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Abstract

Mutations in the PTEN tumor suppressor gene are found in a high proportion of human prostate 

cancers, and in mice, Pten deletion induces high-grade prostate intra-epithelial neoplasia 

(HGPIN). However, progression from HGPIN to invasive cancer occurs slowly, suggesting that 

tumorigenesis is subject to restraint. We show that Pten deletion, or constitutive activation of the 

downstream kinase AKT, activates the transforming growth factor (TGF) β pathway in prostate 

epithelial cells. TGFβ signaling is known to play a tumor suppressive role in many cancer types, 

and reduced expression of TGFβ receptors correlates with advanced human prostate cancer. We 

demonstrate that in combination either with loss of Pten, or expression of constitutively active 

AKT1, inactivation of TGFβ signaling by deletion of the TGFβ type II receptor gene relieves a 

restraint on tumorigenesis. This results in rapid progession to lethal prostate cancer, including 

metastasis to lymph node and lung. In prostate epithelium, inactivation of TGFβ signaling alone is 

insufficient to initiate tumorigenesis, but greatly accelerates cancer progression. The activation of 

TGFβ signaling by Pten loss or AKT activation suggests that the same signaling events that play 

key roles in tumor initiation also induce the activity of a pathway that restrains disease 

progression.
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Introduction

Deletions or mutations in PTEN are found in 30% of primary human prostate cancers, and 

more than 60% of prostate cancer metastases 1-4. A major consequence of PTEN loss is 
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deregulated PI3-kinase signaling leading to activation of Akt/PKB, an oncogenic kinase that 

promotes cell growth, proliferation and survival 5, 6. Although homozygous deletion of Pten 

in mice is embryonic lethal, animals with heterozygous loss of function develop tumors in 

multiple tissues, including the prostate 7, 8. Conditional deletion of Pten in mouse prostate 

activates Akt signaling and causes focal prostate intraepithelial neoplasia (PIN) by 6 weeks 

and high grade PIN (HGPIN) by 8-9 weeks. These mice develop locally invasive tumors by 

6-12 months but usually survive beyond one year of age 9-12. Homozygous deletion of Akt1 

slows the development of HGPIN in Pten heterozygous mice, and reducing levels of PDK1, 

which is required for activation of Akt, also slows tumor formation in Pten 

heterozygotes 13, 14. Akt signaling is, therefore, a major mediator of the tumorigenic effects 

of Pten loss. A transgenic line in which constitutively active human AKT1 (caAKT1) is 

expressed from the rat probasin promoter develops HGPIN with high penetrance, but these 

tumors do not become invasive 15, 16. Thus, while Akt is a key driver of the HGPIN 

phenotype induced by loss of Pten, additional factors are required for progression to 

invasive cancer. In addition, while homozygous loss of Pten efficiently initiates prostate 

tumorigenesis, tumors in these mice progress beyond HGPIN relatively slowly, suggesting 

the presence of pathways that limit tumor progression.

Transforming growth factor (TGF) β ligands assemble a complex of type I and type II 

receptors, in which the type II receptor phosphorylates and activates the type I receptor 17-19. 

The activated type I receptor phosphorylates receptor Smads (R-Smad), primarily Smad2 

and Smad3 in response to TGFβ, and phosphorylated R-Smad/Smad4 complexes accumulate 

in the nucleus to regulate gene expression 20. In many cell types, including epithelial cells, 

TGFβ signaling via Smad2/3 inhibits cell proliferation and plays a tumor suppressive 

role 21, 22. Mutations in the TGFβ type I and type II receptor (TGFBR1 and 2) genes are 

observed in human prostate cancer 23, and reduced expression of SMAD4 and TGFBR2 

correlates with advanced prostate cancer 24, 25. A reduction in expression of TGFBR1 and 

TGFBR2, has been reported in up to 25% and 12.5%, respectively, of human prostate 

cancers, and reduced TGFBR2 expression was also shown to correlate with decreased 

survival 23, 26-28. In mice, the combination of prostate-specific homozygous Pten deletion 

with homozygous mutations in Smad4, which encodes a mediator of TGFβ family signaling, 

has been shown to drive aggressive prostate tumors 29. Together with elevated Cyclin D and 

Spp1 expression, reduced expression of Pten and Smad4 was suggested be predictive of 

human prostate cancer severity. Additionally, in a mouse prostate cancer model with 

telomere dysfunction and genomic instability, deletion of the Smad4 gene was seen in a 

significant proportion of tumors 30. Thus TGFβ signaling is likely a key regulator of prostate 

cancer progression.

