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Abstract
Previously, we generated a preclinical mouse prostate tumor model based on PSA-Cre

driven inactivation of Pten. In this model homogeneous hyperplastic prostates (4-5m) devel-

oped at older age (>10m) into tumors. Here, we describe the molecular and histological

characterization of the tumors in order to better understand the processes that are associ-

ated with prostate tumorigenesis in this targeted mouse Pten knockout model. The morphol-

ogies of the tumors that developed were very heterogeneous. Different histopathological

growth patterns could be identified, including intraductal carcinoma (IDC), adenocarcinoma

and undifferentiated carcinoma, all strongly positive for the epithelial cell marker Cytokeratin

(CK), and carcinosarcomas, which were negative for CK. IDC pattern was already detected

in prostates of 7–8 month old mice, indicating that it could be a precursor stage. At more

than 10 months IDC and carcinosarcoma were most frequently observed. Gene expression

profiling discriminated essentially two molecular subtypes, denoted tumor class 1 (TC1)

and tumor class 2 (TC2). TC1 tumors were characterized by high expression of epithelial

markers like Cytokeratin 8 and E-Cadherin whereas TC2 tumors showed high expression of

mesenchyme/stroma markers such as Snail and Fibronectin. These molecular subtypes

corresponded with histological growth patterns: where TC1 tumors mainly represented ade-

nocarcinoma / intraductal carcinoma, in TC2 tumors carcinosarcoma was the dominant

growth pattern. Further molecular characterization of the prostate tumors revealed an

increased expression of genes associated with the inflammatory response. Moreover, func-

tional markers for senescence, proliferation, angiogenesis and apoptosis were higher

expressed in tumors compared to hyperplasia. The highest expression of proliferation and

angiogenesis markers was detected in TC2 tumors. Our data clearly showed that in the

genetically well-defined PSA-Cre;Pten-loxP/loxP prostate tumor model, histopathological,

molecular and biological heterogeneity occurred during later stages of tumor development.
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Introduction
Prostate tumor development is a multistep process in which prostate cells acquire malignant
characteristics by the accumulation of genetic and epigenetic alterations [1, 2]. Many biological
processes, including sustained proliferative signaling, induction of angiogenesis and cell death
resistance can play a role during tumorigenesis [3]. Complementary, the role of the tumor
microenvironment (TME) has emerged as an important determinant in prostate tumor devel-
opment and progression [4]. Moreover, the inflammatory response might contribute to the
regulation of these biological processes by releasing a wide range of cytokines, chemokines,
growth factors, survival factors and proangiogenic factors to the TME [5, 6].

Human prostate cancer is a heterogeneous disease, which displays a variety of histopatho-
logical tumor growth patterns and molecular abnormalities [7–9]. The intratumoral heteroge-
neity of prostate cancer significantly challenges the development of effective treatment
strategies. Although prostate tumors can be classified by expression profiling into subtypes
with a distinct prognosis [10–13], little is known about the mechanisms by these different
tumor subtypes develop. Both biological and molecular processes might contribute to tumor
heterogeneity. Moreover, differences in clonal evolution and differences in tumor initiating
cells are postulated to explain tumor heterogeneity [14–17]. In a clinical setting, study of the
dynamics of prostate tumor development is impossible. Therefore, well-defined preclinical
model systems are very helpful in unraveling mechanisms of tumor development including
tumor heterogeneity.

PTEN inactivation is one of the most frequent genetic alterations in prostate cancer [18, 19].
Several genetically engineered mouse prostate tumor models (GEMMs) based on targeted bi-
allelic deletion of the Pten tumor suppressor gene have been developed, which all resemble to a
certain extent the several stages of human prostate cancer [20–27]. However, none of the initial
publications on mouse prostate tumor models based on Pten inactivation described tumor
heterogeneity.

