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Abstract

Background: Small cell neuroendocrine (NE) carcinomas of the prostate classically lose 

androgen receptor (AR) expression, may harbor loss of the RB1, TP53 and PTEN tumor 

suppressor genes, and are associated with a poor prognosis. However usual-type adenocarcinomas 

may also contain areas of NE differentiation, and in this context the molecular features and 

biological significance are less certain.

Methods: We examined the molecular phenotype and oncologic outcomes of primary prostate 

adenocarcinomas with ≥5% NE differentiation (≥5% chromogranin A-positive NE cells in any 

given tumor spot on tissue microarray) using 3 independent study sets: a set of tumors with 

Paneth cell-like NE differentiation (n=26), a retrospective case-cohort of intermediate- and high-
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risk patients enriched for adverse outcomes (n = 267), and primary tumors from a retrospective 

series of men with eventual castration-resistant metastatic prostate cancer (CRPC) treated with 

abiraterone or enzalutamide (n=55).

Results: Benign NE cells expressed significantly lower quantified AR levels compared to 

paired benign luminal cells (p<0.001). Similarly, Paneth-like NE carcinoma cells or carcinoma 

cells expressing chromogranin A expressed significantly lower quantified AR levels than paired 

non-NE carcinoma cells (p<0.001). Quantified ERG protein expression, was also lower in 

chromogranin A-labeled adenocarcinoma cells compared to unlabeled cells (p<0.001) and tumors 

with NE differentiation showed lower gene expression scores for AR activity compared to those 

without. Despite evidence of lower AR signaling, adenocarcinomas with NE differentiation did 

not differ by prevalence of TP53 missense mutations, or PTEN or RB1 loss, compared to those 

without NE differentiation. Finally, NE differentiation was not associated with time to metastasis 

in intermediate- and high-risk patients (p=0.6 on multivariate analysis), nor with progression-free 

survival in CRPC patients treated with abiraterone or enzalutamide (p=0.9).

Conclusion: NE differentiation in usual-type primary prostate adenocarcinoma is a molecularly 

and clinically distinct form of lineage plasticity from that occurring in small cell NE carcinoma.
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Introduction

Neuroendocrine (NE) cells occur scattered within the epithelium of normal prostate glands, 

where they secrete peptide hormones and affect target cells by autocrine, paracrine and 

endocrine function (1, 2). In addition to normal NE cells, a wide spectrum of NE 

differentiation may be seen in both primary and metastatic prostate carcinoma (3, 4). 

Perhaps the best studied form of NE differentiation in prostate cancer - prostatic small 

cell NE carcinoma - is a highly aggressive tumor that may occur in the primary setting or 

develop as a secondary resistance mechanism to therapies targeting the androgen signaling 

axis (3, 4). Such tumors classically lose androgen receptor (AR) expression and gain 

expression of neuroendocrine markers such as chromogranin A and synaptophysin (5, 6). 

These tumors are thought to arise from epithelial cells via lineage plasticity facilitated 

by key underlying molecular alterations, including loss of the RB1, TP53 and PTEN 
tumor suppressor genes (7–11). Consistent with this model of transdifferentiation, tumors 

with hybrid features between small cell NE carcinoma and high-grade adenocarcinoma are 

increasingly recognized, particularly in the post-treatment setting where they may also be 

associated with a poor prognosis (3, 12).

Importantly, however, a similar form of lineage plasticity is commonly seen in untreated 

usual-type prostatic adenocarcinomas, where neuroendocrine markers are expressed in 10–

100% of cases, depending on the cohort examined and the methodology used (3, 4, 13, 

14). Neuroendocrine cells within usual-type adenocarcinomas are frequently impossible 

to recognize morphologically without immunohistochemical stains for chromogranin A, 

synaptophysin or N-CAM, or they may take the form of the more easily identified Paneth 
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cell-like neuroendocrine cells, which have prominent eosinophilic cytoplasmic granules 

similar to their intestinal counterparts (15, 16). In either case, the biological and clinical 

significance of this lineage plasticity within otherwise usual-type prostatic adenocarcinomas 

remains unclear. Most contemporary studies in surgical cohorts and conservatively managed 

patients have found that NE differentiation in usual-type prostatic adenocarcinomas is not 

independently associated with adverse clinical outcomes, though it may be more common 

in high grade disease (16–18). However, a minority of studies have suggested that this 

may represent a form of lineage plasticity on the spectrum of that described in small 

cell carcinoma (8, 9) or hybrid NE tumors. Like prostatic small cell NE carcinoma, NE 

differentiation in adenocarcinomas is more prevalent after androgen deprivation and in 

metastatic castration resistant prostate cancer (mCRPC) (19). This raises the question of 

whether extensive NE differentiation within usual-type primary tumors could be a harbinger 

of future castration resistance and poor prognosis.

