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Abstract

In order to grow and spread tumors need to interact with adjacent tissues. We therefore
hypothesized that small but aggressive prostate cancers influence the rest of the prostate
and regional lymph nodes differently than tumors that are more indolent. Poorly metastatic
(Dunning AT1) or highly metastatic (Dunning MLL) rat prostate tumor cells were injected
into the ventral prostate lobe of immunocompetent rats. After 10 days—when the tumors
occupied about 30% of the prostate lobe and lymph node metastases were undetectable—
the global gene expression in tumors, benign parts of the prostate, and regional iliac lymph
nodes were examined to define tumor-induced changes related to preparation for future
metastasis. The tumors induced profound effects on the gene expression profiles in the
benign parts of the prostate and these were strikingly different in the two tumor models.
Gene ontology enrichment analysis suggested that tumors with high metastatic capacity
were more successful than less metastatic tumors in inducing tumor-promoting changes
and suppressing anti-tumor immune responses in the entire prostate. Some of these differ-
ences such as altered angiogenesis, nerve density, accumulation of T-cells and macro-
phages were verified by immunohistochemistry. Gene expression alterations in the regional
lymph nodes suggested decreased quantity and activation of immune cells in MLL-lymph
nodes that were also verified by immunostaining. In summary, even when small highly meta-
static prostate tumors can affect the entire tumor-bearing organ and pre-metastatic lymph
nodes differently than less metastatic tumors. When the kinetics of these extratumoral influ-
ences (by us named TINT = tumor instructed normal tissue) are more precisely defined they
could potentially be used as markers of disease aggressiveness and become therapeutic
targets.

Introduction

In order to grow and spread neoplastic cells need to influence and interact successfully with
adjacent cells in the tumor microenvironment and in remote organs such as pre-metastatic
niches and the bone marrow [1-3]. For example, malignant prostate cells secrete factors that
induce a “reactive tumor stoma” which promotes tumor growth [4, 5]. Prostate cancers also
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influence major parts of the tumor-bearing organ [6]. The type and magnitude of both the
intra- and extratumoral responses are related to tumor aggressiveness [5-8]. In a cohort of
prostate cancer patients managed by watchful waiting, quantification of responses in the
tumor stroma and in the rest of the tumor-bearing organ could predict prognosis [5, 6, 9-14].
Measuring how the tumor micro- and macro-environments are modified by potentially lethal
tumors could therefore be a novel way to evaluate tumor aggressiveness.

We have previously shown that implantation of rat prostate tumor cells into the prostate of
immunocompetent syngenic rats resulted in angiogenesis, influx of inflammatory cells, and a
gene expression profile similar to a wound healing response in major parts of the tumor-bear-
ing organ [7, 8]. Histological examination showed that small, fast growing and highly meta-
static tumors induced more pronounced changes than larger, slow growing and less metastatic
tumors [8]. We therefore hypothesized that aggressive cancers, already during early phases of
the disease, reprogram large parts of the tumor-bearing organ and probably also other organs
differently than tumors that are more indolent [6]. For prostate cancer—a common, multifo-
cal, and highly unpredictable disease—improved diagnostic methods that at an early time
point can separate clinically insignificant cancers from potentially lethal cancers are particu-
larly needed [6, 15].

Another site that probably senses the presence of a potentially lethal cancer are the regional
lymph nodes (LNs). Experimental studies show that cancers secrete factors preparing selected
remote organs to the subsequent arrival of metastatic cells, i.e. they prepare the soil for meta-
static growth [16-23]. Such pre-metastatic niches are characterized by a tumor promoting
inflammation where myeloid derived suppressor cells and regulatory T-cells prevent anti-
tumor immune responses [2, 3, 16, 23-27]. If and how prostate tumors of different malignancy
influence regional LNs prior to metastasis, and if so by what mechanisms, are largely unex-
plored. The few studies available suggest induction of immunosuppressive changes [24, 28—
31].

The aim of this study was therefore to define tumor-induced changes in benign parts of the
tumor-bearing prostate lobe (in the so-called TINT = tumor instructed normal tissue, see Dis-
cussion for details), and in pre-metastatic regional LNs. This was done by exploring the global
gene expression profiles in prostate tumor tissue, in prostate TINT, and in pre-metastatic
regional LNs from rats carrying either of these two rat prostate tumors: 1) the locally aggres-
sive, poorly differentiated, and low metastatic AT1-tumor, or 2) the locally aggressive, poorly
differentiated and highly metastatic MatLyLu (MLL)-tumor (metastasizes primarily to lymph
nodes and lung) [32]. We aimed to describe extratumoral changes related to metastatic capac-
ity and explore whether these changes could be linked to tumor-derived signals, either similar
signals affecting both the tumor-bearing organ and the regional LN, or target tissue-specific
signals. The long-term goal is to identify novel diagnostic markers and therapeutic targets for
subsequent metastatic disease.

Materials and methods
Ethics statement

All animal work was carried out in accordance with protocols approved by the Umeé Ethical
Committee for animal research (permit number A 42-15A). Adult Copenhagen rats (300-400
g) were housed in a well ventilated room under controlled temperature (25°C), and light (12 h
light/ 12 h dark), with food and water available ad libitum. An experienced caretaker moni-
tored the animals on a daily basis. Anesthesia was performed by intraperitoneal injections of
Ketamine (75 mg/kg) and Medetomidine (0.5 mg/kg) before tumor cell injection and at sacri-
fice. Anesthetized animals were euthanatized by removal of the heart. All animals included in
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the study survived to the endpoint of the experiment and all tumors were small and sur-
rounded by normal prostate tissue, and did not give rise to any symptoms.

Orthotopic implantation of Dunning R-3327 rat prostate tumor cells

AT1- and MLL- rat prostate tumor cells were purchased from European Collection of Cell
Cultures (ECACC, Sigma Aldrich; MLL # 94101454, AT1 # 94101449) and were grown in
RPMI 1640 + GlutaMAX (Gibco) supplemented with 10% fetal bovine serum and 250 nM
dexamethasone (Sigma Aldrich) [32]. Immunocompetent and syngenic adult Copenhagen
rats (Charles River, Sulzfeld, Germany, bred at our animal facility) were used in all experi-
ments. Animals were anesthetized, and an incision was made in the lower abdomen to expose
the ventral prostate lobes. 2 x 10* AT1 cells, or 1 x 10° MLL cells (suspended in 10 ul RPMI
1640) were carefully injected into one of the ventral prostate lobes (n = 8 for each tumor type)
using a Hamilton syringe with a 30G needle. Rats were sacrificed 10 days after tumor cell injec-
tion, the tumor-containing prostates and the regional LNs (iliac nodes) were removed,
weighed, frozen in liquid nitrogen, and stored in -80°C. Tissues from untreated rats (n = 8)
(and for morphological examination, also from rats injected with vehicle (n = 8)) were used as
controls.

Tissue microdissection, morphology and immunohistochemistry

Ventral prostate tissue was microdissected on cryosections to separate tumor and TINT tissue
excluding a border zone of 0.5 mm into the tumor and 0.5 mm into the normal prostate tissue
as earlier described [7]. Tumor, prostate TINT and LN cryosections (10 pm, 20-60 sections/
tissue type) were used for RNA preparation as described below. The remaining tissue was used
for morphological analysis. Maximal tumor- and LN- cross sectional area was measured with
the Pannoramic Viewer Software (3DHistech). Cryosections of tumor-, prostate TINT- and
LN-tissue were stained with primary antibodies against CD3 (#180102, Invitrogen), CD8
(Clone OX-8, #201701, BioLegend), CD68 (Clone ED1, #MCA341R, Serotec), CD169
(#LS-C124538, LSBio), factor VIII (#A0082, Dako), Ki67 (Clone SP6, #ab16667, Abcam),
Lyve-1 (#ab14917, Abcam), and neurofilament-light (NFL, #AB9568, Millipore) to visualize
different types of immune cells, blood vessels, proliferating cells, lymph vessels and neurons.
“Envision HRP Rabbit” (#K4003, Dako) was used as secondary antibody for CD3, Ki67, factor
VIII, NFL, and LYVEI, and “Mach3 Mouse on rat” (#MRT621, Biocare) was used as secondary
antibody for CD8, CD68 and CD169. The slides were developed using diaminobenzidine
(Dako), except for factor VIII where instead aminoethyl carbazole (Dako) was used. The vol-
ume density (percentage of tissue volume occupied by the defined tissue compartment) was
determined using point counting morphometry [33]. In brief this was done using a square-lat-
tice mounted in the eyepiece of a light-microscope and counting the number of cross-sections
(hits) falling on the immunostained cell type and on the reference tissue space. The calculated
values were expressed as means + standard deviation and the Student’s T-test was used to com-
pare groups using Statistica 12 (Statsoft Inc).

RNA extraction and cDNA microarray

Total RNA from tumors, prostate TINT, and LNs were extracted using Allprep DNA/RNA/
Protein mini kit (Qiagen). The RNA samples (n = 8/group) were sent to the core facility for
Bioinformatics and Expression Analysis at Karolinska Institutet (BEA, Novum, KI, Stockholm,
Sweden) for RNA integrity evaluation using RNA ScreenTape™ and 2200 TapeStation Soft-
ware (Agilent Technologies), sample preparation and subsequent cDNA microarray analysis
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on Affymetrix™ GeneTitan Gene 1.1 ST Rat array (Affymetrix). Two of the samples from
AT1-TINT were excluded due to poor RNA quality.

Gene expression data analysis

The array data was normalized and pre-processed (Analysis Software = Expression Console,
Method = med-polish (rma-bg, quant-norm, sketch = -1, bioc = true, lowprecision = false,
usepm = true, target = 0, doavg = false) log2 transformation) at BEA (S1 Dataset). Genes with
an average signal intensity > 23 (~4.5 log2) in at least one of the compared groups was
included in the analysis. In order to compare groups, average signal intensity of each group
was computed as well as fold change (FC) between groups of interest. Student’s T-test was
used to test significance of difference between groups. Differentially expressed genes (DEGs)
were identified as genes with FC > 1.25 (absolute value) and p-value < 0.05. Venn-diagrams
were constructed using Biovenn [34] and Vennplex [35] were used to obtain the numbers of
common and unique up-, down-, and contraregulated genes.

The unsupervised multivariate projection method, Principal Component analysis (PCA),
was used to build an overview of the sample- and gene variation in the whole-genome cDNA
microarray data and to compare subgroups with respect to gene expression and additional
characteristics such as LN- and tumor weight (SIMCA 14.0, Umetrics, Umea, Sweden). Data
was mean centered and scaled to unit variance before analysis and all models were validated
by cross validation. One tumor and corresponding TINT tissue appeared as apparent outliers
in the PCA and was therefore excluded from the study.

QIAGEN’s Ingenuity™ pathway analysis (IPA"™ version 31813283, Qiagen, www.qiagen.
com/ingenuity) was used to find potentially affected biological processes represented by the
whole-genome cDNA microarray data. Each list of DEGs (9 different comparisons, see below)
was analyzed using the IPA core analysis with the IPA default settings. The IPA application
returns biological functions or pathways that are overrepresented in the gene expression data.
The pathways and functions are given together with a p-value (Fisher’s exact test), and when
available, an activation z-score predicting if the particular function or pathway is increased or
decreased based on the gene expression pattern and how that correlate to what is reported in
the published literature in the manually curated content of the Ingenuity Knowledge Base. A
z-score > 2 (absolute value) is considered to be significant. Heatmaps of selected DEGs were
made using Multi Experiment Viewer (Mev 4.9.0) software (mev.tm4.org). Due to the large
range of signal intensity values, the z-score of each value was computed before data import
and heatmap generation.

Results
Experimental design

The Dunning R-3327 prostate tumor model consists of several transplantable rat prostate
tumor cells lines that were all derived from a spontaneous tumor in the dorsolateral prostate of
a Copenhagen rat [32]. The cell lines have different characteristics, thus representing different
tumor grades, and can be injected back to fully immunocompetent Copenhagen rats to give
tumors in vivo [32]. In this study, we used two of these cell lines, AT1 and MatLyLu (MLL).
Both these cell lines form tumors in vivo that are locally aggressive, poorly differentiated and
anaplastic with a poorly differentiated stroma [8, 32] (Fig 1). The main difference between
them is that MLL has a much higher ability to metastasize compared to AT1 [32].

AT cells (2x10%) or MLL cells (1x10%) were injected into the prostate of rats and grown for
10 days. At this time point the tumors were of similar sizes (tumor cross-sectional area was
9.6 + 2.0 mm” for AT1- and 12 + 4.3 mm” for MLL-tumors, p = 0.26, n = 8 in each group) and
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Fig 1. Experimental design. Eosin-hematoxylin stained frozen sections representative of tumors (AT1-tumor and MLL-tumor), prostate TINT (AT1-TINT
and MLL-TINT), regional LNs (AT1-LN and MLL-LN), control prostate, and control LNs. The different groups were compared by analyzing global gene
expression, gene ontology enrichment analysis, and morphology. TINT, Tumor Instructed Normal Tissue; LN, Lymph Node.

https://doi.org/10.1371/journal.pone.0176679.g001

were still surrounded by histologically benign normal prostate tissue (the tumors occupied
roughly 30% of the prostate lobe volume) (Fig 1). Metastatic tumor cells could not be detected
in the regional LNs (Fig 1) or in the lungs (data not shown) using light-microscopy.

