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Abstract
Gene expression and functional studies have indicated that the molecular programmes in-

volved in prostate development are also active in prostate cancer. PTEN has been implicat-

ed in human prostate cancer and is frequently mutated in this disease. Here, using the

Nkx3.1:Cremouse strain and a genetic deletion approach, we investigate the role of Pten
specifically in the developing mouse prostate epithelia. In contrast to its role in other devel-

oping organs, this gene is dispensable for the initial developmental processes such as bud-

ding and branching. However, as cytodifferentiation progresses, abnormal luminal cells fill

the ductal lumens together with augmented epithelial proliferation. This phenotype resem-

bles the hyperplasia seen in postnatal Pten deletion models that develop neoplasia at later

stages. Consistent with this, gene expression analysis showed a number of genes affected

that are shared with Ptenmutant prostate cancer models, including a decrease in androgen

receptor regulated genes. In depth analysis of the phenotype of these mice during develop-

ment revealed that loss of Pten leads to the precocious differentiation of epithelial cells to-

wards a luminal cell fate. This study provides novel insight into the role of Pten in prostate

development as part of the process of coordinating the differentiation and proliferation of

cell types in time and space to form a functional organ.

Introduction
The mammalian prostate is a male specific structure that develops from the urogenital sinus
under the influence of androgens [1]. In the mouse, androgen dependent signals from the mes-
enchyme induce the budding of the urogenital sinus epithelium, which become visible around
17.5 days of embryonic development (E17.5). The epithelial prostatic buds grow out into the
surrounding mesenchyme and go through the processes of branching morphogenesis, canaliza-
tion and cytodifferentiation into basal and luminal cells. These, together with rare neuroendo-
crine cells give rise to a fully functional adult organ. Gene expression studies have indicated
that molecular programmes that are specific to prostate development are also active in prostate
cancer [2,3]. Therefore analyses of pathways during organ development have provided impor-
tant information as to the role of signalling molecules in prostate neoplasia.
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PTEN (phosphatase and tensin homolog deleted on chromosome 10) tumour suppressor
gene is part of the PI3K signalling pathway cascade and has been shown to be important in
both organ development and in cancer. Pten deficient mice die in utero showing that Pten is es-
sential for development [4]. The role of Pten has been specifically studied in the development
of the lung, mammary gland and skin where it has been shown to regulate differentiation,
branching and proliferation [5–7]. The role of Pten during prostate development has not been
investigated to our knowledge.

PTEN has been implicated in human prostate cancer. Deletions and/or mutations in this
gene are found in up to 30% of primary and 63% of metastatic prostate cancer samples [8–10].
Consistent with this, mice with a heterozygous mutation in Pten develop prostate intraepithe-
lial neoplasia (PIN) after 10 months [11]. The creation of mice with a conditional allele of Pten
(PtenFl/Fl) and mice with a construct that drives Cre recombinase expression in adult prostate
epithelial cells (PbCre4) allowed the generation of mice with an adult prostate epithelia-specific
deletion of Pten [12]. These mice develop PIN at 6 weeks of age and invasive carcinoma after 9
weeks. High levels of phosphorylated AKT were found associated with the neoplastic pheno-
type implicating the PI3K pathway in tumour development.

In this study we have used a Cre expressing strain of mice driven by the Nkx3.1 promoter
(Nkx3.1:Cremice) to delete Pten in vivo during prostate development. In contrast to other
prostate specific Cre strains which express Cre postnally, Nkx3.1:Cre is expressed in all epitheli-
al cells from early stages of development into the adult [13]. Our data reveal that Pten is not re-
quired for the budding and branching stages of development. However, during
cytodifferentiation, mutant animals have increased numbers of abnormally shaped luminal
cells, which leads to cell filled lumens and an increase in prostate wet weights. In depth analysis
of various prostate development markers show that the absence of PTEN leads to an accelera-
tion of luminal cell differentiation associated with an increase in proliferation and an inhibition
of androgen receptor (AR) dependent pathways.