To better characterize the biology and clinical significance of NE lineage plasticity within 

usual-type prostatic adenocarcinomas, we examined the molecular phenotype and oncologic 

outcomes of these tumors in several large contemporary cohorts.

Materials and Methods

Patients and tissue samples:

With Johns Hopkins institutional review board-approval conducted under a waiver of 

consent, three patient sets were included in this study. 1) The first set included 26 cases 

with morphologically identified Paneth cell-like neuroendocrine differentiation (both radical 

prostatectomies and transrectal core-needle biopsies on standard histologic slides), including 

cases from Johns Hopkins Hospital, the Johns Hopkins uropathology consultation service 

and a previously published Weill Cornell Medicine cohort (20). 2) The second set included 

primary tumors at radical prostatectomy on a tissue microarray (TMA) constructed from 

a previously described retrospective case-cohort for metastatic progression, including 267 

intermediate- or high-risk patients (predominantly European-American) who underwent 

radical prostatectomy between 1992 and 2010 and received no additional treatment until 

the time of metastasis (Intermediate/High Risk cohort) (21, 22). 3) The third set included 

primary tumor tissues on TMA from a previously described cohort of patients who received 

abiraterone or enzalutamide treatment for castration-resistant prostate cancer between 2010 

and 2015 at Johns Hopkins and were followed for progression-free survival after these 

therapies (Abiraterone/Enzalutamide cohort) (23). All TMAs described above included three 

to four individual 0.6 mm punches of the dominant tumor nodule from each case (slightly 

more than 1 mm2 of tissue for analysis).

Immunohistochemistry (IHC):

Previously described and genetically validated IHC protocols for p53 (BP53–11, Roche/

Ventana Medical Systems, Tucson, AZ) (22), PTEN (D4.3, Cell Signaling Technology) 

(24–26), ERG (Clone EPR3864; Roche/Ventana Medical Systems) (27) and Cyclin D1 

(SP4-R, Roche/Ventana Medical Systems) (28) were performed on the Ventana Benchmark 

autostainer. Chromogranin A (LK2H10, Roche/Ventana Medical Systems, Tucson, AZ), 
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INSM1 (A8, Santa Cruz Biotechnology, Dallas, TX) and AR (androgen receptor) (SP107, 

CellMarque/Millipore/Sigma, Rocklin, CA) IHC were also performed on the Ventana 

Benchmark autostainer.

Immunohistochemistry scoring:

Each TMA spot containing tumor cells was visually assessed for the percent of 

adenocarcinoma cells with chromogranin A IHC signal by a urologic pathologist (TLL 

and HBK). A spot was considered to have significant neuroendocrine differentiation if 

≥5% of the cells were visually chromogranin A positive in at least one TMA spot and 

was not considered to have significant neuroendocrine differentiation otherwise. This cutoff 

was based on prior studies (17, 18) and was further validated by gene expression profiling 

as discussed in the Results below. Each TMA spot containing tumor cells was visually 

dichotomously scored for presence or absence of nuclear p53 and ERG or cytoplasmic 

PTEN staining signal using genetically validated and previously reported scoring systems 

(22–26, 29). As previously validated for assessment of RB1 functional status, cyclin D1 loss 

was also dichotomously scored (28).

Immunofluorescence (IF):

To quantify AR expression level in NE cells and surrounding non-NE cells, we 

performed dual IF with AR (Cell Signaling Technology, D6F11, XP®, 1:100 dilution) 

and neuroendocrine marker INSM1 (Clone A-8, Santa Cruz Biotechnology, Dallas, TX; 

1:100 dilution) for Paneth cell-like cases, or with chromogranin A (Santa Cruz SC-393941 

1:100 dilution) for benign prostate tissue and usual-type prostate cancer cases with NE 

differentiation. The 13 benign prostate tissues included in these experiments were stained on 