Here we show that deletion of Pten or expression of constitutively active AKT1 in the 

prostate results in induction of multiple components of the TGFβ pathway. Homozygous 

deletion of Tgfbr2 specifically in prostate epithelial cells in the background of a Pten 

mutation results in the rapid onset of poorly differentiated adenocarcinoma of the prostate 

that is refractory to castration. Micro-invasive cancer is evident as early as 8 weeks after 

birth, and animals lacking both Pten and Tgfbr2 from the prostate develop lymph node and 

lung metastases. Finally, we provide evidence that the combination of constitutive Akt 
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activation together with inactivation of TGFβ signaling is sufficient to generate invasive 

cancer in the prostate.

Results

Early onset of lethal prostate cancer in the absence of both Pten and Tgfbr2

To test whether deletion of the Tgfbr2 gene affected prostate cancer progression in mice we 

combined conditional alleles of the Tgfbr2 31 and Pten genes 10 with the prostate 

epithelium-specific CRE transgene (Pb-Cre4; 32). Analysis of mouse prostate tissue by IHC 

revealed relatively low level expression of Tgfbr2 in prostate epithelium, that was lost with 

the conditional Tgfbr2 allele and the Pb-Cre4 transgene (Figure 1A). To confirm the effects 

of loss of Pten, we stained wild type and conditional Pten null prostate with an antibody that 

recognizes Akt phosphorylated on serine 473, as a mark of Akt activation. Little or no 

phospho-Akt signal was seen in the control, whereas Akt activation was clearly present in 

the conditional Pten null prostate (Figure 1A). We next generated males with homozygous 

deletion of both genes in the prostate (referred to as Ptenr/r;Tgfbr2r/r). From 32 

Ptenr/r;Tgfbr2r/r male mice, none survived past 20 weeks of age, median survival time was 

less than 13 weeks (88 days), and five animals required euthanasia prior to 11 weeks of age 

(Figure 1B and E). In contrast, no Pten or Tgfbr2 single null animals showed excessive 

tumor burden during this time-course, and Tgfbr2r/r males survived to 70 weeks without any 

apparent phenotype. Examination of Ptenr/r;Tgfbr2r/r animals that required euthanasia 

revealed the presence of dense prostate tumors with bladder obstruction (Figure 1C), which 

appeared to arise primarily from the ventral prostate, although all lobes were affected in 

most animals.

Tumor progression was also analyzed in 36 Pten heterozygotes with different Tgfbr2 

genotypes. All 17 animals that were wild type or heterozygous for Tgfbr2 survived to 70 

weeks, whereas most Pten+/r;Tgfbr2r/r mice had to be euthanized prior to 70 weeks of age 

(Figure 1D). Compared to Pten+/r or Pten+/r;Tgfbr+/r mice there was a significant increase 

in the incidence of invasive cancer in the Pten+/r;Tgfbr2r/r mice, with a concomitant 

decrease in median survival to less than 49 weeks (Figure 1D). Pten+/r;Tgfbr2r/r mice 

developed large prostate tumors similar to those seen in double nulls (Figure 1C and E). The 

effect of homozygous Tgfbr2 deletion on the survival of Pten null and Pten heterozygous 

animals was highly significant, demonstrating a dramatic synergistic effect of deleting both 

Tgfbr2 and Pten in the prostate (Figure 1B and D). Additionally, even a heterozygous 

mutation in the Tgfbr2 gene resulted in more rapid onset of severe tumors in a Pten null 

background, reducing the median survival time by almost 6 months (Figure 1E).

Invasive adenocarcinoma in Ptenr/r;Tgfbr2r/r prostates

Histological analysis of prostates from Tgfbr2r/r mice did not reveal any differences 

compared to wild type animals, even beyond one year of age (Figure 2A and data not 

shown). By 8 weeks of age both Ptenr/r and Ptenr/r;Tgfbr2r/r animals had developed HGPIN 

with 100% penetrance (Figure 2). Regions of micro-invasive cancer were evident in the 

majority of Ptenr/r;Tgfbr2r/r prostates as early as 8 weeks of age, and by 12-14 weeks this 

had progressed to poorly differentiated adenocarcinoma (PDA), although regions of HGPIN 
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were also visible in many samples (Figure 2). In contrast, breakdown of the ductal structure 

of the prostate was minimal in Pten null animals with HGPIN being the predominant 

phenotype to at least 25-30 weeks of age.

