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Abstract

Hormonal therapy targeting androgen receptor (AR) is initially effective to treat prostate cancer 

(PCa), but it eventually fails. It has been hypothesized that cellular heterogeneity of PCa, 

consisting of AR+ luminal tumor cells and AR− neuroendocrine (NE) tumor cells, may contribute 

to therapy failure. Here, we describe the successful purification of NE cells from primary fresh 

human prostate adenocarcinoma based on the cell surface receptor C-X-C motif chemokine 

receptor 2 (CXCR2). Functional studies revealed CXCR2 to be a driver of the NE phenotype, 

including loss of AR expression, lineage plasticity, and resistance to hormonal therapy. CXCR2-

driven NE cells were critical for the tumor microenvironment by providing a survival niche for the 

AR+ luminal cells. We demonstrate that the combination of CXCR2 inhibition and AR targeting is 

an effective treatment strategy in mouse xenograft models. Such a strategy has the potential to 

overcome therapy resistance caused by tumor cell heterogeneity.

INTRODUCTION

Prostate cancer (PCa) is a major cause of cancer-related death (1). Hormonal therapy 

targeting androgen receptor (AR) is the treatment of choice for advanced PCa. Although the 

initial response is usually clinically evident, the development of castration-resistant PCa 

(CRPC) is nearly inevitable. Second-generation hormonal therapy drugs enzalutamide and 

abiraterone acetate have shown efficacy against CRPC, but resistance still occurs (2,3). 

Therefore, the disease remains incurable despite near-maximal AR inhibition. In addition, 

there are cases of AR− PCa that do not respond to AR-targeted therapies. A classic example 
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is small cell neuroendocrine (NE) carcinoma (SCNC) (4), which is composed entirely of NE 

cells that do not express AR and do not respond to hormonal therapy. Therefore, there is an 

urgent need to develop AR-independent therapeutic strategies.

Histologically, most primary PCa is classified as adenocarcinoma, composed of bulk 

luminal-type tumor cells expressing AR and prostate-specific antigen (KLK3) and a minor 

component (~1%) of NE cells. Unlike the luminal-type tumor cells, the NE cells do not 

express AR or KLK3 and are quiescent (5). NE tumor cells are enriched in high-grade, high-

stage tumors and therapy-resistant PCa (6). However, up to now, immunohistochemistry 

(IHC) staining of paraffin-embedded tumor tissue has been the only method to study NE 

cells, because such cells are generally rare in human PCa and are scattered among the more 

abundant luminal-type tumor cells (7). Molecular characterization of NE tumor cells in 

primary human PCa tissue has never been reported because of the lack of a specific cell 

surface marker for this rare cell population and the technical challenge in obtaining fresh 

human PCa tissue. As a result, little is known about the function of NE tumor cells in 

therapy resistance and disease progression.

Several markers have been used to identify NE cells in PCa by IHC, among which 

chromogranin A (CHGA) is considered the most sensitive and specific (8). However, no cell 

surface marker has been identified that can be used to purify the rare NE tumor cells from 

fresh PCa. Our previous work demonstrated that the rare NE cells in PCa secrete interleukin 

8 (IL-8) and overexpress IL-8 receptor C-X-C motif chemokine receptor 2 (CXCR2), 

whereas the bulk luminal tumor cells are CXCR2− (7). CXCR2 is a G protein-coupled 

receptor for angiogenic CXC chemokine family members and is involved in leukocyte 

chemotaxis and inflammatory responses (9). The CXCL8-CXCR1/2 axis may play an 

important role in tumor progression and metastasis by regulating cancer stem cell 

proliferation and self-renewal (10). However, it is unclear whether CXCR2 expressed by NE 

cells mediates NE cell function and whether it plays a role in therapy resistance and 

progression of PCa. In this study, we purified NE tumor cells from fresh human PCa tissue 

and performed RNA sequencing (RNA-seq). We also studied the role of NE cells in PCa 

therapy resistance and progression. We revealed the sensitivity of aggressive PCa to CXCR2 

inhibition in vitro and in vivo, with inhibition of NE cells and suppression of tumor growth. 

We conclude that targeting NE cells of PCa through CXCR2 inhibition is an AR-

independent therapeutic strategy that can improve therapeutic efficacy for the treatment of 

lethal PCa.

RESULTS

CXCR2 is a cell surface marker for NE cells of human PCa

To determine whether CXCR2 is a specific surface marker for the NE cells of human PCa, 

we performed immunofluorescence analysis of tissue microarrays (TMAs) from human PCa 

samples of different grades and stages using antibodies against CXCR2, NE marker CHGA, 

and luminal cell marker cytokeratin 8 (KRT8). The TMA included 131 cases of low-grade 

PCa (LG-PCa), 8 cases of high-grade PCa (HG-PCa), 16 cases of CRPC, and 12 cases of 

SCNC. Scattered or clustered NE cells expressing CHGA were identified (Fig. 1A). The 
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CHGA+ NE cells specifically expressed CXCR2, whereas KRT8+ luminal cells were 

negative for CXCR2 expression (Fig. 1, B and C, and fig. S1).

