
FOXA2 is a Sensitive and Specific marker for Small Cell 
Neuroendocrine Carcinoma of the Prostate

Jung Wook Park1, John K. Lee2,3, Owen N. Witte1,4,5,*, and Jiaoti Huang6,*

1Department of Microbiology, Immunology and Molecular Genetics, David Geffen School of 
Medicine, University of California - Los Angeles, Los Angeles, CA 90095, USA.

2Division of Hematology and Oncology, Department of Medicine, David Geffen School of 
Medicine, University of California - Los Angeles, Los Angeles, CA 90095, USA.

3Molecular Biology Institute, David Geffen School of Medicine, University of California – Los 
Angeles, Los Angeles, CA 90095, USA.

4Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell Research, University of 
California - Los Angeles, Los Angeles, CA 90095, USA.

5Department of Molecular and Medical Pharmacology, David Geffen School of Medicine, 
University of California - Los Angeles, Los Angeles, CA 90095, USA.

6Department of Pathology, Duke University School of Medicine, Durham, NC, 27710, USA.

Abstract

The median survival of patients with small cell neuroendocrine carcinoma is significantly shorter 

than that of patients with classic acinar-type adenocarcinoma. Small cell neuroendocrine 

carcinoma is traditionally diagnosed based on histologic features because expression of current 

immunohistochemical markers is inconsistent. This is a challenging diagnosis even for expert 

pathologists and particularly so for pathologists who do not specialize in prostate cancer. New 

biomarkers to aid in the diagnosis of small cell neuroendocrine carcinoma are therefore urgently 

needed.

We discovered that FOXA2, a pioneer transcription factor, is frequently and specifically expressed 

in small cell neuroendocrine carcinoma compared to prostate adenocarcinoma from published 

mRNA-sequencing data of a wide range of human prostate cancers. We verified the expression of 

FOXA2 in human prostate cancer cell lines and xenografts, patient biopsy specimens, tissue 

microarrays of prostate cancers with lymph node metastasis, primary small cell neuroendocrine 

carcinoma, and metastatic treatment-related small cell neuroendocrine carcinoma and cases from a 

rapid autopsy program. FOXA2 expression was present in NCI-H660 and PC3 neuroendocrine cell 

lines, but not in LNCAP and CWR22 adenocarcinoma cell lines. Of the human prostate cancer 

specimens, 20 of 235 specimens (8.5%) showed diagnostic histologic features of small cell 
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neuroendocrine carcinoma as judged histologically. Fifteen of 20 small cell neuroendocrine 

carcinoma tissues (75%) showed strong expression of FOXA2 (staining intensity 2 or 3). FOXA2 

expression was also detected in 9 of 215 prostate cancer tissues (4.2%) that were histologically 

defined as adenocarcinoma. Our findings demonstrate that FOXA2 is a sensitive and specific 

molecular marker that may be extremely valuable in the pathologic diagnosis of small cell 

neuroendocrine carcinoma.
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Introduction

Small cell neuroendocrine carcinoma of the prostate is thought to represent 2% of all 

primary prostate cancers (1). Recently, it is now widely recognized that a significant portion 

of patients develops small cell neuroendocrine carcinoma after failing hormonal therapy for 

prostatic adenocarcinoma (2, 3). Autopsy series indicate that 10–20% of patients with lethal 

castration-resistant prostate cancer should be classified as small cell neuroendocrine 

carcinoma (4). Small cell neuroendocrine carcinoma may be pure but in up to 50% of cases 

it is associated with conventional prostatic adenocarcinoma (2, 3). Because small cell 

neuroendocrine carcinoma is independent of androgen receptor signaling and insensitive to 

hormonal therapy, chemotherapy and radiation therapy are the only available palliative 

treatment modalities for this disease (5). No curative therapies exist for patients with small 

cell neuroendocrine carcinoma due to a lack of understanding of the molecular basis of the 

disease.

