissue. Particularly as qRT-PCR examination showed only discrete differ-
ences in gene expression between RPMI and heat-killed tumor cell injected prostates, and that
gene expression in TINT was different from that in both these controls (see below).

The presence of a prostate tumor alters gene expression in the
surrounding tumor-bearing organ
A genome-wide expression microarray was used to compare gene expression in TINT and AT-
1 tumor tissue to that in normal control prostate tissue (RPMI injected) from tumor-free ani-
mals. Unsupervised hierarchical clustering based on the genome-wide expression profiles clus-
tered the samples in two major groups: (A) all TINT samples and normal prostate tissue
samples, and (B) all AT-1 tumor tissue samples and the AT-1 cell line (Fig 1). Gene expression
in tumor tissues was therefore clearly separate from the gene expression in normal prostate tis-
sue and TINT. Group A was further subdivided into a group with only TINT tissue (A-2) and
a group with control prostate tissue and a few TINT samples (A-1) (Fig 1). This difference in
clustering of the TINT samples could not be explained by differences in tumor size. Further
studies are required to examine why gene expression in some TINT samples is more affected
than in others.
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In this study we are not able to completely exclude that single tumor cells could be present
in the micro-dissected TINT tissue. However, the AT-1 tumors grew as single rounded tumors
with well defined borders and dissection with a margin> 0.5 mm therefore likely avoided
tumor cell contamination (S1 Fig). Particularly as we never observed small clusters of AT1
cells, separated from the main tumor, in our immune-stained and extensively examined paraf-
fin embedded tissue samples. As the gene expression profile in AT-1 tumors in vivo was deter-
mined we could also simulate (in-silico) AT-1 tumor contamination of different degrees in our
normal samples. Adding from 0.1 to 20% of the average gene expression signals in tumor tissue
to all our individual normal control samples did not make their gene expression pattern TINT-
like and the individual samples still clustered at the same position as before (i.e. individual sam-
ples initially found in group A1 did not move to group A2, data not shown). This and the find-
ing that expressions of several genes were larger in TINT than in both tumor and normal tissue
(see below) suggest that the TINT gene expression pattern is unlikely to be explained by tumor

Table 1. Quantification of morphological changes in the tumor-bearing organ (TINT-changes) in rats carrying AT-1 tumors and in different
controls.

AT-1 tumors RPMI-medium controls Heat-killed AT-1 controls

Volume density of CD68+ cells (%) 1.1 +/- 0.46a 0.18 +/- 0.075 0.18+/-0.094b

Volume density of blood vessels (%) 1.9 +/- 0.34 a 0.86 +/- 0.20 0.75+/-0.26 b

Endothelial BrdU- labeling index 23 +/- 5.1 a 1.3 +/- 0.45 1.5+/-0.64 b

Volume density of Mast cells (%) 0.34 +/- 0.10 a 0.20 +/- 0.10 0.20 +/-0.060 b

Values are means +/- SD, n = 7–9 animals in each group.
a Significantly different than in both controls,
b Not significantly different from that in RPMI injected animals, p < 0.05

doi:10.1371/journal.pone.0130076.t001

Fig 1. Unsupervised hierarchical clustering of samples based on the genome-wide expression
profiles.Control-, TINT-, tumor samples, and the AT-1 cell line were clustered based on the entire microarray
dataset. The dendogram shows two major groups; A) containing TINT- and normal prostate tissue samples,
and B) containing all AT-1 tumor tissue samples and the AT-1 cell line. TINT: tumor-adjacent normal
prostate tissue.

doi:10.1371/journal.pone.0130076.g001
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cell contamination. However, it should be noted that we cannot completely ensure that TINT
samples were 100% tumor free.

Genes differentially expressed in TINT compared to normal prostate
control tissue suggest that there is an inflammatory and matrix-
reorganizing response in the tumor-bearing organ
We identified 5,888 genes with significantly different expression in TINT compared to control
samples (p< 0.05, data not shown). To identify strong candidate genes that characterize TINT,
we selected genes with� 2-fold change, p< 0.05, and a probe signal at least twice the back-
ground signal in at least one of the two groups.

