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Abstract: Adenocarcinoma of the prostate is a common malignancy affecting 
one in nine men, with six of every 10 cases identified in men older than 66 years, 
and more adversely affects African American males. It remains less common in 
men under the age of 40. The age adjusted incidence is increasing with the 
application of prostate specific antigen (PSA) as a biomarker. PSA helps identify-
ing the disease at an early stage, which is treatable and curable with traditional 
therapies. However, a significant percentage of men present with high Gleason 
grade and advanced disease, with lower PSA, and younger age at presentation. 
These patients can have a compromised outcome. Once again, we are evaluating 
patients under the age of 50 with advanced disease due in part to inconsistent 
application of clinical screening. More effort is needed for high-risk patients to 
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provide timely, meaningful intervention and effective therapy. In this chapter, we 
review the status of therapy for standard and high-risk patients, and strategies 
for translational science for patients at risk of compromised outcome and treat-
ment failure.

Keywords: biomarkers; castration-resistant prostate cancer; hormone-sensitive 
disease; neuroendocrine expression; therapeutic resistance

INTRODUCTION

Adenocarcinoma of the prostate affects one in nine men and adversely affects 
African Americans (1). Local therapy including surgery and modern radiation 
therapy are curative, with success in low and favorable intermediate risk patients, 
which include more than 50% of patients who acquire the disease. This has driven 
a conversation of therapeutic nihilism for favorable patients. While clinical physi-
cians have always weighed risks and benefits of therapy in juxtaposition with 
medical comorbidities, arguments that the impact on normal tissue by therapy 
outweigh the benefits of identification of the disease have become a more visible 
narrative promoting therapeutic nihilism and a decrease in patient screening. This 
has led to an increase in the identification of high-risk patients who may have 
benefited from earlier and more timely intervention before the disease became 
more advanced and less treatable/curable (2–5). Clinical colleagues continue to 
refine therapy techniques to decrease therapeutic morbidity including image vali-
dation of surgical margins and compressed courses of image-guided radiation 
therapy. In addition, improvements in systemic therapy need to be developed and 
applied in a timely strategic manner to improve the care of those at most extreme 
risk of therapy failure despite traditional therapy. These include strategies for 
incorporation of validated genomic and proteomic biomarkers into clinical deci-
sion care paths (6). 

CURRENT PATIENT MANAGEMENT

Groups of investigators vary in the interpretation and definition of low, inter-
mediate, and high-risk disease. For the patient at diagnosis, most study groups 
and national organizations consider high risk disease to be patients with PSA 
> 20 at presentation with Gleason score of 8–10 and clinical stage >= T3 (7). 
The National Comprehensive Cancer Network (NCCN) separate high risk from 
very high risk by T stage with T3A being high risk and T3B-T4 being very high 
risk (7). Other groups including the American Urological Association, the 
European Association of Urology, and the NRG cooperative group of the 
National Clinical Trials Network (NCTN) have subtle variation in criteria, 
nevertheless patients with more locally advanced disease, positive lymph 
nodes, and significant elevation in PSA with high Gleason grade are considered 
high risk patients (8–10).
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Hormone-sensitive disease

These patients are identified at the time of initial diagnosis or early in their disease 
course at the time of treatment failure. The disease almost uniformly remains 
responsive to hormonal therapy and nearly all forms of therapy either for local 
disease or oligometastatic disease as part of primary management. The application 
of hormone therapy is highly effective in both primary and metastatic disease (11). 
The challenge for patient outcome is the sequelae of hormone management 
applied for a protracted time period. Because of the influence of surgery/orchiec-
tomy, the clinical application of testosterone interruption therapy was thought 
optimally delivered as permanent therapy (12,13). With the advent of testoster-
one antagonist therapy, therapy did not have to be applied on a permanent basis 
and hormone treatment could be titrated. 