Injection of vehicle did not affect the weight of the injected prostate lobe (0.17 + 0.028 g for
vehicle-injected vs. 0.16 + 0.031 g for untreated animals, p = 0.35, n = 8) and induced very dis-
crete inflammatory changes in the prostate compared to untreated animals, as earlier described
[8]. In addition, it did not significantly affect regional LN cross-sectional area measured at the
same side as the injection (11 + 6.0 mm” in vehicle-injected vs. 8.6 + 2.4 mm” in untreated ani-
mals, p = 0.28, n = 6-8). Although we cannot exclude the possibility that surgery and vehicle-
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injection affect gene expression, this should influence both tumor models similarly and there-
fore not bias the MLL vs. AT1 comparisons.

Gene expression profiles in AT1- and MLL-tumors and in AT1- and MLL-TINT were com-
pared to profiles in control prostate tissue from treatment naive animals (Fig 1). Gene expres-
sion profiles in AT1- and MLL-LNs were compared to profiles in control LNs from treatment
naive animals (Fig 1). In addition, we compared gene expression profiles in MLL-tumors vs.
AT1-tumors, MLL-TINT vs. AT1-TINT and MLL-LNs vs. AT1-LN (Fig 1). To get an overview
of the data, the gene expression profiles were analyzed by multivariate analysis and the expres-
sion data was summarized with regard to expression intensity and magnitude of changes
between groups. Differentially expressed genes (DEGs) were then identified and further ana-
lyzed to find associated biological functions using IPA analysis and search tool. Finally, immu-
nohistochemistry was used to verify some of the findings.

General overview of the whole genome expression data

Multivariate analysis. To get an overview of the gene expression pattern in TINT, and
regional LNs induced by highly metastatic MLL-tumors or less metastatic AT1-tumors, we
first studied the overall transcriptional profiles by principal component analysis (PCA) of the
whole-genome cDNA microarray data. The PCA-score plot show three distinct clusters repre-
senting LNs, tumors, and TINT/control-prostate based on unique gene expression profiles
(Fig 2A). When examining each tissue individually, the 1% component clearly separated MLL-
and AT1-tumors from each other (Fig 2B). In TINT, the 1* component separates AT1-TINT
from MLL-TINT and control-prostate (Fig 2C), showing that the gene expression profile in
MLL-TINT is more similar to controls than the gene expression profile in AT1-TINT.
ATI1-LNs and control-LNs formed different clusters although not well separated (Fig 2D) and
four of the MLL-LNs formed a separate cluster (Fig 2D). Further examination of the LNs sepa-
rated by the 1* component showed that this separation was mainly due to LN-size, while the
2" component separates MLL-LNs from AT1-LNs. Overall, the score plot demonstrates that
the gene expression profiles are closely related in the majority of the LNs.

Differentially expressed genes. Untransformed signal intensity values, were averaged for
each group and used to identify differentially expressed genes (DEGs) between the groups. In
tumors, several DEGs had a large fold change (FC) while DEGs in TINT and LNs in general
had small FC (S1 Fig). Since both prostate tissue and LNs are composed of multiple cell types,
where some populations are small, we considered even a small FC to be of potential impor-
tance. For further analysis, we therefore selected DEGs with a FC > 1.25 and a p-value < 0.05.
In total we identified 11 445 DEGs in tumors, 1858 DEGs in TINT and 3201 DEGs in LNs
(S1C Fig). Overall, the gene expression in MLL- and AT1-tumors was relatively similar, as was
the gene expression in the regional LNs from these animals. In contrast, prostate TINT sur-
rounding the two tumor types differed considerably (S1 Fig).

Gene expression profiles in AT1- and MLL-tumors

The most differentially expressed genes in AT1- and MLL-tumors. Although the aim of
this study was to characterize extratumoral changes induced by tumors with different meta-
static capacity we first wanted to see how the gene expression in two tumor types differed from
each other. For this purpose, we listed: 1) top 50 DEGs, 2) top 50 DEGs with a signal intensity
value > 500, and 3) top 25 most highly expressed DEGs (S1 Table).

Several of the top genes have well-known biological functions that can probably be related
to differences in tumor behavior. Among transcripts with a higher expression in MLL- vs.
AT1-tumors we found, for example, Pil15 —a gene associated with lethal prostate cancer in
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https://doi.org/10.1371/journal.pone.0176679.9002

patients [36, 37], Fabp4 —a factor associated with bone metastases in prostate cancer patients
[38], and Eya2 —a transcription factor associated with prostate development as well as metasta-
sis in other cancer types [39, 40]. Dsc3 was markedly lower in MLL- vs. AT1-tumors and
reduced expression of this gene has been associated with poor prognosis in prostate cancer
patients [41]. LOC100363492 (Ly6k), MGC114427 (Magea9), and Mageb1 are known as tumor
antigens [42, 43] and were all expressed at a lower level in MLL- than in AT1-tumors, espe-
cially Ly6k.

Gene ontology enrichment analysis of AT1- and MLL-tumors. To further characterize
the tumors and find biological functions potentially related to metastasis we used the Ingenuity
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Pathway Analysis (IPA) analysis and search tool. DEGs with FC > 1.5 and p < 0.05 were
included in the analysis. Significant biological functions of interest are shown in S2 Table and
the entire result of the downstream effect analysis, Diseases and Functions, are shown in S3
Table. In summary, proliferation of cells appeared increased while chemotaxis, cell movement,
and recruitment of cells seemed decreased in MLL- vs. AT1-tumors (S2 Table). Also, many
immune-related annotations were predicted to be decreased in MLL- vs. AT-1 tumors, and
several annotations related to T-lymphocytes were seen only in AT1-tumors vs. controls (S2
Fig) indicating a more activated (and adaptive) immune response in AT-1 tumors.

Morphological differences and verification of selected ontology functions. The Ki67
labeling index appeared higher in MLL- than in AT-1 tumors which is in line with previous
quantification [8] (data not shown). The volume density (%) of CD3" intratumoral T-lympho-
cytes was higher in AT1- than in MLL-tumors (4.4 + 1.5 vs. 2.5 £ 1.5, p < 0.05, mean + SD,

n = 7) suggesting, consistent with the IPA analysis, increased anti-tumoral immunity in
AT1-tumors (Fig 3A). Also, more CD8" cells (presumably cytotoxic T-lymphocytes) were
present in the invasive zone of AT1-tumors compared to the invasive zone of MLL-tumors
(not quantified, Fig 3B). We have previously shown that MLL-tumors and TINT contain more
CD68" macrophages (pan macrophage marker) compared to AT1 [8] and that these macro-
phages can stimulate tumor growth [44]. In this study, the volume density of CD68" macro-
phages also appeared higher in MLL- than in AT1-tumors (Fig 3C).

The gene ontology (GO) enrichment analysis in IPA indicated moderately decreased angio-
genesis in MLL- vs. AT1-tumors, but the blood vessel volume density (% of tissue composed of
factor VIII" vessels) was higher in MLL- than in AT1-tumors (6.6 £ 0.79 vs. 4.4 £ 0.79,

p <0.05, mean + SD, n = 7). As vessel density was also increased in MLL-TINT (see below),
this suggests that blood vessels within tumors may be formed already days earlier as a result of
increased angiogenesis in TINT to then be incorporated into the expanding tumor. Very few
Lyvel™ lymph vessels could be observed within the central parts of the tumors, however, in the
peripheral parts, lymph vessels that contained inflammatory cells and tumor cells were some-
times seen (Fig 3D). Tumor cells within the lymph vessels were more common in the periph-
eral parts of MLL- than in AT1-tumors (Fig 3D).

Gene expression profiles in AT1- and MLL-TINT

The most differentially expressed genes in AT1- and MLL-TINT. To examine differ-
ences induced in the tumor-adjacent prostate tissue (TINT) we listed: 1) top 50 DEGs, 2) top
50 DEGs with a signal intensity value > 500, and 3) top 25 most highly expressed DEGs (54
Table). Several of the genes present in these lists have well-known functions in tumors and in
the prostate. Some of the genes most differently expressed in MLL- vs. AT1-TINT are com-
mented below (differences between AT1-TINT vs. control and MLL-TINT vs. control are
commented in association with S4 Table).

Top genes upregulated at least 2-fold in MLL- vs. AT1-TINT were for example, Sc/30a2 —-an
epithelial Zn-transporter shown to be central for prostate function [45], Grhi3 -a factor that
promotes cell migration and invasion [46], Ubd-a factor that promotes tumor growth and reg-
ulates immune responses [47], Il12rb2 —an immune regulatory factor [48], Plau-a stroma
remodeling factor that promotes invasion and metastasis [49], Clu—an immune response- and
apoptosis regulating factor [50], Efna5 —a factor suggested to be involved in prostate cancer
[51], Parm1 —an androgen-regulated factor that influence apoptosis in prostate epithelial cells
[52], Ednl —a factor that promotes prostate cancer growth [53], Serpinel —a factor regulating
Plau (see above, [49]), Vicnl —a factor that restricts antitumor T-cell responses and is associ-
ated with metastasis [54], Mmp15 and Mmp7 —factors that promote stroma remodeling [55],
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Fig 3. Immunostained tissue sections from AT1- and MLL- tumors. A) CD3* T-lymphocytes (brown) and
B) CD8" cells (brown) were more common in the peripheral parts of AT1- than MLL-tumors. In contrast C)
CD68* macrophages (brown) were more common in the peripheral parts of MLL-tumors and in MLL-TINT
than in the AT1-model. D) Large tumor cells (arrowhead) were seen inside lymph vessels (LYVE1*, brown) in
the peripheral parts of MLL-tumors. Lymph vessels in AT1-tumors seldom contained tumor cells but more
commonly small lymphocyte-like cells (arrow). TINT, Tumor Instructed Normal Tissue.

https://doi.org/10.1371/journal.pone.0176679.9003
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Sulfl —a factor involved in prostate development and cancer [56], S$100al1 -a factor that pro-
motes prostate cancer progression [57], Ctgf-a stroma stimulating factor [58], and Cyr61 —-an
angiogenic factor that is associated with prostate cancer progression [59].

We further examined if some of the DEGs detected in TINT were regulated in the same
way as in the tumors. Of all downregulated genes detected in AT1-TINT 51% were also down-
regulated in AT1-tumors, and 41% of the upregulated genes were also upregulated in the
tumors. In MLL-TINT 69% of the down- and 73% of the upregulated genes were also regulated
in the same direction in the MLL-tumors. This suggests that gene expression may be altered in
parallel in tumors and in TINT.

Gene ontology enrichment analysis of AT1- and MLL-TINT. GO enrichment analysis
was performed including all DEGs in TINT with FC > 1.25 and p < 0.05. Significant biological
functions of interest are shown in Table 1 (the entire result of the downstream effect analysis,
Diseases and Functions, are shown in S5 Table). Several tumor-related biological functions,
like invasion, proliferation, tumor growth and angiogenesis, were predicted to be increased in
MLL-TINT vs. control-prostate, while decreased in AT1-TINT vs. control-prostate (Table 1).
This suggests that MLL-tumors induced a more tumor-promoting environment in the tumor-
bearing prostate than AT1-tumors. In addition, several function annotations related to inflam-
mation and recruitment of blood cells were predicted to be increased in MLL-TINT vs. con-
trols and in MLL- vs. AT1-TINT (Table 1, Fig 4). These annotations, if present at all in the
analysis of AT1-TINT vs. control-prostate, were predicted to be decreased or had a low activa-
tion z-score, suggesting different inflammatory responses in MLL- and AT1-TINT.

Moreover, annotations related to growth of connective tissue and neuritogenesis were pre-
dicted to be decreased in AT1-TINT vs. control-prostate and were not present at all in the
analysis of MLL-TINT vs. control prostate (Table 1, Fig 5), indicating that AT1-tumors may
have negative effects on stroma fibroblasts and neurons in the tumor-bearing prostate.

To illustrate what genes that might be responsible for the identified functional differences
between MLL- and AT1-TINT (Table 1), we specifically searched for genes that were most dif-
ferentially expressed and at the same time supported the prediction of change made by the IPA
algorithm (Fig 6). For example, Ceacaml—a factor associated with angiogenesis and tumor
aggressiveness in other tumor types [60], Ctgf—a factor that stimulates angiogenesis and pros-
tate cancer progression ([58], see above), Glil —a factor that promotes prostate cancer progres-
sion [61, 62], Anxa2—a factor that is related to prostate cancer metastasis [63], Bmp2 —a factor
that increase prostate cancer motility [64], Lox—a factor that influence pre-metastatic niches
and is associated with prostate cancer outcome [65, 66], Figf (Vegfd)—a lymphangiogenic
growth factor [67], Angptl—a factor that promotes blood vessel maturation [68], Itgam
(CD11b)—a factor expressed on leukocytes, Egrl—a transcription factor that promotes pros-
tate cancer progression [69], Ccl2—a macrophage-attracting factor that promotes prostate can-
cer growth [70], Cxcr2—a cytokine receptor associated with prostate cancer metastasis [71],
and already mentioned above Plau, Serpinel, and Cyr61. All these factors had a higher expres-
sion in MLL- than in AT1-TINT. Only 7 (Cxcr2, Ednra, Flna, 1112a, Itgh6, Prss27, Sulfl) of the
93 DEGs in MLL- vs. AT1-TINT that were related to the functional differences shown in Fig 6
were correlated to tumor size (correlation coefficients 0.55-0.66, p < 0.05, data not shown)
suggesting that tumor type could be more important than tumor size for the type of TINT
changes induced (see [8] for discussion).

The IPA upstream analysis identified regulators that can explain the observed gene expres-
sion changes comparing MLL-TINT with AT1-TINT (S5 Table) and indicated for example
IFN-gamma, IL-1B, TGF-betal, TNF, and prolactin as potential upstream regulators in TINT.
Many of these factors are well-known mediators of inflammation and the formation of a
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Table 1. GO enrichment analysis of prostate TINT—Disease and function annotations.