CXCR2 expression is associated with Gleason score and PCa progression

Because the NE population in PCa increases with disease progression (6), we sought to 

determine whether there is a correlation between CXCR2 expression and PCa grade and 

stage. We examined CXCR2 expression by IHC staining using TMAs of LG-PCa (Gleason 

score ≤ 7, n = 131), HG-PCa (Gleason score ≥ 8, n = 8), CRPC (n = 16), and SCNC (n = 

12), as well as lymph node specimens containing metastatic PCa (n = 11). We found that the 

CXCR2+ cells were present as a rare population in LG-PCa, comprising <0.5% of the cancer 

cells, but were significantly enriched in HG-PCa, CRPC, metastatic PC, and SCNC, with an 

average percentage of 6, 14, 20, and 74%, respectively (P < 0.0001; Fig. 1, D and E). SCNC 

(74%), a histologic variant of PCa that usually occurs in end-stage disease, was found to 

harbor more CXCR2+ NE cells in comparison to other tumors (Fig. 1D and fig. S1B). To 

further validate this finding, we analyzed the publicly available dataset generated by Taylor 

et al. (11), which includes 35 of 120 cases of LG-PCa, 11 cases of HG-PCa, and 19 cases of 

metastatic PCa. Similarly, CXCR2 mRNA expression was significantly higher in HG-PCa (P 
= 0.0009) and metastatic PCa (P = 0.0078) when compared to LG-PCa (Fig. 1F). These 

findings support the notion that CXCR2+ NE cells are enriched in high-grade and advanced 

tumors.

CXCR2+ NE tumor cell isolated from primary PCa have stem-like features

We developed a tissue procurement program to isolate pure populations of epithelial cells 

from fresh prostatectomy specimens immediately after surgery, using cell surface markers 

TACSTD2 (tumor-associated calcium signal transducer 2, TROP2), PTPRC (protein tyrosine 

phosphatase receptor type C, CD45), and ITGA6 (integrin subunit α6, CD49f) (12). We 

have published extensively on the oncogenic mechanisms of PCa using purified basal and 

luminal cells from fresh human prostates (13, 14). To characterize NE cells in primary PCa, 

we isolated rare NE cells from fresh prostatectomy specimens by fluorescence-activated cell 

sorting (FACS) with an anti-CXCR2 antibody (Fig. 2A and fig. S1E). Owing to the rarity of 

NE cells (< 0.5%) in patients’ fresh prostate tumors (Fig. 1D), we were not able to collect 

enough cells with good RNA quality for RNA-seq from all 16 samples procured. In total, we 

acquired qualified RNA samples for NE (TACSTD2+PTPRC−CXCR2+) and luminal 

(TACSTD2+PTPRC−CXCR2−) tumor cells from PCa of three prostatectomy specimens for 

RNA-seq. We also isolated basal cells (TACSTD2+PTPRC−ITGA6+) from the benign region 

of patients’ fresh prostatectomy specimens for gene expression profile analyses.

To validate whether TACSTD2+PTPRC−CXCR2+ cells are indeed the NE cell population in 

patients’ fresh PCa tissue, we carried out gene set enrichment analysis (GSEA) using 5917 

Gene Ontology (GO) gene set from Molecular Signatures Database (MSigDB) (15). 

Compared to TACSTD2+PTPRC−CXCR2− cells, TACSTD2+PTPRC−CXCR2+ cells were 

significantly enriched in the 15 neuron-related GO gene sets (P < 0.05) (fig. S1F). CXCR2+ 

NE tumor cells were enriched in the gene sets associated with epithelial-mesenchymal 

transition (EMT), stem cell, extracellular matrix organization, tumorigenesis, angiogenesis, 

E2F signaling, MYC signaling, and transforming growth factor-β signaling [false discovery 
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rate (FDR) < 0.001] (Fig. 2B, figs. S1G and S2A, and table S1). In contrast, CXCR2− 

luminal population was enriched for gene sets associated with luminal cells, PCa, response 

to androgen, and cholesterol biosynthesis (FDR < 0.001) (figs. S1F and S2B and table S2). 

Together, these findings confirmed that CXCR2 is a surface marker that can be used to 

purify NE cells from fresh primary human PCa tissue.

The basal cell population within benign human prostates contains stem/progenitor cells that 

give rise to all epithelial populations, and our prior work has demonstrated that it is a cell of 

origin for PCa (13). We found that CXCR2+ NE cells had a gene expression profile distinct 

from CXCR2− luminal-type PCa cells but similar to basal cells, particularly in the gene sets 

associated with EMT, stem cell, tumorigenesis, and androgen response, and these pathways 

distinguish CXCR2+ NE cells from the CXCR2− luminal tumor cells (FDR < 0.0001) (Fig. 

2C and fig. S2, C to F). To determine whether TACSTD2+PTPRC− CXCR2+ NE cells 

isolated from PCa tissue were neoplastic (as opposed to contamination by benign NE cells), 

we compared their expression profiles with those of benign basal cells. We found that 46 of 

189 oncogenic gene sets from MSigDB were significantly enriched in CXCR2+ NE cancer 

cells (Q < 0.05; table S3), including gene sets associated with tumor-specific mutation 

status, such as KRAS-mutant tumors (16) and phosphatase and tensin homolog (PTEN) 

inactivation (17), supporting the neoplastic nature of the purified NE cells.

Consistent with the stem cell-enriched gene profiles, freshly purified CXCR2+ NE tumor 

cells were highly capable of organoid formation, compared to CXCR2− luminal cells (Fig. 2, 

D and E). Moreover, the organoids formed by CXCR2+ NE tumor cells infiltrated the 

surrounding Matrigel, whereas the CXCR2− luminal organoids failed to invade (Fig. 2D). 

These findings further support the intrinsic EMT and invasive properties of prostatic 

CXCR2+ NE tumor cells.