Small cell neuroendocrine carcinoma has aggressive clinical behavior such as early 

metastasis. Some patients show increased serum levels of chromogranin A, neuron-specific 

enolase, bombesin, 5-hydroxytryptamine, and gastrin (6) but the serum markers are 

unreliable for a definitive diagnosis. Small cell neuroendocrine carcinoma is diagnosed 

histologically based on characteristic morphologic features such as scant cytoplasm, darkly 

stained nuclei with finely granular ‘salt and pepper’ chromatin pattern, absent nucleoli, 

nuclear molding, tumor necrosis and frequent mitotic figures. Unfortunately, there is 

significant overlap between small cell neuroendocrine carcinoma and poorly differentiated 

adenocarcinoma (i.e., Gleason 5 pattern) making histologic diagnosis challenging. As a 

general practice, pathologists often use ancillary studies particularly immunohistochemical 

staining to help them confirm the diagnosis of difficult cases. Small cell neuroendocrine 

carcinoma often shows expression of neuroendocrine differentiation markers chromogranin 

A and synaptophysin, loss of androgen receptor (AR) and prostate specific antigen (PSA). 

However, expression of these markers shows significant variability from case to case and 

pathologists still consider histology the gold standard (7). Given these challenges in 

diagnosing small cell neuroendocrine carcinoma and distinguishing it from high-grade 

adenocarcinoma, sensitive, and specific molecular markers are urgently needed.
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The genetically engineered TRAMP mouse model is a classic model of small cell 

neuroendocrine carcinoma (8). In this model, the lineage-specific transcription factor 

FOXA2 was exclusively expressed in synaptophysin-positive tumor cells of small cell 

neuroendocrine carcinoma. We recently reported that enforced expression of N-Myc and 

activated AKT1 drives benign human prostate epithelial cells to small cell neuroendocrine 

carcinoma and FOXA2 expression was uniformly identified in these tumors (9). In contrast, 

during normal prostate development in mouse, FOXA2 is expressed early in embryonic 

prostate epithelial bud formation but disappears later except in a small proportion of basal 

epithelial cells within the peri-urethral ducts of the mature prostate (10). In human prostate 

tissue, FOXA2 expression is focally detected in a subset of basal cells which also express 

synaptophysin (11). This FOXA2 expression was found in two different morphological types 

of prostate neuroendocrine cells (12, 13).

In the present study, we assessed expression of FOXA2 in mRNA expression data sets of 

human prostate cancers and a panel of prostate cancer cell lines as well as by 

immunohistochemical staining in multiple cohorts of human prostate cancer. FOXA2 

expression was not detectable in primary and metastatic prostate adenocarcinomas, whereas 

it was highly expressed in small cell neuroendocrine carcinoma. In addition, FOXA2 

expression was elevated in metastatic castration-resistant prostate cancer samples that were 

histologically classified as small cell neuroendocrine carcinoma. Our findings confirm that 

assessment of FOXA2 expression in clinical prostate cancer tissue is a valuable tool in the 

diagnosis and differential diagnosis of small cell neuroendocrine carcinoma.

Methods

Tissue Microarrays.

Several tissue microarrays were constructed and have been reported previously. A tissue 

microarray of treatment-naïve samples was constructed with prostatectomy specimens 

including prostate cancer and the adjacent benign prostate tissue (14, 15). Three cores were 

obtained from benign and cancer areas of each of the prostatectomy specimens and 

constructed into tissue microarrays. A tissue microarray of treatment naïve prostate cancer 

with lymph node metastasis was constructed from 22 cases of prostatectomy specimens. 

Castration-resistant prostate cancer tissue microarray was built using castration-resistant 

prostate cancer tissue from 16 patients. These patients had primary adenocarcinoma of the 

prostate but were treated with hormonal therapy instead of surgery. Eventually, the tumor 

recurred (castration-resistant prostate cancer) and caused urinary obstruction. Transurethral 

resection of the prostate was performed to relieve the obstructive symptoms and tissues were 

histologically diagnosed as adenocarcinoma and constructed into a tissue microarray of 

castration-resistant prostate cancer (16, 17). A small cell neuroendocrine carcinoma tissue 

microarray was constructed from primary small cell neuroendocrine carcinoma cases.