Previously, we described that upon biallelic loss of Pten in the PSA-Cre targeted Pten knock-
out model, clearly defined stages of prostate hyperplasia and cancer develop, while minimal
pathologic changes were found upon mono-allelic loss of Pten [23]. We studied the initial
stages of hyperplasia in the PSA-Cre targeted Pten knockout model and identified Clu+-
Tacstd2+Sca1+ luminal epithelial progenitor cells as candidate tumor initiating cells [28]. In
the present study we focus on the characterization of tumor heterogeneity and the identifica-
tion of biological and molecular processes associated with tumor development in the PSA-Cre;
PtenLoxP/LoxPmouse prostate cancer model. Tumors were found to be histologically hetero-
geneous, but two main separate histological growth patterns, intraductal carcinoma (IDC) and
carcinosarcoma, could be discriminated. Based on gene expression profiling the heterogeneous
tumors could be separated in two molecular subtypes, denoted tumor class 1 (TC1) and tumor
class 2 (TC2), corresponding to a distinct prostate tumor histology. Main biological processes
that were associated with prostate tumor development were an increased inflammatory
response, senescence, proliferation, angiogenesis and apoptosis.

Materials and Methods

Generation of Prostate Targeted Pten Knockout Mice
PSA-Cre mice (strain FVB), mice carrying the Pten-loxP allele (strain 129Ola) and PSA-Cre;
Pten-loxP/loxPmice have been described previously [23]. All PSA-Cre;Pten-loxP/loxPmice had
a mixed 129/FVB genetic background. Cre negative littermates were kept as controls. Mice
were housed according to institutional guidelines, procedures were carried out in compliance
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with the standards for use of laboratory animals and all efforts were made to minimize suffer-
ing. Animal experiments performed in this manuscript have been approved by the animal
experimental committee of the Erasmus Medical Center (DEC-consult, permit number 106-
05-11).

RNA extraction, cDNA preparation and QPCR analysis
From normal and hyperplastic prostates individual lobes (anterior, ventral, dorsal and lateral)
were dissected separately. From each mouse, pieces of the four individual lobes were pooled
and RNA was extracted from this pool. In mice with large prostate tumors where the individual
lobes could not be distinguished pieces of different regions of the tumor were pooled. RNA was
isolated from snap frozen mouse prostates using the Qiagen Easy RNA isolation Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s guidelines, including an on column DNA-
seI digestion. RNA quality was assessed using the RNA 6000 Nano kit in a 2100 Bioanalyser
(Agilent, Santa Clara, CA).

For reverse transcription 2 μg total RNA was incubated for 1 h at 37°C in buffer containing
50mM Tris-HCl pH 8.3, 75 mM KCl, 3mMMgCl2, 10mMDTT and 1mM dNTPs, supple-
mented with 400 U M-MLV-reverse transcriptase (Thermo Fisher Scientific, Waltham, MA),
80 U RNAguard (Amersham Biosciences, Little Chalfont, UK) and 1 μg oligodT primer. The
procedure for QPCR analysis was described earlier [28]. Primer sequences for both PCR as
QPCR are provided in S1 Table.

Probe preparation and hybridization, and analysis of Affymetrix gene
expression arrays
Five μg total RNA was used to prepare antisense biotinylated RNA according to the manufac-
turer’s one-cycle protocol (Affymetrix, Santa Clara, CA). Hybridization to Affymetrix Mouse
Genome 430 2.0 GeneChips (>39000 transcripts), staining, washing and the scanning proce-
dures were performed by ErasmusMC Center for Biomics according to the Affymetrix proto-
col. The Affymetrix gene expression data were normalized based on the average signal
intensity. Before transforming expression array data to log2 values, low expression values (<4)
were set at 4. For unsupervised hierarchical clustering and visualization of genes with the high-
est differential expression the programs Cluster and Treeview [29] were used. In addition, by
performing Significance Analysis of Microarrays (SAM) [30] gene expression relative differ-
ences to the standard deviation of these expression levels within one group was calculated.
Microarray data are available in the ArrayExpress database (www.ebi.ac.uk/arrayexpress)
under accession number E-MTAB-3970.

Immunohistochemical analysis
Procedures for immunohistochemistry were described earlier [23, 28]. Detailed antibody infor-
mation is provided in S2 Table.