Materials and Methods

Mouse breeding and strains
All mouse work was carried out in accordance with the Institute of Cancer Research (ICR)
guidelines and with the UK Animals (Scientific Procedures) Act 1986 and approved by the ICR
Animal Welfare and Ethical Review Body. The Nkx3.1:Cre line was obtained fromMichael
Shen and the PtenFl/Fl line was obtained from Jackson Laboratories. The Nkx3.1:Cre allele was
produced by inserting the Cre gene into the Nkx3.1 locus by homologous recombination [13].
The PtenFl/Fl allele was created by inserting LoxP sites flanking exon 5 of the Pten gene [14].
Mice were bred on a mixed genetic background according to standard protocols. The day of
birth was designated post-natal day 0 (P0). All mutant Nkx3.1:Cre; PtenFl/Fl animals in this
study were heterozygous for the Nkx3.1:Cre allele. Control animals are defined as those with-
out the Nkx3.1:Cre allele. Mice were sacrificed by the Schedule 1 methods of cervical disloca-
tion or decapitation according to the UK Animals Act 1986.

β-galactosidase staining
Following dissection in PBS, tissues were fixed for 1 hour at 4°C in 4% paraformaldehyde
(PFA) and then washed several times in PBS. Subsequently tissue was stained with β-galactosi-
dase solution (1 mg/ml Xgal, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mMMgCl2 and 0.02%
NP40) at 37°C for 2 hours in the absence of light.
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Immunohistochemistry
The following antibodies and their respective concentrations were used for immunohistochem-
istry: PTEN (Cell Signalling, 9559) at 1:100 dilution, pAKT (Ser 473, Cell Signalling, 3787S) at
1:100 dilution, CK18 (Progen, 61028) at 1:2 dilution, p63 (Santa Cruz, SC-8431) at 1:200 dilu-
tion, CK5 (Covance, PRB-160P) at 1:50 dilution, CK8 (Covance, MMS-162P) at 1:50 dilution,
Ki67 (DAKO, M7249, Clone TEC-3) at 1:200 dilution, TROP-2 (R&D systems, AF1122) at
1:50 dilution, PBSN (Santa Cruz Biotechnology, SC17124) at 1:200 dilution, CLU (Abcam,
AB23375) at 1:400 dilution, αSMA (Sigma, #A2547) at 1:4000 dilution, Vimentin (Abcam,
AB92547) at 1:1000 dilution, Synaptophysin (Dako, M0776) at 1:50 dilution, Androgen Recep-
tor (Millipore, 06–680) at 1:250 dilution. Antibody staining was done on sections of paraffin-
embedded tissue using standard protocols [15]. For DAB chromogen staining the ABC vector
kit was used with biotinlyated secondary antibodies (Vector Laboratories) according to manu-
facturer's instructions and the DAB substrate (Dako). Secondary fluorescent antibodies were
obtained fromMolecular Probes and were used at a 1:500 dilution. For the Ki67/p63 and CK18
immunofluorence staining the Tyramide Signalling Amplification (TSA) Kit (PerkinElmer)
was used. The CK18 or Ki67 TSA stain was carried out following the manufacturers instruc-
tions, followed by p63 stain using a Molecular Probes secondary antibody.

Whole mount In situ hybridization
The in situ hybridization probes for Nkx3.1 were generated from linearised DNA constructs
containing T7 RNA polymerase recognition sites and have been previously described [13]. An
RNA Labelling Kit (Roche) was used according to the manufacturer’s instructions to produce
digoxigenin-labelled antisense riboprobes. Riboprobes were purified using Chromaspin 100
columns (Clontech). In situ hybridisation (ISH) was performed according to standard methods
[16].

Microarray
Total RNA was extracted from frozen P10 anterior and ventral prostates using an RNeasy
Micro kit (Qiagen) according to the manufacturer’s instructions. 5 samples of each genotype
(Nkx3.1:Cre; PtenFl/Fl and control) were used. Microarray analysis (affymetrix based GeneChip
Mouse Gene 1.0 ST Array) was carried out at the Paterson Institute Microarray Service
(CRUK, Manchester). All data analysis was carried out at the Transcript Cluster ID level.
DABG (detection above background) calling was done using Affymetrix Power Tools software.
Individual CEL files were read into R using the Simpleaffy package and normalized using
RMA. Cluster IDs were filtered according to DABG. The threshold used was a p value
of< 0.01. If the p value was less than the threshold, the ID was present, if above the threshold,
the ID was called absent. IDs were retained if they were called present in all samples, if they
were called present in all samples in the control group and if they were called present in all
samples in the mutant group. LIMMA was used to define differentially expressed transcript
clusters, at a threshold of log2 fold change of 1 (linear fold change of 2).