Immunohistochemistry.

Serial 4-μm-thick sections were de-paraffinized, and endogenous peroxidase activity was 

blocked with 3% H2O2 in methanol. Antigen was retrieved by steam heating in 0.01 M 

citrate buffer (pH 6.0) for 30 min in a commercial vegetable steamer. Nonspecific binding 
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was blocked with 5% horse serum in low-salt TBST medium [0.02 M Tris, 0.13 M NaCl, 

0.02% Tween 20 (pH 7.8)], and whole-tissue sections were incubated overnight at 4°C with 

anti-rabbit (or mouse) HPR conjugated antibody. Subsequently, sections were processed for 

immunohistochemistry by using ABC system (DAKO) according to the manufacturer’s 

instructions. Sections were counterstained with hematoxylin, dehydrated, and mounted.

Antibodies.

Antibodies used for immunohistochemistry and immunoblot analysis included FOXA1 

(1:200 dilution, ab170933, Abcam), FOXA2 (1:200 dilution, ab108422, Abcam), 

Synaptophysin (1:200 dilution, IR66061–2, Dako), Chromogranin A (1:100 dilution, 

M086929–2, Dako), and GAPDH (1:10000 dilution, GTX627408, Genetex).

Quick-score system (18).

Quick score was calculated that the intensity of staining is multiplied by the percentage of 

staining to derive a composite score (a range from 0 to 300).

Xenograft.

1.0×106 cells of LNCaP, CWR22, PC-3, and NCI-H660 cell lines were sub-cutaneous 

injected with Matrigel (Corning) into NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (19)) mouse. 

Xenografts were harvested once they reached 1cm of diameter.

Animal Work.

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were originally purchased from the Jackson 

Laboratories and were housed and bred under the care of the Division of Laboratory Animal 

Medicine at the University of California, Los Angeles (UCLA). Subcutaneous injection was 

performed according to protocols approved by UCLA’s Animal Research Committee.

Results

FOXA2 is selectively expressed in human small cell neuroendocrine carcinoma

Recent studies have shown that small cell neuroendocrine carcinoma has a distinct 

transcriptional profile compared to prostate adenocarcinoma (20–23). We analyzed three 

published high-throughput RNA-sequencing datasets containing prostate adenocarcinoma 

and small cell neuroendocrine carcinoma samples (20–22) to identify differentially 

expressed genes in these tumor subtypes. We identified the up-regulation of known 

neuroendocrine marker genes: neural cell adhesion molecule 1, chromogranin A, and 

synaptophysin (Figure 1A). We also observed that FOXA2 gene (forkhead box A2) was 

highly and specifically expressed in the small cell neuroendocrine carcinoma samples 

(Figure 1A). A previous study molecularly characterized a patient-derived xenograft that 

transdifferentiated from hormone-naïve adenocarcinoma (LTL331) to castration-resistant 

small cell neuroendocrine carcinoma after relapse (LTL331R) (23). Their gene expression 

data similarly showed that androgen-related genes such as AR, KLK3, TMPRSS2, and ERG 
were down-regulated, whereas neuroendocrine-related genes, SYP, CHGA, and NCAM1 
were up-regulated during the trans-differentiation (23). Interestingly, expression of FOXA2 
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mRNA was highly induced in the relapsed small cell neuroendocrine carcinoma xenograft 

(Figure 1B). Further confirmation of these findings comes from a recent, larger study that 

also demonstrated up-regulation of FOXA2 expression in small cell neuroendocrine 

carcinoma compared to castration-resistant prostate adenocarcinoma (22).