Function annotation Activation z-score p-value # associated genes (% associated
genes predicted to increase/decrease/
affect function)

MLL vs. AT1vs. MLLvs. |MLLvs. AT1vs. MLL vs. MLL vs. AT1vs. MLL vs.
control control AT1 control control AT1 control control AT1
Migration of cells 5.4 -4.4 7.6 4.44E-31 3.18E-20 5.80E-30 | 183(66/26/ |232(31/60/ |299 (66/
8) 9) 23/11)
Proliferation of cells 2.2 -3.1 4.6 9.31E-22 1.31E-14 412E-20 | 254 (49/38/ | 356 (35/51/ | 446 (53/
13) 14) 43/5)
Cell survival 5.2 -3.4 6.5 6.52E-11 3.26E-05 2.55E-12 | 107 (66/19/ | 133 (32/57/ | 190 (66/
15) 11) 23/11)
Cell death 3.0 2.3 -1.3 2.89E-14 4.32E-09 1.29E-13 | 218 (54/36/ | 308 (52/40/ | 391 (42/
10) 8) 49/9)
Growth of tumor 2.1 -3.0 3.9 3.49E-14 1.07E-09 4.76E-20 | 80 (54/34/ 100 (31/58/ | 145 (59/
13) 11) 29/12)
Invasion of cells 2.5 2.7 4.4 6.58E-08 2.04E-12 3.92E-16 | 69 (59/29/ 115 (35/57/ | 144 (63/
12) 9) 29/8)
Metastasis 1.3 -1.8 2.8 3.05E-12 4.18E-12 8.58E-16 | 75 (35/25/ 106 (26/38/ | 133 (40/
40) 36) 23/37)
Angiogenesis 3.1 -3.1 4.4 7.47E-12 2.66E-14 1.02E-18 | 83 (49/22/ 126 (25/50/ | 158 (53/
29) 25) 23/24)
Inflammatory response 4.9 -0.6 3.5 3.91E-35 2.95E-07 5.09E-10 | 111(59/19/ |86 (36/37/ 110 (53/
22) 27) 24/24)
Chemotaxis of blood 5.3 - 3.5 4.36E-28 - 5.10E-07 |64 (67/9/23) |- 52 (62/15/
cells 23)
Homing of blood cells 5.3 - 3.7 1.10E-27 - 5.07E-07 | 66 (68/11/ - 55 (64/16/
21) 20)
Recruitment of blood 5.0 -1.7 5.0 2.41E-26 1.75E-06 6.54E-10 |61 (77/16/7) | 43 (33/53/ 58 (74/14/
cells 14) 12)
Inflammation of organ -1.7 3.9 2.4 4.10E-26 7.51E-07 6.75E-16 | 130(29/40/ |125(46/18/ |181(31/
31) 35) 43/26)
Growth of connective 0.4 -2.8 3.1 2.41E-07 2.45E-09 1.02E-13 | 56 (52/41/7) | 84 (30/58/12 | 112 (55/
tissue 31/13)
Neuritogenesis - -3.6 3.6 - 6.02E-08 6.40E-07 |- 78 (17/46/ 88 (45/17/
37) 38)

IPA core analyses were performed for each comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1). DEGs with FC > 1.25 and p < 0.05 were
included in the analyses. Selected disease and function annotations from the downstream effect analysis are listed in the table. MLL, n=7; AT1,n=6;
control, n =8. GO, Gene Ontology; TINT, Tumor Instructed Normal Tissue; IPA, Ingenuity Pathway Analysis; DEG, Differentially Expressed Gene; FC, Fold
Change.

https://doi.org/10.1371/journal.pone.0176679.t001

reactive tumor stroma [1-5] suggesting that they may be central in the formation of a growth-
and metastasis-promoting environment in the tumor-bearing organ (Fig 7A).

Interestingly, among DEGs identified in MLL- vs. AT1-tumors we found some that were
suggested to be upstream regulators of the differential gene expression in MLL- vs. AT1-TINT.
Genes with higher expression in MLL- vs. AT1-tumors whose gene products potentially could
be tumor-derived secreted factors were Cxcl12 (5-fold increased), Kitlg (3-fold), Osm (2-fold),
§100a9 (10-fold), and Tgfa (2-fold), and genes with higher expression in AT1-tumors than in
MLL-tumors were Adamts12 (8-fold), Fbnl (3-fold) and Crl1l (2-fold) (Fig 7B). These genes
have been associated with functions related with tumor behavior for example, CXCL12 pro-
motes tumor growth locally and in pre-metastatic niches (see [2] for review). Kit-ligand
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Fig 4. GO enrichment analysis of prostate TINT—Immune-related disease and function annotations.
IPA core analyses were performed for each comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1).
DEGs with FC > 1.25 and p < 0.05 were included in the analyses. Significant (p < 0.05, z-score > 2 (absolute
value)) immune-related function annotations are shown. The heatmap illustrates the predicted activation z-
scores, blue = negative score, decreased activity, and orange = positive score, increased activity. MLL, n = 7;
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AT1, n=6; control, n = 8. GO, Gene Ontology; TINT, Tumor Instructed Normal Tissue; IPA, Ingenuity
Pathway Analysis; DEG, Differentially Expressed Gene; FC, Fold Change. Reprinted from IPA under a CC BY
license, with permission from Qiagen, original copyright 2016.

https://doi.org/10.1371/journal.pone.0176679.9004
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Fig 5. GO enrichment analysis of prostate TINT—Stroma-related disease and function annotations.
IPA core analyses were performed for each comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1).
DEGs with FC > 1.25 and p < 0.05 were included in the analyses. Significant (p < 0.05, z-score > 2 (absolute
value)) stroma-related function annotations are shown. The heatmap illustrates the predicted activation z-
scores, blue = negative score, decreased activity, and orange = positive score, increased activity. MLL, n = 7;
AT1, n =6; control, n = 8. GO, Gene Ontology; TINT, Tumor Instructed Normal Tissue; IPA, Ingenuity
Pathway Analysis; DEG, Differentially Expressed Gene; FC, Fold Change. Reprinted from IPA under a CC BY
license, with permission from Qiagen, original copyright 2016.

https://doi.org/10.1371/journal.pone.0176679.g005
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Fig 6. TINT gene expression heatmap. A) Expression of DEGs associated with affected biological functions
in TINT, as predicted by the IPA algorithm (Table 1). The top 10 DEGs (highest FC) in support of the
prediction made by IPA are included. Top genes present in more than one analysis are presented once. Gene
expression signal intensity z-score is showed for each sample, black = mean signal intensity, red = number of
standard deviations above the mean, green = number of standard deviations below the mean. B) The

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 14/31


https://doi.org/10.1371/journal.pone.0176679

®'PLOS | one

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

multicolored panel shows gene-function associations. MLL, n=7; AT1, n = 6; control, n = 8. TINT, Tumor
Instructed Normal Tissue; DEG, Differentially Expressed Gene; FC, Fold Change; IPA, Ingenuity Pathway
Analysis.

https://doi.org/10.1371/journal.pone.0176679.9006

(KITLG) is, by activating c-kit, associated with tumor aggressiveness in other tumor types
[72]. SI00A9, produced by tumor cells and by infiltrating myeloid suppressor cells, creates a
tumor-promoting and immunosuppressive microenvironment in primary tumors and in pre-
metastatic niches [2, 27, 73, 74]. In patients, S100A9 is upregulated in aggressive prostate
tumors and in the rest of the tumor-bearing prostate [13]. Tumor-derived exosomes carrying
miRNAs are known to reprogram other tissues for tumor growth [75], we therefore explored
the tumor expression data for differentially expressed miRNAs that could be potential
upstream regulators in TINT but no obvious candidates were detected.

Morphological differences and verification of selected ontology functions. The volume
densities (%) of T-lymphocytes (CD3"), lymph vessels (Lyvel™), blood vessels (factor VIII*),
macrophages (CD68") and neurons (NFL") were not significantly different in the prostate tis-
sue of vehicle-injected animals and treatment naive animals (data not shown).
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Fig 7. GO enrichment analysis of prostate TINT—Upstream regulators. IPA core analysis of MLL- vs. AT1-TINT
DEGs (FC > 1.25 and p < 0.05) was performed. The figure shows predicted upstream regulators. A) the five most
significant (according to p-value) upstream regulators overall and B) upstream regulators that could possibly be secreted
from the tumors. All upstream regulators are associated with the predicted downstream effects via relations to target
genes in TINT (black arrows), but some are also directly associated. UR, Upstream Regulator; GO, Gene Ontology; TINT,
Tumor Instructed Normal Tissue; IPA, Ingenuity Pathway Analysis; DEG, Differentially expressed gene; FC, Fold
Change. Reprinted from IPA under a CC BY license, with permission from Qiagen, original copyright 2016.

https://doi.org/10.1371/journal.pone.0176679.9g007
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Fig 8. Inmunostained tissue sections from control prostate, AT1-, and MLL-TINT. The densities of A) blood vessels (Factor VIII*, brown) and B)
lymph vessels (LYVE1", brown) and were higher in MLL-TINT than in AT1-TINT. C) Neurons (NFL*, brown) could be detected in the periglandular smooth
muscle cell layer (arrows). Quantification showed that the density of NFL* neurons was particularly decreased in AT1-TINT compared to the controls.

https://doi.org/10.1371/journal.pone.0176679.9g008

The blood vessel density (factor VIII") was significantly higher in MLL-TINT (5.6 + 2.2,

n = 8) than in AT1-TINT (3.1 + 0.69, p <0.05, n = 8) and treatment naive controls (2.3 + 0.46,
p <0.05, n = 8) (Fig 8A). Lymph vessel density (Lyvel™) was significantly higher in
MLL-TINT (1.2 + 0.50, n = 8) compared to AT1-TINT (0.69 £ 0.15, p < 0.05, n = 8) and treat-
ment naive controls (0.63 + 0.21, p < 0.05, n = 8) (Fig 8B). The volume density of CD3" cells
was higher in AT1-TINT (0.56 + 0.15, n = 8) compared to MLL-TINT (0.33 £ 0.20, p < 0.05,
n = 8) and treatment naive controls (0.20 + 0.076, p < 0.05, n = 8) (Fig 3A). The volume den-
sity of CD68" cells was higher in MLL-TINT (0.88 + 0.11, n = 7) compared to AT-TINT

(0.62 £ 0.099, p < 0.05, n = 8) and treatment naive controls (0.20 + 0.080, p < 0.05, n = 7) (Fig
3B). The density of NFL" nerve fibers was significantly reduced in both AT1-TINT

(0.26 £ 0.052, n = 8) and in MLL-TINT (0.36 + 0.13, n = 8) compared to treatment naive con-
trols (0.54 £ 0.18, n = 8, p < 0.05) (Fig 8C).

Taken together and largely in line with the IPA analysis, this suggests that AT1-tumors
were successful in attracting T-lymphocytes to the tumor-bearing organ whereas MLL-tumors
attracted more macrophages and induced both blood- and lymphangiogenesis. Furthermore,
nerves in the tumor-bearing organ could also be affected by the presence of a tumor.
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Gene expression profiles in AT1- and MLL-LNs

The most differentially expressed genes in AT1- and MLL-LNs. To examine differences
induced in the regional LNs in the AT1- and MLL-models, we listed: 1) top 50 DEGs, 2) top 50
DEGs with a signal intensity value > 500, and 3) top 25 most highly expressed DEGs (56
Table).

Compared to controls, AT1- and MLL-associated LNs had numerous transcripts with simi-
lar changes in both tumor models, but unique responses were also seen for each tumor type
(S6 Table). Several of the DEGs are known to be involved in immunosuppression, examples of
such factors with a statistically significant higher expression in MLL- vs. AT1-LNs are Il1r2,
Ctla4, Pla2g7 but also Lag3 (not in S6 Table but upregulated 1.3-fold) [76-79]. Some factors
with a lower expression in MLL- vs. AT1- or control-LNs were: Clec1b—a factor needed for
LN development and maintenance [80], and involved in maintaining the integrity of high
endothelial venules [81], C1qI2 —a regulator of inflammation and neurons [82], Gzmm-a factor
that promotes killing of tumor cells [83], SiglecI (Cd169)-expressed by subcapsular sinus mac-
rophages, important for capture and presentation of antigens and eliciting anti-tumor immune
responses [84], Gpr68 (Ogrl)-a factor needed for immune suppression [85], CsfI —a factor that
promotes survival and differentiation of macrophages [86] including CD169* macrophages
[84], and its receptor CsfIr [87].

Genes related to tumor progression and metastasis were also differently expressed between
MLL- and AT1-associated LNs. Genes with higher expression in MLL- vs. AT1-LNs whose
gene products promote invasion and metastasis were for example, Gpr55 [88], Pla2g7 [78], and
Mir130b [89]. Whereas genes associated with factors suppressing prostate tumor growth and
metastasis like KIf9, and Gpr68 [85, 90] were decreased in MLL- vs. AT1-LNs.

Gene ontology enrichment analysis of AT1- and MLL-associated LNs. The IPA core
analysis of DEGs in LNs (FC > 1.25, p < 0.05) resulted in few significant differences between
MLL- and AT1-LNs (the result of the entire downstream analysis, Diseases and functions
annotations, are shown in S7 Table). In both models, the majority of the annotations were
related to cell cycle and cell proliferation (Table 2), which suggests reactive LNs. Functional
annotations related to angiogenesis, differentiation and connective tissue were also signifi-
cantly altered (Table 2).