A total of 461 genes were identified; of these, expression of 423 genes was up-regulated and
expression of 38 was down-regulated in TINT relative to normal prostate tissue (S1 Table). In
addition, gene expression of the 461 candidate genes in AT-1 tumor tissue was compared to
normal prostate control tissue using the same procedure (S1 Table). To characterize TINT and
determine what biological processes the 461 candidate genes selected were associated with, we
preformed a gene ontology analysis using GeneGo MetaCore software. As could be predicted
from our previous findings in this rat model (see Introduction), many of the genes altered in
TINT were related to processes such as inflammatory responses and organization of the extra-
cellular matrix (ECM) (Table 2).

Irrespective of the obvious differences between a short-term rat tumor-implantation model
and patients, our studies in prostate cancer patients suggest that some of the changes in TINT
seen in the rat model are also present in and related to tumor aggressiveness in patients—for
example, increased vascular density, accumulation of inflammatory cells, and alterations in the
extracellular matrix [1, 8, 9, 13, 22]. Altered gene expression in histologically normal tumor-ad-
jacent tissue relative to that in normal prostate tissue from men without prostate cancer has

Table 2. Ontology analysis of 461 TINT candidate genes.

P-value Ratio

Processes

Extracellular matrix organization 3.05E-30 (54/407)

Inflammatory response 4.19E-24 (54/593)

Blood coagulation 1.29E-22 (61/665)

Immune response 7.49E-22 (55/1505)

Innate immune response 8.09E-20 (65/983)

Networks

Cell adhesion, Cell-matrix interactions 2.65E-16 (39/211)

Cell adhesion, Platelet-endothelium-leucocyte interactions 1.77E-10 (28/174)

Proteolysis, ECM remodeling 4.17E-09 (18/85)

Cell adhesion, Integrin-mediated cell-matrix adhesion 2.15E-08 (28/214)

Development, Blood vessel morphogenesis 3.15E-07 (27/228)

Pathways

Cell adhesion, ECM remodeling 3.19E-11 (14/52)

Immune response, Antigen presentation by MHC class II 5.21E-09 (7/12)

Immune response, CCR3 signaling in eosinophils 7.43E-08 (13/77)

Cell cycle, Spindle assembly and chromosome separation 1.04E-07 (9/33)

Cell cycle, Role of APC in cell cycle regulation 1.14E-06 (8/32)

Ratio: significantly altered genes in the experiment of all genes in the respective process/network/pathway.

doi:10.1371/journal.pone.0130076.t002
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also been found in other studies [17, 23–26]. Collectively, they all show similarities in gene ex-
pression between tumor-adjacent prostate tissue and tumor tissue. Importantly, and in line
with our rat model, tumor-adjacent prostate tissue in patients is characterized by processes
such as inflammation and wounding (see below) [17]. Gene expression in tumor-adjacent tis-
sue in breast cancer patients is also characterized as a wounding response [27].

Changes in TINT could be induced by tumor-secreted factors and tissue
hypoxia
Some of the changes in gene expression in TINT are probably due to signals coming from the
tumor to the surrounding tumor-bearing organ. Such signals may be soluble factors and/or
microvesicles/exosomes [28]. For example, prostate tumor epithelial cells secrete factors that
attract inflammatory cells [7, 29–32] and the TINT in turn expressed macrophage chemo-at-
tractants such as chemokine (C-C) ligand 2 (Ccl2) and colony-stimulating factor 1(Csf1). Ex-
pression of genes encoding markers of macrophages (Cd68) particularly of the tumor-
stimulating “M2 type” (Cd163,Mrc1,Mgl1, Folr2, and Hmox1), lymphocytes (Cd8a), and mast
cells (the mast cell chymase gene Cma1 and the gene for mast cell antigen 32,Mca32) was thus
upregulated in TINT.