FOXA2 is specifically expressed in human small cell neuroendocrine carcinoma cell lines 
and xenografts

To validate the gene expression findings from analysis of published transcriptome datasets, 

we evaluated protein levels of FOXA2 in a panel of human prostate cancer cell lines by 

immunoblot analysis. We found that FOXA2 was exclusively expressed in two 

neuroendocrine prostate cancer cell lines, PC3 (24) and NCI-H660 (25), but not in the 

prostate adenocarcinoma cell lines, VCaP, LAPC4, 22Rv1, Du145, C4–2, and LNCaP 

(Figure 2A). RWPE-1, an immortalized normal prostate epithelial cell line (26), did not 

express FOXA2 either (Figure 2A). The specificity of the FOXA2 antibody was validated 

using LNCaP cells transfected with a vector expressing FOXA2 cDNA (Supplementary 

Figure 1). Consistent with these findings, FOXA2 mRNA is up-regulated in PC3 and NCI-

H660 based on data from the Cancer Cell Line Encyclopedia as presented in cBioportal 

(http://www.cbioportal.org) (Figure 2B).

To further assess the distribution and localization of FOXA2 expression in prostate cancer, 

we generated cell line xenografts of PC3, NCI-H660, LNCaP, and CWR22 in immune-

deficient NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ ) mice (19). Immunohistochemistry for 

FOXA2 in PC3 and NCI-H660 xenograft sections displayed strong nuclear expression, 

while no expression was found in LNCaP and CWR22 xenografts (Figure 2C). The 

expression pattern of FOXA2 was homogeneous in the xenografts of the two neuroendocrine 

prostate cancer cell lines. Our analysis of human prostate cancer cell lines confirmed that 

FOXA2 is specifically expressed in small cell neuroendocrine carcinoma.

Primary human small cell neuroendocrine carcinoma tissues express high levels of FOXA2

We next assessed FOXA2 expression in a large panel of human prostate cancer tissues. We 

performed immunohistochemistry for FOXA2 on multiple tissue microarrays of benign 

prostate, primary treatment-naïve human prostate cancers including prostate 

adenocarcinoma without metastasis (primary adenocarcinoma), prostate adenocarcinoma 

with lymph node metastasis (LN+ adenocarcinoma), and primary small cell neuroendocrine 

carcinoma. The intensity and percentage of positive FOXA2 staining were scored by the 

pathologist who was blinded to the diagnosis. The majority of benign prostate tissues 

showed no detectable FOXA2 staining and only 11 of 149 benign tissues (7.4%) displayed 

focal FOXA2 staining (Figure 3A). This focal staining of FOXA2 was previously reported in 

a subset of basal cells expressing synaptophysin (11). Consistent with the previous findings, 

we also found that FOXA2 positive cells in benign prostate epithelial cells displayed 

expression of a neuroendocrine marker, synaptophysin (Supplementary Figure 2). In primary 

prostate adenocarcinomas (Gleason 6–10) without evidence of metastasis at the time of 

surgery, only 8 of 143 tissues (5.6%) demonstrated positive FOXA2 staining with significant 

variation in staining intensity between these samples (Figure 3A). None of the prostate 

adenocarcinomas with lymph node metastasis (N=22) showed FOXA2 expression. 
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Strikingly, all of the small cell neuroendocrine carcinoma tissues (N=11) exhibited strong 

FOXA2 staining. Seven of 11 small cell neuroendocrine carcinoma tissues (63.6%) showed 

a high intensity (intensity 3, on a scale of 1 to 3) of FOXA2 staining (Figure 3A), whereas 

we only found that only one out of 11 high-grade primary prostate adenocarcinoma (Gleason 

8 and 9–10) showed focal FOXA2 positivity with intensity 2 (Figure 3B). In addition, we 

utilized the Quick-score system (18) in which the intensity of staining is multiplied by the 

percentage of staining to derive a composite score. The mean FOXA2 Quick-score in small 

cell neuroendocrine carcinoma was significantly higher than that of all other prostate 

adenocarcinomas analyzed (p<0.05, Holm-Sidak’s multiple comparisons test in Figure 3C). 

Our results confirm that FOXA2 is relatively specifically expressed in primary human small 

cell neuroendocrine carcinoma.