Statistics
GraphPad Prism v5.01 (GraphPad Software, San Diego, CA) was used for statistical analysis.
The Mann-Whitney two-tailed t-test was used for comparison between groups and a p value
<0.05 (�) was considered significant.
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Results

Prostate tumors of targeted Pten knockout mice are heterogeneous
Previously, we described prostate tumor development in PSA-Cre;Pten-loxP/loxPmice [23]. At
4–5 months the lumen of the prostate glands of targeted bi-allelic Pten knockout mice were
filled with homogeneous, cytokeratin (CK) positive hyperplastic epithelial cells lined by P63+
basal epithelial cells (Fig 1). Clu+Tacstd2+Sca-1+ luminal epithelial progenitor cells were iden-
tified as candidate tumor initiating cells [28]. At older age (>10m) all mice developed invasive
prostate tumors. In the present study, the tumors are characterized and processes associated
with tumor development are identified.

Although hyperplastic prostates (HP) were histologically very homogeneous, consider-
able heterogeneity was only detected in the prostate tumors. In contrast to the regular nucleï
of hyperplastic cells at 4-5m, tumor cells showed nuclear atypia with prominent nucleoli
(Fig 1). Already at 7-8m foci of cells with atypical nucleï could be detected, which were
named intraductal carcinoma (IDC), because of the histologic resemblance to human IDC
[31] (S1 Fig). Prostates with characteristics of IDC contained dysplastic cells that showed a
cribriform growth pattern surrounded by an interrupted P63+ basal epithelial cell layer (Fig
1, S1 Fig).

At>10m all mice displayed heterogeneous prostate tumors containing areas with distinct
histopathological growth patterns. Three types of carcinoma could be distinguished: IDC, ade-
nocarcinoma and undifferentiated carcinoma (Fig 1). Tumor cells in IDC, adenocarcinoma
and undifferentiated carcinoma showed strong CK staining. Carcinosarcoma, composed of
spindle shaped cells, was the fourth growth pattern that could be detected in the heterogeneous
prostate tumors. Carcinosarcoma cells were negative for CK staining. IDC and carcinosarcoma
were the dominant tumor types. Because foci of IDC were already detected at 7-8m, IDC might
represent a precursor stage of the other tumor types. However, transitions from one growth
pattern to another were not apparent.

Molecular subclasses of prostate tumors in PSA-Cre targeted Pten
knockout mice, identified by gene expression profiling, match prostate
tumor histology
As described above, prostate tumors were histological heterogeneous. To extend the characteri-
zation of the tumors and to gain further insight into the underlying mechanisms of prostate
tumorigenesis, global gene expression profiling was undertaken of three normal prostates
(NP), three hyperplastic prostate samples (HP) and thirteen prostate tumors. First, unsuper-
vised hierarchical clustering of the thirteen tumor samples was performed, discriminating two
main clusters (Fig 2A). To address the question whether the differences in gene expression pro-
files were associated with prostate tumor histology, these thirteen tumors were independently
scored for the presence of different tumor growth patterns by two pathologists. Although all
prostate tumor samples showed heterogeneous histopathological growth patterns, global differ-
ences could be detected. Of the thirteen tumors, in three tumors the predominating growth
pattern (>70%) was carcinoma (IDC, adenocarcinoma and undifferentiated carcinoma). This
carcinoma group was denoted as tumor class 1 (TC1) and grouped together in the same cluster
(Fig 2A). Six prostate tumors, which grouped together in another cluster (Fig 2A), were domi-
nated by large areas (>70%) of carcinosarcoma and were denoted as tumor class 2 (TC2). Four
tumors contained a more complex mixture of carcinoma and carcinosarcoma that hampered
the determination of a predominating growth pattern. These four samples were indicated as
mixed tumors and were excluded from further analyses (Fig 2A).
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Fig 1. Characterization of hyperplastic prostates and prostate tumors of targeted Pten knockout mice. The prostate histology (HE staining) of the
anterior lobe of hyperplastic prostates (4-5m) and different growth patterns (IDC, adenocarcinoma, undifferentiated carcinoma and carcinosarcoma) in
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Next, SAM was done to identify genes differentially expressed between TC1 and TC2 (Fig
2B and 2C). Among the genes that were highly expressed in TC1 tumors were genes associated
with higher expression in epithelial cells, likeMsmb and Tff2. Genes that are lower expressed in
TC1 tumors compared to TC2, such as Ptn and Gja1, were known to be expressed in stromal/
mesenchymal cells [32–35]. The names of the top twenty differentially expressed genes are
listed in (S3 Table and S4 Table). As examples, the expression of Tff2 and Ptn in individual