TMA sections selected from radical prostatectomy specimens. The 10 Paneth cell-like NE 

prostate carcinoma cases were stained on standard histologic sections and included biopsies 

and radical prostatectomy samples. Usual-type prostate cancer cases with NE differentiation 

were selected for AR quantification from two radical prostatectomy cohorts described 

above, the Intermediate/High Risk cohort (7 cases on standard histologic sections) and 

the Abiraterone/Enzalutamide cohort (20 cases on TMA spots) if they contained ≥5% NE 

cells based on chromogranin A immunohistochemistry (described above) and had available 

tissue for analysis. After standard deparaffinization and antigen retrieval, the slides were first 

incubated with primary antibody (AR and chromogranin A or AR and INSM1) overnight at 

4°C and then were incubated with secondary antibodies (Alexafluor-488 or Alexafluor-594 

conjugated, anti- Rabbit or anti-Mouse IgG, Thermo Fisher Scientific) at a dilution of 1:200 

for 1 hour at room temperature. Subsequently they were dehydrated in graded ethanol and 

mounted with ProLong Gold Antifade with DAPI (Thermo Fisher Scientific).

To quantify and compare the ERG protein expression between NE cells and surrounding 

non-NE cells, we performed dual immunofluorescence with ERG (Clone EPR3864; Roche/

Ventana Medical Systems) and chromogranin A (Santa Cruz SC-393941, 1:100 dilution) 

in usual-type prostate cancer cases with NE differentiation and ERG protein expression. 

15 usual-type prostate cancer cases with ≥5% NE differentiation (by chromogranin A) 

and ERG expression by previous IHC were selected for ERG IF quantification from two 

radical prostatectomy cohorts described above, the Intermediate/High Risk cohort (7 cases 
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on standard histologic sections) and the Abiraterone/Enzalutamide cohort (8 cases on TMA 

spots). A similar IF protocol to the one described above for AR and chromogranin A was 

followed.

Immunofluorescence quantification:

Images were analyzed using ImageJ. For each stained section, a region of interest was 

manually drawn around chromogranin A- or INSM1-labeled NE cells, and a threshold was 

applied to remove background noise. For benign NE cells, quantification was done on TMA 

spots, with a median of 1 region per spot analyzed (range: 1–2 regions). For adenocarcinoma 

cells with Paneth cell-like NE differentiation, 10 cases were scored on standard histologic 

slides with median of 8 regions analyzed (range: 4–13 regions). For adenocarcinoma cells 

with immunohistochemically-detected NE differentiation, 20 samples were scored on TMA 

spots with median of 1 region per spot analyzed (range: 1–7 regions) and 7 cases were 

scored on standard histologic slides with median of 26 regions analyzed (range: 8–52 

regions). Analogous regions of interest were manually drawn around surrounding luminal 

tumor or benign cells for comparison to NE cells. The mean fluorescence intensity of AR 

within the regions of interest was measured by multiplying the mean fluorescence density by 

the area of the region of interest.

We similarly quantified the ERG protein expression among neuroendocrine and non-

neuroendocrine prostate adenocarcinoma cells. For tumors from the Intermediate-High Risk 

cohort, 7 cases were scored on standard histologic slides with median of 5 regions analyzed 

(range: 2–22 regions) and for tumors from the Abiraterone/Enzalutamide cohort, 8 samples 

were scored on TMA spots with median of 1.5 regions per spot analyzed (range: 1–4 

regions). A similar ERG quantification protocol to the one described above for AR was 

followed.

Gene expression analysis:

Messenger RNA expression profiling for the Intermediate/High-Risk cohort was previously 

reported on the Affymetrix 1.0ST microarray platform using punches from formalin-fixed 

paraffin-embedded tumors (21) (GSE79957). Data were available for 94% (252/267) of 

tumors with IHC staining results.

Statistical Analysis:

Paired, two sided T-tests were used to compare AR expression levels in NE and non-NE 

cells. For comparison of cases with and without significant NE differentiation, Wilcoxon test 

was used for continuous variables (age and gene expression scores) and Chi-squared test or 

Fisher’s Exact test was used for all other categorical variables. For each TMA set, tests were 

2-sided with a p-value of 0.05 deemed statistically significant.

Results

AR expression.

Several previous studies have examined AR levels in benign prostatic NE cells and in 

carcinomas with NE differentiation and most have reported expression of AR to be negative 
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in the benign NE cells and low or variable in the malignant cells (30–33). However, to 

our knowledge, no prior studies have quantified AR expression in prostatic NE cells. To 

begin to address this question, we used double-labeling by immunofluorescence to identify 

chromogranin A-expressing NE cells in benign prostatic tissue and quantified AR expression 

in these cells relative to their non-chromogranin A labeled luminal epithelial counterparts. 