To further study the relationship between CXCR2 expression and biological function of NE 

cells, we analyzed the gene expression profiles of 459 primary prostate adenocarcinoma 

samples in The Cancer Genome Atlas database. Among the genes associated with CXCR2+ 

NE tumor cells (Fig. 2B), the expression of 682 genes was significantly correlated with 

CXCR2 expression in primary PCa (P < 0.05, Pearson correlation; Fig. 2F, fig. S2G, and 

table S4). Ingenuity pathway analysis revealed that these 682 genes were functionally related 

to cell movement, migration and invasion, angiogenesis, tumorigenesis, chemotaxis, and 

proliferation of neuronal and embryonic cells (Fig. 2F and fig. S2C).

The CXCR2+ NE population resembles prostatic SCNC

CXCR2+ NE PCa cells were enriched for the gene networks associated with E2F targets and 

NMYC targets (FDR < 0.001; Fig. 2B), two pathways up-regulated in prostate SCNC, the 

most lethal histologic variant of PCa, composed of highly aggressive NE tumor cells (18). 

We therefore applied the CXCR2+ NE gene signature to the Beltran dataset that contains 

gene expression data for 7 cases of prostate SCNC and 30 cases of prostate adenocarcinomas 

(18). The CXCR2+ NE population was significantly enriched for the SCNC signature 

[normalized enrichment score (NES) = 1.21, FDR = 0.045; Fig. 2G], whereas the CXCR2− 

luminal population was enriched for the gene signature of primary prostate adenocarcinoma 

(NES = −1.45, FDR = 0.0029; Fig. 2H). The enriched genes in both CXCR2+ PCa NE cells 
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and SCNC were important for tumorigenesis, metastasis, EMT, and neuronal development 

(Fig. 2I), whereas the genes enriched in both CXCR2− luminal PCa cells and primary 

adenocarcinoma were involved in AR response (Fig. 2I). These findings demonstrate that 

CXCR2+ NE cells in hormone-sensitive prostate adenocarcinoma have genomic features of 

the most lethal PCa (SCNC), which is seen in a large proportion of patients who have failed 

systemic AR-targeted therapies (19).

Hormonal therapy enriches CXCR2+ NE tumor cells in human PCa

The presence of the rare CXCR2+ NE tumor cell population in early-stage, hormone 

therapy-naïve PCa that harbors genomics features of advanced and aggressive PCa raises the 

possibility that these cells represent preexisting drug-resistant clone(s) that survive hormonal 

therapy and may be enriched by the therapy. To test this hypothesis, we turned to commonly 

used PCa cell line models. Unexpectedly, similar to human PCa tissue, cellular 

heterogeneity is also present in PCa cell lines, with bulk CXCR2− luminal-type tumor cells 

and a minor population of CXCR2+ NE tumor cells. In LNCaP cells, the vast majority of the 

cells were CXCR2−, while there was a rare population (~3.6%) of CXCR2+ cells (Fig. 3A 

and fig. S3A). Castration-resistant C4-2B cells and CWRR1 cells similarly harbored such 

cellular heterogeneity with varying proportions (9.3 and 0.3%, respectively) of CXCR2+ NE 

tumor cells (Fig. 3B and fig. S3, B and C). Quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) analysis demonstrated differential expression of NE markers 

CHGA, SYP, and ENO2 in the sorted CXCR2+ and CXCR2− subpopulations (fig. S3D).

To determine whether these cell lines molecularly recapitulate the cellular heterogeneity of 

primary PCa, we sorted CXCR2+ and CXCR2− populations from C4-2B cells by FACS. 

Consistent with our observations in fresh human PCa tissue, we found that CXCR2+ cells 

were enriched for stem cell markers (CD44, PROM1, POU5F1, SOX9, and KLF4) (20) (fig. 

S3E), CRPC-associated genes (IGF1R, REG4, UBE2C, BCL2, E2F3, and SOX2) (21), and 

EMT marker SNAI1 (fig. S3, F and G). To model the clinically used therapies for hormone-

sensitive PCa and CRPC, we cultured LNCaP cells in androgen-deprived medium and 

treated C4-2B cells with enzalutamide, respectively. Although the treatments inhibited the 

growth of tumor cells, significant increases in the CXCR2+ cell populations were observed 

in both cell lines (P < 0.001, Fisher’s exact test; Fig. 3, A and B). These results suggest that 

CXCR2+ NE tumor cells are resistant to the currently used therapies, and such therapies 

enrich for NE cells, which may contribute to treatment failure and disease progression, 

consistent with our observation that CRPC tissue contains more NE tumor cells than primary 

PCa.

CXCR2 drives NE phenotype and therapeutic resistance

To investigate whether CXCR2 is a driver of the molecular and cellular features observed in 

NE tumor cells, we overexpressed CXCR2 in LNCaP cells (LNCaP-CXCR2; fig. S3H) and 

found that LNCaP-CXCR2 cells were resistant to enzalutamide (Fig. 3, C and D). Using 

GSEA, we found that the gene signatures in LNCaP-CXCR2 cells were concordant with 

those in CXCR2+ NE cells from patients’ primary PCa samples (figs. S1F and S3I). We 

further established mouse xenograft tumors of LNCaP and LNCaP-CXCR2 and found that 

CXCR2 overexpression in LNCaP cells (LNCaP-CXCR2 tumors) shut down the expression 
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of luminal markers AR and KLK3 but turned on the expression of NE marker CHGA (Fig. 

3, E and F).

Comparing the gene expression of lineage markers in LNCaP and LNCaP-CXCR2 cells, we 

discovered lineage plasticity in LNCaP cells after CXCR2 expression, which transforms 

LNCaP cells from prostate luminal phenotype to basal, EMT, and neural phenotype (Fig. 

3G). To further elucidate the lineage switch induced by CXCR2, we assessed whether 

CXCR2 expression regulated a genome-wide regulatory gene program of luminal-type PCa. 

