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Abstract: Prostate cancer exhibits both epithelial to mesenchymal transition and neuroendocrine differentiation. The 
major barrier to targeting epithelial to mesenchymal transition is that it is heavily involved with normal biology, such as 
wound repair. In prostate cancer, cAMP can trigger both neuroendocrine differentiation and epithelial to mesenchymal 
transition in a Snail-dependent manner We will review inhibition of cAMP-signaling as a target for drug development with 
the goal of simultaneously blocking both neuroendocrine differentiation and epithelial to mesenchymal transition in a 
tissue and tumor selective manner. 
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Prostate cancer is the second cause of cancer 

mortality among men. Since the 1941 report by Charles 

Huggins of the therapeutic impact of androgen 

withdrawal on prostate cancer, medical or surgical 

castration has been central to the treatment of 

metastatic prostate cancer. The response rate to this 

treatment is initially very high and in large randomized 

trials clinical complete remissions have been reported 

in close to 15% of men with bone metastases [1]. 

Despite the initial effectiveness of this treatment, 

resistance develops in nearly all patients and 

metastatic prostate cancer is uniformly lethal. This 

pattern of early responsiveness to treatment followed 

by evolution of resistance and death is seen in most 

other cancers when metastatic. 

This common and unfortunate outcome stands in 

marked contrast to several other metastatic cancers 

that also have a high initial response rate. Hodgkin’s 

disease, some nonHodgkin’s lymphoma, acute 

lymphoblastic leukemia in children, testicular 

carcinoma and gestational choriocarcinoma can all be 

cured in a portion of patients with metastatic disease.  

One of the enduring puzzles of cancer treatment is 

why some cancers are curable and others are not. 

While multiple hypotheses have been proposed, these 

for the most part fall into two major groups. One line of 

research suggests that initial therapy fails because 

cancers exhibit rapid genetic change and at diagnosis 

pose a wide-range of genetic alterations. Treatment  
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then serves to select for cancer cells ever more 

resistant to available therapeutic agents until clinical 

effectiveness is lost.  

A second line of investigation suggests that 

treatment success is limited by the ability of lethal 

cancers to shift to a state that limits treatment 

effectiveness. The epithelial – mesenchymal transition 

(EMT) is one example of this approach that has seen 

considerable success in explaining some the limits of 

current cancer treatment.  

Epithelial to mesenchymal transition and the 

reverse process, mesenchymal to epithelial transition 

(MET) appear to play critical roles in cancer biology. 

The transition of carcinomas to a mesenchymal 

phenotype leads to suppression of expression of 

adhesion proteins. This in turn allows the carcinoma 

cells to become invasive and metastatic. Once at a 

metastatic site, transition from the mesenchymal 

phenotype back to an epithelial phenotype has been 

proposed to facilitate proliferation. This process makes 

an attractive therapeutic target as it offers the promise 

of blocking the invasion and metastatic spread.  

One major problem with EMT as a therapeutic 

target is that this process is also involved in a range of 

key normal physiologic processes. For example, EMT 

appears to be central to wound healing. A treatment 

that blocked wound repair would be potentially 

catastrophic for a cancer patient as they are often 

subjected to treatments such as surgery or radiation 

therapy where healing of normal issue injury is critical. 

The blockade of normal physiologic processes 

during cancer treatment is not the death knell for a 
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therapeutic modality. Many of the most dramatic 

success in cancer treatment were the result of attaining 

a careful balance between cancer cell kill and normal 

tissue injury. A majority of the first generation cancer 

drugs targeted cell proliferation. These agents were 

consistently toxic rapidly proliferating normal tissues, 

such as the bone marrow or the lining of the 

gastrointestinal tract. Nevertheless, these drugs lead to 

the cure of a range of malignancies, including acute 

lymphoblastic leukemia in children, Hodgkin’s disease, 

several types of nonHodgkin’s lymphoma, gestational 

choriocarcinoma and carcinoma of the testes. In the 

process, medical oncologists developed techniques to 

limit the morbidity and mortality associated with the 

damage to normal rapidly proliferating tissue.  

In this article, we will review some possible options 

for managing EMT in prostate cancer while limiting 

damage to normal tissue. 

One of the unusual aspects of prostate cancer is 

that in addition to EMT, prostate cancers can also 

undergo neuroendocrine differentiation [2]. This 

phenomenon has been extensively studied in the clinic 

and there are well-characterized laboratory models [3]. 