Gene network analysis
Network studies were performed by analysing the genes differentially expressed in the Pten
mutant prostate compared to the control prostate using the Database for Annotation, Visuali-
zation and Integrated Discovery (DAVID, v6.7) bioinformatics functional annotation tool.
Gene function was assigned using the Biological Process Gene Ontology data.
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Quantitative RTPCR
Total RNA was extracted from frozen tissue using the RNAeasy Micro Kit (Qiagen) as used for
the microarray analysis. cDNA was synthesized with random primers using Superscript II re-
verse transcriptase (Invitrogen) and amplified with specific primers sequences (S1 Table).
Quantitative RTPCR was carried out using SyBr Green (Invitrogen). The relative mRNA accu-
mulation was determined using the ΔΔCt method with GAPDH for normalization. For statisti-
cal analysis, the unpaired t-test was used and P<0.05 was considered to be statistically
significant.

Quantitation of prostate wet weight and cell proliferation
The wet weight of control and mutant prostate was determined by measuring the mass of the
urogenital sinus plus all prostatic lobes without seminal vesicle or bladder tissue. Ki67 staining
was performed on prostate sections from 5 animals. Sections were also stained with p63 to de-
fine the borders of the ducts, and counterstained with DAPI to count the total number of cells
in the ducts. The proliferation rate, that is, the number of proliferating cells per duct, was
counted in each section and compared. An unpaired student’s t-test was used to determine sta-
tistical significant difference, with a p value of less that 0.05.

Results

Pten is not required for the early stages of prostate development
We bred the Nkx3.1:Cre strain of mice to the Pten conditional allele containing mice to gener-
ate Nkx3.1:Cre;PtenFl/Fl animals (hereafter called mutant). Previous work has established that
the Nkx3.1:Cre strain displays Cre recombinase activity in the prostatic epithelial buds from
E17.5, making it an ideal model to study gene function during prostate development [13]. In
order to highlight morphological changes in budding and branching in the developing prostate,
mutant mice were bred with the ROSA26 derived Cre reporter strain R26R [17] (Fig 1A). In
this reporter strain, tissues that contain active Cre protein express LacZ. Whole mount analysis
of P0 prostates derived from this breeding showed no major changes in prostate budding and
branching between the control and mutant animals carrying the R26R allele (Fig 1B and 1F).
Consistent with this, whole mount in situ hybridisation studies showed that Nkx3.1 expression,
which specifically marks the early prostate epithelia, was not altered in the mutant organ at P0
(Fig 1C and 1G). To investigate the extent of Pten deletion in mutant animals, we analysed the
prostate from P0 animals using an antibody to PTEN. These studies showed an absence of the
protein throughout the mutant epithelia, demonstrating Pten deletion in all bud cells, as ex-
pected (Fig 1D and 1H). Accumulation of phosphorylated AKT is a feature of PTEN deletion
in many tissues [18], therefore we also stained P0 prostatic buds with a phospho-AKT (pAKT)
specific antibody. Surprisingly we saw no major accumulation in the mutant prostate at this
stage (Fig 1E and 1I).

Pten loss disrupts prostate lumen formation and proper
cytodifferentiation
Histological analysis of animals at 10 days of postnatal development (P10) revealed an abnor-
mal phenotype in the mutant Pten prostate. At this stage, epithelial cells in the normal prostate
have differentiated into basal and luminal cells. Antibody staining for PTEN confirmed the ab-
sence of this protein in both cell types in the mutant tissue (Fig 2A). In contrast to P0, a high
level of pAKT was observed in the mutant P10 prostate (Fig 2A). Staining with antibodies to a
luminal marker, CK8 (cytokeratin 8), and a basal marker, CK5 (cytokeratin 5), revealed that
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the structure of the prostatic ducts was affected in the mutant prostate (Fig 2A). There was a
marked increase in CK8 positive cells that filled the ducts disturbing normal lumen formation.
In addition, the classic morphology of both luminal and basal cells was affected in the mutant
animals. Most mutant luminal cells had failed to differentiate into the columnar shape of epi-
thelial cells present in control prostates and were more polygonal. Furthermore, mutant basal
cells did not show a classic triangular morphology (Fig 2A). This cellular phenotype has similar
characteristics to that found in studies where Pten was deleted using a Cre expressing mouse
line driven by the PSA promoter. The PSA-Cre line leads to mosaic gene deletion in luminal
cells at late postnatal stages [19,20]. These animals display abnormal luminal structure and cel-
lular differentiation before the appearance of PIN. Consistent with the expansion in the num-
ber of luminal cells, a significant increase in prostate wet weight was observed at P10 between
mutant and control animals (Student t-test p = 0.002) (Fig 2B).