prostate tumors (> 10m) are shown (Magnification: 200x). Normal prostate (NP) is included as a reference. A more detailed picture of the nuclear structures in
these prostates is shown at higher magnifications. To characterize the prostate cells consecutive slides stained for P63 and Cytokeratin are shown for each
growth pattern.

doi:10.1371/journal.pone.0147500.g001

Fig 2. Twomolecular subclasses of prostate tumors in PSA-Cre targeted Pten knockout mice match
major prostate tumor growth patterns (A) Unsupervised hierarchical clustering of global gene
expression data of thirteen tumor samples. Yellow and blue boxes indicated TC1 and TC2 tumors
respectively. Where TC1 tumorsmainly consisted of carcinomas, in TC2 tumors carcinosarcoma was
the dominant growth pattern. More heterogeneous tumors are indicated by the dual blue/yellow
colored boxes. Top-20 list of genes higher (B) and lower (C) expressed in TC1 (n = 3) tumors as
compared to TC2 (n = 6) tumors as identified by SAM.Green indicates lower gene expression and red
indicates higher expression. The expression of Tff2 (indicated by the red dot) and Ptn (indicated by the green
dot) was confirmed by Q-PCR analysis. ExpressionHprt was used as Q-PCR reference. * p < 0.05, by
Mann-Whitney two tailed test.

doi:10.1371/journal.pone.0147500.g002
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prostate tumors, as determined by q-PCR analysis, is shown (Fig 2B and 2C). Thus, although
hampered by the heterogeneity of the samples, tumor samples could clearly be separated in
TC1 and TC2 subtypes, based on gene expression and histology.

Next, unsupervised hierarchical clustering of global gene expression data from the tumor
samples (TC1, TC2) together with normal prostate (NP) and hyperplasia (HP) was undertaken
(Fig 3A). Interestingly, one cluster comprised of only TC2 tumors whereas the more epithelial
like TC1 tumors co-clustered with HP samples and to a lesser extend with NP. Further analysis
of expression profiles of known markers for epithelial (Cytokeratin 8 and E-cadherin) and mes-
enchymal (Snail and Fibronectin) cells confirmed significant differential expression of genes
associated with epithelial cells and mesenchymal cells in TC1 and TC2, respectively (Fig 3B).
Q-PCR analysis confirmed the observed significantly higher expression of the epithelial marker

Fig 3. Differential expression of epithelial andmesenchymal markers in TC1 and TC2 tumors. (A)
Unsupervised hierarchical clustering of global gene expression data of normal prostates (NP), hyperplastic
prostates (HP) and TC1 and TC2 prostate tumors. (B) The relative mRNA expression levels of CK8, E-
cadherin, Snail and Fibronectin in NP (n = 3), HP (n = 3), TC1 (n = 3) and TC2 (n = 6) as detected in the
expression arrays. Indicated gene expressions were plotted relative to the housekeeping geneHprt. (C)
Representative Q-PCR analysis of Snail and E-cadherin expression. Expression of Hprtwas used as Q-PCR
reference. Data are presented as mean +/- SE. * p < 0.05, by Mann-Whitney two tailed test.