Treatment-related metastatic small cell neuroendocrine carcinoma highly expresses 
FOXA2

While small cell neuroendocrine carcinoma is occasionally seen as primary tumors, it more 

commonly occurs as a recurrent tumor in patients who have failed hormonal therapy for 

primary adenocarcinoma of the prostate. The results shown above have demonstrated that 

FOXA2 is specifically expressed in primary small cell neuroendocrine carcinoma of 

treatment-naïve patients. We then asked whether FOXA2 may also be a marker of treatment-

related metastatic small cell neuroendocrine carcinoma. After hormonal therapy for prostate 

cancer, the tumor may occur as adenocarcinoma (castration-resistant prostate cancer) or 

small cell neuroendocrine carcinoma. We first performed immunohistochemistry using a 

tissue microarray containing castration-resistant prostate cancer from 16 patients. These 

patients had primary adenocarcinoma of the prostate but were treated with hormonal therapy 

instead of surgery. Eventually, the tumor recurred (castration-resistant prostate cancer) and 

caused urinary obstruction. Transurethral resection of the prostate was performed to relieve 

the obstructive symptoms and tissues were histologically diagnosed as adenocarcinoma and 

constructed into a tissue microarray of castration-resistant prostate cancer. Only one of the 

cases in the castration-resistant prostate cancer-tissue microarray showed FOXA2 expression 

(staining intensity 2, on a scale of 1 to 3) while the remaining 15 tissues demonstrated no 

FOXA2 expression (Figure 4A).

We also evaluated FOXA2 staining on 41 metastatic castration-resistant prostate cancer 

samples involving distant sites from 18 different patients obtained at rapid autopsy. The 

hematoxylin and eosin (H&E) stained slides were first examined histologically and 8 of the 

41 metastatic castration-resistant prostate cancer tissues (19.5%) were classified as small cell 

neuroendocrine carcinoma while the rest had classic features of adenocarcinoma. There was 

no significant difference in terms of the anatomical locations (Figure 4B). Notably, all small 

cell neuroendocrine carcinomas were found to be FOXA2 positive while adenocarcinomas 

cases were all negative. Among the small cell neuroendocrine carcinoma cases, staining 

intensity was scored as 3 in six samples and 1–2 in the remaining two samples (Figure 4B). 

Our findings indicate that FOXA2 expression could be used to identify the development of 

treatment-related small cell neuroendocrine carcinoma in patients who relapse after 

treatment.
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Direct comparison of FOXA2 with two standard neuroendocrine markers, synaptophysin 
and chromogranin A in histologically identified small cell neuroendocrine carcinoma

Immunohistochemical evaluation of the expression of two established neuroendocrine 

markers, chromogranin A and synaptophysin, is commonly used to confirm the clinical 

diagnosis of small cell neuroendocrine carcinoma. Chromogranin A is a member of the 

granin family of neuroendocrine secretory proteins and synaptophysin is the major synaptic 

vesicle protein p38. Given our data suggesting that FOXA2 is a marker of small cell 

neuroendocrine carcinoma, we next compared the expression of FOXA2 with chromogranin 

A and synaptophysin in a primary small cell neuroendocrine carcinoma tissue microarray 

(11 samples) and small cell neuroendocrine carcinoma from the rapid autopsy samples (9 

samples). Among 20 small cell neuroendocrine carcinoma samples from metastatic 

castration-resistant prostate cancer and small cell neuroendocrine carcinoma-tissue 

microarray, only five tissues (25%) were positive for chromogranin A and eleven tissues 

(55%) showed chromogranin A staining (Table 1), whereas 19 small cell neuroendocrine 

carcinoma samples were positive for FOXA2 (95%). These results suggest that FOXA2 is 

superior to existing NE markers and is a highly sensitive and specific biomarker for the 

detection of small cell neuroendocrine carcinoma.