Quantified median AR expression in benign NE cells was significantly lower than that in 

benign prostatic luminal cells (11.0 vs 33.3 A.U.; p<0.0001) (Figure 1).

We next performed a similar experiment using prostatic adenocarcinoma with Paneth cell-

like NE differentiation, comparing nuclear AR expression in Paneth cell-like tumor cells 

labeled by INSM1 and non-NE carcinoma cells that were INSM1-negative. The clinical-

pathologic features of these cases are included in Table 1. We used INSM1 labelling in this 

case to identify NE cells because the large number of NE granules in Paneth cell-like tumor 

cells frequently obscured the nucleus for AR detection when labeled with chromogranin A 

(Figure 2A). Using dual labeling by immunofluorescence, quantified median AR expression 

was significantly lower in Paneth cell-like tumor cells compared to non-NE carcinoma cells 

(13.0 vs. 37.2 A.U.; p<0.0001) (Figure 2B).

Finally, we examined AR expression in usual-type prostatic adenocarcinoma with significant 

NE differentiation, labeling the NE carcinoma cells with chromogranin A and comparing 

them to adenocarcinoma cells that did not express chromogranin A (Figure 3A). Quantified 

median AR expression level in NE carcinoma cells was significantly lower than that in 

non-NE carcinoma cells (10.4 vs. 28.2 A.U., p<0.0001) (Figure 3B).

AR signaling.

To more quantitatively assess downstream AR signaling in NE cells by 

immunohistochemistry, we examined ERG protein expression. ERG gene rearrangements 

occur in approximately half of prostatic adenocarcinomas, and may themselves be mediated 

in part by androgen signaling (34, 35). Once an ERG rearrangement occurs, ERG expression 

is typically controlled by the androgen-regulated promoter of the 5’ ERG fusion partner 

gene. We and others have previously shown that tumors without AR expression (such 

as prostatic small cell NE carcinoma), or prostate adenocarcinomas exposed to previous 

androgen deprivation therapy (ADT), have low or undetectable ERG expression even in 

the presence of an ERG gene rearrangement (6, 36). Thus, in the context of ERG gene 

rearrangement, ERG protein expression can serve as a readout of AR signaling activity.

We first examined the prevalence of ERG protein expression within prostatic 

adenocarcinomas with NE differentiation as a group. Surprisingly, a majority of the tumors 

with Paneth cell-like differentiation were ERG-negative (homogenously negative including 

both Paneth cells and usual adenocarcinoma cells) and only 23% (5/22) of tumors with 

Paneth-like cells were ERG-positive (Table 1), despite the fact that Paneth-like cells only 

comprise a small proportion of tumor cellularity. This rate is lower than that seen in 

prostate acinar adenocarcinomas, where typically half of all cases are ERG-positive. Next, 

we sought to examine the frequency of ERG expression within prostatic adenocarcinomas 

with immunohistochemically-detected NE differentiation using two large primary tumor 

cohorts, described in the Methods section and in Tables 2 and 3. Based on prior studies 
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(17, 18), we defined significant NE differentiation within these adenocarcinomas as the 

presence of ≥5% chromogranin A-positive NE cells in any given tumor spot on tissue 

microarray. This cutoff was further validated by gene expression analyses described below. 

We compared these tumors to those with fewer than 5% chromogranin A-positive NE cells. 

In the Intermediate/High-Risk cohort, tumors with significant NE differentiation comprised 

9% (23/267) of patients, while in the Abiraterone/Enzalutamide cohort, these were identified 

in 29% (16/55) of patients. There were no significant differences in clinical-pathologic 

parameters (including race, Gleason score, pathologic stage or margin status) stratified by 

presence or absence of NE differentiation in either cohort (Tables 2 and 3). Overall, ERG-

positive tumors were found in 40% (105/265) of the Intermediate/High-Risk cohort and 45% 

(25/55) of the Abiraterone/Enzalutamide cohort however there was no significant difference 

in frequency of ERG-positive tumors between those with and without NE differentiation in 

either cohort (Tables 2 and 3).

Next, we quantified ERG protein expression among NE and non-NE adenocarcinoma 

cells from 15 ERG-positive tumors with significant NE differentiation. Quantified median 

ERG expression was significantly lower in chromogranin A-labeled adenocarcinoma cells 

compared to paired unlabeled cells overall (11.3 vs. 28.2 A.U.; p<0.0001) (Figure 4).