Further analysis of prostate cell type markers was performed on mutant and control pros-
tates at various developmental stages. Immunohistochemical studies showed that AR expres-
sion was not substantially altered in the epithelia or mesenchyme of P3, P5, P7 or P10 prostates
(Fig 2C). Antibody staining for Vimentin and Smooth Muscle Actin in mutant and control

Fig 1. Nkx3.1:Cre; PtenFl/Fl prostates appear normal at P0. (A) A gene diagram of the alleles used to generate the Ptenmutant animals with R26R reporter
allele. R26R is Rosa26 Cre reporter strain. Black triangles denote the position of LoxP sites. Morphological changes such as budding are unaffected in
mutant (F) compared to control (B) prostates as exhibited by β galactosidase staining. Whole mount in situ hybridization of Nkx3.1 shows expression in the
mutant (G) similar to the control (C). Antibody staining on sections of P0 prostates demonstrates that PTEN is absent from epithelial buds in mutant (H)
compared to control (D), and pAKT is not upregulated in mutant (I) relative to the control (E). Red arrows indicate prostatic buds, scale bars are as indicated.
VP indicates ventral prostate, AP indicates anterior prostate and DLP indicates dorsal-lateral prostate.

doi:10.1371/journal.pone.0129470.g001
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prostates showed that mesenchymal differentiation was normal in Pten deleted mice (Fig 2E).
Rare neuroendocrine cells, marked by Synaptophysin, were present in control and mutant
prostates, indicating that Pten deletion in prostate epithelia during development does not affect
the number of this cell type (Fig 2D).

Analysis of Ki67 expression, which marks proliferating cells, showed a change in the proxi-
mal-distal pattern in the mutant compared to that observed in controls. During normal pros-
tate development, cells at the tips of the prostatic buds (distal to the developing urethra)
display high levels of proliferation in comparison to the intermediate or more proximal cells
[21]. This pattern was absent in Ptenmutant animals, which showed high levels of Ki67
throughout the prostate (Fig 3A). Quantitation studies showed a statistically significant differ-
ence in the number of proliferating cells between control and mutant when the proximal (Stu-
dent’s t-test p = 0.04), but not the distal (Student’s t-test p = 0.51), region of the prostate was
compared (Fig 3B).

Expression of AR regulated genes is affected by Pten loss
To investigate the pathways that are affected by Pten deletion in the developing prostate we
performed a differential expression microarray analysis. RNA was extracted from prostatic tis-
sue from P10 control and mutant animals and expression profiles were compared. Statistical
analysis was used to generate a list of genes that were either significantly upregulated (116
genes) or downregulated (91 genes) in the mutant compared to control animals (Fig 4A and
list of genes shown in S2 Table). Consistent with similar aspects of the luminal cell phenotype,
several candidates were shared with other expression studies using mice expressing Cre driven
by Probasin or PSA derived promoters to delete Pten in the adult prostate [12,19,22,23]. In par-
ticular, we observed a change in expression of several proposed androgen dependent genes in-
cluding Probasin (Pbsn) and Nkx3.1, which are downregulated in mutant prostates, and
Tacstd2 (Trop2) and Clusterin (Clu), which are upregulated (see S3 and S4 Tables for a list of
genes that have been proposed to be androgen regulated). Validation of the array results was
performed on tissue from P10 prostates by quantitative RTPCR (Fig 4B) and by antibody stain-
ing for CLU, TROP2 and PBSN (Fig 4C). Nkx3.1 expression was investigated using whole
mount in situ hybridisation, which showed a severe decrease in signal in the mutant compared
to the control (Fig 4D). This decrease was also seen when compared to P10 prostates from
Nkx3.1:Cre;PtenFl/+ animals, which are also heterozygous for the Nkx3.1 allele (S1 Fig). Net-
work analysis was performed using the list of genes differentially expressed between Ptenmu-
tant and wild type animals (S5 Table). This study revealed a significant association with genes
involved in lipid and steroid, including cholesterol biosynthesis.