Hormone therapy

Investigators were initially influenced by analogies drawn to breast cancer treat-
ment. In breast cancer, hormone therapies are applied for years with evidence that 
longer duration is superior to shorter duration. Although the sequelae and limited 
tolerance of therapy are acknowledged, breast cancer care continues to apply 
hormone therapy for extended periods of time with half and full decades of 
treatment. The sequelae of hormone therapy in men treated for extended period 
for prostate cancer are visible and leave fingerprints not easily removed. There are 
cardiovascular, neurocognitive, and muscular-skeletal risks associated with pro-
tracted hormone therapy prompting investigators to re-visit the application of 
hormone therapy and to titrate the duration of hormone therapy in selected clini-
cal situations when possible. The interruption of testosterone signaling pathways 
appears to have a negative impact on coronary artery health and may have a direct 
or indirect effect secondary to cardiovascular health on the central nervous 
system (14). Hormone therapy can demineralize bones and decrease muscle mass 
further compromising cardiovascular health (15). Hormonal therapy has both 
direct and indirect impact on carbohydrate metabolism resulting in increased 
adipose deposition, fluid retention, and weight gain creating additional challenges 
in maintaining both cardiovascular and muscular-skeletal health (16). The mech-
anism of this effect is multi-focal, however decrease in muscle mass limits storage 
capacity for glycogen thus promoting adipose deposition through gluconeogene-
sis-associated pathways. Investigators continue to evaluate the potential benefits 
of hormone therapy coupled with therapeutic titration (how much is enough) and 
different strategies.

Alternative strategies 

Adequate alternatives to hormonal therapy remain an objective for translational 
science. The addition of hormone therapy to radiation therapy for unfavorable 
intermediate risk and high-risk patients has led to a survival benefit for these 
patients (17–18). The benefit is always balanced with therapy sequelae. Strategies 
for achieving the benefits without sequelae are goals for translational science 
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moving forward for this patient population given the success of therapy. Our 
assumption has been that the mechanism of action for therapy is directly associ-
ated with testosterone interruption. This is an accepted validated mechanism; 
however, it is time to revisit this paradigm as alternative and additive thought 
processes may prove to be of additional importance. Hormone ablation therapy 
may function through multiple mechanisms including interruption of molecular 
cell adhesion pathways which play an important role in the development of 
tumor angiogenesis. In laboratory experiments, hormone ablation therapy 
appears to alter cell adhesion, preventing tumor growth and development. 
Although therapies directed at angiogenesis hold promise (19–21), the impact 
traditionally placed emphasis on altering the established tumor microvascular 
compartment. Strategies for cell adhesion modification placed emphasis on lim-
iting tumor cell growth prior to the development of tumor angiogenesis. This 
may explain in part why cell adhesion modification with Casodex (bicalutamide) 
is effective because it limits tumor cell development before tumor vessels can 
mature (22–23). This is a possible additional benefit for radiotherapy in addition 
to testosterone interruption. Therefore, adhesion molecules such as integrins 
may be important along several steps of the angiogenesis pathway, however the 
most important step may be at the initiation of tumor cell adhesion. Coupled 
with radiation therapy, there was significant increase in tumor cell kill including 
in vivo tumor explants of prostate cancer cells with cell adhesion based therapeu-
tic modulation (24–26). Therefore, strategies to apply therapy to specific tumor 
cell adhesion molecules, including integrin modulation, appear potentially effec-
tive in mimicking some of the impact of hormone ablation therapy but hormone 
signaling does many more things than simply regulate cell adhesion. Initial clini-
cal trials using COX-2 inhibition in multiple disease areas were less successful 
(27–28), however, coupling cell type specific therapy with radiation treatment 
may help titrate hormone therapy and provide alternatives to management mov-
ing forward. If adequate alternative therapy, such as cell adhesion modulation as 
a co-partner with radiation therapy, can be identified, hormonal ablation therapy 
can be deferred to second line management as disease would be hormone-
sensitive and vulnerable to therapy. This would position the therapy community 
quite well and delay the onset of castration-resistant disease secondary to chronic 
application of hormone treatment. Alternative strategies including the use of 
novel androgen receptor signaling inhibition with agents such as abiraterone 
acetate and enzalutamide may also hold promise in early phase hormone sensi-
tive disease as an alternative to Lupron and other current hormone application 
strategies (29, 30).