The lower level of both AR and ERG expression among NE adenocarcinoma cells 

compared to non-NE adenocarcinoma cells suggested that downstream AR signaling may 

be lower specifically within NE tumor cells. However the NE cells comprise only a 

small fraction of the total tumor cell population in each case. To determine whether AR 

signaling levels are lower overall in tumors with significant NE differentiation compared 

to those without, we queried previously published bulk tumor gene expression data for 

AR activity and neuroendocrine markers in the Intermediate/High Risk cohort (21). We 

first validated our TMA-based IHC scoring cutoff for NE differentiation (≥5% cells with 

chromogranin A protein expression) using gene expression data. As expected, CHGA gene 

expression was significantly higher in tumors with ≥5% NE differentiation by chromogranin 

A IHC compared to those without (median 0.008 vs −0.093, p<0.00001). Similarly, a 

previously published prostatic small cell carcinoma gene expression signature (37) was also 

significantly higher in tumors with ≥5% NE differentiation by IHC (median score −0.001 

vs −0.033, p=0.0009) (Figure 5A and B). Next, we examined two different validated AR 

activity (AR-A) scores in this cohort which summarize gene expression levels across sets of 

canonical AR transcriptional target genes (37–39). Using one such score called AR-A (38, 

39), tumors with significant NE differentiation defined by IHC had somewhat lower AR-A 

scores overall compared to those without (median AR-A score of 11.3 vs 12.2, p=0.07). 

Similar results were observed using another validated AR activity gene expression signature 

(37) (median AR activity score of 0.81 vs 0.87, p=0.03) (Figure 5C and D). Taken together, 

we conclude that individual NE cells in prostatic adenocarcinoma demonstrate significantly 

lower AR and downstream AR target protein expression compared to non-NE cells, and AR 

activity is modestly suppressed when measured in bulk RNA extracted from tumors with 

≥5% NE differentiation.
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Prevalence of PTEN, TP53 and RB1 inactivation by validated immunohistochemistry 
assays in prostatic adenocarcinomas with NE differentiation.

Previous studies have demonstrated that tumors with Paneth cell-like NE differentiation 

may harbor AURKA gene amplifications, a molecular alteration seen in small cell NE 

carcinoma (20, 40). This raises the question of whether extensive NE differentiation within 

prostatic adenocarcinomas is associated with other molecular alterations seen in small 

cell NE carcinoma, such as PTEN, TP53 and RB1 tumor suppressor inactivation. Using 

genetically validated immunohistochemistry assays (22, 25, 28), we first examined the 

prevalence of loss of these tumor suppressors in tumors with Paneth cell-like differentiation. 

Overall, 38% (10/26) of these tumors showed PTEN loss, 12% (3/25) had nuclear p53 

accumulation signifying underlying inactivating TP53 missense mutations, and no cases 

(0/23) had cyclin D1 loss, a sensitive surrogate for underlying RB1 loss or dysfunction 

in prostatic small cell carcinoma (28) (Table 1). p53 immunohistochemistry data for the 

Intermediate/High-Risk cohort (22, 41) and PTEN and p53 immunohistochemistry data in 

the Abiraterone/Enzalutamide cohorts (23) were previously reported. Here, we added PTEN 

IHC for the Intermediate/High-risk cohort and cyclin D1 IHC for both cohorts and examined 

these data stratified by presence or absence of NE differentiation. We found no significant 

differences between prevalence of PTEN loss, nuclear p53 over-expression or cyclin D1 loss 

among adenocarcinomas with and without significant NE differentiation (Tables 2 and 3). 

Consistent with our prior observations that RB1 inactivation is extremely rare in primary 

prostate adenocarcinoma (7, 28), no cases in the Intermediate/High-risk cohort and only 

one case in the Abiraterone/Enzalutamide cohort had cyclin D1 loss. The case with cyclin 

D1 loss was an unusual adenocarcinoma noted to have hybrid features with small cell NE 

carcinoma.

Oncologic outcomes in prostatic adenocarcinomas with NE differentiation.

Finally, we examined clinical outcomes in the Intermediate/High-risk and Abiraterone/

Enzalutamide cohorts stratified by presence or absence of significant NE differentiation. 

In the Intermediate/High-risk cohort, there was no association of NE differentiation with 

prostate cancer metastasis after radical prostatectomy, either on univariable or multivariable 

analysis (Table 4). Similarly, Kaplan-Meier analysis of progression-free or overall survival 

among men with surgically treated and subsequently metastatic prostate cancer treated with 

abiraterone or enzalutamide did not show any significant association of NE differentiation in 

the primary tumor with response to these therapies (Supplementary Figure S1).