One key factor that induces changes in stroma cells in wounds and tumors is transforming
growth factor β1 (Tgfb1) [33] and as Tgfb1mRNA expression was increased in TINT and
tumor tissue (S1 Table), it could be an important inducer of TINT. Other regulatory systems of
importance for prostate development and growth such as the Wnt- [34] and Slit-robo systems
[35] could also be involved. Genes coupled to these systems and whose expression was found
to be upregulated in TINT include Sfrp2, Slit3, Robo-1, and the gene for disabled-2 (Dab2).
SFRP2 is an androgen-regulated inhibitor of Wnt signalling that is important during prostate
development [34]. SLIT3, which is produced by the prostate stroma and stimulated by andro-
gens, is important both during prostate development and for prostate cancer progression [34,
35]. DAB2 is a modulator of signalling downstream of the androgen receptor AR [36]. Interest-
ingly, expression of Bcl2a1 was also found to be upregulated in TINT, possibly making the tis-
sue more resistant to apoptosis. Altered AR function and up-regulation of expression of anti-
apoptotic factors might explain the blunted response to castration in TINT prostate [6].

Prostate tumor epithelial cells also secrete factors that affect the fibromuscular stroma and
ECM within the tumor and in the surrounding TINT [1, 37]. In line with this, we found here
that expression of genes encoding stroma-related factors, such as S100A4, periostin (Postn_per-
dicted), Sparc, CXCL12, various collagens (Col1a1, Col1a2, Col3a1, Col4a1, Col5a1, Col5a2,
Col6a1_predicted, Col6a3_predicted, Col8a1_predicted, Col14a1_predicted, Col15a), vimentin
(Vim), elastin (Eln), fibronectin (Fn1), and lysyl oxidase (Lox) was higher in TINT than in con-
trol tissue. Similarities between tumor stroma and TINT stroma [37] may suggest common un-
derlying mechanisms. We therefore suggest that tumor cells send signals to both the adjacent
tumor stroma and further away to the tumor-bearing organ to facilitate subsequent tumor
growth. Some of these signals probably also have systemic effects. Changes seen in TINT have
also been described in pre-metastatic niches, for example up-regulation of genes encoding
LOX, fibronectin, periostin, MMPs, and S100 proteins [5, 28, 38], suggesting that they could be
caused by similar signals from the tumor.

Rapid growth of a tumor inside the prostate may also result in some degree of hypoxia in
the surrounding normal tissue. As many of the genes whose expression is upregulated in TINT
relative to normal prostate tissue are hypoxia-regulated—for example, Hmox, Lox, osteopontin
(Spp1), periostin (Postn_perdicted), and stroma-derived factor 1 (Cxcl12/Sdf-1), we evaluated
prostate tissue hypoxia using Hypoxyprobe. This marker identifies cells with a pO2 below 10
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mmHg. In the AT-1 tumors, large areas of tumor epithelial cells were stained as previously de-
scribed [6, 7]. The most intense staining was observed in areas remote from visible blood ves-
sels, whereas cells adjacent to vessels were largely unstained (Fig 2). In the tumor-adjacent
tissue, some of the normal prostate epithelial cells also showed staining (Fig 2) and the percent-
age of hypoxic prostate epithelial cells in TINT was larger than in medium injected controls
(8.6 ± 2.8% vs. 1.8 ± 1.4%; n = 7 to 10 in each group, p< 0.001, Mann-Whitney U- test). Al-
though most of the hypoxia regulation of HIF does not occur at the mRNA level [39],Hif-1α
expression was upregulated 1.7-fold in TINT relative to normal prostate tissue (p = 0.01). Hyp-
oxia is therefore a likely underlying mechanism for some of the up-regulation of genes in
TINT.

Gene expression patterns characterizing TINT
Furthermore, the differential expression in TINT relative to that in normal prostate tissue, with
461 significantly altered genes, was visualized in a clustering-based heatmap (Fig 3). The heat-
map also included the expression levels of selected candidate genes in AT-1 tumor tissue rela-
tive to controls. Hierarchical clustering of all samples resulted in 3 major groups of gene
expression profiles (Fig 3).