As the tumor-analysis suggested a more activated immune response in the AT1-tumors, we
examined immune functions in the LNs more specifically. Examination of DEGs associated
with functions within the categories Hematological system development and function and
Inflammatory response resulted in a predicted decrease in for example quantity, differentiation,
and activation of immune cells in MLL- vs. AT-LNs (data not shown). These predictions were
made from a small number of genes (Fig 9) but still indicate differences in the adaptive
immune response between MLL- and AT1-LNs. Some of these genes have already been men-
tioned among the most deregulated genes in the LNs, for example Csf1, Csflr, Clec1b, Lag3,
and Ctla4 (see above). Other key factors associated with immune function, with a lower gene
expression in MLL-LNs vs. AT1-LNs, were Osm-shown to induce formation of high endothe-
lial venules and thereby affect recruitment of immune cells to the LN [91], and Tnfs11 -regu-
lates dendritic cell survival and LN formation [92] and enhance T cell response to tumor
antigens [93]. Of the 42 DEGs in MLL- vs. AT1-LNs shown in Fig 9, only 3 (adam12, cd244,
and csflr) were correlated to tumor size (correlation coefficients 0.51, -0.53, and -0.53 respec-
tively, p < 0.05, data not shown) suggesting that tumor type influences LN gene expression
more than tumor size.

From the IPA upstream analysis (57 Table) we identified regulators that could be derived
from the tumors given that they were differentially expressed in MLL- vs. AT1-tumors and
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Table 2. GO enrichment analysis of regional LNs—Disease and function annotations.

Function annotation

Proliferation of cells
Migration of cells
Angiogenesis

Differentiation of cells

Chemotaxis of connective

tissue cells

Activation of connective

tissue cells

Activation z-score

MLL vs.
control

3.0

p-value # associated genes (% associated
genes predicted to increase/
decrease/affect function)
AT1vs. MLLvs. MLLvs. AT1 vs. MLL vs. MLL vs. AT1vs. MLL vs.
control AT1 control control AT1 control control AT1
1.0 - 3.93E-20 7.85E-12 - 883 (46/38/ | 538 (45/40/ |-
16) 15)
-3.1 - 4.91E-12 3.22E-05 - 470 (36/50/ | 272 (36/52/ |-
14) 12)
- - 9.65E-07 - - 231 (24/53/ | - -
23)
- - 4.78E-06 - - 507 (26/44/ | - -
30)
- 2.4 - - 1.89E-03 |- - 6 (0/100/
0)
- -2.6 - - 2.29E-02 |- - 9 (0/78/
22)

IPA core analyses were performed for each comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1). DEGs with FC > 1.25 and p < 0.05 were
included in the analyses. Selected disease and function annotations from the downstream effect analysis are listed in the table. MLL, n =8; AT1,n=8;
control, n = 8. GO, Gene Ontology; IPA, Ingenuity Pathway Analysis; LN, Lymph Node; DEG, Differentially Expressed Gene; FC, Fold Change.

https://doi.org/10.1371/journal.pone.0176679.1002

were coding for proteins that could be secreted. These were CSE-1, TNF-alpha, TGF-betal,
IGF1, and CCL2 (all lower in MLL-tumors than in AT1-tumors and predicted to be inhibited
upstream regulators in MLL- vs. AT1-LNs, data not shown). These factors were all directly
associated with many of the functions shown in Fig 9, and can together with their downstream
targets (for example CSF1R, TNFSF11, and OSM) possibly explain a decreased recruitment,
development, differentiation and activation of immune cells in MLL-LNs compared to
ATI1-LNs. We could not find any obvious tumor-derived factors upstream of the upregulation
of Ctla4 and Lag3 in the MLL-LNs. Neither could we find any differentially expressed miRNAs
in the tumors that could be clearly linked to the gene expression differences between AT1- and
MLL-LNSs. The lists of possible tumor-derived factors that may influence gene expression in
prostate TINT and regional LNs were largely non-overlapping.

Morphological differences and verification of selected ontology functions. The volume
density (%) of CD3" cells, Lyvel™ lymph vessels, factor VIII" blood vessels and CD169™ sinus
macrophages in LNs was not significantly different in vehicle-injected vs. treatment naive con-
trols, although CD3 density tended to be increased by vehicle-injection (p = 0.06, data not
shown).

The GO enrichment analysis in IPA suggested increased cell proliferation in both AT1- and
MLL-LNs. In control-LNs, cell proliferation (measured as Ki67 labeling) was observed in
lymph follicles and to some extent also in para-follicular regions. In AT1-LNs most of the pro-
liferating cells were seen in expanded para-follicular regions, whereas proliferation in
MLL-LNs was seen both in and around follicles (Fig 10A). The volume density of CD3™ lym-
phocytes was higher in AT1-LNs (0.74 + 0.059, n = 7) compared to MLL-LNs (0.61 £ 0.097,

p < 0.05, n =7) and control-LNs (0.54 + 0.050, p < 0.05, n = 6) (Fig 10B). Subcapsular sinus
macrophages (CD169") capture and present antigens in the LNs and thereby stimulate anti-
tumor immune responses [84]. The volume density of CD169" macrophages was lower in
MLL-LNs (0.061 + 0.017, n = 7) than in AT1-LNs (0.10 + 0.025, p < 0.05, n = 7) and than in
treatment-naive controls (0.11 + 0.018, p < 0.05, n = 6) (Fig 10C). This suggests that antigen
presenting macrophages may decrease in the draining LNs of aggressive tumors.
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Fig 9. LN gene expression heatmap. A) Expression of DEGs associated with immune-related functions in LNs, as predicted by the IPA algorithm. All
MLL- vs. AT1-LN DEGs in support of the prediction made by IPA are included. Gene expression signal intensity z-score is showed for each sample,
black = mean signal intensity, red = number of standard deviations above the mean, green = number of standard deviations below the mean. B) The
multicolored panel shows gene-function associations. MLL, n = 8; AT1, n = 8; control, n = 8. LN, Lymph Node; DEG, Differentially Expressed Gene; IPA,
Ingenuity Pathway Analysis.

https://doi.org/10.1371/journal.pone.0176679.9009
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Fig 10. Inmunostained tissue sections from control-, AT1-, and MLL-LNs. A) Proliferating cells (Ki67*, brown) were
seen in lymph follicles (presumably B-lymphocytes) and in para-follicular areas (presumably T-lymphocytes) in control-
LNs. In AT1-LNs, the para-follicular areas dominated, and contained most of the proliferating cells. In MLL-LNs, the para-
follicular regions appeared to contain less proliferating cells than in AT1-LNs. B) CD3* T-lymphocytes (brown) appeared
more common in AT1-LNs compared to MLL-LNs, C) also sinus macrophages (CD169*, brown) appeared decreased in

MLL-LNs. D) The density of LYVE1" (brown) lymph vessels appeared similar in AT1- and MLL-LN. E) The density of
Factor VIII* (brown) blood vessels appeared reduced in MLL-LN.

https://doi.org/10.1371/journal.pone.0176679.9g010
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The density of Lyvel ™ vessel-like structures was similar in control-LNs (0.29 + 0.10, n = 6),
AT1-LNs (0.26 £ 0.11, n = 7) and MLL-LNs (0.29 + 0.090, n = 7), but measurements of lymph
vessel densities were difficult due the presence of other Lyvel™ cells, presumably macrophages
(Fig 10D). The volume density of factor VIII" blood vessels was similar in AT1-LNs
(1.3+£0.50%, n = 6) and MLL-LNs (1.0 + 0.42, n = 7), but for MLL-LNss this was significantly
lower than the density of factor VIII in treatment naive controls (1.5 + 0.42, n = 6, p < 0.05)
(Fig 10E).

Discussion

This study was designed to describe adaptive extratumoral changes associated with subsequent
metastatic disease, and to separate them from alterations induced by locally aggressive but
poorly metastatic tumors. The locally aggressive but low metastatic AT1-tumor induced accu-
mulation of T-lymphocytes in the tumor, in the tumor-bearing prostate and in regional LNs.
In the benign parts of the prostate, cell proliferation, cell movement, cell survival, and growth
of connective tissue and neurons appeared inhibited compared to that in animals with highly
metastatic MLL-tumors. The host response at all these sites in the AT1-model therefore
seemed to be an activated defense trying to restrict tumor growth and spread. MLL-tumors in
contrast, induced an intratumoral innate immune response, vascular growth, and tumor-cell
migration. In the benign prostate tissue next to MLL-tumors, we observed signs of increased
inflammation, cell proliferation, cell survival, cell migration, and connective- and vascular tis-
sue growth. Regional pre-metastatic LNs showed signs of decreased recruitment of antigen-
presenting cells and possibly increased immunosuppression. This suggests that metastatic
MLL-tumors are able to induce host responses in the tumor stroma, in the rest of the tumor-
bearing organ, and in regional LNs that promotes tumor growth and spread.

We have previously shown that experimental prostate cancers influence the rest of the
tumor-bearing organ, i.e. they induce extratumoral changes related to tumor aggressiveness
[8]. We named such alterations as “TINT-changes”. TINT = tumor instructed (or induced,
therefore also tumor indicating) normal tissue (see [6] for review). TINT-changes (adaptive
changes in the previously normal epithelium and stroma) should be separated from signs of
“field cancerization”. Field cancerization is defined as precancerous epithelial changes induced
by a cancerogenic agent that has affected the entire organ and giving rise to both premalignant
changes and induction of tumors [15, 94]. Field cancerization is consequently not present in
our experimental model where cancer cells are injected into a normal organ. Importantly, and
in support for the usefulness of the TINT-concept, we demonstrate that low- and high-meta-
static tumors induce largely contrasting gene expression patterns in previously normal pros-
tate tissue. This observation is in line with the general understanding that tumors may induce
both inhibitory and stimulatory host responses. Our study shows that the tumor-bearing
organ is an important, but somewhat neglected, site to search for tumor-induced host reac-
tions. Normal tissues adjacent to tumors, and in particular the invasive zone, which is probably
the primary battlefield between the tumor and the host, are probably sites where disease out-
come could be determined. However, to avoid contamination we did not examine the gene
expression in the invasive zone in the current study. Additional studies of changes in the TINT
area closest to the tumor are therefore warranted. Further characterization of how tissues are
“tinted”/reprogramed by different tumors can be used to identify novel prognostic markers, as
well as novel therapeutic targets. More knowledge about the range and kinetics of such TINT
responses are therefore important. As prostate needle biopsies only sample < 0.1% of the pros-
tate volume (standard method to diagnose prostate cancer), they often fail to sample the most
aggressive tumor present [6, 15]. Putative markers of disease aggressiveness in the benign
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prostate tissue—irrespective of whether they represent adaptive TINT-changes or precancer-
ous lesions caused by field cancerization—could be useful in the clinic by indicating the pres-
ence of aggressive tumors elsewhere in the organ and thus aid in prostate cancer diagnosis and
prognostication [6, 15].

In TINT surrounding the highly metastatic MLL-tumor we found multiple differently
expressed genes encoding for proteins that are known to induce a tumor-promoting inflam-
mation, a reactive stroma, and to promote invasion and metastasis (for example Clu, Figf, Ccl2,
Ctgf, Mmp15, Mimp7, Grhi3, Plau, Anxa2, and Bmp2). The present study therefore suggests that
metastatic tumors precondition major parts of the tumor-bearing prostate for subsequent
tumor growth, invasion, and spread in ways resembling those described for the formation of a
reactive tumor stroma and pre-metastatic niches. [1-3, 95]. The metastasis-promoting envi-
ronment is probably formed already outside the tumor and later incorporated into the expand-
ing tumor mass.

How TINT-changes are induced is largely unknown. Metastatic tumors probably produce
and secrete factors, either as individual factors or packed in exosomes, reshaping the entire
prostate. Several such upstream regulators and secreted factors were predicted in this study.
However, the key factors and mechanisms involved remain to be established, as well as if the
expression of these key factors is altered also at protein level. Exosomes from MLL-tumors are
able to precondition (tint) normal prostate tissue for subsequent tumor growth [96] suggesting
that this may be one mechanism. Among tumor-derived individual signals, our study suggests
potential key roles for S100A9 and CXCL12 among others. These two factors have already
been suggested to play important roles in establishing microenvironments favoring tumor
growth and spread both in primary tumors and in pre-metastatic niches. Within TINT,
increased activity of IFN-gamma, IL-1B, TGF-betal, TNF, and prolactin may play central roles
in forming an environment supporting tumor growth and spread. Fortunately, specific inhibi-
tors for several of these potential upstream factors are available and should be used in future
functional studies.

Are metastasis-associated TINT-changes detected in animals also present in prostate cancer
patients and can they be used as diagnostic/prognostic markers? Some factors already identi-
fied in the rat model—such as HmoxI, Lox, and Pdgfbr, and accumulation of inflammatory
cells such as macrophages, myeloid suppressor cells and mast cells—were increased in the
benign parts of the prostate in cancer patients and the magnitudes of these changes were
related to patient outcome [9, 11, 13, 65, 97]. In the present study, multiple additional TINT-
markers related to metastatic disease were identified and their potential usefulness should be
examined in patient samples. For example, Ptx3, upregulated in MLL-TINT only, was
increased in histologically benign prostate epithelial cells adjacent to cancer in patients [98].
Nkx3.1, a key transcription factor regulating prostate epithelial differentiation [99], was partic-
ularly downregulated in MLL-TINT, but if a similar reduction is seen around aggressive
human cancer needs to be examined. The role of nerves in TINT in relation to tumor aggres-
siveness should also be examined as increased nerve density in TINT is associated with aggres-
sive disease in prostate cancer patients [100], but it was reduced in TINT surrounding both
MLL- and AT1-tumors in our study.