doi:10.1371/journal.pone.0147500.g003
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E-cadherin in TC1 tumors and the high expression of the mesenchymal marker Snail in TC2
tumors (Fig 3C). Overall, the high mRNA expression of epithelial markers CK8 and E-cadherin
in TC1 tumors is in line with the immunohistochemical data for CK expression as observed in
Fig 1. Further comparison of expression of individual genes in TC1 and TC2 with HP and NP
showed that the relative mRNA expression of the basal epithelial cell marker P63 was lower in
HP and prostate tumors (S2A Fig). The androgen receptor (AR)mRNA expression was slightly
increased in prostates of targeted Pten knockout mice as compared to NP, in contrast to mark-
ers for differentiated luminal epithelial cells like Nkx3.1 and Probasin (S2A Fig). IHC analysis
showed a similar or even slightly higher nuclear AR protein expression in TC1 and TC2 tumors
compared to NP and HP (S2B Fig). Compared to NP, the expression of p-Akt, as determined
by IHC analysis, was strongly increased in HP and TC1 and TC2 tumors, showing the activa-
tion of the Akt signaling pathway by bi-allelic Pten inactivation in these samples (S2B Fig).

Prostate tumors are associated with increased expression of genes
associated with an inflammatory response
To extend the biological and molecular characterization of prostate tumors and to identify pro-
cesses involved in prostate tumor development we carried out SAM to identify genes differen-
tially expressed in all prostate tumors as compared to HP (Fig 4A, S5 Table and S6 Table). In
Fig 4A the 20 genes with the highest expression in prostate tumors as compared to HP are visu-
alized. Remarkably, many of the top 20 genes, such as Grp, A2m, Tnfrsf9, Gzmf, Zap70, Il18rap
and Gzmd, were identified as genes associated with the inflammatory response [36, 37]. As
examples q-PCR analyses of Grp and A2m are shown, confirming the significantly increased
expression of these genes in tumor samples compared to NP and HP (Fig 4B). Strong differen-
tial expression of genes involved in the inflammatory response between tumor and HP samples
was supported by Ingenuity analysis (Fig 4C). Here, inflammatory response was by far the top
process associated with prostate tumors.

Further studies showed that RNA expression of the common leukocyte marker CD45 was
significantly higher in HP and tumor samples as compared to normal prostate (NP) (Fig 4D).
Moreover, the highest expression of CD45 mRNA was found in TC2 tumors as compared to
HP and TC1 (Fig 4D). Similarly, increased mRNA expression of the macrophage marker F4/80
was observed in HP and tumor samples compared to NP (Fig 4D), with highest expression in
TC2 tumors (Fig 4D). Immunohistochemical staining of prostates for CD45 and F4/80 con-
firmed that both HP and prostate tumors were infiltrated by immune cells that stained positive
for the common leukocyte marker and macrophage marker respectively (Fig 4E).

During prostate tumor development in PSA-Cre Pten knockout mice
differential expression of markers of senescence, proliferation,
angiogenesis and apoptosis was observed
To further explore which biological processes can be associated with tumor development, RNA
expression of markers associated with several processes, like senescence, proliferation and
angiogenesis, was analyzed. Previously, Chen et al. reported an increased expression of genes
involved in the Trp53 dependent cellular senescence response in early hyperplasia stages of
tumor development in the related Probasin (PB)-Cre targeted Pten knockout mouse model
[38] We also observed higher expression of Trp53, Trp53-regulated and Trp53-independent
senescence markers Cdkn1a (encoding p21), Dec1 and Cdkn2a (encoding P16) in HP as com-
pared to NP (Fig 5A). Surprisingly, an even higher mRNA expression level of these markers
was observed in prostate tumors, with significantly higher expression of Cdkn2a and Trp53 in
TC2 tumors (Fig 5A). The expression of p21 (Cdkn1a) was further validated by IHC showing
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increased expression of p21 protein in HP and tumor samples compared to NP (Fig 5A).
Taken together these data indicate that diminished senescence is not a factor involved in tumor
development from hyperplasia in the PSA-Cre;PtenLoxP/LoxPmodel.