Cluster A: Genes down-regulated in TINT relative to normal controls. The first cluster
contained 38 genes that were downregulated in TINT relative to controls (Fig 3). Expression of
all of these genes was also found to be reduced in the tumor samples (Fig 3). This shows that
tumor implantation can suppress expression of genes that are commonly repressed in tumors
also in the surrounding normal tissue. In this group we, for example, find genes such as those
for glutathione S-transferases (Gst) M1, Gstm2, Gstm3, Gstm6, the membrane metallo-endo-
peptidase gene (Mme/Cd10), and the microseminoprotein gene (Msmb) (S2 Fig). Ontological
analyses show that the genes whose expression is downregulated in TINT are involved in bio-
logical networks such as response to hypoxia and oxidative stress, and pathways such as gluta-
thione metabolism (Table 3).

GTS enzymes protect against DNA damage and hypermethylation. Another GST enzyme,
P1, is downregulated in human prostate epithelial cells as a consequence of chronic inflamma-
tion. In addition, GST P1 is involved in the pathogenesis of prostate cancer and is commonly
due to epigenetic changes downregulated in human prostate tumors [40]. It is therefore plausi-
ble that inflammation also results in decreased expression of the other GST enzymes in the
tumor-adjacent prostate tissue that we identified in this model.

Microseminoprotein is produced almost exclusively by prostate epithelial cells. In the pros-
tate it is known to be a tumor suppressor, and reduced MSMB expression has been shown to
be a potentially useful diagnostic and prognostic biomarker of prostate cancer in tissue and
serum [41, 42]. Our results suggest that reduced synthesis of microseminoprotein in TINT
could contribute to reduced serum levels in patients with prostate cancer.

In line with our microarray results, although not fully verified by qRT-PCR, CD10 expres-
sion has also been shown to be downregulated in the normal prostate tissue adjacent to high-
grade (Gleason 8–10) tumors [24]. However, Risk and co-workers found that 18 genes were
upregulated and 16 were down-regulated in human tumor-adjacent prostate tissue but none,
except CD10, were similar to those found in our rat model.

Cluster B: Genes altered in both TINT and tumor tissue relative to controls. The sec-
ond cluster contained 307 genes with altered gene expression in both TINT and tumor samples
relative to controls (Figs 3 and S2). The cluster mostly contained genes that had a similar up-
regulation in both TINT and tumor tissue and up-regulated genes with higher expression in
tumor tissue than in TINT tissue (Figs 3 and S2). The gene cluster is characterized by the
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involvement of biological processes such as the immune system; stress and wounding re-
sponses; biological networks such as cell adhesion, chemotaxis; and pathways such as Immune
response, Antigen presentation by MHC class II (Table 3). The processes that lead to formation
of tumor stroma show similarities to the stroma of healing wounds [3, 18, 19, 43]. The current
data suggest that TINT and tumor stroma could in part be shaped by similar factors.

Three genes of potential importance that were upregulated in both tumors and TINT were
osteopontin (Spp1), Tgfb1, and periostin (Postn). Osteopontin is produced by prostate cancer
epithelial cells [44] and macrophages, and serves as a signal from tumors to the bone marrow
to recruit cancer-supporting stroma cells [3, 16]. Increased osteopontin levels in blood are asso-
ciated with poor prognosis in prostate cancer [45]. The present study suggests that osteopontin
could also be produced by the tumor-adjacent normal prostate tissue. Increased expression
and secretion of factors from the tumor-adjacent prostate tissue could thus amplify tumor sig-
nals to the circulation. Small but aggressive tumor could by creating a large TINT zone there-
fore have major systemic effects, for example by secretion of LOX and osteopontin also from
the surrounding normal tissue (see [6] for discussion). Additional studies are needed to test
this hypothesis and clarify the role of osteopontin in TINT.