Another underexplored site of novel diagnostic markers with the potential to predict meta-
static disease in prostate cancer is tumor-free regional LNs. AT1-associated LNs were charac-
terized by an increased density of CD3" T-cells and maintained levels of antigen-presenting
CD169" cells probably securing accumulation of cytotoxic T-cells within and around the
tumors. In patients with different cancer-types, increased T-cell numbers in regional tumor-
free LNs is generally associated with a good prognosis [101]. In contrast, pre-metastatic
MLL-LNs showed signs of decreased antigen presentation and an increased inhibition of
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immune responses. Individual factors responsible for this could for example be increased
CTLA4 and LAG3 (blocking anti-tumor immune responses [79]), downregulated CSF-1, CSF-
IR, TNESF11 and CD169 (resulting in decreased antigen presentation [84]), and downregu-
lated CLEC1B and OSM (resulting in decreased recruitment of immune cells via high endothe-
lial venules [80, 81, 91]). As some of these factors can be specifically manipulated, and anti-
CTLA4 therapies are already used to treat advanced prostate cancer patients [102, 103] future
functional studies will be performed.

One of the main differences seen in the lymph node GO enrichment analysis was a pre-
dicted decrease in angiogenesis in MLL- vs. control-LNs. This is somewhat conflicting with
current literature of angiogenesis in pre-metastatic LNs [23]. However, several factors involved
in function or maintenance of high endothelial venules were downregulated in the MLL-LN,
for example Osm and Clec1b, suggesting that the predicted decrease in angiogenesis might
instead reflect remodeling of high endothelial venules which have been reported to precede
metastasis [23, 104, 105]. If this is the case also in our model needs to be further studied.

Further studies are needed to explore the kinetics of the suggested inhibition of anti-tumor
immune responses in the pre-metastatic LNs and how responses to metastatic tumors can be
differentiated from the responses to tumors that are more indolent or to other prostate dis-
eases. In ongoing studies comparing the response over time in MLL- vs. AT1-LNs, we found
factors that were selectively up- or downregulated in the MLL-LNs already 3 days after the
tumor cell injection suggesting that a pre-metastatic response is detectable already when the
tumors are very small (Stromvall et al 2017 unpublished). This raises the question whether
only a few neoplastic cells are enough to signal to other organs or if the signal needs to be
amplified by other cells in TINT, for example inflammatory cells. If present, signals amplified
by non-malignant cells in TINT could potentially be useful as serum biomarkers for aggressive
cancer, particularly as the TINT volume is usually considerably larger than the tumor volume
(see [6] for discussion). In line with this, our study shows that many of the genes differentially
expressed in prostate tumors were also changed in a similar way in TINT. In studies searching
for prostate cancer biomarkers, tumor-adjacent non-malignant tissue is often used as a con-
trol. The current study therefore suggests that many potential biomarkers—i.e. markers that
are changed in parallel in tumors and in the surrounding non-malignant tissue—could remain
to be discovered. In line with our suggestion, gene expression of about 700 deregulated genes
in the prostate tumor in patients were reported to be correlated (correlation coefficient > 0.7)
to corresponding changes in the surrounding benign ipsi-lateral parts of the organ [106].

The question whether particularly aggressive human prostate tumors secrete factors that
adapt regional LNs to future metastasis and if so at what time point, is largely unknown. How-
ever, increased vascular endothelial growth factor receptor 1 (VEGFR1) [29, 31] and Interleu-
kin-30 [28] expressing cells in cancer-free LNs predicted subsequent metastatic disease after
radical prostatectomy. Tumor-free LNs from prostate cancer patients contained more CD68"
and pSTAT-3" macrophages than LNs from individuals without prostate cancer [24]. LNs con-
taining prostate cancer metastases are often smaller than normal LNs and show signs of immu-
nosuppression, and these responses may occur prior to arrival of metastatic cells [30]. These
observations in patients and the current experimental findings suggest that the nature and
kinetics of potential changes in pre-metastatic LNs need to be examined in more detail.

The gene expression pattern in a highly metastatic rat prostate tumor was different from
that in a poorly metastatic variant. This is in line with numerous studies showing that tumor
gene expression patterns in various tumor types, including the prostate, can be used to predict
tumor aggressiveness [107]. Our GO enrichment analysis suggest that (as in other tumor
types) this could partially be explained by different signals to, and responses within, the tumor
microenvironment [5, 108]. Importantly our results also show differences in tumor-derived
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signals to, and responses within, the tumor-bearing prostate and regional LNs. Individual fac-
tors differentially expressed in high vs. low metastatic tumors could be linked to functional
changes in the tumor-bearing organ and in regional LNs. However, the factors adapting the
prostate for subsequent tumor growth and spread appeared different to those adapting the
LNs.

In summary, the novel finding in this study is that metastasis can probably be predicted by
adaptive pre-metastatic extratumoral changes in the rest of tumor-bearing organ and in
regional LNs. Further studies are needed to examine the mechanisms behind as well as the
range and kinetics of these host responses, and furthermore how they can be used to indirectly
determine tumor aggressiveness and serve as novel therapeutic targets.

Supporting information

S1 Dataset. Whole genome cDNA microarray. Complete gene expression data set.
(XLSX)

S1 Fig. Differentially expressed genes—Signal intensity and fold change distribution. A)
FC distribution of DEGs in tumor, TINT and, LNs. B) Distribution of gene expression signal
intensities of DEGs in tumor, TINT and LNs. C) Venn diagram of DEGs in tumor, TINT and
LNs. MLL-tumor, n = 7; AT1-tumor, n = 8 MLL-TINT, n = 7; AT1-TINT, n = 6; MLL-LN,

n = 8; AT1-LN, n = 8; control-prostate, n = 8; control-LN, n = 8. FC, Fold Change; DEG, Dif-
ferentially Expressed Gene; TINT, Tumor Instructed Normal Tissue; LN, Lymph Node. Com-
ments to S1 Fig: When compared to controls, AT1- and MLL-tumors had almost the same
number of DEGs, but MLL-tumors had more downregulated genes with a large FC. Most of
the DEGs seen in each tumor type were shared, however, due to differences in magnitudes
about half of them differ between MLL and AT1, and both tumor types also have a unique set
of DEGs. In prostate TINT, most of the DEGs seen in each tumor-model were unique.
ATI1-TINT had almost twice as many DEGs as MLL-TINT. The majority of DEGs (75%) in
ATI-TINT were downregulated, while the majority (69%) of DEGs in MLL-TINT were upre-
gulated. A substantial part (27%) of the DEGs in MLL- vs. AT1-TINT comparison were con-
traregulated with small FC (being non-significant in each model alone) and most of the
remaining part of DEGs were changes exclusive for AT1-TINT. The gene expression in
MLL-LNs was more different to control-LNs than that in AT1-LNs. Still, the list of DEGs
obtained when comparing MLL- to AT1-LNs was limited. Half of it was composed of genes
identified in MLL-LNs alone, and most of the rest were contraregulated genes with small FC
(as in TINT, being non-significant in each model alone).

(TIF)

S2 Fig. GO enrichment analysis of tumors—Immune-related disease and function annota-
tions. IPA core analyses were performed for each comparison (MLL vs. control, AT1 vs. con-
trol, and MLL vs. AT1). DEGs with FC > 1.5 and p < 0.05 were included in the analyses.
Significant (p < 0.05, z-score > 2 (absolute value)) immune-related function annotations are
shown. The heatmap illustrates the predicted activation z-scores, blue = negative score,
decreased activity, and orange = positive score, increased activity. MLL, n = 7; AT1, n = §; con-
trol, n = 8. GO, Gene Ontology; IPA, Ingenuity Pathway Analysis; DEG, Differentially
Expressed Gene; FC, Fold Change. Reprinted from IPA under a CC BY license, with permis-
sion from Qiagen, original copyright 2016.

(TIF)

S1 Table. A) Tumor—Top 50 DEGs. B) Tumor—Top 50 DEGs with a signal intensity
value > 500. C) Tumor—Top 25 most highly expressed DEGs. DEG, Differentially
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expressed gene (FC > 1.25, p < 0.05); FC, Fold change.
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$2 Table. GO enrichment analysis of tumors—Disease and function annotations. IPA core
analyses were performed for each comparison (MLL vs. control, AT1 vs. control, and MLL vs.
AT1). DEGs with FC > 1.5 and p < 0.05 were included in the analyses. Selected disease and
function annotations from the downstream effect analysis are listed in the table. MLL, n = 7;
AT1, n = 8; control, n = 8. GO, Gene ontology; IPA, Ingenuity Pathway Analysis; DEG, Differ-
entially Expressed Gene; FC, Fold Change.

(DOCX)

$3 Table. GO enrichment analysis of tumors. IPA core analyses were performed for each
comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1). DEGs with FC > 1.5 and

p < 0.05 were included in the analyses. The entire result of the sections Diseases and Functions,
and Upstream Regulators are shown. MLL, n = 7; AT1, n = 8; control, n = 8. GO, Gene ontol-
ogy; IPA, Ingenuity Pathway Analysis; DEG, Differentially Expressed Gene; FC, Fold Change.
(XLSX)

S4 Table. A) TINT—Top 50 DEGs. B) TINT—Top 50 DEGs with a signal intensity

value > 500. C) TINT—Top 25 most highly expressed DEGs. DEG, Differentially expressed
gene (FC > 1.25, p < 0.05); FC, Fold change; TINT, Tumor Instructed Normal Tissue.
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S5 Table. GO enrichment analysis of prostate TINT. IPA core analyses were performed for
each comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1). DEGs with FC > 1.25
and p < 0.05 were included in the analyses. The entire result of the sections Diseases and Func-
tions, and Upstream Regulators are shown. MLL, n = 7; AT1, n = 6; control, n = 8. GO, Gene
Ontology; TINT, Tumor Instructed Normal Tissue; IPA, Ingenuity Pathway Analysis; DEG,
Differentially Expressed Gene; FC, Fold Change.
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$6 Table. A) LN—Top 50 DEGs. B) LN—Top 50 DEGs with a signal intensity value > 500.
C) LN—Top 25 most highly expressed DEGs. DEG, Differentially expressed gene
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S7 Table. GO enrichment analysis of regional LNs. IPA core analyses were performed for
each comparison (MLL vs. control, AT1 vs. control, and MLL vs. AT1). DEGs with FC > 1.25
and p < 0.05 were included in the analyses. The entire result of the sections Diseases and Func-
tions, and Upstream Regulators are shown. MLL, n = 8; AT1, n = 8; control, n = 8. GO, Gene
Ontology; IPA, Ingenuity Pathway Analysis; LN, Lymph Node; DEG, Differentially Expressed
Gene; FC, Fold Change.

(XLSX)

S1 Copyright Permission. Permission to publish copyrighted figures under the Creative
Commons Attribution License (CCAL) CC BY 4.0.
(PDF)

Acknowledgments

The authors thank Sigrid Kilter, Birgitta Ekblom, Susanne Gidlund, and Pernilla Andersson
for skillful technical assistance. We also would like to thank the core facility at Novum, BEA,
Bioinformatics and Expression Analysis, for help with the gene expression array.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 25/31


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176679.s011
https://doi.org/10.1371/journal.pone.0176679

@° PLOS | ONE

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

Author Contributions

Conceptualization: KS ET SHB AB.

Formal analysis: KS ET SHB AB.

Funding acquisition: KS SHB AB.

Investigation: KS ET SHB AB.

Methodology: KS ET SHB AB.

Supervision: AB.

Visualization: KS ET SHB AB.

Writing - original draft: KS ET SHB AB.

Writing - review & editing: KS ET SHB AB.

References

1.

10.

11.

12.

13.

McAllister SS, Weinberg RA. Tumor-host interactions: a far-reaching relationship. J Clin Oncol. 2010;
28(26):4022-8. https://doi.org/10.1200/JC0O.2010.28.4257 PMID: 20644094

McAllister SS, Weinberg RA. The tumour-induced systemic environment as a critical regulator of can-
cer progression and metastasis. Nat Cell Biol. 2014; 16(8):717-27. https://doi.org/10.1038/ncb3015
PMID: 25082194

Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and metastasis. Nat Med.
2013; 19(11):1423-37. https://doi.org/10.1038/nm.3394 PMID: 24202395

Barron DA, Rowley DR. The reactive stroma microenvironment and prostate cancer progression.
Endocr Relat Cancer. 2012; 19(6):R187—204. https://doi.org/10.1530/ERC-12-0085 PMID:
22930558

Hagglof C, Bergh A. The stroma-a key regulator in prostate function and malignancy. Cancers (Basel).
2012; 4(2):531-48.