Pten deletion does not block prostate cytodifferentiation
Prostate epithelial cell differentiation follows a series of defined steps. Initially, the prostate is
composed of compact epithelial cords with non-polarized cells that express p63. As canaliza-
tion proceeds, cells become polarized with respect to the basal lamina and lumens appear. At
the same time, the epithelial cells differentiate into the two main cell types, the luminal cells,

Fig 2. Nkx3.1:Cre;PtenFl/Fl mice exhibit a cellular phenotype at P10. (A) Antibody staining of P10 prostate sections demonstrates that mutant mice exhibit
loss of PTEN, increased expression of pAKT, of organization of CK8 (red) luminal cells that fill the duct and CK5 (green) basal cells. (B) P10 mutant mice
exhibit a statistically significant (*, p = 0.002, n = 10) increase in prostate wet weight compared to control mice. Antibody staining on sections of prostates
demonstrates that (C) AR expression is similar in the mutant compared to controls at P3, P5, P7 and P10, (D) rare neuroendocrine cells marked by
Synaptophysin are present at P10 in the mutant and controls (black arrow), and (E) Vimentin and Smooth Muscle Actin (SMA) expression shows that
mesenchymal differentiation has taken place at P10 in the mutant similar to controls. Scale bars are as indicated. All sections are ventral prostate (VP).

doi:10.1371/journal.pone.0129470.g002
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marked by cytokeratins 8 and 18 (CK8, CK18) and loss of p63, and the basal cells, marked by
CK5 and maintenance of p63 expression [24,25]. Final stages of epithelial differentiation in-
clude the appearance of secretory function by luminal cells, which is regulated, in part, by the
epithelial androgen receptor (AR) [26]. Our expression studies suggest that Pten deletion leads
to deregulation of epithelial AR function, highlighted by the downregulation of the secretory
androgen regulated protein PBSN in the mutant animals. To investigate if Pten is required for
the final stages of luminal cell differentiation, we performed PBSN antibody staining at differ-
ent stages of development on prostates from control and mutant samples. Our results show
that PBSN can be seen in the mutant prostate but this expression is extinguished at later stages.
The stages of peak PBSN expression were found to be specific for each lobe, with the ventral
lobe showing staining at P7 but not P10 and the dorsal lobe at P10 but not at later stages
(Fig 5). This data suggest that prostate luminal cell differentiation does occur in the absence
of Pten.

Fig 3. Ptenmutant prostates have an increase in proximal proliferation. (A) Double immunofluorescence antibody staining of P10 mutant and control
sections with Ki67 (green) and p63 (red) antibodies demonstrate a loss in proximal-distal patterning in mutant prostates. Right panels, high magnification of
proliferating Ki67 expressing cells and basal p63 expressing cells (B) Left panel, quantification of Ki67 positive cells in control and mutant prostates. Middle
panel, quantification of Ki67 positive cells in the distal area only shows no statistically significant difference. Right panel, quantification of Ki67 positive cells in
the proximal area only shows a statistically significant increase (*, p = 0.04, n = 5). The proximal to distal boundary is indicated by the dashed line in A; error
bars are standard deviations. VP indicates ventral prostate.

doi:10.1371/journal.pone.0129470.g003
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TROP2 and CLU do not mark undifferentiated prostate epithelial cells
Several studies on mice with deletion of Pten in adult prostate epithelial cells have suggested
that lack of this gene leads to an accumulation of progenitor cells, which are normally found in
regions proximal to the urethra in control adult animals [27,28]. Two markers, TROP2 and
CLU, have been proposed to mark these progenitor cells in control animals [19,27]. CLU is a
glycoprotein molecular chaperone implicated in many cellular processes, including apoptotic
pathways. CLU can be induced by stress, such as anti-cancer therapies, and drugs targeting this
protein are being tested as therapeutics in prostate cancer patients [29,30]. TROP2 is a cell sur-
face receptor that transduces calcium signals. TROP2 is overexpressed in a number of cancer
cell lines, including prostate, and can regulate self-renewal, proliferation, transformation and