Radiation therapy

Improvements in radiation therapy technology have provided significant advances 
in patient care. Therapy can now be applied in high doses in a safe manner 
through intensity modulation and daily image guidance which is both nimble and 
accurate. Using volume modulated arc therapy, concerns of intra-fractional motion 
of targets are eased due to the speed of treatment with therapy now delivered in 
a  few minutes once targets have been confirmed with image guidance (31). 
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Investigators are now delivering higher daily treatment dose to targets due in large 
part to the confidence in daily treatment reproducibility and accuracy in normal 
tissue avoidance (32–33). In the past, hormone therapy was thought to be an 
excellent adjunct to care, perhaps in part to limitations in therapy technology. 
Coupled with modern imaging and improvements in image tracers for PET 
including therapeutic application of radio pharmacy, radiation therapy may evolve 
into the initial sole modality of care with hormone and hormone-associated 
analog therapy moved to second line management, even for hormone-sensitive 
disease (5).

Hormone-resistance disease

Although nearly all patients respond to hormone androgen deprivation therapy, 
over time patients with metastatic disease and protracted hormone therapy 
ultimately develop castration-resistant disease refractory to more traditional 
therapies. Although prostate cancers historically metastasize to bone as a pre-
ferred site of disease, clinicians are now seeing soft tissue disease including end 
organ parenchyma and the central nervous system (34–37). This may be in part 
driven by alteration of the bone marrow environment by protracted hormonal 
application thus generating alteration in soft tissue parenchymal microenviron-
ment promoting tumor growth. This may also be due to the propensity of tumors 
that undergo treatment-induced neuroendocrine differentiation to metastasize to 
visceral organs such including the liver (37). The development of this situation is 
accompanied in parallel by an accumulation of various gene mutations, chromo-
somal translocations, and increased aberrant DNA repair mechanisms and lineage 
plasticity within the tumor population that permit the hormone insensitive cells 
to thrive and proliferate (38–39). These tumors have a predilection to express 
homologous recombination genes independent of processes associated with 
repair, therefore more vulnerable to mutations and malevolent clinical behavior. 
This population of patients continue to have guarded outcome, therefore a real 
opportunity for improvement in clinical care. In addition, patients with altera-
tions in DNA repair pathways may respond better to immunotherapies due to a 
higher mutational load. Application of androgen receptor directed therapies in 
the early phase of castrate resistance can generate a response to therapy, however, 
the response is not uniformly durable, therefore alternate strategies need to be 
developed (29).

Tumor metabolism

Tumor metabolism pathways are also altered in advanced prostate cancer. 
Pathways supporting glycolysis appear promoted in prostate tumor cells. Among 
potentially important pathways includes fructose-biphosphate aldose A 
(ALDOA). Aldolase A is encoded by ALDOA and is an important enzyme on the 
glycolysis pathway. Recent evidence suggests that ALDOA is an oncogene and 
upregulation of it is associated with prostate cancer growth, metastasis, and poor 
survival. This raises the potential of a metabolic target for prostate cancer care 
moving forward (40). 



Wang T et al.102

Androgen and androgen receptors

Androgen signaling drives prostate cancer development and disease progression 
and is thought to be responsible for inducing pathways towards castration resistant 
disease. The androgen receptor functions as a transcription factor and activates 
downstream signaling associated with disease progression which is interrupted by 
androgen deprivation therapy. Endogenous androgens include testosterone and 
dihydrotestosterone. Even in their absence, resistance can develop, and hormone 
therapy becomes ineffective even though the androgen signaling pathways remain 
active (41). Alterations in the androgen receptor have been identified which are 
potentially responsible or work in parallel to the development of castrate resistant 
disease. An initial example of alteration was the identification of additional X 
chromosome copy numbers in the AR gene locus in patients with castrate resistant 
disease (42, 43). Translational science has identified AR phosphorylation sites/
kinase function which are thought to maintain transcriptional activity in this 
setting including the generation of altered binding sites (44). It is thought that 
hypoxia inducible factor (HIF) functions through this mechanism. In the absence 
of oxygen, HIF is activated, translocated to the nucleus, and activates genes asso-
ciated with invasion and tumor cell survival (45). Expression of HIF is associated 
with poor prognosis in patients with prostate cancer as ADT in hypoxia is thought 
to induce adaptive androgen/AR therapeutic independence, thus invite resistance 
to therapy (46).