To test whether proliferation was different in Ptenr/r;Tgfbr2r/r compared to Ptenr/r prostates, 

we stained sections with antibodies against Ki-67 and Cyclin D, which has been shown to be 

increased in highly proliferative prostate cancer 29. Quantitative analysis of the four 

genotypes, with areas of HGPIN and PDA counted separately in the Ptenr/r;Tgfbr2r/r 

animals, revealed no significant difference between wild type and Tgfbr2 null prostates. In 

contrast, HGPIN in either Ptenr/r or Ptenr/r;Tgfbr2r/r animals had significantly higher 

numbers of Cyclin D positive cells (Figure 3A and B). Similar analyses for the proliferation 

marker, Ki-67, revealed increased staining in HGPIN compared to normal tissue (Figure 

3C). Comparison of PDA to HGPIN in Ptenr/r;Tgfbr2r/r animals showed a significant 

increase in both Cyclin D and Ki-67 staining, whereas no differences between Ptenr/r and 

Ptenr/r;Tgfbr2r/r HGPIN were observed (Figure 3B and C). Examination of expression of 

the CDK inhibitor, p27 (Cdkn1b), revealed an increase in the number of positive cells in the 

Ptenr/r, that was reversed in the double mutant samples (Figure 3D). Changes in nuclear 

Cyclin D and p27 expression correlated with phenotype in Ptenr/r and Ptenr/r;Tgfbr2r/r 

animals, with higher Cyclin D levels in invasive cancer than adjacent HGPIN or normal 

ducts, and the converse for p27 (Figure 3E). Thus increased proliferation appears to 

correlate with phenotype as the tumors progress from HGPIN to invasive cancer in the 

double null animals.

Castration-resistant metastasis in the double null animals

We examined the lumbar lymph nodes for metastases from 50 Ptenr/r mice with different 

Tgfbr2 genotypes. Only one of six Pten null mice had a lymph node micro-metastasis, 

whereas 23 out of 35 Ptenr/r;Tgfbr2r/r mice had lymph node metastases, as well as all nine 

of the Ptenr/r;Tgfbr2+/r mice examined (Figure 4A). In addition, four of the eleven 

Pten+/r;Tgfbr2r/r animals examined had lymph node metastases, most of which were 

relatively small, but could be readily confirmed by staining for keratin 18 (Figure 4B and C). 

Lymph node metastases were found in a high proportion of Pten mutant animals that also 

had mutations in Tgfbr2, suggesting that impaired TGFβ signaling in the context of a Pten 

mutation can promote invasion and metastasis. We also examined other tissues in a subset of 

mice that were positive for lymph node metastasis. Lung metastases were found in all four 

Ptenr/r;Tgfbr2+/r mice examined, and at a lower frequency (6 out of 11) in Ptenr/r;Tgfbr2r/r 

mice (Figure 4D). As with lymph node, the majority of lung metastases were very small, 

although one much larger metastasis was found in a Ptenr/r;Tgfbr2+/r mouse (Figure 4E and 

F).

Androgen ablation is a common treatment for human prostate cancer that is initially 

effective at reducing tumor growth 33. To test whether tumor progression in Ptenr/r;Tgfbr2r/r 

mice would respond to castration, we castrated 8 animals at 6 weeks, prior to the onset of 

adenocarcinoma, and eight at 9-11 weeks of age when the tumors are more advanced. Mice 

castrated either at 6 weeks, or after 9 weeks of age had a median survival time of 93 and 95 

days, compared to 88 days for the intact animals. Even when combining the data for all 
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castrated animals, there was only a slight rightward shift in the survival curve, which was 

not significant (Figure 4G). We also identified lymph node micro-metastases in 5 of 14 

castrated animals examined (Figure 4A). While this is less frequent than in the intact 

animals, the difference does not reach significance with this number of animals. These data 

suggest that tumor initiation and progression to invasive metastatic disease in 

Ptenr/r;Tgfbr2r/r prostates is insensitive to depletion of testicular androgens.