Using public datasets from chromatin immunoprecipitation and sequencing (ChIP-seq) 

analysis of luminal LNCaP cells (22, 23), we analyzed the enrichment of binding sites for 

the luminal-defining transcription factors AR, FOXA1, and GATA-binding protein 2 

(GATA2) in the genes most differentially expressed between LNCaP and LNCaP-CXCR2 

cells. The top 1000 overexpressed and 1000 underexpressed genes in the LNCaP cells 

relative to the LNCaP-CXCR2 cells were enriched for binding sites of AR, FOXA1, and 

GATA2 (Fig. 3H), suggesting that CXCR2 suppressed the activation of a global gene 

regulatory program associated with luminal phenotype in PCa.

We next investigated whether inhibition of CXCR2 expression in tumor cells was associated 

with a luminal phenotype. We generated CXCR2 knockout lines in enzalutamide-resistant 

C4-2B cells [C4-2B/enzalutamide (MDV3100)-resistant (MDVR)], which display NE 

features (fig. S3, J to L) (24). CXCR2 knockout caused the up-regulation of luminal and 

epithelial markers, including KLK3, KRT8, NKX3-1, and TMPRSS2 (Fig. 3I and fig. S3M), 

and restored sensitivity to enzalutamide treatment (Fig. 3J). Our findings demonstrate that 

CXCR2 expression is necessary and sufficient to induce lineage plasticity and therapeutic 

resistance in PCa cells.

LNCaP-CXCR2 cells and lethal PCa SCNC both show up-regulation of MYC targets, E2F 

targets, and TNF signaling (14, 25), prompting us to further explore their molecular 

similarities (18). GSEA revealed a strong positive association between LNCaP-CXCR2 cells 

and SCNC gene signature (FDR < 0.0001; Fig. 3K), suggesting that CXCR2 expression 

contributes to the clinical phenomenon that prostatic adenocarcinoma frequently transforms 

to the highly aggressive SCNC after hormonal therapy (19). Together, our findings suggest 

that CXCR2+ NE cells are enriched by AR-targeted therapies, and the expression of CXCR2 

confers tumor cells resistance to hormonal therapy (Fig. 3L) and may directly contribute to 

the emergence of SCNC in the terminal stage of the disease.

CXCR2+ NE cells play important roles in the remodeling of tumor microenvironment

Because CXCR2+ NE cells were involved in the extracellular matrix organization, 

angiogenesis, and invasion (fig. S3F), we next sought to determine the role of the rare NE 

cells in regulating the tissue microenvironment in primary PCa. Using PECAM1 (platelet 

and endothelial cell adhesion molecule 1, CD31) IHC staining of patients’ PCa tissue 

samples (n = 77), we observed a positive correlation between the abundance of CXCR2+ NE 

cells and the density of blood vessels (P = 0.0011, Spearman correlation; Fig. 4, A and B, 

and fig. S4A). Because GO analysis of LNCaP-CXCR2 gene signature also revealed that the 

angiogenesis pathway is among the top-ranked gene sets (figs. S3I and S4B), we performed 

IHC staining of LNCaP and LNCaP-CXCR2 xenograft tumors for the expression of 
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PECAM1 and found that CXCR2 overexpression enhanced blood vessel formation (Fig. 4, 

C and D).

To identify the proangiogenic factors secreted by CXCR2+ NE cells, we conducted human 

cytokine array analysis of secreted factors in LNCaP and LNCaP-CXCR2 cells. 

Overexpression of CXCR2 promoted the secretion of a number of proangiogenic factors 

(Fig. 4, E and F, and fig. S4C). This result was further confirmed by comparing the secreted 

cytokine concentrations in the parental and CXCR2-knockout enzalutamide-resistant C4-2B/

MDVR cells (Fig. 4, G and H). In addition, LNCaP cells cultured in conditioned medium 

from LNCaP-CXCR2 cells also showed increased invasiveness (fig. S4D). These data 

suggest that CXCR2 expression may promote angiogenesis and the dissemination of PCa 

cells. CXCR2 overexpression markedly increased the invasion by LNCaP cells (P = 0.0209, 

Mann-Whitney U test; Fig. 4, I and J). Furthermore, we found that knocking out CXCR2 in 

enzalutamide-resistant C4-2B/MDVR cells reduced cell invasion in both transwell Matrigel 

assay and a three-dimensional Matrigel spheroid assay (Fig. 4, K to N, and fig. S4E). 

Therefore, CXCR2 promotes angiogenesis [angiogenin and vascular endothelial growth 

factor (EGF)], metastasis [C-C motif chemokine ligand 2 (CCL2), macrophage colony-

stimulating factor (M-CSF), matrix metalloproteinase, etc.], and proliferation and survival of 

neighboring luminal-type cancer cells (EGF, insulin-like growth factor-I, oncostatin M, etc.) 

(Fig. 4O).

CXCR2 is a therapeutic target for advanced and therapy-resistant PCa

Because CXCR2+ NE subpopulation was enriched after hormonal therapy or enzalutamide 

treatment, we set out to determine whether targeting the NE population through CXCR2 

inhibition would be an effective therapeutic strategy. We found that CXCR2 knockout 

significantly (P < 0.01) suppressed the tumorigenesis of enzalutamide-resistant C4-2B/

MDVR cells (Fig. 5, A to C) (24). We then tested the therapeutic effect of CXCR2 inhibitor 

navarixin in xenograft tumors using CRPC models C4-2B and enzalutamide-resistant 

C4-2B/MDVR xenografts. Both xenograft tumors were highly sensitive to navarixin, with 

almost complete inhibition of tumor growth after drug treatment (Fig. 5, D to F, and fig. S5, 

A to C). Histologic analyses showed inhibition of angiogenesis and massive tumor cell 

apoptosis in navarixin-treated tumors (Fig. 5, G to L, and fig. S5, D and E). As a proof of 

principle, we also tested a combination of navarixin with enzalutamide, which has the 

potential to target all PCa cells (luminal tumor cells and NE tumor cells). In C4-2B 

xenografts, combination therapy induced significantly (P = 0.0006) better tumor inhibition 

and more apoptosis compared to either treatment alone (Fig. 5, M to O).