Periostin, a TGF-beta and hypoxia-inducible protein whose expression has previously been
shown to be upregulated in the stroma of a variety of tumors [46], was also found to be upregu-
lated in rat prostate TINT and tumors. Periostin is mainly produced by prostate tumor stroma
cells, and high stoma periostin levels are associated with poor outcome [47–49]. As periostin is
an important regulator of several aspects of cancer including EMT [46] and metastatic coloni-
zation [38], further studies are needed to investigate its role in TINT of the prostate.

Our results may indicate that current strategies to screen for novel cancer markers are insuf-
ficient, as—to date—only factors that are altered in tumors relative to surrounding (normal)
tissue have been considered to be potentially useful. However, this strategy may actually over-
look some really useful markers, those highly altered in both the tumor and the tumor-bearing
organ. Our results suggest that both tumors and TINT may actually share common factors (S2
Fig and Fig 3).

Cluster C: Genes that are exclusively up-regulated in TINT. The third cluster contained
116 genes that had greater expression in TINT than in controls and tumor tissue (Fig 3), sug-
gesting that there may be markers that can differentiate TINT from both control prostate and
tumor tissue. Some genes had upregulated expression in TINT and down-regulated expression

Fig 2. Hypoxic areas in tumor and TINT tissues. Pimidazole staining (brown) of hypoxic tissue areas in normal sham injected control prostate tissue, in
AT-1 tumors (T), and in the tumor-adjacent normal prostate tissue (TINT) and at day 10.

doi:10.1371/journal.pone.0130076.g002
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Fig 3. Heatmap showing the relative expression levels of genes differentially expressed between TINT
and controls. The rows represent expression levels for each of the 461 genes that were differentially
expressed between TINT and normal prostate control tissue and the columns represent the signature of each
sample (normal, TINT and tumor). Red color illustrates higher expression than the mean expression in
normal prostate tissue and blue illustrates lower expression. Genes were hierarchical clustered using
average linkage clustering with a pearson correlation. Three major gene clusters were identified: A) genes
down-regulated in TINT and tumour vs. normal tissue, B) genes mainly up-regulated in both TINT and tumor
tissue vs. normal tissue and C) genes exclusively up-regulated in TINT vs. normal control tissue. TINT:
tumor-adjacent normal prostate tissue.

doi:10.1371/journal.pone.0130076.g003
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in tumors—for example, the mast cell chymase gene (Cma1), the tumor necrosis factor recep-
tor superfamily member 11b (osteoprotegerin) gene (Tnfrsf11b), and the secreted frizzled relat-
ed protein 2 gene (Sfrp2). This demonstrates that changes in gene expression in TINT are
unlikely to be explained by the presence of tumor cells in the tissue (also see above). Factors
that are specifically upregulated in TINT could be functionally important, as they indicate that
certain processes have to be changed differently in TINT than in tumors. Ontological analysis
showed that this group of genes is characterized by processes such as wounding and organiza-
tion of the extracellular matrix, networks such as inflammation and blood coagulation, and
pathways such as tissue factor signaling in cancer (Table 3).

Many genes in this cluster are associated with inflammation, for example those for macro-
phage markers (Cd68, Cd163, and Hmox1), those for blood and lymph vessels (Lyve-1), and
those for extracellular matrix (Lox) and blood-coagulation proteins (Pai1, F3, F5, F13a1, A2m,
and Plat).

Several individual genes that were found to be differentially expressed in TINT are interest-
ing and deserve special study, as they already have known biological functions in tumor stroma
and as signals to remote organs. One highly upregulated factor was heme oxygenase 1 (from
theHmox1 gene), which has been shown to be regulated by cellular stress caused by for exam-
ple hypoxia and inflammatory cytokines [50]. As HMOX-1 protects against cell damage, it is
possible that some TINT-specific changes may be part of the host defense, but as HMOX-1
produces CO—resulting in vasodilatation and angiogenesis—it could also have tumor-stimu-
lating properties [50]. HMOX-1 has also been shown to facilitate tumor progression by sup-
pressing the tumoral immune response [51]. Separate studies investigating the role of HMOX-
1in TINT are in progress.