Evaluation of the specificity and sensitivity of immunohistochemical FOXA2 staining for 
the clinical diagnosis of small cell neuroendocrine carcinoma

Currently, the gold-standard for the diagnosis of small cell neuroendocrine carcinoma by 

surgical pathologists is the identification of unique but subtle histological features that 

requires highly trained eyes. To rigorously examine the value of FOXA2 expression as a 

clinical biomarker, we evaluated the sensitivity and specificity of FOXA2 

immunohistochemistry staining for the diagnosis of small cell neuroendocrine carcinoma. 

We evaluated multiple prostate cancer tissues including primary prostate adenocarcinoma, 

prostate adenocarcinoma with lymph node metastasis, primary small cell neuroendocrine 

carcinoma, and from metastatic treatment-related small cell neuroendocrine carcinoma. Of 

these, 20 of 235 specimens (8.5%) showed diagnostic histologic features of small cell 

neuroendocrine carcinoma as judged histologically. Fifteen of 20 small cell neuroendocrine 

carcinoma tissues (75%) showed strong expression of FOXA2 (staining intensity 2 or 3). 

Four small cell neuroendocrine carcinoma tissues displayed weak expression of FOXA2 

(staining intensity 1). We could not detect FOXA2 expression in one of 20 small cell 

neuroendocrine carcinoma tissues. FOXA2 expression was also detected in 9 of 215 prostate 

cancer tissues (4.2%) that were not histologically defined as small cell neuroendocrine 

carcinoma. FOXA2 staining was able to distinguish the small cell neuroendocrine carcinoma 

samples among a diverse range of prostate cancer tissues (p<0.0001, two-sided Fisher’s 

exact test in Table 2). We considered FOXA2 staining intensity 2 or 3 as positive staining to 

evaluate the sensitivity and specificity of FOXA2 staining. The sensitivity of FOXA2 

staining by immunohistochemistry for small cell neuroendocrine carcinoma was 0.7500 

(95% CI; 0.5090 to 0.9134) and the specificity was 0.9581 (95% CI; 0.9220 to 0.9807) 

(Table 2). Relative to the reported sensitivity of other established small cell neuroendocrine 

carcinoma markers (27), FOXA2 staining demonstrates a higher sensitivity for small cell 

neuroendocrine carcinoma and a similar specificity.
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Discussion

The development of highly aggressive small cell neuroendocrine carcinoma in prostate 

cancer patients undergoing treatment with AR-targeted therapies is a critical clinical issue. 

The ability to properly monitor and diagnose small cell neuroendocrine carcinoma is 

essential in order to stratify patients for appropriate therapy and clinical trial enrollment. 

Beyond the histological features of small cell neuroendocrine carcinoma which have been 

well-characterized, the molecular characteristics of small cell neuroendocrine carcinoma 

remain to be fully elucidated. Recently, next-generation sequencing technologies have 

identified unique transcriptional profiles in small cell neuroendocrine carcinoma compared 

to conventional adenocarcinoma (20–22). In this study, we evaluated the expression of a 

differentially expressed pioneer transcription factor, FOXA2, in prostate cancer tissue 

microarrays of treatment-naïve prostate adenocarcinoma, castration-resistant prostate 

adenocarcinoma, primary small cell neuroendocrine carcinoma and treatment-related 

metastatic small cell neuroendocrine carcinoma. Remarkably, FOXA2 expression was 

detected specifically in small cell neuroendocrine carcinoma, both in primary cases and in 

those that evolved after hormonal therapy of prostate adenocarcinoma. Currently, the two 

neuroendocrine differentiation markers, synaptophysin and chromogranin A are used to 

confirm the diagnosis of small cell neuroendocrine carcinoma called by pathologists. 

However, these markers are frequently detected in prostate adenocarcinoma (10–40%) (28). 

Importantly, our findings show that the specificity of FOXA2 staining (95.8% in Table 2) in 

our large cohorts is higher than the previously reported specificity of synaptophysin or 

chromogranin A (28, 29). In addition, we directly compared the performance of FOXA2 

positivity by immunohistochemistry to those of synaptophysin and chromogranin A in our 

tissue samples and show that FOXA2 is a far more sensitive marker for the diagnosis of 

small cell neuroendocrine carcinoma. Evaluation of FOXA2 expression by 

immunohistochemical analysis is, therefore, a valuable tool to assist pathologists in the 

accurate diagnosis of small cell neuroendocrine carcinoma. Our findings strongly suggest 

that FOXA2 expression can distinguish small cell neuroendocrine carcinoma from 

treatment-naïve and -resistant prostate adenocarcinoma regardless of metastatic status. 