Discussion

Our study is among the first to quantify androgen receptor (AR) expression and to 

molecularly characterize NE cells occurring in usual-type prostatic adenocarcinoma 

particularly with respect to p53, PTEN and Rb1 status. We find that NE cells have 

significantly reduced AR expression compared to surrounding benign luminal cells or 

non-NE adenocarcinoma cells. This attenuated AR expression is also reflected in the 

decrease in androgen-dependent downstream targets, such as ERG in tumors with ERG gene 

rearrangements. Consistent with our quantitative findings, previous qualitative studies have 

also suggested that NE adenocarcinoma cells may have lower expression of downstream AR 
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signaling targets such as PSA (33). We found that while AR signaling was decreased on a 

cellular level in NE cells in untreated prostate cancers, it was only modestly decreased at the 

tumor-level using AR gene expression activity scores in tumors with significant numbers of 

NE cells by IHC. Interestingly, tumors with Paneth cell-like differentiation also appear less 

likely to have ERG gene rearrangements (which may themselves be AR regulated (35)) than 

most usual-type adenocarcinomas, though these data require validation in a larger cohort. 

Yet, whether AR suppression is a cause or an effect of NE differentiation in prostate cancer 

remains unclear. Numerous studies have shown that NE differentiation is more common 

after androgen deprivation therapy (ADT) (19, 42, 43), and untreated tumors with low 

AR activity by gene expression are enriched for NE gene expression (39). Though some 

mechanisms linking AR signaling inhibition to molecular drivers of NE differentiation have 

been proposed in vitro (44–46), it remains unclear whether AR inhibition is necessary or 

sufficient to initiate NE differentiation in vivo.

Despite the observed decrease in AR expression and AR signaling in tumors with NE 

differentiation, we demonstrate that they are not significantly different from tumors without 

NE differentiation in terms of the frequency of common molecular alterations such as 

PTEN, TP53 and RB1 loss. Though recent data suggest that TP53 and RB1 co-loss 

facilitate lineage plasticity in prostate cancer and are associated with aggressive disease 

(8, 9), our findings indicate that NE differentiation in usual-type adenocarcinomas may be 

independent of these tumor suppressors. These results are largely concordant with outcome 

data presented in this study as well as previous publications. Though some older studies 

have reported that NE differentiation is associated with adverse outcomes (47–49), other 

studies have found a limited or no prognostic association (50–54). Of interest, we did 

find that NE differentiation was more prevalent in the Abiraterone/Enzalutamide cohort 

(where all patients subsequently developed metastatic prostate cancer) compared to the 

Intermediate/High-risk cohort (where only a third of patients had metastases). Nonetheless, 

we observed that NE differentiation is not associated with overall or progression-free 

survival and time to metastasis in surgically treated prostate cancer cohort, consistent 

with our findings that p53/PTEN/Rb1 tumor suppressor loss is also not enriched among 

cases with NE differentiation. To our knowledge, our study is the first to test whether the 

extent of NE differentiation in the primary tumor is associated with subsequent response 

to second-generation AR signaling antagonists (abiraterone and enzalutamide). In light of 

these findings, the fact that NE differentiation is more prevalent in metastatic castration-

resistant prostate cancer (mCRPC) may simply reflect the direct or indirect effects of AR 

signaling modulation on NE transdifferentiation (19, 42) rather than an enrichment of NE 

differentiation in aggressive tumor subsets (19).

There are some limitations of the current study. First, the outcomes analyses were performed 

using TMAs and NE cells can be very heterogeneously localized. Thus, there may be 

a bias with tumor sampling which may not reflect the true extent of NE differentiation 

in usual-type prostate adenocarcinoma. Nonetheless, we were able to show that NE gene 

expression and NE gene expression signatures were significantly higher in tumors with 

NE differentiation by IHC. Since different tumor samples were used for IHC scoring and 

gene expression analyses, these data suggest that our sampling method does capture tumor 

heterogeneity to some extent. Second, we identified NE cells in prostate adenocarcinoma by 
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chromogranin A immunostaining alone rather than with several NE markers. Chromogranin 

A is the most specific and well-studied marker of NE differentiation in prostate cancer to 

date (3) and we further validated it by showing that chromogranin A expression by IHC 

correlates with a gene expression signature of prostatic small cell carcinoma. However, 

newer NE markers such as INSM1 have performed superiorly compared to chromogranin 

A in other organ systems (55, 56). A recent study compared expression of NE markers in 

prostate cancer and demonstrated that INSM1 was a more sensitive and specific marker for 

detecting prostatic small cell carcinoma compared with chromogranin A (57). Finally, we 

used a visually scored 5% cutoff to identify significant NE differentiation within prostatic 

adenocarcinomas, rather than using a digitally quantified continuous scale for this marker. 