Lysyl oxidase (LOX) is an enzyme that is also stimulated by TGF-β1 and hypoxia and causes
cross-linkage between collagen and elastin (which were also upregulated in TINT) [52–55]. In

Table 3. Ontology analysis of genes in cluster A, B and C.

Processes p- value
(Ratio)

Networks p- value
(Ratio)

Pathways p- value
(Ratio)

Cluster
A

Tonic smooth muscle
contraction

1.11E-09
(3/14)

Response to hypoxia and
oxidative stress

1.68E-02
(2/163)

Glutathione metabolism, Rodent version 2.24E-04
(3/70)

Cellular hypotonic
response

1.11E-08
(3/6)

Cytoskeleton, Actin
filaments

1.94E-02
(2/176)

Cell adhesion, Integrin-mediated cell
adhesion and migration

3.11E-03
(2/48)

Aorta smooth muscle
tissue morphogenesis

2.22E-08
(3/6)

Cytoskeleton, Intermediate
filaments

9.76E-02
(1/81)

Chemotaxis, Inhibitory action of lipoxins
on IL-8- and Leukotriene B4-induced
neutrophil migration

3.50E-03
(2/51)

Cluster
B

Immune system process 8.45E-49
(141/2482)

Cell adhesion, Cell-matrix
interactions

4.61E-14
(31/211)

Immune response, Antigen presentation
by MHC class II

5.97E-10
(7/12)

Response to stress 3.55E-46
(174/4024)

Cell adhesion, Leucocyte
chemotaxis

1.10E-07
(22/205)

Cell cycle, Spindle assembly and
chromosome separation

7.09E-09
(9/33)

Response to wounding 5.00E-45
(105/1415)

Cell adhesion, Integrin-
mediated cell-matrix
adhesion

2.36E-07
(22/214)

Cell adhesion, ECM remodeling 3.91E-08
(10/52)

Cluster
C

Response to wounding 4.27E-15
(36/1415)

Proteolysis, ECM
remodeling

1.50E-06
(8/85)

Blood coagulation, Blood coagulation 5.36E-08
(6/39)

Extracellular matrix
organization

1.364E-14
(21/43)

Inflammation, Kallikrein-
kinin system

1.50E-06
(11/185)

Expression targets of Tissue factor
signaling in cancer

5.25E-06
(4/22)

Extracellular structure
organization

1.43E-14
(21/14)

Blood coagulation 3.23E-06
(8/94)

Cell adhesion, ECM remodeling 8.27E-06
(5/52)

Ratio: significantly altered genes in the experiment of all genes in the respective process/network/pathway.

doi:10.1371/journal.pone.0130076.t003
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this way, LOX may increase matrix stiffness and facilitate tumor growth [56]. Primary tumors,
in response to hypoxia, secrete LOX that facilitates metastatic establishment by increasing the
stiffness in pre-metastatic niches [57, 58]. LOX may therefore promote tumor growth by also
increasing stiffness in TINT. Further studies examining LOX in more detail are in progress.

Other factors of possible importance that are upregulated in TINT are alpha-1 macroglobu-
lin (encoded by the A2m gene) and alpha-1 anti-chymotrypsin (encoded by Serpina3n), Serpi-
na3n is upregulated in both TINT and tumor. Both of these proteases, which are produced by
prostate epithelial cells, form complexes with PSA and are therefore of importance for both
PSA physiology in the prostate and for measuring PSA levels in blood [59]. The observation
that their expression may be specifically increased in TINT should therefore be examined in
greater detail.