Two other hallmark biological processes associated with tumor development are prolifera-
tion and angiogenesis. In prostates of targeted Pten knockout mice an increased proliferation
rate was detected, as demonstrated by an elevated expression level of Ki67 and Pcna and the
higher number of Bromodeoxyuridine (BrdU) positive cells (Fig 5B). These data extend previ-
ous observations [23] that the proliferation rate is increased in HP and tumors as compared to
NP. Here we observed that TC2 tumors showed a significantly even higher proliferation rate,
as compared to HP and TC1 (Fig 5B). Furthermore, analysis of gene expression showed a
higher expression of the endothelium markers CD31 and Tie2 in HP and TC1 tumors, and the
significantly highest expression of these markers in TC2 tumors (Fig 5C), indicating that angio-
genesis is stimulated more in these tumors.

Previously, we published an increased number of cells that stained positive for active Cas-
pase3 in prostate hyperplasia and in tumors in PSA-Cre;Pten-loxP/loxPmice [23]. In line with

Fig 4. Increased expression of markers associated with inflammatory response in prostate tumors of targeted Pten knockout mice. (A) Top-20 list
of genes higher expressed in prostate tumors compared to HP as identified by SAM. Green indicates lower expression and red indicates higher expression.
(B) Q-PCR analysis ofGrp and A2m expression in NP (n = 3), HP (n = 3) and prostate tumors (n = 9). Expression of Hprt was used as Q-PCR reference. Data
are given as mean +/- SE. (C) Top-5 processes annotated by Ingenuity analysis based on genes differentially expressed between HP and prostate tumors.
(D) Relative RNA expression analysis of CD45 and F4/80 in NP (n = 3), HP (n = 3) and TC1 (n = 3) and TC2 (n = 6) prostate tumors. Indicated CD45 and F4/
80 expression was plotted relative to the housekeeping geneHprt. Data are presented as mean +/- SE. (E) CD45 and F4/80 staining of immune cells in NP,
HP and tumor (Magnification: 125x and 200x respectively). * p < 0.05 by Mann-Whitney two tailed test.

doi:10.1371/journal.pone.0147500.g004
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these data, the pro-apoptotic markers Bax and Bak1 were slightly higher expressed in HP and
TC1, significantly higher mRNA expression was detected in TC2 tumors, as compared to NP
(Fig 5D).

Fig 5. Differential expression of markers associated with senescence, proliferation, angiogenesis and apoptosis in TC1 and TC2 prostate tumors
as compared to HP/NP in targeted Pten knockout mice. (A) Relative mRNA expression levels of senescence markers Cdkn1a, Trp53, Cdkna2a and Dec1
in NP, HP, TC1 and TC2 (left panel). Representative p21 immunostaining in tissue slides of the anterior prostate lobe of NP, HP, TC1 and TC2 (right panel).
Magnification: 200x. (B) Relative mRNA expression levels of proliferation markers Ki67 and Pcna and representative pictures of BrdU+ cells in anterior
prostate lobes of NP, HP, TC1 and TC2 (Magnification: 200x). (C) Relative mRNA expression of angiogenesis markersCD31 and Tie2 in NP, HP, TC1 and
TC2. (D) Relative mRNA expression of pro-apoptotic markers Bax and Bak1 in NP, HP, TC1 and TC2. The indicated gene expressions were plotted relative
to the housekeeping geneHprt. Sample size NP, HP and TC1 (n = 3) and TC2 (n = 6). Data are given as mean +/- SE. * p < 0.05 by Mann-Whitney two tailed
test.

doi:10.1371/journal.pone.0147500.g005
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Discussion
The present study mainly focuses on two aspects of tumor development in the PSA-Cre;Pten-
LoxP/LoxPmouse prostate cancer model [23]: The characterization of tumor heterogeneity,
and the identification of biological and molecular processes associated with tumor develop-
ment. Previously, we showed that the initial stages of hyperplasia development in this model
were well-defined and highly homogeneous [28]. The process starts with targeted bi-allelic
inactivation of Pten in the prostate where the Clu+Tacstd2+Sca1+ luminal epithelial progenitor
cells were identified as candidate tumor initiating cells. At 4–5 m a homogeneous prostate
hyperplasia filling antecedent prostate glands was seen, but later steps in tumor development
are not obvious. Here, we showed that at 7–8 m foci of dysplastic cells have developed. Its mor-
phology strongly resembles that of a neoplastic process seen in a subset of aggressive human
prostate cancers, designated IDC. At>10 m all targeted mice developed heterogeneous tumors,
with mixed growth patterns characteristic of carcinomas and carcinosarcomas.