In the process, the prostate cancer cells develop 

neurite-like extensions and produce secreted proteins 

like chromogranin A and neuron specific enolase. They 

also release a range of products able to function in an 

autocrine or paracrine fashion. While neuroendocrine 

differentiation is associated with a loss in proliferation, 

they are able to stimulate proliferation of surrounding 

prostate adenocarcinoma cells. The latter has been 

observed in both the clinic and in laboratory models [4]. 

At first glance, it would appear that EMT and 

neuroendocrine transformation share little in common. 

EMT is characterized by loss of adhesion and the 

acquisition of motility, invasiveness and the capacity for 

metastatic spread. In contrast, neuroendocrine 

differentiation is characterized by many of the aspects 

you would expect to find in any differentiated 

neuroendocrine cell. However, despite these differe-

nces, in prostate cancer EMT and neuroendocrine 

differentiation are triggered by same external stimuli 

and are associated with activation of overlapping 

signaling networks. Both cAMP-dependent signaling 

and Snail transcription factor appears to be central to 

both neuroendocrine differentiation and EMT in 

prostate cancer. 

At the ASCO 2015 meeting, Small, et al. reported 

detailed pathological and molecular characterization of 

prostate cancer metastases resistant to enzalutimide or 

abiraterone, two new drugs which are very effective at 

blocking the androgen receptor or blocking 

testosterone synthesis, respectively [5, 6]. Pure neuro-

endocrine differentiation was seen in 13%, while 26% 

were a mixture of neuroendocrine and adenocarcinoma 

histology. An additional 26% exhibited a new 

pathology, which they named “intermediate atypical 

carcinoma” as at a molecular level it represented a 

transition between the adenocarcinoma and neuro-

endocrine states. Only 35% exhibited the classic 

adenocarcinoma on a histologic and a molecular basis. 

At the same meeting, Beltran, et al. showed that the 

prostate neuroendocrine biopsies showed changes in 

genes involved in cell-cell adhesion, EMT, neuronal 

differentiation, homeobox, synapse or organ morpho-

genesis [7]. 

These reports show that molecular events 

associated neuroendocrine differentiation and EMT can 

be coexpressed at the clinical level. Additionally, 

neuroendocrine differentiation appears to be relatively 

common in patients who progress on the newer highly 

potent androgen receptor antagonists or androgen 

synthesis inhibitors. Small, et al. observed neuroendo-

crine differentiation at some level in 65% of all such 

patients. This finding underlines the importance of 

developing successful strategies to either prevent or 

treat neuroendocrine differentiation as well as EMT. As 

we will discuss, it may be possible to block both 

neuroendocrine differentiation and epithelial to 

mesenchymal transition in prostate cancer. 

NEUROENDOCRINE DIFFERENTIATION 

Neuroendocrine differentiation is not a major feature 

of prostate cancer at diagnosis. It is most commonly 

encountered after a period of androgen withdrawal 

associated with the appearance of hormone-resistance. 

This has naturally led to a focus on the interaction 

between androgen signaling and the neuroendocrine 

phenotype. A number of interesting interactions have 

been documented. 

When the androgen-responsive human prostate 

cancer cell line, LNCAP, is cultured in under low 

androgen conditions, the cells undergo neuroendocrine 

differentiation. This reverses after the addition of 

dihydrotestosterone. Inhibition of AR expression with 

siRNA also induces neuroendocrine differentiation [8, 

9].  

The literature linking cAMP-dependent signaling 

with neuroendocrine differentiation in prostate cancer 
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dates to 1994 when our group showed that stable 

cAMP analogs and phosphodiesterase inhibition 

triggered neuroendocrine differentiation in prostate 

cancer cells [10]. The next critical observation was the 

report by Cox, et al. that transfection with a 

constitutively active catalytic PKA was sufficient to 

create prostate cancer cell lines that showed stable 

neuroendocrine differentiation [11, 12]. Conversely, 

transfection with the regulatory subunit of PKA was 

sufficient to block neuroendocrine differentiation in the 

same prostate cancer cell lines. Furthermore, adding 

the cells transfected with constitutively active PKA were 

mixed with cells showing the adenocarcinoma 

phenotype, proliferation of the later were stimulated. 

Thus, while neuroendocrine differentiation was 

associated with a drop in proliferation, in a mixed 

population of cells, cancer growth was enhanced [13].  

Neuroendocrine differentiation can also be induced 

by molecules like VIP, PTHrP and catacholamines 

known to act via heterotrimeric G-protein coupled 

receptors that exert their biologic impact at least in part 

via PKA [14]. Furthermore, alterations in expression of 

PKA subunit catalytic and regulatory isoforms, adenylyl 

cyclase isoforms and expression of specific 

phosphodiesterase isoforms appear during prostate 

cancer progression and have prognostic significance.  