Conformation of microarray data by qRT-PCR
Real-time PCR was performed to validate some of the observed changes in gene expression in
TINT. Eleven of the 461 genes were selected because of their known biological function and
importance in prostate tissue (Hmox1, Lox, Cd68, Lpl, Cebp-beta, Cyr61,Mmp3, S100a4, Tgf-
bi,Mme, and Gtsm1). In line with the microarray results, expression of Hmox1, Cd68, Cebp-
beta, Cyr61, Tgf-bi, Lox,Mmp3, and S100a4 was found to be higher in TINT than in normal
prostate tissue (Table 4). Furthermore, Gstm1 was conformed to be downregulated in TINT
relative to controls (Table 4). However, the expression of the Lpl and Mme genes in TINT was
not significantly different between groups (Table 4). The degree of variance between the
RT-PCR and microarray data is unknown, but the variation seen could be due to the use of dif-
ferent sets of animals. Despite this, nine of eleven genes were conformed to be altered in TINT
using qRT-PCR. This shows that the differences in gene expression between TINT and normal
prostate tissue that were identified by the microarray analysis were reliable. However, more
studies are needed to confirm their expression and significance in prostate cancer patients.

Again, we examined if the choice of control was of importance for gene expression changes
in TINT. Expressions of the selected genes in RPMI injected prostates were compared with
heat-killed tumor cell injected controls (Table 4). Six of the eleven genes examined had signifi-
cantly lower expression in prostates with heat-killed AT-1 cells compared to RPMI controls
(Table 4), although the difference in fold change was low (-1.2 to -3.4). Five of the six signifi-
cantly down-regulated genes in heat-killed vs. RPMI controls, were actually upregulated in

Table 4. qRT-PCR validation of selected gene.

Genes Fold-change TINT vs. RPMI
control (microarray)

p-value Fold-change TINT vs. RPMI
control (qRT-PCR)

p-value Fold-change heat-killed AT-1 vs.
RPMI control (qRT-PCR)

p-value

Lox 5.2 0.001 3.4 0.021 -1.9 0.043

Hmox1 14.5 0.001 50.9 0.000 -1.2 0.290

Cd68 4.9 0.007 11.3 0.007 -1.1 0.211

Lpl 5.3 0.027 -1.7 0.630 -1.2 0.749

Cebp-
beta

2.3 0.009 7.8 0.001 -2.6 0.008

Cyr61 2.2 0.010 5.4 0.002 1.6 0.298

Mmp3 2.6 0.017 5.1 0.003 -3.4 0.013

S100a4 5.2 0.003 20.2 0.002 -1.2 0.036

Tgf-beta 2.4 0.008 31.3 0.003 -1.3 0.037

Mme -2.0 0.009 -1.7 0.211 -1.5 0.012

Gstm1 -2.0 0.001 -1.5 0.016 1.0 0.923

doi:10.1371/journal.pone.0130076.t004
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TINT compared to RPMI controls (Table 4). The remaining 5 genes were not significantly dif-
ferent between the two control groups. The morphological changes (Table 1) and the changes
in gene expression pattern in TINT thus appear to be related to the presence of a growing
tumor and not to the choice of control.

Conclusion
Using an animal model, we have shown that histologically normal prostate tissue adjacent to a
tumor has a unique gene expression signature relative to normal tumor-free prostate tissue.
This shows that the presence of a tumor induces changes in gene expression in the surrounding
tumor-bearing organ. Studies are now underway to determine the kinetics of this response and
how it differs in prostate tissue surrounding tumors with different aggressiveness. The ultimate
aim is to identify candidate genes that could possibly serve as novel diagnostic or prognostic
markers and/or therapeutic targets for prostate cancer.

Supporting Information
S1 Fig. Orthotopic AT-1 tumor model. 2x103 AT-1 rat prostate tumor cells were injected to
the one of the ventral prostate lobes of immune competent Copenhagen rats and tumors were
analyzed at day 10. Tumor instructed normal tissue (TINT) is defined as prostate tissue more
than 0.5mm from the tumor border.
(TIF)

S2 Fig. High resolution Heatmap.
(TIF)

S1 Table. Candidate genes. List of 461 significantly altered genes in TINT relative to normal
prostate tissue.
(DOCX)
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