Carcinoma in the PSA-Cre;PtenLoxP/LoxPmouse prostate cancer model was subdivided in
three growth patterns: IDC, adenocarcinoma and undifferentiated carcinoma, with IDC as
major component. Additionally, we recognized carcinosarcoma as a dominant growth pattern.
This intratumoral heterogeneity complicated detailed molecular characterization of the
tumors. This might be a reason why in previous investigations of prostate targeted Pten knock-
out mice, tumors have not been studied in more detail [21, 22, 24–26]. In many of the earlier
mouse model studies, pre-malignant prostate intra-epithelial neoplasia (PIN) lesions were
defined, which showed morphological resemblance to HP as described in our model [23, 28].

The mouse IDC growth pattern described here is very similar to human IDC and different
from human high grade PIN [31]. Accumulating evidence has shown that presence of IDC in
human prostate cancers is predictive to the development of high-grade invasive cancer and
advanced stage disease [39–44]. Our data, showing foci of IDC at 7-8m, earlier than other
growth patterns, indicates the progression of IDC to more rapidly growing epithelial tumors
later, but we cannot rule out the option that IDC is an independent growth pattern. Moreover,
it can be proposed that IDC and other carcinomas progress to carcinosarcomas by epithelial-
mesenchymal transition (EMT). Another aspect that remains to be investigated is the role of
(reactive) stroma in tumor development. Because of the heterogeneity of the tumors, identifica-
tion of reactive stromal cells that were clearly different from carcinosarcoma cells was so far
not reliable.

In human prostate cancer, inactivation of one copy of PTEN is frequent in early prostate
cancer [19]. Complete PTEN inactivation can be preferentially demonstrated in late stage
aggressive clinical prostate cancer [18]. Importantly, growing data show, like presented here in
the Pten knockout mouse prostate cancer model, that PTEN inactivation in human prostate
cancer is frequently associated with IDC [45, 46].

Because of the mixed 129/FVB genetic background in which the PSA-Cre;PtenLoxP/LoxP
prostate cancer model was generated it might be argued that the observed tumor heterogeneity
is due to (small) variation in genetic background between individual mice. Although genetic
background can be a determinant in Pten knockout mice [27, 47, 48] [Van Duijn et al., manu-
script in preparation], intratumoral heterogeneity was detected in every individual mouse.
Moreover, we recently generated PSA-Cre;PtenLoxP/LoxPmice in a homogeneous FVB genetic
background, in which prostate tumors developed showing the same typical heterogeneous his-
topathological growth patterns (S3 Fig) [van Duijn et al., manuscript in preparation]. It is
unlikely that intratumor heterogeneity can be explained by different types of tumor initiating
cells as early overexpression of p-Akt, as a marker for Pten inactivation, was exclusively
detected in luminal epithelial progenitor cells with identical characteristics [28]. Both
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secondary genetic alterations and epigenetic processes that can include the microenvironment
are candidate processes to contribute to heterogeneity [49]. In fact, recent findings indicate
that cooperation between different tumor subtypes can even contribute to tumor growth.