PC3 cells do not express AR and are resistant to AR-targeted therapies. We have shown that 

PC3 cells have features of SCNC (26). Our study demonstrated that PC3 xenograft tumors 

were insensitive to enzalutamide treatment (fig. S5, F and G). However, treatment by 

navarixin, in the absence or presence of enzalutamide, achieved significant (P = 0.0005) 

tumor-killing effects (fig. S5, F and G). These results suggest that targeting CXCR2 has the 

potential to treat tumors that are advanced and resistant to current therapies (conventional 

hormonal therapy and newer drugs such as enzalutamide), including the AR−, treatment-

resistant SCNC, as shown schematically in fig. S5I.
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DISCUSSION

NE tumor cells, which generally constitute no more than 1% of all tumor cells in primary 

human PCa, are found in greater numbers in high-grade, high-stage PCa and metastatic 

CRPC (6). The treatments that are currently in clinical use mostly target AR+ luminal-type 

tumor cells and leave NE tumor cells untouched. In this study, we demonstrate that 

hormonal therapy enriches CXCR2+ NE cell population, which likely contributes to therapy 

failure and disease progression. Unfortunately, there is no effective therapy against the NE 

tumor cell population.

CXCR2 is specifically expressed by prostate NE cells and not by the bulk luminal-type 

tumor cells (5). We had developed a tissue procurement method to obtain fresh human PCa 

tissue from prostatectomy specimens (12). Whereas previous research mostly focused on 

using purified luminal and basal cells (12, 27), our current work has purified NE tumor cells 

from fresh primary PCa tissue, which offers an opportunity to comprehensively study the 

molecular features of NE cells. The results described here demonstrate that (i) NE cells have 

properties of aggressive cancer cells and therapy resistance; (ii) CXCR2 is a cell surface 

marker for NE cells in human PCa and can be used to purify NE cells from fresh primary 

human PCa tissue; (iii) CXCR2 drives NE phenotype and therapeutic resistance in PCa; (iv) 

CXCR2 expression in NE cells stimulates secretion of proangiogenic factors and promotes 

angiogenesis in PCa; and (v) CXCR2 is a therapeutic target for advanced and therapy-

resistant PCa.

Systemic therapies of PCa mainly target AR, but resistance develops quickly (3). We have 

approached this problem from the angle of pathology and have established that the presence 

of cellular heterogeneity in PCa (with bulk luminal-type tumor cells and a minor component 

of NE tumor cells) has important implications in PCa therapy. We propose that the AR− NE 

cells are missed by AR-targeted therapies, resulting in therapy failure and disease 

progression. In addition, a large number of patients eventually develop SCNC composed of 

pure NE tumor cells, further highlighting the need to target NE cells to achieve better 

clinical outcome (19).

CXCR2 inhibitor navarixin has been used in clinical trials for the treatment of chronic 

obstructive pulmonary diseases, with known safety and toxicity profiles (28). On the basis 

of, in part, the findings of our current study, a Merck-sponsored clinical trial of navarixin has 

been initiated to evaluate its efficacy in the treatment of advanced PCa (NCT03473925). We 

believe that targeting NE cells in PCa, in combination with an AR-targeted drug such as 

enzalutamide, will provide an opportunity to target both the luminal and NE tumor cells to 

achieve durable therapeutic effect.

In addition, we uncovered a cross-talk between CXCR2-driven NE tumor cells and the 

tumor microenvironment. We showed that CXCR2+ NE cells provide a source of secreted 

chemokines and cytokines, which induce angiogenesis, tumor invasion, cancer cell survival, 

and therapy resistance. Cytokines and factors known to induce MDSC expansion and 

immunosuppression, including CCL2 and M-CSF, were also up-regulated in CXCR2+ NE 

tumor cells, suggesting a role of CXCR2-driven NE cells in MDSC recruitment and T cell 
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suppression. Because of the central role of NE cells in PCa tumor biology, therapy 

resistance, and disease progression, targeting CXCR2 may achieve marked therapeutic 

efficacy. Because CXCR2 is ubiquitously expressed by PCa of all stages (hormone sensitive, 

metastatic, CRPC, and SCNC), targeting CXCR2 may particularly benefit patients whose 

tumors are advanced, recurrent, and resistant to currently available therapies.

Our study used multiple model systems and human tissue, but there are still limitations. For 

example, the xenograft tumor model lacks the tumor environment provided by human 

prostate stromal cells, making it difficult to directly observe interactions among NE tumor 

cells, luminal tumor cells, and the stromal component. In addition, disease progression from 

hormone-sensitive adenocarcinoma to CRPC or SCNC is a dynamic process that occurs over 

years. Human tissue samples used in our study only represent snapshots along this process, 

and longitudinal sampling from the same patients would be ideal but is difficult for many 

reasons. Therefore, despite the compelling data presented here, the real implications of our 

findings need to be tested in clinical settings to determine whether patients with advanced 

PCa benefit from CXCR2 inhibition, alone or in combination with an AR inhibitor.