Induction of TGFβ signaling by Pten loss

IHC analysis of Tgfbr2 and Smad4 revealed that expression of both proteins was increased, 

specifically in epithelial cells in Ptenr/r prostates (Figure 5A). By qRT-PCR, expression of 

both Tgfbr2 and Smad4, as well as Tgfb1 and Smad3 was increased in the Ptenr/r, and 

smaller increases in Smad2 and Tgfbr1 were observed (Figure 5B). The increases in Tgfbr2 

and Smad4 expression were confirmed at the protein level by western blot (Figure 5C). To 

verify that increased expression of TGFβ pathway components results in pathway activation, 

we examined expression of Smad2 phosphorylated at the carboxyl-terminal receptor 

phosphorylation site (pSmad2). A clear increase in active pSmad2 was evident in the Pten 

null (Figure 5C). To determine whether TGFβ signaling to Smad2 changed specifically in 

epithelial cells, we examined levels of pSmad2 by immunofluorescence microscopy (Figure 

5D). Comparison of the mean nuclear to cytoplasmic (N:C) ratio for pSmad2 did not reveal 

a change between the control and Tgfbr2 null, consistent with low levels of TGFβ receptor 

expression and minimal pathway activity in the wild type controls (Figure 5E). However, 

there was a significant increase in the N:C ratio in Ptenr/r compared to wild type, suggesting 

that the increase in pathway components results in increased nuclear phospho-Smad2 in 

Ptenr/r prostate epithelium. Comparison of Ptenr/r;Tgfbr2r/r with Ptenr/r prostate showed a 

significant decrease in the pSmad2 N:C ratio, consistent with the loss of Tgfbr2 (Figure 5E). 

It should be noted that the pSmad2 level was still higher in the double null than in the wild 

type, suggesting that signaling via activin type II receptors may drive some Smad2 

phosphorylation in the absence of Tgfbr2. Together these data suggest that Pten loss induces 

up-regulation of the TGFβ pathway.

Akt activates TGFβ signaling

Transgenic expression of a myristoylated AKT1 in the prostate (Tg-AKT) results in 

constitutive AKT1 activity in epithelial cells, and the majority of these mice develop 

HGPIN, primarily in the ventral prostate 16. Since Akt activation is one of the major 

outcomes of Pten loss, we tested whether Tg-AKT could induce TGFβ pathway activity. 

High levels of Smad4 expression were evident in Tg-AKT prostate, whereas expression was 

much lower in the control (Figure 6A). Increased expression of Smad4 was observed in 

regions of the AKT1 transgenic prostate in which pAkt was detectable, and in which the 

HGPIN phenotype was evident, but not in pAkt negative samples, in which no phenotype 

was apparent (Figure 6A). Analysis of Tgfbr2 and Smad4 by western blot revealed an 

increase in expression in the AKT transgenic prostate, as well as an increase in pSmad2 

levels (Figure 6B). To test for increased TGFβ pathway activity we analyzed the pSmad2 

N:C ratio in two pAkt positive AKT1 transgenics, as well as a Ptenr/r sample for 

comparison. We observed significant increases in the pSmad2 N:C ratio in both Tg-AKT 
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samples compared to wild type (Figure 6C). Taken together, these data suggest that TGFβ 

pathway activation in response to loss of Pten occurs downstream of Akt activation.

We next tested whether prostate cancer progression in the Tg-AKT model is limited by TGFβ 

signaling. Unlike the Pten null model, HGPIN in Tg-AKT mice does not progress to invasive 

cancer in the absence of other targeted mutations 16, 34. We monitored a group of 17 Tg-AKT 

mice to 70 weeks of age, of which nine were homozygous null for Tgfbr2. Four of the nine 

Tgfbr2r/r were euthanized before 70 weeks of age due to tumor burden, whereas all eight 

mice that were wild type for the receptor survived (Figure 6D). We found invasive cancer in 

several Tg-AKT;Tgfbr2r/r mice, whereas, this was not observed in Tg-AKT mice that were 

wild type for Tgfbr2. HGPIN with high levels of nuclear cyclin D staining was observed in 