The signaling pathway by which PKA trigger 

neuroendocrine differentiation has been partially 

elucidated. There is convincing evidence that suppre-

ssion of RhoA activity plays an essential role [15]. 

Transfection with the constitutively active Gln63Leu-

mutated RhoA acted as a dominant-negative inhibitor 

for cAMP-driven neuroendocrine differen-tiation. An 

increase in cAMP results in PKA-dependent phospho-

rylation of RhoA at serine 188, decreasing its activity. A 

mutant RhoA lacking serine 188 blocked cAMP-depen-

dent neuroendocrine differentiation. These results 

suggest that inactivation of RhoA by PKA is a key step 

in neuroendocrine differentiation induced by PKA.  

Overexpression of the snail transcription factor 

suppresses E-cadherin expression and induces EMT in 

a range of cell models. Prostate cancer responds 

similarly and undergoes EMT associated with snail 

overexpression. However, snail overexpression in 

prostate cancer also induces neuroendocrine 

differentiation, including release of paracrine growth 

factors and release of chromogranin A [16, 17]. 

Furthermore, suppression of snail by siRNA reverses 

neuroendocrine differentiation induced by either snail 

overexpression or androgen withdrawal.  

Is there any evidence that Snail-induced changes in 

prostate cancer are linked with cAMP and PKA 

activity?  

TGF beta can promote EMT and PKA appears 

essential in this process via its interaction with Smad-4. 

In 1992, our group reported than treatment of prostate 

cancer cells with cAMP analog dibutyryl cAMP let to 

increased production of TGF beta 2 [18]. TGF-beta-2 is 

a well-established trigger for EMT induction and has 

been reported to increase Snail expression [19].  

Snail activity is increased by phosphorylation of 

serine 11 and 92 and this phosphorylation is 

accomplished by PKA for serine 11 and casein kinase-

2 at serine 92 [20]. This phosphorylation both increases 

snail stability and enhances snail function.  

Thus, in prostate cancer cells, cAMP signaling 

foster neuroendocrine differentiation and EMT in a 

Snail-dependent manner. 

cAMP/PKA AS A THERAPEUTIC TARGET 

The evidence supports a role for cAMP in both 

neuroendocrine differentiation and in EMT through TGF 

beta-2 and Snail. However, cAMP is involved in a wide 

range of physiologic processes that depend on 

heterotrimeric G protein signaling events. Global 

blockade of cAMP-dependent signaling events would 

pose a high risk of toxicity.  

Problems similar to this are common in drug 

discovery. The development of adrenergic receptor 

agonists and antagonists was initially problematic 

because of the diverse roles of norepinephrine and 

epinephrine play in normal physiology. This issue was 

solved by the discovery of multiple alpha- and beta-

adrenergic receptors. It allowed the development of 

agonists and antagonists specific to the various 

receptors and a marked improvement in therapeutic 

efficacy. There may be similar opportunities for tissue- 

or cancer-specific inhibition of cAMP dependent 

induction of neuroendocrine differentiation and EMT. 

PKA ISOTYPE IN PROSTATE CANCER 

PKA is one of the best-characterized protein 

kinases. The details of this enzyme and its regulation 

have been ably reviewed elsewhere [21]. In the resting 

state, it exists with the catalytic subunits bound to a 

regulatory unit. The complex of regulatory and catalytic 

subunits is typically found bound to an anchoring 

protein, AKAP, which restricts the subcellular 
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distribution of PKA activity and appears to be important 

in limiting the range of possible biochemical 

consequences of PKA activation. Upon activation by 

cAMP, the catalytic subunit dissociates from the 

regulatory subunit bound to AKAP. 

There are specific alterations in the PKA and AKAP 

isoforms involved in prostate cancer [22-25]. The 

regulator subunit has two isoforms, RI and RII. In a 

clinical trial, expression of RI alpha was adversely 

associated with the outcome of radiation therapy for 

prostate cancer. In contrast, RII alpha expression was 

associated with increased responsiveness to taxane 

chemotherapy. Antisense inhibition of R1 alpha 

resulted in growth arrest in colon and prostate cancer. 

This inhibition of the regulatory subunit was associated 

with nuclear translocation of the catalytic subunit. 

These studies did not examine associated changes in 

either neuroendocrine differentiation or EMT. However, 

Cox et al. showed that transfection with active catalytic 

subunit CIalpha is sufficient to cause stable 

neuroendocrine differentiation and this was blocked by 

transfection with the dominant negative R1 alpha 

subunit [12].  