Fig 4. Gene expression analysis of Ptenmutant prostates. (A) i) Heatmap demonstrating that control samples (C1-C5) show similar expression patterns
to each other, as do mutant samples (M1-M5). ii) Genes chosen for validation are indicated in heatmap derived from the average of control and mutant
samples. Red indicates genes that are upregulated in mutants (116 genes), relative to controls, and green indicates genes that are downregulated in the
mutants relative to controls (91 genes). (B) Quantitative RTPCR validation of indicated androgen-dependent genes differentially expressed in mutants and
controls (Clu p = 0.001, Trop2 p = 0.002,Nkx3.1 p = 0.02, and Pbsn p = 0.003). mRNA accumulation was normalized to GAPDH. (C) Differential antibody
staining of CLU, TROP2, and PBSN at P10 validated microarray results. (D) Whole mount in situ hybridization ofNkx3.1 shows a decrease in expression in
P10 mutant prostates. The anterior prostate (AP), dorsal lateral prostate (DL) and urethra (UR) are indicated. Red arrows indicate presence of stain in the
controls and absence in the mutant. “*” denotes statistical significance.

doi:10.1371/journal.pone.0129470.g004

Pten Regulates Epithelial Cytodifferentiation in Prostate Development

PLOS ONE | DOI:10.1371/journal.pone.0129470 June 15, 2015 9 / 17



Fig 5. Pten deletion does not lead to a block in terminal differentiation. Antibody staining on sections of P7 (A), P10 (B) and adult (C) prostates
demonstrate expression of PBSN in the mutant at early stages followed by loss of expression at later stages. PBSN expression is constant in the controls
after P10. Peak PBSN expression in mutants varies by lobe. VP ventral prostate; DL dorsal lateral prostate. Red arrowheads indicate ducts.

doi:10.1371/journal.pone.0129470.g005
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migration [31,32]. Our data show that these markers are upregulated in the mutant prostate at
P10. Therefore we analysed the expression of TROP2 and CLU at earlier postnatal stages in
control and mutant animals to investigate whether they revealed a similar phenotype to that of
the adult Pten deleted mice. Our results show that these markers do not accumulate in the early
(P0 and P7) control prostate (Fig 6). In the mutant prostate, increased levels of both TROP2
and CLU in luminal cells are seen as early as P7 and are maintained throughout development.
In addition we do not observe any proximal-distal expression patterning of these markers in
the control and mutant prostate at the stages analysed (Fig 6). These data show that TROP2
and CLU do not mark early, undifferentiated cells during normal prostate development. Our
studies suggest that the increase in expression of these markers in the mutant prostate does not
reflect undifferentiated postnatal epithelial cells and is an independent process to that of adult
cell precursor formation.

Ptenmutant prostates exhibit precocious luminal cell differentiation
Our antibody analysis of P10 animals showed an increase in CK8 expression in the mutant
prostate suggesting that luminal cell differentiation was more advanced in these mice (S2 Fig).
This was consistent with the early expression of PBSN in the mutant compared to the control
animal (see ventral prostate staining at P7 in Fig 5). Therefore we analysed the expression of
CK8/CK18 at different stages of development to determine when luminal cells first differentiate
in the mutant and control animals. Analysis at various stages showed that at 5 days of postnatal
development (P5), cells within the prostatic ducts in the control animals showed very low levels
of CK18. In contrast, in the mutant prostate expression of CK18 was clearly visible (Fig 7A and
7B). Luminal cell differentiation is also characterised by the downregulation of p63 expression,
while this protein is retained in differentiating basal cells. Analysis of prostates from P5 and
postnatal day 3 (P3) animals with an antibody to p63 shows mutant buds with an increase in

Fig 6. Pten deletion does not lead to an accumulation of progenitor cells. Antibody staining on sections of P0 and P7 prostates with antibodies to CLU
and TROP2 shows no accumulation of these proteins at earlier stages of development in controls (A, B, C, D). Increased expression of these markers is seen
in the mutant (E, F, G, H) relative to controls from P7. Red arrowheads indicate buds.

doi:10.1371/journal.pone.0129470.g006
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cells that have downregulated p63 compared to control animals (Fig 7C–7F). At P3, PTEN is
lost throughout mutant epithelial buds and pAKT has begun to accumulate (Fig 7G–7J).
Therefore these data show that luminal cell differentiation is accelerated in Ptenmutant pros-
tates at a time when pAKT accumulates.