Activated kinase

Activated kinase activity is also thought to play an important role in castrate-
resistant disease (47). Therefore, modern transcriptomic profiling can be applied 
to tissue of patients with known castrate-resistant disease to see if repetitive com-
mon pathways can be identified to define actionable targets for application of 
therapy. Investigators have identified in tissue samples of patients with castrate-
resistant prostate cancer amplification of extracellular signal-regulated kinase 1​
(ERK1) in a large cohort of patients (48, 49). Elevated levels of phosphorylated 
ERK1 and ERK2 have been found in tissue samples of patients who were with 
high-risk features post prostatectomy and outcome were aligned with ERK expres-
sion more than clinicopathological features (50). Therefore, identifying both 
appropriate patients and targets that align with expression products are needed to 
improve outcomes. Approved therapies such as Trametinib may be applicable in 
this setting. In our laboratory, we have identified subsets of cell lines resistant to 
radiation therapy which can be made more sensitive to treatment with down regu-
lation of ERK 1 and 2 (51). 

Neuroendocrine and resistance to therapeutics

Neuroendocrine features are now being identified in prostate cancer and they 
impose a guarded clinical outcome (52–54). The neuroendocrine cells are found 
to increase in prostate adenocarcinoma (55–57). The expansion of NE cells in 
prostate cancer may be derived from preexisting NE cells in the normal or 
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neoplastic prostate cells (58, 59), or from treatment-induced differentiation (60–
64). Neuroendocrine progenitor cells are a limited percentage of epithelial cells 
and reside in all anatomical zones of the prostate gland. They have limited prolif-
erative potential and are devoid of the androgen receptor with limited to no capac-
ity to generate PSA (55). The neuroendocrine cells contain neurosecretory granules 
and express neural peptide hormones including bombesin/gastrin secreting 
releasing peptide (GRP), neurotensin (NT), serotonin, calcitonin, and parathyroid 
hormone related peptide (PTHrP) (65). These cells express survival genes includ-
ing Bcl-2. In our laboratory, we have identified modified cell lines that demon-
strate resistance to radiation therapy. These cells interestingly demonstrate the 
ability to undergo epithelial-mesenchymal transition. These cells can be made 
sensitive to treatment with down regulation of Bcl-2 (65, 66).

Poly (ADP-ribose) polymerase

It is important to develop pathways of therapy that are independent of hormone-
related signaling strategies. A potential area of improvement is the use of poly 
(ADP-ribose) polymerase (PARP) inhibitors. These compounds impact DNA base 
excision repair, transcription, replication, genomic stability, and cell death 
(67, 68). Because of their impact generated in the background of fundamental 
basic science, PARP inhibition holds promise in multiple disease sites including 
prostate cancer (69–71). One of the involved mechanisms is the mammalian tar-
get of rapamycin pathway (mTOR) (72). While PARP-1 activation may promote 
tumor cell growth, inhibition of PARP inhibits tumor growth and promotes cell 
death particularly when defect of other genes such as BRCA1 and BRCA2 or ATM 
(Ataxia–telangiectasia mutated) exist (73, 74). Inhibition of PARP in malignancy 
with BRCA1 and BRCA2 mutations shows convergence of AR signaling pathways 
and DNA damage response. Down-regulating homologous recombination genes 
in castrate-resistant tumor with AR-directed therapy may serve to further sensitize 
tumor to PARP inhibition as a two-step process including both therapies (75). 
Early clinical trials are favorable in selected patients who have homozygous 
deletions, deleterious mutations, or both, in BCRA 1/2, ATM (Fanconi) and 
CHEK2, identified using next generation sequencing in castrate-resistant patients 
including those who had received previous therapy including docetaxel (76, 77). 
The next generation of PARP inhibitors are demonstrating response is previously 
treated patients (78). In our laboratory, we have identified cell lines resistant to 
radiation therapy that can be made more sensitive to treatment with the addition 
of PARP inhibitors, therefore a potentially promising addition to the care of high-
risk patients.