Tg-AKT and Tg-AKT;Tgfbr2r/r prostates. However, cyclin D staining was further elevated in 

regions of invasive cancer, in the ventral prostate of Tg-AKT;Tgfbr2r/r mice, consistent with 

increased proliferation in these animals (Figure 6E). More than 80% of Tg-AKT and Tg-

AKT;Tgfbr2r/r animals had HGPIN after 10 weeks of age (Figure 6F). However, 5 out of 15 

of the phenotypic Tg-AKT;Tgfbr2r/r animals also had invasive cancer, and this increased to 4 

out of 9 among the older animals (Figure 6F). Together, these data suggest that Akt 

activation triggers a TGFβ-mediated tumor restraint mechanism in prostate epithelium, and 

that inactivation of this restraint accelerates tumor progression.

Discussion

We found that loss of both Pten and the Tgfbr2 from mouse prostate results in aggressive, 

castration resistant cancer with lymph node and lung metastases. Thus loss of both Pten and 

Tgfbr2 from mouse prostate appears to recapitulate several features of advanced human 

prostate cancer, including resistance to androgen depletion and metastasis to distant organs. 

The most surprising result from our analysis of Tgfbr2;Pten mutants, and from previous 

work with Smad4;Pten mutants 30, is that loss of Pten causes up-regulation of multiple 

components of the TGFβ pathway, a signaling pathway that restrains tumor progression. 

Importantly, we show that there is an increase in activated nuclear Smad2 specifically in 

epithelial cells in Pten null tumors. Additionally, we showed that expression of a 

constitutively active AKT1 transgene that induces HGPIN 16, is sufficient to induce Smad4 

expression and increase the level of nuclear phospho-Smad2. This suggests that TGFβ 

pathway activation causes by loss of Pten occurs downstream of Akt, rather than other 

pathways that may be activated by Pten deletion. It is possible that this Akt-mediated 

activation of the TGFβ pathway occurs in response to the HGPIN phenotype, rather than as a 

direct result of Akt activation. However, since more than one component of the TGFβ 

pathway is up-regulated by Pten loss, multiple mechanisms may be responsible for the 

increased expression. Given that prostate cancer can remain indolent for years, it will be of 

interest to know whether other mutations linked to prostate cancer also activate the TGFβ 

mediated restraint, and whether an inactivating mutation in the TGFβ pathway can promote 

tumor progression in conjunction with defects in pathways other than the Pten/Akt pathway.

Expression of caAKT1 in mouse prostate induces HGPIN, but these tumors do not progress 

to invasive cancer 16, 34. In contrast, in Pten null prostate HGPIN progresses to invasive 

cancer, albeit much more slowly than in the presence of an inactivating mutation in the 
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TGFβ pathway. Although the TGFβ-mediated restraint is activated by caAKT1, and we 

show that Tgfbr2 deletion is sufficient to allow progression of Tg-AKT tumors to invasive 

cancer, this still occurs much more slowly than in the Pten null model. Deletion of Cdkn1b 

in the context of a heterozygous Pten mutation accelerates tumorigenesis in prostate and 

other tissues 35. Similarly, the combination of prostate-specific Tg-AKT with a constitutive 

Cdkn1b deletion results in a proportion of tumors becoming invasive, although in most cases 

this occurred only after one year of age 34. We found that homozygous deletion of Tgfbr2 in 

the context of both prostate epithelium-specific Pten deletion and of Tg-AKT tumors results 

in progression to invasive cancer, but still with a very different time-course. Thus it is likely 

that, in addition to Akt activation, other pathways activated in response to Pten loss help 

drive progression to invasive cancer. However, an alternative explanation for this difference 

is that the expression of myristoylated AKT1 in the prostate is unable to fully recapitulate 

the effects of AKT activation resulting from Pten deletion.