The catalytic beta subunit of PKA exists in several 

splice variants. During prostate cancer neuroendocrine 

conversion, C beta 2 is reduced in expression, while C 

beta 1, 3 and 4 are increased [26]. Thus a drop in C 

beta 2 may be characteristic of the adenocarcinoma 

phenotype, while C beta 1, 3 and 4 with the neuroendo-

crine phenotype.  

As mentioned earlier, AKAP dictates the subcellular 

localization of PKA. AKAP also exists in several 

isoforms and increased expression of AKAP-4 is 

common in prostate cancer and other malignancies 

[27]. We couldn't find any reports on the impact of 

AKAP-4 on subcellular localization of PKA, but 

examining the impact of AKAP-4 would appear to be 

essential in understanding the impact of cAMP 

signaling events in prostate cancer. 

The structure of PKA is well established and 

inhibitors have been developed. Balanol has attracted 

considerable attention [28-31]. This fungal product 

inhibits both PKA and PKC with a Ki in the nanomolar 

range. It acts as a competitive antagonist of ATP 

binding to the calalytic subunit. Analogs have been 

produced with high specificity for either PKA or PKC. 

As far as we can determine, no PKA has undergone 

clinical trial testing. Because PKA is involved in so 

many normal physiologic processes, inhibition of PKA 

would be associated with high risk of unacceptable side 

effects unless the inhibition were limited in a tissue 

and/or cancer specific manner. 

ADENYLYL CYCLASE ISOFORMS IN PROSTATE 
CANCER  

Adenylyl cyclase catalyzes the conversion of ATP to 

cAMP and is critical to the activation of PKA. There are 

10 known isoforms of adenylyl cyclase in mammalian 

tissue [32-34]. Nine possess transmembrane domains 

and are involved in heterotrimeric G-protein-coupled 

signaling. The tenth isoform, called soluble adenylyl 

cyclase (sAC) lacks transmembrane domains and is 

found in the cytosol, nucleus, mitochondria and 

centriole [35, 36]. Soluble adenylyl cyclase is not 

involved in heterotrimergic G-protein coupled signaling. 

Instead, it is activated by bicarbonate and calcium. 

Soluble adenylyl cyclase is found in a range of normal 

tissues, including sperm, neutrophils, brain, kidney, eye 

and pancreas. It has been found to undergo nuclear 

translocation in both skin squamous carcinoma and 

melanoma. 

Normal and malignant prostate cells poses both 

membrane-bound and soluble adenylyl cyclase. The 

former is involved in G-protein coupled response of 

these cells to a range of compounds, including PTHrP, 

VIP and epinephrine. Until recently, the role of soluble 

adenylyl cyclase in prostate cancer was poorly 

understood. Overexpression of soluble adenylyl 

cyclase is found in prostate cancer cells as compared 

with normal prostate cells [37, 38]. Through the use of 

small molecule inhibitors and knockdown with siRNA, 

the function of soluble adenylyl cyclase has been 

clarified. Inhibition of soluble adenylyl cyclase results in 

a marked decline in proliferation and the onset of 

mitochondrial apoptosis.  

In addition to PKA, EPAC (exchange protein 

activated by cAMP) is another main downstream target 

of cAMP. In prostate cancer cells, soluble adenylyl 

cyclase appears to signal through EPAC/RAP1/B-RAF 

rather than PKA as stimulation [36]. Additionally, 

inhibition of PKA failed to alter events triggered by 

activation of soluble adenylyl cyclase.  

These results point to a complex role of cAMP in 

prostate cancer biology. Results discussed earlier in 

this review point to a role of G-protein-coupled 

activation of transmembrane adenylyl cyclase in the 

activation of PKA contributing to neuroendocrine 

differentiation and modulation of the epithelial/ 
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mesenchyme transition. In contrast, soluble adenylyl 

cyclase appears to be involved in the regulation of 

proliferation and mitochondrial apoptosis.  

These two signaling pathways differ markedly in 

their interaction with androgen-dependent signaling in 

prostate cancer. The PKA-dependent pathway is 

activated by manipulations that suppress androgen 

signaling. This PKA pathway has, in turn, been shown 

to be sufficient to trigger neuroendocrine conversion 

and facilitate EMT. In contrast, soluble adenylyl cyclase 

signaling appears to be independent of androgen and 

has not been implicated in either neuroendocrine 

differentiation or EMT. 