Given previous studies and the aforementioned issues of heterogeneity with detecting these 

markers on TMAs, we felt that additional quantification was not likely to add significantly 

to the current analyses and we further validated this cut-off with gene expression analyses 

herein.

Conclusions

In conclusion, we quantitatively demonstrate that benign and malignant NE cells in the 

prostate have significantly lower AR expression and downstream AR signaling compared to 

luminal benign and malignant non-NE prostate cells. This difference at the cellular level is 

paralleled by a more modest decrease in overall AR signaling among prostate tumors with 

NE differentiation compared to those without. Despite this similarity to small cell carcinoma 

in terms of decreased AR signaling, prostate adenocarcinomas with NE differentiation are 

not enriched for other molecular alterations seen in small cell carcinomas, such as RB1, 

TP53 or PTEN tumor suppressor gene loss, and are not associated with adverse oncologic 

outcomes in diverse patient cohorts. Thus, these prostate cancers should not be grouped with 

those showing small cell NE histology.
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Figure 1: AR expression in benign NE cells.
(A) Representative AR and chromogranin A immunostaining in formalin fixed paraffin 

embedded benign prostate glands. The histologic sections were subjected to indirect 

immunofluorescence with anti-AR (red) and anti-chromogranin (green) antibodies to detect 

neuroendocrine cells and quantify AR expression. Images reduced from 630X. (B) Absolute 

androgen receptor (AR) expression level comparison between benign luminal and benign 

neuroendocrine cells. p-value by paired T-test.
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Figure 2: AR expression in Paneth cell-like carcinoma cells.
(A) Representative H&E, AR and INSM1 immunostaining (Case 3) in formalin fixed 

and paraffin embedded primary prostate tumors with Paneth cell-like differentiation. 

INSM1 labeling clearly identified Paneth cell-like tumor cells by immunohistochemical 

labeling and AR expression in an adjacent section showed decreased AR expression 

when compared to non-NE carcinoma cells. Case 4 shows representative H&E, with dual 

immunofluorescence for AR (red) and INSM1 (green). Images reduced from 200X (IHC) 

and 630X (Immunofluorescence). (B) Absolute androgen receptor (AR) expression level 
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comparison between Paneth-like cells and prostate adenocarcinoma (PCa) cells. p-value by 

paired T-test.
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Figure 3: AR expression in NE carcinoma cells.
(A) Representative H&E with AR (red) and chromogranin A (green) dual 

immunofluorescence in formalin fixed and paraffin embedded usual-type primary prostate 

tumors with significant NE differentiation. Images reduced from 630X. (B) Absolute 

androgen receptor (AR) expression level comparison between neuroendocrine (NE) cells 

and prostate adenocarcinoma (PCa) cells. p-value by paired T-test.
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Figure 4: ERG expression in NE carcinoma cells.
(A) Representative ERG (red) and chromogranin A (green) immunofluorescence in formalin 

fixed and paraffin embedded usual-type primary prostate tumors with significant NE 

differentiation. (B) Absolute ERG expression level comparison between neuroendocrine 

(NE) cells and prostate adenocarcinoma (PCa) cells. p-value by paired T-test.
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Figure 5: NE and androgen receptor activity gene expression in carcinomas with and without 
significant NE differentiation.
Comparison of tumors with and without significant neuroendocrine (NE) differentiation (as 

defined by a 5% cutoff for chromogranin A staining) in Intermediate/High Risk cohort (21) 

for (A) CHGA gene expression, (B) NE prostate cancer signature activity (37), (C) AR 

activity score (AR-A) (38, 39) and (D) AR activity (37). p-values by Wilcoxon test.
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Table 1.

Clinical-pathologic and molecular characteristics of prostate adenocarcinomas with Paneth cell-like NE 

differentiation

Gleason grade groups, N (%)

 1 7 (27)

 2 9 (35)

 3 7 (27)

 4 2 (8)

PIN-like ductal 1 (4)

Tumor stage, N (%)

 T2 11 (69)

 T3a 5 (31)

 T3b -

ERG, N (%)

 Negative 17 (77)

 Positive 5 (23)

PTEN, N (%)

 Intact 16 (62)

 Loss 10 (38)

p53, N (%)

 Nuclear accumulation absent 22 (88)

 Nuclear accumulation present 3 (12)

Cyclin D1, N (%)

 Intact 23 (100)

 Loss 0 (0)
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Table 2.