Our analysis of mice with prostate-specific heterozygous Pten mutations with various 

Tgfbr2 genotypes supports the idea that loss of Pten is the tumor initiating event. This is 

further supported by the fact that mice with homozygous Tgfbr2 deletion in the prostate and 

wild type Pten are normal out to at least 70 weeks. Although tumors arise in the Pten 

heterozygous prostates over a relatively long time-course, this is consistent with the 

acquisition of a second mutation that occurs with relatively low frequency, such as 

inactivation of the other allele of Pten. This has been suggested to be a major route by which 

Pten heterozygous mutations in mouse prostate can become tumorigenic 36. All Pten 

heterozygous tumors analyzed, irrespective of the Tgfbr2 genotype, had high levels of 

phospho-Akt, specifically in the phenotypic regions of the prostate. In contrast, all Pten 

heterozygous prostates in which no phenotype was apparent lacked significant phospho-Akt 

signal. Thus it is likely that in this context Akt signaling and any other pathways 

downstream of Pten have been activated by loss of the additional Pten allele. One interesting 

possibility raised by the low frequency and slow onset of invasive cancer in Tg-

AKT;Tgfbr2r/r mice is that this occurs following the acquisition of some other genetic 

change, that in combination with AKT activation and inactivation of the TGFβ pathway, 

allows for rapid progression to invasive cancer.

We observed a high frequency of metastasis to the local lymph nodes and lungs in animals 

with reduced TGFβ signaling. Given the known pro-metastatic functions of TGFβ signaling 

this might be somewhat surprising, although similar increases in metastasis in the 

Pten;Smad4 double null model have also been reported 30. In this context it is interesting to 

note that all of the Pten null mice with heterozygous Tgfbr2 mutations had lymph node 

metastases, whereas only two thirds of Ptenr/r;Tgfbr2r/r mice did. Additionally, we 

identified lung metastases in all four Ptenr/r;Tgfbr2+/r mice examined, consistent with the 

idea that partial inactivation of TGFβ signaling might allow for both increased proliferation 

and increased metastasis. However, an alternative possibility is that more metastases were 

found in Ptenr/r;Tgfbr2+/r mice simply because they survived longer than double nulls.

Conditional Smad4 mutation, in the background of a prostate-specific Pten null allele results 

in prostate tumors in mice, which have a median survival time of less than 23 weeks 30. Our 

analysis of Ptenr/r;Tgfbr2r/r mice demonstrates the presence of micro-invasive cancer by as 
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early as 8 weeks of age, and have a median survival time of less than 13 weeks, suggesting 

that loss of the Tgfbr2 results in a much more rapid acceleration of tumor progression than 

with loss of Smad4. This is consistent with the fact that other Smad-independent pathways 

can be activated downstream of the TGFβ receptors 37, 38. Additionally, it is possible that 

some Smad-dependent transcriptional activity is present even in the absence of Smad4. 

However, it should be noted that while both analyses were carried out in similar mixed 

strain backgrounds, it is possible that strain differences may contribute to the difference in 

phenotypes. TGFβ signaling can be both anti-proliferative and pro-metastatic, making its 

role in tumor progression somewhat complex 21, 22. Therefore, it will be of interest to further 

dissect how TGFβ signaling and the Smads restrain the progression from HGPIN to invasive 

cancer, and yet promote metastatic disease.

In summary, we have shown that TGFβ signaling is induced in the prostate by Pten loss, or 

by activation of Akt, and functions to keep in check the tumorigenic effects of Pten/Akt 

pathway activation. This work, together with that analyzing Smad4 and Pten mutations 30, 

clearly places TGFβ signaling as a key regulator of prostate cancer progression.

Materials and Methods

Mice

All animal procedures were approved by the Animal Care and Use Committee of the 

University of Virginia, which is fully accredited by the AAALAC. Conditional alleles of 

Tgfbr2 and Pten 10, 31 were combined with the Pb-Cre4 transgene to drive prostate 

epithelium-specific deletion 32. The prostate-specific caAKT1 transgene 16 was obtained 

from the NCI MMHCC Repository. Experimental animals were analyzed on a mixed 

C57BL/6 x FVB background. To combine the alleles, Tgfbr2f/f and PbCre4 mice on a 

C57BL/6 background were crossed to FVB Ptenf/f mice. These offspring were then 

intercrossed to generate the cohorts from which experimental animals were generated. Tg-

Akt (FVB) were crossed with PbCre4 and Tgfbr2f/f (C57BL/6) and the experimental animals 

generated from intercrossing the offspring. Given the lower penetrance of the Tg-Akt 

phenotype, the majority of Tg-Akt mice with wild type Tgfbr2 analyzed, were Tg-

Akt+;Tgfbr2f/f;Cre− littermates of Akt+;Tgfbr2r/r mice (Akt+;Tgfbr2f/f f;Cre+). Significance 

testing for Kaplan Meier curves was performed using a log rank test (http://

bioinf.wehi.edu.au/software/russell/logrank/).