Immunotherapy

Cellular immunotherapy with sipuleucel-T has been applied to patients with met-
astatic castrate resistant prostate cancer (79). Though the first ever FDA-approved 
immunotherapy, Sipuleucel-T, was approved in the setting of castration resistance 
prostate cancer (albeit only mediating a moderate delay in mortality) (80), other 
now conventional cell-based (for example, chimeric antigen receptor [CAR]-T 
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cells) and checkpoint blockade immunotherapies (for example, PD-1/PD-L1, 
CTLA-4 antibodies) that have revolutionized the treatment of other malignancies 
have yet to be effective or approved in the setting of prostate cancer (81, 82). This 
is possibly a consequence of the immunologically “cold” landscape of prostate 
cancer that is devoid of cytotoxic T lymphocytes and infiltrated with immunosup-
pressive myeloid cell populations. Combining immunotherapeutic agents with 
other approved therapies for castration-resistance prostate cancer, however, 
appears to be a promising strategy and is currently under investigation (83). 
Patients with alterations in DNA repair genes may respond better to immuno-
therapies due to a higher tumor mutational burden and combining immune 
checkpoint blockade with PARP inhibitors may further improve the treatment 
outlook of this subset of castration resistance prostate cancer patients. Release of 
tumor antigens and immunostimulatory molecules following radiation-induced 
cell death may also boost the impact of immunotherapy regimens by increasing 
tumor immunogenicity (84–86). In addition, therapies that indirectly (for exam-
ple, chemotherapies) or directly (for example, CSF1-R, CCL2 antagonists) target 
suppressive myeloid populations could further enhance T cell function and as a 
result immunotherapy efficacy.  

Imaging and theranostics

Improvements in imaging are playing an important role in patient management 
for prostate cancer. Magnetic resonance imaging is fused into ultrasound to pro-
vide accuracy in biopsy, identify aggregates of disease including extraprostatic 
extension of disease, involvement of the neurovascular bundle, and potentially 
identify areas of high-risk disease less obvious in a background of low-risk disease 
(86). This has considerable influence in the planning of radiation therapy and 
moves patients with higher risk to radiation therapy as opposed to surgery for 
primary management. In addition, this has served to improve the accuracy of 
radiation therapy including brachytherapy both in planning and daily execution 
of therapy. Metabolic imaging with Axumin (fluciclovine PET/CT scan) (87) and 
PSMA PET/CT scan (88) is teaching us more accurate location of lymph node 
anatomy further improving the accuracy of radiation therapy. Further improve-
ments in imaging with respect to identification of disease and response to therapy 
will be discussed in the section on hormone resistant disease.

The Radiographic Assessments for detection of Advanced Recurrence 
(RADAR) Groups 1 and 2 have identified fundamental elements of imaging of 
prostate cancer including technetium bone scan, magnetic resonance imaging, 
and computer tomography (89, 90). In the group 2 review, important aspects 
of next generation imaging (NGI) with novel PET radioligands were identified 
as being important next steps for both imaging disease and possibly being 
used as vehicles for therapy as these strategies mature for the application of 
radiopharmacy (89). Imaging with bone scintigraphy with technetium-labeled 
poly phosphates and diphosphates (Tc 99/Tc MDP) is a well-established imag-
ing strategy for both identification of bone metastasis and evaluating response 
and/or disease progression. Alpha emitting Radium 223 has been used to treat 
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bone metastasis. The breakdown product of Radium is strontium which is 
deposited in bone and subsequently affects bone metastasis as a secondary 
indirect event (91). 