Halin S, Hammarsten P, Adamo H, Wikstrom P, Bergh A. Tumor indicating normal tissue could be a
new source of diagnostic and prognostic markers for prostate cancer. Expert Opin Med Diagn. 2011; 5
(1):37-47. https://doi.org/10.1517/17530059.2011.540009 PMID: 23484475

Adamo HH, Halin Bergstrom S, Bergh A. Characterization of a Gene Expression Signature in Normal
Rat Prostate Tissue Induced by the Presence of a Tumor Elsewhere in the Organ. PLoS One. 2015;
10(6):e0130076. https://doi.org/10.1371/journal.pone.0130076 PMID: 26076453

Adamo HH, Stromvall K, Nilsson M, Halin Bergstrom S, Bergh A. Adaptive (TINT) Changes in the
Tumor Bearing Organ Are Related to Prostate Tumor Size and Aggressiveness. PLoS One. 2015; 10
(11):e0141601. https://doi.org/10.1371/journal.pone.0141601 PMID: 26536349

Hagglof C, Hammarsten P, Josefsson A, Stattin P, Paulsson J, Bergh A, et al. Stromal PDGFRbeta
expression in prostate tumors and non-malignant prostate tissue predicts prostate cancer survival.
PLoS One. 2010; 5(5):e10747. https://doi.org/10.1371/journal.pone.0010747 PMID: 20505768

Hammarsten P, Karalija A, Josefsson A, Rudolfsson SH, Wikstrom P, Egevad L, et al. Low levels of
phosphorylated epidermal growth factor receptor in nonmalignant and malignant prostate tissue pre-
dict favorable outcome in prostate cancer patients. Clin Cancer Res. 2010; 16(4):1245-55. https://doi.
org/10.1158/1078-0432.CCR-09-0103 PMID: 20145160

Johansson A, Rudolfsson S, Hammarsten P, Halin S, Pietras K, Jones J, et al. Mast cells are novel
independent prognostic markers in prostate cancer and represent a target for therapy. Am J Pathol.
2010; 177(2):1031—41. https://doi.org/10.2353/ajpath.2010.100070 PMID: 20616342

Josefsson A, Adamo H, Hammarsten P, Granfors T, Stattin P, Egevad L, et al. Prostate cancer
increases hyaluronan in surrounding nonmalignant stroma, and this response is associated with tumor
growth and an unfavorable outcome. Am J Pathol. 2011; 179(4):1961-8. https://doi.org/10.1016/j.
ajpath.2011.06.005 PMID: 21854754

Tidehag V, Hammarsten P, Egevad L, Granfors T, Stattin P, Leanderson T, et al. High density of
S100A9 positive inflammatory cells in prostate cancer stroma is associated with poor outcome. Eur J
Cancer. 2014; 50(10):1829-35. https://doi.org/10.1016/j.ejca.2014.03.278 PMID: 24726733

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 26/31


https://doi.org/10.1200/JCO.2010.28.4257
http://www.ncbi.nlm.nih.gov/pubmed/20644094
https://doi.org/10.1038/ncb3015
http://www.ncbi.nlm.nih.gov/pubmed/25082194
https://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
https://doi.org/10.1530/ERC-12-0085
http://www.ncbi.nlm.nih.gov/pubmed/22930558
https://doi.org/10.1517/17530059.2011.540009
http://www.ncbi.nlm.nih.gov/pubmed/23484475
https://doi.org/10.1371/journal.pone.0130076
http://www.ncbi.nlm.nih.gov/pubmed/26076453
https://doi.org/10.1371/journal.pone.0141601
http://www.ncbi.nlm.nih.gov/pubmed/26536349
https://doi.org/10.1371/journal.pone.0010747
http://www.ncbi.nlm.nih.gov/pubmed/20505768
https://doi.org/10.1158/1078-0432.CCR-09-0103
https://doi.org/10.1158/1078-0432.CCR-09-0103
http://www.ncbi.nlm.nih.gov/pubmed/20145160
https://doi.org/10.2353/ajpath.2010.100070
http://www.ncbi.nlm.nih.gov/pubmed/20616342
https://doi.org/10.1016/j.ajpath.2011.06.005
https://doi.org/10.1016/j.ajpath.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21854754
https://doi.org/10.1016/j.ejca.2014.03.278
http://www.ncbi.nlm.nih.gov/pubmed/24726733
https://doi.org/10.1371/journal.pone.0176679

@° PLOS | ONE

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

Wikstrom P, Marusic J, Stattin P, Bergh A. Low stroma androgen receptor level in normal and tumor
prostate tissue is related to poor outcome in prostate cancer patients. Prostate. 2009; 69(8):799-809.
https://doi.org/10.1002/pros.20927 PMID: 19189305

Trujillo KA, Jones AC, Griffith JK, Bisoffi M. Markers of field cancerization: proposed clinical applica-
tions in prostate biopsies. Prostate Cancer. 2012; 2012:302894. https://doi.org/10.1155/2012/302894
PMID: 22666601

Liu'Y, Cao X. Characteristics and Significance of the Pre-metastatic Niche. Cancer Cell. 2016; 30
(5):668-81. https://doi.org/10.1016/j.ccell.2016.09.011 PMID: 27846389

Duda DG, Jain RK. Premetastatic lung "niche": is vascular endothelial growth factor receptor 1 activa-
tion required? Cancer Res. 2010; 70(14):5670-3. https://doi.org/10.1158/0008-5472.CAN-10-0119
PMID: 20587530

Hirakawa S. From tumor lymphangiogenesis to lymphvascular niche. Cancer Sci. 2009; 100(6):983—
9. https://doi.org/10.1111/j.1349-7006.2009.01142.x PMID: 19385973

Jung T, Castellana D, Klingbeil P, Cuesta Hernandez |, Vitacolonna M, Orlicky DJ, et al. CD44v6
dependence of premetastatic niche preparation by exosomes. Neoplasia. 2009; 11(10):1093-105.
PMID: 19794968

Peinado H, Lavotshkin S, Lyden D. The secreted factors responsible for pre-metastatic niche forma-
tion: old sayings and new thoughts. Semin Cancer Biol. 2011; 21(2):139—46. https://doi.org/10.1016/j.
semcancer.2011.01.002 PMID: 21251983

Psaila B, Lyden D. The metastatic niche: adapting the foreign soil. Nat Rev Cancer. 2009; 9(4):285—
93. https://doi.org/10.1038/nrc2621 PMID: 19308068

Rinderknecht M, Detmar M. Tumor lymphangiogenesis and melanoma metastasis. J Cell Physiol.
2008; 216(2):347-54. https://doi.org/10.1002/jcp.21494 PMID: 18481261

Sleeman JP. The lymph node pre-metastatic niche. J Mol Med (Berl). 2015; 93(11):1173-84.

Deng J, Liu Y, Lee H, Herrmann A, Zhang W, Zhang C, et al. S1PR1-STATS3 signaling is crucial for
myeloid cell colonization at future metastatic sites. Cancer Cell. 2012; 21(5):642-54. https://doi.org/
10.1016/j.ccr.2012.03.039 PMID: 22624714

Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, et al. VEGFR1-positive haema-
topoietic bone marrow progenitors initiate the pre-metastatic niche. Nature. 2005; 438(7069):820-7.
https://doi.org/10.1038/nature04186 PMID: 16341007

Ogawa F, Amano H, Eshima K| Ito Y, Matsui Y, Hosono K| et al. Prostanoid induces premetastatic
niche in regional lymph nodes. J Clin Invest. 2014; 124(11):4882—-94. https://doi.org/10.1172/
JCI73530 PMID: 25271626

Sceneay J, Smyth MJ, Moller A. The pre-metastatic niche: finding common ground. Cancer Metasta-
sis Rev. 2013; 32(3—4):449-64. https://doi.org/10.1007/s10555-013-9420-1 PMID: 23636348

Di Meo S, Airoldi |, Sorrentino C, Zorzoli A, Esposito S, Di Carlo E. Interleukin-30 expression in pros-
tate cancer and its draining lymph nodes correlates with advanced grade and stage. Clin Cancer Res.
2014; 20(3):585-94. https://doi.org/10.1158/1078-0432.CCR-13-2240 PMID: 24277453

Fujita K, Nakayama M, Nakai Y, Takayama H, Nishimura K, Ujike T, et al. Vascular endothelial growth
factor receptor 1 expression in pelvic lymph nodes predicts the risk of cancer progression after radical
prostatectomy. Cancer Sci. 2009; 100(6):1047-50. https://doi.org/10.1111/j.1349-7006.2009.01146.x
PMID: 19385972

Gannon PO, Alam Fahmy M, Begin LR, Djoukhadjian A, Filali-Mouhim A, Lapointe R, et al. Presence
of prostate cancer metastasis correlates with lower lymph node reactivity. Prostate. 2006; 66
(16):1710-20. https://doi.org/10.1002/pros.20466 PMID: 16955408

Pal SK, Vuong W, Zhang W, Deng J, Liu X, Carmichael C, et al. Clinical and Translational Assessment
of VEGFR1 as a Mediator of the Premetastatic Niche in High-Risk Localized Prostate Cancer. Mol
Cancer Ther. 2015; 14(12):2896—-900. https://doi.org/10.1158/1535-7163.MCT-15-0367 PMID:
26450920

Isaacs JT, Isaacs WB, Feitz WF, Scheres J. Establishment and characterization of seven Dunning rat
prostatic cancer cell lines and their use in developing methods for predicting metastatic abilities of
prostatic cancers. Prostate. 1986; 9(3):261-81. PMID: 3774632

Weibel ER. Stereological methods. London; New York: Academic Press; 1979.

Hulsen T, de Vlieg J, Alkema W. BioVenn—a web application for the comparison and visualization of
biological lists using area-proportional Venn diagrams. BMC Genomics. 2008; 9:488. https://doi.org/
10.1186/1471-2164-9-488 PMID: 18925949

CaiH, ChenH, YiT, Daimon CM, Boyle JP, Peers C, et al. VennPlex—a novel Venn diagram program
for comparing and visualizing datasets with differentially regulated datapoints. PLoS One. 2013; 8(1):
e53388. https://doi.org/10.1371/journal.pone.0053388 PMID: 23308210

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 27 /31


https://doi.org/10.1002/pros.20927
http://www.ncbi.nlm.nih.gov/pubmed/19189305
https://doi.org/10.1155/2012/302894
http://www.ncbi.nlm.nih.gov/pubmed/22666601
https://doi.org/10.1016/j.ccell.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/27846389
https://doi.org/10.1158/0008-5472.CAN-10-0119
http://www.ncbi.nlm.nih.gov/pubmed/20587530
https://doi.org/10.1111/j.1349-7006.2009.01142.x
http://www.ncbi.nlm.nih.gov/pubmed/19385973
http://www.ncbi.nlm.nih.gov/pubmed/19794968
https://doi.org/10.1016/j.semcancer.2011.01.002
https://doi.org/10.1016/j.semcancer.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21251983
https://doi.org/10.1038/nrc2621
http://www.ncbi.nlm.nih.gov/pubmed/19308068
https://doi.org/10.1002/jcp.21494
http://www.ncbi.nlm.nih.gov/pubmed/18481261
https://doi.org/10.1016/j.ccr.2012.03.039
https://doi.org/10.1016/j.ccr.2012.03.039
http://www.ncbi.nlm.nih.gov/pubmed/22624714
https://doi.org/10.1038/nature04186
http://www.ncbi.nlm.nih.gov/pubmed/16341007
https://doi.org/10.1172/JCI73530
https://doi.org/10.1172/JCI73530
http://www.ncbi.nlm.nih.gov/pubmed/25271626
https://doi.org/10.1007/s10555-013-9420-1
http://www.ncbi.nlm.nih.gov/pubmed/23636348
https://doi.org/10.1158/1078-0432.CCR-13-2240
http://www.ncbi.nlm.nih.gov/pubmed/24277453
https://doi.org/10.1111/j.1349-7006.2009.01146.x
http://www.ncbi.nlm.nih.gov/pubmed/19385972
https://doi.org/10.1002/pros.20466
http://www.ncbi.nlm.nih.gov/pubmed/16955408
https://doi.org/10.1158/1535-7163.MCT-15-0367
http://www.ncbi.nlm.nih.gov/pubmed/26450920
http://www.ncbi.nlm.nih.gov/pubmed/3774632
https://doi.org/10.1186/1471-2164-9-488
https://doi.org/10.1186/1471-2164-9-488
http://www.ncbi.nlm.nih.gov/pubmed/18925949
https://doi.org/10.1371/journal.pone.0053388
http://www.ncbi.nlm.nih.gov/pubmed/23308210
https://doi.org/10.1371/journal.pone.0176679

@° PLOS | ONE

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Vainio P, Wolf M, Edgren H, He T, Kohonen P, Mpindi JP, et al. Integrative genomic, transcriptomic,
and RNAi analysis indicates a potential oncogenic role for FAM110B in castration-resistant prostate
cancer. Prostate. 2012; 72(7):789-802. https://doi.org/10.1002/pros.21487 PMID: 21919029

Zhao S, Geybels MS, Leonardson A, Rubicz R, Kolb S, Yan Q, et al. Epigenome-Wide Tumor DNA
Methylation Profiling Identifies Novel Prognostic Biomarkers of Metastatic-Lethal Progression in Men
Diagnosed with Clinically Localized Prostate Cancer. Clin Cancer Res. 2016.

Herroon MK, Rajagurubandara E, Hardaway AL, Powell K, Turchick A, Feldmann D, et al. Bone mar-
row adipocytes promote tumor growth in bone via FABP4-dependent mechanisms. Oncotarget. 2013;
4(11):2108-23. https://doi.org/10.18632/oncotarget. 1482 PMID: 24240026

Fu J, Xu X, Kang L, Zhou L, Wang S, Lu J, et al. miR-30a suppresses breast cancer cell proliferation
and migration by targeting Eya2. Biochem Biophys Res Commun. 2014; 445(2):314-9. https://doi.org/
10.1016/j.bbrc.2014.01.174 PMID: 24508260

Nishan U, Damas-Souza DM, Barbosa GO, Muhammad N, Rahim A, Carvalho HF. New transcription
factors involved with postnatal ventral prostate gland development in male Wistar rats during the first
week. Life Sci. 2015; 143:168-73. https://doi.org/10.1016/).1fs.2015.10.036 PMID: 26549646

Pan J, Chen Y, Mo C, Wang D, Chen J, Mao X, et al. Association of DSC3 mRNA down-regulation in
prostate cancer with promoter hypermethylation and poor prognosis. PLoS One. 2014; 9(3):€92815.
https://doi.org/10.1371/journal.pone.0092815 PMID: 24664224

Tomita VY, Yuno A, Tsukamoto H, Senju S, Kuroda Y, Hirayama M, et al. Identification of immunogenic
LY6K long peptide encompassing both CD4+ and CD8+ T-cell epitopes and eliciting CD4+ T-cell
immunity in patients with malignant disease. Oncoimmunology. 2014; 3:e28100. https://doi.org/10.
4161/onci.28100 PMID: 25340007

Weon JL, Potts PR. The MAGE protein family and cancer. Curr Opin Cell Biol. 2015; 37:1-8. https://
doi.org/10.1016/j.ceb.2015.08.002 PMID: 26342994

Halin S, Rudolfsson SH, Van Rooijen N, Bergh A. Extratumoral macrophages promote tumor and vas-
cular growth in an orthotopic rat prostate tumor model. Neoplasia. 2009; 11(2):177-86. PMID:
19177202

Iguchi K, Morihara N, Usui S, Hayama M, Sugimura Y, Hirano K. Castration- and aging-induced
changes in the expression of zinc transporter and metallothionein in rat prostate. J Androl. 2011; 32
(2):144-50. https://doi.org/10.2164/jandrol.110.011205 PMID: 20798384

Zhao P, Guo S, Tu Z, DiL, Zha X, Zhou H, et al. GrhI3 induces human epithelial tumor cell migration
and invasion via downregulation of E-cadherin. Acta Biochim Biophys Sin (Shanghai). 2016; 48
(3):266-74.