Based on gene expression profiling the heterogeneous prostate tumors could be separated in
TC1 and TC2 with differential expression of epithelial and mesenchymal markers, respectively.
Due to the complexity, we were unable to identify specific gene expression profiles of the differ-
ent epithelial growth patterns that are present within TC1. Previously, Wang and co-workers
[26] compared expression profiles of four prostate tumors of PB-Cre targeted Pten knockout
mice with normal prostate, but this number of samples was too small to search for heterogene-
ity. In their study, among the genes higher expressed in prostate tumors were genes also
expressed in the tumor samples described in our study, like Sppr2h and Pgr (Fig 2 and Fig 3).
However, by comparison we observed that many genes reported as higher expressed in prostate
tumors of PB-Cre driven Pten knockout mice were already overexpressed in HP in the
PSA-Cre;PtenLoxP/LoxPmodel [28]. So, it seemed that the tumor samples analyzed previously
by Wang et al., [26] were mixtures of HP and TC1, as defined in our study. Other mouse pros-
tate cancer models such as PB-Fgfr1, PB-Myc and PSA-Cre;Nkx3.1LoxP/LoxPmice were also
subjected to expression profiling, however, also in these studies the number of tumors analyzed
was very small, making comparison with the data from the present study unreliable [50–52].

To collect initial information about major biological processes associated with tumor devel-
opment in the PSA-Cre;PtenLoxP/LoxPmodel, we studied RNA expression of specific markers
of inflammation, proliferation, apoptosis, senescence and angiogenesis. Extending data from
our previous study [23] we found that cellular proliferation was significantly increased in
tumors, but the highest proliferation rate was detected in TC2 samples. Similarly, endothelial
cell markers showed significantly higher expression in TC2 samples, indicative of increased
angiogenesis. Expression of apoptosis markers was slightly higher in both HP and TC1 tumors
and significantly higher in TC2 tumors as compared to NP. Summarizing, these data suggest
that TC2 contained the most aggressive tumors, which would be in accordance with the histo-
pathological phenotype.

Remarkably, genes involved in the Trp53 pathway, including senescence markers were the
highest expressed in tumors. Previously, it was postulated that senescence regulated by
increased Trp53 expression functioned as a barrier for progression from hyperplasia and PIN
to tumor in targeted Pten knockout mice [38]. Our data show that Trp53 and senescence mark-
ers are even higher expressed in tumors compared to HP indicating a more complex role of
these markers in tumor development, but it is evident that downregulation of the Trp53
response is not a prerequisite for tumor development.

Based on gene expression profiles and supported by Ingenuity data and immunohistochem-
istry, a large difference between NP, HP and tumor samples was found in expression of genes
associated with an inflammatory response. It is becoming increasingly clear that inflammatory
processes are also associated with human prostate cancer [53–55]. Several studies have
reported the association between the presence of specific immune cells and prostate cancer
development and progression [55]. For example, tumor-associated macrophages (TAM) might
play an important role in tumor initiation and progression. Recent studies reported a higher
level of TAM in PIN and prostate cancer compared to benign tissue [56, 57]. Our data in the
PSA-Cre;PtenLoxP/LoxPmouse prostate cancer model would agree with these findings in
human prostate cancer. We did not only observe infiltration of immune cells, including macro-
phages, in prostate tumors but to a lesser extent also in HP. Immunocompetent GEMMs, like
the PSA-Cre;PtenLoxP/LoxPmodel described here, will be excellent tools to further explore the
role of inflammation in prostate tumor development.
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S1 Fig. Intraductal carcinoma in prostates of targeted Pten knockout mice at 7-8m. An
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S2 Fig. Analysis of selected genes expressed in of TC1 and TC2 prostate tumors. (A) Rela-
tive expression of P63, AR, Nkx3.1 and ProbasinmRNA in NP (n = 3), HP (n = 3), TC1 (n = 3)
and TC2 (n = 6) tumors. The gene expression was plotted relative to expression of the house-
keeping geneHprt. Data are given as mean +/- SE. (B) IHC analysis of AR and p-Akt protein in
NP, HP,TC1 and TC2 tumors. Representative pictures of the anterior prostate lobe are shown.
Magnification 200x.
(EPS)

S3 Fig. Characterization of prostate tumors of targeted Pten knockout mice in the FVB
genetic background. The histology (HE staining) of different growth patterns (IDC, adenocar-
cinoma and carcinosarcoma) in prostate tumors (> 10 m) derived from PSA-Cre;PtenLoxP/
LoxPmice in the FVB genetic background is shown. Magnification 200 x.
(EPS)
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