However, other previously reported small cell neuroendocrine carcinoma biomarkers such as 

TTF-1 and Ki67 (27, 29), may provide additional power when combined with FOXA2 to 

confirm a diagnosis of small cell neuroendocrine carcinoma during difficult cases. Also, a 

recent study suggested that loss of cyclin D1 expression may help to identify small cell 

neuroendocrine carcinoma and a small subset of adenocarcinomas with poor prognosis (30).

During mouse prostate development, FOXA2 is expressed in embryonic prostate buds but 

disappears in the adult prostate (10). We have shown that expression of FOXA2 is a sensitive 

and specific marker of small cell neuroendocrine carcinoma. However, the function of 

FOXA2 in the pathogenesis of small cell neuroendocrine carcinoma is unclear. A recent 

study provided evidence that FOXA2 is co-localized with and directly interacts with HIF-1a 

in the TRAMP model (31). The HIF1α-FOXA2 complex induced the transcription of genes 

that are important for tumorigenesis in a cell line derived from the TRAMP model (31). 

Another study using the TRAMP model showed that the expression of the pro-neural 

transcription factor ASCL1 was increased by knocking out FOXA2, suggesting negative 
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regulation of ASCL1 by FOXA2 (32). In addition, it has been reported that FOXA2 can be 

induced by active Wnt/β-catenin signaling, and the expression of FOXA2 was associated 

with an invasive phenotype in primary prostate cancer (33, 34).

Among the various histologic types of lung cancer, FOXA2 expression is also detected in 

most neuroendocrine tumors including typical carcinoids, atypical carcinoids, large cell 

neuroendocrine carcinomas, and small cell carcinomas, while non-neuroendocrine tumors 

such as adenocarcinomas and squamous cell carcinomas lack or show low levels of FOXA2 

expression (35). The finding of FOXA2 expression in neuroendocrine lung cancers and 

prostate small cell neuroendocrine carcinoma suggests that FOXA2 may be a common 

marker of neuroendocrine cancer differentiation in epithelial tissues.

In summary, we have shown that FOXA2 is a more specific and sensitive molecular marker 

for small cell neuroendocrine carcinoma than currently used neuroendocrine markers, 

synaptophysin and chromogranin A. Thus, FOXA2 immunohistochemistry will be useful to 

confirm a diagnosis of small cell neuroendocrine carcinoma even for pathologists who do 

not experience many cases of small cell neuroendocrine carcinoma. Plus, FOXA2 staining 

will be useful to monitor cancer progression from adenocarcinoma to small cell 

neuroendocrine carcinoma in patients. Our findings need to be validated in different patient 

cohorts by independent laboratory groups to verify the clinical utility of FOXA2 staining. 

Future studies will be directed at understanding the biologic function of FOXA2 and 

unveiling the role of FOXA2 in the evolution of small cell neuroendocrine carcinoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of FOXA2 mRNA is up-regulated in human small cell neuroendocrine 
carcinoma.
A) Heatmap of a selection of genes in data sets of Beltran et al., 2011 (20), Zhang et al., 
2015 (21), and Beltran et al., 2016 (22) (contrast; log2 scale). B) Relative expression of 

androgen-related genes (AR, KLK3, TMPRSS2, and ERG), Neuroendocrine-related genes 

(SYP, CHGA, and NCAM1), and FOXA2 at the time points after xenografting of LTL331 

specimen in castrated mice in Akamatsu et al., 2015 (23). LTL331R is a castrated resistant 

xenograft. SCNC=small cell neuroendocrine carcinoma.
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Figure 2. Small cell neuroendocrine carcinoma cell lines specifically express FOXA2.
A) FOXA2 mRNA expression in the Cancer Cell Line Encyclopedia as presented in 

cBioportal. B) Immunoblot analysis of FOXA2 in prostate cancer cell lines and an 

immortalized prostate epithelial cell line (RWPE1). GAPDH is assessed as a loading control. 