Aichem A, Groettrup M. The ubiquitin-like modifier FAT10 in cancer development. Int J Biochem Cell
Biol. 2016; 79:451-61. https://doi.org/10.1016/j.biocel.2016.07.001 PMID: 27393295

Zundler S, Neurath MF. Interleukin-12: Functional activities and implications for disease. Cytokine
Growth Factor Rev. 2015; 26(5):559-68. https://doi.org/10.1016/j.cytogfr.2015.07.003 PMID:
26182974

McMahon BJ, Kwaan HC. Components of the Plasminogen-Plasmin System as Biologic Markers for
Cancer. Adv Exp Med Biol. 2015; 867:145-56. https://doi.org/10.1007/978-94-017-7215-0_10 PMID:
26530365

Koltai T. Clusterin: a key player in cancer chemoresistance and its inhibition. Onco Targets Ther.
2014; 7:447-56. https://doi.org/10.2147/0TT.S58622 PMID: 24672247

Romanuik TL, Ueda T, Le N, Haile S, Yong TM, Thomson T, et al. Novel biomarkers for prostate can-
cer including noncoding transcripts. Am J Pathol. 2009; 175(6):2264—76. https://doi.org/10.2353/
ajpath.2009.080868 PMID: 19893039

Bruyninx M, Hennuy B, Cornet A, Houssa P, Daukandt M, Reiter E, et al. A novel gene overexpressed
in the prostate of castrated rats: hormonal regulation, relationship to apoptosis and to acquired pros-
tatic cell androgen independence. Endocrinology. 1999; 140(10):4789-99.

Bhalla A, Haque S, Taylor |, Winslet M, Loizidou M. Endothelin receptor antagonism and cancer. Eur J
Clin Invest. 2009; 39 Suppl 2:74-7.

Zang X, Thompson RH, Al-Ahmadie HA, Serio AM, Reuter VE, Eastham JA, et al. B7-H3 and B7x are
highly expressed in human prostate cancer and associated with disease spread and poor outcome.
Proc Natl Acad Sci U S A. 2007; 104(49):19458—63. https://doi.org/10.1073/pnas.0709802104 PMID:
18042703

Gong Y, Chippada-Venkata UD, Oh WK. Roles of matrix metalloproteinases and their natural inhibi-
tors in prostate cancer progression. Cancers (Basel). 2014; 6(3):1298-327.

Buresh-Stiemke RA, Malinowski RL, Keil KP, Vezina CM, Oosterhof A, Van Kuppevelt TH, et al. Dis-
tinct expression patterns of Sulf1 and Hs6st1 spatially regulate heparan sulfate sulfation during

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 28/31


https://doi.org/10.1002/pros.21487
http://www.ncbi.nlm.nih.gov/pubmed/21919029
https://doi.org/10.18632/oncotarget.1482
http://www.ncbi.nlm.nih.gov/pubmed/24240026
https://doi.org/10.1016/j.bbrc.2014.01.174
https://doi.org/10.1016/j.bbrc.2014.01.174
http://www.ncbi.nlm.nih.gov/pubmed/24508260
https://doi.org/10.1016/j.lfs.2015.10.036
http://www.ncbi.nlm.nih.gov/pubmed/26549646
https://doi.org/10.1371/journal.pone.0092815
http://www.ncbi.nlm.nih.gov/pubmed/24664224
https://doi.org/10.4161/onci.28100
https://doi.org/10.4161/onci.28100
http://www.ncbi.nlm.nih.gov/pubmed/25340007
https://doi.org/10.1016/j.ceb.2015.08.002
https://doi.org/10.1016/j.ceb.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26342994
http://www.ncbi.nlm.nih.gov/pubmed/19177202
https://doi.org/10.2164/jandrol.110.011205
http://www.ncbi.nlm.nih.gov/pubmed/20798384
https://doi.org/10.1016/j.biocel.2016.07.001
http://www.ncbi.nlm.nih.gov/pubmed/27393295
https://doi.org/10.1016/j.cytogfr.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26182974
https://doi.org/10.1007/978-94-017-7215-0_10
http://www.ncbi.nlm.nih.gov/pubmed/26530365
https://doi.org/10.2147/OTT.S58622
http://www.ncbi.nlm.nih.gov/pubmed/24672247
https://doi.org/10.2353/ajpath.2009.080868
https://doi.org/10.2353/ajpath.2009.080868
http://www.ncbi.nlm.nih.gov/pubmed/19893039
https://doi.org/10.1073/pnas.0709802104
http://www.ncbi.nlm.nih.gov/pubmed/18042703
https://doi.org/10.1371/journal.pone.0176679

@° PLOS | ONE

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

prostate development. Dev Dyn. 2012; 241(12):2005—13. https://doi.org/10.1002/dvdy.23886 PMID:
23074159

Rehman |, Azzouzi AR, Cross SS, Deloulme JC, Catto JW, Wylde N, et al. Dysregulated expression of
S100A11 (calgizzarin) in prostate cancer and precursor lesions. Hum Pathol. 2004; 35(11):1385-91.
https://doi.org/10.1016/j.humpath.2004.07.015 PMID: 15668896

Yang F, Tuxhorn JA, Ressler SJ, McAlhany SJ, Dang TD, Rowley DR. Stromal expression of connec-
tive tissue growth factor promotes angiogenesis and prostate cancer tumorigenesis. Cancer Res.
2005; 65(19):8887-95. https://doi.org/10.1158/0008-5472.CAN-05-1702 PMID: 16204060

D’Antonio KB, Toubaiji A, Albadine R, Mondul AM, Platz EA, Netto GJ, et al. Extracellular matrix asso-
ciated protein CYR®61 is linked to prostate cancer development. J Urol. 2010; 183(4):1604—10. https://
doi.org/10.1016/j.juro.2009.12.006 PMID: 20172544

Dango S, Sienel W, Schreiber M, Stremmel C, Kirschbaum A, Pantel K, et al. Elevated expression of
carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM-1) is associated with increased
angiogenic potential in non-small-cell lung cancer. Lung Cancer. 2008; 60(3):426—33. https://doi.org/
10.1016/j.lungcan.2007.11.015 PMID: 18215438

Shaw A, Bushman W. Hedgehog signaling in the prostate. J Urol. 2007; 177(3):832-8. https://doi.org/
10.1016/j.juro.2006.10.061 PMID: 17296352

Valverde Lde F, Pereira Tde A, Dias RB, Guimaraes VS, Ramos EA, Santos JN, et al. Macrophages
and endothelial cells orchestrate tumor-associated angiogenesis in oral cancer via hedgehog pathway
activation. Tumour Biol. 2016; 37(7):9233—41. https://doi.org/10.1007/s13277-015-4763-6 PMID:
26768620

Dunne JC, Lamb DS, Delahunt B, Murray J, Bethwaite P, Ferguson P, et al. Proteins from formalin-
fixed paraffin-embedded prostate cancer sections that predict the risk of metastatic disease. Clin Pro-
teomics. 2015; 12(1):24. https://doi.org/10.1186/s12014-015-9096-3 PMID: 26388710

Lai TH, Fong YC, Fu WM, Yang RS, Tang CH. Osteoblasts-derived BMP-2 enhances the motility of
prostate cancer cells via activation of integrins. Prostate. 2008; 68(12):1341-53. https://doi.org/10.
1002/pros.20799 PMID: 18512729

Nilsson M, Hagglof C, Hammarsten P, Thysell E, Stattin P, Egevad L, et al. High Lysyl Oxidase (LOX)
in the Non-Malignant Prostate Epithelium Predicts a Poor Outcome in Prostate Cancer Patient Man-
aged by Watchful Waiting. PLoS One. 2015; 10(10):e0140985. https://doi.org/10.1371/journal.pone.
0140985 PMID: 26501565

Kirschmann DA, Seftor EA, Fong SF, Nieva DR, Sullivan CM, Edwards EM, et al. A molecular role for
lysyl oxidase in breast cancer invasion. Cancer Res. 2002; 62(15):4478-83. PMID: 12154058

Morfoisse F, Renaud E, Hantelys F, Prats AC, Garmy-Susini B. Role of hypoxia and vascular endothe-
lial growth factors in lymphangiogenesis. Mol Cell Oncol. 2015; 2(4):e1024821. https://doi.org/10.
1080/23723556.2015.1024821 PMID: 27308508

Fagiani E, Christofori G. Angiopoietins in angiogenesis. Cancer Lett. 2013; 328(1):18-26. https://doi.
org/10.1016/j.canlet.2012.08.018 PMID: 22922303

Gitenay D, Baron VT. Is EGR1 a potential target for prostate cancer therapy? Future Oncol. 2009; 5
(7):993-1008. https://doi.org/10.2217/fon.09.67 PMID: 19792968

Zhang J, Lu Y, Pienta KJ. Multiple roles of chemokine (C-C moitif) ligand 2 in promoting prostate can-
cer growth. J Natl Cancer Inst. 2010; 102(8):522-8. https://doi.org/10.1093/jnci/djq044 PMID:
20233997

Salazar N, Castellan M, Shirodkar SS, Lokeshwar BL. Chemokines and chemokine receptors as pro-
moters of prostate cancer growth and progression. Crit Rev Eukaryot Gene Expr. 2013; 23(1):77-91.
PMID: 23557339

Chen EC, Karl TA, Kalisky T, Gupta SK, O’Brien CA, Longacre TA, et al. KIT Signaling Promotes
Growth of Colon Xenograft Tumors in Mice and Is Up-Regulated in a Subset of Human Colon Cancers.
Gastroenterology. 2015; 149(3):705-17 e2. https://doi.org/10.1053/j.gastro.2015.05.042 PMID:
26026391

Ehrchen JM, Sunderkotter C, Foell D, Vogl T, Roth J. The endogenous Toll-like receptor 4 agonist
S100A8/S100A9 (calprotectin) as innate amplifier of infection, autoimmunity, and cancer. J Leukoc
Biol. 2009; 86(3):557—-66. https://doi.org/10.1189/jlb.1008647 PMID: 19451397

Lim SY, Yuzhalin AE, Gordon-Weeks AN, Muschel RJ. Tumor-infiltrating monocytes/macrophages
promote tumor invasion and migration by upregulating S100A8 and S100A9 expression in cancer
cells. Oncogene. 2016; 35(44):5735—45. https://doi.org/10.1038/onc.2016.107 PMID: 27086923

Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, Lyden D. Extracellular Vesicles in Cancer: Cell-
to-Cell Mediators of Metastasis. Cancer Cell. 2016; 30(6):836—48. https://doi.org/10.1016/j.ccell.2016.
10.009 PMID: 27960084

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 29/31


https://doi.org/10.1002/dvdy.23886
http://www.ncbi.nlm.nih.gov/pubmed/23074159
https://doi.org/10.1016/j.humpath.2004.07.015
http://www.ncbi.nlm.nih.gov/pubmed/15668896
https://doi.org/10.1158/0008-5472.CAN-05-1702
http://www.ncbi.nlm.nih.gov/pubmed/16204060
https://doi.org/10.1016/j.juro.2009.12.006
https://doi.org/10.1016/j.juro.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20172544
https://doi.org/10.1016/j.lungcan.2007.11.015
https://doi.org/10.1016/j.lungcan.2007.11.015
http://www.ncbi.nlm.nih.gov/pubmed/18215438
https://doi.org/10.1016/j.juro.2006.10.061
https://doi.org/10.1016/j.juro.2006.10.061
http://www.ncbi.nlm.nih.gov/pubmed/17296352
https://doi.org/10.1007/s13277-015-4763-6
http://www.ncbi.nlm.nih.gov/pubmed/26768620
https://doi.org/10.1186/s12014-015-9096-3
http://www.ncbi.nlm.nih.gov/pubmed/26388710
https://doi.org/10.1002/pros.20799
https://doi.org/10.1002/pros.20799
http://www.ncbi.nlm.nih.gov/pubmed/18512729
https://doi.org/10.1371/journal.pone.0140985
https://doi.org/10.1371/journal.pone.0140985
http://www.ncbi.nlm.nih.gov/pubmed/26501565
http://www.ncbi.nlm.nih.gov/pubmed/12154058
https://doi.org/10.1080/23723556.2015.1024821
https://doi.org/10.1080/23723556.2015.1024821
http://www.ncbi.nlm.nih.gov/pubmed/27308508
https://doi.org/10.1016/j.canlet.2012.08.018
https://doi.org/10.1016/j.canlet.2012.08.018
http://www.ncbi.nlm.nih.gov/pubmed/22922303
https://doi.org/10.2217/fon.09.67
http://www.ncbi.nlm.nih.gov/pubmed/19792968
https://doi.org/10.1093/jnci/djq044
http://www.ncbi.nlm.nih.gov/pubmed/20233997
http://www.ncbi.nlm.nih.gov/pubmed/23557339
https://doi.org/10.1053/j.gastro.2015.05.042
http://www.ncbi.nlm.nih.gov/pubmed/26026391
https://doi.org/10.1189/jlb.1008647
http://www.ncbi.nlm.nih.gov/pubmed/19451397
https://doi.org/10.1038/onc.2016.107
http://www.ncbi.nlm.nih.gov/pubmed/27086923
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1016/j.ccell.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27960084
https://doi.org/10.1371/journal.pone.0176679