MATERIALS AND METHODS

Study design

The objective of this study was to determine whether targeting CXCR2 on NE cells in 

combination with AR inhibition is potentially an effective treatment strategy. Using 

immunofluorescence analysis of TMAs, we demonstrated that NE cells specifically 

expressed CXCR2, and CXCR2 expression was associated with PCa progression. We 

hypothesized CXCR2 to be a driver of the NE phenotype, and targeting NE cells of PCa 

through CXCR2 inhibition is an AR-independent therapeutic strategy. TMA analysis and 

isolation of pure populations of epithelial cells from fresh prostatectomy specimens were 

conducted according to our previous published protocols (12, 29). For mouse experiments, 

on the basis of previous experience with the model systems, we selected sample sizes to 

have a power of 0.8 and P < 0.05, using the MATLAB function sampsizepwr (MathWorks 

Inc.). Mice were randomized to treatment groups after tumor establishment. The number of 

replicates is indicated in the figure legends. No data, including outlier values, were excluded. 

All animal work was conducted in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and approved by Duke Institutional Animal 

Care and Use Committee. Primary data are reported in data file S1.

Patients and tissue samples

Several TMA were constructed and have been reported previously (29). A TMA of localized 

prostate adenocarcinoma was constructed with prostatectomy specimens including PCa and 

the adjacent benign prostate tissue from 150 patients. Three cores were obtained from 

benign and cancer areas of each of the prostatectomy specimens and incorporated into 

TMAs. CRPC TMA was built using CRPC 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 (CRPC) and caused urinary obstruction. 

Transurethral resection of the prostate was performed to relieve the obstructive symptoms, 
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and tissues were histologically diagnosed as adenocarcinoma and incorporated into a TMA 

of CRPC. An SCNC TMA was constructed from 12 primary SCNC cases. In addition, 20 

cases of metastatic prostate tumor tissue were collected at Duke University Hospital as part 

of standard-of-care practice (surgery or biopsy collection) between 1 June 2004 and 1 June 

2014. For cell sorting and RNA-seq, fresh tumor samples were obtained from 16 patients 

with localized prostate adenocarcinoma who received prostatectomy at Ronald Reagan 

UCLA Medical Center and Duke University Hospital between 2015 and 2018. All samples 

were collected from patients with informed consent, and all related procedures were 

performed with the approval of the internal review and ethics boards of the indicated 

hospitals.

Fluorescence-activated cell sorting

The processing of human prostate tissue and acquisition of epithelial subpopulations was 

performed as previously described (12). Primary PCa cells were resuspended in Advanced 

Dulbecco’s Modified Eagle Medium (ADMEM)/F12 containing 1× Hepes and 1× 

GlutaMAX and incubated with antibodies against PTPRC, TACSTD2, ITGA6, and CXCR2 

for 30 min at 4°C. Different subsets of PCa cells (TACSTD2+ CXCR2-luminal cells and 

TACSTD2+CXCR2+ NE cells) were selected by FACS using a flow cytometer (BD 

FACSDiva).

IHC and immunofluorescence

Sections were deparaffinized, rehydrated, and boiled in a water bath for 40 min in citrate 

buffer (pH 6.0). Antibodies were incubated for 1 hour at room temperature. Horseradish 

peroxidase-conjugated secondary antibodies (Dako EnVision+Kit) were applied for 30 min 

and visualized with diaminobenzidine (DAB) or secondary Alexa Fluor 488 or 594 dye-

conjugated antibodies (Thermo Fisher Scientific) applied for 30 min at room temperature. 

Fluorescent antibody-labeled slides were counterstained with 4’,6-diamidino-2-phenylindole 

(DAPI), and images were obtained by laser-scanning confocal microscopy (Leica SP5 

inverted confocal).

TMAs were constructed as stated above. Four-micrometer sections were stained for CXCR2, 

and staining was evaluated in a blinded fashion by the pathologists. Scoring was assessed on 

the basis of staining intensity from 0 (no staining) to 3 (strong) and percentage of tumor cell 

expression (1 to 100%), creating a composite score from 0 to 300.

Cell line models

To construct CXCR2-overexpressing LNCaP cell line, 1 × 106 LNCaP cells were transfected 

with plasmid DNA carrying CXCR2 complementary DNA (cDNA) construct for 24 hours at 

37°C using X-tremeGENE HP DNA Transfection Reagent. CXCR2 cDNA plasmid was 

synthesized by OriGene (SC321915). G418 (400 μg/ml) was used to select stably transfected 

cells. CXCR2-overexpressing LNCaP cells (LNCaP-CXCR2) were identified through qRT-

PCR (table S5) and IHC staining.

To construct CXCR2-knockout C4-2B/MDVR cells, we designed CXCR2 single-guide RNA 

(sgRNA) oligos and inserted them into px458 backbone to generate pSpCas9(BB)-2A-
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GFP(PX458)-CXCR2-E1.2-sgRNA and pSpCas9(BB)-2A-GFP(PX458)-CXCR2-E3.2-

sgRNA plasmid DNAs. The gRNAs were designed to target the first and third exons of 

CXCR2. A total of 1 × 106 C4-2B/MDVR cells were transfected with the px458 plasmid 

DNA carrying CXCR2 sgRNA constructs for 24 hours at 37°C using X-tremeGENE HP 

DNA Transfection Reagent. Green fluorescent protein-positive cells were sorted 3 days after 

transfection and were plated in 96-well plates for single-colony screening. Primers used for 

CXCR2-knockout screening are shown in table S6.