DNA and RNA analyses

Genomic DNA for genotype analysis was purified from ear punch (at P21) by HotShot 39, 

and genotypes were determined by PCR. RNA was isolated and purified using Absolutely 

RNA kit (Stratagene). cDNA was generated using Superscript III (Invitrogen), and analyzed 

in triplicate by real time PCR using a BioRad MyIQ cycler and Sensimix Plus SYBRgreen 

plus FITC mix (Quantace), with intron spanning primer pairs, selected using Primer3 (http://

frodo.wi.mit.edu/). Expression was normalized to Rpl4 and cyclophilin using the delta Ct 

method.
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Histology, IHC and IF

Immunohistochemistry (IHC) and immunofluorescence (IF) analyses were performed as 

previously described 40-42. Whole prostate images were taken with a Leica MZ16 

stereomicroscope and QImaging 5.0 RTV digital camera. IF images were captured on an 

Olympus BX51 microscope and DP70 digital camera, or Zeiss AxioObserver and 

manipulated in Volocity and Adobe Photoshop. For analysis of N:C ratios of pSmad2, at 

least 40 cells from multiple ducts were chosen based on the DAPI image, and the mean 

fluorescence intensity in a fixed area of the nucleus and cytoplasm was determined using 

Image J. At least 2 animals of each genotype were analyzed an representative data from 

multiple individual animals is shown. Antibodies for IF and IHC were against: phospho-

Smad2 (Millipore AB3849), Smad4 (Millipore 04-1033), Tgfbr2 (Novus NBP1-19434), 

phospho-Akt (Cell Signaling 9277), Cyclin D (Santa Cruz sc-753), p27 (BD Transduction 

Labs 610242), Ki-67 and (DakoCytomation M7249).

Western blotting

Proteins were separated by SDS-PAGE, transferred to Immobilon-P (Millipore) and proteins 

were visualized using SuperSignal West Pico ECL (Pierce). Primary antibodies were against 

phospho-Smad2 (Millipore AB3849), Smad4 (Millipore 04-1033), Tgfbr2 (Santa Cruz 

sc-400) and γ-tubulin (Sigma T6557).
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Figure 1. Early onset of prostate cancer in mice with deletion of Pten and Tgfbr2
A) Prostates of the indicated genotypes (Tgfbr2r/r and Ptenr/r indicate prostate specific 

deletion of Tgfbr2 and Pten) were analyzed by IHC for Tgfbr2 and Akt phosphorylated on 

serine 473 (pAkt). B) Kaplan-Meier plots for mice with homozygous deletion of Pten, 

Tgfbr2 or both genes in the prostate are shown. The p-value (log-rank test) for comparison 

of Ptenr/r;Tgfbr2r/r with Ptenr/r is shown. C) Examples of whole prostates from the 

indicated genotypes are shown. The Ptenr/r;Tgfbr2r/r was euthanized at 88 days and the 

Pten+/r;Tgfbr2r/r at 212 days, due to tumor burden. D) Kaplan-Meier plots for mice with 

prostate specific heterozygous Pten mutations and the indicated Tgfbr2 genotypes are 

shown. The p-value is for comparison of Pten+/r;Tgfbr2r/r with Pten+/r;Tgfbr2+/r. E) A 

summary of the tumor-free survival data for animals of the indicated genotypes is shown. 

Genotypes refer to prostate specific mutations of the indicated genes. Only mice that were 

carried out to 70 weeks (490 days) or that were euthanized due to tumor burden are included 

in this analysis.
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Figure 2. Invasive cancer in the double null prostate
Hematoxylin and eosin (H&E) stained sections of prostates from mice of the indicated 

genotypes and ages are shown.
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Figure 3. Analysis of proliferation in mutant prostate
A) Prostates of the indicated genotypes were analyzed by IHC for cyclin D. Prostates from 

three mice of each genotype were analyzed for cyclin D (B) or Ki-67 (C) by IHC. The 

percentage of positive cells (mean + s.d.) is plotted for each genotype. HGPIN and invasive 

cancer (PDA; poorly differentiated adenocarcinoma) in the double mutant were counted 

separately. Significance (by Student's T test) is shown for comparison to the wild type 