Discussion
The importance of Pten loss in prostate cancer has highlighted the need to understand the role
of this gene in the normal prostate. We have used a Cre expressing strain of mice that deletes
Pten in the majority of prostate epithelia cells as they arise during embryogenesis. This is in
contrast to other studies using Cre expressing lines such as the PSA-Cre and PbCre4, where
Pten is deleted in a subset of prostate epithelial cells starting after postnatal stages and mostly
found in luminal cells. Our studies show that this gene is not required for the early stages of
prostate development. Ptenmutant animals displayed epithelial cell differentiation into lumi-
nal and basal cells, however, an increase in luminal cells of abnormal shape that filled the lu-
mens of the ducts was observed. In-depth analysis of the phenotype showed that loss of Pten
led to acceleration in luminal cell differentiation, an increase in proliferation and deregulation
of AR dependent pathways.

Published studies have shown that Nkx3.1 haploinsufficiency can cause a mild phenotype in
the adult prostate and that there is an additive effect with the loss of Pten [33,34]. Although our
Nkx3.1:Cre line is effectively heterozygous for Nkx3.1, we did not observe a developmental phe-
notype, including Nkx3.1 expression and pAKT staining, in our analysis of prostates from
Nkx3.1:Cre;PtenFl/+ mice. Therefore we do not think that loss of an Nkx3.1 allele has a major
impact on the mutant prostate phenotype described here.

PTEN is a key regulator of the PI3K signalling pathway and loss of PTEN frequently leads
to an accumulation of pAKT [18]. Our studies show an increase in pAKT in prostate epithelia
at stages when a phenotype is observed in mutant animals. This implies that PI3K signalling
through pAKT promotes luminal cell differentiation and proliferation and that the role of
PTEN in the developing prostate is to restrict this function. The localisation of pAKT in

Fig 7. Ptenmutant prostates exhibit precious cytodifferentiation. Antibody staining of the luminal marker CK18 (green) on sections of P5 prostates show
expression is increased mutant (B) prostatic ducts compared to controls (A). Red arrowheads indicate ducts. Antibody staining of the basal cell marker p63
on sections of P5 and P3 prostates shows expression is downregulated in the mutant ducts (D,F) compared to controls (C,E), indicated with black
arrowheads. Antibody staining for pAKT and PTEN on sections of P3 prostates show a loss of PTEN (H) and an upregulation of pAKT (J) in mutant buds
compared to controls (G,I).

doi:10.1371/journal.pone.0129470.g007
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mutant animals is mostly confined to the cell membrane and cytoplasm. Studies in human
prostate cancer have shown that this site is associated with low grade PIN, whereas high grade
tumours show nuclear pAKT [35].

Our data also demonstrate that PTEN is dispensable for early epithelial prostate develop-
mental processes such as budding and branching. This is surprising as Pten deletion has pro-
found consequences on early developmental processes in other organs such the developing
mammary gland, where it causes excessive branching and precocious budding, which we did
not observe in the prostate [5]. In addition, PI3K signalling has been shown to be important
during prostate budding and branching morphogenesis, which we have confirmed using phar-
macological inhibitors of PI3K in ex vivo organ cultures [36] (data not shown). However, at P0
we do not observe an accumulation of pAKT or a prostate phenotype in Pten deleted animals.
This suggests that, at this stage, Pten does not regulate PI3K signalling and that this pathway is
controlled through a different mechanism.