Clinical-pathologic and molecular characteristics of prostate adenocarcinomas from Intermediate/High-risk 

cohort stratified by NE differentiation status
a

Significant NE differentiation absent 
(n=244)

Significant NE differentiation present 
(n=23) p value

b

Median Age, Years 61 58 0.3

Race, N (%)

 White 220 (90.2) 21 (91.3) 0.9

 Non-White 24 (9.8) 2 (8.7)

Gleason grade groups, N (%)

 1 1 (0.4) 0 (0.0) 0.9

 2 101 (41.4) 11 (47.8)

 3 50 (20.5) 5 (21.7)

 4 28 (11.5) 2 (8.7)

 5 61 (25.0) 5 (21.7)

Stage, N (%)

 T2 74 (30.3) 3 (13.0) 0.05

 T3a 122 (50.0) 22 (47.8)

 T3b 45 (18.4) 9 (39.1)

Margin, N (%)

 Negative 182 (74.6) 16 (69.6) 0.5

 Positive 59 (24.2) 7 (30.4)

ERG, N (%)

 Negative 149 (61.1) 11 (47.8) 0.2

 Positive 93 (38.1) 12 (52.2)

PTEN, N (%)

 Intact 165 (67.6) 14 (60.9) 0.5

 Loss 79 (32.4) 9 (39.1)

p53, N (%)

 Nuclear accumulation absent 228 (93.4) 22 (95.6) 0.9

 Nuclear accumulation present 16 (6.6) 1 (4.4)

Cyclin D1, N (%)

 Intact 267 (100) 267 (100) 1.0

 Loss 0 (0) 0 (0)

a
Significant NE differentiation defined as the presence of ≥5% chromogranin-positive NE cells in any given tumor spot on tissue microarray.

b
Wilcoxon test was used for age. Chi-squared test or Fisher’s Exact test was used for the categorical variables.
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Table 3.

Clinical-pathologic and molecular characteristics of prostate adenocarcinomas from Abiraterone/Enzalutamide 

cohort stratified by NE differentiation status
a

Significant NE differentiation absent 
(n=39)

Significant NE differentiation present 
(n=16) p value

b

Median age, Years 59 61 0.3

Race, N (%)

 White 33 (86.9) 15 (93.8) 0.5

 Non-White 5 (13.1) 1 (6.2)

Gleason grade groups, N (%)

 1 1 (2.6) 0 (00 0.4

 2 9 (23.0) 5 (31.2)

 3 11 (28.2) 4 (25)

 4 6 (15.4) 0 (0)

 5 12 (30.8) 7 (43.8)

Stage 
b , N (%)

 T2 2/38 (5.3) 3 (18.75) 0.4

 T3a 15 (39.5) 4 (25)

 T3b 10 (26.3) 5 (31.25)

 N1 11 (28.9) 4 (25.0)

Margin, N (%)

 Negative 16 (41.0) 10 (62.5) 0.1

 Positive 23 (59.0) 6 (37.5)

ERG, N (%)

 Negative 21 (53.8) 9 (56.2) 0.9

 Positive 18 (46.2) 7 (43.8)

PTEN, N (%)

 Intact 19 (48.7) 8 (50) 0.9

 Loss 20 (51.3) 8 (50)

P53, N (%)

 Nuclear accumulation absent 30 (77.0) 11 (68.7) 0.5

 Nuclear accumulation present 9 (23.0) 5 (31.3)

Cyclin D1, N (%)

 Intact 39 (100) 15 (93.8) 0.3

 Loss 0 (0) 1 (6.2)

a
Significant NE differentiation defined as the presence of ≥5% chromogranin-positive NE cells in any given tumor spot on tissue microarray.

b
Wilcoxon test was used for age. Chi-squared test or Fisher’s Exact test was used for the categorical variables.
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Table 4.

Hazard Ratio (HR) of Prostate Cancer Metastasis in Intermediate/High-risk Cohort

Univariable Analysis Multivariable Analysis
a

Significant NE differentiation N (Case/Control) HR (95% CI) p value HR (95% CI) p value

 Absent 15/188 1.00 [Reference] 1.00 [Reference]

 Present 12/107 1.23 (0.66–2.20) 0.5 0.78 (0.34–1.81) 0.6

a
Adjusted for age, PSA, race, Gleason score, stage and surgical margin status.
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