@° PLOS | ONE

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

Drake CG. Prostate cancer as a model for tumour immunotherapy. Nat Rev Immunol. 2010; 10
(8):580-93. https://doi.org/10.1038/nri2817 PMID: 20651745

Garlanda C, Riva F, Bonavita E, Mantovani A. Negative regulatory receptors of the IL-1 family. Semin
Immunol. 2013; 25(6):408-15. https://doi.org/10.1016/j.smim.2013.10.019 PMID: 24239046

Vainio P, Lehtinen L, Mirtti T, Hilvo M, Seppanen-Laakso T, Virtanen J, et al. Phospholipase PLA2G7,
associated with aggressive prostate cancer, promotes prostate cancer cell migration and invasion and
is inhibited by statins. Oncotarget. 2011; 2(12):1176-90. https://doi.org/10.18632/oncotarget.397
PMID: 22202492

Turnis ME, Andrews LP, Vignali DA. Inhibitory receptors as targets for cancer immunotherapy. Eur J
Immunol. 2015; 45(7):1892-905. https://doi.org/10.1002/eji.201344413 PMID: 26018646

Benezech C, Nayar S, Finney BA, Withers DR, Lowe K, Desanti GE, et al. CLEC-2 is required for
development and maintenance of lymph nodes. Blood. 2014; 123(20):3200-7. https://doi.org/10.
1182/blood-2013-03-489286 PMID: 24532804

Herzog BH, Fu J, Wilson SJ, Hess PR, Sen A, McDaniel JM, et al. Podoplanin maintains high endothe-
lial venule integrity by interacting with platelet CLEC-2. Nature. 2013; 502(7469):105-9. https://doi.
org/10.1038/nature12501 PMID: 23995678

Matsuda K, Budisantoso T, Mitakidis N, Sugaya Y, Miura E, Kakegawa W, et al. Transsynaptic Modu-
lation of Kainate Receptor Functions by C1qg-like Proteins. Neuron. 2016; 90(4):752—67. https://doi.
org/10.1016/j.neuron.2016.04.001 PMID: 27133466

Voskoboinik I, Whisstock JC, Trapani JA. Perforin and granzymes: function, dysfunction and human
pathology. Nat Rev Immunol. 2015; 15(6):388—400. https://doi.org/10.1038/nri3839 PMID: 25998963

O’'Neill AS, van den Berg TK, Mullen GE. Sialoadhesin—a macrophage-restricted marker of immuno-
regulation and inflammation. Immunology. 2013; 138(3):198—207. https://doi.org/10.1111/imm.12042
PMID: 23181380

YanL, Singh LS, Zhang L, Xu Y. Role of OGR1 in myeloid-derived cells in prostate cancer. Oncogene.
2014; 33(2):157—64. https://doi.org/10.1038/onc.2012.566 PMID: 23222714

Chitu V, Stanley ER. Colony-stimulating factor-1 in immunity and inflammation. Curr Opin Immunol.
2006; 18(1):39—48. https://doi.org/10.1016/j.c0i.2005.11.006 PMID: 16337366

Achkova D, Maher J. Role of the colony-stimulating factor (CSF)/CSF-1 receptor axis in cancer. Bio-
chem Soc Trans. 2016; 44(2):333—41. https://doi.org/10.1042/BST20150245 PMID: 27068937

Falasca M, Ferro R. Role of the lysophosphatidylinositol/GPR55 axis in cancer. Adv Biol Regul. 2016;
60:88-93. https://doi.org/10.1016/j.jbior.2015.10.003 PMID: 26588872

Gu JJ, Zhang JH, Chen HJ, Wang SS. MicroRNA-130b promotes cell proliferation and invasion by
inhibiting peroxisome proliferator-activated receptor-gamma in human glioma cells. Int J Mol Med.
2016; 37(6):1587-93. https://doi.org/10.3892/ijmm.2016.2580 PMID: 27122306

Shen P, Sun J, Xu G, Zhang L, Yang Z, Xia S, et al. KLF9, a transcription factor induced in flutamide-
caused cell apoptosis, inhibits AKT activation and suppresses tumor growth of prostate cancer cells.
Prostate. 2014; 74(9):946-58. https://doi.org/10.1002/pros.22812 PMID: 24737412

Louis I, Dulude G, Corneau S, Brochu S, Boileau C, Meunier C, et al. Changes in the lymph node
microenvironment induced by oncostatin M. Blood. 2003; 102(4):1397—404. https://doi.org/10.1182/
blood-2003-01-0316 PMID: 12702501

So T, Lee SW, Croft M. Tumor necrosis factor/tumor necrosis factor receptor family members that
positively regulate immunity. Int J Hematol. 2006; 83(1):1—11. https://doi.org/10.1532/IJH97.05120
PMID: 16443545

Wiethe C, Dittmar K, Doan T, Lindenmaier W, Tindle R. Enhanced effector and memory CTL
responses generated by incorporation of receptor activator of NF-kappa B (RANK)/RANK ligand costi-
mulatory molecules into dendritic cellimmunogens expressing a human tumor-specific antigen. J
Immunol. 2003; 171(8):4121-30. PMID: 14530334

Nonn L, Ananthanarayanan V, Gann PH. Evidence for field cancerization of the prostate. Prostate.
2009; 69(13):1470-9. https://doi.org/10.1002/pros.20983 PMID: 19462462

Sleeman JP. The metastatic niche and stromal progression. Cancer Metastasis Rev. 2012; 31(3—
4):429-40. https://doi.org/10.1007/s10555-012-9373-9 PMID: 22699312

Halin Bergstrom S, Hagglof C, Thysell E, Bergh A, Wikstrom P, Lundholm M. Extracellular Vesicles
from Metastatic Rat Prostate Tumors Prime the Normal Prostate Tissue to Facilitate Tumor Growth.
Sci Rep. 2016; 6:31805. https://doi.org/10.1038/srep31805 PMID: 27550147

Halin Bergstrom S, Nilsson M, Adamo H, Thysell E, Jernberg E, Stattin P, et al. Extratumoral Heme
Oxygenase-1 (HO-1) Expressing Macrophages Likely Promote Primary and Metastatic Prostate
Tumor Growth. PLoS One. 2016; 11(6):e0157280. https://doi.org/10.1371/journal.pone.0157280
PMID: 27280718

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 30/31


https://doi.org/10.1038/nri2817
http://www.ncbi.nlm.nih.gov/pubmed/20651745
https://doi.org/10.1016/j.smim.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24239046
https://doi.org/10.18632/oncotarget.397
http://www.ncbi.nlm.nih.gov/pubmed/22202492
https://doi.org/10.1002/eji.201344413
http://www.ncbi.nlm.nih.gov/pubmed/26018646
https://doi.org/10.1182/blood-2013-03-489286
https://doi.org/10.1182/blood-2013-03-489286
http://www.ncbi.nlm.nih.gov/pubmed/24532804
https://doi.org/10.1038/nature12501
https://doi.org/10.1038/nature12501
http://www.ncbi.nlm.nih.gov/pubmed/23995678
https://doi.org/10.1016/j.neuron.2016.04.001
https://doi.org/10.1016/j.neuron.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27133466
https://doi.org/10.1038/nri3839
http://www.ncbi.nlm.nih.gov/pubmed/25998963
https://doi.org/10.1111/imm.12042
http://www.ncbi.nlm.nih.gov/pubmed/23181380
https://doi.org/10.1038/onc.2012.566
http://www.ncbi.nlm.nih.gov/pubmed/23222714
https://doi.org/10.1016/j.coi.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16337366
https://doi.org/10.1042/BST20150245
http://www.ncbi.nlm.nih.gov/pubmed/27068937
https://doi.org/10.1016/j.jbior.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26588872
https://doi.org/10.3892/ijmm.2016.2580
http://www.ncbi.nlm.nih.gov/pubmed/27122306
https://doi.org/10.1002/pros.22812
http://www.ncbi.nlm.nih.gov/pubmed/24737412
https://doi.org/10.1182/blood-2003-01-0316
https://doi.org/10.1182/blood-2003-01-0316
http://www.ncbi.nlm.nih.gov/pubmed/12702501
https://doi.org/10.1532/IJH97.05120
http://www.ncbi.nlm.nih.gov/pubmed/16443545
http://www.ncbi.nlm.nih.gov/pubmed/14530334
https://doi.org/10.1002/pros.20983
http://www.ncbi.nlm.nih.gov/pubmed/19462462
https://doi.org/10.1007/s10555-012-9373-9
http://www.ncbi.nlm.nih.gov/pubmed/22699312
https://doi.org/10.1038/srep31805
http://www.ncbi.nlm.nih.gov/pubmed/27550147
https://doi.org/10.1371/journal.pone.0157280
http://www.ncbi.nlm.nih.gov/pubmed/27280718
https://doi.org/10.1371/journal.pone.0176679

@° PLOS | ONE

Prostate tumors reprogram the benign prostate tissue and regional lymph nodes

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Stallone G, Cormio L, Netti GS, Infante B, Selvaggio O, Fino GD, et al. Pentraxin 3: a novel biomarker
for predicting progression from prostatic inflammation to prostate cancer. Cancer Res. 2014; 74
(16):4230-8. https://doi.org/10.1158/0008-5472.CAN-14-0369 PMID: 24950910

Abate-Shen C, Shen MM, Gelmann E. Integrating differentiation and cancer: the Nkx3.1
homeobox gene in prostate organogenesis and carcinogenesis. Differentiation. 2008; 76(6):717-27.
https://doi.org/10.1111/j.1432-0436.2008.00292.x PMID: 18557759

Magnon C, Hall SJ, Lin J, Xue X, Gerber L, Freedland SJ, et al. Autonomic nerve development contrib-
utes to prostate cancer progression. Science. 2013; 341(6142):1236361. https://doi.org/10.1126/
science.1236361 PMID: 23846904

loachim HL, loachim HL. Lymph node pathology. 2nd ed. Philadelphia: J.B. Lipincott Co.; 1994. xx,
707 p. p.

Pizzola C, Rizvi SM, Joshi M. A New Era of Immunotherapy in Prostate Cancer. Curr Mol Pharmacol.
2016; 9(3):217-25. PMID: 26177645

Carosella ED, Ploussard G, LeMaoult J, Desgrandchamps F. A Systematic Review of Immunotherapy
in Urologic Cancer: Evolving Roles for Targeting of CTLA-4, PD-1/PD-L1, and HLA-G. Eur Urol. 2015;
68(2):267-79. https://doi.org/10.1016/j.eururo.2015.02.032 PMID: 25824720

Cochran AJ, Huang RR, Su A, Itakura E, Wen DR. Is sentinel node susceptibility to metastases related
to nodal immune modulation? Cancer J. 2015; 21(1):39—46. https://doi.org/10.1097/PPO.
0000000000000094 PMID: 25611779

Qian CN, Berghuis B, Tsarfaty G, Bruch M, Kort EJ, Ditlev J, et al. Preparing the "soil": the primary
tumor induces vasculature reorganization in the sentinel lymph node before the arrival of metastatic
cancer cells. Cancer Res. 2006; 66(21):10365—76. https://doi.org/10.1158/0008-5472.CAN-06-2977
PMID: 17062557

Knudsen BS, Kim HL, Erho N, Shin H, Alshalalfa M, Lam LL, et al. Application of a Clinical Whole-
Transcriptome Assay for Staging and Prognosis of Prostate Cancer Diagnosed in Needle Core Biopsy
Specimens. J Mol Diagn. 2016; 18(3):395-406. https:/doi.org/10.1016/}.jmoldx.2015.12.006 PMID:
26945428

Sternberg IA, Vela |, Scardino PT. Molecular Profiles of Prostate Cancer: To Treat or Not to Treat.
Annu Rev Med. 2016; 67:119-35. https://doi.org/10.1146/annurev-med-060413-112226 PMID:
26515982

Place AE, Jin Huh S, Polyak K. The microenvironment in breast cancer progression: biology and impli-
cations for treatment. Breast Cancer Res. 2011; 13(6):227. https://doi.org/10.1186/bcr2912 PMID:
22078026

PLOS ONE | https://doi.org/10.1371/journal.pone.0176679 May 4, 2017 31/31


https://doi.org/10.1158/0008-5472.CAN-14-0369
http://www.ncbi.nlm.nih.gov/pubmed/24950910
https://doi.org/10.1111/j.1432-0436.2008.00292.x
http://www.ncbi.nlm.nih.gov/pubmed/18557759
https://doi.org/10.1126/science.1236361
https://doi.org/10.1126/science.1236361
http://www.ncbi.nlm.nih.gov/pubmed/23846904
http://www.ncbi.nlm.nih.gov/pubmed/26177645
https://doi.org/10.1016/j.eururo.2015.02.032
http://www.ncbi.nlm.nih.gov/pubmed/25824720
https://doi.org/10.1097/PPO.0000000000000094
https://doi.org/10.1097/PPO.0000000000000094
http://www.ncbi.nlm.nih.gov/pubmed/25611779
https://doi.org/10.1158/0008-5472.CAN-06-2977
http://www.ncbi.nlm.nih.gov/pubmed/17062557
https://doi.org/10.1016/j.jmoldx.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26945428
https://doi.org/10.1146/annurev-med-060413-112226
http://www.ncbi.nlm.nih.gov/pubmed/26515982
https://doi.org/10.1186/bcr2912
http://www.ncbi.nlm.nih.gov/pubmed/22078026
https://doi.org/10.1371/journal.pone.0176679