(control) and for comparison between HGPIN and PDA in the double mutants. * : p < 0.05, 

** : p < 0.01, *** : p < 0.001. (D) Expression of the p27 CDK inhibitor was analyzed by 

IHC in the indicated genotypes. (E) Serial sections of a Ptenr/r;Tgfbr2r/r prostate, in which 

both invasive cancer and a more normal duct are visible, were analyzed for Cyclin D and 

p27.
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Figure 4. Analysis of metastasis and castration resistance
A) The number of animals analyzed and the number of lymph node metastases found are 

shown, together with the percentage of animals with metastases. The number of lymph node 

metastases found in Ptenr/r;Tgfbr2r/r mice that had been castrated at either 6 weeks or 9-11 

weeks of age is also shown. B) A lymph node metastasis from a Ptenr/r;Tgfbr2+/r mouse (49 

weeks old) is shown stained with H&E. C) An example of a lymph node micro-metastasis 

from a Ptenr/r;Tgfbr2r/r (88 days old) is shown, stained with H&E and for keratin 18 by 

IHC. D) The frequency of lung metastases in Ptenr/r;Tgfbr2r/r and Ptenr/r;Tgfbr2+/r mice is 

shown. H&E images of lung metastases are shown from an 83 day old Ptenr/r;Tgfbr2r/r 

mouse (E) and a 54 week Ptenr/r;Tgfbr2+/r mouse (F). G) Kaplan-Meier plots comparing 

survival of Ptenr/r;Tgfbr2r/r with mice of the same genotype that were castrated at 6-11 

weeks of age.
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Figure 5. Expression of TGFβ pathway components in Pten null prostates
A) Expression of Tgfbr2 and Smad4 was analyzed by IHC in control and Pten null prostate. 

B) Expression of a panel of genes encoding mediators of the TGFβ pathway was analyzed 

by qRT-PCR in wild type or Pten null prostate. Relative expression is shown (arbitrary 

units, mean + s.d.) from three animals per genotype. p-values were determined by Student's 

T test. ** : p < 0.05, ** : p < 0.01. C) Expression of Smad4, Tgfbr2 and pSmad2 was 

analyzed by western blot in prostates from control and Pten null mice. D) Prostates were 

analyzed by IF for Smad2 phosphorylated at its carboxyl-terminus (pSmad2) as an indicator 

of Smad activation. Coincident DAPI staining is shown below. E) At least 40 cells each 

(selected based on DAPI stain) were analyzed for the mean nuclear to cytoplasmic ratio of 

the pSmad2 signal. Data are shown as box plots (median, 5th, 25th, 75th and 95th 

percentiles), with the p-values (determined by Student's T test) for comparison of Pten null 

to control and Pten null to double null.
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Figure 6. Induction of TGFβ signaling downstream of AKT activation
A) Prostates from control and TG-AKT1 mice were analyzed for Smad4 and for pAkt by 

IHC. B) Control and TG-AKT1 ventral prostates were analyzed by western blot for Smad4, 

Tgfbr2 and pSmad2. C) The nuclear to cytoplasmic ratio of pSmad2 mean fluorescence 

intensity was analyzed in at least 40 cells each in two pAkt-positive TGAKT1 prostates and 

from control and Pten null prostates for comparison. Data are shown as box plots (median, 

5th, 25th, 75th and 95th percentiles). p-values (determined by Student's T test) for comparison 

of Pten null and TG-AKT1 prostates to the control are shown. D) Kaplan-Meier plots 

comparing survival of TG-AKT1 mice with TG-AKT1 mice that were null for the Tgfbr2 

gene are shown. E) TG-AKT1 and TG-AKT1;Tgfbr2r/r ventral prostates were stained with 

H&E and for cyclin D, by IHC. Two examples of TGAKT1;Tgfbr2r/r prostates are shown: 

One (right) shows invasive cancer, the other (left) has only HGPIN and is indistinguishable 

from the TG-AKT1. F) The phenotypes of animals euthanized between 10 and 70 weeks of 

age are summarized. Ventral prostates were examined by H&E and were scored as either 

normal, PIN (both focal and extensive HGPIN) or invasive cancer.
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