Xenograft mouse models

Immunocompromised NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) and nude (nu/nu) mice were 

from The Jackson Laboratories. A total of 2 × 106 of LNCaP or LNCaP-CXCR2 cells or 1 × 

106 of C4-2B/MDVR, C4-2B, or PC3 cells were suspended in 0.1-ml 1× RPMI 1640 and 

10% fetal bovine serum (FBS) with 50% Matrigel (Corning), then inoculated 

subcutaneously into the bilateral flanks of six-week-old male NSG (LNCaP LNCaP-

CXCR2, C4-2B, and C4-2B/MDVR) nude (PC3) mice, as previously described (30). For 

LNCaP and LNCaP-CXCR2 xenografts, mice were euthanized with CO2 12 weeks after 

implantation, and the xenografts were harvested, fixed in 10% formalin, and embedded in 

paraffin for subsequent analysis. For C4-2B/MDVR, C4-2B, or PC3 xenografts, tumor size 

was measured twice a week with a caliper, and the volume was calculated using the formula 

volume (mm3) = (length × height2)/2. Enzalutamide dissolved in 5% dimethyl sulfoxide and 

1% methyl cellulose was administered daily by oral gavage at a dose of 30 mg/kg body mass 

for 4 weeks of treatment. For in vivo studies of CXCR2 inhibitor, once tumors achieved a 

volume of 200 mm3, mice were treated with CXCR2 inhibitor navarixin 70 mg/kg body 

mass or vehicle (1% methyl cellulose) orally daily.

Quantification and statistical analysis

Statistical analyses were performed using R Project for Statistical Computing, Statistica, 

GraphPad, and MATLAB. The information about statistical details and methods is indicated 

in the figure legends, results, or materials and methods. IHC staining slides were scanned 

with an Aperio AT2 microscope (Leica Biosystems) at ×20 magnification and analyzed with 

Aperio software. Quantification was performed by pathologists blinded to the diagnosis of 

the tissue cores. Flow cytometric analysis was performed using BD FACSDiva software and 

analyzed by FlowJo 10.0. The quantification of human cytokine array assay was performed 

using ImageJ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CXCR2 is a surface marker for NE cells in human PCa and is associated with disease 
progression.
(A) Representative hematoxylin and eosin (H&E) staining (left) and IHC for NE marker 

CHGA (right) of human primary PCa. Nuclei (DAPI staining) are shown in blue. (B) 

Representative immunofluorescence images of CXCR2 (red) and NE marker CHGA (green) 

staining in human primary PCa. White arrowheads point to CXCR2+ CHGA+ NE tumor 

cells. (C) Immunofluorescence of CXCR2 (red) and luminal marker KRT8 (green) in human 

primary prostate adenocarcinoma. White arrowheads indicate CXCR2+ NE cells (red), 
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which are negative for KRT8 (green). (D and E) Representative images (D) and 

quantification (E) of CXCR2 IHC staining on TMAs. Logistic regression analysis was 

performed using nonparametric Mann-Whitney U test; lines represent median and 

interquartile range. (F) Analysis of CXCR2 expression among primary and metastatic PCa 

tumors from the dataset of Taylor et al. (11). Logistic regression analysis was performed 

using t test; lines represent means ± SD.
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Fig. 2. Distinct signaling was observed between CXCR2+ NE and CXCR2− luminal cells isolated 
from human primary PCa.
(A) Experimental scheme for gene expression and cellular function analysis of human PCa 

CXCR2+ NE and CXCR2− luminal populations. (B) Volcano plot of differentially expressed 

genes between CXCR2+ NE and CXCR2− luminal cells isolated from fresh primary human 

PCa tissue. (C) Heat map of genes from sorted benign basal cells (ITGA6+), NE tumor cells 

(CXCR2+), and luminal-type tumor cells (CXCR2−). (D and E) Tumor organoids generated 

by CXCR2+ NE cells (right) and CXCR2− luminal cells (left). Representative images (D) 
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and quantification (E) of three independent patients’ samples are shown. 3D, three-

dimensional. (F) Signaling pathways associated with CXCR2 expression in PCa. Gene 

expression of 459 primary PCa was obtained from TCGA prostate adenocarcinoma database 

(TCGA-PRAD). Ingenuity pathway analysis was performed using 682 genes that were 

correlated with CXCR2 expression (P< 0.05, Pearson’s correlation). (G and H) The 

enrichment scores of NE gene sets (G) and prostate adenocarcinoma gene sets (H) in 

CXCR2+ NE cells isolated from primary human PCa tissue (18). FDR, false discovery rate; 

NES, normalized enrichment score. (I) Heat map of gene expression among CXCR2+ NE 

and CXCR2− luminal tumor cells from fresh primary human PCa tissue, SCNC/

neuroendocrine prostate cancer (NEPC), and prostate adenocarcinoma (18).
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Fig. 3. CXCR2-mediated phenotypic switch drives therapy resistance in PCa.
(A) Flow cytometric quantification of CXCR2+ cells in parental LNCaP cell line (left) and 

LNCaP cells cultured in charcoal-stripped (androgen-deprived) medium for 2 weeks (right). 