C) Hematoxylin and eosin staining (H&E) and immunohistochemical analysis of cell line 

xenografts of FOXA2 in PC3, NCI-H660, LNCaP, and CWR22. Scale bar=100μm.
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Figure 3. FOXA2 expression in treatment naïve prostate cancers.
A) Representative images of FOXA2 immunohistochemistry staining intensity (from 0, no 

staining to 3, the strongest staining) on the tissue microarrays including benign prostate 

tissue (Benign Prostate), primary-prostate adenocarcinoma (Primary Adenocarcinoma) with 

Gleason score 3+3, 3+4, 4+3, 8, and 9–10, Lymph node-positive prostate cancer (LN+ 

Adenocarcinoma), primary-small cell neuroendocrine prostate cancer (primary SCNC). The 

numbers of each samples are 149 of Benign prostate, 73 of Gleason 3+3, 53 of Gleason 3+4, 

14 of Gleason 4+3, 3 of Gleason 8, and 8 of Gleason 9–10. B) A plot of FOXA2 

immunohistochemistry staining intensity (from 0, no staining to 3, the strongest staining) in 

the treatment naïve prostate cancers. C) A plot of Quick-score for FOXA2 (the intensity of 
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staining x the percentage of staining) in the treatment naïve prostate cancers. 

Adeno=Adenocarcinoma. LN+ Adeno=Adenocarcinoma in Lymph node.
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Figure 4. FOXA2 expression in treatment-resistant prostate cancers.
A) Representative images of FOXA2 immunohistochemistry on organ-confined castration-

resistant prostate cancer (CRPC, N=16). B) Hematoxylin and eosin staining and 

immunohistochemistry of FOXA2 in metastatic castration-resistant prostate cancer 

specimens from autopsy. The intensity (0, no staining to 3, strongest staining) and the 

percentage of FOXA2 staining are under the images of FOXA2 staining. LN=Lymph node. 

Scale bar=100μm.
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Table 1.

Comparison of small cell neuroendocrine carcinoma specific biomarkers

Patient ID/Tumor Location Chromogranin A Synaptophysin FOXA2

Patient #1/Dura N P P

Patient #1/Liver N P P

Patient #1/Periaortic LN N N P

Patient #1/Supraclavicular LN N N P

Patient #2/RT lung N N P

Patient #3/Liver N P P

Patient #4/Periaortic LN N P P

Patient #5/Liver N N P

Patent #6/Lung N N N

SCNC-TMA #1/Prostate N N P

SCNC-TMA #2/Prostate P P P

SCNC-TMA #3/Prostate P P P

SCNC-TMA #4/Prostate N N P

SCNC-TMA #5/Prostate P P P

SCNC-TMA #6/Prostate N N P

SCNC-TMA #7/Prostate P P P

SCNC-TMA #8/Prostate N N P

SCNC-TMA #9/Prostate N P P

SCNC-TMA #10/Prostate N P P

SCNC-TMA #11/Prostate P P P

5/20
(25%)

11/20
(55%)

19/20
(98%)

Abbreviations: SCNC; small cell neuroendocrine carcinoma, LN; Lymph node, TMA; Tissue microarray, P; positive staining, and N; negative 
staining

Mod Pathol. Author manuscript; available in PMC 2019 January 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Park et al. Page 18

Table 2.

Comparing a sensitivity and a sensitivity of a new biomarker, FOXA2 for small cell neuroendocrine carcinoma 

among prostate cancers.

Histopathological features of small cell neuroendocrine carcinoma

Positive Negative Total

FOXA2 expression
Positive 15 9 24

Negative 5 206 211

Total 20 215 235

Note: Positive FOXA2 expression = staining intensity 2-3+.
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