The functional and structural differences between 

the membrane bound and soluble adenylyl cyclase are 

sufficient that it has been possible to develop inhibitors 

with relative specificity for these two distinct isoforms. 

Already, progress has been made in developing 

inhibitors specific to soluble as compared to 

membrane-bound adenylyl cyclase [33, 39]. 

Additionally, there has been progress in developing 

inhibitors for the various isoforms of the membrane-

bound adenylyl cyclases. This opens the way to probe 

further the roles of these two distinct cAMP-dependent 

signal transduction pathways in prostate cancer 

biology. With this in mind, we were unable to find any 

documentation of the specific transmembrane adenylyl 

cyclases expressed in prostate cancer.  

The diversity of adenylyl cyclases, the restricted 

tissue distribution of the various isoforms and the 

existence of isoform-specific inhibitors would appear to 

make adenylyl cyclase a sufficiently promising 

therapeutic target to warrant further investigation. 

CYCLIC NUCLEOTIDE PHOSPHODIESTERASE 
ISOFORMS IN PROSTATE CANCER 

Cyclic nucleotide phosphodiesterase is currently the 

only known pathway for cAMP degradation. This 

enzyme family is characterized by multiple isoforms 

that allow for tissue-specific regulation of cAMP 

degradation. Furthermore, these isoforms additionally 

foster intracellular compartmentalization both spatially 

and temporally allow multiple cAMP-dependent 

signaling events to occur with a degree of 

independence.  

The pattern of isoform expression in prostate cancer 

has been studied. The expression of one isoform, 

PDE4D7, appears to be tightly linked to the 

appearance of hormone-resistant prostate cancer [40, 

41]. PDE4D7 exists in both membrane-bound and free 

in the cytosol. There is a marked reduction in PDE4D7 

expression at the RNA and protein level in androgen 

resistant as compared to androgen sensitive prostate 

cancer cells. Furthermore, in hormone sensitive 

prostate cancer, PDE4D7 accounts for a majority of 

membrane bound cAMP hydrolytic capacity in hormone 

sensitive prostate cancer cells. When membrane 

association of PDE4D7 is blocked, there is an increase 

in proliferation rate in hormone sensitive prostate 

cancer. All of this evidence supports a role for 

membrane-bound PDE47D cAMP hydrolysis as a 

factor limiting proliferation in hormone sensitive cells 

and its decrease as a factor supporting proliferation in 

the androgen-independent state.  

These results would appear inconsistent with other 

observations discussed above on soluble adenylyl 

cyclase were cytosolic cAMP fosters proliferation and 

resistance to mitochondrial apoptosis. Furthermore, 

membrane-bound adenylyl cyclase was found to 

activate PKA and neuroendocrine differentiation: 

neuroendocrine differentiation is associated with prolix-

feration arrest. However, cAMP signaling is complex 

with multiple levels of regulation and subcellular 

compartmentalization. As cAMP downstream events in 

prostate cancer may well reflect the balance between 

PKA and EPAC signaling pathways, it might prove 

fruitful to monitor the activity of these two pathways as 

activity and membrane localization of PDE4D7 is 

modulated.  

As a reduction in PDE4D7 activity enhances 

proliferation, it is tempting to consider strategies that 

might increase PDE4D7 activity. However, increased 

activity of the PDE4 family is characteristic of many 

disease processes and the development of antagonists 

rather than agonists of this phosphodiesterase family 

dominate drug development. Unless the increase in 

PDE4 activity can be limited to prostate tissue, it has a 

high risk of exacerbating a range of other disease 

processes.  

CONCLUSIONS 

Activation of PKA by cAMP is sufficient to trigger 

neuroendocrine differentiation and EMT in prostate 

cancer cells. Also, in prostate cancer, both neuroendo-

crine differentiation and EMT appear to be mediated by 

Snail and cAMP has been implicated in Snail function. 

Thus, inhibitors cAMP-dependent signaling represent a 

possible approach to simultaneously block both 

neuroendocrine differentiation and EMT in prostate 
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cancer. However, cAMP is central to the function of a 

wide range of heterotrimeric G-protein linked receptors 

essential to normal tissue function. Thus, global 

blockade of cAMP signaling would likely be associated 

with serious toxicity.  

The key proteins involved in cAMP signaling exist in 

multiple isoforms that serve to limit activity of this 

pathway in time and space. It is possible that inhibitors 

selective for isoforms specific to prostate might 

sufficiently limit the impact on normal tissues allow the 

development of clinically useful agents. While key 

details are lacking, adenylyl cyclase appears to be an 

attractive target.  
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