Prostate specific membrane antigen (PSMA) has emerged as an important 
biomarker for prostate cancer management and may serve an important role for 
both imaging and the emerging field of theranostics combining imaging and 
infusional radiation therapy (92). Technetium is a bone-seeking isotope active 
in areas of new bone formation, therefore identifying areas of tumor in an indi-
rect manner as disease promotes new bone formation as a response to injury 
(93, 94). In adults, new bone formation can be associated with degenerative 
bony changes or metastatic disease, however in context the test is helpful in 
evaluating potential areas of metastatic disease. F-Na-18 fluoride can be applied 
with PET to identify bone metastasis similar to technetium and may also provide 
a quantitative basis for measuring the volume of disease in bone because of 
three-dimensional volumetrics (95). The challenge for these compounds is they 
only measure disease in bone. Given the changes in pattern of care moving 
forward including failure and disease progression in soft tissue, imaging vehicles 
of the future will require strategies for imaging all sites of disease for quantifica-
tion of the volume of disease and response assessment. F18-fluciclovine 
(F18-FACBC) images protein synthesis and can be applied with PET CT and 
PET MR (96). This can image prostate recurrence without significant uptake in 
the bladder and has the potential of providing quantitative metrics for the vol-
ume of disease. F18/C11-Choline and C13-acetate both target phospholipid 
synthesis (97). Both can identify recurrence of disease and provide quantitative 
metrics. Bladder accumulation and short half-life of C13 acetate can limit utility 
of clinical application. PSMA-targeting agents have been developed with imag-
ing using SPECT-CT and PET-CT which can be applied for imaging of recur-
rence and possibly therapy (98, 99). Serial imaging with SPECT may be used 
moving forward with image fusion to perform quantitative dosimetry. Dose to 
target volume as well as dose migration to unintended sites can calculate dose to 
target in a manner similar to teletherapy and brachytherapy and use radiosur-
gery to augment dose to target as needed for treatment of oligometastasis. This 
approach would be used by replacing the radionucleotide Ga 68 with either a 
beta emitting nuclide such as lutetium 177 (Lui 177) or an alpha emitter such 
as actinium 225 (Ac 225 or bismuth 213 (Bi 213) (100). Alpha emitters may 
have a theoretical advantage as tumoricidal effects may be independent of both 
cell cycle and the oxygen effect (100). Early trials with AC 225 have demon-
strated response in patients with castrate resistant prostate disease with xerosto-
mia as the primary point of toxicity due to accumulation of isotope in salivary 
tissue. The alpha particle therapy appears more effective in chemotherapy naïve 
disease. Therefore, the future may include the application of tools for both imag-
ing and therapy through similar processes with imaging used to both identify 
disease and assess dose to volume using stereotactic therapy to augment dose to 
areas of limited uptake. Through this prism the radiation oncology/radiology 
partnership may provide the upfront “chemotherapy” (systemic therapy) of the 
future.
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CONCLUSION

Molecular science of prostate cancer has matured at a rapid rate and direct 
applications of our growing knowledge are now on the horizon. Application of 
protocols to modulate cell adhesions, signaling pathways, survival pathways, 
epigenetic, DNA repair and hypoxia conditions or immunotherapy may prove to 
be important adjuncts in the clinical RT management of these patients (Figure 1). 
The success of therapies for low and intermediate risk may permit titration of 

Figure 1. Therapeutic strategies associated with molecular mechanisms of prostate cancer cell 
survival upon ionizing radiation. Cells less sensitive to therapy will survive after being treated 
with radiation therapy. The schematic chart suggests the possible molecular mechanisms 
associated with tumor cell survival. With the modern development of imaging tools, 
hormone ablation therapy, target therapy, chemotherapy, immunotherapy and 
radiopharmacy, effective therapeutic strategies will evolve for the treatment of high-risk 
patients.
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therapy adjusted to the sequelae of current management. For the high-risk patient, 
advances in our understanding of genomics/proteomics coupled with better 
understanding of molecular science will serve to improve outcome of high-risk 
patients affected with disease.
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