AR has been shown to be important at various stages of prostate development in both the
epithelia and mesenchyme compartment [1]. During cytodifferentiation, upregulation of AR
dependent secretory function marks the final stages of luminal cell development. Our studies
show that loss of Pten initially leads to the acceleration of luminal cell differentiation, including
the premature expression of AR dependent secretory markers, such as PBSN, but these are
then downregulated. These data suggest that increased PI3K signalling interferes with the tran-
scriptional activity of AR but does not prevent luminal cell differentiation taking place. Net-
work analysis suggested that Pten deletion led to an increase in lipid and steroid biosynthesis.
Interestingly, recent work has shown an increase in esterified cholesterol in prostate cancer
samples, which were found to be dependent on PTEN loss [37]. However, this increase was
shown to be due to an enhanced uptake of exogenous lipoproteins, whereas we see an increase
in expression of enzymes involved in de novo cholesterol synthesis.

Studies in the adult Pten deleted mouse prostate have shown interplay between NKX3.1 and
PTEN, in particular that loss of Pten leads to downregulation of Nkx3.1 expression [38]. Our
data show that Nkx3.1 expression is only affected at later postnatal stages in the Ptenmutant
animals. Our results are consistent with the hypothesis that the transcriptional regulation of
Nkx3.1 expression in the undifferentiated prostate epithelia at early stages of development is
distinct from its expression in differentiated luminal cells, where it has been shown to be AR
dependent. Therefore our data suggests that the repression of Nkx3.1 by Pten loss in luminal
cells is through the AR pathway.

Previous studies proposed that lack of Pten led to a more precursor-like phenotype in the
prostate that promoted tumourigenesis [19,39]. We found no evidence to support this propos-
al. In contrast in our model, loss of Pten led to an acceleration of luminal cell differentiation
with the increase of markers that did not represent early undifferentiated stages of prostate de-
velopment. We did not observe the compartmentalization of proximal-distal regions seen in
the normal adult prostate in the postnatal stages of control animals we analysed (up to P15).
Therefore the process of proximal organization must occur at later stages and is disconnected
to the appearance of the phenotype in our Ptenmutant animals.

Pten loss and upregulation of the PI3K signalling pathway is well known to regulate prolifer-
ation. Despite an increase in wet weight, analysis of total Ki67 positive cells did not reveal a sta-
tistically significant increase in the number of proliferating cells in mutants. However, in
mutant prostates there was a change in the proximal-distal localization of Ki67 positive cells,
which in control prostates is primarily restricted to the tips of the buds. In mutants, this pat-
terning is lost and high levels of Ki67 positive cells are seen throughout the prostate. This dem-
onstrates that in the developing prostate Pten restricts the levels of proliferating cells to the
outgrowing ductal tips.
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Recent studies using lineage-specific Pten deletion in adult prostate cancer models have
shown that basal cells are resistant to direct transformation and require transition into luminal
cells to become neoplastic [40]. However, during normal adult prostate homeostasis basal and
luminal cells are primarily generated from within their own lineage, both with rare bipotent
cells [40–42]. This suggests that Pten loss in adult prostate basal cells causes deregulation of the
differentiation program that leads to transition into luminal cells and promotes cancer initia-
tion. This is consistent with our model, where Pten is deleted in all epithelial cells as the pros-
tate forms, and results in an accumulation of luminal cells without an increase in basal cell
number. In addition, we have shown that Pten loss promotes this accumulation by promoting
the early differentiation towards a luminal cell phenotype. We have shown that this early differ-
entiation towards a luminal cell type occurs when pAKT is upregulated, suggesting that PI3K
dependent roles of Pten are initiating this differentiation process. These developmental studies
highlight Pten as a key regulator of proliferation and differentiation of prostate epithelial cells.
The investigation of Pten in prostate development gives further insight into the biology of Pten
and its role in prostate cancer and other Pten-relevant malignancies.

Supporting Information
S1 Fig. Whole mount in situ hybridization for Nkx3.1 shows a decrease in expression in
P10 mutant prostates. Cre- controls and Pten heterozygotes (Nkx3.1:Cre;PtenFl/+) both express
Nkx3.1 in all lobes. The anterior prostate (AP), dorsal lateral prostate (DL) and urethra (UR)
are indicated. Red arrows indicate presence of stain in the controls and absence in the mutant.
(TIF)

S2 Fig. Double antibody staining for CK8 (cytoplasmic) and p63 (nuclear) on sections of
P10 prostates.Mutant ducts are filled with luminal cells expressing high levels of cytoplasmic
CK8. Red circles highlight basal cells that express nuclear p63.
(TIF)
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