Representative images of three independent experiments are shown.(B) Flow cytometric 

quantification of CXCR2+ cells in parental C4-2B cell line (left) and C4-2B cells treated 

with enzalutamide (20 μM) for 2 weeks (right). Representative images of three independent 

experiments are shown. (C and D) Parental LNCaP cells and LNCaP cells overexpressing 

CXCR2 (LNCaP-CXCR2) were treated without (left) or with (right) enzalutamide (ENZA) 
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for 2 weeks. Representative image (C) and quantification (D) of colony formation assay are 

shown. cDNA, complementary DNA. (E and F) CXCR2 expression induces a lineage switch 

from the luminal phenotype (AR+, KLK3+, and CHGA−) to the NE phenotype (AR−, 

KLK3−, and CHGA+) in an in vivo xenograft model. Representative images (E) and 

quantification (F) are shown. (G) Heat map of selected differentially expressed genes 

between LNCaP cells and LNCaP-CXCR2 cells. (H) Enrichment for binding sites for 

luminal-defining transcription factors in LNCaP cells measured by ChIP-seq analyses. The 

red dot represents the query signature of 1000 up-and down-regulated genes between 

LNCaP and LNCaP-CXCR2 cells. The blue dot represents one of a total of 100,000 

randomly sampled gene lists of equal size to the query signature. The rank of the query gene 

list divided by the total number of resample instances was then used as the P value for the 

probability of enrichment by chance. (I) mRNA expression of luminal markers in LNCaP 

cells with/without CXCR2 overexpression or C4-2B cells with/without CRISPR-Cas9 

knockout of CXCR2. (J) Growth curves of C4-2B/MDVR-sgCtrl and C4-2B/MDVR-

sgCXCR2 (CRISPR-Cas9 knockout of CXCR2) with or without enzalutamide (20 μM) 

treatment. (K) The enrichment score of NE gene sets (18) in LNCaP-CXCR2 cell. (L) A 

model demonstrating how CXCR2 drives NE phenotype in PCa cells and renders CXCR2+ 

NE cells resistant to hormonal therapy [androgen deprivation therapy or enzalutamide 

treatment (ADT/Enza)]. Logistic regression analysis was performed using nonparametric 

Mann-Whitney U test; lines represent median and interquartile range. ns, nonsignificant; *P 
< 0.05.
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Fig. 4. CXCR2 expression in NE cells drives the secretion of proangiogenic factors and promotes 
the formation of premetastatic niche in the tumor environment.
(A and B) Representative images of immunofluorescence for CXCR2 (red) and vascular 

endothelial cell marker PECAM1 (green) in TMAs of human primary PCa are shown in (A). 

Nuclei (DAPI staining) are shown in blue. Spearman correlation between CXCR2 

expression and blood vessel density in a panel of 77 PCa cases is shown in (B). (C and D) 

Representative IHC images(A) and quantification (D) of PECAM1 expression in LNCaP 

and LNCaP-CXCR2 xenograft tumors. (E to H) Representative images (E) and 
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quantification (F) of human cytokine antibody arrays of LNCaP or LNCaP-CXCR2. 

Representative images (G) and quantification (H) of human cytokine antibody arrays of C4–

2B/MDVR-sgCtrl or C4–2B/MDVR-sgCXCR2. FBS, fetal bovine serum. (I to N) 

Representative images (I) and quantification (J) of transwell Matrigel invasion assay of 

LNCaP and LNCaP-CXCR2 cells. The data were normalized to average invasion. 

Representative images (K) and quantification (L) of transwell Matrigel invasion assay of 

C4–2B/MDVR-sgCtrl and C4–2B/MDVR-sgCXCR2 cells. The data were normalized to 

average invasion. Representative images (M) and quantification (N) of spheroid invasion of 

C4–2B/MDVR-sgCtrl and C4–2B/MDVR-sgCXCR2 cells at days 0 and 10, with leading 

edges indicated by the red arrows. Invasion distance normalized to day 0 distance for each 

sphere. (O) A model of CXCR2+ NE cells remodeling the tumor microenvironment. MMP, 

matrix metalloproteinase. VEGF, vascular endothelial growth factor. Logistic regression 

analysis was performed using nonparametric Mann-Whitney U test; lines represent median 

and interquartile range. *P < 0.05.
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Fig. 5. Advanced and therapy-resistant PCa is sensitive to CXCR2 inhibition.
(A to C) Tumorigenesis of C4-2B/MDVR cells with/without CRISPR-Cas9 knockout of 

CXCR2. Representative images (A), quantification of colony-forming efficiency (B), and 

colony size (C) of C4-2B/MDVR cells with/without the CXCR2 gene deleted. Cells were 

cultured for 2 weeks. (D to F) Effect of navarixin on enzalutamide-resistant PCa C4-2B/

MDVR cells’growth in vivo. Images (D), weights (E), and volumes (F) of C4-2B/MDVR 

tumors in mice treated with navarixin (70 mg/kg) or vehicle control. (G) Representative 

images of IHC staining for AR and prostate-specific antigen in control and navarixin-treated 
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C4-2B/MDVR xenografts. (H to J) Representative images (H) and quantification (I) of 

immunostaining for terminal deoxynucleotidyl transferase-mediated deoxyuridine 

triphosphate nick end labeling (TUNEL) in tumors from mice treated with vehicle or 

CXCR2 inhibitor navarixin for 3 weeks. Representative images (J) of BCL2 associated X, 

apoptosis regulator (BAX) immunostaining of xenograft tumors in mice treated with/without 

navarixin for 3 weeks. (K and L) Representative images (K) and quantification (L) of blood 

vessel marker CD31 in mice treated with vehicle or navarixin (70 mg/kg) for 3 weeks. (M) 

Quantification of C4-2B tumor burden in mice treated with vehicle, enzalutamide, navarixin, 

or both enzalutamide and navarixin. (N and O) Quantification (N) and representative images 

(O) of immunostaining for TUNEL in mice treated with vehicle, enzalutamide, navarixin, or 

both enzalutamide and navarixin. ANOVA, analysis of variance. Logistic regression analysis 

was performed using nonparametric Mann-Whitney U test; lines represent median and 

interquartile range.
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